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P R E FAC E

The Textbook of Critical Care is an established and trusted source of 

information in the field of intensive care medicine, focused on pre-

senting current understanding of core physiologic principles and the 

fundamentals for clinical, evidence-based, and practice-related deci-

sion making. A reference book that successfully bridges the gap be-

tween medical and surgical intensive care practice and covers topics 

relevant to adult and pediatric populations, the Textbook of Critical 

Care offers chapters that address common problems with concise, 

easily understood descriptions of the underlying pathophysiology, 

evidence-based interventions, and state-of-the-art chapters for diag-

nosis, monitoring, and management of commonly encountered organ 

dysfunctions. System-based chapters with tables, figures, images, algo-

rithms, and key points organize complex information concerning 

specific topics in an easily understood format for quick reference. The 

accompanying e-book, included with the book purchase, provides 

ready access to procedural videos, a powerful search engine, hyper-

linked references, and downloadable images. Importantly, it is opti-

mized for convenient use on all devices, providing a real-time, point-

of-care reference.

This eighth edition has been fully updated to take into account new 

developments in intensive care medicine since the last edition, with 

chapters authored by leading experts in critical care, anesthesia, sur-

gery, pulmonary medicine, and pediatrics from around the world. 

There is a continued emphasis on the importance of a multidisci-

plinary approach to the care of critically ill patients, with special atten-

tion to rapidly evolving areas that include imaging and monitoring, 

advanced respiratory modalities, extracorporeal gas exchange, and re-

nal replacement therapy. We are sure that all those with an interest in 

critical care medicine, from student to expert, will find this eighth edi-

tion of the Textbook of Critical Care a valuable source of information.

Jean-Louis Vincent, MD, PhD

Frederick A. Moore, MD, MCCM

Rinaldo Bellomo, MD, PhD, FRACP, FCICM

John J. Marini, MD
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PART I Common Problems

Sudden Deterioration in Neurologic Status

Alexis Steinberg and Joseph M. Darby

1

dysfunction or dysfunction of the brainstem reticular activating system 

must be present.37 The degree of impairment in consciousness may 

range from a sleeplike state (coma) to states characterized primarily by 

confusion and agitation (delirium). States and descriptions of acutely 

altered consciousness are listed in Table 1.2.

When an acute change in consciousness is observed, the patient 

should be evaluated in the clinical context with consideration of the age, 

presence or absence of coexisting organ system dysfunction, metabolic 

status, medications, and presence or absence of infection. In patients 

with a primary CNS disorder, deterioration in the level of consciousness 

frequently represents the development of brain edema, increasing intra-

cranial pressure, new or worsening intracranial hemorrhage, hydro-

cephalus, CNS infection, or cerebral vasospasm. In patients without a 

primary CNS diagnosis, an acute change in consciousness is often the 

result of the development of infectious complications (i.e., sepsis-associated 

encephalopathy), drug toxicities, or the development or exacerbation of 

organ system failure. Nonconvulsive status epilepticus (NCSE) is in-

creasingly being recognized as a cause of impaired consciousness in 

critically ill patients (Box 1.1).38–43

Altered consciousness manifesting as impairment in wakefulness or 

arousal (i.e., coma and stupor) and their causes are well defined.36–39 

Substantial confusion remains, however, regarding the diagnosis and 

management of delirium. When dedicated instruments are used, de-

lirium can be diagnosed in between 50% and 75% of critically ill  

patients, making this condition the most common neurologic compli-

cation of critical illness.40–44 Difficulty in establishing the diagnosis 

of delirium stems primarily from prior beliefs that agitation and  

confusion in the critically ill are expected consequences of the unique 

environmental factors and sleep deprivation that characterize the ICU 

experience.

Currently accepted criteria for the diagnosis of delirium include 

impaired cognition that has a fluctuating course and is not explained 

by an underlying neurocognitive disorder.45 Delirium is considered a 

direct physiologic consequence of another medical condition. Sub-

types of delirium include hyperactive (agitated) delirium and the more 

common hypoactive or quiet delirium.44 Impaired consciousness may 

be apparent as a reduction in awareness, psychomotor retardation, 

agitation, or impairment in attention (increased distractibility or vigi-

lance). Cognitive impairment can include disorientation, impaired 

memory, and perceptual aberrations (hallucinations or illusions).46 

Autonomic hyperactivity and sleep disturbances may be features of 

delirium in some patients (e.g., those with drug withdrawal syndromes 

Patients admitted to the intensive care unit (ICU) with critical illness 

or injury are at risk for neurologic complications.1–5 A sudden or un-

expected change in the neurologic condition of a critically ill patient 

often heralds a complication that may cause direct injury to the central 

nervous system (CNS). Alternatively, such changes may simply be 

neurologic manifestations of the underlying critical illness or treat-

ment that necessitated ICU admission (e.g., sepsis). These complica-

tions can occur in patients admitted to the ICU without neurologic 

disease and in those admitted for management of primary CNS prob-

lems (e.g., stroke). Neurologic complications can also occur as a result 

of invasive procedures and therapeutic interventions. Commonly, rec-

ognition of neurologic complications is delayed or missed entirely 

because therapeutic interventions such as intubation and sedatives 

interfere with the physical examination or otherwise confound the 

clinical picture. In other cases, neurologic complications are not recog-

nized because of a lack of sensitive methods to detect the problem 

(e.g., delirium). Morbidity and mortality are increased among patients 

who develop neurologic complications; therefore the intensivist must 

be vigilant in evaluating all critically ill patients for changes in neuro-

logic status.

As the complexity of ICU care has increased over the course of 

time, so has the risk of neurologic complications. In studies of medical 

and surgical ICU patients, the incidence of neurologic complications 

has ranged from 12.3% to 54%1,6 and is associated with increased 

morbidity, mortality, and ICU length of stay.

Sepsis is the most common clinical problem associated with develop-

ment of neurologic complications (sepsis-associated encephalopathy). 

In addition to encephalopathy, other common neurologic complications 

include seizures and stroke. Neuromuscular disorders are now recog-

nized as a major source of morbidity in severely ill patients.7 Recognized 

neurologic complications occurring in selected medical, surgical, and 

neurologic ICU populations are shown in Table 1.1.8–35

IMPAIRMENT IN CONSCIOUSNESS

Global changes in CNS function, best described in terms of impairment 

in consciousness, are generally referred to as encephalopathy or altered 

mental status. An acute change in the level of consciousness, undoubt-

edly, is the most common neurologic complication that occurs after 

ICU admission. Consciousness is defined as a state of awareness (arousal 

or wakefulness) and the ability to respond appropriately to changes in 

environment.36 For consciousness to be impaired, global hemispheric 

1
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Medical
Bone marrow transplantation8,9 CNS infection, stroke, subdural hematoma, brainstem ischemia, hyperammonemia, Wernicke encephalopathy

Cancer10,11 Stroke, intracranial hemorrhage, CNS infection, neurotoxicity from chimeric antigen receptor T-cell therapy (CAR T-cell)

Fulminant hepatic failure12 Encephalopathy, coma, brain edema, increased ICP

HIV/AIDS13,14 Opportunistic CNS infection, stroke, vasculitis, delirium, seizures, progressive multifocal leukoencephalopathy

Pregnancy15,16 Seizures, ischemic stroke, cerebral vasospasm, intracranial hemorrhage, cerebral venous thrombosis, hypertensive  

encephalopathy, pituitary apoplexy

Surgical
Cardiac surgery17,18 Stroke, delirium, brachial plexus injury, phrenic nerve injury

Vascular surgery19,20

Carotid Stroke, cranial nerve injuries (recurrent laryngeal, glossopharyngeal, hypoglossal, facial), seizures

Aortic Stroke, paraplegia

Peripheral Delirium

Transplantation12,21–23

Heart Stroke

Liver Encephalopathy, seizures, opportunistic CNS infection, intracranial hemorrhage, Guillain-Barré syndrome, central  

pontine myelinolysis

Renal Stroke, opportunistic CNS infection, femoral neuropathy

Urologic surgery (TURP)24 Seizures and coma (hyponatremia)

Otolaryngologic surgery25,26 Recurrent laryngeal nerve injury, stroke, delirium

Orthopedic surgery27

Spine Myelopathy, radiculopathy, epidural abscess, meningitis

Knee and hip replacement Delirium (fat embolism)

Long-bone fracture/nailing Delirium (fat embolism)

Neurologic
Stroke28–30 Stroke progression or extension, reocclusion after thrombolysis, bleeding, seizures, delirium, brain edema, herniation

Intracranial surgery31 Bleeding, edema, seizures, CNS infection

Subarachnoid hemorrhage32,33 Rebleeding, vasospasm, hydrocephalus, seizures

Traumatic brain injury34 Intracranial hypertension, bleeding, seizures, stroke (cerebrovascular injury), CNS infection

Cervical spinal cord injury35 Ascension of injury, stroke (vertebral artery injury)

TABLE 1.1 Neurologic Complications in Selected Specialty Populations

CNS, Central nervous system; HIV/AIDS, human immunodeficiency virus/acquired immunodeficiency syndrome; ICP, intracranial pressure; 

TURP, transurethral prostatic resection.

State Description

Coma Closed eyes, sleeplike state with no response to external 

stimuli (pain)

Stupor Responsive only to vigorous or painful stimuli

Lethargy Drowsy, arouses easily and appropriately to stimuli

Delirium Acute state of confusion with or without behavioral disturbance

Catatonia Eyes open, unblinking, unresponsive

TABLE 1.2 States of Acutely Altered 
Consciousness

or delirium tremens). Delirium in critically ill patients is associated 

with increased morbidity, mortality, and ICU length of stay.47–49 Both 

vulnerability factors (e.g., age, comorbidities) and precipitating hospi-

tal factors (e.g., acute illness and medications) are recognized risk fac-

tors for delirium.50,51 Other major risk factors include psychoactive 

medications (benzodiazepines),52,53 drug-induced coma, sleep altera-

tions,54 metabolic disturbances, and sepsis.

As has been noted, NCSE is increasingly recognized as an impor-

tant cause of impaired consciousness in critically ill patients and is 

characterized by electrographic seizure activity without clear clinical 

convulsive activity.55,56 Several electroencephalographic (EEG) criteria 

exist for classification of NCSE.57 Nonconvulsive seizures make up 

around 90% of seizures detected in critically ill patients undergoing 

continuous EEG out of concern for subclinical seizures or unexplained 

altered mental status.58,59 The frequency of NCSE in general ICU pa-

tients varies from between 8% and 20%.58–61 Approximately 48% of 

patients remaining comatose after convulsive status epilepticus were 

found to be in NCSE.62,63 Other predisposing factors for NCSE in the 

ICU include traumatic brain injury, subarachnoid hemorrhage, global 

brain ischemia or anoxia, stroke, sepsis, multiple organ failure, and 

medication intoxication or withdrawal. Substantial mortality and 

morbidity are associated with NCSE, with the underlying etiology  

affecting the outcome.64 Early recognition of NCSE can prevent 

the development of refractory status epilepticus and allow for timely 
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BOX 1.1 General Causes of Acutely Impaired Consciousness in the Critically Ill

Infection

Sepsis encephalopathy

CNS infection

Drugs

Narcotics

Benzodiazepines

Anticholinergics

Anticonvulsants

Tricyclic antidepressants

Selective serotonin uptake inhibitors

Phenothiazines

Steroids

Immunosuppressants (cyclosporine, FK506, OKT3)

Anesthetics

Electrolyte and Acid-Base Disturbances

Hyponatremia

Hypernatremia

Hypercalcemia

Hypermagnesemia

Severe acidemia and alkalemia

Organ System Failure

Shock (if severe)

Renal failure

Hepatic failure

Pancreatitis

Respiratory failure (hypoxia, hypercapnia)

Endocrine Disorders

Hypoglycemia

Hyperglycemia

Hypothyroidism

Hyperthyroidism

Pituitary apoplexy

Drug Withdrawal

Alcohol

Opiates

Barbiturates

Benzodiazepines

Vascular Causes

Shock

Hypotension

Hypertensive encephalopathy

CNS vasculitis

Cerebral venous sinus thrombosis

CNS Disorders

Hemorrhage

Stroke

Brain edema

Hydrocephalus

Increased intracranial pressure

Meningitis

Ventriculitis

Brain abscess

Subdural empyema

Seizures

Vasculitis

Seizures

Convulsive and nonconvulsive status epilepticus

Miscellaneous

Fat embolism syndrome

Neuroleptic malignant syndrome

Thiamine deficiency (Wernicke encephalopathy)

Psychogenic unresponsiveness

CNS, Central nervous system.

treatment to be initiated. Currently, no clear guidelines exist for the 

management of NCSE.65

STROKE AND OTHER FOCAL NEUROLOGIC DEFICITS

The new onset of a major neurologic deficit that manifests as a focal 

impairment in motor or sensory function (e.g., hemiparesis) or one 

that results in focal seizures usually indicates a primary problem refer-

able to the cerebrovascular circulation. In a study evaluating the value 

of computed tomography (CT) in medical ICU patients, ischemic 

stroke and intracranial bleeding were the most common abnormalities 

associated with the new onset of a neurologic deficit or seizures.66 Even 

though the majority of strokes present through the emergency room, 

7%–15% of all strokes occur in the hospital, with unique mechanisms 

including paradoxical embolism in immobile patients, cerebral hypo-

perfusion causing watershed infarcts, and extracorporeal membrane 

oxygenation.67 In-hospital strokes can either be ischemic infarcts or 

intracerebral hemorrhage (ICH). Overall, the frequency of new-onset 

stroke is between 1% and 4% in medical ICU patients.1,68 Among gen-

eral surgical patients, the frequency of perioperative stroke ranges 

from 0.3% to 3.5%.69 Patients undergoing cardiac or vascular surgery 

and surgical patients with underlying cerebrovascular disease can be 

expected to have an increased risk of perioperative stroke.18 Around 

7%–15% of patients requiring extracorporeal membrane oxygenation 

have neurologic complications, including ischemic and hemorrhage 

stroke and seizures.70,71 In view of the preexisting complexity in criti-

cally ill patients, an in-hospital rapid-response stroke protocol can lead 

to significant reductions in time to evaluation and treatment of pa-

tients with new focal neurologic deficits.72

The frequency of new or worsening focal neurologic deficits in pa-

tients admitted with a primary neurologic or neurosurgical disorder is 

variable. Patients admitted with stroke can develop worsening or new 

symptoms as a result of stroke progression, bleeding, or reocclusion of 

vessels previously opened with interventional therapy. In patients who 

have undergone elective intracranial surgery, postsurgical bleeding or 

infectious complications are the main causes of new focal deficits. In 

trauma patients, unrecognized injuries to the cerebrovascular circula-

tion can cause new deficits. Delayed cerebral ischemia related to  

vasospasm frequently occurs in patients presenting with aneurysmal 

subarachnoid hemorrhage. Patients presenting with traumatic spinal 
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cord injury and those who have undergone surgery of the spine or of 

the thoracic or abdominal aorta can develop new or worsening symp-

toms of spinal cord injury. Early deterioration of CNS function after 

spinal cord injury usually occurs as a consequence of medical interven-

tions to stabilize the spine, whereas late deterioration is usually the re-

sult of hypotension and impaired cord perfusion. Occasionally, focal 

weakness or sensory symptoms in the extremities occur as a result of 

occult brachial plexus injury or compression neuropathy. New cranial 

nerve deficits in patients without primary neurologic problems can oc-

cur after neck surgery or carotid endarterectomy.

SEIZURES

New-onset seizures in general medical-surgical ICU patients are typi-

cally caused by narcotic withdrawal, hyponatremia, drug toxicities, or 

previously unrecognized structural abnormalities.3,73 New stroke, in-

tracranial bleeding, and CNS infection are other potential causes of 

seizures after ICU admission. The frequency of seizures is higher in 

patients admitted to the ICU with a primary neurologic problem such 

as traumatic brain injury, aneurysmal subarachnoid hemorrhage, 

stroke, or CNS infection.74 Because NCSE is more common than was 

previously appreciated, NCSE should also be considered in the differ-

ential diagnosis of patients developing new, unexplained, or prolonged 

alterations in consciousness.

GENERALIZED WEAKNESS AND NEUROMUSCULAR 

DISORDERS

Generalized muscle weakness often becomes apparent in ICU patients 

as previous impairments in arousal are resolving or sedative and neu-

romuscular blocking agents are being discontinued or tapered. Poly-

neuropathy and myopathy associated with critical illness are now well 

recognized as the principal causes of new-onset generalized weakness 

among ICU patients being treated for nonneuromuscular disor-

ders.7,75–77 These disorders also may be responsible for prolonged 

ventilator dependency in some patients. Patients at increased risk for 

these complications include those with sepsis, systemic inflammatory 

response syndrome, and multiple organ dysfunction syndrome, in  

addition to those who require prolonged mechanical ventilation. 

Other risk factors include treatment with corticosteroids or neuro-

muscular blocking agents. In contrast to demyelinating neuropathies 

(e.g., Guillain-Barré syndrome), critical illness polyneuropathy is pri-

marily a condition in which there is axonal degeneration. Critical ill-

ness polyneuropathy is diagnosed in a high percentage of patients 

undergoing careful evaluation for weakness acquired while in the ICU. 

Because primary myopathy coexists in a large number of patients with 

critical illness polyneuropathy, ICU-acquired paresis77 or ICU-acquired 

weakness7 may be better terms to describe this problem. Although 

acute Guillain-Barré syndrome and myasthenia gravis are rare compli-

cations of critical illness, these diagnoses should also be considered in 

patients who develop generalized weakness in the ICU.

NEUROLOGIC COMPLICATIONS OF PROCEDURES 

AND TREATMENTS

Routine procedures performed in the ICU or in association with 

evaluation and treatment of critical illness can result in neurologic 

complications.78 The most obvious neurologic complications are those 

associated with intracranial bleeding secondary to the treatment of 

stroke and other disorders with thrombolytic agents or anticoagulants. 

Other notable complications are listed in Table 1.3.

EVALUATION OF SUDDEN NEUROLOGIC CHANGE

A new or sudden change in the neurologic condition of a critically ill 

patient necessitates a focused neurologic examination, review of the 

Procedure Complication

Angiography Cerebral cholesterol emboli syndrome

Anticoagulants/antiplatelet agents Intracranial bleeding

Arterial catheterization Cerebral embolism

Bronchoscopy Increased ICP

Central venous catheterization Cerebral air embolism, carotid dissection, Horner syndrome, phrenic nerve injury, brachial plexus injury, cranial 

nerve injury

DC cardioversion Embolic stroke, seizures

Dialysis Seizures, increased ICP (dialysis disequilibrium syndrome)

Endovascular procedures (CNS) Vessel rupture, thrombosis, reperfusion bleeding

Epidural catheter Spinal epidural hematoma, epidural abscess

ICP monitoring CNS infection (ventriculitis), hemorrhage

Intraaortic balloon pump Lower extremity paralysis

Intubation Spinal cord injury

Left ventricular assist devices Stroke, seizures

Extracorporeal membrane oxygenation Stroke, seizures

Lumbar puncture or drain Meningitis, herniation

Mechanical ventilation Cerebral air embolism, increased ICP (high PEEP and hypercapnia), seizures (hypocapnia)

Nasogastric intubation Intracranial placement

TABLE 1.3 Neurologic Complications Associated With ICU Procedures and Treatments

CNS, Central nervous system; DC, direct current; ICP, intracranial pressure; ICU, intensive care unit; PEEP, positive end-expiratory pressure.
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clinical course, medications, laboratory data, and appropriate imaging 

or neurophysiologic studies when indicated. The type and extent of the 

evaluation depend on the clinical context and the general category of 

neurologic change occurring. The history and physical examination 

should lead the clinician to the diagnostic approach best suited to the 

individual patient.

Essential elements of the neurologic examination include an as-

sessment of the level and content of consciousness, pupillary size and 

reactivity, and motor function. Additional evaluation of the cranial 

nerves and peripheral reflexes and a sensory examination are con-

ducted as indicated by the clinical circumstances. If the patient is co-

matose on initial evaluation, a more detailed coma examination 

should be performed to help differentiate structural from metabolic 

causes of coma.37,38 When the evaluation reveals only a change in 

arousal without evidence of a localizing lesion in the CNS, a search for 

infection, discontinuation or modification of drug therapy, and a 

general metabolic evaluation may be indicated. Lumbar puncture to 

aid in the diagnosis of CNS infection may be warranted in selected 

neurosurgical patients and immunocompromised individuals. Lum-

bar puncture to rule out nosocomial meningitis in other patients is 

generally not rewarding.79 EEG should be performed in patients with 

clear evidence of seizures and when the diagnosis of NCSE is being 

considered. Continuous EEG should be performed when the index of 

suspicion for NCSE remains high despite an unrevealing initial EEG 

examination.58,80

CT is indicated for nonneurologic patients with new focal deficits, 

seizures, or otherwise unexplained impairments in arousal.66 In pa-

tients with primary neurologic disorders, CT is indicated if worsening 

brain edema, herniation, bleeding, and hydrocephalus are consider-

ations when new deficits or worsening neurologic status occurs. In 

some cases, when the basis for a change in neurologic condition re-

mains elusive, magnetic resonance imaging (MRI) may be helpful. In 

particular, the diffusion-weighted MRI technique can reveal structural 

abnormalities such as hypoxic brain injury, fat embolism, vasculitis, 

cerebral venous thrombosis, or multiple infarcts after cardiopulmo-

nary bypass that are not apparent by standard CT.81–86 MRI may be the 

imaging modality of choice in patients with human immunodeficiency 

virus (HIV) and new CNS complications.81 For patients who develop 

signs and symptoms of spinal cord injury complicating critical illness, 

MRI can be used to further delineate the nature and severity of the 

injury. For patients who develop generalized muscle weakness or  

unexplained ventilator dependency, electromyography and nerve con-

duction studies can confirm the presence of critical illness polyneu-

ropathy or myopathy.

MONITORING FOR NEUROLOGIC CHANGES

The common occurrence of neurologic changes in critically ill patients 

emphasizes the need for vigilant monitoring. A variety of clinical tech-

niques such as the Glasgow Coma Scale, FOUR score,87 National Insti-

tutes of Health (NIH) Stroke Scale, Ramsay Sedation Scale, Richmond 

Agitation-Sedation Scale, and Confusion Assessment Method for the 

Intensive Care Unit (CAM-ICU) can be used to monitor clinical neuro-

logic status.40,41,43,88–90 For patients admitted to the ICU with a primary 

neurologic disorder, a variety of monitoring techniques, including mea-

surements of intracranial pressure, brain tissue Po2, cerebral metabo-

lism, cerebral blood flow, cerebral perfusion pressure, autoregulation, 

and electrographic measurements, can be used.91,92 Monitors can be 

invasive or noninvasive. More commonly used noninvasive measures 

are pupillometry,93,94 near-infrared spectroscopy, bispectral index, trans-

cranial Doppler, and EEG.

KEY POINTS

• An abrupt change in neurologic status is a common problem in critically ill 

patients that may be either a manifestation of the underlying critical illness 

and treatment or result from an acute unanticipated insult or injury to the 

nervous system. Neurologic changes in the critically ill are associated with 

increased morbidity and mortality.

• Impairment in consciousness manifesting as delirium is the most common 

neurologic complication occurring after ICU admission.

• NCSE is characterized by an alteration in consciousness or behavior associ-

ated with EEG changes without clear convulsive motor activity and is in-

creasingly recognized as a cause for impaired consciousness in critically ill 

patients.

• Critical illness polyneuropathy and myopathy are now well recognized as 

the principal causes for the new onset of generalized weakness in critically 

ill patients and may contribute to prolonged ventilator dependency.

• An abrupt change in the neurologic condition of a critically ill patient necessi-

tates a focused neurologic examination, review of medications, laboratory as-

sessment and neuroimaging, and/or neurophysiologic studies when indicated.

• In-hospital stroke (ischemic or hemorrhagic) manifesting as a focal impair-

ment in motor/sensory function or seizures is not uncommon and requires 

urgent workup and treatment.

• The Glasgow Coma Score, FOUR score, NIH Stroke Scale, Ramsay Sedation 

Scale, Richmond Agitation-Sedation Scale, and CAM-ICU are clinical as-

sessment tools that are potentially useful in evaluating and monitoring 

neurologic status. A wide variety of invasive and noninvasive monitors exist 

for measuring specific brain physiology.

ANNOTATED REFERENCES

Claassen J, Mayer SA, Kowalski RG, Emerson RG, & Hirsch LJ. Detection of 

electrographic seizures with continuous EEG monitoring in critically ill 

patients. Neurology. 2004;62(10): 1743–1748.

A retrospective single-center study of patients undergoing continuous EEG in 

all ICUs to assess the frequency of seizures on contininous EEG and patients 

that require more prolonged EEG recording. Around 20% of patients on  

continuous EEG had seizures, and 90% of them were nonconvulsive seizures. 

Coma patients required .24 hours of recording to detect the first seizure.

De Jonghe B, Sharshar T, Lefaucheur JP, Authier FJ, Durand-Zaleski I, Boussarsar 

M, et al. Paresis acquired in the intensive care unit: a prospective multicenter 

study. JAMA. 2002; 288(22):2859–2867.

This prospective multicenter study of critically ill patients was the first to  

assess the clinical incidence, risk factors, and outcomes of mechanically  

ventilated patients developing ICU-acquired weakness, emphasizing a  

central role for corticosteroid use in its genesis and prolonged mechanical  

ventilation as a relevant ICU outcome.

Ely EW, Shintani A, Truman B, Speroff T, Gordon SM, Harrell FE Jr, et al. 

Delirium as a predictor of mortality in mechanically ventilated patients in 

the intensive care unit. JAMA. 2004;291(14):1753–1762.

This was a prospective cohort multicenter study of mechnically ventilated pa-

tients to determine if delirium was an independent predictor of outcome. Of 

275 patients, delirium was found to be an independent predictor of 6-month 

mortality and ICU length of stay, even when covariates such as coma,  

sedatives, and analgesia were adjusted for.

Girard TD, Thompson JL, Pandharipande PP, Brummel NE, Jackson JC, Patel MB, 

et al. Clinical phenotypes of delirium during critical illness and severity of sub-

sequent long-term cognitive impairment: a prospective cohort study. Lancet. 

Respiratory Medicine. 2018;6(3):213-222. doi:10.1016/S2213-2600(18)30062-6.

A multicenter, prospective cohort study of critically ill patients in medical and 

surgical ICUs with respiratory failure, shock, or both that assessed the 

prevelance of risk factors of delirium and their effects on long-term cognitive 
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outcomes. Sedative-associated, hypoxic, and septic delirium were common risk 

factors and frequently co-occurred. These are all indicators of acute brain injury 

and were identified as potential risk factors for long-term cognitive impairment, 

noting that some are not modifiable such as sedation.

Le Roux P, Menon DK, Citerio G, et al. Consensus summary statement of the 

International Multidisciplinary Consensus Conference on Multimodality 

Monitoring in Neurocritical Care: a statement for healthcare professionals 

from the Neurocritical Care Society and the European Society of Intensive 

Care Medicine. Intensive Care Medicine. 2014;40(9):1189-1209. 

doi:10.1007/s00134-014-3369-6.

A collaboration of multiple societies to address the evidence for multimodality 

monitoring, including invasive and noninvasive measures. A systematic  

literature review was done to develop specific recommendations about  

physiologic processes that may be important to the care of patients with  

neurologic complications.
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Agitation and delirium are commonly encountered in the intensive 

care unit (ICU). Although frequently underrecognized, delirium is 

present in up to 80% of critically ill adults on mechanical ventilation 

when routinely assessed.1 Delirium and agitation are more than just an 

inconvenience; these conditions can have deleterious effects on patient 

and staff safety and contribute to poor outcomes, including increased 

duration of mechanical ventilation, increased ICU length of stay,  

increased risk of death, physical disability, and long-term cognitive 

impairment.2–5 It is therefore important for clinicians to be able to 

recognize agitation and delirium and to have an organized approach 

for its evaluation and management.

AGITATION

Agitation is a psychomotor disturbance characterized by excessive motor 

activity associated with a feeling of inner tension.6,7 The activity is usually 

nonproductive and repetitious, consisting of behaviors such as pacing, 

fidgeting, wringing of hands, pulling of clothes, and an inability to sit still. 

Careful observation of the patient may reveal the underlying intent. In 

the ICU, agitation is frequently related to anxiety or delirium. Agitation 

may be caused by various factors: metabolic disorders (hyponatremia and 

hypernatremia), hyperthermia, hypoxia, hypotension, use of sedative 

drugs and/or analgesics, sepsis, alcohol withdrawal, and long-term psy-

choactive drug use, to name a few.8,9 It can also be caused by external 

factors such as noise, discomfort, and pain.10 Agitation is important to 

manage, as it is associated with a longer length of stay in the ICU and 

higher costs.8 Symptoms can be mild, characterized by increased move-

ments and an apparent inability to get comfortable, or severe. Severe agi-

tation can be life threatening, leading to higher rates of self-extubation, 

self-removal of catheters and medical devices, nosocomial infections,8 

hypoxia, barotrauma, and/or hypotension because of patient/ventilator 

asynchrony. Indeed, recent studies have shown that agitation contributes 

to ventilator asynchrony, increased oxygen consumption, and increased 

production of carbon dioxide (CO2) and lactic acid; these effects can lead 

to life-threatening respiratory and metabolic acidosis.9

DELIRIUM

Delirium can be defined as follows: (1) A disturbance of consciousness 

(i.e., reduced clarity of awareness of the environment) with reduced abil-

ity to focus, sustain, or shift attention. (2) A change in cognition (e.g., 

memory deficit, disorientation, language disturbance) or development 

of a perceptual disturbance that is not better accounted for by a preexist-

ing, established, or evolving dementia. (3) The disturbance develops 

over a short period (usually hours to days) and tends to fluctuate during 

the course of the day. (4) There is evidence from the history, physical 

examination, or laboratory findings that the disturbance is a direct 

physiologic consequence of a general medical condition, an intoxicating 

substance, medication use, or more than one cause (Fig. 2.1).7 Delirium 

is commonly underdiagnosed in the ICU and has a reported prevalence 

of 20%–80%, depending on the severity of the illness and the need for 

mechanical ventilation.2,4,11–13 Recent investigations have shown that the 

presence of delirium is a strong predictor of longer hospital stay, higher 

costs, and increased risk of death.2,3,14 Each additional day with delirium 

increases a patient’s risk of dying by 10%.15 Longer periods of delirium 

are also associated with greater degrees of cognitive decline when pa-

tients are evaluated after 1 year.3 Thus delirium can adversely affect the 

quality of life in survivors of critical illnesses and may serve as an inter-

mediate recognizable step for targeting therapies to prevent poor out-

comes in survivors of critical illness, including depression, posttrau-

matic stress disorder, and functional disability.3,16

Unfortunately, the true prevalence and magnitude of delirium have 

been poorly documented because myriad terms, including acute con-

fusional state, ICU psychosis, acute brain dysfunction, and encephalopa-

thy, have been used to describe this condition.17 Delirium can be clas-

sified according to psychomotor behavior into hypoactive delirium, 

hyperactive delirium, or a mixed subtype. Hypoactive delirium, which 

is the most prevalent form of delirium, is characterized by decreased 

physical and mental activity and inattention. In contrast, hyperactive 

delirium is characterized by combativeness and agitation. Patients with 

both features have mixed delirium.18,19 Hyperactive delirium puts both 

patients and caregivers at risk of serious injury but fortunately only 

occurs in a minority of critically ill patients.18,19 Hypoactive delirium 

might actually be associated with a worse prognosis.20,21 The Delirium 

Motor Subtype Scale may assist in making this diagnosis.22

Although healthcare professionals realize the importance of recog-

nizing delirium, it frequently goes unrecognized in the ICU when not 

routinely screened for.23–25 Even when ICU delirium is recognized, 

most clinicians consider it an expected event that is often iatrogenic 

and without consequence.26 However, delirium needs to be viewed as 

a form of organic brain dysfunction that has consequences if left un-

diagnosed and untreated. Given the limited pharmacologic treatment 

options available, the most effective strategy for reducing its preva-

lence lies in prevention with nonpharmacologic treatment bundles, 

the cornerstone of which include routine patient assessments.27,28

Risk Factors for Delirium

The risk factors for agitation and delirium are many and overlap to a large 

extent (Table 2.1). Fortunately, several mnemonics can aid clinicians in 

recalling the list; three common ones are IWATCHDEATH, DELIRIUM, 

and THINK (Table 2.2). In practical terms, risk factors can be divided 

into three categories: the acute illness itself, patient factors, and iatrogenic 

or environmental factors. Importantly, a number of medications that  

are commonly used in the ICU are associated with the development of 
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Fig. 2.1 Acute Brain Dysfunction. Patients who are unresponsive to 

voice are considered to be in a coma. Patients who respond to voice can 

be further evaluated for delirium using validated delirium monitoring in-

struments. Inattention is a cardinal feature of delirium. Other pivotal 

features include a change in mental status that fluctuates over hours to 

days, disorganized thinking, and altered levels of consciousness. Al-

though hallucinations, delusions, and illusions may be part of the percep-

tual disturbances seen in delirium, they on their own are not synonymous 

with delirium, a diagnosis of which requires the presence of inattention 

and other pivotal features outlined earlier. (With permission from E. Wes-

ley Ely and A. Morandi) (www.icudelirium.org).

Delirium

Acute mental
status change

Fluctuating
mental status

Arousable
to voice

Unarousable
to voice

Coma

Altered level of
consciousness

Hallucinations,
delusions,
illusions

Disorganized
thinking

Inattention

Age .70 years BUN/creatinine ratio $18

Transfer from a nursing home Renal failure, creatinine .2.0 mg/dL

History of depression Liver disease

History of dementia, stroke, or epilepsy CHF

Alcohol abuse within past month Cardiogenic or septic shock

Tobacco use Myocardial infarction

Drug overdose or illicit drug use Infection

HIV infection CNS pathology

Psychoactive medications Urinary retention or fecal impaction

Hyponatremia or hypernatremia Tube feeding

Hypoglycemia or hyperglycemia Rectal or bladder catheters

Hypothyroidism or hyperthyroidism Physical restraints

Hypothermia or fever Central line catheters

Hypertension Malnutrition or vitamin deficiencies

Hypoxia Procedural complications

Acidosis or alkalosis Visual or hearing impairment

Pain Sleep disruption

Fear and anxiety

TABLE 2.1 Risk Factors for Agitation and 
Delirium

BUN, Blood urea nitrogen; CHF, congestive heart failure; CNS, central 

nervous system; HIV, human immunodeficiency virus.

agitation and delirium (Box 2.1). A thorough approach to the treatment 

and support of the acute illness (e.g., controlling sources of sepsis and 

giving appropriate antibiotics; correcting hypoxia, metabolic distur-

bances, dehydration, and hyperthermia; normalizing sleep/wake cycles), 

in addition to minimizing iatrogenic factors (e.g., excessive sedation), can 

BOX 2.1 Commonly Used Drugs Associated 
With Delirium and Agitation

Benzodiazepines

Opiates (especially meperidine)

Anticholinergics

Antihistamines

H2 blockers

Antibiotics

Corticosteroids

Metoclopramide

IWATCHDEATH DELIRIUM THINK

Infection Drugs Toxic situations (CHF, 

shock, organ failure)

Withdrawal Electrolyte and physio-

logic abnormalities

Hypoxemia/Hypercarbia

Acute metabolic Lack of drugs (with-

drawal)

Infection, Inflammation, 

Immobility

Trauma/pain Infection Nonpharmacologic 

interventions

Central nervous 

system pathology

Reduced sensory input 

(blindness, deafness)

K1 or other electrolyte 

abnormalities

Hypoxia Intracranial problems (CVA, 

meningitis, seizure)

Deficiencies 

(vitamin B12, 

thiamine)

Urinary retention and 

fecal impaction

Endocrinopathies 

(thyroid, adrenal)

Myocardial problems 

(MI, arrhythmia, CHF)

Acute vascular (hy-

pertension, shock)

Toxins/drugs

Heavy metals

TABLE 2.2 Mnemonics for Risk Factors for 
Delirium and Agitation

CHF, Congestive heart failure; CVA, cerebrovascular accident; 

MI, myocardial infarction.

reduce the incidence and/or severity of delirium and its attendant com-

plications. A retrospective study conducted on postoperative delirium, 

specifically in patients undergoing cardiopulmonary bypass, has alluded 

to a decreased incidence of delirium in patients pretreated with statins.29 

Furthermore, ICU statins have been associated with decreased delirium, 

most significantly in the early stages of sepsis; in contrast to this, discon-

tinuation of statins has been shown to be associated with increased de-

lirium.30 Randomized controlled trials, however, have yet to show a re-

duction in delirium outcomes with the use of statins versus no statins.31,32

PATHOPHYSIOLOGY

The pathophysiology of delirium is poorly understood, although there 

are a number of hypotheses.33 It is likely that that the delirium is a re-

sult of the interaction of multiple pathophysiologic hypotheses  

rather than the result of one prevailing hypothesis. There are primary 

hypotheses:

• Monoamine Axis Hypothesis. Multiple neurotransmitters have 

been implicated, including dopamine (excess), acetylcholine (rela-

tive depletion), g-aminobutyric acid (GABA), serotonin, endor-

phins, norepinephrine, and glutamate.34–36 Elevated norepineph-

rine levels have been found in hyperactive delirium patients and, 
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when measured after traumatic brain injury, they are associated 

with poor neurologic status.37

• Neuroinflammatory Hypothesis. Inflammatory mediators, such as 

tumor necrosis factor alpha (TNF-a), interleukin-1 (IL-1), and 

other cytokines and chemokines, have been implicated in the patho-

genesis of endothelial damage, thrombin formation, and microvas-

cular dysfunction in the central nervous system (CNS), contributing 

to delirium.36,38,39 Studies in the ICU have strengthened the evidence 

of a role for endothelial dysfunction in increasing the prevalence 

and duration of delirium.40

• Cholinergic Deficiency Hypothesis. Impaired oxygen metabolism 

contributes to cholinergic deficiency in the brain. According to this 

hypothesis, delirium is a result of cerebral insufficiency secondary 

to a global failure in oxidative metabolism.41,42 In postoperative 

cardiac surgery patients, oxidative damage is associated with  

increased neuronal injury and postoperative delirium.43

• Amino Acid Hypothesis. Increased cerebral uptake of tryptophan 

and tyrosine can lead to elevated levels of serotonin, dopamine, and 

norepinephrine in the CNS. Altered availability of these amino ac-

ids is associated with increased risk of development of delirium.44,45

ASSESSMENT

The Society of Critical Care Medicine (SCCM) has recently updated 

guidelines for the use of sedatives and analgesics in the ICU.46 The 

SCCM has recommended the routine monitoring of pain, anxiety, and 

delirium and the documentation of responses to therapy for these 

conditions.46 These updated guidelines further include immobility and 

sleep disruption to emphasize the importance of mobility and ade-

quate sleep hygiene in the acute care setting.

Many scales are available for the assessment of agitation and seda-

tion, including the Ramsay Scale,47 the Riker Sedation-Agitation Scale 

(SAS),48 the Motor Activity Assessment Scale (MAAS),49 the Rich-

mond Agitation-Sedation Scale (RASS),50 the Adaptation to Intensive 

Care Environment (ATICE)51 scale, and the Minnesota Sedation As-

sessment Tool (MSAT).51 Most of these scales have good reliability and 

validity among adult ICU patients and can be used to set targets for 

goal-directed sedative administration. The SAS, which scores agitation 

and sedation using a 7-point system, has excellent inter-rater reliability 

(kappa 5 0.92) and is highly correlated (r2 5 0.83–0.86) with other 

scales. The RASS (Table 2.3), however, is the only method shown to 

detect variations in the level of consciousness over time or in response 

to changes in sedative and analgesic drug use.52 The 10-point RASS 

scale has discrete criteria to distinguish levels of agitation and sedation. 

The evaluation of patients consists of a three-step process. First, the 

patient is observed to determine whether he or she is alert, restless, or 

agitated (0 to 14). Second, if the patient is not alert and does not show 

positive motoric characteristics, the patient’s name is called and his or 

her sedation level scored based on the duration of eye contact (21 to 

23). Third, if there is no eye opening on verbal stimulation, the 

patient’s shoulder is shaken or pressure applied over the sternum by 

rubbing and the response noted (24 or 25). This assessment takes less 

than 20 seconds in total and correlates well with other measures of 

sedation (e.g., Glasgow Coma Scale [GCS], bispectral electroencepha-

lography, and neuropsychiatric ratings).50

Until recently, there was no valid and reliable way to assess delir-

ium in critically ill patients, many of whom are nonverbal because of 

sedation or mechanical ventilation.53,54 A number of tools have been 

developed to aid in the detection of delirium in the ICU. These tools 

have been validated for use in both intubated and nonintubated pa-

tients and measured against a “gold standard,” the Diagnostic and 

Statistical Manual of Mental Disorders (DSM) criteria. The tools are 

the Confusion Assessment Method for the ICU (CAM-ICU)53,55–58 

and the Intensive Care Delirium Screening Checklist (ICDSC).11 

Although there was initial hesitance about their ability to detect de-

lirium in neurologically injured patients, delirium screening has 

shown to be possible, with delirious features remaining an important 

predictor for clinical outcomes.59

The CAM-ICU (Fig. 2.2) is a delirium measurement tool devel-

oped by a team of specialists in critical care, psychiatry, neurology, 

14 Combative Combative, violent, immediate danger 

to staff

13 Very agitated Pulls or removes tube(s) or 

catheter(s); aggressive

12 Agitated Frequent nonpurposeful movement; 

fights ventilator

11 Restless Anxious, apprehensive, but movements 

not aggressive or vigorous

0 Alert and calm

21 Drowsy Not fully alert but has sustained 

(.10 sec) awakening (eye opening/

contact) to voice

22 Light sedation Drowsy; briefly (,10 sec) awakens to 

voice or physical stimulation

23 Moderate sedation Movement or eye opening (but no eye 

contact) to voice

24 Deep sedation No response to voice, but movement or 

eye opening to physical stimulation

25 Unarousable No response to voice or physical 

stimulation

Procedure For Assessment

 1. Observe patient. Is patient alert, 

restless, or agitated?

(Score 0 to 14)

 2. If not alert, state patient’s name 

and tell him or her to open eyes 

and look at speaker. Patient 

awakens, with sustained eye 

opening and eye contact.

(Score 21)

 3. Patient awakens, with eye 

opening and eye contact, but 

not sustained.

(Score 22)

 4. Patient does not awaken (no 

eye contact) but has eye open-

ing or movement in response to 

voice.

(Score 23)

 3. Physically stimulate patient by 

shaking shoulder and/or rubbing 

sternum. No response to voice, 

but response (movement) to 

physical stimulation.

(Score 24)

 4. No response to voice or physical 

stimulation.

(Score 25)

TABLE 2.3 Richmond Agitation-Sedation 
Scale

From Sessler CN, Gosnell MS, Grap MJ, et al. The Richmond Agitation-

Sedation Scale: Validity and reliability in adult intensive care unit  

patients. Am J Respir Crit Care Med 2002;166(10):1338–1344.
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and geriatrics.53,54 Administered by a nurse, the evaluation takes only 

1–2 minutes to conduct and is 98% accurate in detecting delirium as 

compared with a full DSM-V assessment by a geriatric psychia-

trist.53,55 To perform the CAM-ICU, patients are first evaluated for 

level of consciousness; patients who respond to verbal commands (a 

RASS score of 23 or higher level of arousal) can then be assessed for 

delirium. The CAM-ICU comprises four features: (1) a change in 

mental status from baseline or a fluctuation in mental status, (2) inat-

tention, (3) disorganized thinking, and (4) altered level of conscious-

ness. Delirium is diagnosed if patients have features 1 and 2 and either 

feature 3 or 4 is positive (see Fig. 2.2).

The ICDSC11 (Table 2.4) is a checklist-based assessment tool that 

evaluates inattention, disorientation, hallucination, delusion or psy-

chosis, psychomotor agitation or retardation, inappropriate speech or 

mood, sleep/wake cycle disturbances, and fluctuations in these symp-

toms. Each of the eight items is scored as absent or present (0 or 1), 

respectively, and summed. A score of 4 or above indicates delirium, 

and 0 indicates no delirium. Patients with scores between 1 and 3 are 

considered to have subsyndromal delirium,60 which has worse prog-

nostic implications than the absence of delirium but a better prognosis 

than clearly present delirium.

Previous studies have called into question the usefulness of delir-

ium evaluations for patients under sedation.61,62 A small subset of 

patients (approximately 10%) were noted to have rapidly reversible 

sedation-related delirium, but unfortunately in this study the majority 

of patients continued to have persistent delirium even after interrup-

tion of sedation. Thus when feasible, delirium evaluation should be 

performed after interruption of sedation; however, delirium evalua-

tions should not be forgone just because a patient is under sedation 

because the omission of the diagnosis would be far worse than over-

diagnosing delirium in a handful of patients.

MANAGEMENT

The development of effective evidence-based strategies and protocols 

for prevention and treatment of delirium awaits data from ongoing 

randomized clinical trials of both nonpharmacologic and pharmaco-

logic strategies. A brief overview is provided here.

When agitation or delirium develops in a previously comfortable 

patient, a search for the underlying cause should be undertaken before 

attempting pharmacologic intervention. A rapid assessment should be 

performed, including assessment of vital signs and physical examination 

to rule out life-threatening problems (e.g., hypoxia, self-extubation, 

pneumothorax, hypotension), or other acutely reversible physiologic 

Patient Evaluation

Altered level of  

consciousness

(A–E)*

Inattention Difficulty in following a conversation or instructions. 

Easily distracted by external stimuli. Difficulty in 

shifting focus. Any of these scores 1 point.

Disorientation Any obvious mistake in time, place, or person 

scores 1 point.

Hallucinations- 

delusions-psychosis

The unequivocal clinical manifestation of halluci-

nation or behavior probably attributable to hallu-

cination or delusion. Gross impairment in reality 

testing. Any of these scores 1 point.

Psychomotor agitation  

or retardation

Hyperactivity requiring the use of additional seda-

tive drugs or restraints to control potential dan-

ger to self or others. Hypoactivity or clinically 

noticeable psychomotor slowing.

Inappropriate speech  

or mood

Inappropriate, disorganized, or incoherent speech. 

Inappropriate display of emotion  

related to events or situation. Any of these 

scores 1 point.

Sleep/wake cycle  

disturbance

Sleeping less than 4 h or waking frequently at 

night (do not consider wakefulness initiated by 

medical staff or loud environment). Sleeping dur-

ing most of the day. Any of these scores 1 point.

Symptom fluctuation Fluctuation of the manifestation of any item  

or symptom over 24 h scores 1 point.

Total Score (0–8)

TABLE 2.4 Intensive Care Delirium 
Screening Checklist

*Level of consciousness:

A—No response: score 0.

B—Response to intense and repeated stimulation (loud voice and pain): 

score 0.

C—Response to mild or moderate stimulation: score 1.

D—Normal wakefulness: score 0.

E—Exaggerated response to normal stimulation: score 1.

Available at: http://www.acgme.org/acgmeweb/tabid/445/Graduate-

MedicalEducation/SingleAccreditationSystemforAOA-Approved 

Programs.aspx.

Fig. 2.2 Confusion Assessment Method for the Intensive Care Unit 

(CAM-ICU).

= Delirium

Feature 1: Acute onset of mental status changes
or a fluctuating course

And

And

OR

Feature 2: Inattention

Feature 3: Disorganized
thinking

Feature 4: Altered level of
consciousness

causes (e.g., hypoglycemia, metabolic acidosis, stroke, seizure, pain). The 

previously mentioned IWATCHDEATH and DELIRIUM mnemonics 

can be particularly helpful in guiding this initial evaluation.

Once life-threatening causes are ruled out as possible etiologies, 

aspects of good patient care such as reorienting patients, improving 

sleep and hygiene, providing visual and hearing aids if previously used, 

removing medications that can provoke delirium, and decreasing the 

use of invasive devices if not required (e.g., bladder catheters, re-

straints), should be undertaken.

The use of the ABCDEF Bundle (Assess, prevent, and manage pain; 

Both spontaneous awakening and breathing trials; Choice of appropri-

ate sedation; Delirium monitoring and management; Early mobility 

and exercise; and Family engagement and empowerment) has been 

shown to decrease the incidence of delirium and improve patient out-

come (Fig. 2.3).27,28 This algorithm, building on the PADIS 2018 guide-

lines,46 involves the following: (1) Routine assessment of agitation, 

depth and quality of sedation, and delirium using appropriate scales 

(RASS and SAS for agitation and sedation and CAM-ICU or ICDSC for 

delirium). They recommend using protocol target-based sedation and 
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targeting the lightest possible sedation, thus exposing the patient to 

lower cumulative doses of sedatives63 and/or daily awakening trials64 

and spontaneous breathing trials65 to reduce the total time spent on 

mechanical ventilation. Coordination of daily awakening and daily 

breathing was associated with shorter durations of mechanical ventila-

tion, reduction in length of hospital stay, and no long-term neuropsy-

chologic consequences of waking patients during critical illness.66,67 

(2) Treatment should start with treating analgesia first. Choosing the 

right sedative regimen in critically ill patients is important. Numerous 

studies have confirmed that benzodiazepines are associated with poor 

clinical outcomes.68,69 The guidelines also recommend avoiding riv-

astigmine and antipsychotics if there is an increased risk of torsades de 

pointes. (3) Prevention also plays an important role. Risk factors for 

delirium need to be identified and eliminated, particularly with noise 

and immobility. Exercise and early mobility in ICU patients is associ-

ated with decreased length of both ICU and hospital polypharmacy.70,71 

Promoting day/night cycles within the ICU with minimization of noise 

and disturbance overnight to optimize sleep should be initiated.

Data from the Maximizing Efficacy of Targeted Sedation and  

Reducing Neurological Dysfunction (MENDS)68 study and the Safety 

and Efficacy of Dexmedetomidine Compared with Midazolam (SED-

COM) trial69 also support the view that dexmedetomidine can 

decrease the duration and prevalence of delirium when compared with 

lorazepam or midazolam. A recent large, randomized, multicentered, 

placebo-controlled trial failed to show benefit for use of haloperidol or 

ziprasidone in the treatment of delirium.72 Routine use of antipsy-

chotic medications for the treatment of delirium is not recom-

mended.46 Pharmacologic therapy should be attempted only after 

Fig. 2.3 Delirium protocol as a part of the ABCDEF Bundle.

Reassess CAM-ICU at least every
shift. Treat pain and anxiety if
indicated via CPOT or RASS

Non-delirious
(CAM-ICU negative)

Perform Delirium Assessment via CAM-ICU

Delirious (CAM-ICU positive) 

Consider differential diagnosis (Dr. DRE or THINK)1

Stupor or coma while on sedative
or analgesic drugs7

(RASS –4 or –5)

Does the patient require deep sedation
or analgosedation?

Remove deliriogenic drugs2

Nonpharmacologic protocol3

RASS +2 to +4

RASS 0 to +1
Is the patient in pain?4

Give analgesic5

Give adequate sedative for safety
and titrate to goal RASS

Assure adequate pain control4

Consider typical or atypical
antipsychotics6

Consider typical or
atypical antipsychotics6

Yes No

RASS –1 to –3 Yes

Reassess target
sedation goal

every shift

Reassess target sedation goal
and perform SAT8

If tolerates SAT, perform SBT9

If tolerates SAT, perform SBT9

Perform SAT8

No

1.    Dr. DRE:
            Diseases: Sepsis, CHF, COPD
            Drug Removal: SATs and stopping benzodiazepines/narcotics
            Environment: Immobilization, sleep and day/night orientation, hearing aids, eye
               glasses, noise
       THINK:
            Toxic Situations – CHF, shock, dehydration – Deliriogenic meds (tight titration) –
               New organ failure (liver, kidney, etc.)
            Hypoxemia
            Infection/sepsis (nosocomial), immobilization
            Nonpharmacologic interventions3

            K+ or electrolyte problems
2.    Consider stoppinig or substituting deliriogenic medications such as benzodiazepines,
       anticholinergic medications (metoclopramide, H2 blockers, promethazine,
       diphenhydramine), steroids, etc.
3.    See nonpharmacologic protocol – see below.
4.    If patient is nonverbal, assess via CPOT, or if patient is verbal assess via visual analog
       scale.
5.    Analgesia – Adequate pain control may decrease delirium. Consider opiates, non-
       steroidals, acetaminophen, or gabapentin (neuropathic pain).
6.    Typical or atypical antipsychotics. Discontinue if high fever, QTc prolongation, or drug-
       induced rigidity.
7.    Consider non-benzodiazepine sedation strategies (propofol or dexmedetomidine)
8.    Spontaneous Awakening Trial (SAT) – If meets safety criteria (no active seizures, no
       alcohol withdrawal, no agitation, no paralytics, no myocardial ischemia, normal
       intracranial pressure, FiO2 ≤ 70%)
9.    Spontaneous Breathing Trial (SBT) – If meets safety criteria (no agitation, no myocardial
       ischemia,  FiO2 ≤ 50%, adequate inspiratory efforts, O2 saturation ≥ 88%, no vasopressor
       use, PEEP ≤ 7.5 cm)

Nonpharmacologic protocol3

 
  Orientation
     Provide visual and hearing aids
     Encourage communication and reorient patient
     repetitively. Have familiar objects from patient’s
     home in the room
     Attempt consistency in nursing staff
     Family engagement and empowerment
  Environment
     Sleep hygiene: Lights off at night, on during day.
     Control excess noise (staff, equipment), earplugs
     Early mobilization and exercise
     Music
Clinical parameters
     Maintain systolic blood pressure > 90 mm Hg
     Maintain oxygen saturations >90%
Treat underlying metabolic derangements and infections
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correcting any contributing factors or underlying physiologic abnor-

malities. Although these agents are intended to improve cognition, 

they all have psychoactive effects that can further cloud the sensorium 

and promote a longer overall duration of cognitive impairment.

Benzodiazepines are not recommended for the management of 

delirium because they can paradoxically exacerbate delirium. These 

drugs can also promote oversedation and respiratory suppression. 

However, they remain the drugs of choice for the treatment of delir-

ium tremens (and other withdrawal syndromes) and seizures.

At times, mechanical restraints may be needed to ensure the safety 

of patients and staff while waiting for medications to take effect. It is 

important to keep in mind, however, that restraints can increase agita-

tion and delirium, and their use may have adverse consequences, in-

cluding strangulation, nerve injury, skin breakdown, and other com-

plications of immobilization.

SUMMARY

Agitation and delirium are very common in the ICU, where their occur-

rence puts patients at risk of self-injury and poor clinical outcomes. Avail-

able sedation and delirium monitoring instruments allow clinicians to 

recognize these forms of brain dysfunction. Through a systematic ap-

proach, life-threatening problems and other acutely reversible physiologic 

causes can be rapidly identified and remedied. A strategy that focuses on 

early liberation from mechanical ventilation and early mobilization can 

help reduce the burden of delirium. Use of antipsychotics should be re-

served for patients who pose an imminent risk to themselves or staff.

KEY POINTS

• Delirium and agitation are prevalent within the ICU and unless routinely 

assessed are frequently overlooked.

• Clinicians should be aware of modifiable and nonmodifiable risk factors for 

delirium and agitation and work to decrease those risk factors when able.

• Once detected, investigation into the cause of agitation and delirium is 

necessary, as they may be a harbinger of metabolic, pharmacologic, or 

physical derangements (i.e., pain, sepsis, withdrawal, hypoxia).

• Several pathophysiologic hypotheses have been proposed to describe the 

etiology of delirium. It is likely that the presentation of delirium is a result 

of a combination of these mechanisms.

• Nonpharmacologic treatment bundles are successful in decreasing the inci-

dence of delirium; however, once it occurs, there is limited evidence for the 

use of pharmacologic medications in decreasing delirium severity or duration.

• Identifying delirium and agitation within the ICU is important. Lack of identifi-

cation can result in prolonged symptom duration, which is associated with 

worse survival and functional patient outcomes years after hospital discharge.

ANNOTATED REFERENCES

Ely EW, Inouye SK, Bernard GR, Gordon S, Francis J, May L, et al. Delirium in 

mechanically ventilated patients—validity and reliability of the confusion 

assessment method for the intensive care unit (CAM-ICU). JAMA. 

2001;286(21):2703–2710.

A landmark study validating for the first time an easy-to-use bedside delir-

ium-monitoring instrument for nonverbal mechanically ventilated patients. 

Delirium monitoring with the CAM-ICU can be performed in less than  

2 minutes and does not require a psychiatrist.

Ely EW, Shintani A, Truman B, Speroff T, Gordon SM, Harrell FE Jr, et al. De-

lirium as a predictor of mortality in mechanically ventilated patients in 

the intensive care unit. JAMA. 2004;291(14):1753–1762.

This large cohort study showed that delirium in the ICU was an independent 

risk factor for death at 6 months and that each day with delirium increased 

the hazards of dying by 10%.

Pisani MA, Kong SY, Kasl SV, Murphy TE, Araujo KL, & Van Ness PH. Days of 

delirium are associated with 1-year mortality in an older intensive care 

unit population. American Journal of Respiratory and Critical Care Medicine. 

2009;180(11):1092–1097.

This cohort study demonstrated a dose–response curve between days of delir-

ium and the risk of dying at 1 year.

Girard TD, Thompson JL, Pandharipande PP, Brummel NE, Jackson JC, Patel 

MB, et al. Clinical phenotypes of delirium during critical illness and  

severity of subsequent long-term cognitive impairment: a prospective  

cohort study. The Lancet. Respiratory Medicine. 2018;6(3):213–222.

The largest prospective, multicenter, placebo-controlled study of the use of  

antipsychotic medications in the treatment of delirium. Revealed no differ-

ence in delirium outcomes between the placebo, haloperidol, and ziprasidone 

treatment groups.

Patel MB, Bednarik J, Lee P, Shehabi Y, Salluh JI, Slooter AJ, et al. Delirium 

monitoring in neurocritically ill patients: a systematic review. Critical Care 

Medicine. 2018;46(11):1832–1841.

Systematic review of delirium assessments in neurologically injured patients 

revealed that delirium is reliably detected within this population. Addition-

ally, delirium as a form of secondary brain injury within this already vulner-

able population was associated with worse patient outcomes.

Pun BT, Balas MC, Barnes-Daly MA, Thompson JL, Aldrich JM, Barr J, et al. 

Caring for critically ill patients with the ABCDEF Bundle: results of the 

ICU Liberation Collaborative in over 15,000 adults. Critical Care Medicine. 

2019;47(1): 3–14.

Largest collaborative study to date demonstrating the effects of implementa-

tion of the ABCDEF Bundle within the ICU. Adherence to the bundle was  

associated with improved survival, decreased mechanical ventilation use,  

decreased restraint use, fewer ICU readmissions, and improved ICU discharge 

disposition in a dose-dependent fashion.

 References for this chapter can be found at expertconsult.com.
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INTRODUCTION

Pain management in the critically ill patient is complex. Each patient 

brings a unique set of sociodemographic, pharmacokinetic, and phar-

macogenomic variables that are coupled with underlying psychosocial 

and medical comorbidities. These not only influence a patient’s re-

sponse to painful stimuli but also to treatment. We know that critically 

ill patients experience pain at rest, during routine intensive care unit 

(ICU) care, and during procedures.1,2 Pain can originate from multiple 

sources, including somatic, visceral, and neuropathic. Pain may be 

acute, chronic, or acute on chronic in nature. Comorbidities such as 

depression and anxiety can exacerbate pain.3,4 Patients that are younger, 

female, and of nonwhite ethnicity are more likely to experience more 

intense pain.4–8 Aging patients experience many physiologic changes 

that may decrease their perception of pain and increase their vulnera-

bility to the adverse effects of pain medications.9–11

It is imperative to adequately treat pain in the ICU patient. Pain 

during a procedure is not only influenced by the type of procedure 

(including routine care such as turning) but also by preprocedural 

pain intensity.2,5,8,12,13 Adequate assessment of pain and preemptive 

analgesia are essential.14 Inadequate pain control contributes to the 

development of delirium, and severe pain may lead to cardiac instabil-

ity (tachycardia, bradycardia, hypertension, and/or hypotension), re-

spiratory distress (desaturation, bradypnea, and/or ventilator distress), 

and immunosuppression.14,15

To optimize an analgesic regimen, it is important to obtain a thor-

ough past medical history that includes a complete list of medications 

and whether alcohol, tobacco, or opioid dependence is present. Man-

aging drug withdrawal in addition to achieving satisfactory analgesia 

requires a multimodal approach.

Multimodal analgesia combines two or more drug classes or tech-

niques, employing different mechanisms of action that may target 

multiple pain pathways in order to achieve a synergistic or additive 

effect. This results in lower opioid consumption with the same or im-

proved level of comfort.16 Multimodal analgesia may include opioids, 

nonopioid analgesics such as nonsteroidal antiinflammatory drugs 

(NSAIDs) or gabapentinoids, regional or neuraxial blocks, and non-

pharmacologic therapies. Each patient’s medical history, allergies, age, 

injuries, and comorbidities will dictate the optimum regimen. Pain 

management protocols that mandate the use of validated pain and 

sedation scales consistently decrease the consumption of opioids and 

sedatives in ICU patients.17,18

ASSESSMENT

An assessment-driven and standardized pain management protocol 

improves ICU patient outcomes, but assessment of pain in the critically 

ill patient can be challenging. Many ICU patients are ventilated, cogni-

tively impaired, and/or unable to self-report pain. Consequently, these 

patients are at risk for undertreatment of their pain. Valid assessment 

tools help guide analgesia while avoiding excess medication administra-

tion in those patients with adequate pain control.16,19–22 A number of 

assessment tools are available for use in the ICU patient.14

For those patients able to self-report pain, the Numeric Rating 

Scale (NRS) in a visual format had the best sensitivity, negative predic-

tive value, and accuracy in ICU patients.14 More recently, the Defense 

and Veterans Pain Rating Scale (DVPRS) has become increasingly 

popular.23 It combines a 1–10 pain scale with facial expressions and 

colors to express pain intensity. The DVPRS also includes supplemen-

tary questions to measure the degree to which pain interferes with a 

patient’s usual activity, sleep, mood, and stress (Fig. 3.1).

The Behavioral Pain Scale (BPS) and the Critical Care Pain Obser-

vation Tool (CPOT) (Fig. 3.2) have the greatest validity and reliability 

for monitoring pain in those unable to self-report.14 BPS is a three-

domain assessment tool with four possible scores in each domain. 

Scores range from 3 to 12, with scores above 6 indicating an unaccept-

able level of pain.14,24–26 CPOT is similar, with four domains and scores 

ranging from 0 to 2 in each domain. The possible score ranges from 0 

to 8, with 3 or above indicating the presence of pain.27–32

Vital signs (heart rate, blood pressure, respiratory rate, oxygen satu-

ration, and end tidal carbon dioxide) are not considered valid indicators 

for pain in critically ill patients and should only be used as cues to initi-

ate further evaluation using one of the validated assessment measures.14 

In unresponsive or paralyzed patients in which the validated scales are 

impossible to use, no current assessment methods are available. Promis-

ing technology under development for this patient population includes 

measuring heart rate variability (Analgesia Nociception Index), incorpo-

rating several physiologic parameters (Nociception Level Index), and 

examining pupillary reflex dilation using video pupillometry.33–38

OPIOIDS

Historically, opioids were considered the mainstay of treatment for 

non-neuropathic pain in the critically ill patient population because of 

their high potency and efficacy.14,39,40 Opioids act at specific G-protein–

coupled receptors designated delta, kappa, and mu. These exist pre-

dominantly in the central nervous system, but also peripherally and in 

certain organs (notably the gastrointestinal tract and heart).41 By acting 

at these receptors, opioids decrease the perception of pain without in-

ducing loss of consciousness. All clinically relevant opioids are active at 

the mu receptor, and some have additional activity at other receptors.41

The decision regarding which opioid to prescribe is highly depen-

dent on specific patient comorbidities and circumstances. When  

titrated appropriately, all intravenous opioids are considered equally 

13
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Fig. 3.1 The DVPRS is a graphic pain reporting tool for patients that can self-report. (From https://www.

dvcipm.org/site/assets/files/1084/dvprs_single_page.pdf.)
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For clinicians to evaluate the biopsychosocial impact of pain
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1. Circle the one number that describes how, during the past 24 hours, pain has interfered with your usual ACTIVITY:

Does not interfere Completely interferes

2. Circle the one number that describes how, during the past 24 hours, pain has interfered with your SLEEP:

Completely interferes

Contributes a great deal

Completely affects

3. Circle the one number that describes how, during the past 24 hours, pain has affected your MOOD:

4. Circle the one number that describes how, during the past 24 hours, pain has contributed to your STRESS:

Does not contribute

Does not affect

Does not interfere
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Fig. 3.2 Critical Care Pain Observation Tool (CPOT) and Behavioral Pain Scale (BPS) are two commonly used 

tools for monitoring pain in those patients that are unable to self-report. (Adapted from Gelinas C, Fillion L, 

Puntillo KA, et al. Validation of the critical-care pain observation tool in adult patients. Am J Crit Care. 

2006;15(4):420–427 and Payen JF, Bru O, Bosson JL, et al. Assessing pain in critically ill sedated patients by 

using a behavioral pain scale. Crit Care Med. 2001;29(12):2258–2263.)

Critical Care Pain Observation Tool 

Indicator Description Score

Facial expression No muscular tension observed Relaxed, neutral 0

Presence of frowning, brow lowering,

orbit tightening, and levator contraction

Tense 1

All of the above facial movements plus

eyelid tightly closed

Grimacing 2

Body movements Does not move at all Absence of movements 0

Slow, cautious movements, touching or rubbing

the pain site, seeking attention through movements

Protection 1

Pulling tube, attempting to sit up,

moving limbs/thrashing, not following commands,

striking at staff, trying to climb out of bed

Restlessness 2

Muscle tension

Evaluation by passive

flexion and extension

of upper extremities

No resistance to passive movements Relaxed 0

Resistance to passive movements Tense, rigid 1

Strong resistance to passive movements,

inability to complete them

Very tense or rigid 2

Compliance with the

ventilator (intubated

patients)

Alarms not activated, easy ventilation Tolerating ventilator or

movement

0

Alarms stop spontaneously Coughing but tolerating 1

Asynchrony: blocking ventilation, alarms

frequently activated

Fighting ventilator 2

OR

Vocalization

(extubated patients)

Talking in normal tone or no sound Talking in normal tone

or no sound

0

Sighing, moaning Sighing, moaning 1

Crying out, sobbing Crying out, sobbing 2

Behavioral Pain Scale 

Item Description Score

Facial expression Relaxed

Partially tightened (e.g., brow lowering)

Fully tightened (e.g. eyelid closing)

Grimacing

1

2

3

4

Upper limbs No movement

Partially bent

Fully bent with finger flexion

Permanently retracted

2

3

4

Compliance with

ventilation

Tolerating movement

Coughing but tolerating ventilation for most of the time

Fighting ventilator

Unable to control ventilation

1

1

2

3

4

Total, range 0–8
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effective with regard to analgesic efficacy and clinical outcomes.39 How-

ever, studies have shown patients may demonstrate variability in opioid 

pharmacodynamics and pharmacokinetics, resulting in more favorable 

reactions to one opioid over another.42 Thus providers must be com-

fortable with many different opioids, depending on the patient’s reac-

tion and clinical course. Common parenteral and oral opioids are 

summarized in Table 3.1.

Though opioids remain a cornerstone of pain management, con-

siderable attention is now focused on limiting the opioids required 

through the use of multimodal therapy. This is primarily because of 

the many side effects of opioid-centered analgesia. Short term, these 

can include physical dependence, ileus, constipation, nausea and vom-

iting, respiratory depression, sedation, pruritus, and urinary reten-

tion.43 Opioids may increase ICU length of stay and worsen post-ICU 

patient outcomes. Long-term sequelae of opioid use include addiction, 

immunosuppression, and opioid-induced hyperalgesia. These compli-

cations are prevalent, regardless of the specific opioid used or the route 

of administration.

Particular attention should be paid to bowel dysfunction associated 

with opioids secondary to binding of mu receptors in the enteric ner-

vous system.44 Opioids often induce constipation or worsen preexist-

ing constipation; prevalence of these conditions with opioid use vary 

in the literature from 22% to 81% of patients.44 Thus prevention via a 

robust bowel regimen that includes laxatives and/or bulking agents is 

an essential consideration when prescribing opioids.

ACETAMINOPHEN

Despite being a commonly used analgesic and antipyretic, acetamino-

phen’s exact mechanism of action remains unknown. It has consistently 

been shown to reduce opioid requirements when used as an adjunct; 

furthermore, acetaminophen has minimal side effects. For the critically 

ill patient, acetaminophen offers an advantage in that it can be admin-

istered via multiple routes of administration (intravenous [IV], orally 

[PO], nasogastric [NG], per rectum [PR]). Although the IV formula-

tion has a slightly faster onset when used as a first dose, there is minimal 

difference between the IV and enteral/rectal formulations when admin-

istered in a scheduled manner.45 Acetaminophen carries a risk of hepa-

totoxicity, though this is more commonly noted when high doses are 

used for chronic pain rather than short-term acute pain. In 2011, the 

Food and Drug Administration (FDA) released a recommendation to 

reduce the maximum daily dose of acetaminophen from 4000 mg/day 

to 3000 mg/day; however, it is important to note that this recommenda-

tion was aimed at consumers exposed to numerous over-the-counter 

acetaminophen-containing combination products. In the inpatient set-

ting, the maximum daily dose should remain 4000 mg/day.46

NSAIDs

NSAIDs work as analgesics and antipyretics by inhibiting cyclooxygen-

ase (COX) enzymes, thereby reducing the formation of prostaglandins. 

Opioid Dosage Forms Onset Pharmacokinetics Considerations

Fentanyl IV, IM, intranasal, trans-

dermal, transmucosal

1–2 min • Metabolized by the liver

• No active metabolites

• Very potent (100 times the potency of morphine)

• Rapid onset and short duration

• Prolonged use leads to accumulation in 

peripheral compartments

• Less association with histamine release

Hydromorphone PO, IV, IM, SQ 5–15 min (IV)

30 min (PO)

• Metabolized by the liver into weak 

metabolites

• Excreted renally

• Potent (7–10 times the potency of morphine)

• Improved safety profile over morphine in renal 

impairment

• Less association with histamine release

Morphine PO, IV, IM, SQ, transder-

mal, transmucosal

5–10 min (IV)

15–60 min (PO)

• Metabolized by the liver into potent 

metabolites

• Excreted renally

• Use with extreme caution in renal impairment

• Use with caution in hepatic impairment

• High association with histamine release (can 

lead to bronchospasm and hypotension)

Oxycodone PO 10–30 min • Metabolized by the liver to multiple 

metabolites (oxymorphone)

• Available in combination or alone

Hydrocodone PO 15–30 min • Metabolized by the liver to multiple 

metabolites (hydromorphone)

• Only available as a combination currently

• Use with caution in those with severe asthma

Methadone PO 30–60 min • Metabolized by the liver

• No active metabolites

• Excreted in feces

• Plasma levels and risk of death peak 5 days 

after start

• Respiratory depressant effect occurs later 

than analgesic effect

• Watch for QTc prolongation

• Inhibits serotonin reuptake and can also pro-

duce analgesia via NMDA receptor antagonism

Tramadol* PO 60 min • Metabolized by the liver into 

O-desmethyl tramadol

• Excreted renally

• Also modulates serotonin and norepinephrine 

uptake (can lead to seizures)

• Less respiratory depression and fewer GI side 

effects than pure opioids

TABLE 3.1 Opioid Agents and Considerations for Use

*Although not a typical opioid, tramadol is structurally related to morphine and has effects at opioid receptors

GI, Gastrointestinal; IM, intramuscular; IV, intravenous; NMDA, N-methyl-D-aspartate; PO, oral; SQ, subcutaneous.
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A wide variety of NSAIDs are available with numerous routes of ad-

ministration (IV, PO, NG, PR, topical) and varying degrees of selectiv-

ity to COX-1 and COX-2.

Historically, there has been a reluctance to use NSAIDs in the acute 

pain setting because of their adverse effects, including increased risk of 

gastrointestinal bleeding, nephrotoxicity, impaired platelet function, 

and impaired wound healing. NSAIDs have long been avoided in the 

setting of fractures because of the risk of nonunion; however, more 

recent literature reviews have shown that this does not appear to be a 

long-term issue, particularly with early postinjury or postoperative 

administration.47–49 Thus the most recent guidelines support their use 

in this setting.50

Platelet inhibition is primarily associated with inhibition of COX-1 

and can be avoided with the use of COX-2 selective agents such as ce-

lecoxib. Unfortunately, COX-2 selective agents are not without risk—

they are contraindicated after coronary artery bypass graft surgery and 

carry a risk of cardiovascular thrombotic events, such as myocardial 

infarction and stroke. Despite their known risks, NSAIDs can be ben-

eficial in mitigating opioid exposure in select patient populations.

GABAPENTINOIDS

Opioids and other medications that often work well for nociceptive 

pain offer minimal benefit for neuropathic pain. For patients who suf-

fer from diabetic neuropathy, spinal cord injury, burn pain, phantom 

limb, post-stroke central pain, postherpetic neuralgia, or other forms 

of neuropathic pain, gabapentinoids should be considered.51–53 Gaba-

pentin and its prodrug, pregabalin, work by inhibiting presynaptic 

calcium channels. Originally developed as antiepileptic medications, 

these agents have shown to be effective in the management of chronic 

neuropathic pain.54 Although less data are available regarding their use 

for acute pain, gabapentinoids should be considered when a source of 

neuropathic pain is suspected. Caution should be exercised when ini-

tiating gabapentin or pregabalin in the elderly, as these agents are 

known to cause somnolence and dizziness. In patients with renal dys-

function, doses should be adjusted accordingly.

MUSCLE RELAXANTS

Patients who experience pain secondary to muscle spasm may find 

benefit from antispasmodic agents such as methocarbamol, cyclo-

benzaprine, baclofen, or diazepam. However, literature regarding 

their efficacy is scant, particularly in the acute pain setting. Careful 

consideration must be given before using these agents, given the as-

sociated risk of sedation. This is especially a concern in the older 

adult patient.

KETAMINE

Ketamine is a phencyclidine derivative that acts as an N-methyl-D-

aspartate (NMDA) antagonist and has been used in the perioperative 

and procedural setting for its anesthetic and analgesic effects. More 

recently, subanesthetic doses of ketamine have been used in a continu-

ous fashion to provide analgesia without eliciting hallucinations or 

other psychomimetic effects. Benefits of ketamine in the critically ill 

setting include its neutral hemodynamic effects and its lack of respira-

tory suppression. Traditionally, ketamine has been avoided in patients 

with cardiovascular comorbidities and patients with elevated intracra-

nial pressure (ICP); however, recent literature suggests that ketamine 

may be used safely in patients with ICP concerns.55

At higher steady-state levels, magnesium has been shown to exhibit 

similar anti-NMDA activity in the perioperative setting.56 Although 

this effect has not yet been demonstrated in the ICU setting, studies are 

currently ongoing.

LIDOCAINE

Topical lidocaine patches can be used for localized pain to avoid sys-

temic effects, but their efficacy remains unclear, and caution should be 

exercised near open wounds. Lidocaine drips have been used in the 

perioperative setting to reduce opioid requirements and ileus recovery 

time, but its role in the critical care setting remains largely un-

known.57,58

2 AGONISTS

Centrally acting a2 agonists, such as dexmedetomidine and clonidine, 

may offer analgesic effects while avoiding respiratory depression. How-

ever, data regarding their use for acute pain in the critically ill popula-

tion are minimal, and cardiovascular effects such as hypotension and 

bradycardia limit their use in hemodynamically unstable patients.

A summary of the previously discussed nonopioid analgesics can 

be found in Table 3.2.

REGIONAL ANESTHESIA

Regional anesthesia techniques include neuraxial blocks (such as spi-

nal and epidural catheters), paravertebral blocks, intercostal nerve 

blocks, transversus abdominis plane blocks, and peripheral nerve 

blocks of the extremities. The use of regional anesthesia is associated 

with improved analgesia in many patient populations, including post-

operative and polytrauma patients. Many studies have also shown that 

the use of regional anesthesia leads to decreases in opioid-related side 

effects.43 Of special interest within the critically ill population is the 

association between epidural analgesia and improved global pulmo-

nary outcomes.59

Despite the many benefits of regional anesthesia documented in 

the literature, it remains generally underused in the critically ill popu-

lation for a multitude of reasons. Hemodynamic instability and sepsis 

are considered relative contraindications to neuraxial techniques.60 

Critically ill patients may also require anticoagulation or develop co-

agulopathy, both of which may limit the ability of providers to per-

form neuraxial techniques safely. Finally, caution must be exercised in 

patients at risk for developing compartment syndrome because of the 

potential masking of symptoms. Of note, however, this can also be a 

concern with systemic analgesia.

MUSIC MODALITIES

Music modalities for pain management can broadly be separated 

into music medicine and music therapy. Music medicine uses music 

to promote relaxation, provide distraction, and/or alleviate ten-

sion.61 Music therapy is instead a holistic approach involving a 

music therapist that focuses on the healing process of music via 

personal interaction.

Within the critically ill population, three small studies have found 

minimal to moderate improvements in self-reported and assumed 

pain scores through various forms of music medicine.62–64 Two of these 

studies even found temporary improvement in pain scores for me-

chanically ventilated patients undergoing music medicine.63,64 In post-

operative patients, a recent meta-analysis of 97 studies found that 

music medicine had a small to moderate effect on reducing opioid us-

age, and music therapy was found to decrease patient perception of 

pain intensity.61 Music interventions generally had a stronger impact 
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Class Medication Dosage Forms Considerations

Acetaminophen Acetaminophen PO, IV, rectal • Caution in hepatic dysfunction

• IV formulation associated with hypotension

NSAIDs Nonselective

Ibuprofen

PO, IV, topical, rectal • Caution in patients with gastrointestinal bleeding, acute kidney 

injury, and cardiovascular events

• Ketorolac carries a black box warning cautioning against more than 

5 days of use to mitigate these risks
(COX-1 selective)

Ketorolac

Naproxen

(COX-2 selective)

Celecoxib

PO

Gabapentinoids Gabapentin PO • Consider for neuropathic pain

• Caution in elderly patients and renal 

dysfunction

• Monitor for dizziness and drowsiness

Pregabalin

Venlafaxine

Muscle relaxants Baclofen PO • Caution in elderly patients and renal dysfunction

• Tolerance/dependence may develop with prolonged use of baclofenMethocarbamol

Cyclobenzaprine

Diazepam PO, IV • Associated with sedation and respiratory depression

NMDA antagonists Ketamine IV, IM, PO • Contraindicated in history of CVA, severe cardiac decompensation, 

or conditions in which an increase in blood pressure may be harmful

• Increased risk of laryngospasm (procedural doses)

• Potential for tolerance with long-term use

• Monitor for emergence reactions

Magnesium (high dose) IV, PO • Contraindicated in patients with bradycardia

• IV bolus can be associated with hypotension

• Caution in patients with renal dysfunction and neuromuscular 

disease

Sodium channel blockers Lidocaine IV, topical • IV product contraindicated in heart block

• Monitor for neurologic and cardiac toxicity

a2 agonists Dexmedetomidine IV • Associated bradycardia and hypotension

• Potential for tachyphylaxis to develop with long-term use

Clonidine PO • Associated hypotension and sedation

TABLE 3.2 Nonopioid Agents and Considerations for Use

Data from Erstad BL. Attempts to limit opioid prescribing in critically ill patients: Not so easy, not so fast. Ann Pharmacother. 2019;53:716–725; 

O’Connor A, Dworkin R. Treatment of neuropathic pain: An overview of recent guidelines. Am J Med. 2009;122, S22-–S32; See S, Ginzburg R. 

Skeletal muscle relaxants. Pharmacotherapy. 2008;28(2):207–213.

COX, Cyclooxygenase; CVA, cerebrovascular accident; IM, intramuscular; IV, intravenous; NSAID, nonsteroidal antiinflammatory drug; PO, oral.

on acute or procedural pain versus chronic or cancer pain. Given these 

results, and the fact that music modalities are inexpensive and safe, 

consideration should be given to employing these modalities in the 

ICU, pending availability and institutional logistics.

COGNITIVE BEHAVIORAL MODALITIES

Cognitive behavioral modalities include hypnosis, guided imagery, and 

relaxation methods. Although these modalities have been extensively 

studied as an adjunct for both acute and chronic pain management, 

there is unfortunately a paucity of evidence within the critically ill 

population. Examining the postoperative literature, cognitive behav-

ioral modalities frequently are found to improve postoperative pain 

and analgesic use.65 Thus clinical practice guidelines from several 

prominent medical societies recommend cognitive behavioral therapy 

as adjunctive treatments in the postoperative patient.65 As these mo-

dalities are noninvasive and associated with minimal harm, the critical 

care provider may consider incorporating these techniques into pain 

management.

AROMATHERAPY

Aromatherapy involves the inhalation, topical application, or injection 

of plant oils with pleasant smells. Common fragrances include berga-

mot, rose, orange, and mint, though lavender essential oil is one of the 

most frequently discussed in the literature. Although evidence examin-

ing aromatherapy for pain management in the ICU is lacking, a system-

atic review of randomized controlled trials found that aromatherapy 

reduces anxiety and improves sleep in critically ill patients.66 This effect 

has also been noted in the mechanically ventilated subpopulation.67

PHYSICAL MODALITIES

Physical modalities include techniques such as acupuncture, cold or 

heat therapy, and massage. Although these interventions are generally 

safe and inexpensive, there is scant scientific literature in the critically 

ill population. One small study found acupuncture in the ICU to be 

feasible and safe, but effectiveness of the technique in this setting has 

not been studied.68 Furthermore, the impact of physical modalities for 
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pain management in other patient populations is highly variable. As 

such, clinical practice guidelines neither recommend nor discourage 

the use of these techniques for postoperative pain management.65 

Whether the critically ill patient would benefit from these physical 

modalities is currently unknown.

Pain Medicine, and the American Society of Anesthesiologists’ Committee on 

Regional Anesthesia, Executive Committee, and Administrative Council. 

Journal of Pain. 2016;17(2):131–157.

This clinical practice guideline was developed by an interdisciplinary expert 

panel after incorporating a systemic review of postoperative pain manage-

ment. Special focus is given to tailoring pain management to the individual 

patient and the surgical procedure involved.

Devlin JW, Srobik Y, Gélinas C, Needham DM, Slooter AJC, Pandharipande PP, 

et al. Clinical practice guidelines for the prevention and management of 

pain, agitation/sedation, delirium, immobility, and sleep disruption in adult 

patients in the ICU. Critical Care Medicine, 2018;46(9):e825–e873.

These guidelines represent the most recent recommendations from the Society 

of Critical Care Medicine as a collaborative effort by a large interdisciplinary 

cohort of international experts. An emphasis is placed on the evidence behind 

various multimodal agents.

Hsu JR, Mir H, Wally M, & Seymour RB. Clinical practice guidelines for pain 

management in acute musculoskeletal injury. Journal of Orthopaedic 

Trauma. 2019;33(5):e158–e182.

Released by the Orthopaedic Trauma Association Musculoskeletal Pain Task 

Force, this recent guideline uses the GRADE method to provide evidence-

based recommendations to improve the management of acute pain after  

musculoskeletal injury.

Kaye AD, Baluch A, & Scott JT. Pain management in the elderly population: 

a review. The Ochsner Journal. 2010;10:179–187.

A review of pain management in the elderly, including physiologic changes 

associated with aging and how it affects pain management.

Skrobik Y, Ahern S, Leblanc M, Marquis F, Awissi DK, & Kavanagh BP. Protocolized 

intensive care unit management of analgesia, sedation, and delirium improves 

analgesia and subsyndromal delirium rates. Anesthesia and Analgesia. 2010;

111:451–463.

A pre-post study showing that systematic management protocols with  

individualized titration of sedation, analgesia, and delirium therapies  

are associated with better outcomes in the ICU patient.

KEY POINTS

• Pain management in the ICU patient is complex because of unique sociode-

mographic, pharmacokinetic, and pharmacogenomic variables that are 

coupled with underlying psychosocial and medical comorbidities.

• The costs of inadequate pain control are high and include the development 

of delirium, cardiac instability, respiratory distress, and immunosuppression.

• Valid pain assessment tools are important, as they help guide analgesia 

while avoiding excess medication administration in those patients with 

adequately controlled pain.

• Multimodal analgesia regimens are highly recommended because of their 

improved efficacy and an associated decrease in opioid consumption, with 

resultant reduction in opioid-related side effects.

• Nonpharmacologic modalities for pain control should not be underestimated 

and may have a role in a well-rounded regimen for pain management.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Chou R, Gordon DB, de Leon-Casasola OA, Rosenberg JM, Bickler S, Brennan T, 

et al. Management of postoperative pain: a clinical practice guideline from 

the American Pain Society, the American Society of Regional Anesthesia and 
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Fever and Hyperthermia

Paul Young

intensive care, and potentially life-threatening body temperature eleva-

tion is sometimes a feature of the disease.5

An elevated body temperature in an ICU patient should prompt a 

clinical assessment undertaken with the differential diagnosis in mind 

(Box 4.2). Although fever is seen in patients with large myocardial in-

farctions and thromboembolic disease, the occurrence of fever alone is 

insufficient reason to undertake diagnostic testing for these because 

the presence of fever has a low specificity for these conditions. Because 

fever is a cardinal sign of infection and sepsis is a frequent and often 

lethal complication of critical illness, particular care should be taken to 

note new or worsening organ dysfunction and potential sites of infec-

tion. Although other diagnostic possibilities should always be consid-

ered, in practical terms, the occurrence of elevated body temperature 

in a critically ill patient is a key trigger for investigation for sepsis. In 

this regard, the threshold temperature value to trigger such investiga-

tion should be reduced as the clinician’s view as to the likelihood of 

infection rises. If the probability of infection is judged to be sufficiently 

high, investigations for possible sepsis should occur irrespective of the 

body temperature, and antibiotics should be commenced promptly.

Beyond endeavoring to establish and treat the cause of an elevated 

body temperature, a key consideration for clinicians is whether to in-

tervene to reduce the temperature.6 Here the clinician should consider 

both the degree of temperature elevation and the strength of the evi-

dence to intervene for the particular condition in question (Fig. 4.1).

A diagnosis of hyperthermia indicates that normal thermoregula-

tion has been overwhelmed. Intervention with physical cooling should 

be initiated. The higher the elevation in body temperature in a patient 

with hyperthermia, the more rapidly and aggressively one should in-

tervene. If malignant hyperthermia is the diagnosis, dantrolene should 

be administered promptly.7

If the elevation of body temperature is caused by a fever, one needs 

to consider the possibility that the fever might be beneficial for the 

patient. In the setting of infection, there is a substantial body of evi-

dence that supports the notion that fever can be adaptive. Fever is a 

broadly conserved biologic response to infection that is seen in almost 

all animals. The conservation of a metabolically costly response like 

fever across biology suggests that it confers some evolutionary advan-

tage. In ICU patients, in keeping with the hypothesis that fever might 

be of benefit in the setting of infection, increasing fever in the first  

24 hours in the ICU is generally associated with reducing mortality 

risk after adjusting for illness severity in patients.8 This is the case 

even for patients with brain infections.9 In comparison, in the absence 

of infection, increasing fever is associated with increasing mortality 

risk.8,9 Reassuringly, administration of the antipyretic acetaminophen 

(paracetamol) to febrile patients with known or suspected infection 

in the ICU in a randomized placebo-controlled trial appeared to be 

“Humanity has but three great enemies: fever, famine and war; of 

these by far the greatest, by far the most terrible, is fever.”

William Osler, from his address to the 47th annual  

meeting of the American Medical Association, 1896

Fever is defined as an increase in body temperature as a result of a 

pathophysiologic response that increases the body’s normal thermo-

regulatory set point. This set point varies with age, gender, the time of 

the day, and other factors.1 Although there is no universally agreed-

upon definition of what constitutes a febrile temperature,1 a threshold 

of $38.3°C is perhaps the most commonly applied.2 Whatever thresh-

old is used, it is important to remember that body temperature varies 

depending on the route by which it is measured.3 Because peripheral 

temperature measurements such as via the axilla or elsewhere on the 

skin can underestimate core temperature by 1°C or more,3 continuous 

monitoring of core temperature is recommended in patients at risk of 

life-threatening temperature elevations and when precise control of 

temperature is desirable.

In clinical practice, fever is not always readily distinguishable from 

hyperthermia. Hyperthermia occurs when the body temperature is el-

evated but the thermoregulatory set point is normal. It is the result of 

environmental exposure to heat, increased heat generation, impaired 

heat loss, or a combination of these, and it implies that normal homeo-

static thermoregulatory mechanisms have been overwhelmed. Elevated 

body temperature, caused by either fever or hyperthermia, is commonly 

encountered in patients who are in the intensive care unit (ICU). Al-

though infection must always be at the front of one’s mind when an 

elevated body temperature is encountered, there is also a broad differ-

ential diagnosis of noninfectious etiologies to consider (Box 4.1). Al-

though many patients develop a fever during the course of an ICU ad-

mission, persistent fever is uncommon,4 except in patients with 

neurologic conditions. In patients who do not have such conditions, 

fever typically abates within a day or two unless there is an undrained 

collection of pus. There are exceptions, and a few of these are notable. 

High fevers that persist for days or weeks are often a feature of influenza 

pneumonitis and are almost invariably encountered in patients with 

severe necrotizing pancreatitis. Among patients with a range of neuro-

logic conditions, including subarachnoid hemorrhage, stroke, and 

traumatic brain injury, fever is particularly common and often persis-

tent. In young patients with severe traumatic brain injury, persistent 

high fevers, tachycardia, and hypertension sometimes present a diffi-

cult management problem in the weeks after the primary brain injury. 

One uncommon neurologic condition where persistently elevated body 

temperature is routinely encountered is anti–N-methyl-D-aspartate 

(NMDA) receptor autoantibody encephalitis.5 This condition war-

rants specific mention because patients with it often need prolonged 
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BOX 4.2 Evaluation of New-Onset Fever/Hyperthermia in ICU Patients

History

Is the patient known to have a condition that causes fever?

Are there features in the history that suggest a particular diagnosis?

Is there a change in volume or purulence of respiratory secretions?

Is this a long-stay patient at particular risk of nosocomial infection and/or multi-

drug-resistant organisms?

Has the patient had a recent exposure to a drug that might be causing fever?

Infusions

Is the patient receiving blood? Consider a transfusion reaction.

Is the patient receiving vasopressors? New vasopressors or escalating vasopres-

sors should prompt consideration of urgent administration of antibiotics.

Ventilator

What is the current level of support in terms of inspired oxygen and PEEP? What 

is the respiratory system compliance? Has there been a deterioration in pul-

monary function that might point to a pulmonary cause for fever?

Monitor

Is the core temperature being continuously monitored? Does the clinical situa-

tion warrant consideration of such monitoring? How high is the temperature?

Is there tachycardia? Is the degree of tachycardia of clinical concern?

Is the blood pressure stable? A fall in blood pressure may indicate septic shock.

Equipment

Does the patient have venous or arterial lines? How long have they been in situ? 

Are there signs of infection like redness or discharge?

Note the amount and appearance of fluid from abdominal drains and intercostal 

catheters.

If the patient has an external ventricular drain, review recent cell counts and 

culture results and collect a new sample (unless one was taken recently).

Is there a rectal tube? If the patient has diarrhea, send a specimen to evaluate 

for Clostridioides difficile.

If the patient has an epidural catheter, inspect the insertion site, and examine 

the patient’s lower limb neurology while considering the possibility of an 

epidural abscess.

If there is a urine catheter, examine urine for both volume and appearance. Oli-

guria may be a sign of impending sepsis; myoglobinuria may indicate rhabdo-

myolysis, which can complicate severe hyperthermia.

Key Elements of the Patient Examination

Perform a focused cardiorespiratory and abdominal examination, looking for 

causes and consequences of fever.

Look for signs of pneumonia.

Look for organomegaly and lymphadenopathy.

Look for signs of endocarditis.

Look at surgical and traumatic wounds (if necessary, remove bandages or  

dressings).

Note any areas of tenderness. Bony tenderness and joint pain in a patient with 

Staphylococcus aureus bacteremia generally indicates seeding of the infec-

tion to that site.

Examine the limbs for signs of deep vein thrombosis.

Perform a vaginal examination to exclude a retained tampon if appropriate.

Investigations

Will vary based on the clinical situation, but most often will include blood cul-

tures, sputum cultures, urine cultures, a full blood count, and a chest x-ray.

BOX 4.1 Noninfectious Causes of Elevated Body Temperature

Central Nervous System

Subarachnoid hemorrhage

Intracerebral hemorrhage

Infarction

Hypoxic ischemic encephalopathy

Anti-NMDA receptor autoantibody encephalitis

Cardiac

Myocardial infarction

Pericarditis

Pulmonary

Atelectasis

Pulmonary embolism

Fibroproliferative phase of acute respiratory distress syndrome

Hepatobiliary and Gastrointestinal

Acalculous cholecystitis

Acute pancreatitis

Active Crohn disease

Toxic megacolon

Alcoholic hepatitis

Rheumatologic Syndromes

Vasculitides (e.g., polyarteritis nodosa, temporal arteritis, granulomatosis with 

polyangiitis)

Systemic lupus erythematosus

Rheumatoid arthritis

Goodpasture syndrome

Endocrine

Hyperthyroidism

Adrenal insufficiency

Pheochromocytoma

Other

Drug reactions (“drug fever”)

Transfusion reactions

Neoplasms (especially lymphoma, hepatoma, and renal cell carcinoma)

Malignant hyperthermia

Neuroleptic malignant syndrome

Serotonin syndrome

Opioid withdrawal syndrome

Ethanol withdrawal syndrome

Transient endotoxemia or bacteremia associated with procedures

Devitalized tissue secondary to trauma

Hematoma

NMDA, N-methyl-D-aspartate.

ICU,

 

Intensive care unit;

 

PEEP,

 

positive end-expiratory pressure.
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safe and was well-tolerated.10 Such use of acetaminophen neither in-

creased nor decreased days alive and free from intensive care.10 Mor-

tality rates were similar for patients who received acetaminophen to 

treat fever and for patients who did not.10 Although these data do not 

provide a strong impetus for clinicians to give acetaminophen, they 

provide a degree of reassurance that if acetaminophen is administered 

to treat fever in the setting of an infection or given for another reason 

to a patient who happens to have fever and infection, such as for an-

algesia, harm is unlikely to result. Despite the considerations outlined 

earlier, there is an argument for treating fever in the ICU, even in 

patients with infections.11 Patients in the ICU are supported beyond 

the limits of normal homeostasis. As fever increases metabolic de-

mand, its presence may increase physiologic demands beyond the 

limits of supportive care. This is particularly true for patients who are 

the most unwell and for those who have limited reserves. Treating 

fever significantly reduces heart rate.4 In patients who have limited 

cardiovascular reserves, such as those who have recently had a myo-

cardial infarction, treatment of fever is reasonable, although evidence 

to support temperature control measures in this specific clinical set-

ting is lacking.

For patients with infections, the authors of the SEPSIS-COOL trial 

reported that cooling patients with septic shock who were ventilated 

and sedated to normothermia might improve outcomes compared 

with not treating fever at all.12 However, these findings were not repro-

duced in a subsequent similar trial, the REACTOR trial,4 which 

randomized patients to normothermia or usual care. Overall, in pa-

tients without brain diseases, aggressive treatment of fever does not 

appear to alter outcomes compared with less aggressive approaches to 

temperature control.4,13 For critically ill patients who have infections, a 

reasonable, albeit somewhat nebulous, approach is to treat fever rou-

tinely when it exceeds, say, 39°C core temperature and to treat fever at 

a lower level when it is judged to be of clinical concern. A more aggres-

sive approach to fever control may be warranted in patients without 

infection, but this is not certain.13

Given the evidence supporting its safety,3,10 acetaminophen is a 

reasonable first-line therapy to treat fever. Although aspirin is an effec-

tive antipyretic,14 its use for this indication in the ICU has not been 

studied in randomized controlled trials. Of the nonsteroidal antiin-

flammatory drugs, ibuprofen has been most extensively studied in ICU 

patients. In patients with sepsis, ibuprofen decreases fever, tachycardia, 

oxygen consumption, and lactic acidosis but does not appear to im-

prove survival.15 Overall, irrespective of the antipyretic used, evidence 

suggests that physical cooling methods are more effective at reducing 

body temperature than antipyretic drugs.16 That said, if fever is treated 

with physical cooling in an attempt to reduce physiologic demand, it  

is important that shivering, which markedly increases metabolic  

demand, is treated aggressively with opioids and/or sedatives. Neuro-

muscular paralysis may even be required. Because of the need to con-

trol shivering, physical cooling devices like cooling blankets are most 

useful in patients who are sedated.

Fig. 4.1 When to Initiate Active Management of Elevated Body Temperature in the Critically Ill. *A 

strong indication for treatment combined with a severely elevated temperature is reflected by red shading, 

which corresponds to a situation where active management of elevated body temperature is reasonable; dark 

green shading indicates situations where active temperature management may be less desirable; other 

shades indicate different degrees of certainty about the appropriateness of treatment. (Reproduced from 

Young PJ & Prescott HC. When less is more in the active management of elevated body temperature of ICU 

patients. Intensive Care Medicine. 2019;45[9]:1275–1278.)
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In patients with traumatic brain injuries, acetaminophen alone is 

insufficient to prevent fever.3 Strict avoidance of fever in such pa-

tients necessitates physical cooling. In the early period of manage-

ment, this can be achieved because patients are often heavily sedated. 

However, during the recovery phase, the desire to control body tem-

perature to attempt to prevent secondary brain injury often com-

petes with the desire to reduce sedation and assess the patient’s brain 

function. In this setting, nonsteroidal antiinflammatory drugs occa-

sionally result in prompt abatement of fever, allowing physical cool-

ing and associated sedation to be ceased. Interestingly, despite the 

fact that most clinicians consider temperature control to be desirable 

in patients who have traumatic brain injuries, fever of up to 38.5°C 

in the first 24 hours in the ICU is not associated with increased mor-

tality risk after adjustment for illness severity.9 A reasonable ap-

proach for patients with traumatic brain injuries is to seek to avoid 

both fever and hyperthermia whenever possible. Continuous moni-

toring of core body temperature is desirable in this setting. One  

approach is to administer acetaminophen regularly to reduce the 

burden of fever and to initiate physical cooling early if the body tem-

perature exceeds 38°C.

In patients with subarachnoid hemorrhage, fever is particularly 

common, and the most appropriate way to treat it is not known. ac-

etaminophen is an appropriate first-line therapy and can reasonably 

be administered regularly, given its favorable safety profile. Fever is 

common in patients with subarachnoid hemorrhage who are awake 

and, in the absence of high-quality evidence demonstrating that 

control of such fever improves neurologic outcomes, intervening in 

a manner that is likely to prolong mechanical ventilation time and 

associated complications is undesirable. Thus, although physical 

cooling to control fever in an effort to prevent secondary brain injury 

is appropriate for patients who are sedated for other reasons, it is 

undesirable to sedate patients with subarachnoid hemorrhage simply 

to control their body temperature. Fever is somewhat less common 

in patients with hemorrhagic and ischemic stroke, but in both of 

these conditions, the principles outlined in relation to subarachnoid 

hemorrhage apply.

For patients who have hypoxic ischemic encephalopathy, strict avoid-

ance of fever is recommended.  Routine use of therapeutic hypothermia 

does not appear to improve patient outcomes compared to early treatment 

of fever.19

KEY POINTS

• There is no universally agreed-upon definition of what constitutes a febrile 

temperature.

• Continuous monitoring of core temperature is recommended in patients at 

risk of life-threatening temperature elevations and when precise control of 

temperature is desirable.

ANNOTATED REFERENCES

Young PJ & Prescott HC. When less is more in the active management of  

elevated body temperature of ICU patients. Intensive Care Medicine. 2019;

45(9):1275–1278.

This editorial provides a framework and evidence-based summary to aid  

clinicians in deciding when to treat an elevated body temperature.

Young P, Saxena M, Bellomo R, Freebairn R, Hammond N, van Haren F, et al. 

Acetaminophen for fever in critically ill patients with suspected infection. 

New England Journal of Medicine. 2015;373(23):2215–2224.

This randomized controlled trial tested the hypothesis that using acetamino-

phen to treat fever in ICU patients with known or suspected infections would 

decrease days alive and free from the ICU (i.e., worsen patient outcomes). 

Early administration of acetaminophen to treat fever resulting from probable 

infection did not affect the number of ICU-free days. A total of 55 of 345 pa-

tients in the acetaminophen group (15.9%) and 57 of 344 patients in the pla-

cebo group (16.6%) had died by day 90 (relative risk, 0.96; 95% confidence 

interval [CI], 0.66 to 1.39; P 5 0.84).

 References for this chapter can be found at expertconsult.com.

KEY POINTS—cont’d

• Because fever is a cardinal sign of infection and sepsis is a frequent and 

often lethal complication of critical illness, particular care should be taken 

to note new or worsening organ dysfunction and potential sites of infection 

when a fever is present.

• A diagnosis of hyperthermia indicates that normal thermoregulation has 

been overwhelmed. Intervention with physical cooling should be initiated. 

The higher the elevation in body temperature in a patient with hyperther-

mia, the more rapidly and aggressively one should intervene.

• If the elevation of body temperature is caused by a fever, one needs to 

consider the possibility that the fever might be beneficial for the patient.

• Treating fever significantly reduces heart rate. In patients who have limited 

cardiovascular reserves, such as those who have recently had a myocardial 

infarction, treatment of fever is reasonable, although evidence to support 

temperature control measures in this specific clinical setting is lacking.

• Evidence supports the safety of using acetaminophen to treat fever in the 

critically ill. However, available evidence also suggests that physical cool-

ing methods are more effective at reducing body temperature than anti-

pyretic drugs.

• In patients with traumatic brain injuries, a reasonable approach is to admin-

ister acetaminophen regularly to reduce the burden of fever and to initiate 

physical cooling early if the body temperature exceeds 38°C.

• For patients who have hypoxic ischemic encephalopathy early treatment of 

fever is recommended.
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Very High Systemic Arterial Blood Pressure

Michael Donahoe

(PGI2), is inadequate to maintain homeostatic balance. The early stage 

of HE is associated with a pressure-induced natriuresis that further 

stimulates the release of vasoconstrictor substances from the kidney.

Specific cellular mechanisms of vascular injury in HE involve pro-

inflammatory responses incorporating cytokine secretion, monocyte 

activation, and upregulation of endothelial adhesion molecules.4 These 

proinflammatory factors extend the endothelial injury by promoting 

endothelial permeability and activating the coagulation cascade.

This cascade of intravascular events leads to the characteristic 

pathologic findings of obliterative vascular lesions. The vascular 

changes, evident to the clinician during an examination of the retina, 

are mirrored by similar changes in the kidney, leading to proliferative 

arteritis and, in advanced stages of the process, fibrinoid necrosis. A 

state of relative ischemia results in the affected organs, leading to end-

organ dysfunction. The thrombotic microangiopathy (TMA) that 

characterizes the advanced stages of HE is a prothrombotic state char-

acterized by endothelial dysfunction, platelet activation, and thrombin 

generation, with enhanced fibrinolytic activity.3

The potential adverse effects of aggressive blood pressure control 

have been most carefully studied in the cerebral circulation. The cere-

brovascular arteriolar tone is adjusted over a range of cerebral perfu-

sion pressures (CPPs) to maintain constant cerebral blood flow (CBF). 

Increases in CPP promote an increase in vascular resistance, whereas 

decreases in CPP act to vasodilate the cerebral vasculature. Steady flow 

is therefore maintained over a range of mean arterial pressure (MAP) 

from approximately 60 mm Hg to 150 mm Hg.5 As MAP increases to 

values .180 mm Hg or above the upper limit of autoregulation, cere-

bral hyperperfusion, can occur, resulting in cerebral edema. Con-

versely, when CPP falls below the lower limit of autoregulation, CBF 

decreases, and tissue ischemia may occur. In patients with long-stand-

ing hypertension, a rightward shift of the CPP–CBF relationship oc-

curs such that the lower limit of autoregulation occurs at a value 

higher than that in normal subjects. Comparative studies in hyperten-

sive and normotensive patients suggest that the lower limit of auto-

regulation is about 20% below the resting MAP for both, although the 

absolute value is higher for the hypertensive patient. These data sup-

port the standard recommendation that a safe level of blood pressure 

reduction in HE is a 10% to 20% reduction of MAP from the highest 

values on clinical presentation, or a diastolic blood pressure typically 

in the 100 to 110 mm Hg range.

CLINICAL PRESENTATION

The history and physical examination in the patient with an acute el-

evation in systemic arterial blood pressure will focus on signs and 

symptoms of acute organ dysfunction. No specific blood pressure 

Hypertensive emergency (HE) is a severe elevation in systemic blood 

pressure combined with new or progressive end-organ damage most 

frequently in the cardiac, renal, and central nervous systems. HE is an 

infrequent clinical presentation of acute hypertension that requires 

immediate, titrated blood pressure reduction.1 Although HE is often 

associated with a blood pressure elevation .180/110 mm Hg, the diag-

nosis of HE is based upon the patient’s clinical signs and symptoms 

rather than a specific blood pressure measurement. Clinical conditions 

associated with HE include hypertensive encephalopathy, intracranial 

hemorrhage (IH), acute coronary syndrome, acute pulmonary edema, 

aortic dissection, acute renal failure, and eclampsia.

The term hypertensive urgency (HU) has been historically used to 

describe critically elevated blood pressure (.180/110 mm Hg) without 

evidence for acute and progressive dysfunction of target organs. In HU, 

a more gradual reduction of blood pressure over several hours to days is 

the therapeutic target. A rapid decrease in blood pressure in HU has no 

proven benefit, and cerebral or myocardial ischemia can be induced by 

aggressive antihypertensive therapy if the blood pressure falls below a 

level needed to maintain adequate tissue perfusion. HU can progress to 

end-organ damage if blood pressure remains uncontrolled over a sus-

tained interval. As urgent, titrated therapy is indicated only in patients 

with end-organ damage (i.e., HE), some groups divide high systemic 

arterial blood pressure into the two categories of HE and uncontrolled 

hypertension.2 The majority of hospitalized patients with an elevation in 

systemic arterial blood pressure have uncontrolled hypertension.

A 25-institution US analysis of patients with HE reported a hospital 

mortality rate of 6.9%, with an aggregate 90-day mortality rate of 11% 

and a 90-day readmission rate of 37%.3 Although the frequency of 

hospitalization for HE might be increasing, the all-cause hospital mor-

tality for these patients continues to decrease.

Malignant hypertension refers to HE with advanced retinopathy, 

defined as flame-shaped hemorrhages, cotton wool spots, or papill-

edema. Thrombotic microangiopathy is an HE with active Coombs-

negative hemolysis and thrombocytopenia in the absence of another 

cause, that improves with the lowering of the blood pressure.

PATHOPHYSIOLOGY

An acute elevation in systemic arterial blood pressure fundamentally 

involves an increase in systemic vascular resistance. This increase in 

vascular resistance results from a complex interaction of vascular me-

diators with a triggering factor in the setting of preexisting hyperten-

sion. Vasoconstriction can be promoted by circulating catecholamines, 

angiotensin II (ATII), vasopressin, thromboxane (TxA2), and endothe-

lin 1 (ET1). In contrast, compensatory production of local counter-

regulatory vasodilators, including nitric oxide (NO) and prostacyclin 
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threshold defines an HE. At identical blood pressure levels, end-organ 

damage may be present or absent.

According to the Studying the Treatment of Acute Hypertension 

(STAT) registry, the most common presenting symptoms in HE include 

shortness of breath (29%), chest pain (26%), headache (23%), altered 

mental status (20%), and a focal neurologic deficit (11%).3 The most 

common admitting diagnoses are severe hypertension (27%), subarach-

noid hemorrhage (11%), acute coronary syndrome (10%), and heart 

failure (8%). In approximately 25% of patients with HE, there is a history 

of either chronic or current medication nonadherence, and 11% of pa-

tients are current drug abusers. The mean systolic blood pressure in the 

STAT registry was 200 mm Hg (interquartile range [IQR], 186–220), and 

the median diastolic blood pressure was 110 mm Hg (IQR, 93–123).3

The patient evaluation must include a detailed medication history 

with attention to medications associated with blood pressure elevation 

(e.g., nonsteroidal antiinflammatory drugs [NSAIDs], calcineurin in-

hibitors, sympathomimetics). For patients with preexisting hyperten-

sion, the possibility of hypertensive medication nonadherence and 

withdrawal is considered.6

HEs may develop as secondary hypertension in association with 

such diverse etiologies as renal vascular disease, sleep apnea, hyperaldo-

steronism, pheochromocytoma, and pregnancy (preeclampsia). Also, 

illicit drug use is a significant risk factor for the development of HEs.

Blood pressure should be measured in both arms using an appro-

priately sized cuff and in a lower limb to detect differences associated 

with aortic dissection. Repeated blood pressure measurements are in-

dicated, as a significant fraction of patients will resolve hypertension 

with bed rest and initial observation. Physical examination, including 

a fundoscopic examination, should focus on the identification of signs 

suggesting end-organ dysfunction.

HYPERTENSION AND CEREBROVASCULAR 
DISEASE

Hypertensive Encephalopathy
Acute elevations in systemic arterial blood pressure can lead to hyper-

tensive encephalopathy (HEN). The clinical manifestations of HEN 

include headache, confusion, or a depressed level of consciousness; 

nausea and vomiting; visual disturbances (cortical blindness); or sei-

zures (generalized or focal). Patients may present with focal neurologic 

deficits, although this finding is more common in cerebrovascular ac-

cidents. Rarely, HEN can show brainstem involvement manifesting as 

ataxia and diplopia.7 If left untreated, the condition can progress to 

coma and death. Retinal findings, including arteriolar spasm, exudates 

or hemorrhages, and papilledema, may be present but are not a re-

quirement. Magnetic resonance imaging (MRI) studies show edema 

involving the subcortical white matter of the parieto-occipital regions 

best seen on T2 and fluid-attenuated inversion recovery (FLAIR) im-

aging; a finding termed posterior leukoencephalopathy. Approximately 

two-thirds of patients will also have hyperintense lesions on T2 and 

FLAIR imaging in the frontal and temporal lobes, and one-third will 

have brainstem, cerebellum, or basal ganglia involvement.8 The imag-

ing findings are typically bilateral but can be asymmetric. HEN is the 

most common cause of reversible posterior leukoencephalopathy syn-

drome (RPLS).6 Improvement or resolution of the radiographic find-

ings is often delayed in comparison with clinical improvement.

The diagnosis of HEN is confirmed by the absence of other condi-

tions and the prompt resolution of symptoms and neuroimaging ab-

normalities with effective blood pressure control. The failure of a pa-

tient to improve within 6–12 hours of blood pressure reduction should 

suggest an alternative cause of the encephalopathy. The condition is 

typically reversible with no observable adverse outcomes.

Acute Stroke
As blood pressure management differs significantly between acute 

ischemic stroke and acute hemorrhagic stroke, early imaging is re-

quired to guide treatment. The majority of patients with acute isch-

emic stroke have elevated systolic blood pressure on presentation to 

the hospital that declines to normal within 48 hours of presentation. 

Current data are contradictory whether hypertension in the early 

phase of acute stroke contributes to a worse patient outcome or is a 

surrogate marker of stroke severity.

During an acute stroke, cerebral autoregulation may be compro-

mised in ischemic tissue, and lowering of blood pressure may further 

compromise CBF and extend ischemic injury. Medications used to 

treat hypertension may lead to cerebral vasodilation, augmenting CBF 

and leading to progression in cerebral edema. Ideally, a “correct” level 

of MAP should be maintained in each stroke patient to maintain CPP 

without worsening cerebral edema or progression of the lesion. Still, 

the clinical determination of this ideal value is often difficult.

Consensus guidelines recommend that blood pressure not be treated 

acutely in the patient with ischemic stroke unless the hypertension is 

extreme (systolic blood pressure .220 mm Hg or diastolic blood pres-

sure .120 mm Hg) or the patient has active end-organ dysfunction in 

other organ systems.1,2 When treatment is indicated, cautious lowering 

of blood pressure by approximately 15% during the first 24 hours after 

stroke onset is suggested. Antihypertensive medications can be restarted 

at around 24–48 hours after stroke onset in patients with preexisting 

hypertension who are neurologically stable unless a specific contraindi-

cation to restarting treatment exists. Special considerations are patients 

with extracranial or intracranial stenosis and candidates for thrombo-

lytic therapy. The former group may be critically dependent on perfu-

sion pressure so that blood pressure therapy may be further delayed. In 

contrast, treatment is recommended before lytic treatment is started, so 

that systolic blood pressure is #185 mm Hg and diastolic blood pres-

sure is #110 mm Hg before lytic therapy administration.1,2 The blood 

pressure should be stabilized and maintained below 180/105 mm Hg 

for at least 24 hours after intravenous (IV) lytic therapy.

Blood pressure is frequently elevated in patients with acute IH, of-

ten to a greater degree than seen in ischemic stroke. Theoretically, se-

vere elevations in blood pressure may worsen IH by creating a contin-

ued force for bleeding. However, the increased arterial pressure may 

also be necessary to maintain cerebral perfusion in this setting, and 

aggressive blood pressure management could lead to worsening cere-

bral ischemia. For patients with suspected elevated intracranial pres-

sure (ICP), ICP monitoring may be indicated to help maintain CPP 

during therapeutic interventions. American Heart Association guide-

lines, admittedly arbitrary and not evidence-based, suggest a target 

MAP of less than 110 mm Hg or a blood pressure of less than 160/90 

mm Hg while maintaining a reasonable CPP in patients with suspected 

elevated ICP.9 Based upon the results of INTERACT 1 and 2—which 

showed a decreasing trend in the primary outcome of death or severe 

disability, significant improvements in secondary functional outcomes, 

and reassuring safety data—many investigators advocate acute blood 

pressure reduction to a target systolic blood pressure of ,140 mm Hg 

for patients with spontaneous IH.10

HYPERTENSION AND CARDIOVASCULAR DISEASE

Acute Coronary Syndrome
Patients presenting with acute myocardial ischemia or infarction fre-

quently suffer from an elevated MAP. The increased afterload raises the 

myocardial oxygen demand. Decreasing the heart rate and blood pres-

sure in these patients will favorably reduce the myocardial oxygen de-

mand and infarct size. However, a reduction in arterial pressure in this 

  

 



26 PART I Common Problems

setting should be made cautiously. Potent systemic vasodilation with-

out coronary vasodilation can lead to a decrease in coronary artery 

perfusion pressure and infarct extension. For this reason, nitroglycerin 

(NTG), a robust coronary vasodilator, is often the antihypertensive 

agent of choice in acute coronary syndromes. In combination with 

beta-blocker therapy, this approach can reduce cardiac workload sig-

nificantly in the setting of ischemia.

Acute Left Ventricular Dysfunction
Hypertension in acute left ventricular dysfunction (LVD) may be the 

inciting event with secondary myocardial dysfunction, or a secondary 

component of acute pulmonary edema resulting from the sympatho-

adrenal response to hypoxemia, increased work of breathing, and 

anxiety. Regardless, efforts to control hypertension in LVD are essential 

to resolve increased myocardial workload and diastolic dysfunction. 

However, the use of vasodilators in patients with LVD and normal to 

low blood pressure can lead to hemodynamic instability, impaired 

organ perfusion, and, potentially, shock.

IV vasodilators, including NTG and calcium channel antagonists, 

which permit rapid titration of blood pressure, are generally preferred 

in the setting of acute LVD. The dihydropyridine calcium antagonists 

nicardipine (NIC) and clevidipine (CLV) have been associated with 

reduced systemic arterial pressure, with the preservation of coronary 

blood flow. Patients with LVD may initially be hypertensive secondary 

to high initial catecholamine levels. With effective treatment or control 

of hypoxemia and anxiety, blood pressure may fall rapidly, especially in 

the setting of concomitant diuresis. Thus longer-acting medications 

such as angiotensin-converting enzyme (ACE) inhibitors or angioten-

sin receptor blocker (ARB) therapy are avoided early in the treatment 

period. Noninvasive continuous positive pressure therapy will increase 

intrathoracic pressure and acutely reduce venous return and left ven-

tricular afterload. This form of positive airway pressure can offer im-

mediate benefit in the patient with acute pulmonary edema and ele-

vated left ventricular filling pressures.

Patients with HE, in particular, may have suffered a natriuresis re-

sulting in elevated levels of renin production by the kidney and, hence, 

increased circulating levels of the potent endogenous vasoconstrictor 

AII. Further reductions in intravascular volume and renal perfusion 

can lead to further increases in circulating AII levels. Therefore aggres-

sive diuresis before blood pressure control is not advised. Medications 

that increase cardiac work (e.g., hydralazine) or impair cardiac con-

tractility (e.g., labetalol) are contraindicated as primary therapy for 

hypertension in the setting of LVD.

Acute Aortic Dissection
Aortic dissection results from an intimal tear in the aortic wall. The 

primary morbidity and mortality result from the extension of that tear. 

The extension is promoted by factors that increase the rate of change of 

aortic pressure (dp/dt), including elevation in blood pressure, heart rate, 

and myocardial stroke volume. A high clinical suspicion is required, as 

the classic triad of chest pain, arm–leg blood pressure differential, and a 

widened mediastinum is present in only one-quarter of cases.

Heart rate and blood pressure in aortic dissection should be promptly 

reduced. Titratable combined modality therapy to promote vasodilation 

(NIC or nitroprusside) and control cardiac contractility (esmolol) is 

advocated for this disorder, with initial aggressive control of the heart 

rate and blood pressure (,60 beats per min and <120 mm Hg systolic 

pressure). Isolated treatment with a vasodilator alone could precipitate a 

reflex tachycardia, increasing dp/dt. Therefore initiate therapy first di-

rected at heart rate control with the addition of vasodilator therapy as 

needed to achieve the blood pressure target. Effective pain control can 

also aid with patients achieving specific hemodynamic targets.

HYPERTENSION AND RENOVASCULAR DISEASE

The kidney is both a source of mediators that promote hypertension 

(i.e., AII) and a target of high systemic arterial pressure. Chronic hy-

pertension is second to diabetes mellitus as a primary cause of renal 

insufficiency. Elevated systemic arterial pressure should be regulated in 

patients with underlying renal insufficiency, and a comprehensive 

workup initiated to determine the cause and effect relationship. Re-

strict the evaluation of patients for a renovascular cause of hyperten-

sion to patients likely to benefit from a correction procedure. Tradi-

tional vasodilator medications are preferred to ACE inhibitors for 

blood pressure control in the setting of renovascular disease, as ACE 

inhibitors can further compromise renal function.

Scleroderma Renal Crisis
Scleroderma renal crisis (SRC) is characterized by acute renal failure 

associated with the abrupt onset of moderate to severe hypertension, 

elevated plasma renin activity, and a normal to minimally abnormal 

urine sediment. Significant risk factors for SRC are the presence of dif-

fuse scleroderma skin involvement and recent treatment with high-

dose corticosteroids.11 SRC results in a marked activation of the renin–

angiotensin system. Aggressive control of blood pressure using ACE 

inhibitors, particularly early in the disease process, controls blood pres-

sure in up to 90% of patients and promotes recovery in renal function.11

HYPERTENSION IN EXCESS CATECHOLAMINE STATES

Pheochromocytoma
Pheochromocytoma is frequently suspected in the setting of acute parox-

ysmal hypertension, although, in reality, the condition is quite rare. Pheo-

chromocytoma results in the production of circulating catecholamines, 

which causes hypertension, diaphoresis, tachycardia, and paresthesias of 

the hands and feet. The classic triad of pheochromocytoma includes head-

aches, palpitations, and diaphoresis. These attacks can last from minutes 

to days and occur as frequently as several times a day or as infrequently as 

once per month. Operative manipulation of the tumor can result in peri-

operative hypertension. Hypertension therapy in this disorder must avoid 

the use of isolated treatment with a beta-blocker. This strategy can lead to 

unopposed alpha-adrenergic stimulation with the risk of further vasocon-

striction and blood pressure elevation. The preferred agents for the  

treatment of hypertension resulting from pheochromocytoma are nitro-

prusside, NIC, and phentolamine, a potent alpha-adrenergic antagonist. If 

necessary, phentolamine can be combined with a beta-blocker.

PHARMACOLOGICALLY MEDIATED HYPERTENSION

The administration of exogenous substances (medications or illicit 

drugs) or abrupt withdrawal of substances can be associated with a 

hypertensive crisis. Rapid withdrawal or tapering of clonidine has been 

associated with a hyperadrenergic state characterized by hypertension, 

diaphoresis, headache, and anxiety. The syndrome is best treated by 

restarting the clonidine. If the symptoms are extreme, treatment is 

similar to that for the patient with pheochromocytoma. Hypertension 

can also occur during the withdrawal phase of alcohol abuse.

Monoamine oxidase (MAO) inhibitors can be associated with hyper-

tension if the patient consumes foods or medications containing tyra-

mine or other sympathomimetic amines. MAO inhibitors interfere with 

the degradation of tyramine in the intestine, leading to excess absorp-

tion and tyramine-induced catecholamine activity in the circulation.

Other medications—including metoclopramide; calcineurin in-

hibitors; cyclosporine; tacrolimus; and drugs of abuse, such as cocaine, 
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phenylpropanolamine, phencyclidine, and methamphetamine—must 

all be considered as possible factors in the intensive care patient with 

elevated systemic arterial pressure.

Hypertensive states may occur after spinal cord injury, particularly 

with stimulation of dermatomes and muscles below the level of the in-

jury. The blood pressure elevation is believed to result from excess stimu-

lation of sympathetic neurons. The hypertension is accompanied by 

bradycardia through stimulation of the baroreceptor reflex. Treatment is 

focused on minimizing stimulation and providing medical therapy as 

necessary. Patients with Guillain-Barré can manifest a similar syndrome.

HYPERTENSION AND MISCELLANEOUS CONDITIONS

Preeclampsia/Eclampsia
Hypertension can occur in pregnant women or women in the postpar-

tum period. Acute severe hypertension in the second half of gestation 

may occur in preeclampsia, gestational hypertension, or HELLP (he-

molysis, elevated liver enzymes, and low platelet count) syndrome. 

Hypertension occurs as one manifestation of preeclampsia in the preg-

nant patient; the other key feature is evidence for end-organ dysfunc-

tion. Severe hypertension, particularly systolic hypertension in preg-

nancy, can be associated with central nervous system injury, including 

cerebral infarction and hemorrhage.

The optimal treatment of preeclampsia is delivery of the fetus, an 

approach that prevents progression to eclampsia. However, blood pres-

sure should be regulated to avoid end-organ damage. The treatment 

goal is to achieve a range of 140–150/90–100 mm Hg.12 IV labetalol, 

methyldopa, and hydralazine have been considered the first-line  

medications for the management of severe hypertension in pregnant 

and postpartum women. However, more recent guidelines have in-

cluded nifedipine.12 Magnesium sulfate is not considered an antihy-

pertensive agent, but rather is administered for seizure prophylaxis in 

severe preeclampsia and eclampsia. Sodium nitroprusside (SNP) (fetal 

defects), ACE inhibitors (renal dysfunction in the fetus), and trimeth-

aphan (meconium ileus) should be avoided.

Postoperative Hypertension
Postoperative hypertension most often occurs after vascular surgery 

procedures in patients with a background history of hypertension. The 

duration of postoperative hypertensive crisis is often brief (2–6 hours) 

but has been linked to postoperative cardiac and renal complications, 

including bleeding from suture lines, intracerebral hemorrhage, stroke, 

and LVD.13

Factors such as pain, anxiety, hypervolemia, hypoxemia, hypercar-

bia, and nausea are reversible factors that can contribute to postopera-

tive hypertension and should be addressed. Postoperative hyperten-

sion is often limited in duration (2–12 hours), and aggressive attempts 

to lower blood pressure acutely can lead to delayed hypotension.

ANTIHYPERTENSIVE MEDICATIONS

A summary of the medications available for the treatment of elevated 

systemic arterial pressure is outlined in Table 5.1. Currently, the 

Medication (Route) Pharmacology Dosing Indication Contraindication

Nitric Oxide Vasodilators

Nitroprusside  

(IV infusion)

Onset: 2–3 min

Duration: 2–3 min

Init: 0.25–0.5 mcg/kg/min

Titrate: 0.5 mcg/kg/min

Max: 2 mcg/kg/min

Most hypertensive  

emergencies

Contraindication in pregnancy. Use with 

caution in the settings of cerebral edema, 

acute coronary syndrome, or azotemia.

Cyanide toxicity with prolonged use.

Nitroglycerin  

(IV infusion)

Onset: 2–5 min

Duration: 5–10 min

Init: 5 mcg/min

Titrate: 5 mcg/min q3–5min

Max: 200 mcg/min

Acute coronary  

syndromes

Contraindication in pregnancy. Caution with 

use in a volume-contracted patient.

Calcium Channel Blockers

Nicardipine  

(IV infusion)

Onset: 5–15 min

Duration: 4–6 h

Init: 5 mg/h

Titrate: 2.5 mg/h q5min

Max: 15 mg/h

Most hypertensive  

emergencies

Contraindicated in advanced aortic stenosis.

Clevidipine  

(IV infusion)

Onset: 2–4 min

Duration: 5–15 min

Init: 1–2 mg/h

Titrate: 23 infusion rate every 

90 sec

Max: 32 mg/h

Most hypertensive  

emergencies

Contraindicated with allergy to soybean or 

egg products. Contraindicated with defec-

tive lipid metabolism. Contraindicated 

with advanced aortic stenosis.

Miscellaneous Medications

Labetalol  

(IV infusion, oral)

Onset: 2–5 min

Duration: 2–4 h

Init: IV bolus 20 mg

Repeat bolus 20–80 mg q10min

Infusion: 0.5–2 mg/min

Most hypertensive  

emergencies

Contraindication in airflow obstruction, 

acute heart failure, heart block, or in  

patients nontolerant of beta-blockers.

Phentolamine (IV) Onset: 1–2 min

Duration: 10–30 min

Test dose: 1 mg

Repeat 5-mg boluses or continuous 

infusion may be provided

Pheochromocytoma

Catecholamine withdrawal

Catecholamine excess

Contraindicated with coronary artery  

disease.

Enalapril (oral) Onset: 15 min

Duration: 12–24 h

1.25–5 mg q6h Scleroderma renal  

crisis

Use with caution in acute coronary syn-

drome. Not titratable.

Hydralazine (IV, oral) Onset: 10–20 min

Duration: 2–4 h

Init: 10 mg IV q20min

Max: 20-mg dose

Repeat q4–6h as needed

Pregnancy Hydralazine is not recommended for hyper-

tensive emergency in the general popula-

tion due to an unpredictable effect duration

TABLE 5.1 Intravenous Antihypertensive Therapy
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clinician has minimal comparative data to guide initial therapy for the 

patient with hypertension. Patients without end-organ dysfunction 

(HU) are best treated with oral agents, allowing a gradual reduction in 

blood pressure over 24–48 hours. In contrast, for patients with an HE, 

short-acting titratable medications provided in a monitored environ-

ment are preferred, as hypotension and compromised organ perfusion 

must be avoided. The sublingual and intramuscular routes should be 

avoided because of unpredictable pharmacokinetics. The conversion 

to oral therapy is timed to stable blood pressure readings and no fur-

ther progression in end-organ dysfunction.

Patients with specific conditions (i.e., aortic dissection, severe pre-

eclampsia, pheochromocytoma crisis) should have their systolic blood 

pressure reduced to ,140 mm Hg during the first hour of treatment 

and to ,120 mm Hg for aortic dissection. For the majority of adults 

without a specific condition, systolic blood pressure should be reduced 

by no more than 25% within the first hour; then, if stable, to 160/100 

mm Hg within the next 2–6 hours; and then cautiously to normal dur-

ing the following 24–48 hours.1 Blood pressure–lowering medication 

is often withheld in the acute phase of patients with ischemic stroke.

Patients receiving NIC were more likely to have their blood pres-

sure controlled to prospectively defined target ranges at 30 minutes 

compared with those receiving labetalol in one of the few comparative 

effectiveness trials of NIC versus IV labetalol in the emergency depart-

ment management of acute hypertension.14

CLV was compared with three commonly employed medications 

for the treatment of postoperative hypertension (NTG, SNP, and 

NIC.15 The primary endpoint was safety, as assessed by the incidence 

of death, stroke, myocardial infarction (MI), and renal dysfunction 

from the initiation of study drug infusion through postoperative day 

30. There was no difference in the CLV-treated patients compared with 

the other treatment groups. However, mortality was significantly 

higher for SNP-treated patients compared with CLV-treated patients.

Nitric Oxide Vasodilators
SNP is a potent arterial and venous vasodilator that reduces preload 

and afterload. SNP was once the gold standard for the treatment of HE 

because of its short duration of action, allowing careful titration. The 

blood pressure response to SNP is rapid and mandates its use in a well-

monitored environment with frequent blood pressure monitoring. 

The arteriolar and venous vasodilating activity of SNP may not be 

uniform, however. Redistribution of oxygenated blood flow from non-

responsive ischemic regions to vasodilated nonischemic coronary ar-

teries can reduce CPP, resulting in a “coronary steal” syndrome. A 

similar “cerebral steal” syndrome has been suggested with the use of 

SNP because of preferential vasodilation in systemic vascular beds 

versus cerebral vessels. Through the dilation of large-capacitance ves-

sels, SNP can increase cerebral blood volume, leading to an increase in 

ICP that raises additional concerns in patients with increased ICP. SNP 

is rarely associated with cyanide or thiocyanate toxicity, occurring 

primarily in patients receiving infusions for greater than 24–48 hours, 

in the setting of underlying renal insufficiency, or the use of doses that 

exceed the capacity of the body to detoxify cyanide (more than 2 mg/

kg per min). Despite the marked potency and rapidly titratable char-

acteristics of SNP, the recognized adverse effects on cerebral and coro-

nary blood flow combined with the potential toxicities have made 

newer alternative agents favored over SNP for the treatment of HE.

NTG is a coronary vascular dilator and a systemic venodilator that 

reduces myocardial preload. NTG demonstrates arterial smooth mus-

cle effects only at higher-dose infusions. The drug is contraindicated  

in patients with significant volume depletion, as venodilation in  

these patients will further lower preload, reduce cardiac output, and 

compromise overall systemic perfusion. When administered by the  

IV route, the medication has a relatively short duration of action. The 

drug has favorable effects for patients with acute coronary syndromes, 

including reducing myocardial oxygen demand via its effects on pre-

load and afterload and augmenting myocardial oxygen delivery 

through its impact on the coronary circulation. Headache is the most 

common adverse effect of NTG, and methemoglobinemia is a rare 

complication of prolonged NTG therapy.

Calcium Channel Blockers
Calcium channel blockers (CCBs) are a heterogeneous class of medica-

tions used in the treatment of HE. Dihydropyridines, a specific class of 

CCB (e.g., NIC and CLV), are selective for vascular smooth muscle 

over the myocardium, with little, if any, activity in cardiac muscle or 

the sinoatrial node; thus they have little effect on heart rate and no 

effect on myocardial contractility.16 The vascular smooth muscle relax-

ation without associated cardiac effects makes this class favorable for 

the treatment of HEs.

NIC is a dihydropyridine CBB that acts primarily as a systemic, ce-

rebral, and coronary artery vasodilator. The greater water solubility of 

this drug compared with other CCBs (e.g., nifedipine) allows IV ad-

ministration with a short onset (5–15 minutes) and short duration of 

action; therefore titration to a therapeutic effect is easy. NIC readily 

crosses the blood–brain barrier and relaxes vascular smooth muscle, 

especially in regions of ischemic tissue. The medication acts as a vaso-

dilator of small-resistance cerebral arterioles but does not change intra-

cranial volume or ICP with the preservation of cerebral oxygenation.17 

In comparison with SNP, NIC appears to offer equal efficacy with the 

advantage of avoiding the toxic metabolites of SNP, less frequent dose 

adjustments, and a decreased risk of increased ICP as reported with 

SNP. NIC has been shown to increase coronary blood flow with a favor-

able effect on myocardial oxygen demand.18 NIC is metabolized by the 

liver, and excretion can be impaired in patients with liver disease.

CLV is a third-generation dihydropyridine CCB available as a race-

mic mixture with poor water solubility, so the drug is administered by 

continuous IV infusion in a lipid emulsion. A new formulation of CLV 

has been available in the United States since 2011 and contains a retar-

dant (0.005% disodium edetate) that inhibits microbial growth for up 

to 12 hours. CLV reduces afterload without adversely affecting cardiac 

filling pressures or causing reflex tachycardia.19 It has a rapid onset 

(,2–4 minutes) and offset of action (,5–15 minutes). It undergoes 

rapid ester hydrolysis by arterial blood esterases to form inactive me-

tabolites, making medication clearance independent of renal or he-

patic functional status.

CLV is contraindicated in patients with allergies to soybeans, soy prod-

ucts, eggs, or egg products and patients with defective lipid metabolism. 

Because of lipid-load restrictions, no more than 1000 mL, or an average of 

21 mg/h of CLV infusion, is recommended per a 24-hour period.

CLV has shown favorable results in adult cardiac surgery patients 

with acute perioperative or postoperative hypertension, in acute hy-

pertensive heart failure, and in patients with intracranial hemor-

rhage.20,21 Elevated triglyceride levels have been reported in patients 

who received CLV, but these resolved with discontinuation of the 

medication.

Beta-Blockers
Esmolol is a short-acting, cardioselective beta-blocker with a rapid onset 

(,1 minutes) and short duration of action (10–20 minutes) that is only 

administered by continuous infusion. The short half-life requires bolus 

administration with each infusion titration. Esmolol reduces blood pres-

sure, heart rate, and cardiac output and must be avoided in patients with 

bradycardia or impaired left ventricular function. Esmolol is optimally 

used in patients with tachycardia, hypertension, and normal to elevated 
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cardiac output. It is rapidly cleared by red blood cell esterases and is in-

dependent of renal or hepatic function.

Labetalol is an oral and parenteral agent that acts as an alpha- and 

nonselective beta-adrenergic blocker with an alpha-to-beta blocking 

ratio of 1:7.22 The blood pressure–lowering effect is produced through 

a reduction in systemic vascular resistance without a compensatory 

increase in heart rate. In contrast to traditional beta-blockers, labetalol 

is associated with the preservation of cardiac output. The hypotensive 

effect of labetalol has an onset of 2–5 minutes, peak effect at 5–15 min-

utes, and duration of ,2–6 hours. Labetalol has minimal effect on cere-

bral circulation and is thus not associated with an increase in ICP in the 

normal brain. The drug has minimal placental transfer and has been 

used effectively in pregnancy-associated hypertension. It has been used 

effectively in patients with end-organ dysfunction in the setting of acute 

neurologic injury, pheochromocytoma, dissecting aneurysm, and ec-

lampsia. The primary contraindication to the use of the medication 

relates to its nonselective beta-blocking properties. The drug should be 

used cautiously in patients with reactive airway disease and heart block.

Miscellaneous Medications
Enalapril is an intravenously administered ACE inhibitor. This medi-

cation reduces renin-dependent vasopressor activity, blocks the con-

version of angiotensin I to AII, and blocks the degradation of bradyki-

nin. ACE inhibitor administration is associated with a decrease in 

systemic vascular resistance, with minimal change in heart rate, cardiac 

output, or left ventricular filling pressure. Enalapril is effective in pa-

tients with low to normal renin levels and hypertension. The peak ef-

fect of enalapril may not be seen for up to 4 hours, with a duration of 

12–24 hours. These pharmacokinetic parameters limit drug titration 

in the acute setting of an HE. ACE inhibitors are contraindicated in the 

setting of renal artery stenosis and pregnancy.

Phentolamine is a rapid-acting, alpha-adrenergic blocker. It is often 

considered the drug of choice for HEs secondary to pheochromocytoma, 

MAO–tyramine interactions, and clonidine rebound hypertension.

Hydralazine is a direct-acting vasodilator with a latent onset (5–15 

minutes) and a prolonged effect (,12-hour half-life) that can be highly 

variable. Because of hydralazine’s prolonged and unpredictable anti-

hypertensive effects, this medication is best avoided in the manage-

ment of an HE.

Diuretics should be avoided initially in the acute management of 

HE in the absence of pulmonary edema or renal parenchymal disease. 

Volume depletion is typical in HE patients, and these patients are sus-

ceptible to hypotension and compromised perfusion if vasodilators 

and diuretics are initiated together.

KEY POINTS

• Although HE is typically associated with a blood pressure elevation 

.180/110 mm Hg, the diagnosis is based on the patient’s clinical signs and 

symptoms rather than a specific blood pressure level.

• Clinical conditions associated with HE include hypertensive encephalopa-

thy, intracranial hemorrhage, acute coronary syndrome, acute pulmonary 

edema, aortic dissection, acute renal failure, and eclampsia.

• Patients with HU (without end-organ dysfunction) are best treated with oral 

agents, allowing a gradual reduction in the blood pressure over 24–48 hours.

• Patients with an HE should be treated with short-acting, titratable medica-

tions that are administered in a monitored environment, as hypotension and 

compromised organ perfusion must be avoided.

 References for this chapter can be found at expertconsult.com.
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pulse oximetry. A 12-lead ECG should be performed, looking for evi-

dence of myocardial ischemia. Chest radiography should be done, and 

supplemental oxygen should be given as needed. Complete blood 

counts, serum chemistry, lactate, arterial blood gas, random cortisol, 

coagulation panels, procalcitonin, and cardiac enzymes may be consid-

ered as part of the initial workup.

 If equipment and a qualified operator are available, bedside ultra-

sound can form a useful part of the diagnostic workup of hypotension 

by demonstrating evidence of diminished cardiac contractility or pul-

monary edema suggestive of cardiac failure, right ventricular findings 

consistent with pulmonary embolism, pneumothorax, or unexpected 

intraperitoneal fluid collections concerning for hemorrhage.6 As with 

the physical examination, diligent attention must be paid to the proper 

performance of image acquisition and interpretation, as incorrect 

technique can lead to incorrect diagnosis and errors of commission or 

omission. A systematic approach to using ultrasound in hypotension is 

essential to avoid missed findings or misinterpretation. Multisystem 

examinations such as the Rapid Ultrasound in Shock and Hypotension 

(RUSH) protocol have been developed to aid in undifferentiated hypo-

tension evaluation and, if possible, should be performed to completion 

to avoid premature closure.7 As always, imaging findings do not stand 

alone and require interpretation in a clinical context to guide manage-

ment decisions.8

WHAT IS THE CAUSE?

A review of cardiovascular physiology is essential in order to help focus 

the differential diagnosis of a hypotensive patient. A clinician’s initial 

evaluation should be a global assessment (Fig. 6.1) of systemic vascular 

resistance (SVR) and cardiac output (CO). It is important to recall that 

pressure 5 flow 3 resistance, where flow is CO and resistance is SVR. 

Because CO is determined by stroke volume (SV) 3 heart rate (HR), 

the presence of hypotension means that at least one of these parame-

ters (e.g., SV, SVR, or HR) is abnormal.9 Assessment of HR is obvious 

by palpation of pulses or cardiac monitoring; however, assessing SV 

and SVR can be more challenging. Attention should be paid to systolic 

blood pressure (SBP) and diastolic blood pressure (DBP) in the con-

text of pulse pressure (PP 5 SBP 2 DBP). DBP is a reasonable surro-

gate for SVR.

During systole, the SV is ejected into the proximal arterial conduits. 

Because more blood is being ejected than the peripheral circulation 

can accommodate in the arterioles, the arterial walls distend, increas-

ing SBP in a way that is directly proportional to the SV and indirectly 

proportional to the capacitance (C) of the arterial wall. This relation-

ship is represented by the following formula9:

SBP SV C5 �

That is, for a fixed SV, if capacitance is higher, the SBP is lower.

INTRODUCTION

Assessment of hemodynamics is an important skill in the critical care 

setting. The goal of hemodynamic monitoring in a critically ill patient 

is to ensure adequate tissue oxygen delivery and end-organ perfusion. 

Low systemic arterial blood pressures are commonly encountered in 

the clinical setting, and a thoughtful, systematic approach should be 

used.

INITIAL EVALUATION

Initial evaluation usually begins with assessment of blood pressure 

(BP) readings. However, one should not rely solely on these readings, 

as there is no “normal” BP for all patients, and a BP value in the “nor-

mal” range does not always equate with adequate tissue perfusion. For 

example, a patient with a history of poorly controlled chronic hyper-

tension may be normotensive, not yet in critical condition, but cannot 

meet his or her body’s oxygen demand, resulting in evidence of sig-

nificant anaerobic metabolism referred to as cryptic shock.1 Conversely, 

a patient with cirrhosis or a pregnant patient may have adequate per-

fusion despite having a lower-than-normal BP.

Additionally, attention should be given to the mean arterial pres-

sure (MAP). It is important to keep in mind that the MAP is the sum 

of two-thirds diastolic and one-third systolic pressure. The MAP is the 

main determinant of the perfusion pressure, or what pressure the 

organ sees. Safe levels of hypotension have historically been estimated 

to be anything greater than two-thirds of MAP.2,3 Even more recently, 

it was found that an MAP less than 55 mm Hg during noncardiac 

surgery is independently associated with an increased risk of kidney 

and myocardial injury and has a moderate association with duration 

of surgery.4 A good initial goal should be to restore the patient to an 

MAP of 65–70 mm Hg, but the level should be adjusted to restore tis-

sue perfusion as assessed on the basis of mental status, appearance, 

urine output, etc.5 Therefore hypotension triage needs to be quick 

and purposeful in order to prevent potentially damaging long-term 

sequelae.

An initial bedside assessment of tissue perfusion should include 

evaluation of mental status, urine output, and skin findings (e.g., tem-

perature, diaphoresis, mottling, and capillary refill). If any of these 

parameters is abnormal, a more urgent approach to treatment must be 

taken. A focused cardiac and pulmonary examination is essential: pres-

ence of jugular venous distention; an S3 or S4 heart sound; new or 

worsening murmurs; or muffled heart sounds, crackles, or rales. Fur-

thermore, a finding of absent breath sounds could be equally impor-

tant, suggesting a pneumothorax.

All patients should have adequate intravenous (IV) access, prefer-

ably two patent 18-gauge or larger catheters. The patient should be 

monitored using a standard electrocardiogram (ECG) monitor and 

30
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Fig. 6.1 Initial approach to a patient with low systemic arterial blood pressure. *Adrenal insufficiency, 

liver failure, post–cardiopulmonary bypass vasoplegia, and anaphylaxis are commonly listed as vasodilatory 

shock; however, data are inconclusive, and components of other types of shock (hypovolemic, cardiogenic) 

may also be present. BP, Blood pressure; CO, cardiac output; IABP, intraaortic balloon pump; IV, intravenous; 

IVCd, inferior vena cava diameter; LV, left ventricle; MAP, mean arterial pressure; PE, pulmonary embolism; 

PTCA, percutaneous transluminal coronary angioplasty; RV, right ventricle; SVR, systemic vascular resis-

tance; VAD, ventricular assist device; VA-ECMO, venovenous extracorporeal membrane oxygenation.

Decreased blood pressure
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(normal or widened pulse
pressure and low diastolic

blood pressure)

Decreased cardiac output
(low systolic pressure and

normal or narrow pulse
pressure)

Volume responsive?
(assess by passive leg

raise, stroke volume
variation, or IVCd)

Impaired RV output
1. Cardiac tamponade
2. Pulmonary embolus
3. Tension pneumothorax
4. RV failure

LV dysfunction
1. Infarction
2. Ischemia
3. Mitral insufficiency

Hypovolemia
1. Hemorrhage
2. Diuretics
3. Dehydration
4. Diarrhea

Peripheral vasodilation
1. Sepsis
2. Medications
3. Mitochondrial dysfunction
 (e.g., cyanide poisoning)
4. Neurogenic shock
5. Adrenal insufficiency*
6. Liver failure*
7. Anaphylaxis*
8. Post–cardiopulmonary
  bypass vasoplegia*

Treatment
1. Inotropic agents
2. Mechanical circulatory
 support (IABP,
 percutaneous
 VAD, VA-ECMO)
3. Consider
 revascularization
 options (thrombolytics,
 PTCA)

Treatment
1. Fluid
2. Vasopressor as needed to
 maintain MAP � 65 mm Hg
3. Antibiotics (sepsis)
4. Steroids (adrenal
 insuffiency, sepsis)
5. Methylene blue for
 vasoplegia

Treatment
1. IV fluid—judicious use
2. Treat underlying cause
Tamponade—pericardiocentesis
or window
PE—anticoagulation and/or
thrombolytics
Tension pnuemothorax—needle
thoacostomy and then tube
thoracostomy
RV failure—inotropic agents,
afterload reduction, inhaled
nitric oxide, consider
mechanical circulatory support

Treatment
1. IV fluid
2. Blood products
3. Surgical hemostasis
 if necessary

No

Pulmonary
edema?

NoYes

Yes
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During diastole, the portion of the SV that was “stored” by the 

distention of the arterial walls during systole fills the peripheral arteri-

oles, leading to a progressive decrease in BP until the next systolic 

phase. This is the diastolic pressure, a parameter that is directly related 

to the SVR and capacitance (i.e., low diastolic pressure 5 low SVR 

and/or capacitance).9 When using these basic cardiovascular principles 

to understand the cause of hypotension, it is important to remember 

the following: (1) capacitance does not change from heartbeat to 

heartbeat and (2) SV depends on preload, afterload, and contractility.

Low SVR is characteristic of a number of pathologic conditions, 

including sepsis, adrenal insufficiency, vasodilating medications, neu-

rogenic shock, post–cardiopulmonary bypass (CPB) vasoplegia, and 

severe liver dysfunction. Decreased SVR (and aortic valve insuffi-

ciency) should be suspected in the presence of a widened PP and low 

DBP.10,11

Reduced SV can be the result of decreased preload, decreased con-

tractility, or increased afterload. The most common cause of inade-

quate preload is hypovolemia. Other causes of inadequate preload in-

clude increased intrathoracic pressure caused by dynamic 

hyperinflation in mechanically ventilated patients12,13 or tension pneu-

mothorax, pulmonary embolism,14 mitral valve stenosis,15 cardiac 

tamponade,16 and right ventricular failure.17 Decreased contractility 

can be caused by myocardial ischemia or infarction, cardiomyopathy, 

myocarditis, negative inotropic drugs, myocardial stunning after CPB, 

and direct myocyte toxins such as chemotherapeutic agents and in-

flammatory mediators (e.g., tumor necrosis factor [TNF] and interleu-

kin 1-beta [IL-1b]).18 A reduction in SV can be identified by decreased 

SBP and normal or narrow PP.

Reduced HR is a relatively uncommon cause of low BP. Causes in-

clude structural damage to the conducting system; metabolic derange-

ments such as hyperkalemia; autonomic dysregulation, as seen in 

central neurologic injury; and pharmacologic poisoning of the con-

duction system, as in the case of beta-blocker or calcium channel 

blocker overdose.19 Shock states driven primarily by bradycardia, like 

other forms of cardiogenic shock, can initially manifest with relatively 

normal BP despite inadequate forward flow caused by the preservation 

of systemic vascular tone.

TREATMENT

Hypotension has been associated with higher morbidity and mortality 

in a variety of disease states, so until proven otherwise, hypotension 

should be considered synonymous with hypoperfusion and thus 

treated aggressively. A trial of at least 1.0 L of crystalloid should be 

infused to treat hypotension; the fear of pulmonary edema should not 

preclude the use of volume expanders in a patient who is not perfusing 

adequately.1

In a large series of intensive care unit (ICU) patients in shock, 78% 

were in either septic or hypovolemic shock.20 Because treatment for 

both states requires intravascular volume resuscitation and clinical 

examination is unreliable for determining the need for and endpoint 

of volume resuscitation, several adjunctive tools have been developed 

to assist in decision making surrounding fluid administration.21,22, The 

use of ultrasound at the bedside to evaluate inferior vena cava diame-

ter (IVCd) has proven to be an accurate metric of volume responsive-

ness in mechanically ventilated and spontaneously breathing pa-

tients.23 IVCd is measured subcostally, approximately 0.5–4.0 cm 

below the junction of the IVC and right atrium, in the longitudinal 

direction at a perpendicular angle to the IVC, and is calculated as “the 

change” in IVCd during inspiration as compared with expiration.23 

Patients with variation .50% will most likely respond to additional 

volume.24

Another method by which the clinician can evaluate volume re-

sponsiveness is the passive leg raise (PLR) test. In the nonintubated 

patient sitting with the head of the bed at 45 degrees, laying the patient 

flat and elevating the patient’s legs at a 45-degree angle above the plane 

of the bed will cause a rapid temporary increase in venous return to 

the heart and an increase in CO, which has been shown to correlate 

with a 500-cc bolus of normal saline.23 This maneuver increases PP in 

“responders.” An increase in PP of more than 9% noted before and 

after the passive leg lifts will identify patients who are likely to respond 

to additional IV fluid administration.25,26

Although more invasive than the PLR, pulse contour analysis 

(PCA) has emerged as an accurate method for measuring cardiac per-

formance (SV, CO, cardiiac index [CI]) and also measures PP or SV 

variation in the intubated and mechanically ventilated patient. By ob-

serving the undulation of the arterial line monitor for 30 seconds and 

the variability throughout the respiratory cycles, a decrease of 13% or 

more in SV during the inspiratory cycle correlates with preload re-

sponsiveness of SV. This variation represents a decrease in venous re-

turn in conjunction with the increased intrathoracic pressure during 

the inspiratory phase of ventilation. This measurement is only accurate 

when the heart rhythm is regular, so it is an unreliable index of preload 

responsiveness in patients with many kinds of arrhythmias, in the 

presence of an intraaortic balloon pump (IABP), or when there is loss 

of integrity in the arterial waveform. It is also only accurate in me-

chanically ventilated patients who are not experiencing large variations 

in intrathoracic pressures.27,28

In those patients where a low SVR is suspected as the primary cause 

of hypotension, the treatment is different. Large amounts of additional 

IV fluid alone will not adequately increase the BP to maintain tissue 

perfusion. Vasoconstrictor agents (e.g., norepinephrine, dopamine, 

phenylephrine, angiotensin II, and vasopressin) will be required in 

these patients. In certain specific cases, other pharmacologic adjuncts 

may be helpful. Low-dose hydrocortisone in vasoconstrictor-resistant 

septic shock29 and methylene blue in post-CPB vasoplegia are two 

examples.30

In cases where hypotension is suspected to be caused by low SV, 

attention must be paid to the central cardiovascular system. These 

cases can be divided into failure of contractility or obstructive shock. 

In cases of primary left or right ventricular failure, steps must be taken 

to improve the performance of the heart either pharmacologically or 

mechanically. Optimization of a failing left ventricle involves reduc-

tion in preload and afterload with escalation to inotropic support if 

hypotension is present.31 Management of primary right ventricular 

failure requires judicious optimization of preload, consideration of 

reduction in pulmonary arterial pressure, and inotropic support.32 If 

pharmacologic means fail, escalation to mechanical circulatory sup-

port should be considered. Various forms of mechanical support are 

currently in use, including IABP, percutaneous ventricular support 

devices, and venous-arterial extracorporeal membrane oxygenation 

(VA-ECMO). The exact system required depends on which side of the 

heart requires support and the magnitude of support required.31 Ob-

structive shock requires emergent disease-directed treatment. In cases 

of tension pneumothorax or cardiac tamponade, procedural decom-

pression of the space is mandatory.33,34 In cases of pulmonary embo-

lism causing acute right ventricular failure, in addition to systemic 

anticoagulation, consideration of systemic thrombolysis or catheter-

directed treatment should be made to offload the failing right  

ventricle.35,36
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 Hypotension mediated by bradycardia is typically managed by cor-

rection of the underlying cause. In metabolic causes, the underlying 

cause should be corrected. In pharmacologic cases, temporary man-

agement should include antidotes if available in addition to positive 

chronotropic agents such as atropine or beta-agonists. In cases caused 

by damage to the conduction system by ischemia or infiltrative disease, 

chronotropic agents are indicated temporarily, but clinicians should be 

prepared to start temporary pacing in the event these fail.

Many occurrences of hypotension may have some qualities of both 

decreased SV and decreased SVR. However, by using a systematic ap-

proach, the clinician can rapidly start diagnostic and therapeutic mea-

sures needed to treat tissue hypoperfusion.

KEY POINTS

• Assessment of any BP requires clinical consideration of the adequacy of 

tissue perfusion.

• BP goals in the ICU typically start around MAP 65–70 mm Hg, but must be 

individualized to patient needs using clinical markers of tissue perfusion.

• The assessment of hypotension should include making preparations for re-

suscitation, clinical examination, laboratory and radiographic testing, and 

the employment of bedside diagnostics where able to accelerate directed 

interventions.

• The physiology of hypotension necessarily involves derangement in HR, SV, 

or SVR. Diagnosing which perturbation(s) are present and for what reason 

can help focus management.

• Initial management of hypotension should usually involve a fluid challenge, 

with subsequent fluid administration directed by serial assessment of vol-

ume responsiveness. Early administration of pharmacologic vasopressors 

and/or inotropic support is indicated for inadequate response.

 References for this chapter can be found at expertconsult.com.
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developing AVNRT is almost twice as high in women as in men.9 Vagal 

maneuvers (i.e., Valsalva and carotid sinus massage) in the supine posi-

tion and/or intravenous (IV) adenosine are recommended for the 

acute treatment of patients with stable SVT.7 If refractory, IV diltiazem, 

verapamil, or beta-blockers can be administered to hemodynamically 

stable patients. Calcium channel blockers are not appropriate for  

patients with suspected systolic heart failure. Synchronized direct cur-

rent cardioversion (DCCV) is recommended for hemodynamically 

unstable patients with SVT or for stable patients when pharmacologic 

therapy is ineffective or contraindicated.7

Atrial Fibrillation

Atrial fibrillation (AF) is the most common sustained arrhythmia, 

with a lifetime risk of 25% in the general population.10 ECG charac-

teristics of AF include an irregularly irregular rhythm with no dis-

cernible P waves because of rapid atrial oscillations that vary in tim-

ing, amplitude, and shape.5 Critically ill patients encounter multiple 

risk factors for developing new-onset AF. Inflammation; electrolyte 

abnormalities; hypervolemia; sepsis; excessive adrenergic stimulation; 

and receipt of beta-receptor agonists, vasopressors, and certain anti-

arrhythmics can all trigger AF in ICU patients.10 Accelerated ventricu-

lar rates and loss of the normal atrial contribution to ventricular fill-

ing (“atrial kick”) during AF may lead to rapid hemodynamic 

deterioration, especially in patients with diastolic dysfunction. The 

development of new-onset AF is associated with increased hospital 

mortality rates and long-term risks of ischemic stroke, heart failure, 

and death.10

New-onset AF in critical illness is often reversible. The majority of 

patients will spontaneously convert to sinus rhythm within 72 hours of 

treatment of the underlying causes or removal of the offending agent.2 

Otherwise, management of the hemodynamically stable patient with AF 

involves three treatment principles: rate control, rhythm control/cardio-

version, and anticoagulation. Beta-receptor antagonists are particularly 

effective for rate control in the setting of increased sympathetic tone 

from critical illness, sepsis, or the postoperative state.10,11 Nondihydro-

pyridine calcium channel blockers may be used for rate control in  

patients intolerant of beta-receptor antagonists, and digoxin can be 

considered as third-line therapy.2 Calcium channel blockers are contra-

indicated in patients with acute heart failure, and the use of digoxin in 

patients with AF has been associated with sudden cardiac death.12 In 

patients with permanent AF, targeting a resting heart rate ,110 bpm is 

as effective as targeting a resting heart rate ,80 bpm.13 Amiodarone is 

an effective rhythm control agent, and it offers the additional benefit of 

rate control if both beta-receptor antagonists and calcium channel 

blockers are contraindicated. Pulmonary and thyroid toxicity have been 

described after its administration. IV magnesium, either as monother-

apy or in combination with other agents, may provide greater rate and 

The resting adult heart rate normally ranges from 60 to 100 beats per 

minute (bpm). Heart rate and rhythm abnormalities occur frequently 

in critically ill patients, and the incidence of sustained arrhythmias can 

approach 40% in some intensive care unit (ICU) settings.1,2 Common 

arrhythmia risk factors in the critically ill include advanced age, sepsis, 

myocardial ischemia, respiratory failure, renal insufficiency, acute 

brain injury, polypharmacy, metabolic disturbances, cancer, trauma, 

and burns.2,3 Prompt recognition and treatment are essential, as the 

presence of tachyarrhythmias (characterized by heart rates .100 bpm) 

and bradyarrhythmias (characterized by heart rates ,60 bpm) is as-

sociated with both significantly increased hospital length of stay and 

in-hospital mortality rates in the critically ill.2

TACHYARRHYTHMIAS

For classification purposes, tachyarrhythmias can be subdivided into 

those with a narrow QRS complex (#120 milliseconds [ms]) and 

those with a wide QRS complex (.120 ms). In general, narrow QRS 

complex tachyarrhythmias are supraventricular tachycardias (SVTs), 

involving tissue from the His bundle or above.4 Wide complex tachyar-

rhythmias typically represent ventricular tachycardias (VTs) or SVTs 

with abnormal conduction patterns.5

Sinus Tachycardia

Sinus tachycardia is an atrial supraventricular tachyarrhythmia with a 

narrow QRS complex. On the electrocardiogram (ECG), the P wave is 

positive in leads I, II, and aVF and biphasic/negative in lead V1.4 The vast 

majority of sinus tachycardia is physiologic and associated with cate-

cholaminergic triggers.6 Sinus tachycardia may result from pain, physical 

activity, fever, or hyperthyroidism. Simulants, caffeine, anticholinergics, 

and beta-receptor agonists can all produce transient sinus tachycardia.7 

In critically ill patients, sinus tachycardia may signify a normal adaptive 

response to maintain cardiac output in the setting of decreased stroke 

volume, oxygen-carrying capacity, or arterial vascular tone. Although 

nonspecific, tachycardia can represent an early sign of impending car-

diopulmonary instability, and it is an independent risk factor linked to 

several worse clinical outcomes in the ICU.8 The development of sinus 

tachycardia in critically ill patients is often multifactorial, and appropri-

ate management includes identification of risk factors, discontinuation 

of offending agents, and treatment of underlying causes (Table 7.1).4

Atrioventricular Nodal Reentrant Tachycardia

Atrioventricular nodal reentrant tachycardia (AVNRT) is the most 

common type of the “classical” SVTs.5 It occurs as a result of a reentry 

circuit present either within or near the atrioventricular (AV)  

node. ECG findings of typical AVNRT include a regular tachycardia 

with indiscernible P waves and narrow QRS complexes.4 The risk of 

34
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rhythm control.10,14,15 In patients with heart failure, treatment of AF with 

catheter ablation may be associated with improved clinical outcomes.16,17

Hemodynamically unstable patients with AF should be treated with 

synchronized DCCV. Even with multiple attempts, the reported success 

rates for electrical cardioversion of AF during critical illness range from 

30% to 37%.2 Concurrent administration of rate or rhythm control 

agents should be considered, given the high likelihood of recurrence.10 

In patients with a recurrence of persistent AF after electrical cardiover-

sion, rate control is not inferior to rhythm control.18 For prevention of 

thromboembolism, anticoagulation should be considered for all pa-

tients with AF. The risk of stroke may be greater in patients with higher 

CHA2DS2-VASc scores and with AF duration $48 hours. Overall, the 

risk of thromboembolic events should be weighed against the risk of 

anticoagulant-related bleeding for the individual patient.19

Atrial Flutter

Typical atrial flutter (AFl) is a macroreentrant, narrow complex atrial 

tachycardia that is characterized by a regular sawtooth pattern on the 

ECG.4 Atrial rates usually range from 250 to 330 bpm.7 The acute man-

agement of AFl is largely similar to the management of AF; however, 

ventricular rate control may be more difficult to achieve in AFl.2 Pa-

tients with AFl are thought to have the same risk of thromboembolism 

as patients with AF, so anticoagulation should be considered accord-

ingly.7 Finally, DCCV of AFl can often be accomplished with lower en-

ergies compared with AF.2

Ventricular Tachycardia

Ventricular tachycardia (VT) is characterized by $3 consecutive com-

plexes originating in the ventricles at a rate .100 bpm.20 It is the most 

common cause of wide QRS complex tachycardia. VT is classified as 

sustained when it lasts .30 seconds or requires termination because of 

hemodynamic compromise in ,30 seconds. Conversely, nonsustained 

VT (NSVT) has a duration of ,30 seconds and terminates spontane-

ously. VT can also be classified as monomorphic (i.e., stable single 

beat-to-beat QRS morphology) or polymorphic (i.e., changing or 

multiform beat-to-beat QRS morphology).20

Hemodynamically stable patients with asymptomatic NSVT usu-

ally do not require treatment other than correction of any precipitat-

ing cause. The in-hospital mortality rate for patients with sustained 

monomorphic VT is approximately 50%.2 In patients with stable 

monomorphic VT, administration of IV procainamide, amiodarone, 

or sotalol can be used to terminate the rhythm.20 Amiodarone is often 

better tolerated in patients with systolic dysfunction.2 In addition to 

antiarrhythmic administration, correction of electrolyte abnormalities 

and discontinuation of offending agents should be performed concur-

rently. DCCV and catheter ablation can be undertaken in refractory 

cases of sustained monomorphic VT. Patients with unstable mono-

morphic VT should be treated with DCCV.20

Polymorphic VT can occur in the setting of a normal (,460 ms) or 

prolonged (.460 ms) QT interval. Unstable patients with normal QT 

interval–associated polymorphic VT require immediate defibrillation. 

Recurrent polymorphic VT can be caused by ongoing myocardial isch-

emia that resolves with coronary revascularization.20 Polymorphic VT 

associated with QT interval prolongation is termed torsades de pointes. 

It is characterized by a waxing and waning QRS amplitude.20 Treatment 

of torsades de pointes includes discontinuing QT-prolonging agents, 

correcting electrolyte derangements, administering magnesium, and 

increasing the ventricular rate with isoproterenol or temporary pacing.2

BRADYARRHYTHMIAS

Abnormalities of the sinus node, atrial tissue, AV nodal tissue, or con-

duction system can contribute to the development of bradyarrhyth-

mias.21 Bradyarrhythmias are more common in older patients because 

of age-related degeneration and fibrosis of the conduction system. Other 

risk factors for the development of bradyarrhythmias include hyperten-

sion, respiratory failure, and ischemic heart disease (see Table 7.1).22

Sinus node dysfunction (SND) can manifest with sinus bradycar-

dia, sinus pauses, or tachycardia–bradycardia syndrome.21 Asymptom-

atic sinus bradycardia has not been associated with adverse outcomes, 

and treatment is not recommended. Symptoms attributable to SND 

can range from mild fatigue to syncope.21 Correction of reversible 

causes is key to the acute management of SND. If symptoms persist 

despite conservative treatment, medications with chronotropic effects 

such as atropine, dopamine, isoproterenol, or epinephrine can be ad-

ministered. Severe refractory SND associated with hemodynamic in-

stability should be treated with pacing.21

AV nodal disease presents as variable heart block with specific ECG 

patterns. In first-degree AV block, P waves are associated with 1:1 AV 

conduction and a prolonged PR interval of .200 ms.22 Second-degree 

AV block is characterized by intermittent AV conduction and can be 

divided into two subtypes. Second-degree AV block Mobitz type 1 

(Wenckebach) presents with progressive PR interval lengthening fol-

lowed by a nonconducted P wave. Second-degree AV block Mobitz type 

Tachyarrhythmias Bradyarrhythmias

Advanced age Advanced age

Myocardial ischemia Myocardial ischemia

Respiratory failure Respiratory failure

Kidney failure Kidney failure

Postcardiac surgery Postcardiac surgery

Heart failure Heart failure

Electrolyte abnormalities Electrolyte abnormalities

Increased catecholamines: pain,  

exercise, anxiety

Increased vagal tone

Hyperthyroidism Hypothyroidism

Hyperthermia Hypothermia

Hypovolemia Increased intracranial pressure

Anemia Hypertension

Sepsis Obstructive sleep apnea

Cancer Infiltrative diseases: cardiac amyloido-

sis, sarcoidosis, hemochromatosis, 

lymphoma

Trauma/burns Inflammatory diseases: Lyme disease, 

Chagas disease, myocarditis, endocar-

ditis

Intoxication: alcohol, cocaine,  

stimulants

Rheumatologic diseases: rheumatoid  

arthritis, scleroderma, systemic lupus 

erythematosus

Medications: anticholinergics,  

beta-receptor agonists, chemo-

therapy agents, antiarrhythmics, 

vasopressors, inotropes

Medications: beta-receptor antagonists, 

calcium channel blockers, digoxin, 

dexmedetomidine, antiarrhythmics, 

opioids, tricyclic antidepressants, 

clonidine, lithium, phenytoin

TABLE 7.1 Common Causes of Arrhythmias 
in the ICU
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II presents with fixed PR intervals and periodic nonconducted P waves. 

Third-degree (complete) AV block presents with AV dissociation.21,22

The acute treatment of bradycardia attributed to AV block is simi-

lar to that of SND. In addition to addressing reversible causes, chrono-

tropic agents such as atropine, isoproterenol, dopamine, dobutamine, 

and epinephrine can be administered. Temporary pacing may be 

needed in patients who are hemodynamically unstable or with refrac-

tory symptoms.21,23 Depending on the scenario, this can be accom-

plished using transcutaneous, transvenous, or epicardial modalities. 

Irrespective of symptoms, permanent pacemaker implantation is indi-

cated for patients with second-degree AV block Mobitz type II, high-

grade AV block, or third-degree AV block.22 Additionally, a transtho-

racic echocardiogram is recommended in order to evaluate for the 

presence of structural heart disease.21

KEY POINTS

 References for this chapter can be found at expertconsult.com.

• Tachyarrhythmias and bradyarrhythmias are both associated with increased 

in-hospital mortality rates in the critically ill.

• Sinus tachycardia may represent a normal adaptive response to maintain 

cardiac output in the setting of decreased stroke volume, oxygen-carrying 

capacity, or arterial vascular tone.

• Beta-receptor antagonists are particularly effective for AF rate control in 

the setting of increased sympathetic tone from critical illness, sepsis, or the 

postoperative state.

• Treatment of torsades de pointes includes correcting electrolyte abnormali-

ties, administering magnesium, discontinuing QT-prolonging agents, and 

increasing the ventricular rate.

• Symptomatic SND and AV block can be treated with chronotropic agents.
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660 nm) via a pulsatile optical signal directed through tissue, with their 

ratio reflecting the SpO2 in that tissue (e.g., fingertip or earlobe). However, 

this measurement can be affected by various factors. The SpO2 may give a 

falsely low indication of the SaO2 if there is poor pulsatility of the wave-

form: for example, in the presence of altered cutaneous perfusion. Light 

transmission through the tissues of the fingertip can be decreased by dark 

nail polish, again affecting that measurement. Methemoglobinemia can 

also result in a falsely low SpO2 reading, whereas carboxyhemoglobinemia 

can result in a falsely elevated SpO2 reading.1

Another issue with pulse oximetry, notably in critically ill patients, 

is that it takes many seconds for the SpO2 to reflect acute changes in 

PaO2, including those occurring as a result of alterations of oxygen ad-

ministration and/or positive end-expiratory pressure (PEEP). Response 

times are even more prolonged when there is reduced cardiac output.2,3

CAUSES OF ARTERIAL HYPOXEMIA

Causes of hypoxemia can be categorized into four groups (Fig. 8.2).

1. Decreased Alveolar Oxygen Content (PAO2)
According to the alveolar gas equation, the alveolar PAO2 is deter-

mined by:

PAO FiO P PH PaCO /RQ,
2 2 atm 2 2
� � �( )O

where FiO2 is the concentration of inspired oxygen, Patm is the atmo-

spheric pressure, PH2O is the partial pressure of water (typically 47 mm 

Hg at ambient temperature), and RQ is the respiratory quotient4,5 (i.e., 

the amount of oxygen consumed relative to the amount of carbon diox-

ide produced when nutrients are metabolized). RQ is generally assumed 

to be 0.8, although it may vary. Under normal conditions at sea level,

PAO 0.21 (760 mm Hg 47 mm Hg)

(40 mm Hg/0.8) 100 mm Hg.

2 � �

� �

The first part of the equation can be affected by altitude because Patm 

decreases.6 The second part of the equation is primarily affected by 

PaCO2, which typically results from hypoventilation (e.g., central re-

spiratory depression, neuromuscular weakness). Hence, unless there is 

an increase in the concentration of inspired oxygen, PAO2 can decrease 

in the presence of an increased PaCO2, which in turn is determined by 

the following equation:

PaCO =

CO production÷(respiratory rate [tidal

2

2
� vvolume dead space]).�

Thus PaCO2 can rise with an increase in CO2 production (increased 

metabolism), a decrease in minute ventilation (e.g., because of central 

respiratory depression or neuromuscular weakness), and/or an in-

crease in dead space ventilation.

Normal cell function requires an adequate oxygen supply. Lack of oxy-

gen at the cellular level is called hypoxia. Oxygen delivery (DO2) to the 

tissues is determined by cardiac output and the arterial oxygen content, 

which in turn is determined by the hemoglobin concentration and its 

oxygen saturation. Hypoxemia is defined by a significantly low partial 

pressure of oxygen (PaO2; less than about 75 mm Hg), regardless of the 

inspiratory oxygen fraction (FiO2). Hypoxemia can be compensated for 

by an increase in cardiac output, so that DO2 may not be critically re-

duced by its presence. The increase in cardiac output that accompanies 

hypoxemia is mediated by an increase in sympathetic tone, resulting in 

combined increases in heart rate and contractility. Impaired O2 delivery 

to the tissues is more often the result of decreased cardiac output or 

altered vascular tone than of a decrease in PaO2. Tissue hypoxia is a 

hallmark of shock and is associated with altered cellular metabolism 

that results in increased blood lactate levels. To avoid confusion, the 

word hypoxia should not be used to characterize a low PaO2.

Hypoxemia is almost always the result of respiratory failure, but it 

can also be the result of cardiac abnormalities. A low cardiac output 

can aggravate hypoxemia via a reduction in oxygen saturation of the 

mixed venous blood (SvO2) (see later). Moderate hypoxemia must be 

compensated for by an increase in cardiac output, which may be 

poorly tolerated in frail patients. When that compensatory mechanism 

is exhausted or when there is concurrent anemia, hypoxia can develop 

and result in multiple organ failure and cardiac arrest.

The nonlinear relationship between SaO2 and PaO2 is affected by 

body temperature, partial pressure of carbon dioxide in arterial blood 

(PaCO2), pH, and 2,3-diphosphoglycerate concentration (Fig. 8.1). As a 

result, patients can have a higher or lower SaO2 for a given PaO2, depend-

ing on the existing conditions. The critical PaO2 value is approximately 60 

mm Hg, because a further decline in PaO2 results in a steep fall in SaO2.

Although PaO2 reflects pulmonary function, it must be related to 

FiO2 when judging oxygenating efficiency. (The PaO2/FiO2 ratio is one 

indicator commonly employed for that purpose.) The SaO2 is the pri-

mary determinant of oxygen content and strongly influences DO2. 

(Dissolved oxygen is a negligible fraction of the total oxygen trans-

ported per milliliter of blood.) Thus, giving supplemental oxygen to 

increase PaO2 to supranormal levels does not appreciably increase DO2 

and is generally inadvisable except in the context of life-threatening 

anemia. Nevertheless doing so may have marginal utility if used im-

mediately before interventions that may result in hypoxemia, such as 

endotracheal intubation or bronchoscopy.

PaO2 and SaO2 are measured by arterial blood gas analysis, which re-

quires invasive sampling and is not performed continuously. Capillary 

blood oxygen saturation (SpO2) can serve as a surrogate measure of SaO2 

and can be measured noninvasively and continuously with a pulse oxim-

eter. Pulse oximetry uses spectrophotometry to detect oxyhemoglobin 

(peak absorption at 940 nm) and deoxyhemoglobin (peak absorption at 
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2. Ventilation/Perfusion (V/Q) Mismatch and 
Presence of a Pulmonary Shunt
This is the most common cause of hypoxemia and arises when perfu-

sion is maintained in regions that are no longer participating effec-

tively in gas exchange: for example, atelectasis, pneumonia, or lung 

edema. Some therapeutic interventions may also contribute: in normal 

conditions, the presence of hypoxic pulmonary vasoconstriction re-

duces perfusion to underventilated areas of lung, but this mechanism 

can be altered by vasoactive medications (vasodilators in particular). 

Hence, a substantial fraction of the cardiac output will not participate 

in gas exchange and will be “shunted” to cause “venous admixture.” 

The normal shunt fraction is approximately 3%–4% and arises pri-

marily in the bronchial arterial circulation. Reduced ventilation of 

perfused alveoli increases the shunt fraction and thus decreases PaO2. 

If V/Q alterations are partial, an increase in FiO2 can largely correct 

this effect, but when the shunt is complete, an increase in FiO2 will not 

improve PaO2 (Fig. 8.3).

Right-to-left shunts can also be anatomic (e.g., intracardiac shunts 

and intrapulmonary shunts resulting from arteriovenous malforma-

tions). Anatomic shunting can also develop in end-stage liver disease.

Pulmonary perfusion is not homogeneous: dependent areas are 

preferentially perfused compared with nondependent ones. As a re-

sult, changes in the patient’s position can alter arterial oxygenation, 

depending on the location and distribution of the underventilated 

lung areas or the regions of intrapulmonary shunt. If the patient is 

placed in a position in which the underventilated areas of the lung 

(often gravitationally dependent zones in the setting of lung injury) 

are also the ones receiving rich perfusion, hypoxemia will worsen. 

Placing a patient with severe acute respiratory distress syndrome 

(ARDS) in the prone position can therefore improve gas exchange.7

In the presence of severe respiratory failure, pulmonary hyperten-

sion resulting in elevated right heart pressures may reopen a patent 

foramen ovale, thereby creating an intracardiac right-to-left shunt. 

This possibility should be considered when an increase in PEEP ther-

apy worsens gas exchange.

Of note, the opposite of shunt is increased dead space, where pre-

served alveolar ventilation is associated with reduced perfusion. This 

predisposes to increased PaCO2, which can be compensated for by in-

creasing minute ventilation. Massive pulmonary embolism and diffuse 

lung injury that reduces the capacity of the “baby lung” are typical 

causes of increased dead space. Hypoxemia commonly observed in this 

condition is not straightforward.

3. Impaired Diffusion
Acting alone, this is a rare cause of hypoxemia in the acutely ill. It can 

result from an increase in the diffusion distance between the alveolar 

space and the capillary lumen. A reduction in the capillary transit time 

can occur as a result of a dramatic increase in cardiac output during 

strenuous exercise. Combinations of rapid transit coupled with the 

innately impaired diffusing properties of injured tissue may accentuate 

hypoxemia.

4. A Decrease in the Oxygen Saturation of Mixed 
Venous Blood (SvO2) Can Contribute to the Severity 
of Hypoxemia
This is usually because of inadequate cardiac output, anemia, or in-

creased oxygen consumption by body tissues. However, in the absence 

of parenchymal damage or admixture/shunt from other causes, low 

Fig. 8.1 Oxygen saturation varies with the PaO2 in a nonlinear relation-

ship and is affected by temperature, PaCO2, pH, and 2,3-diphosphoglyc-

erate (2,3-DPG) concentration.
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SvO2 does not alter the effectiveness of oxygenating blood passing 

through the gas exchanger of the healthy lung.

MANAGEMENT OF ARTERIAL HYPOXEMIA

The first action to increase PaO2 is to increase the FiO2 If the response 

is unsatisfactory, one can consider increasing the flow rate of supple-

mental oxygen or using a mask with an oxygen reservoir (i.e., a “non-

rebreather mask”). If the response is still poor, then the patient is likely 

to have severe V/Q mismatching or a true right-to-left shunt. The next 

step should be to try to reopen closed alveoli by repositioning and ap-

plying positive pressure ventilation using continuous positive airway 

pressure (CPAP) in the absence of endotracheal intubation, or PEEP if 

the patient is receiving mechanical ventilation (noninvasive or inva-

sive). Relief of an excessive breathing workload and a high oxygen 

consumption often helps restore the balance, allowing effective O2 

delivery. Prone positioning improves arterial oxygenation in the ma-

jority of ARDS patients.

KEY POINTS

• PaO2 (in relation to FiO2) primarily reflects the lung function, and SaO2 the 

amount of oxygen carried to the tissues.

• Hypoxemia is the result of four major mechanisms.

• The primary action to correct hypoxemia is to increase the FiO2, increase 

the oxygen flux, or increase the intrathoracic pressure.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES
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derlying its effects on gas exchange, and the clinical trials that have assessed 

its effects on patient outcomes.

Jubran A. Pulse oximetry. Critical Care. 2015;19:272.

A useful review of this technique, including published data regarding the im-

pact of pulse oximetry on patient outcomes.
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is approximately 250 mL/min, although this rate depends on numer-

ous factors.7 Most (,98.5%) O2 is carried to peripheral tissues via 

oxyhemoglobin, whereas the remainder is transported as O2 dissolved 

in the fluid phase of blood. The total transport of O2 by the arterial 

system is termed oxygen delivery (DO2) and is normally several-fold 

higher than the O2 demand of the peripheral tissues. However, O2 

utilization (VO2) can become dependent on DO2 in pathologic condi-

tions such as ARF.7–9 In these states, the normally balanced relationship 

between oxygen delivery and oxygen demand can be disrupted by de-

creased O2 delivery or increased O2 demand (Fig. 9.1).

DO2 is the product of cardiac output and arterial oxygen content 

(CaO2), a value determined by the concentration of hemoglobin 

(Hgb) and oxygen saturation (SaO2) (Fig. 9.2). Adequate perfusion of 

capillaries in the peripheral tissues allows for the liberation of O2 from 

oxyhemoglobin.

PATHOPHYSIOLOGIC PROCESSES LEADING TO ARF

ARF can be a consequence of a wide range of tissue defects, which can 

have both pulmonary and extrapulmonary etiologies. It is important 

to understand the mechanisms leading to hypoxemia, as the best 

therapeutic approach may require targeting the appropriate etiology. 

This, however, is often difficult in the early stages of managing a pa-

tient with acute hypoxemia. Considering a broad differential diagnosis 

for ARF is crucial to appropriate management of the underlying con-

dition (Table 9.1).

CLASSIFICATION OF ARF

Respiratory failure can be classified as acute or chronic. The clinical 

presentation of ARF is typically dramatic and obvious, often with pro-

found derangements in ABG values. “Acute on chronic” respiratory 

failure represents an acute deterioration in the presence of preexisting 

chronic pulmonary disease and chronic respiratory dysfunction. 

Chronic respiratory dysfunction may present with markers of chronic 

hypoxemia (e.g., polycythemia, or cor pulmonale) and may or may not 

require ICU care. Regardless of acuity, respiratory failure represents a 

potentially life-threatening group of disorders for which inadequate 

management may lead to rapid clinical deterioration.

ARF has been classically described as one of two types: hypoxemic or 

hypercarbic failure. More recent classifications categorize ARF into four 

different types, based on the mechanism of hypoxemia.10 Table 9.2 

describes differences among the four types of ARF with regard to the 

mechanism of hypoxemia, location of the abnormality, and most com-

monly seen clinical syndromes. Despite these categories, considerable 

overlap exists in the different types of ARF. Furthermore, a given patient 

can have multiple types of ARF contributing to their clinical presentation.

Acute respiratory failure (ARF) is defined by the sudden onset of se-

vere impairment of pulmonary gas exchange and is characterized by 

the inability of the lungs to meet the body’s metabolic needs for the 

transport of oxygen (O2) into the blood and/or removal of carbon di-

oxide (CO2) from the blood. The diagnosis of ARF is based on the 

measurements of arterial blood gas (ABG) parameters (i.e., partial 

pressure of oxygen [PaO2], partial pressure of carbon dioxide [PaCO2], 

and pH), and these values must always be interpreted in relation to the 

patient’s baseline status. As a final common pathway for a variety of 

illnesses, ARF is one of the most frequently encountered diagnoses in 

the intensive care unit (ICU), and its management represents one of 

the key challenges of critical care medicine. This chapter aims to tie the 

physiology of breathing to the pathologic processes that lead to ARF 

and will also discuss the clinical approach to the patient with ARF.

ARF is one of the most common reasons for admission to the ICU 

and accounts for ,2 million admissions per year in the United States.1 

More than half of all patients admitted to the medical ICU with stays 

>48 hours have ARF at some point during their hospitalization,2 with 

overall mortality rates of >33%.2–5 Mortality significantly increases 

with age, preexisting comorbidities, and the presence of shock or mul-

tisystem organ failure.6 With the aging population in the United States, 

the incidence of patients with ARF is expected to increase by 80% over 

the next two decades.

COMPONENTS OF THE RESPIRATORY SYSTEM

Understanding the process of respiration is a key step in understand-

ing and managing ARF. Respiratory control is established by the tight 

coordination of three groups of neurons in the medulla oblongata: a 

dorsal respiratory center that controls inspiration, a ventral respiratory 

group that controls expiration, and a pneumotaxic center that controls 

the rate and depth of breathing. In addition to neurons in the brain-

stem, a peripheral chemoreceptor system is located outside the brain 

in the form of carotid bodies and aortic bodies that detect subtle 

changes in PaO2. The neural impulses from the central nervous system 

(CNS) traverse the spinal cord and motor neurons, reaching and acti-

vating the diaphragm and other respiratory muscles. Contraction of 

the inspiratory muscles creates negative pleural pressure by expanding 

the chest cavity and pushing the abdominal contents caudally. The 

negative pressure created in the thorax during inspiration leads to 

subatmospheric pressure in the alveoli, creating a gradient for the flow 

of inspired air toward the alveoli. Oxygen-rich inspired air allows the 

diffusion of O2 from the alveoli to the blood through the alveolar–

capillary membrane, where deoxygenated hemoglobin becomes satu-

rated with O2 to form oxyhemoglobin.

O2 is consumed by all human tissues, and the ability to do so de-

pends on gas exchange in the lungs. The average O2 uptake of an adult 
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41CHAPTER 9 Acute Respiratory Failure

Fig. 9.1 Compromised oxygenation of peripheral tissues may be the consequence of inadequate O2 delivery 

or increased O2 demand. DLCO, diffusing capacity for carbon monoxide; FiO2, fraction of inspired oxygen; 

V/Q, ventilation perfusion.
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Fig. 9.2 The Fick principle underlies the relationship of O2 uptake/con-

sumption by peripheral tissues to cardiac output and the oxygen content 

in arterial and venous compartments. CaO2, arterial oxygen content; CO, 

cardiac output; DO2, oxygen delivery; Hgb, hemoglobin; HR, heart rate; 

SV, stroke volume; Q
.
O2, oxygen consumption rate; SaO2, arterial oxygen 

saturation; SvO2, mixed venous oxygen saturation V
.
O2, oxygen uptake.
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 1. Extrapulmonary processes, including chest wall and skeletal abnormalities 

(hypoxic hypoxia)

 a. Deficiency of oxygen in inspired air (high altitude, suffocation)

 b. Hypoactive hypoventilation (central nervous system trauma, drug toxici-

ties, and neuromuscular and skeletal disorders)

 c. Upper airway obstruction leading to hypoventilation (trauma and angio-

edema)

 2. Pulmonary etiologies (hypoxic hypoxia)

 a. Hypoventilation caused by increased airway resistance (chronic ob-

structive pulmonary disease and asthma)

 b. Abnormal alveolar ventilation–perfusion ratio (pulmonary embolism, 

pneumonia, aspiration, and emphysema)

 c. Diminished diffusing capacity via the alveolar–capillary membrane 

(interstitial lung disease and pulmonary vascular disease)

 d. Pulmonary shunting (atelectasis, pneumonia, hepatopulmonary syn-

drome, and arteriovenous malformations)

 3. Cardiac right-to-left shunts (e.g., atrial septal defect [hypoxic hypoxia])

 4. Inadequate capacity of blood to transport oxygen (anemic hypoxia)

 a. Anemia

 b. Hemoglobinopathies (methemoglobinemia and carbon monoxide poisoning)

 5. Inadequate oxygen transport because of a circulatory defect (static 

hypoxia)

 a. General circulatory deficiency or collapse (shock or cardiac failure)

 b. Localized circulatory deficiency (peripheral, cerebral, and coronary vessels)

 6. Abnormal tissue capability for using oxygen (histotoxic hypoxia)

 a. Late-stage irreversible shock

 b. Poisoning of cellular oxidation enzymes (cyanide or arsenic toxicity and 

heavy ethanol intoxication)

 c. Diminished cellular metabolic capacity for using oxygen

TABLE 9.1 Pathophysiologic Mechanisms 
That Lead to Hypoxia and Respiratory 
Insufficiency

Type I or Classic “Hypoxemic” Respiratory Failure
Type I ARF is the most common form of respiratory failure and at sea 

level is defined by PaO2 ,60 mm Hg, with normal or decreased PaCO2. 

The primary abnormality originates in one of three dysfunctions:  

(1) inadequately oxygenated alveoli (because of low fraction of in-

spired oxygen [FiO2] and/or alveolar collapse and/or the presence of 

alveoli filled with fluid, cells, debris, or blood); (2) compromised tran-

sition of oxygen from the alveoli to the blood (because of interstitial 

processes or pulmonary vascular disease); or (3) compromised ability 

of the blood to oxygenate (because of obstructed blood flow, shunting, 

low Hgb concentration, or the presence of dysfunctional Hgb). The 

analysis of ABG values and calculation of the alveolar-arterial (A-a) 

gradient are important in the assessment of type I ARF.

Type II or “Hypercarbic” Respiratory Failure
Type II ARF (PaCO2 .45 mm Hg) represents the failure of the lungs 

to remove a sufficient amount of CO2 in a given time interval and is 

characterized by decreased alveolar minute ventilation. An increase in 

PaCO2 leads to hypoxemia because CO2 displaces O2 and effectively 

reduces the alveolar partial pressure of oxygen (PAO2). In contrast to 

some cases of type I ARF, hypoxemia in type II ARF is rather easily 

corrected with supplemental oxygen. This type of respiratory failure is 

frequently the result of acute or chronic neuromuscular dysfunction or 
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the inability of the airways or lungs to ensure adequate ventilation and 

CO2 exchange.

Type III or “Perioperative” Respiratory Failure
Type III respiratory failure is synonymous with perioperative respira-

tory failure and is related to atelectasis of the lung. It is often a conse-

quence of abnormal abdominal and chest wall mechanics in the setting 

of surgery or trauma, especially those characterized by intrapleural or 

subdiaphragmatic pathologies. The patient usually splints the chest to 

limit involuntary movement of the injured region, leading to inade-

quate expansion of the dependent parts of the lungs, with resultant 

regional atelectasis and hypoventilation. As a result, type III ARF 

shares features with both type I (hypoxemic) and type II (hypercarbic) 

ARF. This type of ARF can be prevented or ameliorated by certain 

anesthetic strategies in addition to perioperative measures such as el-

evating the head of the bed, early ambulation, incentive spirometry, 

avoiding excessive sedation, and lowering intraabdominal pressure.

Type IV or “High-Demand” Respiratory Failure
Type IV respiratory failure is related to an inability of normal or rela-

tively normal lungs to keep up with increased ventilatory demands 

associated with systemic hypermetabolism (e.g., secondary to sepsis). 

In other words, peripheral tissue demands cannot be satisfied by car-

diorespiratory compensatory mechanisms. Under these conditions, 

respiratory muscle fatigue can lead to a requirement for mechanical 

ventilation (MV) to support adequate minute ventilation.

DIAGNOSTIC WORKUP

Obtaining a relevant history is crucial in narrowing down the etiology 

of ARF. A focused physical examination also helps assess the severity of 

respiratory failure and determine the need for immediate interven-

tions. Common signs include tachypnea; the use of accessory respira-

tory muscles; nasal flaring; abdominal paradoxical breathing; and  

retractions in the intercostal, suprasternal, or supraclavicular areas. At 

times, irregular breathing patterns or poor chest wall excursion may be 

observed in addition to cough, wheezing, copious secretions, or cyano-

sis. A detailed examination of the upper airway and chest in addition 

to careful neurologic, cardiovascular, abdominal, skin, and musculo-

skeletal system examinations may also help narrow down the differen-

tial diagnosis. Table 9.3 lists common clues obtained from the history 

and physical examination of the patient, which can help diagnose the 

etiology of respiratory failure.

Before the comprehensive diagnostic workup, it is important to 

remember that establishing a diagnosis should not delay intervention 

in cases of severe ARF. ABG analysis should be obtained in all pa-

tients with suspected ARF. The ABG helps determine the chronicity 

of the respiratory failure and, more importantly, the extent and se-

verity of the ARF. Fig. 9.3 schematically displays the changes in ABG 

parameters in acute and chronic respiratory disorders. Laboratory 

workup should also include complete blood count, basic metabolic 

profile, cardiac enzymes, and microbiologic evaluation. Chest imag-

ing, including computed tomography (CT) when needed, can help 

with the diagnosis of a primary pulmonary pathology. Evaluating 

cardiac function with echocardiography can significantly narrow 

down the differential diagnosis in patients with systemic disease and 

shock. Increasing availability and accumulated evidence about the 

role of point-of-care ultrasound (POCUS) in the ICU has had a sig-

nificant impact on the management of ARF. In addition to the broad 

cardiovascular assessment of critically ill patients with protocols 

such as Rapid Ultrasound for Shock and Hypotension (RUSH)11 or 

Focused Assessment with Sonography in Trauma (FAST),12 which 

are recommended aids to rapid recognition of the pathophysiologic 

processes leading to ARF, lung-centered POCUS techniques have also 

significantly evolved. The Bedside Lung Ultrasound Emergency 

(BLUE) protocol13 for the immediate diagnosis of ARF has been 

widely implemented, and the ability of POCUS to facilitate more 

prompt and early management of ARF has become evident in recent 

years (Table 9.4).14

MANAGEMENT

Appropriate management of a patient with ARF usually requires 

admission to an ICU setting, where adequate support and close 

monitoring are available. Management should focus on stabilization 

of the patient’s ventilatory and hemodynamic status in addition to 

 Type I Type II Type III Type IV

Mechanism of  

hypoxemia

Low FiO2 ventilation/perfusion (V/Q) mismatch

Shunting

Reduced diffusing capacity

Hypoventilation Shunting

Hypoventilation

V/Q mismatch

Hypoperfusion or inadequate 

oxygenation of peripheral  

tissues

Location of  

pathologic  

process

Inhaled air composition

Alveolar–capillary unit

Oxygen-carrying capacity of blood

Airway

Central nervous system (CNS)

Neuromuscular system

Chest wall

Alveolar–capillary unit  

collapse with regional  

hypoventilation

Cardiovascular system

Peripheral tissues

Clinical  

syndromes

Cardiogenic pulmonary edema

Acute respiratory distress syndrome (ARDS)

Pneumonia

Interstitial lung disease

Pulmonary embolism

Pulmonary hypertension

Atelectasis

Alveolar hemorrhage

Carbon monoxide poisoning

Anatomic shunts

Chronic obstructive pulmonary  

disease (COPD)

Asthma

CNS depression (intoxication)

CNS trauma or injury

Neuromuscular disorders

Skeletal disorders

Obesity–hypoventilation  

syndrome

ARDS

Thoracic or upper abdominal  

surgery or trauma

Inadequate postoperative  

analgesia

Pleural tumor or inflammation

Trapped lung

Subdiaphragmatic tumor or  

inflammation

Obesity

Septic (distributive) shock

Hypovolemic shock

Cardiogenic shock

Compromised cellular oxidation

Hypermetabolic states

TABLE 9.2 Classification of Acute Respiratory Failure (Modified From10)

FiO2, Fraction of inspired oxygen.
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History and Symptoms Signs on Physical Examination Diagnosis

Cough, sputum, secretions Rales or wheezing Pneumonia, COPD exacerbation, bronchiectasis

Sudden onset of shortness of breath Normal auscultation and percussion, possible signs  

of leg swelling to suggest deep vein thrombosis

Pulmonary embolism

History of heavy smoking Wheezing, rhonchi Emphysema, chronic bronchitis

Orthopnea, chest pain, paroxysmal nocturnal  

dyspnea

Arrhythmia, peripheral edema, jugular venous  

distention, peripheral hypoperfusion

Congestive heart failure or acute coronary syndrome

Trauma, aspiration, blood transfusions Diffuse crackles ARDS

History of allergies, wheezing or airway disease Wheezing Asthma, COPD

Exposure to heavy metals, handling of animals,  

dust, or other significant environmental exposures

“Velcro” rales, clubbing Chronic interstitial lung disease

Choking, aspiration, vomiting, dental procedures Inspiratory stridor, poor air entry Foreign body

Drug abuse Constricted or dilated pupils, altered mental status,  

skin marks, perforated nasal septum,  

hypersalivation, decreased respiratory frequency

CNS depression, intoxication

Exposure to a new drug/chemical or foods known  

to be allergenic

Swollen oral mucosa and tongue; stridor or  

wheezing

Angioedema, anaphylaxis

Progressive muscle weakness or immobility Sensory abnormalities Neuromuscular disorders

Trauma, procedures, inhalational injury Absent breath sounds unilaterally, hypertympanic,  

tracheal deviation

Pneumothorax

Trauma, procedures Absent breath sounds, dull on percussion, tracheal  

deviation

Hemothorax

TABLE 9.3 Common Clues Obtained From the History, Symptoms, and Clinical Examination 
Findings That Can Help in the Initial Diagnostic Workup and Management of Acute Respiratory 
Failure

ARDS, Acute respiratory distress syndrome; CNS, central nervous system; COPD, chronic pulmonary obstructive disease.

Fig. 9.3 Interpretation of an arterial blood gas in the setting of respira-

tory failure.

–0.08
Acute

–0.03
Chronic

+1 mEq/L
Acute

+3.5 mE q/L
Chronic

+10 mm Hg

7.40

Normal pH
40 mm Hg

Normal PaCO2

24 mEq/L
Normal HCO3

–

Respiratory acidosis

+0.08
Acute

+0.03
Chronic

–2 mEq/L
Acute

–5 mEq/L
Chronic

–10 mm Hg

Respiratory alkalosis

Clinical Finding Ultrasound Finding

Pneumothorax Absence of “lung sliding”

“Lung point”

Absence of “comet tail” artifact

“Bar code” sign on M-mode

Pleural effusion Hypoechoic space

“Quad” sign

“Sinusoid” sign on M-mode

Pneumonia Consolidation

Hepatization of lung

Dynamic air bronchograms

Pulmonary  

embolism

Peripheral wedge-shaped consolidation

RV dysfunction (RV dilation, .1:1 RV:LV ratio, 

bowing of interventricular septum into LV)

Pleural effusion

Pulmonary edema .3 B-lines per intercostal space

Interstitial lung disease Irregular pleural line

Subpleural cysts

Decreased lung sliding

B-lines

TABLE 9.4 Ultrasound Findings of 
Common Etiologies of Acute Respiratory 
Failure

LV, Left ventricle; RV, right ventricle.

Table modified from Wallbridge P, Steinfort D, Tay TR, et al. Diagnostic 

chest ultrasound for acute respiratory failure. Respir Med. 

2018;141:26–36.

correction of the pathophysiologic process underlying the respira-

tory failure. Prioritizing airway patency, breathing, and circulation 

has long been a basic tenet in the management of ARF, or the  

so-called “ABC” of ARF management (not to be confused with  

the American Heart Association’s guidelines for cardiac arrest man-

agement).15
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Airway Patency
Securing airway patency is the first step in the management of ARF. This 

usually requires interventions such as positioning, suctioning of secre-

tions, treatment with bronchodilators, and/or placement of an oral air-

way. When physical obstruction of the upper airway by a foreign body or 

mass is suspected, advanced invasive procedures, such as laryngoscopy 

or bronchoscopy, may be necessary. In cases of severe respiratory com-

promise that require more invasive ventilatory management, endotra-

cheal intubation is indicated. This can be achieved via orotracheal or 

nasotracheal intubation or, in difficult cases when an endotracheal tube 

cannot be advanced through the vocal cords, emergency cricothyroid-

otomy. The inability of a patient to protect their airway because of 

compromised mental status (usually with a Glasgow Coma Scale score 

,8) also warrants endotracheal intubation to secure the airway. The 

process of securing the airway in ARF requires an understanding of the 

ongoing pathologic process and an advanced knowledge of the anatomy 

of the upper airway. Appropriate monitoring and measures to maintain 

adequate oxygenation during the process should be undertaken.

Breathing
Breathing encompasses oxygenation and ventilation and is based on 

the movement of fresh, oxygenated air into and out of the lungs, en-

abling gas exchange by bringing in oxygen and flushing out carbon 

dioxide. Breathing assistance is required for both oxygenation and 

ventilation disorders. Treating hypoxemia should be the first step, 

which usually can be achieved with supplemental oxygen. Oxygen can 

be provided via nasal cannula, face mask, Venturi mask, nonrebreather 

mask, or high-flow oxygen delivery devices. When hypoxemia cannot 

be corrected with supplemental oxygen alone or ventilation is compro-

mised, transition to MV may be necessary. MV may be provided via 

noninvasive ventilation (NIV) or via invasive MV through an endotra-

cheal tube. Severe respiratory failure with an inability to oxygenate 

and/or ventilate despite MV may occasionally require assisted gas ex-

change by extracorporeal membrane oxygenation (ECMO).16

Circulation
Natural breathing without positive airway pressure not only provides 

gas exchange but also affects hemodynamics on a breath-to-breath 

basis, allowing unimpeded venous return and cardiac output. Circula-

tion affects our respiratory patterns, and they are also affected by 

ventilatory mechanics. Treating hypotension or hypertension and  

optimizing cardiac output may help treat the underlying etiology of 

ARF and offset the potentially adverse effects of positive pressure ven-

tilation on cardiac preload and afterload. Also, anesthetics and seda-

tives used for mechanically ventilated patients, in addition to paralytics 

used for intubation, often have significant hemodynamic effects that 

should be anticipated and aggressively corrected as necessary.

Further Management and Monitoring
Along with focusing on the “ABC” of ARF, the treatment of its underly-

ing cause is of paramount importance to the patient’s outcome. Anti-

biotics and source control for the management of infections, cardiac or 

inotropic medications, revascularization, air or fluid evacuation, anti-

coagulation or thrombolysis, fluid expansion, diuretics, vasodilators, 

bronchodilators, and glucocorticoids, in addition to many other medica-

tions and interventions, may be required to treat the underlying etiology.

The success and adequacy of the management of ARF should be 

continuously monitored. Multiple blood gas analyses may be required 

to ensure that both oxygenation and ventilation are maintained within 

desired limits. In general, PaO2 should be maintained at .55–60 mm 

Hg, a range that represents a threshold for severe hypoxemia. Arterial 

blood oxygen saturation (SpO2) can be tested and correlated to PaO2 

and can be used as a surrogate marker for the adequacy of oxygen-

ation, with a general recommended goal of .88%. pH and arterial or 

central venous PCO2 values reflect the adequacy of MV and are also 

useful in the setting of a metabolic acid-base disorder. ABG goals 

should in general be individualized. For example, permissive hyper-

capnia may be appropriate for some patients, whereas other patients 

may benefit from therapeutic hyperventilation.

Ventilatory/Oxygenation Support Strategies and 
Mechanical Ventilation
The purpose of MV is to improve oxygenation and ventilation to correct 

respiratory acidosis and hypoxemia, meet metabolic demands, rest re-

spiratory muscles, and optimize cardiac function and blood circulation. 

MV allows for augmented or controlled minute ventilation and the 

provision of high concentrations of oxygen and positive end-expiratory 

pressure (PEEP). MV may therefore positively affect gas exchange and 

the regional distribution of lung aeration and ventilation.17 MV can be 

noninvasive, involving a variety of interfaces such as nasal or face masks, 

or invasive, involving endotracheal intubation. General indications for 

intubation and invasive MV are described in Table 9.5.

NIV has been increasingly used in the past two decades as an alter-

native to endotracheal intubation and MV in appropriate clinical  

settings.18 NIV with continuous positive airway pressure (CPAP) or 

bilevel positive airway pressure (BiPAP) modalities benefits selected 

cases of chronic obstructive pulmonary disease (COPD) exacerbation, 

cardiogenic pulmonary edema, obesity hypoventilation, decompen-

sated obstructive sleep apnea, and neuromuscular disease.18,19 It has 

also been used successfully for respiratory failure in postoperative  

patients,20 immunocompromised patients,21 or in patients with a do-

not-intubate (DNI) code status.22

NIV requires the patient’s cooperation and an anatomically pre-

served, functional upper airway. It is not a replacement for invasive 

MV, nor is it suitable for all patients with ARF. Significantly depressed 

mental status with an inability to protect the airway, copious secre-

tions, massive hemoptysis or hematemesis, recent upper gastrointesti-

nal and facial surgery, bowel obstruction, facial trauma or deformity, 

cardiopulmonary arrest, and severe arrhythmias are contraindications 

to its use.19 NIV is not always prudent as the first step in advanced 

hypoxemic respiratory failure, as it may lead to a more difficult transi-

tion to MV in cases of NIV failure.23 There is some evidence, however, 

that it can be of benefit in the setting of severe hypoxemia during the 

Cardiopulmonary arrest or impending arrest

Respiratory distress/tachypnea with increased ventilatory demand and 

breathing effort leading to respiratory muscle fatigue

Severe hypercarbic respiratory failure with either poor candidacy for NIV or 

failure of NIV

Severe refractory hypoxemia with failure of noninvasive oxygen delivery devices

Severe refractory metabolic acid-base disorder

Inability to protect the airway

Inability to clear secretions

Need for therapeutic hyperventilation or hypoventilation

Upper airway obstruction with poor airway patency

Decreased respiratory drive with bradypnea

Coma with Glasgow Coma Scale score of ,8

Severe trauma

Surgery requiring general anesthesia

TABLE 9.5 General Indications for Intubation 
and Mechanical Ventilation

NIV, Noninvasive ventilation.
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process of transitioning to invasive MV.24 In circulatory shock states 

that lead to type IV ARF, NIV may adversely affect venous return and 

pulmonary hemodynamics in volume-depleted patients.25

A recent alternative to NIV and perhaps to MV has been the use 

of high-flow nasal cannula (HFNC). This newer oxygen delivery 

system provides heated and humidified air at 21%–100% of FiO2 

with flow rates of up to 60 liters per minute (L/min). Oxygen- 

enriched gas is delivered through a large-bore nasal cannula that 

helps prevent entrainment of room air. Mechanisms by which HFNC 

helps improve oxygenation and ventilation include provision of 

heated, humidified gas that aids mucociliary clearance; delivery  

of gas at high-flow rates to match patient demand; generation of  

low-level PEEP; washout of dead space from the upper airway; mini-

mization of oxygen dilution; and improved patient comfort when 

compared with other options for respiratory support.26

 A prospective, multicenter, randomized controlled trial published 

in 2015 evaluated patients admitted to the ICU with acute hypoxemic 

respiratory failure and determined that HFNC as compared with NIV 

and standard oxygen therapy alone did not reduce intubation rates but 

did reduce ICU mortality at 90 days.27 HFNC was especially beneficial 

in patients with severe hypoxemia, defined as PaO2:FiO2 #200 mm Hg, 

in whom HFNC also reduced the rate of intubation.

Retrospective studies have also investigated the use of HFNC in 

critically ill patients during hypercarbic respiratory failure, with pos-

sible benefits.28 The use of HFNC in this population, however, is not 

well-established.

Invasive MV requires an endotracheal or tracheostomy tube to seal 

the interface between the patient and the ventilator. Before initiation 

of invasive MV, a careful assessment of risks and benefits needs to be 

undertaken, as both intubation and MV carry risks of potentially fatal 

complications. Although it is clearly a lifesaving measure when appro-

priately used, invasive MV may lead to significant hemodynamic com-

promise that results from the sedative effects of medications used for 

intubation and MV; abrogation of the patient’s inspiratory drive; and 

changes in cardiac preload, afterload, and interventricular depen-

dence.29,30 MV also increases the risks of ventilation-associated lung 

injury, dynamic hyperinflation, and pneumonia, in addition to the 

discomfort of patient–ventilator asynchrony. Importantly, in situa-

tions involving terminal illnesses or irreversible etiologies of ARF, a 

discussion with the patient and family regarding the appropriateness 

and expectations of invasive MV is warranted.

Evaluation of the patient’s anatomy, such as the presence of facial 

hair; oral cavity inspection, including dentition; neck shape and mo-

bility; and the presence of secretions or obstruction, is helpful for 

predicting the odds of a difficult intubation and for planning the spe-

cific intubation approach. Before intubation, the operator needs to 

carefully choose sedatives and anesthetics, secure vascular access, pre-

pare hemodynamic support, adequately preoxygenate the patient, and 

prepare for supportive manual bag–valve mask ventilation.23 It is im-

portant to remember that every intubation in the setting of ARF may 

become a difficult intubation,31 and experienced operators and rescue 

strategies for securing the airway need to be available. Upon endotra-

cheal intubation, the tube position should be confirmed and secured 

to avoid accidental extubation.

While attached to a ventilator, the patient’s comfort, gas exchange, 

mechanics, and ventilator waveforms need to be continuously moni-

tored. Adequate analgesia must be provided while using the least seda-

tion required to achieve comfort and ventilator synchrony.32–34 Spon-

taneous breathing trials should be initiated daily once the patient’s 

condition is stable.34–36 With few exceptions, the upper body should be 

elevated to .30 degrees, and daily prophylaxis for deep venous throm-

bosis should be provided.

In patients with or at high risk for acute lung injury and acute re-

spiratory distress syndrome (ARDS), a lung-protective ventilation 

strategy should be used. This entails using low tidal volumes (5–7 mL/

kg of ideal body weight), permissive hypercapnia, PEEP of 5–15 cm 

H2O to best compliance, and maintaining noninjurious inspiratory 

driving and plateau pressures (,15 and 30 cm H2O, respectively).37,38 

In patients without ARDS but with respiratory failure, strict adher-

ence to low tidal volumes may be less crucial, as recent data suggest 

that an intermediate tidal volume ventilation strategy may keep safe 

airway pressure targets and have similar outcomes in this patient 

population.39 Early neuromuscular paralysis can be used in cases of 

severe ARDS or in patients experiencing ventilator dyssynchrony de-

spite high doses of sedatives.40 In cases of refractory hypoxemia, ad-

ditional strategies,41 including prone positioning,42 pulmonary vaso-

dilators (e.g., inhaled nitric oxide),43 recruitment maneuvers,44 

high-frequency oscillatory ventilation,45 or airway pressure release 

ventilation (APRV or bilevel ventilation),46 have been used but with 

variable success rates.

In patients with severe ARDS, early use of paralytics for brief pe-

riods (,48 hours) had been previously accepted as the standard of 

care after the ACURASYS trial demonstrated a decrease in 90-day 

mortality.32,40 The Prevention and Early Treatment of Acute Lung 

Injury (PETAL) network has since conducted the ROSE trial, a larger 

trial of ARDS patients examining paralysis versus usual care with 

lighter sedation. This more recently published trial did not confirm 

benefit of routinely initiating paralytics on mortality or other sec-

ondary outcomes.47

Prone positioning is another adjunctive therapy used in the treat-

ment of hypoxic respiratory failure. Prone positioning recruits de-

pendent lung regions, which helps improve ventilation–perfusion 

matching and may help gas exchange by more equally distributing 

tidal volumes and associated transpulmonary pressures. The latter 

reduces average tissue stress on the lung, helping in the “lung protec-

tive” strategy. In a large trial using prone positioning for $16 hours 

a day in patients with severe ARDS (PaO2:FiO2 #150 mm Hg), a 

significant reduction in 90-day mortality was observed.42 However, 

in a subsequent Cochrane review of nine trials of varying quality that 

looked at the effects of prone positioning on outcomes, no consistent 

evidence of benefit or harm was found.48 Differences in patient selec-

tion, duration, and severity of disease may help explain this apparent 

discord.

Patients with profound nonresolving ARF despite the previously 

mentioned strategies should be considered for ECMO if the underly-

ing etiology is considered reversible.49 Although no clear evidence of a 

mortality benefit exists for the early implementation of ECMO in pa-

tients with severe ARDS, the EOLIA trial showed increases in prone 

positioning–free days, renal failure–free days, and renal replacement–

free days in patients with early referral to an ECMO center.50

CONCLUSION

ARF is one of the most common conditions encountered in critical 

care medicine and is associated with significant morbidity and mor-

tality. Understanding the pathophysiology of ARF with regard to oxy-

gen consumption, delivery, and transport; the etiologies of ARF 

(types I–IV); and the clinical presentation (acute or acute on chronic) 

is essential for the skilled management of these patients. The priority 

in the management of ARF is to focus on the “ABC” approach, with 

efficient and effective decision making regarding the use of HFNC, 

NIV, and/or invasive MV. Finally, therapies need to be directed at both 

the ARF itself and the underlying condition in order to optimize  

patient outcomes.
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KEY POINTS

 References for this chapter can be found at expertconsult.com.

• ARF is one of the most common indications for admission to the ICU and 

carries a high morbidity and mortality.

• An understanding of the pathophysiology of respiratory failure and a focus 

on the stabilization of oxygenation, ventilation, and hemodynamics are es-

sential in the management of ARF.

• Respiratory failure can be divided into four categories: hypoxemic, hyper-

carbic, perioperative, and high-demand respiratory failure, although in 

practice, it is often a combination of multiple categories.

• The use of HFNC can be considered a noninferior alternative to NIV for 

acute hypoxic respiratory failure and may have a survival benefit in patients 

with severe hypoxemia.

• NIV in select cases of acute hypercarbic respiratory failure has been shown 

to reduce dyspnea, ICU length of stay, need for mechanical intubation, and 

mortality.

• Adjunctive therapies for the treatment of moderate to severe ARDS include 

prone positioning, early paralytic use, and lung-protective ventilation.

• Although without clear evidence to support a mortality benefit, data sug-

gest that the early implementation of ECMO for patients with severe ARDS 

may lead to improved outcomes.

ANNOTATED REFERENCES

Garland A, Dawson NV, Altmann I, Thomas CL, Phillips RS, Tsevat J, et al. 

Outcomes up to 5 years after severe, acute respiratory failure. Chest. 

2004;126(6):1897–1904.

Investigators assessed the long-term prognosis of patients hospitalized for 

acute respiratory failure requiring mechanical ventilation using the SUP-

PORT study database, a prospective five-center study that included .1700 

patients. Of those who survived hospitalization, ,37% of patients died dur-

ing posthospital follow-up, with survival declining the most in the first year 

after discharge. Posthospital death was associated with older age, male gen-

der, worse prehospitalization functional capacity, and being unable to return 

home after hospital discharge.

Leach RM & Treacher DF. The pulmonary physician in critical care 2: oxygen 

delivery and consumption in the critically ill. Thorax. 2002;57(2):170–177.

To best care for a critically ill patient, it is important to have a good under-

standing of the pathophysiology of the process ultimately leading to shock. 

This review article provides an explanation and review of oxygen transport, 

delivery, and consumption.

Organized jointly by the American Thoracic Society, the European Respiratory 

Society, the European Society of Intensive Care Medicine, and the Société 

de Réanimation de Langue Française, and approved by ATS Board of Di-

rectors. International Consensus Conferences in Intensive Care Medicine: 

noninvasive positive pressure ventilation in acute respiratory failure. 

American Journal of Respiratory and Critical Care Medicine. 

2001;163(1):283–291.

This publication provides a detailed summary of the use of noninvasive posi-

tive pressure ventilation (NIV) for acute respiratory failure. It includes a  

detailed review of the different modes of NIV and the indications and contra-

indications to the use of NIV.

Roupie E, Lepage E, Wysocki M, Fagon JY, Chastre J, Dreyfuss D, et al. Preva-

lence, etiologies and outcome of the acute respiratory distress syndrome 

among hypoxemic ventilated patients. SRLF Collaborative Group on  

Mechanical Ventilation. Société de Réanimation de Langue Française.  

Intensive Care Medicine. 1999;25(9):920–929.

This prospective, multicenter cohort study of 36 French ICUs evaluated the 

prevalence and outcome of patients with ARDS requiring mechanical ventila-

tion using the American-European Consensus Conference definition of ARDS. 

Patients were categorized into three groups depending on the severity of hy-

poxemia and whether they met ARDS criteria and were followed for 28 days. 

The prevalence of ARDS was 6.9% of all ICU admissions and accounted for 

15.8% of mechanically ventilated patients. Mortality rate was highest among 

the group with hypoxemia who met ARDS criteria (60%) when compared 

with other hypoxemic, non-ARDS ventilated patients. Three variables were 

independently linked to mortality: SAPS II score at inclusion, septic shock, 

and immunosuppression.

Slutsky AS. Mechanical ventilation. American College of Chest Physicians’ 

Consensus Conference. Chest. 1993;104(6):1833–1859.

This article summarizes key concepts of mechanical ventilation to provide 

recommendations on the management of mechanical ventilation in specific 

situations. These recommendations were a result of an international consen-

sus committee meeting consisting of specialists within anesthesia, critical care, 

and pulmonary and respiratory therapy. This meeting provided the basis of 

some of the most important concepts of mechanical ventilation that are still 

used today.

The Acute Respiratory Distress Syndrome Network. Ventilation with lower 

tidal volumes as compared with traditional tidal volumes for acute lung 

injury and the acute respiratory distress syndrome. New England Journal of 

Medicine. 2000;342(18):1301–1308.

This multicenter, randomized controlled trial served to create a paradigm 

shift in the traditional approach to mechanical ventilation. It sought to com-

pare ventilation with traditional lung volumes (10–15 mL/kg of predicted 

body weight) versus lower tidal volumes (4–6 mL/kg of predicted body 

weight) to determine if there was a difference in mortality and ventilator-free 

days. The trial was stopped early, as mortality was significantly lower in the 

low tidal volume ventilation group.
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Hyperbaric oxygen (HBO2) treatment involves intermittent breathing 

of pure oxygen at greater than ambient pressure (.1.4 atmospheres 

absolute [ATA]). Over the past 20 years, HBO2 has undergone refine-

ment, with an increased understanding of the mechanisms of action 

and clinical applications.

APPLICATIONS

HBO2 treatment is carried out in either a monoplace (single person) 

or multiplace (typically two or more) chamber. Pressures applied while 

in the chamber are usually 2–3 ATA, representing the sum of the atmo-

spheric pressure plus additional hydrostatic pressure equivalent to 1 or 

2 atmospheres. Treatments are usually for 2–8 hours, depending on the 

indication, and may be performed between 1 and 3 times daily. Mono-

place chambers are usually compressed with pure oxygen. Multiplace 

chambers are pressurized with air, and patients breathe pure oxygen 

through a tight-fitting face mask, hood, or endotracheal tube. Multi-

place chambers require an inside tender to manage the starting and 

stopping of supplemental oxygen. Patient selection is important when 

choosing a monoplace vs. multiplace chamber for treatment. During 

treatment, arterial oxygenation as indexed by the PaO2, typically ex-

ceeds 2000 mm Hg and levels of 200–400 mm Hg occur in tissues.1

HBO2 should be viewed as a drug and the hyperbaric chamber as a 

dosing device. Elevating tissue oxygen tension is a primary effect. Al-

though this may alleviate physiologic stress in hypoxic tissues, lasting 

benefits of HBO2 must relate to an abatement of the underlying patho-

physiologic processes. As knowledge surrounding the biochemical ef-

fects of HBO2 grows, there may be an increase in the list of indications 

for it. The current accepted indications comprise a heterogeneous 

group of disorders (Box 10.1), thus implying that there are several 

mechanisms of action for HBO2 (Box 10.2).1–3

In this chapter, we discuss the most common emergent indications 

for HBO2.

Arterial Gas Embolism and Decompression Sickness
Among the earliest applications of hyperbaric therapy was to treat 

disorders related to gas bubbles in the body. Compressed air construc-

tion work required exposure to elevated ambient pressure within 

compartments (caissons) for many hours to excavate tunnels or bridge 

foundations in muddy soil that otherwise would flood. In the 19th 

century, workers were noted to frequently experience joint pain, limb 

paralysis, or pulmonary compromise when they returned to ambient 

pressure. This condition—decompression sickness (DCS), caisson 

disease, or bends—was later attributed to nitrogen bubbles in the body, 

and recompression was found to relieve symptoms. Recompression to 

treat DCS, based purely on Boyle’s law with a reduction of gas bubble 

volume caused by pressure, was later improved by adding supplemen-

tal oxygen. Doing so hastens inert gas diffusion out of the body and 

may exert beneficial effects by additional therapeutic mechanisms. 

Similar observations were made at later times for scuba divers who also 

are prone to DCS and may develop arterial gas embolism (AGE) 

caused by pulmonary overpressurization on decompression.

Iatrogenic AGE has been reported in association with different 

types of interventions that include cardiovascular, obstetric/gyneco-

logic, neurosurgical, and orthopedic procedures. AGE can occur when-

ever disruption of a vascular wall separating blood from gas occurs. 

Nonsurgical processes reported to cause AGE include overexpansion 

during mechanical ventilation, hemodialysis, and after accidental 

opening of central venous catheters.4

Treatment of gas bubble disorders includes standard support of 

airway, ventilation, and circulation plus prompt application of HBO2. 

Gas bubbles may persist for several days, and although delays should 

be avoided, HBO2 may be beneficial even when begun after long de-

lays.5–9 Controlled animal trials support the efficacy of HBO2, but 

randomized clinical trials have not been conducted.10 Yet in their re-

view of 27 case series, Moon and Gorman described the substantial 

benefit of HBO2 treatment, in which 78% of 441 cases receiving HBO2 

fully recovered and 4.5% died, whereas only 26% of 74 cases not un-

dergoing HBO2 treatment fully recovered and 52% died.4

Mechanisms of action of HBO2 in AGE and DCS treatment include 

the reduction of gas bubble size according to Boyle’s law, hyperoxygen-

ation to hasten inert gas diffusion, inhibition of leukocyte adherence 

to injured endothelium, and inhibition of inflammatory microparticle 

formation.11 Endothelial dysfunction occurs in association with me-

chanical interactions of bubbles at vessel walls and lumen occlu-

sion.12–16 Neutrophil activation and perivascular adherence occur and 

are associated with functional deficits post decompression.4,17,18 Ani-

mals depleted of leukocytes before experimental cerebral air embolism 

suffer less severe reduction in cerebral blood flow and better neuro-

logic outcome.19 HBO2 has been shown to temporarily inhibit human 

beta-2-integrin adhesion function.20 Inhibition of neutrophil beta-2-

integrin adhesion by HBO2 has been described in a number of animal 

models, including skeletal muscle ischemia-reperfusion, cerebral isch-

emia-reperfusion, pulmonary smoke inhalation injury, and brain in-

jury after carbon monoxide (CO) poisoning.21–24 The mechanism for 

this effect involves S-nitrosylation of cytoskeletal beta-actin, which 

impedes the coordinated cell-surface beta-2-integrin migration re-

quired for firm adherence.25

Carbon Monoxide Poisoning
CO is the leading cause of injury and death by poisoning in the world.26 

The affinity of CO for hemoglobin to form carboxyhemoglobin 

(COHb), is more than 200-fold greater than that of O2. CO-mediated 

hypoxic stress is a primary insult, but COHb values correlate poorly 

with clinical outcome.27–33 Pathologic mechanisms, in addition to ele-

vations of COHb, include intravascular platelet-leukocyte aggregation, 
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leukocyte-mediated oxidative injury to the brain, the excessive release 

of amino acids (e.g., glutamate), impaired mitochondrial oxidative 

phosphorylation, and possible myocardial calcium overload.34–40

Survivors of acute CO poisoning are at risk for developing delayed 

neurologic sequelae (DNS) that include cognitive deficits, memory 

loss, dementia, parkinsonism, paralysis, chorea, cortical blindness, 

psychosis, personality changes, and peripheral neuropathy. DNS typi-

cally occurs from 2 to 40 days after poisoning, and its incidence is from 

25% to 50% after severe poisoning.

Administration of supplemental oxygen is the cornerstone of treat-

ment for CO poisoning. Oxygen inhalation will hasten the dissociation 

of CO from hemoglobin and provide enhanced tissue oxygenation. 

HBO2 causes COHb dissociation to occur at a rate greater than that 

achievable by breathing pure oxygen at sea level. Additionally, HBO2, 

but not ambient pressure oxygen treatment, has several actions that 

have been demonstrated in animal models to be beneficial in ameliorat-

ing pathophysiologic events associated with central nervous system 

(CNS) injuries mediated by CO. These include an improvement in 

mitochondrial oxidative processes,41 inhibition of lipid peroxidation,42 

and impairment of leukocyte adhesion to injured microvasculature.23 

Animals poisoned with CO and treated with HBO2 have been found to 

have more rapid improvement in cardiovascular status,43 lower mortal-

ity,44 and diminished incidence of neurologic sequelae.45 A large study 

from China comparing patients with carbon monoxide toxicity who 

received HBO2 and those who did not showed decreased mortality.46

Despite criticisms of their analysis, a meta-analysis by the Cochrane 

Library concluded that it is unclear whether HBO2 reduces the inci-

dence of adverse CO-mediated neurologic outcomes.47 Five prospec-

tive, randomized trials have assessed the clinical efficacy of HBO2 for 

acute CO poisoning.31–33,48,49 Several studies failed to find a benefit,31,49 

but methodologic weaknesses discussed by several authors40,50 dimin-

ish their clinical impact. Only one clinical trial satisfies all characteris-

tics deemed necessary for the highest quality of randomized controlled 

trials.51 The variation in patient selection, hyperbaric oxygen dose, and 

methodology contribute to the skepticism that these studies create. 

Overall, patients who received 2.8 ATA of HBO2 had better outcomes 

than those who received 2.0 ATA, implying a dose-dependent response 

to treatment. In patients exposed to smoke and fire, careful attention 

needs to be paid to the patient’s airway, and early intubation should be 

strongly considered. Some patients being treated for CO toxicity be-

come more alert during HBO2 therapy, and therefore in ventilated 

patients, adequate sedation should be prioritized because of the risk of 

dislodging the endotracheal tube and patient safety. Some burn centers 

employ adjunctive HBO2 for severe burns. Animal models have docu-

mented benefits with HBO2 in reducing partial- to full-thickness skin 

loss, hastening epithelialization, and lowering mortality.1 Randomized 

clinical trials, albeit with small patient numbers, have reported im-

proved rates of healing of burns with shorter hospitalization stays and 

therefore reduced costs.52–55 The rationale for treatment has been 

based on reducing tissue edema and increasing neovascularization. 

There is growing evidence that HBO2 benefits patients with severe 

burns. A comparative study of patients with 20%–60% body surface 

area thermal burns showed that patients receiving 6–10 HBO2 treat-

ments over 2 weeks had lower levels of proinflammatory cytokines, 

reduced length of stay in the hospital, and fewer complications.56

Clostridial Myonecrosis (Gas Gangrene)
Successful treatment of gas gangrene depends on prompt recognition 

and aggressive intervention. Early treatment with HBO2 is recom-

mended to inhibit the production of alpha-toxin by Clostridium per-

fringens. Mortality rates with conventional therapy from 11% to 52% 

have been reported. Currently, there are five retrospective comparisons 

using HBO2 and 13 case series in the literature. These have been dis-

cussed in several reviews.1,57,58 Because of difficulties with comparison 

among patient groups, impartial assessment of HBO2 efficacy based on 

mortality or “tissue salvage” rates is difficult. Most authors comment 

on clinical benefits associated with treatment. Temporal improvement 

of vital signs in patients with gangrene can be among the most dra-

matic observations in day-to-day practice.

Progressive Necrotizing Infections
The use of HBO2 for treatment of necrotizing fasciitis and Fournier gan-

grene, which are mixed aerobic-anaerobic infections, has been reported 

in six nonrandomized comparisons and four case series.59–68 As with gas 

gangrene, variations in time of diagnosis and clinical status on admission 

compromise assessment of the existing literature. Most studies have  

reported that when HBO2 is added to surgery and antibiotic therapy, 

BOX 10.2 Mechanisms of Action 
of Hyperbaric Oxygen

Related to Hyperoxygenation of Tissues

• Angiogenesis/neovascularization/osteogenesis/epithelization in ischemic 

tissues (mechanisms likely include O2 behaving as an intracellular signal 

transducer, leading to augmentation of one or more growth factors and 

mobilization of vasculogenic stem cells)

• Bacteriostatic/bactericidal actions

• Carboxyhemoglobin dissociation hastened

• Inhibition of Clostridium perfringens alpha toxin synthesis

• Improved phagocytic bacterial killing

• Temporary inhibition of neutrophil beta-2-integrin adhesion

• Vasoconstriction

• Induction of growth factors and growth factor receptors

• Inhibition of neutrophil adhesion

• Reduction of ischemia reperfusion injury

• Reduction in inflammation and edema

Related to Pressurization

• Reduction of gas bubble volume (Boyle’s law)

BOX 10.1 Accepted Indications 
for Hyperbaric Oxygen Therapy

• Air or gas embolism

• Carbon monoxide poisoning

• Clostridial myositis and myonecrosis

• Crush injury, compartment syndrome, acute traumatic ischemia

• Decompression sickness

• Enhancement of healing in selected problem wounds

• Severe anemia

• Intracranial abscess

• Necrotizing fasciitis

• Refractory osteomyelitis

• Radiation necrosis

• Delayed radiation injury

• Compromised skin grafts and flaps

• Thermal burns

• Central retinal artery occlusion

• Idiopathic sudden sensorineural hearing loss

Data from Weaver, LK, ed. Hyperbaric Oxygen Therapy Indications, 

13th ed. Durham, NC: Undersea and Hyperbaric Medical Society; 2014.
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mortality is reduced versus surgery and antibiotics alone. Animal trials 

have been difficult to assess because synergistic bacterial processes are 

difficult to establish and model. One report has found HBO2 to potenti-

ate antibiotics in streptococcal myositis,69 and several animal models of 

polymicrobial bacteremia and sepsis have reported increased survival with 

HBO2.
70–72 Mechanisms of action may include the suppressed growth of 

anaerobic microorganisms and improved bactericidal action of leuko-

cytes (which function poorly in hypoxic conditions).12,73–75

CRITICAL CARE IN HYPERBARIC MEDICINE

Preparations for treatment begin while the patient is still in the inten-

sive care unit (i.e., before transport to the hyperbaric chamber is initi-

ated). Issues to be addressed include informed consent, a determina-

tion that all intravenous/arterial lines and nasogastric tubes/Foley 

catheters are secured, capping all unnecessary intravenous catheters, 

placing chest tubes to one-way Heimlich valves, and adequately sedat-

ing or paralyzing the patient as clinically indicated.

The environment of the hyperbaric chamber imposes limitations 

on equipment, including space restrictions, fire codes, and the effect of 

pressure on equipment function. Electrical components of equipment 

are located outside the hyperbaric chamber. Cables penetrate the 

chamber bulkhead to make a connection to the pneumatic portion of 

ventilators, internal cardiac pacer wires, electrocardiogram attach-

ments, and arterial line transducers. The patient is attached to equip-

ment at ambient pressure before treatment. Once the treatment pres-

sure is achieved, all settings are verified and transducers recalibrated. It 

is especially important to remember to check the cuff pressure of en-

dotracheal tubes. Many centers make it a practice to replace the air in 

these cuffs with an equivalent volume of sterile saline before treatment 

to avoid volume changes related to pressurization.

Several intravenous infusion pumps operate normally in the multi-

place chamber environment. If glass bottles, pressure bags, or any other 

gas-filled equipment is used inside a hyperbaric chamber, it must be 

adequately vented and closely monitored during treatment. There are 

limited numbers of ventilator brands approved for the high-pressure 

environment, and pressure cycle modes function more reliably than do 

those targeting tidal volume. Furthermore, patients with severe lung 

disease and high mean airway pressures often cannot be treated under 

hyperbaric conditions until pulmonary function improves.

Bed type, size, and timing of treatment around other procedures 

and diagnostic testing can limit the number of HBO2 treatments the 

patient receives. The recent trend to place very ill patients with elevated 

creatinine levels on continuous dialysis has also hindered the ability to 

treat patients at regular intervals.

ADVERSE EFFECTS

The inherent toxicity of O2 and potential for injury caused by elevated 

ambient pressure must be addressed whenever HBO2 is used therapeu-

tically. Middle ear barotrauma is the most common adverse effect of 

HBO2 treatment.76 As the ambient pressure within the hyperbaric 

chamber is increased, a patient must be able to equalize the pressure 

within the middle ear by auto-insufflation. Standard protocols include 

the instruction of patients on auto-insufflation techniques and adding 

oral or topical decongestants when needed. When these interventions 

fail, tympanostomy tubes must be placed. Intubated patients have dif-

ficulty with equalization, and the tympanic membrane must be exam-

ined after each treatment. The incidence of tympanostomy tube place-

ment has been reported to be approximately 4% in one series.77 Others 

report an overall incidence of aural barotrauma to be between 1.2% 

and 7%.78,79

Pulmonary barotrauma during HBO2 treatment is extremely rare 

but should be suspected when any significant chest or hemodynamic 

symptoms occur during or shortly after decompression. Because the 

offending gas in virtually all cases will be pure O2, absorption within 

the body occurs rather quickly in most cases. If symptoms do develop, 

however, decompression should be prevented or interrupted and the 

patient carefully evaluated. If the pneumothorax is suspected, place-

ment of a chest tube is appropriate. Preexisting pneumothorax should 

be treated with chest tube drainage before initiating therapy.

Biochemical toxicity resulting from O2 can be manifested by inju-

ries to the lungs, CNS, and eyes. Pulmonary insults can impair me-

chanics (elasticity), vital capacity, and gas exchange.79 These changes 

are typically observed only when treatment duration and pressures 

exceed typical therapeutic protocols. CNS O2 toxicity manifests as a 

grand mal seizure. This occurs at an incidence of approximately 1–4 in 

10,000 patient treatments.78,80,81 The risk is higher in hypercapnic pa-

tients and possibly those who are acidotic or compromised as a result 

of sepsis, because an incidence of 7% (23 in 322 patients) was reported 

in a case series of HBO2 treatment of gas gangrene.57 Anecdotally, in-

tubated patients seem to be at higher risk of seizures because of the 

greater oxygen concentrations to which they are exposed. Seizures are 

managed by reducing the inspired O2 tension while leaving the patient 

exposed to the same ambient pressure (to avoid pulmonary overex-

pansion injury when a patient is in the tonic convulsion phase).

Progressive myopia has been reported in patients who undergo pro-

longed daily therapy, but this typically reverses within 6 weeks after ter-

mination of treatments.82 There is a risk for nuclear cataract develop-

ment, most typically when treatments exceed a total of 150–200 hours, 

but cataracts may arise with less provocative exposures.83,84 Although 

there is a theoretical risk of retrolental fibroplasia in neonates,85 there are 

no reports of this having occurred. Currently, the experimental and 

clinical evidence does not indicate that typical HBO2 therapy protocols 

have detrimental effects on neonates or the unborn fetus.86 This apparent 

tolerance is likely caused by the relatively short duration of hyperoxia.

OTHER RISKS

Confinement anxiety for patients may occur and is typically managed 

with the use of sedating agents. Any environment with an elevated 

concentration of O2 presents a risk for fire. Scrupulous attention to 

avoiding an ignition source is standard in HBO2 therapy programs.87

The risk for acquiring respiratory diseases in a confined environ-

ment needs to be considered. Patients and their accompanying tenders 

should wear surgical masks at all times in a multiplace chamber. Pa-

tients using head tents, hoods, or fitted masks for oxygen delivery are 

in a closed circuit and offer reduced risk for transmitting disease; how-

ever, when a respiratory illness is suspected in a patient, N95 masks 

should be worn by staff. N95 mask fit should be tested under hyper-

baric conditions to ascertain proper fit and protection.

KEY POINTS

• Several therapeutic mechanisms of action for HBO2 therapy stem from hy-

peroxygenation of perfused tissues, reduction of gas bubble volumes, and 

decrease in proinflammatory processes.

• Safe treatment of critically ill patients can be accomplished in either one-

person “monoplace” or larger multiple-person hyperbaric chambers.

• Efficacy of hyperbaric oxygen therapy has been documented by randomized 

clinical trials for a heterogeneous group of disorders.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Bennett MH, Feldmeier J, Hampson N, et al. Hyperbaric oxygen therapy for 

late radiation tissue injury. Cochrane Database Syst Rev. 2012;5:CD005005.

This meta-analysis surveyed 11 trials and concluded that for people with late 

radiation tissue injury affecting the head, neck, anus, and rectum, HBO2 im-

proved outcome.

Hampson NB, Piantadosi CA, Thom SR, et al. Practice recommendations in 

the diagnosis, management, and prevention of carbon monoxide poison-

ing. Am J Respir Crit Care Med. 2012;186(11):1095–1101.

The consensus opinion paper reviews current issues pertaining to acute CO 

poisoning. Based on data from the existing study with the best design that 

most closely addresses the actual practical handling of patients, it concludes 

that HBO2 should at least be considered in all cases of serious acute CO 

poisoning and normobaric 100% oxygen continued until the time of HBO2 

administration.

Londahl M, Katzman P, Nilsson A, et al. Hyperbaric oxygen therapy facilitates 

healing of chronic foot ulcers in patients with diabetes. Diabetes Care. 

2010;33(5):998–1003.

When clinicians discuss critical care, skin ulcers are rarely considered. How-

ever, the foot wound of a diabetic patient heightens the risk of cardiovascular 

and all-cause mortality beyond that associated with the metabolic derange-

ments typically linked to diabetes. This blinded, prospective, randomized trial 

of 94 patients demonstrated that HBO2 improved wound healing over two-

fold compared with placebo.
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BACKGROUND AND EPIDEMIOLOGY  

OF PULMONARY EDEMA

Acute pulmonary edema is a commonly occurring emergency that 

demands immediate medical attention.1,2 It is broadly classified into 

cardiogenic (increased hydrostatic pressure) or noncardiogenic (in-

creased microvascular permeability) causes; however, it is common for 

critically ill patients to present with pulmonary edema arising from a 

combination of cardiogenic and noncardiogenic etiologies. It is a ma-

jor health problem, accounting for ,10% of intensive care unit (ICU) 

admissions,3 and is associated with an estimated acute hospital mortal-

ity of ,10%–25%4–6 and 1-year mortality exceeding 40%.5,7,8

PATHOPHYSIOLOGY OF PULMONARY EDEMA

The alveolar-capillary microcirculation regulates the amount of fluid 

within the lung. Normal pulmonary physiology is governed by Starling 

forces that favor a small net extravasation of fluid from the alveolar 

capillaries into the lung interstitial space that is facilitated by hydro-

static forces and by the presence of microscopic gaps between the 

capillary endothelial cells.9 The rate of fluid influx is mitigated by a 

protein osmotic pressure gradient favoring movement of fluid from 

the interstitial space back into the circulating plasma. The resulting 

relatively small physiologic fluid movement from the vasculature into 

the lungs is normally offset by fluid efflux via the pulmonary lym-

phatic system, which ultimately drains back into the systemic venous 

circulation. In normal adults, interstitial fluid volume is strictly con-

trolled because the physiologic extravasation is exactly balanced by 

lymphatic clearance10; as fluid passes through the lung interstitium, it 

is excluded from the alveolar space (AS) by occlusive tight junctions 

between alveolar epithelial cells.1,11 The Starling equation for filtration 

mathematically represents the fluid balance between the pulmonary 

vasculature and interstitium, which “depends on the net difference in 

hydrostatic and protein osmotic pressures and permeability of the 

capillary membrane.”12

Q 5 K[(Pmv 2 Ppmv) 2 (pmv 2 ppmv)]9

where:

Q 5 net transvascular filtration of fluid into the IS

K5 filtration coefficient

Ppmv 5 hydrostatic pressure in perimicrovascular IS

Pmv 5 hydrostatic pressure within the capillaries (e.g., the pulmonary 

capillary wedge pressure [PCWP])

pmv 5 protein osmotic pressure in the circulation

ppmv 5 protein osmotic pressure in the perimicrovascular IS

Although the Starling equation is conceptually useful in under-

standing the mechanisms favoring pulmonary edema formation, it is 

impractical to accurately measure most of these parameters clinically. 

Among the four forces, only the pulmonary artery occlusion pressure 

(PAOP) can be measured clinically. It is derived from the pulmonary 

artery catheter balloon wedged into a pulmonary artery segment, is a 

reflection of left atrial filling pressure, and is thought to be a useful but 

imperfect estimate of the hydrostatic pressure of the lung microcircu-

lation. In the absence of acute lung injury (e.g., capillary damage), 

changes in the rate of fluid flux through the lungs are dictated primar-

ily by changes in hydrostatic pressure. Nonetheless, a basic under-

standing of this equation is needed to understand the mechanisms 

governing the development of pulmonary edema.

In the presence of factors altering the Starling equation, the sur-

plus fluid in the capillaries results in interstitial edema, which is re-

flected in chest images as peribronchial and perivascular cuffing. 

Pathologically, dilation of lymphatics may be noted as the lymphatic 

capacitance increases and is eventually overwhelmed as it attempts to 

accommodate the additional interstitial fluid. Ongoing accumulation 

of excess fluid in the interstitium overcomes the tight junctions in the 

alveolar epithelium, and subsequent alveolar edema results. Alveolar 

edema results in marked changes in lung water that are clinically 

manifested as increased work of breathing and hypoxemia. Lack of 

ventilation in the flooded alveolar units results in variable degree of 

right-to-left shunting of the pulmonary arterial blood flow, which 

contributes to hypoxemia.

CARDIOGENIC PULMONARY EDEMA (INCREASED 

CAPILLARY HYDROSTATIC PRESSURE)

Increased hydrostatic pressure in the pulmonary capillaries increases 

transvascular fluid filtration and is most often caused by volume over-

load or impaired left ventricular function (elevated filling pressures) 

that elevates pulmonary vascular pressures. Mild elevations of left 

atrial pressure, reflected by a PAOP of 18–25 mm Hg, cause edema 

formation and engorgement of the perimicrovascular and peribron-

chovascular interstitial spaces. As left atrial pressure rises further 

(PAOP .25 mm Hg), the capacitance of the lymphatics and lung in-

terstitium (estimated at ,500 mL fluid) is exceeded and fluid over-

whelms the lung epithelial barrier, flooding the alveoli with protein-

poor fluid.13,14 The development of edema with increases in the 

hydrostatic pressure is also a function of the acuity of pressure eleva-

tion. In the setting of gradual pressure changes associated with valvular 

deformities, the gradually proliferating collaterals of the lymphatic 

system prevent rapid edema formation and prevent overt symptoms of 

pulmonary edema at even high PAOP. On the other hand, sudden 

impairment of left ventricular function or massive fluid overload may 

lead to rapid development of the pathophysiologic changes described 

earlier.
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Light and electron microscopic changes in animal lung tissue 

with hydrostatic lung edema indicate statistically significant increase 

in nonparenchymal interstitium: that is, the interlobular septa and 

the connective tissue sleeves that surround conducting portions of 

the respiratory tree and extraalveolar pulmonary blood vessels.15 The 

thickness of the air–blood barrier, which consists primarily of matrix 

or ground substance in the interstitium, is significantly greater in the 

edematous lungs. Interestingly in high-pressure edema, barrier le-

sions have also been noted in both endothelial and alveolar epithelial 

regions. Frank disruptions of the thin and thick sides of the blood-

gas barrier suggest capillary stress fractures. In moderate-pressure 

edema, epithelial blebs may be noted. These findings imply that bar-

rier leaks may result from hydrostatic pulmonary edema, based on 

the severity and chronicity of the disease.16 Thus interstitial edema 

from capillary injury is an alternative mechanism, in addition to the 

hydrostatic and osmotic pressure variations, which may explain or 

contribute to edema formation in some cases of cardiogenic pulmo-

nary edema.

Hypoxemia results clinically from the development of alveolar and 

interstitial fluid accumulation, destabilization of alveolar units (im-

paired surfactant function), and consequent ventilation–perfusion 

(V/Q) mismatching. Gas exchange is severely impaired as a result of 

alveolar flooding, and intrapulmonary shunting ensues. The presence 

of edema fluid reduces pulmonary distensibility and moves the lung’s 

pressure–volume curve rightward. The loss of surfactant plays an im-

portant role in the reduction of the total lung volume and related al-

veolar ventilation because of the instability and collapse of alveoli. 

Airway resistance is associated with the development of hydrostatic 

pulmonary edema caused by peribronchiolar fluid accumulation.17 

Consequently, patients developing pulmonary edema have to breathe 

more rapidly and have to work harder to expand their lungs, leading to 

increased work of breathing.

Occasionally noncardiogenic causes, such as rapid resuscitation 

with fluids or administered blood products (specifically in the setting 

of renal failure), cardiac valvular diseases, or rarely, pulmonary veno-

occlusive diseases may cause pulmonary edema by similar mecha-

nisms; however, given that cardiac etiology is by far the most common, 

we broadly refer to high capillary pressure pulmonary edema as car-

diogenic pulmonary edema.

NONCARDIOGENIC PULMONARY EDEMA 

(INCREASED VASCULAR PERMEABILITY)

This mechanism of pulmonary edema features an abnormal increase 

in the microvascular permeability of the lung, as opposed to elevated 

capillary pressures, thereby promoting greater fluid and protein flux 

into the interstitial and alveolar spaces. In terms of the Starling equa-

tion, pulmonary vascular damage results in an increase in the filtration 

coefficient and the leakage of larger solutes (proteins). This decom-

partmentalization increases the interstitial osmotic pressure, helping 

to favor lung edema formation. During permeability pulmonary 

edema, increasing interstitial hydrostatic pressures associated with 

proteinaceous fluid eventually disrupt tight junctions in the alveolar 

epithelial barrier.18 However, increased interstitial hydrostatic pressure 

is not the only proponent of increasing extravascular lung water. Im-

portant synergy exists between increased vascular permeability and 

hydrostatic pressure in the lungs. In the presence of increased barrier 

permeability and absence of oncotic forces that resist transvascular 

fluid transfer, hydrostatic capillary pressure is relatively unopposed. 

This tendency for seepage at normal hydrostatic vascular pressure is 

further exacerbated by decreases in colloidal oncotic pressure (COP) 

that result from low albumin levels.19,20

ACUTE RESPIRATORY DISTRESS SYNDROME:  

A PROTOTYPICAL MANIFESTATION OF 

NONCARDIOGENIC PULMONARY EDEMA

Permeability pulmonary edema resulting from injury to the lung 

capillary endothelium and/or alveolar epithelium is a classical feature 

of the acute lung injury that characterizes acute respiratory distress 

syndrome (ARDS). The very first description of ARDS depicted areas 

of alveolar atelectasis, hyperemia, and alveolar and interstitial hemor-

rhage, with a striking presence of alveolar neutrophils along with hya-

line membranes.21 Consequences of disruption of the alveolar epithe-

lial barrier include loss of surfactant and impairment of the 

endothelial lining, favoring alveolar collapse during normal tidal 

breathing.

Causes of direct injury to the alveolar epithelium include gastric 

aspiration, bacterial pneumonia, and the neutrophilic alveolitis that is 

characteristic of ARDS. Other conditions that promote acute lung 

capillary endothelial injury include systemic infections (sepsis), severe 

burns, polytrauma, and other systemic inflammatory conditions. Var-

ied etiologic insults, individually or in combination, lead to represent 

a spectrum of progressive noncardiogenic lung injury associated with 

impaired gas exchange (shunting, V/Q mismatching) and reduced 

lung compliance (increased work of breathing).13,14

High-permeability pulmonary edema markedly affects gas ex-

change and lung mechanics. Decrease in static respiratory compliance 

is notable and may be attributable to loss of aerated units (alveolar 

atelectasis) and, to some extent, to surfactant reduction.22 Both inter-

stitial lung parenchymal and chest wall edema contribute to reduced 

thoracic compliance.23 As noted previously, ventilation–perfusion mis-

match with variable degrees of shunting and increased dead space is 

conspicuous and directly proportionate to the severity of lung injury.

Certain causes of noncardiogenic pulmonary edema deserve spe-

cial consideration because of their unique clinical presentations.

TRANSFUSION-RELATED ACUTE LUNG INJURY

Transfusion-related acute lung injury (TRALI) is an adverse response 

to transfusion of blood products containing plasma that is character-

ized by the acute (within 6 hours) onset of dyspnea, hypoxemia, and 

bilateral pulmonary infiltrates. Injury is mediated mechanistically by 

anti–human leukocyte antigen (HLA) antibodies, neutrophil activa-

tion, and related endothelial barrier damage.24,25 The diagnosis of 

TRALI is supported clinically and by the exclusion of cardiogenic 

edema or fluid overload. Thus a low brain natriuretic peptide (BNP) 

(,250 pg/mL) supports the diagnosis.26 Treatment includes immedi-

ate discontinuation of any transfusing blood products, followed by 

supportive care, which often requires intubation and mechanical ven-

tilation. Duration of symptoms is typically limited (48–96 hours).25

VAPING-ASSOCIATED LUNG INJURY

Use of vaping devices (electronic cigarettes) containing nicotine, can-

nabis, and other products rapidly increased after their introduction in 

2007. By 2018 vaping had affected more than 3.6 million US youths, 

with a majority of these being school-age adolescents and children. As 

of February 18, 2020, a total of 2807 hospitalized vaping-associated 

lung injury (VALI) cases or deaths have been reported to the Centers 

for Disease Control and Prevention (CDC), with 68 confirmed 

deaths.27 Lung tissue of patients with respiratory failure reveals diffuse 

alveolar damage, acute fibrinous pneumonitis, or organizing pneumo-

nia.28 Foamy macrophages and pneumocystis-like vacuolization have 

been seen consistently. The exact pathology of acute lung injury is yet 
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to be determined. It has been speculated, however, that noncardiogenic 

edema results from alveolar epithelial injury by inhaled toxic nanopar-

ticles of diluents such as propylene glycol and vegetable glycerin. These 

may eventually decompose at the parenchymal level, generating poten-

tially harmful carbonyl compounds.29 Taking a thorough history of 

any use of vaping products in the 90 days before presentation is key. 

Hypoxemia is consistently present, with constitutional symptoms, 

cough, and dyspnea preceding it. Imaging findings on high-resolution 

computed tomography include ground-glass opacities and fluffy nod-

ules centered on terminal airways.30 Ruling out other differential diag-

noses and providing supportive respiratory assistance is the recom-

mended management approach, followed by absolute abstinence.

OTHER MECHANISMS RESULTING IN  

PULMONARY EDEMA

PULMONARY EDEMA ASSOCIATED WITH 

DECREASED INTERSTITIAL HYDROSTATIC PRESSURE

NEUROGENIC PULMONARY EDEMA

Neurogenic pulmonary edema may occur after a significant central 

nervous system insult31 and is most often triggered by conditions as-

sociated with rapid and extreme elevations in intracranial pressure 

(ICP),31,32 in addition to acute spinal cord injury, intracranial hemor-

rhage, or status epilepticus. Sympathetic nervous system activation 

and intense catecholamine release are thought to be the primary 

mechanisms.33 The condition typically resolves within 48 hours of ICP 

normalization.34

RE-EXPANSION PULMONARY EDEMA

Rapid expansion of a collapsed lung after draining a large pleural effu-

sion or pneumothorax may cause unilateral lung edema. The incidence 

of re-expansion pulmonary edema (RPE) is quite uncommon when 

appropriate precautions are taken.35,36 We typically note RPE occur-

ring within hours of draining a large pleural effusion in cases of sus-

tained (.72 hours) lung collapse. It is seen more commonly after 

draining spontaneous pneumothorax and correlates to the pneumo-

thorax size and prior symptom duration.37 Associated symptoms range 

from mild to life-threatening, including dyspnea, cough with frothy 

sputum production, chest discomfort, and hypoxemic respiratory fail-

ure. A unilateral edema pattern of the re-expanded lung is typical on 

chest x-ray (CXR), but infiltrates occasionally occur in the contralat-

eral lung or in both lungs.38,39 Most patients completely recover with 

supportive care within a few days. Preventive strategies include discon-

tinuing pleural fluid removal at the onset of any signs of chest discom-

fort, limiting volume removal to ,1.5 L, and avoiding high negative 

pressure (less than 220 cm H2O).40

NEGATIVE-PRESSURE PULMONARY EDEMA

Negative-pressure pulmonary edema (NPPE) may present in the im-

mediate postextubation period after the acute development of negative 

intrathoracic pressure generated during respiratory efforts against an 

obstructed upper airway. NPPE occurs in less than 0.1% of all elective 

surgeries and is most common in young, healthy, and athletic patients 

during postextubation laryngospasm. Other causes of NPPE include 

strangulation (or hanging), severe sleep apnea, endotracheal tube oc-

clusion, or epiglottitis.41 As with RPE, the condition typically resolves 

within several days.

ESTABLISHING THE ETIOLOGY OF PULMONARY 

EDEMA IN THE CLINICAL SETTING

It is important for care providers to quickly establish the cause of acute 

pulmonary edema so that appropriate therapy can be rapidly initiated 

to avoid serious, life-threatening complications. For instance, a patient 

with an acute rupture of mitral valve chordea tendineae would benefit 

from afterload reduction (e.g., peripheral vasodilators, intraaortic bal-

loon pump [IABP]) and immediate mitral valve surgery,42 whereas a 

patient with ARDS related to sepsis would benefit from judicial use of 

supplemental inspired oxygen, positive-pressure ventilation, and treat-

ment of infections with early antibiotics. Unfortunately, the cause of 

pulmonary edema can be difficult to establish in the critical care set-

ting and requires a skilled clinician with appropriate diagnostic tools.

Common clinical manifestations of pulmonary edema (of any 

cause) include the acute onset of dyspnea, anxiety, orthopnea, and in 

some cases pink (blood-tinged) frothy sputum. On examination, pa-

tients have signs of increased sympathetic tone (tachycardia, hyperten-

sion), increased work of breathing (e.g., accessory muscle use and dia-

phoresis), inspiratory crackles of the lung, and peripheral cyanosis.

CLINICAL FEATURES FAVORING CARDIOGENIC 

PULMONARY EDEMA

Beyond the clinical features of pulmonary edema previously men-

tioned, historical information, such as a recent myocardial infarction; 

new onset of cardiac arrhythmias; and examination findings of ele-

vated jugular venous pressures, a third heart sound (S3), new cardiac 

murmurs, and/or dependent edema would favor the diagnosis of car-

diogenic over noncardiogenic pulmonary edema. CXR findings of 

cardiomegaly, centralized pattern of interstitial and alveolar opacities, 

Kerley lines, and/or the presence of pleural effusions further support 

the diagnosis of cardiogenic pulmonary edema (Fig. 11.1).43 Other 

supporting evidence includes elevated BNP and NT-pro BNP (BNP 

.1200 pg/mL, NT-pro BNP levels .1800 pg/mL)44 or troponin, a 

marker of acute myocardial injury. However, these biomarkers lack 

diagnostic specificity.45 Factors such as age, obesity, and renal failure 

can affect BNP levels and should be taken into account.46 Given the 

lack of specificity, BNP levels are most beneficial in dyspneic patients 

with at least an intermediate probability of cardiogenic pulmonary 

Fig. 11.1 This chest x-ray image is an anteroposterior (AP) view denot-

ing bilaterally increased interstitial opacities with hilar prominence in the 

setting of cardiomegaly. Also Kerley lines, thin 1–2-cm hyperechoic lines 

indicating thickened interlobular septae, are noted.
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edema. On the other hand, low levels (BNP ,100 pg/mL;47 NT-pro 

BNP ,300 pg/mL) help to rule out a cardiogenic etiology of pulmo-

nary edema. Cardiac imaging, particularly echocardiography, is very 

useful diagnostically and is shown to alter the management of a high 

percentage of critically ill patients presenting with acute pulmonary 

edema.48,49 In recent years, bedside ultrasound (point-of-care ultra-

sound) has evolved significantly as an adjunct for diagnosing pulmo-

nary edema when used by experienced operators. Thoracic bedside 

ultrasound relies on a combination of artifacts and related findings.50 

“B” lines are artifacts that run perpendicular to the pleura, and these 

“comet tails” obliterate the “A” lines that reverberate in diminishing 

fashion from the pleura and move in synchrony with pleural sliding. 

The presence of more than four B lines suggest thickened subpleural 

interlobular septae. A “B” profile, described as a bilateral anterior sym-

metrical B pattern with lung sliding that is present in at least two re-

gions of the lung, suggests cardiogenic edema.51,52 In noncardiogenic 

pulmonary edema, B lines are few and nonhomogeneous, and pleural 

sliding is affected (Video 11.1). Other features suggestive of noncar-

diogenic edema are discussed later. Bedside lung ultrasound not only 

has higher sensitivity (96%) compared with routine chest radiography 

(65%; P ,.001) for detecting cardiogenic pulmonary edema but also 

its integration with clinical assessment may be more accurate than 

chest radiography and NT-pro BNP used together.53

CLINICAL FEATURES FAVORING NONCARDIOGENIC 

PULMONARY EDEMA

ARDS encompasses a spectrum of moderate to severe gas exchange 

abnormalities consequent to altered pulmonary vascular permeability, 

which often is further complicated by alveolar epithelial damage. 

Clinical features are based on the underlying etiology. The differential 

diagnosis of ARDS is broadly categorized as processes that cause direct 

versus indirect lung injury (Box 11.1). The most common direct causes 

are bacterial and viral pneumonia and aspiration pneumonitis, whereas 

Fig. 11.2 This chest x-ray image is an anteroposterior (AP) view denot-

ing bilateral interstitial and alveolar opacities, left side more prominent 

than the right side. Almost confluent alveolar opacities are noted on the 

left side with accompanying pleural effusion, suggestive of a left-sided 

pneumonia as the suggestive etiology for ARDS.

BOX 11.1 Common Causes of Cardiogenic 
and Noncardiogenic Pulmonary Edema

Cardiogenic Pulmonary Edema

• Acute exacerbation of heart failure

• Acute valve dysfunction (e.g., mitral valve chordae tendineae rupture)

• Arrhythmia/myocardial infarction

• Hypertensive crisis

• Fluid overload after aggressive volume resuscitation (e.g., postoperative)

• Ventricular septal rupture

• Pericardial tamponade

Noncardiogenic Pulmonary Edema

• Direct lung injury

• Pneumonia

• Gastric aspiration

• Toxic inhalation

• Negative pressure related (e.g., strangulation)

• Vaping/electronic cigarette use

• Indirect causes of lung injury

• Sepsis

• Trauma

• Pancreatitis

• Multiple blood transfusions

• Burn injury

BOX 11.2 Management of Cardiogenic 
Pulmonary Edema

Decrease Preload

• Diuretics (e.g., furosemide): decrease systemic venous tone and extracel-

lular volume/volume overload6

• Opiates (e.g., morphine sulfate): reduce sympathetic tone

• Nitrates (e.g., nitroglycerin): venous and arterial vasodilator,31 reduce myo-

cardial oxygen demand42

• Nesiritide: recombinant BNP that results in vasodilation and diuresis31

• Ultrafiltration (volume removal)

Afterload Reduction

• ACE inhibitor/ARB: reduce preload and afterload42,43

• Nitroprusside (decreases venous return and afterload)

• Intraaortic balloon pump

Inotropic Support

• Dobutamine

• Dopamine

• Phosphodiesterase inhibitors (e.g., milrinone)

• Vasopressin (e.g., tolvaptan)

nonpulmonary sources of sepsis, multiple transfusions, and trauma 

comprise the most common causes of indirect ARDS. Onset of symp-

toms (typically dyspnea, tachypnea, or related to their clinical insult) 

for not more than a week, presence of bilateral radiographic opacities, 

and exclusion of a primarily cardiogenic etiology of respiratory failure 

summarize the definition of ARDS. The Berlin definition (Box 11.2) 

categorizes ARDS into mild, moderate, and severe based on the arterial 

oxygen tension (PaO2) and the fraction of inspired oxygen (FiO2) 

while receiving positive end-expiratory pressure (PEEP) (Fig. 11.2 and 

Video 11.2).54

Highly specific diagnostic tests for ARDS are lacking, and the differ-

entiation of ARDS from cardiogenic edema largely relies on the clinical 

acumen of the critical care providers. Details of the present illness as it 

relates to known risk factors for acute lung injury often provide impor-

tant clues (see Box 11.1), as do certain test results (e.g., BNP ,200 pg/

mL)45 (Table 11.1). On bedside ultrasound, findings such as limited pleu-

ral sliding, scattered or inhomogeneous B lines, pleural effusions, and 

ACE, Angiotensin-converting enzyme; ARB, angiotensin receptor 

blocker; BNP, brain natriuretic peptide.
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modality, is no longer routinely used at the bedside because of the 

perceived incidence of complications (e.g., bleeding, pneumothorax, 

arrhythmias, infections, vessel trauma) and unreliability resulting 

from improper calibration or misinterpretation of the data.56–58 Thus 

less-invasive techniques have largely replaced PA catheters for the rou-

tine evaluation of cardiogenic etiology for pulmonary edema in the 

ICU setting.

Echocardiography, both transthoracic (TTE) and transesophageal 

(TEE), is the most widely used tool for the definitive evaluation of 

critically ill patients with suspected cardiac disease. In the context of 

A B C D

Fig. 11.3 Bedside Lung Ultrasound Images Suggestive of acute respiratory distress syndrome (ARDS). 

Lung ultrasound is an adjunct to the clinical examination for the diagnosis of ARDS. ARDS ultrasonic images 

reflect nonhomogeneous lung disease by combining normal A lines (spared areas) with the B pattern, and 

subpleural and translobar consolidation characterized by abolished lung sliding and irregular and thickened pleu-

ral lines in at least two regions. (A) Nonhomogeneous B lines; (B) thickened irregular pleura, (C and D) consolida-

tive pattern (“C” profile).

 History Examination Laboratory Tests Imaging

Pulmonary Artery 

Catheter

Cardiogenic Heart disease

Renal disease

Uncontrolled HTN

Edema

Orthopnea

Recent administration  

of IV fluids or blood  

products

Heart failure examination 

findings:

Distended neck veins

S3 heart sound

Dependent edema

Elevated blood  

pressure

Cool extremities

*hBNP .1200 pg/mL

hCreatinine (in setting 

of volume overload)

†hTroponin

CXR:

CMG pleural effusions

‡Kerley B lines

Bedside USG: homogenous  

B lines and sliding pleura in  

at least two lung regions

TEE:

gLVEF

Diastolic filling defect

Severe mitral or aortic valvular  

disease

Pericardial effusion with tamponade

VSD

PCWP .18 mm Hg

Prominent V waves (mitral 

regurgitation)

Elevation and equilibration 

of right atrial pressure, 

pulmonary artery diastolic 

and PCWP (tamponade 

physiology)

CVP .12 mm Hg

Noncardiogenic Sepsis

Aspiration event

Trauma (long bone  

fractures)

Burn injury

Pancreatitis

Multiple transfusions

Signs of active infection

Extensive burn injury

Evidence of trauma  

(absence of heart failure  

examination findings)

hWBC

*BNP ,200 pg/mL

CXR:

Diffuse central and peripheral  

infiltrates

Normal heart size

No or minimal pleural effusions

Bedside USG: Presence of  

nonhomogeneous B lines, limited  

pleural sliding, and other patterns 

such as subpleural consolidations in 

at least two to three lung regions

TEE:

Normal LV and valvular function

No evidence of volume overload

PCWP ,18 mm Hg

CVP ,12 mm Hg

TABLE 11.1 Distinguishing Cardiogenic and Noncardiogenic Pulmonary Edema

presence of a consolidative or tissue-like pattern observed in more than 

one lung zone constitutes the “C” profile and provides a complementary 

diagnostic tool for clinicians at experienced centers (Fig. 11.3).50,55

DIAGNOSIS AND DIFFERENTIAL DIAGNOSIS  

OF PULMONARY EDEMA

Table 11.1 summarizes the typical clinical findings that distinguish 

cardiogenic from noncardiogenic pulmonary edema. Ironically, pul-

monary artery (PA) catheterization, the most definitive diagnostic 

* Brain Natriuretic Peptide.

‡ Kerley lines, thin 1–2 cm hyperechoic lines indicating thickened interlobular septae in the lung apices, or bases.
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to reduce preload (e.g., loop and proximal tubular diuretics, nitrates, 

or ultrafiltration in renal failure), reduce afterload (systemic vasodilat-

ing agents including nitrates and angiotensin-converting enzyme 

[ACE] inhibitors), or optimize cardiac contractility during impaired 

left ventricular function (catecholamines, phosphodiesterase [PDE] 

inhibitors, IABP). Although most effective in the setting of cardiogenic 

edema, pulmonary capillary hydrostatic pressure reduction can also 

mitigate the severity of noncardiogenic edema.

Pulmonary interventions are designed to optimize gas exchange, 

particularly oxygenation, by recruiting unstable, collapsed, or fluid-

filled alveolar units, primarily through the administration of PEEP. 

PEEP, typically 5–15 cm H2O, counteracts alveolar collapse during the 

ventilator cycle to enhance V/Q matching and consequently oxygen 

transfer from the alveoli to the blood. Alveolar stabilization also re-

duces the work of breathing by improving CO2 exchange (i.e., lower 

ventilatory rates) and lung compliance. In addition to PEEP, it is often 

necessary to cautiously increase the fraction of inspired oxygen (FiO2) 

to maintain adequate oxygenation (see Fig. 11.4). PEEP may be pro-

vided by a tight-fitting, occlusive face mask in the form of continuous 

positive airway pressure (CPAP) or noninvasive positive-pressure 

ventilation (NIPPV), wherein inspiratory support is added to PEEP 

(bilevel ventilation). Positive-pressure ventilation further mitigates 

cardiogenic pulmonary edema by decreasing both preload and after-

load.13 Early use of CPAP or NIPPV for respiratory distress in cardio-

genic pulmonary edema should be strongly considered, as it provides 

support while awaiting the benefits of the aforementioned medical 

interventions. Based on the analysis of over 2900 patients, NIPPV has 

been shown to reduce both the need for endotracheal intubation and 

the likelihood of mortality.65 The European Respiratory Society 

guidelines strongly recommend CPAP or NIPPV for cardiogenic 

edema66; however, it is unclear if bilevel NIPPV is superior to CPAP in 

improving dyspnea, work of breathing, oxygenation, and partial pres-

sure of carbon dioxide (PaCO2) retention.67,68 Endotracheal intuba-

tion and sedation may be required for patients with intolerably high 

work of breathing or altered mental status.

PE, TEE can rapidly detect serious cardiac diseases associated with el-

evated left ventricular filling pressures, including impaired left ven-

tricular ejection fraction (LVEF) caused by ischemic (typically causing 

regional wall motion abnormalities) or nonischemic (diffuse wall mo-

tion abnormalities) muscle disease, significant valvular disease, or 

pericardial effusions that cause tamponade physiology.59

Alternative modalities have evolved over the last decade to quanti-

tatively diagnose pulmonary edema and differentiate cardiogenic from 

noncardiogenic forms. Determination of excessive extravascular lung 

water by the transpulmonary thermodilution (TPTD) technique may 

suggest the diagnosis of pulmonary edema. Several large case studies 

have shown the expected extravascular lung water (EVLW, 7.3–8.0 mL/

kg predicted body weight) in lungs without pulmonary edema (area 

under the curve, 0.90; 95% confidence interval [CI], 0.88–0.91).60,61 A 

national registry showed that .9.8 mL/kg represented the optimal 

threshold for distinguishing pulmonary edema, with an EVLW level of 

14.6 mL/kg yielding a 99% positive predictive value.60

A pulmonary vascular permeability index may point toward ARDS 

if elevated, cardiogenic pulmonary edema if low, and a combination of 

both if the pulmonary vascular permeability index is within interme-

diate ranges.62 Several limitations in the technology impede its deploy-

ment. These include the need for central venous and thermistor-tipped 

arterial catheters, accuracy and timing of evaluation, and the need for 

larger randomized clinical trials to prove benefit over current standard 

of care. In addition, limitations of the TPTD technique, such as vascu-

lar obstruction, focal injury, other contributors to extravascular water, 

and confounding are associated with the ranges and variations of tidal 

volume, PEEP, and so on.63,64

MANAGEMENT OF PULMONARY EDEMA

Therapeutic approaches are classified as either cardiovascular or pul-

monary interventions. Cardiovascular interventions aim to reduce 

transcapillary fluid flux into the lung by reducing pulmonary capillary 

pressures. As shown in Fig. 11.4 and Box 11.2, such interventions aim 

↑ Pulmonary
vascular pressure

↑ Left ventricular
filling

↑ Preload
(fluid overload) 

Impaired left
ventricular function 

↑ Systemic vascular
resistance

(increased afterload)

↑ Fluid flux into
lungs

Alveolar filling and
collapse

Hypoxemia
(V/Q Mismatching)

Diuretics
or dialysis

Vasodilators

Inotropic
agents

PEEP

Increase
FiO2

Capillary injury
(↑ permeability)

Fig. 11.4 Acute Management of Pulmonary Edema. This schematic represents basic mechanisms distinguish-

ing cardiogenic and noncardiogenic pulmonary edema (red boxes) and the contributing factors (blue boxes) that 

ultimately lead to impaired gas exchange (black box). The green circles represent treatments that are available in 

the intensive care unit setting to reduce pulmonary edema or to mitigate its adverse consequences. FiO2, fraction 

of inspired oxygen; PEEP, positive end-expiratory pressure; V/Q, ventilation–perfusion.
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A trial of high-flow nasal cannula or NIPPV may be given in the 

setting of noncardiogenic pulmonary edema. However, because of the 

etiologic heterogeneity, an individualized approach should be main-

tained with a low and early threshold for initiating mechanical ventila-

tion.69,70 When ventilator support is required, a lung-protective venti-

lation strategy that incorporates relatively low tidal volumes (4–8 mL/

kg ideal body weight or less) is recommended to minimize ventilator-

associated lung injury.71

KEY POINTS

• Pulmonary edema is broadly classified into cardiogenic (increased hydro-

static pressure) or noncardiogenic (increased microvascular permeability) 

causes; however, it is common for critically ill patients to present with 

pulmonary edema arising from a combination of cardiogenic and noncardio-

genic etiologies.

• Common clinical manifestations of pulmonary edema (of any cause) include 

the acute onset of dyspnea, anxiety, orthopnea, and in some cases pink 

(blood-tinged) frothy sputum. On examination, patients have signs of in-

creased sympathetic tone (tachycardia, hypertension), increased work of 

breathing (e.g., accessory muscle use and diaphoresis), inspiratory crackles 

of the lung, and peripheral cyanosis.

• In addition to the history and physical examination, laboratory testing (tro-

ponin, BNP) and imaging (CXR, bedside ultrasound, and echocardiogram) 

may be helpful in differentiating between cardiogenic and noncardiogenic 

causes of pulmonary edema.

• Management should be directed at the causes of the pulmonary edema. In 

addition, early use of NIPPV for respiratory distress in cardiogenic pulmo-

nary edema should be strongly considered because it provides support 

while awaiting the benefits of the medical interventions described earlier.

 References for this chapter can be found at expertconsult.com.
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Centers for Disease Control and Prevention. 2020. Outbreak of lung injury  
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Pleural Effusion in the Intensive Care Unit

Peter K. Moore, Hunter B. Moore, and Ernest E. Moore

DIAGNOSTIC EVALUATION

Physical Examination
Physical examination findings of pleural effusion include reduced 
breath sounds, dullness to percussion, decreased tactile fremitus, and 
asymmetric chest expansion.13 However, many physical examination 
maneuvers are difficult to perform accurately in critically ill patients 
because of many factors, including altered breath sounds from me-
chanical ventilation, difficulty with positioning, and presence of surgi-
cal drains and dressings.

Imaging
Chest x-ray has long been used to evaluate for suspected pleural effu-
sions. Conventional upright x-rays can detect effusions of approxi-
mately 50 mL in the lateral view and 200 mL in the posteroanterior 
projection.14 Lateral decubitus can detect even smaller volumes but is 
difficult to perform in most critically ill patients. On upright or semi-
recumbent films, blunting of the costophrenic angles may be the only 
sign of small pleural effusion. Larger effusions can cause obliteration 
of the hemidiaphragm and mediastinal shift away from the effusion. 
The sensitivity of x-ray for diagnosing pleural effusion in the critically 
ill is lower because of the inability to position correctly, lung opacifica-
tion from alternative causes, and lower quality of portable x-rays. 
Commonly, free-flowing pleural effusions will appear as hazy lower 
lobe opacities with indistinct diaphragm on portable anteroposterior 
semi-upright x-rays (Fig. 12.1A). Loculated effusions can appear as a 
“D” shape with the flat portion against the lateral edge of the pleura. 
Pleural fluid isolated to the fissure, so called “pseudotumor,” can have 
the appearance of an intraparenchymal mass or consolidation on x-ray 
(see Fig. 12.1B).

Point-of-care ultrasound can be performed at the bedside in the 
ICU with ease and has increased sensitivity for pleural fluid. Ultra-
sound for pleural effusion can detect as little as 5 mL of fluid and has 
sensitivities similar to that of chest CT.15 Ultrasound can differentiate 
consolidated or atelectatic lung from pleural fluid. In addition, fea-
tures of pleural effusions, including debris, loculations, and pleural 
thickening on ultrasound, can assist with classifying collections as 
complex rather than simple effusion (Fig. 12.2).16 Pleural thickening 
and nodularity on ultrasound are suggestive of cancer and should 
trigger further diagnostic evaluation with advanced imaging and/or 
pleural biopsy.17

Chest CT allows for the best visualization of size and characteristics 
of pleural effusions (Fig. 12.3). Contrast examination is not necessary 
in all pleural effusions but is useful to distinguish atelectatic or con-
solidated lung (which will enhance with pleural timed intravenous 
[IV] contrast) from pleural fluid.18 Hounsfield units .15.6 in the 
pleural fluid is suggestive of hemothorax.19

EPIDEMIOLOGY

Pleural effusions are common in the intensive care unit (ICU). Esti-
mated incidence depends on screening method and ranges from 8% by 
physical examination to 60% by ultrasound.1,2 Transudative causes of 
effusion (heart failure, hypoalbuminemia) predominate in the medical 
ICU, whereas hemothorax and postsurgical effusions occur more fre-
quently in trauma and cardiac ICUs.3 In any setting, 83% of patients 
with acute respiratory distress syndrome have pleural effusions as as-
sessed by computed tomography (CT) scan.4

PATHOPHYSIOLOGY

The pleural space is bound by the visceral pleural lining of the lung 
and the parietal pleura that covers the internal thoracic cavity. During 
health, a small amount of fluid within the pleural space is maintained 
by a balance between pleural fluid generation and removal. Approxi-
mately 0.01 mL/kg/hr of pleural fluid is generated per day (,16 mL/
day in a 70-kg adult) from the vascular space.5 Pleural fluid removal 
occurs via pores in the parietal pleura, which are large enough to allow 
egress of erythrocytes. Pleural fluid resorption has a remarkable capac-
ity, with the ability to increase approximately 30 times the basal rate.6 
Because of the slow rate of fluid production and large capacitance for 
removal, pathologic pleural effusions usually result from both an in-
crease in the production of fluid and a decrease in absorption.

Pleural effusions are best classified as transudates or exudates by 
Light’s criteria (Table 12.1).7 In general, etiologies that primarily affect 
hydrostatic pressure (e.g., heart failure) or intravascular oncotic pres-
sure (e.g., nephrotic syndrome) will result in transudative effusions, 
whereas disease that causes increased vascular permeability and ob-
struction of parietal pleural lymphatics (e.g., infection, malignancy) 
will result in exudative effusions. Occasionally, an abnormal connection 
between the pleural space and an extrathoracic compartment will result 
in pleural effusion, such as seen in hepatic hydrothorax (Table 12.2).

Mechanical changes to the lung, chest wall, and diaphragm occur when 
fluid collects in the pleural space. Because of the outward recoil of the chest 
wall and inferior displacement of the diaphragm, the lung volume de-
creases approximately one third. In a healthy lung, the reduction in lung 
volume usually does not cause gas exchange derangements likely because 
ventilation and perfusion are reduced similarly in the areas of lung col-
lapse.8 Studies in patients with pleural effusions and normal underlying 
lungs have demonstrated that removal of pleural fluid can worsen gas ex-
change.9 There is inconsistent evidence with regard to the benefit of evacu-
ation of pleural effusion in mechanically ventilated patients. Several studies 
have demonstrated improvement in oxygenation and respiratory mechan-
ics when effusions are drained in ventilated patients, but whether this 
translates to meaningful improvement in clinical outcomes is not clear.10–12
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Thoracentesis
Pleural fluid sampling through thoracentesis can be safely accom-
plished at the bedside in patients with .2 cm of pleural fluid between 
parietal and visceral pleura on bedside ultrasound. Fluid sampling can 
be deferred in patients with pleural effusions thought to be simply re-
lated to volume overload. However, if there is clinical concern for in-
fection in the pleural space (i.e., ipsilateral pneumonia, unexplained 
fever, elevated white blood cell count) or hemothorax, prompt evalua-
tion should be pursued. Ultrasound guidance is the preferred method 
for thoracentesis, as there are lower rates of pneumothorax with the 
use of ultrasound. Marking of the skin for thoracentesis location 
should be performed with bedside ultrasound while the patient is in 

Exudative Pleural Effusion Value

Pleural fluid-to-serum ratio of total protein .0.5

Pleural fluid-to-serum ratio of LDH .0.6

Pleural fluid LDH level More than two-thirds upper limit  

of normal for serum

TABLE 12.1 Light’s Criteria for Exudative 
Pleural Effusion. Exudate If One or More 
Criteria Are Met

LDH, Lactate dehydrogenase.

Transudative Exudative

Intrathoracic

Congestive heart failure Infection

Nephrotic syndrome Bacterial

Cirrhosis Tuberculosis

Iatrogenic volume overload Fungal

Central venous occlusion Viral

Parasitic

Malignancy

Pulmonary embolism

Rheumatologic disorder

Post–cardiac injury or surgery

Uremia

Asbestos

Drug-induced

Radiation

Yellow nail syndrome

Hemothorax

Chylothorax

Esophageal rupture

Extrathoracic

Hepatic hydrothorax Pancreaticopleural fistula

Peritoneal dialysis Feeding tube migration

Urinothorax

Bilothorax

Cerebrospinal fluid leak

Central venous catheter migration

TABLE 12.2 Causes of Pleural Effusions

Fig. 12.1 A, Semi-recumbent portable chest x-ray demonstrates bilat-

eral basilar hazy opacities silhouetting the diaphragm. Large bilateral 

pleural effusions were confirmed on bedside ultrasound. B, Loculated 

effusion with “D-sign.”

A

B

the correct position for the procedure to ensure that the overlying skin 
does not shift with patient movement before sampling.20 Although 
coagulopathy, thrombocytopenia, and use of antiplatelet agents previ-
ously were thought to increase the risk of bleeding, several recent stud-
ies have challenged that notion.21,22

PLEURAL FLUID EVALUATION

Pleural Fluid Gross Characteristics
At the time of thoracentesis characteristics of pleural fluid will often 
guide laboratory analysis and management. For example, purulent 
fluid with a putrid odor should be treated as an empyema with prompt 
chest tube drainage, bloody fluid should have its hematocrit analyzed 
(.50% of the blood hematocrit is diagnostic of hemothorax), milky 
appearance should prompt evaluation for chylothorax, and fluid that 
smells like ammonia should lead to evaluation for possible urinotho-
rax. Pleural fluid is routinely sent for total protein and lactate dehydro-
genase (LDH) levels to help classify as exudative vs. transudative  
(see Table 12.1), and cell count differential can further assist with 
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Fig. 12.2 Point-of-care ultrasound of pleural space shows (A) anechoic simple effusion, (B) complex effusion 

with multiple septations, (C) complex effusion with debris (blood clot in this example), and (D) empyema with 

septations and increased echogenicity of pleural fluid.

A

B

C D

Fig. 12.3 Contrast-enhanced CT scan of the chest shows (A) simple 

loculated effusion and (B) organized multiloculated effusion. The multi-

loculated effusion is unlikely to resolve with tube thoracostomy and  

fibrinolytics; early VATS should be considered in these scenarios.

A

B

diagnostic evaluation of exudates. Any effusion that is sampled for 
concern for infection should have aerobic and anaerobic cultures, glu-
cose, and pH evaluated to guide management.

Total Protein and Lactate Dehydrogenase
Elevation of pleural fluid total protein and LDH in relation to the se-
rum is reflective of increased vascular permeability, which can be seen 
with inflammatory, infectious, or malignant conditions. In addition, as 
LDH is a marker of cellular breakdown, pleural LDH elevation can 
reflect increased inflammation within the pleural space.23 Thus if LDH 
levels continue to rise on repeated pleural fluid sampling, there should 
be suspicion that inflammation is worsening within the pleural space.

Up to 25% of pleural effusions from transudative etiology can be 
misclassified as exudative using Light’s criteria.7 This is frequently en-
countered in the setting of heart failure when diuresis has concentrated 
the pleural space.24 In this setting the patient’s clinical symptoms and 
signs will usually lead to the correct diagnosis. Pleural N-terminal pro-
brain natriutetic peptide (NT-ProBNP) has sensitivity and specificity of 
94% for diagnosing heart failure–associated effusions. However, pleural 
levels of NT-proBNP correlate strongly with serum levels, and blood tests 
alone likely suffice in this scenario.25 Pleural to serum albumin or protein 
gradient above 1.2 g/dL or 3.1 g/dL, respectively, in the setting of heart 
failure will correctly classify the effusion as transudative after diuresis.26,27

Leukocyte Count and Differential
At homeostasis, the leukocyte count is approximately 1700 WBC/mL 
with a macrophage and monocyte predominance.28 Elevations in pleural 
fluid absolute leukocyte count are usually indicative of an exudative 
process but are otherwise nonspecific. Pleural fluid differential can be 
useful for differentiating causes of exudative effusions (Table 12.3). 
Neutrophil predominance is commonly seen in the setting of infection 
and infarction. Very high lymphocyte counts (.85%) are seen 
in tuberculosis and malignancy.29 Eosinophilic pleural effusions 
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(eosinophils .10%) are less specific but can be seen 2 weeks after hemo-
thorax or with drug reactions, pulmonary embolism, malignancy, para-
sitic infection, and eosinophilic granulomatosis with polyangiitis.30,31

pH and Glucose
In the absence of disease, the pleural space is basic, with a pH of ap-
proximately 7.6.32 Pleural pH ,7.3 is considered abnormal and is usu-
ally indicative of an exudative effusion, with the notable exception of 
the transudative urinothorax.33 Low pleural pH has been shown to have 
negative prognostic value in the setting of parapneumonic effusions 
and malignancy-associated effusions.34,35 Although parapneumonic ef-
fusions with pH ,7.15 have a likelihood ratio of about 6 for requiring 
chest tube drainage, the relationship of pleural pH to the need for chest 
drainage is linear, and a strict cutoff for drainage based solely on pH 
may not be appropriate.35–37 The exception is a pH .7.2 that can occur 
with Proteus infection because of ammonia production via urease.

Pleural glucose ,60 mg/dL or pleural to serum glucose ratio of 
,0.5 is suggestive of a small number of inflammatory lung conditions. 
These include complicated parapneumonic effusion, esophageal rup-
ture, malignancy, tuberculous pleuritis, or rheumatoid- or lupus- 
associated pleuritis. Pleural glucose ,40 mg/dL in the setting of 
parapneumonic effusion predicts need for chest tube drainage but is 
less sensitive than pH.37 Rheumatoid pleural effusions are notable for 
extremely low glucose levels and low pH and can imitate biochemical 
characteristics of an empyema.38

Culture
Pleural Gram stain and culture should be obtained in exudative effu-
sions of unclear etiology. Fungal and mycobacterial samples should be 
sent in the appropriate clinical scenario. In the setting of pleural bacte-
rial infection, inoculation of blood culture bottles with pleural fluid in 
addition to standard sterile bottles increased identification of bacterial 
pathogens from 38% to 59%.39

Cytology
Exudative pleural effusions of unclear etiology should undergo cyto-
logic examination. Cytology has approximately 60% sensitivity for 
diagnosis of malignancy, but sensitivity varies significantly based on 
the type of cancer and location of metastasis (visceral versus parietal 
pleura).40,41 Sending cytology on three separate samples increases sen-
sitivity to approximately 90%.23

Triglycerides and Cholesterol
Triglycerides and cholesterol distinguish chylothorax from pseudo-
chylothorax (also known as cholesterol effusion). Triglyceride levels 

.110 mg/dL are diagnostic of chylothorax, and levels ,50 mg/dL ef-
fectively rule out the diagnosis. Levels between 50 and 110 mg/dL 
should be evaluated for chylomicrons by lipoprotein electrophoresis.42 
Cholesterol levels .200 mg/dL are consistent with pseudochylous ef-
fusions. Cholesterol/triglyceride ratio .1 is the most sensitive test for 
pseudochylous effusions, which result from chronic inflammation, 
most often from tuberculosis or rheumatoid arthritis.43

Other Pleural Fluid Tests
Adenosine deaminase (ADA) testing is most useful for distinguishing 
between tuberculosis and malignancy in lymphocytic effusions with 
negative mycobacterial cultures and cytology. ADA ,35 U/L has a 
negative predictive value of approximately 95% in countries with low 
to intermediate rates of tuberculosis.44 Although Xpert MTB/RIF PCR 
(GeneXpert) in the sputum is a highly sensitive test for active pulmo-
nary tuberculosis, its sensitivity is only 50% for the diagnosis of tuber-
culous pleuritis when evaluated in the pleural fluid.45

Amylase from salivary or pancreatic sources will be in the pleural 
fluid in the setting of esophageal rupture or pancreaticopleural fistula. 
Pleural amylase to serum ratio .1 is generally considered positive. 
Malignancy can also result in amylase elevation.46

Pleural to serum creatinine ratio .1 is diagnostic of urinothorax, 
which is further supported by transudative fluid characteristics by 
Light’s criteria with pH ,7.4.33

There is interest in biomarkers of cancer (e.g., CEA, mesothelin) and 
infection (e.g., procalcitonin) in the pleural space, but at this time there 
have not been conclusive studies to support their routine clinical use.

Invasive Diagnostics
Pleural biopsy is often needed to diagnose tuberculous pleurisy and 
malignancy (either metastatic or primary pleural based). Methods of 
biopsy from least invasive to most invasive are closed (blind) needle 
pleural biopsy, image-guided needle biopsy, thoracoscopy/video- 
assisted thoracoscopic biopsy, and open pleural biopsy. In general, 
sensitivity for malignancy and tuberculosis increases with a more inva-
sive diagnostic approach. Open pleural biopsy is only indicated with 
progressive pleural disease that cannot be approached thoracoscopi-
cally or with previous nondiagnostic thoracoscopic biopsy.

MANAGEMENT

Management of pleural fluid collections is targeted at the specific 
cause. For example, transudative effusions from congestive heart  
failure will resolve with diuresis, whereas moderate to large hemotho-
races will require tube thoracostomy drainage. Extravascular causes of  

Neutrophil Predominant Lymphocyte Predominant (.80%) Eosinophil Predominant (.10%)

Parapneumonic effusion Malignancy Hemothorax

Acute inflammation of lung or pleura (e.g., ARDS) Tuberculosis Parasitic infection

Pulmonary embolism Connective tissue disease Fungal infection

Chylothorax Tuberculosis

Yellow nail syndrome Drug reaction

Pulmonary embolism

Eosinophilic polyangiitis with granulomatosis

Malignancy

TABLE 12.3 Causes of Exudative Effusions by Pleural Leukocyte Differential

ARDS, Acute respiratory distress syndrome.
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pleural effusions, such as those caused by esophageal rupture, pancre-
aticopleural fistula, and urinothoraces, often require endoscopic or 
surgical repair. A general approach to guide pleural space interventions 
in critically ill patients is outlined in Fig. 12.4. This chapter will focus 
on specifics of management of uncomplicated effusions in patients 
with refractory hypoxemia undergoing mechanical ventilation, parap-
neumonic effusion, hemothorax, and chylothorax.

Transudative and Uncomplicated Effusions in 
Mechanically Ventilated Patients
As accumulation of free-flowing fluid in the pleural space is accom-
modated by outward recoil of the chest and downward deflection of 
the diaphragm, the lung is only displaced by about one-third of the 
volume taken up by the effusion. In the setting of intact vasoregula-
tory mechanisms, ventilation/perfusion matching is maintained. 

Consequently, atelectasis from pleural effusion alone rarely causes 
significant hypoxemia, but does alter respiratory muscle mechanics.8

In the setting of mechanical ventilation, optimal treatment of 
uncomplicated effusion is controversial. In a recent prospective mul-
ticenter observational evaluation of patients weaning from mechani-
cal ventilation, moderate to large pleural effusions were present in 
one-third of patients by ultrasound at the initiation of weaning. 
Moderate to large effusions were associated with increased rates of 
failure of first spontaneous breathing trials, increased weaning fail-
ures, and fewer ventilator-free days.47 Although drainage of pleural 
effusions in the setting of mechanical ventilation has been demon-
strated to improve oxygenation and respiratory mechanics, there 
have been no studies showing improvement in clinically significant 
outcomes such as duration of mechanical ventilation or mortal-
ity.10–12 Prospective trials are needed to evaluate whether drainage of 

Fig. 12.4 General approach to pleural effusion in the ICU. This algorithm can serve as a general guide, 

but is not applicable to all clinical scenarios.
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pleural effusions in ventilated patients results in clinically meaning-
ful outcomes.

Complicated Parapneumonic Effusion and Empyema
Close to half of patients admitted with bacterial pneumonia will de-
velop a pleural effusion, with approximately 10% of these effusions 
becoming complicated (i.e., requiring chest tube drainage for resolu-
tion or having positive pleural fluid cultures).48,49 Risk factors for devel-
opment of complicated pleural space infections in the setting of pneu-
monia include diabetes, alcohol use, drug addiction, and poor dentition 
with aspiration.49–51 Nosocomial pneumonias are more likely to result 
in complicated pleural effusions or empyema and have a high rate of 
requiring surgical decortication.52 Retained hemothorax is the biggest 
risk factor for empyema, with an incidence of greater than 25%.53

Complicated parapneumonic effusions, and ultimately empyema, 
develop in three conceptual phases. The early exudative phase consists 
of sterile fluid accumulation from alterations in capillary permeability 
and reduced lymphatic clearance.54 Most of these effusions resolve on 
their own if pneumonia is treated with appropriate antibiotics.48 The 
second “fibropurulent” phase is initiated by bacterial invasion with 
resultant activation of the innate immune system and coagulation 
system. During this time, bacterial and neutrophil metabolism acidify 
the fluid, consume glucose, increase protein content, and release LDH 
from cellular apoptosis and necrosis. Because of the integrated re-
sponses of the innate immune and coagulation systems, hypercoagula-
bility with resultant suppression of the fibrinolytic system occurs.55 As 
this stage progresses, pleural effusions develop septations and locula-
tions and become unlikely to resolve with antibiotics alone. If left un-
treated, the pleural effusion will go through an “organization” stage 
with formation of a fibrous rind that encases the lung, resulting in 
significant restriction of lung function and sequestration of bacteria 
within the pleural space.56

Parapneumonic effusions can be separated into three categories: 
uncomplicated parapneumonic effusion, complicated parapneumonic 
effusion, and empyema. Radiographic, biochemical, and microbiologic 
characteristics and risk of adverse outcome are described in Table 12.4.57 
Uncomplicated parapneumonic effusions are exudative effusions related 
to adjacent parenchymal inflammation will resolve with appropriate 
medical therapy. Approximately 90% of parapneumonic effusions are 
uncomplicated.48 Of note persistent uncomplicated parapneumonic 
effusions can progress. Repeat pleural fluid sampling or advanced imag-
ing should be pursued if a patient has enlarging effusion or sepsis with 
unclear source. Complicated parapneumonic effusions will either  
become infected (positive Gram stain/culture) or require drainage either 
with chest tube thoracostomy or thoracoscopic decortication. Empyema 
is defined by the presence of frank pus.

Gram stain and bacterial cultures of the pleural space at the time of 
thoracentesis can be helpful in guiding therapy for complicated para-
pneumonic effusions and empyemas. However, there will be no  

identifiable pathogen in up to 80% of cases.58 As mentioned previ-
ously, direct inoculation of blood culture bottles with pleural fluid 
increases the yield of bacterial pathogens.39 Empiric therapy should be 
initiated based on patient risk factors. In community-acquired pleural 
infections Streptococcus species are responsible for approximately 50% 
of infections. Streptococcus anginosus group (formerly Streptococcus 

milleri) is the most common pathogen (20%–30% of total cases) 
followed by other Streptococcus species, including Streptococcus pneu-

moniae and, less frequently, Streptococcus pyogenes and other Strepto-

cocci (maskall, chen 2000).50,59 The remaining cases are usually caused 
by Staphylococcus aureus (,10%), gram negatives (,10%), and anaer-
obes (,20%). Methicillin-resistant S. aureus (MRSA) is rare in the 
community-acquired empyema and was responsible for 2% of cases in 
one study.50 Polymicrobial infections are frequent, especially when 
anaerobes are present. Hospital-acquired pleural infections have 
higher rates of MRSA (,25% of cases) and gram-negative organisms 
(,25%). The risk of death is approximately fourfold higher in nosoco-
mial cases when compared with community-acquired cases.50,58 Of 
note, although most antibiotics penetrate the pleura well, aminoglyco-
sides may be inactivated at the lower pH present in pleural infections.60

Once complicated effusion or empyema is identified, pleural fluid 
must be evacuated from the pleural space for infection source control 
and prevention of fibrous rind formation. Historically, larger-bore 
chest tubes (.32 French) were used to treat pleural space infection, 
but clinical practice has shifted toward insertion of small-bore tubes. 
This is largely because of the relative ease of placement of smaller-bore 
tubes with less pain at the insertion site rather than results of a ran-
domized clinical trial. The best current data for noninferiority of 
small-bore chest tubes come from post hoc analysis of 405 patients in 
the Multicenter Intrapleural Sepsis Trial I (MIST I) in which there were 
no differences in the rates of clinical failure in patients with small- versus 
large-bore chest tubes (size ,10 36%; size 10–14F 36%; size 15–20F 
40% and size .20F 44%, P 5 0.27), but there was significantly less 
pain in the smaller-bore groups.61

After thoracostomy tube placement, output and radiologic assess-
ment of the pleural space should be undertaken. If there is persistent 
pleural fluid after 24 hours, it is reasonable to initiate therapy with  
fibrinolytics/DNase to break down fibrin and clear cellular debris.  
Although initial trials with DNase or fibrinolytics had inconsistent 
evidence for benefit, they were limited by power or poor study de-
sign.62 In 2011, the Multicenter Intrapleural Sepsis Trial II (MIST 2) 
randomized 210 patients with intrapleural infection to one of four 
therapies for 3 days: intrapleural tissue plasminogen activator (tPA) 
and placebo, intrapleural DNase and placebo, intrapleural tPA and 
DNase, or double placebo.63 The primary outcome was the percentage 
of hemithorax occupied by pleural effusion at day 7 compared with 
day 1 (at randomization) as assessed by chest x-ray. The authors found 
that the tPA 1 DNase group had significantly reduced the size of pleu-
ral effusion when compared with the double-placebo group. tPA alone 

 Radiographic pH Glucose Drainage Recommended

Uncomplicated small ,1 cm on bedside ultrasound not assessed not assessed no

Uncomplicated moderate .1 cm on ultrasound and less than half the hemithorax .7.2 .60 mg/dL no

Complicated septation, debris, pleural thickening on ultrasound or  

volume more than one-half the hemithorax

,7.2 ,60 mg/dL yes

Empyema similar to complicated pus on aspiration yes

TABLE 12.4 Radiographic and Biochemical Characteristics of Uncomplicated and Complicated 
Pleural Effusions
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or DNase alone did not significantly reduce the size of the pleural ef-
fusion when compared with placebo. Secondary outcomes of hospital 
length of stay and referral for thoracic surgery at 3 months were sig-
nificantly lower in the tPA 1 DNase group when compared with 
double placebo. Notably, patients treated with DNase alone had a 
threefold increase in thoracic surgery referral at 3 months.

Surgical evacuation of pleural infections is often reserved for those 
who have failed tube thoracostomy with medical therapy or those who 
present late with multiloculated, organized empyemas. However, there 
have been six small randomized controlled trials of early video-assisted 
thoracoscopic surgery (VATS) decortication versus conventional tube 
thoracoscopy with fibrinolytics, mostly in children. A Cochrane review 
and meta-analysis of these studies concluded that early VATS was as-
sociated with significant reduction in hospital length of stay (22.5 days) 
with no difference in mortality. The studies had significant heterogeneity 
and were limited by a relatively small sample size. A large randomized 
clinical trial of early VATS versus intrapleural fibrinolysis/DNase in 
adults fit for surgery should be pursued.64

When operative management of pleural infection is pursued, the 
preferred procedure is VATS decortication. The objectives of VATS are 
to unroof all loculated collections, including fissural loculations, and 
to free the lung from visceral pleural fibrous casing. After the proce-
dure, the thorax is usually drained with three relatively large chest 
tubes (28F) to facilitate removal of debris and blood associated with 
the intervention. When a dense, fibrous peel prevents successful VATS 
decortication, a lateral muscle-sparing thoracotomy (“mini-thoracot-
omy”) can be pursued. In the rare case of chronic empyema, standard 
posterolateral thoracotomy is often required. Occasionally patients 
with necrotic infections of the lung and pleural space require chronic 
open thoracic drainage with an Eloesser flap, in which marsupializa-
tion of the thoracic cavity is accomplished via segmental rib resection 
and ligation of skin to the underlying parietal pleura.65 Alternatively, 
thoracostoma-mediated open drainage with suturing the skin margin 
to the chest wall and use of vacuum-assisted wound closure have been 
implemented with success.66

Hemothorax
Hemothorax in the surgical ICU (SICU) is predominantly the result 
of trauma. Blunt trauma–induced hemothorax is usually related to 
motor vehicle crashes, assaults, and falls. Falls in the elderly are be-
coming a more frequent cause of rib fractures because of the aging 
population. The dominant source of bleeding is the chest wall, and 
specifically rib fractures.67 Sternal fractures, however, may be associ-
ated with internal mammary arterial transection, which can manifest 
as life-threatening delayed bleeding.68 Delayed bleeding from a torn 
thoracic aorta is rare because routine whole-body CT scanning is 
done for major trauma evaluation before SICU admission.69 Hemo-
thorax after penetrating trauma is also frequently the result of rib 
fractures but may result from persistent lung parenchymal bleeding.69 
In the medical ICU, hemothoraces are rare, occur most often in pa-
tients with chronic kidney disease, and are usually iatrogenic from 
thoracentesis or chest thoracostomy.70

The first management decision is when to decompress a hemotho-
rax. Traditionally, hemothoraces have been considered small if ,500 mL, 
moderate at 500–1000 mL, and large at .1000 m:. But more recently the 
classification has been small ,300, medium 300–900, and large .900.71 
A plain chest radiography usually requires .300 mL of blood to be 
recognized, although ultrasound is more sensitive.72 CT scanning can 
assist in quantifying the size of the hemothorax if an intervention is 
considered (volume 5 d2 3 l; d 5 depth, l 5 length).73 The primary 
complication of a hemothorax is empyema, although a lung-restricting 
fibrothorax is a theoretical complication with larger collections.  

Experimentally,74 and clinically,75 it has been established that a normal 
pleural cavity can absorb a sizable hemothorax without adverse sequela. 
Factors that may impair resorption of a hemothorax include rib frac-
tures, lung contusion, or diaphragm injury. Associated pneumothorax 
may also increase the risk of secondary infection. In general, most rec-
ommend that a hemothorax .300 mL should be evacuated by tube 
thoracostomy, but there are no randomized studies to indicate a limit 
for safe observation.

The second decision is the size of the tube for thoracostomy. For 
decades, a 36F chest tube was considered standard for any hemothorax 
to ensure rapid and complete evacuation. However, randomized trials 
have established a 28F tube is as effective and less traumatic to intro-
duce.76 In fact, recent studies suggest a 14F catheter may be sufficient.77 
Another contemporary issue has been the role of intrathoracic irriga-
tion of the pleural space at the time of chest tube placement to mini-
mize the risk of retained hemothorax.78

The third decision is the rare event of the need for operative inter-
vention because of massive or ongoing pleural bleeding. The indica-
tions for emergent thoracotomy are based on data for initial presenta-
tion in the emergency department. In general, the indications for 
surgical intervention are an acute large-volume collection (.20 mL/
kg, ,1500 mL), persistent bleeding (.3 mL/kg/hr for .3 hr, ,250 mL), 
or a caked hemothorax.79 A caked hemothorax is the failure to evacu-
ate a large blood collection with a second tube thoracostomy.

A more common problem in the ICU is a retained hemothorax 
(i.e., a persistent blood collection despite a well-positioned tube  
thoracostomy). Retained hemothoraces are often progressive blood 
collections, but may be a result of delayed bleeding, usually from 
displaced rib fractures. “Retained hemothorax” is often a misnomer 
in the setting of blunt trauma where ongoing inflammation causes 
collection of exudative fluid rather than true blood. Regardless, the 
scenario is compounded by a chest tube that may serve as a conduit 
for bacteria to infect the hematoma. Fibrinolytic therapy would ap-
pear optimal for a retained hemothorax, but the ability for tPA to 
enter a mature clot is limited. Unfortunately, most reported experi-
ence represents small, nonrandomized series, although some with 
compelling results.80 In general, most intensivists will attempt tPA 
and DNase via the chest tube for simple collections. But large, persis-
tent, or complex collections require VATS evacuation. Collective ex-
perience suggests early intervention (,day 4) is more successful in 
complete clot removal with less risk of pleural damage, so the “3-day 
rule for VATS” is widely accepted to prevent empyema or the theo-
retical restrictive fibrothorax.81 The technical aspects of VATS are 
similar to those for any complicated pleural collection, although the 
dominant clot burden will usually exist in the dependent inferior 
pleural space.

Chylothorax
Chylothorax is the collection of chyle in the pleural space. Unlike chyle 
within the peritoneal space, which typically resolves without interven-
tion, chyle in the chest is more persistent because of negative intratho-
racic pressure. In the pleural cavity, the source of chyle is the thoracic 
duct, which extends from the cisterna chyli in the retroperitoneum via 
the mediastinum to empty into the venous system at the juncture of 
the left subclavian and jugular veins. Chyle consists of triglycerides  
in the form of chylomicrons, T lymphocytes, proteins, immunoglobu-
lins, fat-soluble vitamins, and electrolytes; the predominant contents 
are derived from the intestine to be delivered to the bloodstream.82 
Chyle also contains constituents from the lymphatics of the other ab-
dominal viscera, lung, and lower extremities. Total flow in the thoracic 
duct normally ranges from 1500 to 2500 mL/day and is augmented by 
dietary intake of fat.
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The etiology of chylothorax can be broadly divided into trauma 
and nontrauma causes.83–85 Trauma is usually the result of thoracic 
surgery, direct injury from penetrating wounds, or less commonly, 
blunt rupture. Iatrogenic injuries of the thoracic duct can occur with 
left-sided central venous access, and extravasation of lipid-containing 
total parenteral nutrition (TPN) can confuse the diagnosis. Nontrau-
matic etiology is most often malignancy, but there are a myriad of 
benign immune/inflammatory sources. Interestingly, an idiopathic 
cause is reported in 5%–15%. Consequently, the etiology of chylotho-
rax varies considerably between medical intensive care units (MICUs) 
and SICUs.

The clinical manifestations of chylothorax are initially those result-
ing from a pleural effusion, as discussed previously. The side of the 
chylothorax is dependent on the location of the thoracic duct pathol-
ogy. The thoracic duct traverses the mediastinum at approximately the 
fifth thoracic vertebra (i.e., lesions below T5 produce right pleural ef-
fusions and above T5 left effusions).82 Chest pain and fever are unusual 
because there is a limited inflammatory response to the chyle that re-
mains sterile as a result of the immunoglobulin content. On the other 
hand, chronic loss of immunoglobulins, T cells, and protein may pro-
duce immunosuppression and malnutrition, increasing the risk of in-
fection in extrapleural locations and poor wound healing.83–85 Tube 
thoracostomy output of a milky fluid is a hallmark of chylothorax, but 
is not clinically apparent in half of the patients. Furthermore, choles-
terol pleural effusion and empyema may produce the same appear-
ance.86 The pleural volume output varies substantially depending on 
the etiology and size of the thoracic duct lesion. In patients with non-
traumatic chylothorax, the course is often indolent, whereas postsurgi-
cal or postinjury chylothorax usually presents within the first week and 
the chest tube output often exceeds 500 mL/day.87

The diagnosis of chylothorax is established by analysis of the pleu-
ral fluid.42 Triglyceride and cholesterol levels are determined in addi-
tion to the standard tests for pleural fluid, as discussed previously. The 
pH of a chylothorax exceeds 7.4, thus distinguishing it from an empy-
ema (except for infections involving Proteus species). The LDH is low, 
and electrolytes and glucose levels reflect those in the plasma. How-
ever, the protein content of chylothoraces is usually elevated suffi-
ciently to qualify as exudative. The white blood differential has a pre-
dominance of lymphocytes, which are largely polyclonal T cells. Lipid 
analysis is the most definitive for the diagnosis of chylothorax. Triglyc-
erides generally exceed .110 mg/dL and cholesterol is ,200 mg/dL. 
Triglycerides can be ,110 mg/dL, but a cholesterol .200 mg/dL sug-
gests a cholesterol effusion.42,86 In the event of equivocal results, chylo-
microns can be measured by lipoprotein electrophoresis.

With the diagnosis of chylothorax established, the next step is to 
identify the source. A chest CT scan is usually the first step for any 
chylothorax. The location of trauma-induced effusions is further pur-
sued based on the side of injury—left-sided are usually the result of 
lesions above T5. Considering the innumerable causes of nontrau-
matic chylothorax, the evaluation is targeted sequentially to the most 
likely etiology. In the event of an unhelpful chest CT scan, alternative 
diagnostic tests include lymphangiography, lymphoscintigraphy, or 
magnetic resonance (MR) lymphangiography.88

The management of chylothorax varies substantially based on the 
etiology and rate of chyle accumulation. Low-output chylothorax is 
defined as ,1000 mL/day. In general, the initial approach consists of 
continuous thoracostomy tube or catheter drainage, oral or enteral 
diet with high protein and low fat (,10 gm fat/day, minimizing long-
chain triglycerols),89 and somatostatin or octreotide.90 For prolonged 
leaks, medium chain triglycerols can be added to the diet to avoid es-
sential fatty acid deficiency because they are absorbed from the intes-
tine and transported directly to the liver via the portal vein.91 An 

essential component is treatment of an underlying medical disorder 
that is driving the chyle leak if present.

The management strategy for a high-volume chylothorax (.1000 mL
/day) is more aggressive. Usually patients are placed immediately on 
TPN,92 which has no fat restrictions, and administered octreotide.90 
Interventions are frequently done early for postoperative persistent 
high-volume leaks because of progressive morbidity from chyle con-
tent loss.93 Percutaneous lymphatic interventions are usually attempted 
first where the capabilities exist.94 The procedures include thoracic 
duct embolization or ablation and therapeutic lymphangiography.95,96 
For those who fail, an operative approach is needed, which usually 
consists of thoracic duct ligation and glue application and often com-
bined with pleurodesis. VATS is an option for a clearly defined leak. For 
failures of this step-up approach or for high-risk patients, pleuroperi-
toneal or pleurovenous shunts are options.97

KEY POINTS

• Pleural effusions are classified as transudative or exudative by Light’s criteria.

• Treatment of pleural effusion is targeted at the specific etiology of the 

effusion.

• Drainage of uncomplicated effusions in mechanically ventilated patients is 

controversial: It may improve oxygenation and respiratory mechanics, but it 

is unclear whether this facilitates liberation from the ventilator.

• Parapneumonic effusions with pH ,7.2, glucose ,60 mg/dL, and complex ap-

pearance on ultrasound or chest CT require drainage with tube thoracostomy.

• Community-acquired pleural space infections are usually caused by Strep-

tococcal species.

• Hospital-acquired pleural space infections are often caused by methicillin-

resistant S. aureus and resistant gram-negative rods.

• Moderate (.300 mL) and large hemothoraces should be drained with tube 

thoracostomy.

• Small-bore chest tubes appear to have similar efficacy to larger chest tubes 

in complicated parapneumonic effusion, empyema, and hemothorax.

 References for this chapter can be found at expertconsult.com.
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This systematic review identified 19 observational studies of drainage of pleu-

ral effusions in mechanically ventilated patients. The conclusion was that the 

PaO2/FiO2 ratio appeared to improve and the procedure was safe. However, 

there were insufficient data to suggest whether this translated to reduced du-

ration of mechanical ventilation, ICU or hospital length of stay, or mortality.

Light RW, Macgregor MI, Luchsinger PC, et al. (1972). Pleural effusions: The 
diagnostic separation of transudates and exudates. Ann Intern Med. 
1972;77(4):507–513.
Light et al. define criteria that separate transudative and exudative pleural 

effusions. Exudative effusions are defined by any of the following three crite-

ria: ratio of protein in the pleural space to the serum .0.5, ratio of LDH in 

the pleural space to the serum .0.6, or LDH in the pleural space more than 

two-thirds the upper limit of normal LDH for the serum.

Rahman NM, Maskell NA, West A, et al. Intrapleural use of tissue plasmino-
gen activator and DNase in pleural infection. New Engl J Med. 
2011;365(6):518–526.

The MIST2 trial was a randomized, blinded, 2 3 2 factorial trial of a 

combination of intrapleural tPA and DNase, intrapleural tPA 1 placebo, 

intrapleural DNase 1 placebo, or double placebo in 210 patients with com-

plicated parapneumonic effusion or empyema. The primary outcome of 

change in the area of pleural opacity on chest x-ray was significantly im-

proved with use of the combination of intrapleural tPA and DNase when 

compared with placebo (229.5% versus 217.2%). The rate of surgical re-

ferral at 3 months was lower in the combination tPA and DNase group 

than placebo (4% versus 16%), and hospital length of stay was shortened in 

the combination tPA and DNase group (26.7 days). There were no signifi-

cant differences in primary or secondary outcomes in the tPA- and DNase-

alone groups with the exception of increase in surgical referral in the DNase-

alone group (39%).
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Solute excretion increases urine output in a linear fashion,4 and 

solute diuresis impairs the ability of the kidney to concentrate the 

urine. Solute diuresis can be quite severe and can be caused by more 

than one solute concurrently. Unless there is an adequate replacement 

of solute and water, a persistent solute diuresis contracts extracellular 

volume, leading to severe dehydration and hypernatremia.

Multiplying urine osmolality by the 24-hour urine volume gives an 

estimate of total urine solute concentration. If urinary total solute 

concentration is abnormally large, a solute diuresis is present. Solute 

diuresis is caused by either excessive electrolyte excretion or excessive 

nonelectrolyte solute excretion. If the total urinary electrolyte excre-

tion exceeds 600 mOsm/d, then an electrolyte diuresis is present. The 

total urinary electrolyte excretion (in mOsm/d) can be estimated as  

2 3 (urine [Na1] 1 urine [K1]) 3 total urine volume.5 Electrolyte 

diuresis is generally driven by a sodium salt, usually because of iatro-

genic administration of excessive normal saline or sodium bicarbonate 

solutions, excessive salt ingestion, and repetitive administration of 

loop diuretics. However, salt-losing nephropathies usually do not 

cause polyuria because the increased delivery of chloride to the macula 

densa cells triggers tubuloglomerular feedback, causing afferent arte-

riolar constriction and resulting in decreased glomerular filtration rate 

(GFR) and an overall decrease in sodium excretion.

Cerebral salt wasting (CSW) is a clinical syndrome characterized by 

excess renal sodium excretion, polyuria, hypovolemia, and hyponatre-

mia.6 Although most often seen in patients with aneurysmal subarach-

noid hemorrhage (SAH), it can occur in any primary neurologic  

illness, including central nervous system (CNS) tumors, infectious or 

carcinomatous meningoencephalitis, and after neurosurgical proce-

dures. Normally, the sympathetic nervous system promotes reabsorp-

tion of sodium directly at the proximal tubule. During CSW, increased 

sodium excretion occurs possibly because of impaired sympathetic 

neural input to the kidney related to the brain injury. Another putative 

mechanism involves release of brain natriuretic peptide (BNP) leading 

to decreased sodium reabsorption and renin release. The resulting 

solute diuresis and polyuria cause hypovolemia, which then stimulates 

antidiuretic hormone (ADH) release via a baroreceptor-mediated 

mechanism, leading to water retention and hyponatremia. Often CSW 

and syndrome of inappropriate ADH secretion (SIADH) overlap and 

are difficult to distinguish biochemically. Clinical evidence of volume 

contraction suggests a diagnosis of CSW, whereas patients with SIADH 

are usually euvolemic.

A clearly excessive value for urine nonelectrolyte excretion (i.e., 

.600 mOsm/d) implies that nonelectrolytes are the predominant 

solutes contributing to the diuresis. The urinary nonelectrolyte excre-

tion can be calculated by subtracting urine electrolyte excretion from 

the total urine solute excretion. The most common nonelectrolyte 

solute causing excessive diuresis is glucose, although its incidence is 

PATHOPHYSIOLOGY AND CLASSIFICATION

The daily urine output is determined predominantly by the daily in-

take of fluids, daily solute excretion, and the urine-concentrating abil-

ity of the nephrons. The average person excretes about 600–800 mOsm 

of solutes per day, and average urine output is about 1.5–2.5 L/day. 

Polyuria happens usually because of one or more of the following 

mechanisms:

• Increasedfluidintake,necessitatingexcretionofalargevolumeof
urine (primary polydipsia)

• Increasedglomerularfiltrationrate(rare)
• Increasedsoluteexcretion(soluteorosmoticdiuresis)
• Inabilityof thekidney toreabsorbwater (centralornephrogenic

diabetes insipidus [DI])

Polyuria is hence broadly classified into solute diuresis or water di-

uresis. When increased solute excretion drives the polyuria, it is termed 

solute diuresis. Increased urine output secondary to increased water in-

take or impaired water reabsorption is termed water diuresis. However, 

some patients have mixed water and solute diuresis.

RECOGNITION OF POLYURIA

In critically ill patients, polyuria is usually easy to identify in patients 

with an indwelling urinary catheter. Careful measurement of urine 

volume passed or placement of a urinary catheter should be under-

taken in patients who have increased urinary frequency; who are passing 

large volumes of urine; and who are severely hyperglycemic, hypercal-

cemic, or hypokalemic. Importantly, because intensive care unit (ICU) 

patients frequently receive in excess of 3 L a day in total input, urine 

output may exceed 3 L without pathology. Therefore clinical context 

and clinical judgement are required.1,2

SOLUTE DIURESIS

Total daily urinary solute excretion varies widely varies different eth-

nicities, cultures, and dietary habits. The average urinary solute excre-

tion in a healthy American adult is between 500 and 1000 mOsm/d. 

Solute or osmotic diuresis causing polyuria is due to solute excretion 

in excess of the usual excretory rate.3 The primary abnormality in 

such conditions is the inability for the kidney to reabsorb a large pro-

portion of the solute filtered. Increased solute load can be secondary 

to excess solute intake or increased generation of solutes because of 

metabolism. Increased solute intake can occur after administration of 

intravenous fluids (saline, dextrose, or bicarbonate); enteral or paren-

teral nutrition; or ingestion of exogenous proteins, sugars, or alcohols. 

Increased solute generation from metabolism is seen in hyperglyce-

mia and azotemia.
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decreasing in critically ill patients because of tighter glycemic control 

practices. Conditions associated with glucose-induced diuresis include 

diabetic ketoacidosis or hyperosmolar state.7 Excessive excretion of 

urea is another important cause of solute diuresis. This problem can 

occur after relief of urinary tract obstruction, as a consequence of en-

teral nutrition using a high-protein tube feeding formula, or during 

recovery from acute tubular necrosis. Mannitol administration (e.g., as 

a therapy for intracranial hypertension) also can lead to significant 

solute diuresis. This issue is pertinent because mannitol is often ad-

ministered to patients with head trauma, who are at risk for develop-

ment of nephrogenic DI.

The correct diagnosis of solute diuresis depends on a clear system-

atic approach as discussed earlier. Management usually involves treat-

ment of the underlying disorder and repletion of extracellular volume 

by hydration.

WATER DIURESIS

Definition and Pathophysiology
When polyuria occurs because of excess water intake or impaired water 

reabsorption, it is called water diuresis. The latter is usually secondary 

to impaired ADH release (central DI) or resistance to the action of 

ADH (nephrogenic DI). The usual hallmark is polyuria associated with 

a dilute urine (urine osmolality ,300 mOsm/L). In general, diuresis is 

marked, and urine osmolality (Uosm) is often less than 100 mOsm/L.

A good understanding of water homeostasis is critical for recogniz-

ing and managing water diuresis. The normal plasma osmolality is 

275–285 mOsm/L. To maintain this steady state while maintaining 

solute balance, water intake must equal water excretion. The primary 

stimulus for water ingestion is thirst, mediated either by an increase in 

effective osmolality or a decrease in blood pressure or effective circu-

lating volume. Under normal circumstances, water intake generally 

exceeds physiologic requirements.

Unlike water intake, water excretion is very tightly regulated by mul-

tiple factors. The most dominant regulating factor affecting water excre-

tion is arginine vasopressin (AVP) or ADH, a polypeptide synthesized in 

the hypothalamus and secreted by the posterior pituitary gland. The 

major stimulus for ADH release is plasma hypertonicity. ADH release is 

also affected by other nonosmotic factors, such as the effective circulat-

ing volume, hypoglycemia, and drugs. Once released, ADH binds to  

vasopressin-2 (V2) receptors located on the basolateral membranes of 

renal epithelial cells lining the collecting ducts. Binding of ADH to V2 

receptors initiates a sequence of cellular events, ultimately resulting in 

the insertion of water channels called aquaporins into the luminal cell 

membrane. The presence of these water channels permits passive diffu-

sion of water (hence its reabsorption) across the collecting duct. Any 

derangement in this process results in a lack of or inadequate water re-

absorption by the collecting duct and will result in water diuresis.

In summary, water diuresis occurs either because of excessive water 

intake sufficient to overwhelm the renal excretory capacity (primary 

polydipsia) or the impairment of renal water reabsorption itself (DI). 

Impaired renal water reabsorptive capacity (leading to water diuresis) 

in turn can occur either as a result of failure of ADH release in re-

sponse to normal physiologic stimuli (central or neurogenic DI) or 

failure of the kidney to respond to ADH (nephrogenic DI). In most 

patients, the degree of polyuria is primarily determined by the degree 

of ADH deficiency or AVP resistance.

Primary Polydipsia

Primary polydipsia, although rare in the ICU, can be clinically recog-

nized based on the history of the patient. Usually there is a history of 

psychiatric illness, especially when phenothiazines are being used. 

Some patients with chronic psychiatric illnesses have a moderate to 

marked increase in water intake (up to 40 L/day).8,9 It is presumed that 

a central defect in thirst regulation plays an important role in the 

pathogenesis of primary polydipsia. In some cases, the osmotic thresh-

old for thirst is reduced below the threshold for the release of ADH. 

The mechanism responsible for abnormal thirst regulation in this set-

ting is unclear. There is evidence that these patients have other defects 

in central neurohumoral control as well.10 Hyponatremia, when pres-

ent, also points to the diagnosis of primary polydipsia. The diagnosis 

of primary polydipsia is usually evident from low urine and plasma 

osmolalities in the face of polyuria. Hypothalamic diseases such as 

sarcoidosis, trauma, and certain drugs (e.g., phenothiazines) can lead 

to primary polydipsia (Table 13.1). There is no proven specific therapy 

for psychogenic polydipsia. Free water restriction is the mainstay of 

treatment.

Central Diabetes Insipidus

The osmotic threshold for ADH release is a serum osmolality of 

280–290 mOsm/kg. Failure to maximally concentrate the urine (urine 

osmolality .1000 mOsm/kg ) despite a serum osmolality above the 

osmotic threshold indicates DI. Central DI occurs when there is a 

defect in the secretion of ADH. Inadequate secretion of ADH (central 

DI) can be caused by a large number of disorders that act at one or 

more of the sites involved in ADH secretion, interfering with the 

physiologic chain of events that lead to the release of this hormone. 

However, the most common causes of central DI account for the vast 

majority of cases. Polyuria occurs when .80% of neurons secreting 

ADH are damaged.11 These common causes include neurosurgery, 

head trauma, brain death, primary or secondary tumors of the hypo-

thalamus, and infiltrative diseases such as Langerhans cell histiocyto-

sis (see Table 13.1).

 1. Polyuria secondary to water diuresis

 a. Excessive intake of water

 i. Psychogenic polydipsia

 ii. Drugs—anticholinergic drugs, thioridazine

 iii. Hypothalamic diseases—trauma, sarcoidosis

 b. Defective water reabsorption by the kidney

 i. Central diabetes insipidus (vasopressin deficiency)

 ii. Renal tubular resistance to AVP

 2. Congenital nephrogenic diabetes insipidus

 3. Acquired nephrogenic diabetes insipidus

 a. Hypercalcemia

 b. Hypokalemia

 c. Drugs—lithium, demeclocycline

 d. Chronic renal diseases—postobstructive diuresis, polyuric phase of 

ATN

 e. Other systemic diseases—amyloidosis, sickle cell anemia

 4. Polyuria secondary to solute diuresis

 a. Electrolyte-induced solute diuresis

 i. Iatrogenic—excessive sodium chloride load, loop diuretic use

 ii. Salt-wasting nephropathy (rarely causes polyuria)

 b. Nonelectrolyte solute–induced diuresis

 i. Glucosuria—diabetic ketoacidosis, hyperosmolar coma

 ii. Urea diuresis—high-protein diet, ATN

 iii. Iatrogenic—mannito

TABLE 13.1 Cause of Polyuria

ATN, Acute tubular necrosis; AVP, arginine vasopressin.
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Nephrogenic Diabetes Insipidus

Nephrogenic DI refers to a decrease in urinary concentrating ability 

because of renal resistance to the action of ADH. In some cases, col-

lecting duct cells fail to respond to ADH. Other factors that can cause 

renal resistance to ADH are problems that interfere with the renal 

countercurrent concentrating mechanism, such as medullary injury or 

decreased sodium chloride reabsorption in the medullary aspect of the 

thick ascending limb of the loop of Henle.

The most common cause of nephrogenic DI in adults is chronic 

lithium ingestion (see Table 13.1). Polyuria occurs in about 20%–30% 

of patients on chronic lithium therapy. The impairment in the neph-

rons’ concentrating ability is thought to be the result of decreased 

density of V2 receptors or decreased expression of aquaporin-2, a 

water channel protein. Other secondary causes of nephrogenic DI 

include hypercalcemia, hypokalemia, sickle cell disease, and other 

drugs (see Table 13.1). Hypercalcemia-induced nephrogenic DI 

occurs when the plasma calcium concentration is persistently above 

11 mg/dL (2.75 mmol/L). This defect is generally reversible with  

correction of hypercalcemia. The mechanism(s) responsible for  

hypercalcemia-induced nephrogenic DI remain incompletely under-

stood. Compared with hypercalcemia-induced DI, hypokalemia- 

induced nephrogenic DI is less severe and often asymptomatic. Water 

diuresis can also follow relief of obstructive nephropathy. A rare form 

of nephrogenic DI can occur during the second half of pregnancy 

(gestational DI). This condition is thought to be caused by release of 

a vasopressinase from the placenta, leading to rapid degradation of 

endogenous or exogenous AVP.12

In children, nephrogenic DI is usually hereditary. Congenital or 

hereditary nephrogenic DI is an X-linked recessive disorder resulting 

from mutations in the V2 AVP receptor gene.13 The X-linked inheri-

tance pattern means that males tend to have marked polyuria. Female 

carriers are usually asymptomatic but occasionally have severe poly-

uria. In addition, different mutations are associated with different de-

grees of ADH resistance. Nephrogenic DI can also be inherited as an 

autosomal recessive disorder because of mutations in the aquaporin 

gene that result in absent or defective water channels, thereby causing 

resistance to the action of ADH.14

Approach to Polyuria (Fig.13.1)

Polyuria in a critically ill patient should be evaluated in a timely 

manner and the underlying cause determined and rectified. For all 

practical purposes, polyuria should be suspected in patients with 

urinary volume .200 mL/h for 2 or more consecutive hours in the 

absence of diuretic administration. A thorough review of patient 

history, medication list, and clinical and laboratory parameters of-

ten reveals the underlying cause of polyuria in a large proportion of 

critically ill patients. Common causes of solute diuresis, such as 

hyperglycemia, hypercalcemia, mannitol use or intravenous saline 

or bicarbonate use, and azotemia, are apparent by routine review of 

laboratory studies. History of an intervention to relieve bilateral 

urinary tract obstruction points toward solute diuresis because of 

increased sodium and urea excretion. Post-neurosurgery status, 

presence of traumatic brain injury, and clinical brain death suggest 

central DI as the likely cause of polyuria. History of a primary neu-

rologic insult can suggest polyuria either because of CSW or central 

DI. The presence of severe hypothermia or hypokalemia and a his-

tory of lithium intake make nephrogenic DI the likely reason for 

polyuria. The rate of onset of polyuria can sometimes provide a clue 

about the diagnosis; when central DI is the problem, the onset of 

polyuria is generally abrupt, whereas when nephrogenic DI or pri-

mary polydipsia is the problem, the onset of polyuria tends to be 

more gradual.

When the cause of polyuria is not readily apparent, as a first step, 

spot urine osmolality should be measured. When urine osmolality is 

low (,300 mOsm/kg), it suggests a water diuresis from primary poly-

dipsia or DI. On the other hand, when the urine osmolality is high  

( .600 mOsm/kg), it usually indicates the presence of solute diuresis. 

Urine osmolality values between 300 and 600 mOsm/kg could be the 

result of solute diuresis, water diuresis, or mixed diuresis. Plasma  

sodium concentration, along with urine osmolality, often helps in 

identifying the underlying pathophysiology. A low serum sodium with 

dilute urine indicates primary polydipsia. A normal plasma sodium 

may indicate solute or water diuresis. In such patients, if the urine  

osmolality is .600 mOsm, it usually indicates a solute diuresis and 

no further testing is necessary. If urine osmolality is indeterminate 

(300–600 mOsm/kg), total daily osmolar output can be calculated 

(Uosm 3 24-hour urine volume) and if it is .1000 mOsm, solute 

diuresis can be diagnosed. A high plasma serum sodium in the pres-

ence of dilute urine indicates excretion of excess amounts of free water 

and favors a diagnosis of DI. In a patient with a neurologic disorder, it 

is important to differentiate polyuria caused by central DI from that 

caused by CSW (Table 13.2). Although both conditions lead to hypo-

volemia, CSW has increased urine osmolality from decreased sodium 

and urea reabsorption, whereas urine osmolality is very low because of 

water diuresis in central DI. CSW presents with hyponatremia, whereas 

patients with central DI often have hypernatremia.

When the diagnosis is unclear (plasma sodium is normal and 

urine osmolality is indeterminate), the diagnosis can be confirmed by 

determining the urinary response to an acute increase in plasma os-

molality induced either by water restriction or, less commonly, by 

administration of hypertonic saline. When the patient is evaluated 

after water restriction, the urine osmolality, plasma osmolality, and 

plasma sodium should be measured. Achievement of a serum sodium 

.145 mEq/L and serum osmolality .295 mOsmol/kg ensures maxi-

mal ADH release and response in normal individuals with no addi-

tional effect with external ADH administration. Hence, if the urine 

osmolality reaches a normal value (.700 mOsmol/kg) after water 

restriction, this indicates that both ADH release and its action on col-

lecting ducts are intact and the diagnosis is primary polydipsia. How-

ever, if urine osmolality is ,700 mOsm despite a serum osmolality 

.295 mOsm/kg and serum sodium .145 mEq/dL, it denotes a 

blunted ADH release or ADH effect, and hence administration of ex-

ogenous ADH is recommended. Desmopressin nasal spray or as a 

subcutaneous or intravenous injection is preferred over aqueous va-

sopressin injections because of its shorter half-life. Urine volume and 

osmolality should be monitored every 30 minutes for the first 2 hours 

after exogenous ADH administration. Urine osmolality will be dou-

bled after ADH administration in patients with central DI. In patients 

with complete nephrogenic DI, no significant change (,15%) in 

urine osmolality is seen after exogenous ADH administration. A small 

increase in urine osmolality (,45%) is seen in patients with partial 

nephrogenic DI. In contrast to patients with partial central DI, in 

patients with partial nephrogenic DI, urine remains dilute with osmo-

lality not .300 mOsm/kg despite desmopressin administration. An 

alternative to performing a therapeutic trial of desmopressin is to 

measure plasma copeptin levels after infusing hypertonic saline to 

stimulate ADH release. However, copeptin assays are not yet widely 

available for clinical use. Copeptin is the C-terminal glycoprotein 

moiety of the ADH prohormone and therefore a surrogate marker of 

ADH.15 To distinguish central DI from primary polydipsia, hyper-

tonic saline is infused to raise the serum sodium to .145 mEq/L, 

at which point plasma copeptin is measured. Copeptin levels  

#4.9 pmol/L indicate central DI, whereas higher levels suggest 

primary polydipsia.
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Cerebral Salt Wasting Central DI

Urine osmolality High (.300 mOsm) Low (,300 mOsm)

Serum osmolality Low High

Urine sodium High (.40 mEq/L) Low (,20 mEq/L)

Serum sodium Low High

Intravascular volume Low Low

TABLE 13.2 Differentiation of Cerebral Salt 
Wasting vs. Central DI

DI, Diabetes insipidus.

Fig. 13.1 Approach to polyuria.

Polyuria

History & review of

medical records

No obvious cause

Urine osmolality

plasma Na*

Urine osm < 300

plasma Na* low

Urine osm < 300

plasma Na* high
Urine osm - 300-600 Urine osm > 600

Solute diuresis

Water deprivation test

Serum osmolality > 295

Plasma Na* > 145

Urine osm < 700

Central or nephrogenic

DI

Exogenous ADH

administration

Primary polydipsia

Urine osm > 700

Central or

nephrogenic DI
Primary polycipsia

Treatment of Polyuria

Primary polydipsia can only be treated by eliminating the underlying 

cause and by water restriction. In patients with schizophrenia and 

polydipsia, clozapine has been shown to have a beneficial effect. Treat-

ment of the underlying cause will resolve polyuria in patients with 

solute diuresis. In patients with postobstructive diuresis, urine output 

is often very high because of combined sodium and urea diuresis. In 

such situations, attempting to replace the urine volume by intravenous 

infusion of isotonic saline to prevent hypovolemia will delay resolution 

of polyuria. A fluid infusion at a maintenance level, such as 75 mL of

 

one-half isotonic saline per hour, is generally recommended and will
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suffice to help resolve polyuria quickly without causing hypotension.16 

Because solute diuresis is often accompanied by hypernatremia, and 

very rapid correction of hypernatremia can have disastrous conse-

quences (e.g., cerebral herniation), it is crucial to carefully monitor 

serum Na1. The serum Na1 should not be permitted to decrease more 

than 0.5–1 mEq/L per hour.

Central DI can be treated by replacing ADH. The agent of choice is 

desmopressin, because it has prolonged antidiuretic activity and a very 

minimal vasopressor effect. It is usually administered intranasally at 

doses of 10–20 mg once or twice a day. Patients with central DI with 

some residual releasable ADH can be treated with drugs, such as car-

bamazepine (100–300 mg twice daily), clofibrate (500 mg every  

6 hours), or chlorpropamide (125–250 mg once or twice a day), that 

stimulate ADH release.

The mainstay of treatment of nephrogenic DI is solute restriction 

and diuretics. Thiazide diuretics in combination with a low-salt diet 

can diminish the degree of polyuria in patients with persistent and 

symptomatic nephrogenic DI. Thiazide diuretics (e.g., hydrochloro-

thiazide) act by inducing mild volume depletion. Hypovolemia in-

duces an increase in proximal sodium and water reabsorption, thereby 

diminishing water delivery to ADH-sensitive sites in the collecting tu-

bules and reducing the urine output. The potassium-sparing diuretic, 

amiloride, also may be helpful.17 In patients with partial nephrogenic 

DI, exogenous administration of ADH can be attempted.

CONCLUSION

Polyuria is common in the ICU setting. Immediate recognition, deter-

mination of the underlying cause, and specific management will pre-

vent significant hypotension and hypernatremia. A systematic ap-

proach based on pathophysiology is recommended to guide therapy.

KEY POINTS

• Urine output of . 3 L/day is defined as polyuria. However, any urine output 

.200 mL/h for 2 or more consecutive hours in the absence of diuretic ad-

ministration warrants further evaluation and may require prompt treatment.

• Most causes of polyuria in the critically ill patient can be identified by a care-

ful review of patient history and medical records, including medication list.

• When the cause of polyuria is unclear, urine osmolality along with plasma 

sodium should be performed.

• Very low urine osmolality (,300 mOsm/kg) indicates water diuresis, 

whereas urine osmolality .600 mOsm indicates solute diuresis.

• When untreated, polyuria leads to significant hypotension and hypernatremia.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Goldman MB, Luchins DJ, Robertson GL. Mechanisms of altered water me-

tabolism in psychotic patients with polydipsia and hyponatremia. New 

Engl J Med. 1988;318:397–403.

A good mechanistic review of water metabolism.

Kamel KS, Ethier JH, Richardson RM, et al. Urine electrolytes and osmolality: 

When and how to use them. Am J Nephrol. 1990;10: 89–102.

Good overview of the utility of urine electrolytes and osmolality in clinical 

practice.

Lithgow K, Corenblum B. Polyuria – A pathophysiologic approach. Can J Gen 

Intern Med. 2017;12(2):36–39.

An excellent review elaborating the pathophysiology of polyuria.
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Oliguria

Ramesh Venkataraman and John A. Kellum

oliguria (no creatinine criteria) is associated with significant short- 

and long-term adverse consequences, including death or permanent 

dialysis.2 When associated with increased serum creatinine, oliguria 

seems to denote worse prognosis2 and likely represents irreversible 

kidney injury. Ability of urine output to predict AKI also seems to  

vary across different patient cohorts, with better predictive ability in 

medical than surgical patients. When oliguria is prolonged, it almost 

always implies ongoing kidney injury, and the likelihood of reversibil-

ity of oliguria diminishes over time. Prowle et al. demonstrated that 

oliguria of longer than 12 hours’ duration predicted stage 2 AKI better, 

and oliguria of lesser duration, although common, did not lead  

to biochemical AKI.3 Hence although any oliguria (urine output 

,0.5 mL/kg/h) warrants a prompt assessment for risk of AKI, the 

presence of oliguria in itself does not imply occurrence of renal struc-

tural injury.

Pathophysiology of Oliguria
Oliguria can occur because of decreased glomerular filtration rate 

(GFR), increased tubular reabsorption of filtrate, or a combination of 

both. Factors that decrease GFR in ICU patients include overt hypovo-

lemia related to fluid losses, hemorrhage, third-spacing, low cardiac 

output states, and systemic vasodilatation, as seen commonly in pa-

tients with sepsis or secondary to sedatives. In hypovolemic patients, 

release of antidiuretic hormone (ADH) and activation of the renin–

angiotensin system lead to increased reabsorption of water and oligu-

ria with a high urine osmolality. Similarly, other stressors such as  

surgery, pain, and trauma also release ADH and along with sympa-

thetic stimulation can lead to oliguria as a physiologic response. Under 

these circumstances, oliguria can be easily reversed with the timely 

resolution of the inciting stress and/or volume replacement.

Although oliguria is simplistically perceived as a decline in glo-

merular filtration, multiple mechanisms have been implicated for oli-

guria in the critically ill patient with AKI, including overall reduction 

in renal blood flow, regional intrarenal variation in blood flow and 

redistribution, alteration in glomerular hemodynamics, direct glo-

merular injury, ischemia to the proximal tubule (S3 segment), renal 

interstitial edema, inflammatory insult, and tubular obstruction.4 Not 

uncommonly, increased abdominal pressure decreases GFR by direct 

compression on the kidneys, leading to increased renal venous pres-

sures. Fluid overload has been consistently shown to worsen renal 

functions in critically ill patients by increasing renal intracapsular and 

renal venous outflow pressures and is strongly associated with worsen-

ing of AKI and mortality.

Mechanical obstruction to urine flow is common and usually 

caused by obstruction or malposition of a urinary catheter, urethral or 

bladder neck obstruction from an enlarged prostate or malignancy, or 

tubuloureteral obstruction as seen in papillary necrosis.

Oliguria is one of the most common problems faced by clinicians in 

the intensive care unit (ICU). The goal of this chapter is to understand 

the reasons for oliguria and provide an evidence-based, practical, 

physiology-based approach to diagnosing and treating it.

DEFINITIONS AND EPIDEMIOLOGY

An average person excretes 600 mOsm of solute/day, and the maximal 

urinary concentration that can be achieved is 1200 mOsm/L. Hence a 

urine output of at least 500 mL per day is obligatory for excreting the 

average daily solute load. Therefore oliguria has generally been defined 

as urine output less than 500 mL per 24 hours.

The incidence of oliguria has been variedly reported in the litera-

ture, mainly because of the different definitions used. Some studies 

have estimated that up to 18% of medical and surgical ICU patients 

with intact renal function exhibit episodes of oliguria.1 Furthermore, 

88% of ICU patients who develop acute kidney injury (AKI) have a 

urine output of ,0.5 mL/kg/h for 6 hours or more, and 18% have a 

urine output of ,0.3 mL/kg/h for 24 hours or longer.2

To standardize the definition across different studies and popula-

tions, the Acute Dialysis Quality Initiative (ADQI) adopted a defini-

tion of oliguria as urine output of less than 0.3 mL/kg/h for at least 

24 hours (www.ADQI.org). For all practical purposes, however, urine 

output under 0.5 mL/kg/h is usually considered inadequate for most 

critically ill patients. This is in part because fluid input resulting from 

medications, nutrition, and other reasons typically exceeds this thresh-

old in critically ill patients, and fluid overload may result if urine out-

put is inadequate to maintain fluid balance. Hence any urine output 

,0.5 mL/kg/h should immediately be evaluated and therapy initiated 

to reverse the inciting mechanism when feasible.

OLIGURIA IN ACUTE KIDNEY INJURY

Oliguria is often treated as an early marker of AKI. However, AKI need 

not manifest as oliguria in the intensive care setting, and oliguria is an 

insensitive and nonspecific clinical manifestation of AKI. Moreover, 

other factors, such as profound hypokalemia, hypothermia, hypergly-

cemia, and medications, can all lead to good urine output even in the 

presence of AKI, confounding the assessment of AKI severity. Al-

though currently Kidney Disease: Improving Global Outcomes 

(KDIGO) definitions of AKI give equal weight to change in serum 

creatinine and reduction in urine output, these two measures differ 

significantly in terms of pathophysiology and their relationship to 

clinical outcomes. Although a rise in serum creatinine likely implies a 

true reduction in glomerular filtration, oliguria could just represent a 

stress response or imply an actual decrease in glomerular filtration. 

However, several studies have clearly demonstrated that even isolated 
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DIAGNOSTIC APPROACH TO OLIGURIA

The diagnosis of oliguria necessitates an integrated approach as out-

lined in Fig. 14.1. Accurate monitoring of intake and output is re-

quired, usually with a urinary catheter in place. Intensive urine output 

monitoring has been shown to improve the detection of AKI and im-

prove outcomes.5 The risks of urinary catheter–associated urinary 

tract infections must be balanced against the benefit of hourly urine 

output monitoring in patients with high risk for the development of 

AKI. In general, patients in stage 1 KDIGO AKI or higher will benefit 

from accurate urine output monitoring and warrant a urinary cathe-

ter.6 Transient oliguria is common and may not be an independent risk 

factor for morbidity and mortality in critically ill or injured patients, 

but sustained oliguria (at least 6 hours’ duration) often indicates AKI 

and has been shown to be independently associated with hospital mor-

tality. Oliguria mandates immediate evaluation for reversible causes 

and a risk assessment for AKI. The main goal of managing oliguria is 

to rapidly determine and correct the underlying cause(s), to halt the 

progression of kidney injury. Merely reacting to every oliguria with 

either fluid and/or diuretic therapy should be condemned, and efforts 

should be taken to understand and address the underlying patho-

physiology. Targeted therapy to reverse the inciting events should be 

applied rapidly.

Clinical History and Examination
Evaluation of a patient with oliguria should start with a focused  

history taking, chart review, and clinical examination. A history sug-

gestive of overt intravascular volume depletion such as history of 

vomiting and/or diarrhea, evidence of ongoing bleeding, periopera-

tive fluid losses or deficits (e.g., gastric/ileostomy losses or vomiting), 

or extravascular fluid sequestration can point to a functional cause of 

oliguria with or without changes in serum creatinine or urea. History 

of patient comorbidities, prior or present myocardial infarction, or 

left ventricular systolic or diastolic dysfunction can provide clues to 

impaired cardiac output as a cause of oliguria. History of fever with 

localizing symptoms with or without hypotension makes septic AKI 

likely. A history of recent contrast administration for imaging, of  

intraoperative hypotension, or administration of nephrotoxic agents 

can suggest an intrarenal cause of oliguria in an adequately volume-

resuscitated patient. Chart review should involve capturing of  

episodes of hypotension, duration of any hemodynamic instability, 

cumulative fluid balance, previous use of diuretics, use of nephrotoxic 

agents, and dosing of medications.

Routine clinical examination for volume status, including skin tur-

gor, dry mucosa, and the presence of pedal or sacral edema, are insensi-

tive and nonspecific and can be misleading. In critically ill patients, 

functional hemodynamic monitoring has become the standard for  
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assessment of fluid responsiveness (see later). A tense abdomen can be 

a very early and important clue for the onset of abdominal compart-

ment syndrome (ACS) and should trigger frequent measurements of 

intraabdominal pressure (IAP) and hourly urine output monitoring.

Rule Out Urinary Obstruction
Acute oliguria in the ICU with no obvious inciting event should prompt 

an evaluation for postrenal obstruction. Elderly men with a prior history 

of prostatic hypertrophy/malignancy and elderly women with bladder 

neck obstruction are at high risk for such obstruction. Clinical palpation 

for a distended bladder and bladder ultrasound to determine residual 

urine volume should be immediately performed and the need for uri-

nary catheterization decided. In critically ill patients with a urinary 

catheter already in place, obstruction of the urinary catheter by clots or 

sediments should be ruled out by flushing the catheter. Although un-

common in the acute setting, complete or severe partial bilateral ureteral 

obstruction may also lead to acute, “acute on chronic” failure.

Renal Imaging
An early diagnosis of urinary tract obstruction (UTO) with renal ultra-

sound and timely relief of obstruction will prevent further progression 

and secondary infections. Renal ultrasound also can be useful to assess 

for the presence of a chronic component to the kidney injury (de-

creased size of kidney and cortical thinning) and for detecting other 

causes of renal disease such as polycystic kidney disease (Table 14.1). In 

patients with severe hypovolemia and early obstruction, hydronephro-

sis may not be seen on the initial ultrasound examination but may ap-

pear later in the course of the disease. Computed tomography (CT) 

scanning should be performed if the ultrasound results are equivocal or 

if the kidneys are not well visualized.

Laboratory Parameters
Evaluation of new-onset oliguria not secondary to obstruction and 

obvious hypovolemia should start with the measurement of serum 

urea and creatinine concentrations. Often acute oliguria may not be 

accompanied by creatinine elevation and under these circumstances 

may be the earliest marker of impending AKI. When oliguria is associ-

ated with an elevation in serum creatinine, it implies ongoing AKI and 

a poorer outcome. Rate of rise of serum creatinine can also provide 

useful information regarding the severity and potential for reversibility 

of AKI. Elderly patients with less lean muscle mass, advanced liver 

disease, and fluid overload may have a falsely low serum creatinine for 

the degree of their renal injury, whereas patients with rhabdomyolysis 

may have a higher serum creatinine and a greater rate of rise dispro-

portionate to the severity of their renal injury.

Although routine urine microscopy is generally recommended, 

the yield of urine microscopy in the ICU is very low. Urine sediment 

is typically bland or reveals hyaline and fine or coarse granular casts. 

However, the discrimination of these findings is limited and most 

often noncontributory in the management of oliguria. Rarely, urine 

microscopy reveals red cell casts indicating a primary glomerular 

pathology most commonly seen in patients with vasculitides.  

Eosinophilia, eosinophiluria, and hypocomplementemia, if present 

(although insensitive and nonspecific), point to the diagnosis of ath-

eroembolic etiology of acute oliguria.7 Urine eosinophilia is neither 

sensitive nor specific for acute interstitial nephritis and should not be 

relied on.

Urinary indices such as urinary sodium and fractional excretion 

of sodium (FENa) have been proposed to differentiate prerenal from 

intrinsic causes of AKI. Conventionally, an FENa of less than 1% has 

been used as a marker for a “prerenal” cause of oliguria, whereas a 

value of greater than 1% generally suggests a loss of tubular func-

tion and AKI. However, use of diuretics, agents interfering with the 

angiotensin–aldosterone axis, or osmotic agents such as mannitol 

interfere with sodium excretion and FENa. In patients who have re-

ceived diuretics, fractional excretion of urea (FEurea) may be useful. 

A low FEurea (#35%) was a more sensitive and specific index than 

FENa in identifying intact tubular function, especially if diuretics 

were administered.8 Urinary indices have not been validated in 

critically ill patients and have shown disparate results in patients 

with septic AKI. Systemic inflammation secondary to sepsis has 

been shown to cause conformational channels in the Na/H, chlo-

ride, and urea changes, thereby independently affecting their excre-

tion. Recent studies have consistently demonstrated the limited  

diagnostic and prognostic utility of urine biochemistry in AKI,9 and 

the routine use of these indices in patients with oliguria is not  

recommended.

Biomarkers
Several biomarkers have been evaluated in AKI and their utility in pre-

dicting progression of AKI in critically ill patients explored.10 Biomark-

ers in AKI can be broadly stratified into those that primarily correspond 

to GFR (cystatin C) and those that reflect tubular damage (e.g., neutro-

phil gelatinase–associated lipocalcin [NGAL], kidney injury molecule-1 

[KIM-1]) or stress (tissue inhibitor of metalloproteinases-2 [TIMP-2] 

and insulin-like growth factor binding protein-7 [IGFBP-7]). NGAL 

has been found to be a useful marker in predicting AKI onset and  

progression in varied populations.11 A test using novel biomarkers, 

[TIMP-2]•[IGFBP-7],hasbeenvalidatedtopredictmoderatetosevere
(stage 2–3) AKI using both serum creatinine and urine output criteria 

and is Food and Drug Administration (FDA)–approved.12

HEMODYNAMIC EVALUATION

Evaluation of hemodynamics and appropriate optimization is one of 

the logical important steps in the management of oliguria. Clinical 

S. No. Diagnostic Test Comments

1 Urine microscopy • Often noncontributory

• RBC casts, when present, indi-

cate glomerular pathology

2 Urine indices • Very low utility in the ICU

• Not recommended in the evalua-

tion of oliguria

3 Renal ultrasound • Should be routinely performed to 

rule out obstruction

• Provides information on exis-

tence of chronic kidney disease

4 Biomarkers

(NGAL, TIMP-2, and  

IGFBP-7)

• Consider when available

• Elevation indicates structural 

kidney damage

5 Hemodynamic evaluation • Mandatory to ensure fluid re-

sponsiveness and fluid tolerance

6 Measurement of  

intraabdominal pressure

• Suggested in patients with high 

risk for ACS

TABLE 14.1. Diagnostic Tests and Their 
Utility in an Oliguric Patient

ACS, Abdominal compartment syndrome; ICU, intensive care unit; 

IGFBP-7, insulin-like growth factor binding protein-7; NGAL, neutrophil 

gelatinase–associated lipocalcin; RBC, red blood cell; TIMP-2, tissue 

inhibitor of metalloproteinases.
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assessment of important hemodynamic variables such as preload, 

overall volume status, cardiac output, and tissue perfusion are all  

confounded by several factors, making them less useful in critically ill 

patients. Blood pressure and heart rate are affected by numerous 

physiologic and treatment variables and are unreliable measures of 

volume status. The presence or absence of jugular vein pressure (JVP) 

is not an accurate way to assess right ventricular or central venous 

pressures (CVPs) in the presence of positive pressure ventilation and 

positive end-expiratory pressure (PEEP). Similarly, peripheral edema 

is often the result of capillary leak and coexistent hypoalbuminemia 

and decreased oncotic pressure in critically ill patients. These patients 

can have an excessive volume of total body water and yet be intravas-

cularly volume depleted.

It has been well established that measures such as CVP and pulmo-

nary artery occlusion pressure (PAOP) do not provide reliable esti-

mates of preload or preload responsiveness.13 These static measures 

assume a linear pressure–volume relationship, which is often not the 

case in sick patients with comorbidities and are affected by the pres-

ence of atrioventricular valve abnormalities, compliance of the ven-

tricle, and pericardial and abdominal pressures. Even when CVP is low, 

the value does not give any information on whether the patient will 

improve cardiac output in response to a fluid bolus (i.e., being preload 

responsive). The mixed venous oxygen saturation (SvO2) or central 

venous oxygen saturation (SCVO2) can serve as a surrogate for cardiac 

output, but again does not define optimal filling. Moreover, SvO2 can 

be altered by the ability of tissues to extract and subsequently use de-

livered oxygen.

In patients on mechanical ventilation and without spontaneous 

triggering of the ventilator, an arterial pulse–pressure variation of 

.13% is strongly predictive of preload responsiveness.14 However, the 

use of pulse contour analysis is limited in that it is applicable only in 

patients who receive .8 mL/kg tidal volume on the ventilator, who do 

not have arrhythmias, and in whom lung compliance is .30 cm of 

water. An easier and more applicable test of preload responsiveness in 

the ICU setting would be passive leg raising (PLR) and monitoring of 

change in cardiac index or pulse pressure.15 This can be done in spon-

taneously breathing patients and in those with arrhythmias. However, 

any measurement of cardiac index, pulse pressure, or stroke volume 

variation warrants continuous cardiac output monitoring using one of 

the newer pulse contour techniques.

A bedside echocardiogram screening for inferior vena cava (IVC) 

size and respiratory variation in size, left and right ventricular size and 

function, and presence of pericardial tamponade can provide valuable 

information about preload and contractility and can rule out severe 

obstructive shock from massive pulmonary embolism and pericardial 

effusion. Ultrasound of the lungs looking for A profile vs. B profile 

along with extravascular lung water (EVLW) measurement, when 

available, will assist in determining fluid tolerance and should be rou-

tinely incorporated into the decision-making process before any em-

piric fluid bolus.

No one parameter individually can unequivocally predict fluid re-

sponsiveness, but when a combination of two or more are used, they 

can reliably predict fluid responsiveness. It is important to understand 

that improvement in cardiac output with a fluid bolus (fluid respon-

siveness) does not automatically predict improvement in urine output, 

and studies have shown little to no improvement in urine output when 

fluids were administered.

Evaluation for Intraabdominal Hypertension
An uncommon but often overlooked reason for acute oliguria is  

ACS. ACS should be suspected in any patient with a tensely distended 

abdomen, progressive oliguria, hypotension, and increased airway 

pressures (transmitted across the diaphragm). The mainstay of diag-

nosis is the measurement of IAP, and the most common way to assess 

IAP is to measure the pressure within the urinary bladder after trans-

ducing a fluid-filled urinary catheter.

ACS is defined as organ dysfunction that results from an increase in 

IAP. Normal IAP is 5–7 mm Hg. Abdominal perfusion pressure (APP) 

is the pressure difference between the mean arterial pressure (MAP) 

and IAP (APP 5 MAP 2 IAP). Sustained IAP .12 mm Hg is called 

intraabdominal hypertension. When the IAP is sustained .20 mm Hg 

with or without APP .60 mm Hg, it is called ACS.16 ACS occurs in a 

wide variety of medical and surgical patients, including acute severe 

pancreatitis, major abdominal surgeries requiring large-volume resus-

citation, emergent laparotomies with tight abdominal wall closures, or 

abdominal wall burns with edema. ACS leads to AKI and acute oliguria 

mainly by directly increasing renal outflow pressure and thus reducing 

renal perfusion. Other mechanisms include direct parenchymal com-

pression and arterial vasoconstriction mediated by stimulation of the 

sympathetic nervous and renin–angiotensin systems. Cardiac output 

also can be compromised by impaired venous return.

TREATMENT OF OLIGURIA

Oliguria is a clinical sign that is often multifactorial in the critically 

ill patient, and no single therapeutic strategy can be universally ap-

plied to treat oliguric patients. A thorough evaluation and under-

standing of the underlying pathophysiologic processes responsible 

and specific strategies to attenuate and reverse them when possible 

should be employed.

Fluid Bolus
Oliguria is one of the most common indications for a fluid bolus in the 

ICU. However, routine empiric fluid therapy for every episode of oligu-

ria should be strongly discouraged. Fluid bolus should be reserved only 

for oliguric patients with unequivocal evidence of hypovolemia and 

ongoing fluid losses (Table 14.2). In the absence of overt hypovolemia, 

fluid therapy should be considered only after careful hemodynamic 

evaluation and ensuring fluid responsiveness and fluid tolerance. A re-

cent study that evaluated response to fluid bolus documented no change 

in cardiac output in most of the patients, with little or no improvement 

S. No. Therapy Indications

1 Fluid bolus • Administer if overt hypovolemia and if fluid 

responsive and tolerant

2 Vasopressors • In septic patients with MAP #65 mm Hg1

3 Inotropes • If decreased LV and/or RV function with car-

diorenal syndrome

4 Diuretics • In fluid-overloaded patients

• To prevent fluid overload

• Once volume replete, consider FST2 to as-

sess response and risk stratify

TABLE 14.2 Effectiveness of Various 
Treatment Strategies in Oliguria

FST, Furosemide stress test; LV, left ventricular; MAP, mean arterial 

pressure; RV, right ventricular.

1. In patients with known chronic hypertension, target MAP 70– 

75 mm Hg.
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in urine output 1 hour after the fluid bolus.17 Repeated fluid boluses for 

oliguria lead to fluid overload, which has been consistently shown to 

worsen AKI and mortality.18 Fluid overload increases renal intracapsular 

and renal venous pressures, leading to renal hypoperfusion.

The type and volume of fluid administered have important thera-

peutic implications. When fluid therapy is indicated, 500 mL of a bal-

anced crystalloid should be administered. Hyperchloremia induced by 

0.9% saline has been shown to decrease renal blood flow and cause 

AKI19,20 and hence should be avoided unless the patient is hypona-

tremic or hypochloremic. Starch preparations and hyperoncotic col-

loids such as 20% albumin have been shown to cause AKI, increase the 

need for renal replacement therapy (RRT), and increase mortality, and 

should not be administered.21,22 Although 5% albumin has been 

shown to be equivalent to normal saline,23 its relatively short intravas-

cular half-life (only slightly longer than crystalloids) and higher cost 

make it the less preferred fluid compared with crystalloids.

Hemodynamic Manipulation
Autoregulatory mechanisms regulating renal blood flow are de-

ranged in critical illness, making kidneys very sensitive to changes in 

MAP. In patients with vasodilatory shock, rapid restoration of per-

fusion pressure with vasoactive drugs is crucial to attenuate any re-

nal injury. In critically ill patients, vasoactive drugs should be initi-

ated early and concurrent volume expansion done to minimize the 

duration of hypotension. Norepinephrine is the drug of choice in 

sepsis-induced vasodilation and should be titrated to MAP .65 mm 

Hg. One multicenter randomized controlled study (SEPSISPAM 

study)24 in septic patients demonstrated that higher MAP (70–

75 mm Hg) may decrease the risk of renal injury in patients with 

chronic hypertension. Dopamine is ineffective in the prevention of 

AKI and should not be used to improve urine output or for renal 

protection.25 Dopamine, being a weak diuretic, increases urine out-

put without altering GFR and can lead to masking of the underlying 

pathology, causing worsening of AKI. Newer dopaminergic agonists 

(e.g., fenoldopam, dopexamine) increase renal blood flow without 

affecting medullary oxygenation and have not been shown to de-

crease the incidence of AKI.26 They can induce significant hypoten-

sion, thereby further increasing the risk of renal injury, and hence 

these should not be used to treat oliguria. The renal-protective effect 

of vasopressin is debatable and hence not recommended as the pri-

mary or lone vasopressor in septic patients or for the sole purpose 

of improving renal function.

In patients with significant left and/or right ventricular dysfunction 

causing cardiorenal syndrome, inotropic support may improve renal 

perfusion and AKI. Dobutamine causes systemic vasodilatation and 

therefore should be initiated only after adequate volume repletion and 

in patients with vasodilatory shock after initiation of a vasopressor, 

preferably norepinephrine. In patients with cardiogenic shock, dopa-

mine has been shown to worsen mortality and is not recommended for 

cardiorenal syndrome.27

Decompression of the abdomen with laparotomy, sometimes re-

quiring that the abdomen be left open for a time, is the only definitive 

treatment for oliguria secondary to ACS.

Role of Diuretic Agents
The use of diuretic agents in oliguric renal failure is widespread de-

spite the lack of convincing evidence supporting their efficacy. Tradi-

tionally, diuretics have been used in the early phases of oliguria to 

“jump start” the kidney and establish urine flow. Nonoliguric renal 

failure has a better prognosis than oliguric renal failure, and many 

clinicians believe that treating oliguria early also makes it easier to 

regulate intravascular volume status and avoid fluid overload  

imposed by the mandatory fluid requirements in the critically ill 

patient. Two large observational studies have evaluated outcomes 

related to diuretic use in AKI and have provided conflicting results. 

In the first cohort study (PICARD), patients were characterized 

based on exposure to diuretics on or before the day of nephrology 

consultation.28 After adjustments of covariates and propensity scores, 

diuretic use was associated with increased risk of death and nonre-

covery of renal function (odds ratio [OR], 1.77; 95% confidence  

interval, 1.14–2.76). A second large multicenter observational study 

(BEST kidney study) showed that the use of diuretics has no benefi-

cial effect on clinical outcomes by three different multivariate mod-

els.29 Furthermore, high doses of loop diuretics can be associated 

with ototoxicity.

There is a growing literature on the use of furosemide in the 

evaluation of oliguria and prediction of AKI progression. In a recent 

study, Koyner et al. employed a furosemide stress test (FST) to 

evaluate renal tubular functional integrity and its ability to predict 

progression of AKI and compared its performance with traditional 

biomarkers.30 In this study, a standard intravenous dose of furose-

mide (1 mg/kg for furosemide-naïve patients and 1.5 mg/kg for  

furosemide-exposed patients) was administered to patients with 

stage 1 or 2 AKI, and the authors found a cutoff 2-hour urine output 

of ,200 mL to be highly predictive of progression to stage 3 AKI 

(area under the curve [AUC], 0.87) and need for RRT (AUC, 0.86). 

In another study, FST nonresponse was used as a strategy to identify 

patients who might need RRT, and these patients were randomized 

to early vs. standard RRT.31 FST seems to be a clinically applicable, 

functional marker of AKI that could potentially predict risk of pro-

gression of AKI and need for RRT. FST should not be attempted on 

hypovolemic patients, and ample care should be exercised when  

using it.

Renal Replacement Therapy
RRT should be considered when oliguric patients are unresponsive to 

optimization of volume status, hemodynamics, and a diuretic chal-

lenge. This will potentially avoid development of fluid overload and 

make management of volume status easier. There is no consensus on 

the timing of initiation of RRT in oliguric patients. One should con-

sider the reasons for AKI, nature and severity of clinical and biochem-

ical derangements, and underlying physiologic reserve of the patient to 

compensate for and tolerate homeostatic imbalances to decide on the 

timing of initiation of RRT. The elevation of biomarkers along with 

lack of response to FST may help identify patients who may benefit 

from early RRT.

CONCLUSION

The presence of oliguria should alert the clinician to undertake a dili-

gent search for any correctable underlying causes and to assess the risk 

of AKI. Although oliguria is often multifactorial, reversible causes 

such as obstruction to the lower urinary tract or urinary catheter, 

hypovolemia, low cardiac output state, and increased IAP should be 

ruled out. Relieving urinary obstruction, optimization of fluid status, 

and hemodynamics remain the cornerstone in the management of 

oliguria. Instinctive use of fluid boluses and diuretics should be 

avoided. Use of isotonic-balanced crystalloids is recommended when 

fluid bolus is needed. Diuretics should be used in oliguric patients 

with fluid overload and in volume-replete patients to assess response 

and progression of AKI. When all these strategies fail, RRT should be 

considered.
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KEY POINTS

• Oliguria in the ICU can be a physiologic response to stress or imply an im-

pairment in glomerular function.

• Oliguria should prompt an immediate evaluation for reversible causes and 

a risk assessment for occurrence of AKI.

• Urinary biomarkers can help estimate structural damage and risk of pro-

gression of AKI.

• Empiric fluid boluses or diuretics for oliguria without comprehensive hemo-

dynamic assessment should not be practiced.

• Balanced isotonic crystalloids are recommended when fluid bolus is 

indicated.

• Diuretics are indicated only in volume-replete patients to prevent and treat 

fluid overload and as a strategy for risk stratification.

• Early RRT may be considered in patients unresponsive to hemodynamic 

optimization and diuretic challenge.

 References for this chapter can be found at expertconsult.com.
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Cl2. Because of the electroneutrality principle, SID is zero in healthy 

individuals, as the positivity is balanced by the negative charge present 

on HCO3
2, albumin, and phosphate. Changes in SID result in meta-

bolic acid-base disturbances. Metabolic acidosis develops because of a 

decrease in cations or increase in anions resulting in SID ,39 mEq/L. 

Similarly, metabolic alkalosis develops when SID .42 mEq/L.

The difference between SIDa and SIDe is called strong anion gap 

(SIG) and represents unmeasured anions like ketones, SO4
22, and 

urate. SIG is similar to anion gap (AG) and ranges from 0 to 2 mEq/L. 

A SIG value .2 mEq/L reflects metabolic acidosis resulting from 

the presence of more anions than cations (e.g., ketones in diabetic  

ketoacidosis).2

The Stewart method describes six acid-base disorders based on 

variations in the three independent variables, as shown in Table 15.1.1,2

Stewart’s methodology is mechanistic and useful in analyzing com-

plex acid-base disorders, especially with SIG being superior to AG in 

detecting anions such as ketones. Compared with the traditional 

physiologic approach that is far more descriptive and widely adapted, 

the Stewart approach requires additional measurements of multiple 

ions and the use of complex calculations that hinder swift bedside 

clinical deployment. Interpreting SID with its two formulations, SIDa 

and SIDe, is cumbersome, and classification of metabolic acid-base 

disorders is unduly complex.3 No quantitative assessment of the sec-

ondary compensatory responses to primary changes in SIDe, [ATOT], 

and pCO2 is offered by the Stewart approach. This is a major drawback 

and can risk misdiagnosis of the secondary responses as independent, 

simple acid-base disorders.3 Hence this chapter focuses on the physi-

ologic approach with the bicarbonate-carbonic acid buffer system that 

remains central in assessing acid-base disorders.

NORMAL ACID-BASE HOMEOSTASIS

On a daily basis, the body’s metabolic processes generate 10,000–

15,000 mEq of volatile acids and 1–2 mEq/kg of fixed acids that must 

be buffered and excreted to maintain the pH within a narrow range of 

7.35–7.45. Chemical buffers and the pulmonary and renal systems 

operate interdependently to regulate and maintain acid-base balance. 

The most important buffer is the bicarbonate-carbonic acid (HCO3
–  

and H2CO3) system, which acts immediately to buffer the extracellular 

fluid. The relationship between pH, HCO3
2, and carbon dioxide (CO2) 

is described by the Henderson-Hasselbalch equation:

pH 6.10 log ([HCO ] [0.03 PaCO ])3 2� � � �
�

The number 6.10 represents the dissociation constant for the reac-

tion; 0.03 represents the solubility coefficient of CO2 in blood. PCO2 is 

the partial pressure of CO2 in the blood.4

ACID-BASE DISORDERS

Acid-base disorders can be quantified by using the physiologic, base-

excess, and physiochemical approaches (Stewart method).1 The bicar-

bonate [HCO3
2] buffer system plays a central role in the physiologic 

and base-excess methods. They share nearly common explanations 

while describing the types and mechanisms behind acid-base distur-

bances. However, Stewart’s more recent (1980s) acid-base approach 

differs significantly from the other two approaches by not attributing 

a central role to [HCO3
2], as HCO3

2 alone does not determine meta-

bolic acid-base disorders. The Stewart approach adapts a method 

based on charge differences between strong cations and anions. Accord-

ing to Stewart, acid-base balance in the body is determined by “strong” 

and “weak” electrolytes that are present in body fluid compartments as 

cations and anions. Strong electrolytes are fully dissociated in aqueous 

solution, and weak electrolytes are partially dissociated. He proposed 

that changes in plasma [H1] are related to water dissociation and not 

addition or removal of H1 from the plasma.2 Stewart derived six equa-

tions that, when solved simultaneously, yield the [H1] of a solution, 

and these equations operate strictly under the physiochemical princi-

ples of electroneutrality (sum of cations is equal to sum of anions), 

conservation of mass (amount of substance in a solution is constant 

unless added or removed), and law of mass action (dissociation equi-

libriums of all incompletely dissociated substances must be met at all 

times).2 Stewart proposed that [H1] and HCO3
2 are dependent vari-

ables and that changes in hydrogen ion [H1] and subsequently the pH 

are influenced by three independent variables: namely, partial pressure 

of carbon dioxide (pCO2). When pCO2 increases, [H1] raises, and 

when it decreases, [H1] decreases. Increases in pCO2 define respiratory 

acidosis, and decreases in pCO2 respiratory alkalosis.

Total concentration of weak acids [ATOT]: weak acids are not com-

pletely dissociated in aqueous solution and are mainly represented by 

albumin and phosphate. Increase and decrease in [ATOT] increases and 

decreases [H1], respectively (e.g., hypoalbuminemia causes metabolic 

alkalosis and hyperphosphatemia results in metabolic acidosis).

Strong ion difference (SID): difference between the total concentra-

tion of strong cations (Na1, K1, Ca21, and Mg21) and strong 

anions (Cl2, SO4
2, and anions of organic acids). Concentrations of 

Na1 and Cl2 are the main determinants of SID because of their mag-

nitude, and normal values range from 39 to 42 mEq/L based on con-

centrations of Na1 and Cl2 (SID 5 Na1 2 Cl2 5 140 2 100 5 

40 mEq/L). This simplest estimation is called apparent SID (SIDa). 

When other anions like plasma [HCO3
2] and the anionic equivalence 

of albumin and phosphate are included in the calculation of SID, the 

estimation is called effective SID (SIDe). SIDe is difficult to calculate at 

the bedside and needs to be estimated from blood pH, pCO2, and the 

plasma concentrations of albumin and phosphate using a formula or a 

nomogram. SID is always positive, as Na1 concentration is greater than 
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Normal acid-base status is maintained by pulmonary excretion of 

volatile acids and by renal excretion of fixed acids and the formation 

of bicarbonate. To maintain acid-base balance, the kidney must reab-

sorb all of the filtered bicarbonate (about 4000 mEq/day) and excrete 

the fixed daily acid load. Reabsorption occurs mostly in the proximal 

tubule (.90%) and, to a lesser degree, in the collecting tubule. Renal 

excretion of acid is achieved by combining hydrogen ions (H1) with 

urinary buffers to be excreted as titratable acids, such as phosphate, 

urate, and creatinine, or with ammonia to form ammonium.4 The am-

monia buffering system is especially important because other buffers 

are filtered in fixed concentrations and can be depleted by high acid 

loads; by contrast, tubular cells actively regulate ammonia production 

in response to changes in acid load.

When acid-base derangements occur, the blood pH is returned to-

ward normal, initially by chemical buffering, followed by pulmonary 

ventilation, and finally by renal regulation of acid-base excretion. The 

PaCO2 is finely regulated by changes in tidal volume and minute ven-

tilation. A decrease in pH is sensed by arterial chemoreceptors and 

leads to increases in tidal volume or respiratory rate. Pulmonary regu-

lation occurs over minutes to hours. The kidney controls pH through 

the regulation of H1 excretion, bicarbonate reabsorption, and the 

production of new bicarbonate. Reabsorption of bicarbonate is equiv-

alent to removing free H1. Changes in renal acid-base handling occur 

hours to days after changes in acid-base status.

ACID-BASE PATHOPHYSIOLOGY

Terminology and Classification
Acid-base disorders occur when a change in the normal value of the 

blood pH results from abnormal renal or pulmonary function or when 

an acid or base load overwhelms excretory capacity. Acidemia refers to 

a decrease in the blood pH below the normal range, whereas alkalemia 

refers to an increase in the blood pH above the normal range. Acidosis 

is a process that tends to decrease the blood pH and occurs by a fall in 

the plasma bicarbonate concentration and/or an elevation in PaCO2. 

In contrast, alkalosis is a process that tends to raise the blood pH 

through an elevation in the plasma bicarbonate concentration and/or 

a fall in PaCO2. Although acidemia cannot be present without acidosis 

and alkalemia cannot be present without alkalosis, acidosis or alkalosis 

can exist at any blood pH.

The four primary acid-base disorders are classified as respiratory or 

metabolic. A respiratory disturbance occurs when acidosis or alkalosis 

results from a primary change in the PaCO2. Respiratory acidosis is a 

disorder that elevates the PaCO2 and reduces the pH; respiratory alka-

losis is a disorder that reduces the PaCO2 and elevates the pH. A meta-

bolic disturbance occurs when acidosis or alkalosis results from a pri-

mary change in the plasma bicarbonate concentration. Metabolic 

acidosis is a disorder that reduces the plasma bicarbonate concentra-

tion and pH; metabolic alkalosis is a disorder that elevates the plasma 

bicarbonate concentration and pH. Compensation refers to physio-

logic respiratory and renal changes by which the body attempts to  

return the pH toward normal in response to primary acidosis or alka-

losis.4,5 Compensation does not return the pH back to a completely 

normal value.

A simple acid-base disorder is a single primary acid-base disorder 

(respiratory acidosis, respiratory alkalosis, metabolic acidosis, or meta-

bolic acidosis) with appropriate respiratory or renal compensation for 

that disorder. A mixed acid-base disorder is characterized as the simul-

taneous presence of two or more primary acid-base disorders and is 

frequently encountered in intensive care unit (ICU) patients. The arte-

rial blood pH will depend on the direction and magnitude of distur-

bances. Mixed acid-base disorders can be suspected from the patient’s 

history and whenever the measured compensatory values of either  

bicarbonate or PaCO2 differ significantly from what is expected.

COMPENSATORY RESPONSES

Disturbances in acid-base balance lead to predictable responses that 

serve to limit the magnitude of change of the blood pH. The expected 

compensatory responses to primary acid-base disturbances are listed 

in Table 15.2.5,6 The magnitude of the compensatory response is pro-

portional to the severity of the primary acid-base disturbance. The 

Henderson-Hasselbalch equation shows that pH is determined by the 

ratio of the plasma HCO3
2 concentration and PaCO2, not by either 

value in isolation.6 In each acid-base disorder, compensatory renal or 

respiratory responses act to minimize the change in pH by minimizing 

alterations in the ratio. Metabolic disorders result in respiratory com-

pensation (change in PaCO2); respiratory acid-base disorders result in 

metabolic compensation (change in HCO3
2 concentration).

In metabolic acidosis, a low plasma HCO3
2 concentration de-

creases the pH, stimulating medullary chemoreceptors to increase 

ventilation and thereby decrease PaCO2 and restore the pH toward 

normal. In general, for metabolic acidosis, respiratory compensation 

results in a 1.25 mm Hg decrease in PaCO2 for every 1.0 mEq/L reduc-

tion in the plasma HCO3
2 concentration down to a minimum PaCO2 

of 10–15 mm Hg.6 The expected PaCO2 in a simple metabolic acidosis 

can be calculated by the Winters formula5:

PaCO 1.5 (HCO ) 8 22 3� � � �
�

This formula may be used in patients with metabolic acidosis to 

evaluate whether the observed PaCO2 is an appropriate compensatory 

response or whether there is additional respiratory acidosis (PaCO2 

greater than predicted) or respiratory alkalosis (PaCO2 less than 

predicted).5

Respiratory compensation to metabolic alkalosis should raise the 

PCO2 by about 0.6–0.75 mm Hg for every 1 mEq/L increase in the 

plasma bicarbonate concentration.6–8 The expected PaCO2 may be 

estimated by the following formula:

PaCO 40 current HCO
2
� � �

�

([ ] . )
3

24 0 7−

Independent Variable Acidosis Alkalosis

 1. Respiratory pCO2 hpCO2 gpCO2

 2. Metabolic: abnormal SID

Water excess gSID, [gNa1]

Water deficit hSID [hNa1]

Hyperchloremia gSID

Hypochloremia hSID

Lactic acidosis or ketoacidosis

Unidentified anion excess

gSID hSIG

h [XA]

 3. Nonvolatile weak acids: [ATOT]

Serum albumin h [Alb] g [Alb]

Inorganic phosphate h [Pi] g[Pi]

TABLE 15.1 Classification of Acid-Base 
Disorders Based on Three Independent 
Variables in Stewart’s Method1,2

[Alb], Albumin concentration; [Pi], inorganic phosphate concentration; 

pCO2, partial pressure of carbon dioxide; SID, strong ion difference; 

SIG, strong ion gap; [XA], concentration of unidentified strong anion.
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In metabolic alkalosis, a high pH induces hypoventilation with a 

resultant rise in PaCO2 and decrease in pH. However, hypoxemia in-

duced by progressive hypoventilation eventually activates oxygen-

sensitive chemoreceptors to stimulate ventilation and generally limits 

the compensatory pulmonary response to a PaCO2 of ,55 mm Hg.7

METABOLIC ACIDOSIS

Metabolic acidosis occurs via increased bicarbonate loss, decreased ex-

cretion of acid, an imbalance between production and consumption of 

endogenous acids, or administration of exogenous acid. The clinical 

significance of metabolic acidosis depends on the severity of the disor-

der. Without appropriate intervention, metabolic acidosis can progress 

to life-threatening changes in cardiac, neurologic, and metabolic func-

tion, as listed in Box 15.1.9 Metabolic acidosis can be classified as high 

AG metabolic acidosis or non-AG (hyperchloremic) metabolic acidosis.

Serum Anion Gap
Calculation of the serum AG is a useful tool in the evaluation of meta-

bolic acidosis. The serum AG represents the difference in the measured 

cations (mainly sodium) and the measured anions (chloride and  

bicarbonate). Mathematically, this is represented as follows:

AG Na (Cl HCO )3−� �
� � �

Based on the law of electroneutrality, the concentration of cations 

should be equal to the concentration of anions in the human body. 

Certain cations and anions are not measured on routine laboratory 

chemistry panels, and the serum AG quantifies these unmeasured an-

ions. This can be represented as follows:

Unmeasured Cations (UC)Na

Unmeasured Anions (UA)HCOCl 3

�

���

�

� �

Therefore:

AG Na (Cl HCO ) UA UC3� � � � �
� � �

Calcium, magnesium, gamma globulins, and potassium are the 

major “unmeasured” cations and account for approximately 11 mEq/L 

under normal conditions (Fig. 15.1). Although potassium is routinely 

measured in chemistry panels, the concentration of potassium in the 

blood is negligible compared with that of sodium, chloride, and bicar-

bonate, so potassium is not typically included as a “measured” cation 

in the AG equation. Negatively charged plasma proteins (albumin), 

sulfates, phosphates, and other organic anions are the major “unmea-

sured” anions and account for 20–24 mEq/L. Thus the normal AG is 

Primary Acid- 

Base Disorders Primary Defect

Effect  

on pH

Compensatory  

Response

Expected Range of  

Compensation

Limits of  

Compensation

Respiratory acidosis Alveolar  

hypoventilation (hPCO2)

g h Renal HCO3
2 reabsorption 

(HCO3
2 h)

Acute: D[HCO3
2] 5 11 mEq/L for 

each h DPCO2 of 10 mm Hg

[HCO3
2] 5 38 mEq/L

Chronic: D [HCO3
2] 5 14 mEq/L 

for each h DPCO2 of 10 mm Hg

[HCO3
2] 5 45 mEq/L

Respiratory alkalosis Alveolar  

hyperventilation (g PCO2)

h g Renal HCO3
2 reabsorption 

(HCO3
2 g)

Acute: D [HCO3
2] 5 22 mEq/L for 

each g DPCO2 of 10 mm Hg

[HCO3
2] 5 18 mEq/L

Chronic: D [HCO3
2] 5 25 mEq/L 

for each g DPCO2 of 10 mm Hg

[HCO3
2] 5 15 mEq/L

Metabolic acidosis Loss of HCO3
2 or 

gain of H1 (g HCO3
2)

g Alveolar hyperventilation to h 

pulmonary CO2 excretion 

(gPCO2)

PCO2 5 1.5[HCO3
2] 1 8 ± 2

PCO2 5 last 2 digits of pH 3 100

PCO2 5 15 1 [HCO3
2]

PCO2 5 15 mm Hg

Metabolic alkalosis Gain of HCO3
2 or 

loss of H1 (h HCO3
2)

h Alveolar hypoventilation to g pul-

monary CO2 excretion (h PCO2)

PCO2 5 10.6 mm Hg for D [HCO3
2] 

of 1 mEq/L PCO2 5 15 1 [HCO3
2]

PCO2 5 55 mm Hg

TABLE 15.2 Acid-Base Abnormalities and Appropriate Compensatory Responses for Simple 
Disorders

Adapted from Bidani A, Tauzon DM, Heming TA. Regulation of whole body acid-base balance. In: DuBose TD, Hamm LL, eds. Acid Base and Elec-

trolytes Disorders: A Companion to Brenner and Rector’s The Kidney. Philadelphia: Saunders; 2002:1–21.

Box 15.1 Systemic Effects of Acidosis

Neurologic

• Obtundation and coma

• Hyperactivity of sympathetic nervous system

• Decreased cerebral metabolism

• Decreased response to catecholamines

Respiratory

• Increased minute ventilation

• Subjective dyspnea

• Respiratory muscle fatigue

Cardiovascular

• Decreased contractility of myocardium

• Core vasculature blood pooling (venoconstriction and arterial dilatation)

• Decreased cardiac response to catecholamines

• Tachyarrhythmias

Metabolic

• Hyperkalemia (inorganic acidemia)

• Hyperphosphatemia

• Increased protein catabolism

Adapted in part from Whitney GM, Szerlip HM. Acid-base disorder in 

critical care setting. In DuBose TD, Hamm LL, eds. Acid-Base and 

Electrolytes Disorders: A Companion to Brenner and Rector’s The Kid-

ney. Philadelphia: Saunders; 2002:165–183.
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about 12 mEq/L (23 2 11). Under normal circumstances, the serum 

AG is typically 12 ± 4 mEq/L but can vary depending on the laboratory 

method used.10 Therefore the established normal range provided by 

the particular laboratory that performs the testing should be used.

The AG can be affected by increases or decreases in the UC or UA. 

The most important contributor to a normal serum AG is albumin, 

which has a negative charge at a physiologic pH. In patients with hy-

poalbuminemia, as commonly observed in critical illness or malnutri-

tion, the AG must be corrected for low albumin. For each 1 g/dL fall in 

the plasma albumin concentration from a normal albumin concentra-

tion, the AG falls about 2.5 mEq/L.10 This can be represented as fol-

lows:
AG adjusted AG 2.5 normal albumin measured� � � �(

plasma albumin [g/dL]

Other causes of a low or negative AG that may be important to 

consider for diagnostic and treatment purposes in ICU patients are 

listed in Table 15.3 and include hypercalcemia, hypermagnesemia, 

lithium intoxication, paraproteinemias such as multiple myeloma, and 

halide (bromide or iodide) intoxication.11

The contributors to serum AG in the normal physiologic state and 

in high AG and non-AG metabolic acidosis are depicted in Fig. 15.2.

HIGH–ANION GAP METABOLIC ACIDOSIS

High AG metabolic acidosis develops from excessive production, in-

gestion, or retention of a strong acid or a compound metabolized to a 

strong acid. These include negatively charged acids such as ketones, 

lactate, and sulfates, in addition to metabolites of methanol, ethylene 

glycol, or salicylate, which accumulate in place of the consumed 

HCO3
2 and cause a high AG. Other causes of an increased AG include 

hyperalbuminemia or uremia (increased anions) and hypocalcemia or 

hypomagnesemia (decreased cations)11 (see Table 15.3).

The presence of a significantly elevated AG (AG .20 mEq/L) al-

ways represents metabolic acidosis, regardless of the pH or plasma bi-

carbonate concentration. In the event of a mixed acid-base disorder 

with a normal blood pH, a high AG points toward underlying meta-

bolic acidosis, which otherwise may be missed. Therefore the serum 

AG should always be calculated when assessing acid-base disorders, 

especially in the ICU setting. The common causes of high AG acidosis 

in the ICU are lactic acidosis, ketoacidosis, toxin-induced acidosis, and 

renal failure (Box 15.2).

Fig. 15.1 Components of the serum anion gap.

K+  4

mEq/L

Ca2+  5
Mg2+  2

Sum of

Unmeasured

Cations = 11

Cations

Protein  16

Organic acid  4

Sum of

Unmeasured

Anions = 23

Anions

Anion gap is

calculated as

Na – (Cl– + HCO3) or

140 – 128 = 12

Anion gap is

Unmeasured Anions –

Unmeasured Cations or

23 – 11 = 12

HCO3 25

Cl– 510Na+ 140

PO4/SO4  3

–

– –

–

Decreased Anion Gap Increased Anion Gap

Increased cations (not Na1) Increased anions (not Cl2 or HCO3
2)

h Ca21, Mg21 h Albumin concentration

h Li1 Alkalosis

h IgG h Inorganic anions

Decreased anions: Phosphate

(not Cl2 or HCO3
2) Sulfate

Hypoalbuminemia*

Acidosis h Organic anions

Laboratory error L-Lactate

D-Lactate

Hyperviscosity Ketones

Bromism Uremic
h Exogenously supplied anions

Toxins

Salicylate

Paraldehyde

Ethylene glycol

Methanol

Toluene

Pyroglutamic acid
h Unidentified anions

Uremic

Hyperosmolar, nonketotic states

Myoglobinuric acute renal failure

Decreased cations (not Na1)
g Ca21, Mg21

TABLE 15.3 Anion Gap in the Diagnosis 
of Metabolic Acidosis Anion Gap 5 
Na1 2 (Cl2 1 HCO3

2) 5 9 1 3 mEq/L

Adapted from Emmett M, Narins RG. Clinical use of the anion gap. 

Medicine. 1997.56:38–54; Oh MS, Carroll HJ. The anion gap. N Engl J 

Med. 1977;297:814–817; Kraut JA, Madisa NE. Serum anion gap: its 

uses and limitations in clinical medicine. Clin J Am Soc Nephrol. 

2007;2:162–174.

*Albumin is the major unmeasured anion. A decline in serum albumin 

of 1.0 g/dL from the normal value of 4.5 g/dL decreases the anion gap 

by 2.3–2.5 mEq/L. Correction is very important to diagnose anion gap 

acidosis in the setting of hypoalbuminemia.

Fig. 15.2 Contributors to plasma anion gap in a normal physiologic 

state and in metabolic acidosis.  (Data from Gamble JL. Chemical 

Anatomy, Physiology, and Pathology of Extracellular Fluid. 6th ed. Cam-

bridge: Harvard University Press; 1954; Stewart PA. How to Understand 

Acid-Base. New York: Elsevier; 1981.)
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LACTIC ACIDOSIS

L-Lactic Acidosis
l-lactic acidosis is among the most frequent causes of elevated AG 

metabolic acidosis in the ICU and is associated with a high mortal-

ity.12,13 l-lactate refers to the L (levo) enantiomer of lactic acid and is 

directly measured by the standard serum lactate assay. Lactic acid con-

centration should be measured directly if lactic acidosis is expected 

because the serum AG has a sensitivity and specificity of ,80% in 

identifying elevated lactate levels.14 Thus a normal AG does not rule 

out lactic acidosis. Jansen et al. have shown that lactate levels serve as 

a prognosis indicator that can signal underlying deterioration, prompt 

more aggressive management, and help avoid unnecessary treatment 

when the condition stabilizes.15 Lactic acidosis occurs whenever 

production of lactate exceeds its utilization. In most cases of clinically 

significant lactic acidosis, there is evidence of defective utilization and 

increased production, depending on the etiology of lactic acidosis.

Pyruvate is the precursor of lactate and is produced in the cytoplasm 

from glucose metabolism via glycolysis in the Embden-Meyerhof path-

way. Pyruvate normally undergoes oxidative decarboxylation by mito-

chondrial pyruvate dehydrogenase (PDH) to acetylcoenzyme A and 

then ultimately to CO2 and H2O. This process results in the synthesis of 

36 moles of adenosine triphosphate (ATP) and requires oxidized nico-

tinamide adenine dinucleotide (NAD1). Pyruvate can also enter the 

Cori cycle in the liver and renal cortex and be converted back to glucose. 

Oxidative phosphorylation, ATP synthesis, and reoxidation of NADH 

are inhibited during hypoxia. This anaerobic metabolism leads to an 

increased NADH/NAD1 ratio, increased conversion of pyruvate to 

lactate, and synthesis of 2 molecules of ATP, rather than the 36 gener-

ated via the tricarboxylic acid cycle. The overall result of anaerobic 

metabolism is increased lactate levels, an elevated lactate/pyruvate ratio, 

greater glucose utilization, and lower energy production.

Traditionally, lactic acidosis has been categorized as type A or type 

B. Type A lactic acidosis is characterized by an impaired mitochondrial 

oxidative capacity in the setting of tissue hypoxia, whereas type B lactic 

acidosis is the result of dysregulation of cell metabolism rather than 

hypoxia (Box 15.3). Most cases of type A lactic acidosis are the result of 

reduced oxygen delivery because of reduced tissue perfusion from 

shock or cardiopulmonary arrest. Other causes are carbon monoxide 

poisoning and severe anemia. Type B lactic acidosis is classified as type 

B1 (related to underlying diseases like malignancies or liver disease), 

type B2 (related to the effect of drugs and toxins), and type B3 (associ-

ated with inborn errors of metabolism).16 The most common drugs 

associated with type B2 lactic acidosis include biguanides (e.g., metfor-

min), reverse transcriptase inhibitors, acetylsalicylic acid (ASA), propo-

fol, and linezolid, among others (see Box 15.3). Sepsis is a common cause 

of lactic acidosis in the ICU. Lactate level predicts increased mortality in 

patients with and without sepsis, even at 1 year post-hospitalization.17 

Sepsis-induced lactic acidosis has been conventionally classified as type 

A lactic acidosis because of inadequate oxygen supply and augmented 

anaerobic metabolism. However, the lack of response to increased oxy-

gen delivery, the absence of tissue hypoxia, and normal tissue ATP levels 

suggest that lactate formation during sepsis may be the result of dys-

regulation of cellular metabolism.18,19 Decreased clearance of lactate, 

rather than increased production, has been demonstrated in sepsis.20 In 

addition, increased pyruvate production, decreased PDH activity,  

regional differences in lactate production, and decreased clearance of 

lactate have been implicated as possible contributors to lactic acido-

sis.21–23 Decreased muscle PDH activity has been shown in sepsis, and it 

can be restored by dichloroacetate, suggesting that lactic acidosis during 

sepsis is the result of functional inhibition of PDH, leading to enhanced 

conversion of pyruvate to lactate.24,25

Treatment of lactic acidosis requires identification and correction 

of the underlying cause. The therapeutic goal in type A lactic acidosis 

is restoration of tissue oxygen delivery through hemodynamic and/or 

respiratory support. The use of sodium bicarbonate in lactic acidosis 

is controversial and not supported by clinical studies.9 Intravenous 

(IV) administration of sodium bicarbonate may increase lactate pro-

duction, decrease portal vein flow, decrease ionized calcium levels, 

lower intracellular pH, and worsen cardiac output.9,26,27 Bicarbonate 

increases extracellular pH only if ventilation removes the excess CO2 

generated; otherwise, hypercapnia can lower intracellular pH and im-

pair cellular function.9,26,27 Bicarbonate can worsen tissue oxygen de-

livery if the arterial pH increases more than the intracellular pH,  

with a leftward shift in the oxyhemoglobin dissociation curve. If tissue 

hypoxia is present, the use of bicarbonate can stimulate glycolysis  

mediated by the pH-sensitive rate-limiting enzyme phosphofructoki-

nase and paradoxically increase lactate production.28 Sodium bicar-

bonate should be administered cautiously when the arterial pH is less 

Box 15.2 Clinical Causes of High Anion 
Gap and Normal Anion Gap Acidosis

High Anion Gap

Ketoacidosis

Diabetic ketoacidosis (acetoacetate)

Alcoholic (beta-hydroxybutyrate)

Starvation

Lactic Acid Acidosis (see Box 15.4)

L-Lactic acid acidosis (types A and B)

D-Lactic acid acidosis

Renal failure: sulfate, phosphate, urate, hippurate

Ingestions (Toxins and Their Metabolites)

Ethylene glycol n glycolate, oxalate

Methyl alcohol n formate

Salicylate n ketones, lactate, salicylate

Paraldehyde n organic anions

Toluene n hippurate (commonly presents with normal anion gap)

Propylene glycol n lactate

Pyroglutamic acidosis (acetaminophen use) n 5-oxoproline

Normal Anion Gap

Gastrointestinal Loss of HCO3
2 (Negative Urine Anion 

Gap)

Diarrhea

Fistula, external

Renal Loss of HCO3
2 or Failure to Excrete NH4

1 (Positive 

Urine Anion Gap)

Proximal renal tubular acidosis (RTA type 2)

Acetazolamide

Classic distal renal tubular acidosis (low serum K1) RTA type 1

Generalized distal renal tubular defect (high serum K1) RTA type 4

Miscellaneous

NH4Cl ingestion

Sulfur ingestion

Dilutional acidosis

Late stages in treatment of diabetic ketoacidosis

Adapted in part from DuBose TD Jr. Acid-base disorders. In Brenner 

BM, ed. Brenner and Rector’s The Kidney. 8th ed. 

Philadelphia: Saunders; 2008:513–546.
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blood without generating CO2 but is less effective in patients with an-

uria. Reported toxicities of THAM include hyperkalemia, hypoglyce-

mia, and respiratory depression.9 THAM has not been specifically 

evaluated as a therapeutic agent for lactic acidosis in clinical trials. 

Carbicarb, an equimolecular mixture of sodium bicarbonate and  

sodium carbonate, has a buffering capacity similar to sodium bicar-

bonate but generates less CO2. Animal studies have demonstrated 

inconsistent benefits of carbicarb in lactic acidosis, and one human 

study comparing the effects of sodium bicarbonate with carbicarb in 

metabolic acidosis found no benefit.30,31 DCA stimulates the activity of 

the mitochondrial PDH enzyme complex indirectly through inhibi-

tion of the PDH kinase and hence decreases lactate production. Data 

from animal studies and one placebo-controlled double-blind clinical 

trial demonstrated that DCA improved acid-base status but not hemo-

dynamics or survival.28,32

Dialysis can theoretically be used to treat lactic acidosis because it 

supplements bicarbonate, removes lactate, prevents decreased ionized 

calcium, avoids volume overload, and removes drugs associated with 

lactic acidosis such as metformin.9,27 However, the same potential risks 

of worsening lactic acidosis with bicarbonate administration through 

the dialysate exist. Furthermore, in severe lactic acidosis, the quantity 

of lactate cleared by dialysis is much less than the quantity of lactate 

generated. Continuous dialysis modalities are preferred over intermit-

tent dialysis in hemodynamically unstable patients and can deliver  

bicarbonate at a lower rate. Evidence supporting intermittent or con-

tinuous dialysis for treatment of lactic acidosis is anecdotal at best, and 

prospective controlled trials are warranted.27

D-Lactic Acidosis
d-lactate refers to the D (dextro) enantiomer of lactic acid. d-lactic 

acidosis is an uncommon form of lactic acidosis that occurs in patients 

with jejunoileal bypass, small bowel resection, or other causes of short 

bowel syndrome resulting from bacterial overgrowth. In these patients, 

abnormally large amounts of glucose and starch are metabolized to 

d-lactic acid by gram-positive intestinal anaerobes such as lactoba-

cilli.33,34 d-lactic acid is then absorbed into the systemic circulation and 

causes acidemia that tends to persist because d-lactate is not recog-

nized by l-lactate dehydrogenase, the enzyme that converts l-lactate 

into pyruvate. Patients typically present with recurring episodes of 

metabolic acidosis after a carbohydrate meal in addition to neurologic 

abnormalities, including confusion, ataxia, slurred speech, and mem-

ory loss.34 The diagnosis can be easily missed because the d-isomer 

responsible for the acidosis is not detected by the standard assay for 

lactate and requires a special assay for detection. Therapy for d-lactic 

acidosis includes administration of sodium bicarbonate to correct the 

acidosis, oral antibiotics to decrease gram-positive anaerobic colonic 

bacteria, and a low-carbohydrate diet to reduce carbohydrate delivery 

to the colon.35 d-lactic acidosis has also been described in patients who 

have large amounts of propylene glycol and in those with diabetic ke-

toacidosis (DKA).36,37

KETOACIDOSIS

Ketoacidosis is a common complication in patients with insulin- 

dependent diabetes mellitus but can also be seen in chronic alcoholism 

and starvation (see Box 15.2). It results from the overproduction of 

ketone bodies, leading to accumulation of ketones in the plasma  

(ketonemia) and urine (ketonuria).

Diabetic Ketoacidosis
DKA occurs in patients with insulin-dependent diabetes mellitus  

and results from severe insulin deficiency in the setting of increased 

Box 15.3 Etiologies of Lactic Acidosis

L-Lactic Acidosis

Conditions Associated With Type A Lactic Acidosis

Poor tissue perfusion

Shock

Cardiogenic

Hemorrhagic

Septic

Profound hypoxemia

• Severe asthma

• Severe anemia

Carbon monoxide poisoning

Conditions Associated With Type B Lactic Acidosis

Liver disease

Diabetes mellitus

Catecholamine excess

• Endogenous

• Exogenous

Thiamine deficiency

Ketoacidosis

Seizure

Malignancy

Intracellular inorganic phosphate depletion

Intravenous (IV) fructose

IV xylose

IV sorbitol

Alcohols metabolized by alcohol dehydrogenase

• Ethanol

• Methanol

• Ethylene glycol

• Propylene glycol

Mitochondrial toxins

• Salicylate intoxication

• Cyanide poisoning

• 2,4-Dinitrophenol ingestion

• Nonnucleoside anti–reverse transcriptase drugs

Metformin

Inborn errors of metabolism

Pyroglutamic acidosis

Kombucha tea

D-Lactic Acidosis

Short bowel syndrome

Ischemic bowel

Small bowel obstruction

Adapted in part from DuBose TD Jr. Acid-base disorders. In Brenner 

BM, ed. Brenner and Rector’s The Kidney. 8th ed. Philadelphia: Saun-

ders; 2008:513–546.

than 7.15 because a pH below this value will promote the development 

of decreased responsiveness to catecholamines, arrhythmias, cardiac 

depression, and hemodynamic instability.9

Alternative buffering agents, such as tris-hydroxymethyl amino-

methane (THAM), carbicarb, and dichloroacetate (DCA) have not 

shown any clinical benefit in patients with lactic acidosis. Carbicarb 

and DCA are unavailable in the United States.29 THAM can bind to 

both CO2 and metabolic acids. Protonated THAM is excreted by the 

kidney through glomerular filtration, together with bicarbonate or 

another anion. Thus THAM can increase the buffering capacity of 
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metabolic demand, such as from a concurrent infection or myocardial 

infarction. It can also occur from poor compliance with insulin or 

missed injections. Insulin deficiency results in decreased glucose uptake, 

glycogen store depletion, lipolysis, and fatty acid oxidation leading to 

increased ketoacid production (acetoacetate and beta-hydroxybutyrate). 

Symptoms can progress from polydipsia, polyuria, nausea, vomiting, 

dyspnea, and diffuse abdominal pain to confusion, lethargy, and somno-

lence. Laboratory findings include hyperglycemia, increased serum AG, 

ketonemia, ketonuria, and increased plasma osmolality. The diagnosis is 

established by measuring plasma and urine ketone levels. However, 

clinicians must be aware that the nitroprusside reaction used in 

standard plasma and urine tests only measures acetone and acetoac-

etate levels and not beta-hydroxybutyrate levels, which is the pre-

dominant ketone in severe untreated DKA. Therefore laboratory 

analysis for ketones may be falsely negative. High plasma glucose 

levels can cause dilutional hyponatremia because the osmotic effect 

of hyperglycemia causes the movement of water into the intravascu-

lar space. For each 100 mg/dL of glucose over 100 mg/dL, the plasma 

sodium level is lowered by approximately 1.6 mEq/L. In spite of  

severely depleted total body potassium from osmotic diuresis, 

plasma potassium levels are initially elevated or within the normal 

range from insulin deficiency.4,38

The major goals of treatment are rapid volume expansion, correc-

tion of hyperglycemia, correction of acid-base and electrolyte distur-

bances, and identification and treatment of the precipitating cause. 

Adults should initially receive a rapid infusion of 1 L of isotonic saline 

with repeat boluses as necessary to prevent hemodynamic collapse. 

When the blood pressure and heart rate have stabilized and the pa-

tient is euvolemic, isotonic saline can be switched to 0.45% saline at a 

slower rate to replace the free water lost by osmotic diuresis. Insulin is 

typically administered as a 10- to 20-unit IV bolus (0.15 units/kg) 

followed by an infusion of 5–7 units/hour (0.1 unit/kg/hour). Insulin 

inhibits lipolysis and gluconeogenesis and allows for the conversion of 

ketones to bicarbonate. If the blood sugar falls below 250 mg/dL, the 

rate of insulin should be decreased to 0.03 u/kg/hour and 5%–10% 

dextrose should be added to the fluids. Once the AG normalizes, sub-

cutaneous insulin should be administered while the insulin infusion 

is continued for another 1–2 hours. Potassium replacement should be 

administered at 10–20 mEq/hour if the plasma potassium level is less 

than 5.3 mEq/L and if renal failure is not present. Plasma potassium 

levels should be measured frequently, and the infusion should be 

stopped if hyperkalemia occurs. Small amounts of IV sodium bicar-

bonate should only be administered if the arterial pH is less than 6.9, 

with frequent monitoring of pH and serum AG. IV phosphate re-

placement can be given if the initial level is less than 1.0 mg/dL. 

Plasma phosphorus levels can be high initially because of the transcel-

lular shift of phosphate out of the cell in the setting of acidosis and 

insulin deficiency.38,39

Hemodialysis-dependent patients with DKA are managed differ-

ently. Insulin administration is frequently the only treatment needed 

for DKA management in these patients. Anuric dialysis patients usu-

ally present with signs of extracellular volume (ECV) expansion rather 

than volume depletion because osmotic diuresis cannot occur in the 

absence of kidney function. Therefore dialysis patients do not require 

IV fluids unless they have evidence of extracellular fluid loss such as 

vomiting, diarrhea, or excessive insensible losses. If volume depletion 

is present, small amounts of isotonic saline should be carefully admin-

istered with close monitoring of respiratory and hemodynamic pa-

rameters. When volume overload is apparent, immediate hemodialysis 

is the therapy of choice. Hemodialysis will also help correct hypergly-

cemia resulting from diffusive clearance of glucose but must be per-

formed in conjunction with insulin administration, as insulin is the 

only therapy that will halt lipolysis and gluconeogenesis. Dialysis-de-

pendent patients with DKA should not receive routine potassium 

supplementation because total body potassium stores may be high and 

patients are unable to excrete a potassium load. Urgent dialysis is indi-

cated if hyperkalemia is present with electrocardiographic findings. 

Similarly, significant metabolic acidosis can only be corrected with 

hemodialysis.39,40

Euglycemic DKA is an emerging entity that has been recognized in 

patients with both type 1 and type 2 diabetes mellitus who present 

with increased AG acidosis, ketosis, and relatively normal serum glu-

cose ,200 mg/dL.41 The pathophysiology is thought to be related 

to decreased hepatic gluconeogenesis during fasting or enhanced  

urinary excretion of glucose. Common causes of euglycemic DKA 

include SGLT2 inhibitors, pregnancy, glycogen storage diseases, and 

chronic liver disease. Less common causes include pancreatitis, alco-

hol use, cocaine intoxication, gastroparesis, and Duchenne muscular 

dystrophy.41

Alcoholic Ketoacidosis
Alcoholic ketoacidosis (AKA) occurs in the setting of chronic alcohol-

ism, recent binge drinking, minimal oral intake, and persistent vomit-

ing. It is characterized by elevated plasma ketone levels, high AG, and 

normal or only slightly elevated plasma glucose level. Prolonged star-

vation results in decreased insulin activity, glycogen depletion, in-

creased counterregulatory hormone production, dehydration, and in-

creased lipolysis and fatty acid oxidation with accumulation of 

ketoacids. The metabolism of ethanol itself promotes ketoacidosis by 

leading to an accumulation in reduced NADH. Reduced NADH then 

results in impaired conversion of lactate to pyruvate, preferential con-

version of pyruvate to lactate, and a shift toward beta-hydroxybutyrate 

production. Beta-hydroxybutyrate is the predominant ketone in AKA. 

As mentioned, the standard nitroprusside test for detecting ketones 

only detects acetoacetate and may be falsely negative or only minimally 

positive in AKA, leading to an underestimation of the degree of keto-

acidosis.42,43

Patients with AKA frequently present with a mixed acid-base dis-

turbance. They can have elevated AG metabolic acidosis from ketoaci-

dosis and lactate, metabolic alkalosis from persistent vomiting, and 

chronic respiratory alkalosis from liver disease. Magnesium and phos-

phate levels may be low because of increased urinary excretion and 

poor nutrition.

The mainstay of treatment is hydration with 5% dextrose in iso-

tonic saline. Before glucose administration, thiamine should be given 

to avoid precipitating Wernicke encephalopathy. Carbohydrate and 

fluid replacement reverse the pathophysiologic derangements that 

lead to AKA by increasing plasma insulin levels and suppressing the 

release of glucagon and other counterregulatory hormones. Dextrose 

stimulates the oxidation of NADH and aids in normalizing the 

NADH/NAD1 ratio. Insulin should be avoided because it can lead 

to hypoglycemia, especially as the patient’s endogenous insulin  

levels rise with carbohydrate and fluid repletion. Bicarbonate is  

only recommended if the plasma pH is less than 7.1 and the acidosis 

is not responding to IV fluids. Hypophosphatemia, hypokalemia,  

and hypomagnesemia should be corrected. Glucose infusion can  

exacerbate hypophosphatemia, resulting in rhabdomyolysis if not 

repleted.44

Starvation Ketoacidosis
Starvation, as mentioned earlier, results in ketoacidosis because of the 

increase in counterregulatory hormones and a decrease in insulin level, 

promoting fatty acid oxidation, gluconeogenesis, and ketone produc-

tion. However, in comparison to the potentially severe ketoacidosis 
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that develops in uncontrolled diabetes and alcoholic states, ketoacid 

levels do not typically exceed 10 mEq/L with fasting. This is probably 

because of the insulin level, which, though lower, is still enough to 

limit the production of free fatty acids and thus ketoacidosis45,46 (see 

Boxes 15.2 and 15.3).

TOXIC ALCOHOL INGESTIONS

Accumulation of the metabolites of methanol—ethylene glycol, dieth-

ylene glycol, and propylene glycol—causes a high AG and increased 

plasma osmolal gap. Intoxication should be suspected in any patient 

who presents with high AG metabolic acidosis, renal failure, and neu-

rologic findings, and treatment should be initiated early.

The normal range of plasma osmolality is 285–290 mOsm/kg. 

Plasma osmolality (Posm) can be estimated from the following formula:

Calculated Posm (2 plasma [Na]) (glucose mg/dL)/18

(BUN mg/dL)/2.8

� � �

� 

The plasma osmolal gap represents the difference between the mea-

sured and calculated plasma osmolality. A difference of higher than  

10 mOsm/kg is considered an osmolal gap. Accumulation of the noted 

alcohols will typically produce an osmolal gap of higher than  

20 mOsm/kg. Methanol gives rise to the greatest increment in plasma 

osmolality, followed by ethylene glycol, propylene glycol, and finally 

diethylene glycol.47 The absence of an osmolal gap does not exclude an 

alcohol-related intoxication. Furthermore, although the plasma os-

molal gap may support the diagnosis of ingestion of a toxic alcohol, 

plasma toxicology screens specifically looking for the toxins are con-

sidered the gold standard.

Other causes of high AG metabolic acidosis that can be associ-

ated with an elevated plasma osmolal gap include lactic acidosis, 

ketoacidosis, advanced chronic kidney disease (CKD), formalde-

hyde ingestion, and paraldehyde ingestion. The plasma osmolal gap 

is usually less pronounced in these disorders (#15–20 mOsm/kg), 

and plasma toxicology is not typically performed. Substances that 

can cause an osmolal gap without metabolic acidosis are ethanol, 

isopropyl alcohol ingestion, infusion of nonconductive glycine, 

sorbitol or mannitol solutions, severe hyperproteinemia, and severe 

hyperlipidemia.47

Methanol, used as a laboratory and industrial solvent, is commonly 

found in windshield wiper fluid, de-icing products, gas-line antifreeze, 

and various paint solvents and thinners. It is metabolized by alcohol 

dehydrogenase (ADH) to formaldehyde, which is further metabolized 

by aldehyde dehydrogenase (ALDH) to formic acid. The most com-

mon symptoms of methanol intoxication are abdominal pain and vi-

sual disturbances, including decreased visual acuity, photophobia, and 

blurred vision. Formic acid is the main toxic metabolite responsible for 

retinal, ophthalmic, and neural toxicity. Permanent blindness may oc-

cur because of optic nerve atrophy. High AG metabolic acidosis is the 

result of generation of formic acid and increased production of lactic 

acid. Lactic acidosis results from impaired cellular respiration by for-

mate or increased generation of NADH during the metabolism of 

methanol.47,48 Imaging findings in acute methanol intoxication include 

bilateral necrosis of the putamen, diffuse white matter necrosis, and 

subarachnoid hemorrhage on brain computed tomography (CT) and 

magnetic resonance imaging (MRI).49

Ethylene glycol is typically found in radiator antifreeze in addi-

tion to various solvents and paint formulations. It is metabolized by 

ADH to glycolaldehyde, then to glycolic acid by ALDH, which is 

further metabolized to glyoxylic acid and finally oxalic acid. The 

metabolites are responsible for neurologic, cardiopulmonary, and 

renal toxicity. Typically, neurologic abnormalities occur initially, fol-

lowed by cardiopulmonary dysfunction, and finally renal dysfunc-

tion. Neurologic findings include coma, seizures, meningeal signs, 

external ocular paralysis, and delayed onset of cranial nerve deficits. 

Cardiopulmonary findings include tachycardia, hyperventilation, 

and heart failure. Oxalic acid combines with plasma calcium to form 

calcium oxalate, which leads to hypocalcemia, QTc prolongation, 

and risk of ventricular arrhythmias. Calcium oxalate crystals pre-

cipitate in the renal tubules, causing flank pain, oliguria, and renal 

failure. Calcium oxalate crystals are present in the urine 4–8 hours 

after ingestion of ethylene glycol and can be visualized by direct 

urine microscopy. High AG metabolic acidosis is the result of gen-

eration of glycolic, glyoxylic, and oxalic acids and increased produc-

tion of lactic acid. Measurement of plasma ethylene glycol levels can 

confirm poisoning.47,48

Methanol and ethylene glycol poisoning are treated with fomepi-

zole or ethanol, which inhibits ADH and prevents the formation of 

toxic metabolites. Fomepizole (15 mg/kg loading dose, then 10 mg/kg 

every 12 hours) is preferred over ethanol because of its easier dosing 

regimen and better side-effect profile. The indications for antidotal 

therapy are a plasma concentration of methanol or ethylene glycol 

higher than 20 mg/dL and two of the following: osmolal gap higher 

than 10 mOsm/kg, arterial pH lower than 7.3, plasma bicarbonate level 

lower than 20 mEq/L, and the presence of urinary oxalate crystals. 

Indications for hemodialysis are severe metabolic acidosis (pH ,7.25), 

visual abnormalities, renal failure, electrolyte abnormalities not re-

sponsive to treatment, hemodynamic instability despite ICU treat-

ment, and plasma concentration higher than 50 mg/dL. In ethylene 

glycol toxicity, pyridoxine and thiamine are administered to increase 

the metabolism of glycolic and glyoxylic acid to the less-toxic metabo-

lites glycine and alpha-hydroxy-beta-ketoadipate. In methanol toxicity, 

folic acid or folinic acid increases the breakdown of formic acid to CO2 

and water.47,48

Diethylene glycol is present in brake fluid and is used as an illegal 

adulterant in ethanol spirits or in medication. Diethylene glycol is 

oxidized by ADH to 2-hydroxyethoxyacetaldehyde and then via 

ALDH to 2-hydroxyethoxyacetic acid. Acute oliguric and nonoliguric 

renal failure are frequent. Treatment consists of hemodialysis and 

fomepizole.47

Propylene glycol is a solvent for unstable drugs, including benzodi-

azepines, phenytoin, nitroglycerin, and some topical medications. The 

majority of intoxications have resulted from excessively large or rap-

idly infused IV injections of propylene glycol–containing medications 

such as benzodiazepines. Neurologic depression is the primary mani-

festation of acute propylene glycol poisoning. Metabolic acidosis is 

attributed to the generation of lactic acid during metabolism of pro-

pylene glycol. Discontinuation of propylene glycol–containing medi-

cation can lead to correction of the acidosis within 24 hours in most 

patients. In the face of extremely high blood concentrations, hemodi-

alysis is extremely effective in rapidly reducing plasma propylene gly-

col levels.47

Use of isopropyl alcohol is the most common cause of toxic alcohol 

exposure in the United States; it is found in rubbing alcohol, hand 

sanitizer gels, and other antiseptic preparations. It is metabolized by 

ADH to acetone, without production of AG acidosis. Toxicity is mainly 

limited to gastrointestinal (GI) effects, such as hemorrhagic gastritis 

and neurologic depression. Isopropyl alcohol is the only toxic alcohol 

that causes ketosis without acidosis. In comparison to other toxic alco-

hols, isopropyl alcohol intoxication is usually managed supportively. 

Hemodialysis may increase the rate of elimination of both isopropyl 

alcohol and acetone and should be considered for patients with dete-

riorating mental status or hemodynamic instability.47
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SALICYLATES

Salicylate toxicity may develop with either acute or chronic exposure 

to salicylates. Acute and chronic salicylate toxicity is associated with a 

high mortality if not recognized early and treated. Salicylates are found 

in over-the-counter medications such as aspirin, bismuth subsalicy-

late, effervescent antacids, ointments, liniments, and oil of wintergreen 

(methyl salicylate) and in numerous prescription medications. Pa-

tients with salicylate toxicity may present with neurologic symptoms 

(cerebral edema, coma, agitation, tinnitus, or seizures), pulmonary 

symptoms (hyperventilation/tachypnea or acute lung injury), and GI 

symptoms (nausea or vomiting). Nausea, vomiting, diaphoresis, and 

tinnitus are the earliest signs and symptoms of salicylate toxicity.  

Salicylates stimulate the respiratory center, leading to hyperventilation 

and respiratory alkalosis. They also uncouple oxidative phosphoryla-

tion and interfere with the Krebs cycle, leading to increased lactate 

production, ketosis, and high AG metabolic acidosis. Interference with 

aerobic respiration also causes hypoglycemia, fever, and fluid loss. 

Adult patients with acute poisoning usually present with mixed respi-

ratory alkalosis and metabolic acidosis but can also present with pri-

mary respiratory alkalosis. In children, respiratory alkalosis may be 

transient, with metabolic acidosis occurring early in the course.50

The therapeutic range of salicylates is 10–30 mg/dL. Patients become 

symptomatic at concentrations higher than 40 mg/dL. Levels higher 

than 90–100 mg/dL usually have serious or life-threatening toxicity. In 

overdoses, the peak plasma concentration may not occur for 4–6 hours. 

Laboratory tests should be repeated every 4–6 hours until the level falls 

into the nontoxic range. Renal excretion of salicylic acid depends on 

urinary pH. Increasing the urine pH to 7.5 prevents reabsorption of 

salicylic acid from the urine. Because acidosis facilitates transfer of sa-

licylate into tissues, especially in the brain, it must be treated aggressively 

by raising the blood pH higher than the brain pH, thereby shifting the 

equilibrium from the tissues to the plasma. Alkalinization with IV so-

dium bicarbonate is the mainstay of treatment in patients whose plasma 

pH is not already elevated (.7.5), and care should be taken not to raise 

plasma pH to inappropriately high levels (.7.55). Hypokalemia occurs 

commonly in salicylate-poisoned patients and prevents urinary excre-

tion of salicylate unless corrected. Because intoxication can decrease ce-

rebral glucose concentrations despite normal plasma glucose concentra-

tions, adults who are hypoglycemic or have altered mental status, 

regardless of their plasma glucose concentration, should be treated with 

supplemental glucose. Indications for hemodialysis include a plasma 

level higher than 120 mg/dL (acutely) or higher than 100 mg/dL  

(6 hours post-ingestion), refractory acidosis, coma or seizures, noncar-

diogenic pulmonary edema, volume overload, and renal failure. In 

chronic overdose, hemodialysis may be required for a symptomatic pa-

tient with a plasma salicylate level higher than 60 mg/dL.50,51

PYROGLUTAMIC ACIDOSIS

Accumulation of 5-oxoproline (pyroglutamic acid), an organic acid 

intermediate of the gamma-glutamyl cycles, is a rare, but underdiag-

nosed, cause of severe, high AG metabolic acidosis in adults. The aci-

demia associated with pyroglutamic acid usually occurs in association 

with acetaminophen therapy and in the setting of severe sepsis, liver 

dysfunction, or renal dysfunction. Heterozygosity for glutathione syn-

thase deficiency may also be an underlying risk factor for development. 

The etiology appears to be a drug-induced reversible inhibition of ei-

ther glutathione synthetase or 5-oxoprolinase. Diagnosis is made by 

measuring urinary 5-oxoproline levels to demonstrate the presence of 

pyroglutamic acid. Treatment with methionine or N-acetylcysteine to 

replenish glutathione should be considered.52–55

RENAL FAILURE

Early CKD is associated with hyperchloremic normal AG metabolic 

acidosis, and advanced CKD is associated with elevated AG metabolic 

acidosis. In early CKD, acid excretion is initially maintained by in-

creased ammonium excretion. When the GFR falls below 40–50 mL/

min, tubular function decreases, leading to retention of H1, an in-

crease in the amount of bicarbonate excreted, and metabolic acidosis. 

To maintain electroneutrality, the kidneys retain chloride with each 

bicarbonate ion lost, causing hyperchloremic metabolic acidosis. Be-

cause glomerular function decreases at a much slower rate than the 

loss of tubular function, the excretion of sulfate and other organic and 

inorganic acid anions is not affected, as their filtration by the kidney is 

maintained. The AG remains in normal range because of the contin-

ued excretion of organic acids by the kidneys. In advanced CKD, when 

the GFR falls below 20 mL/min, the capacity of the kidneys to filter the 

anions of organic acids is significantly diminished, causing retention 

of phosphates, sulfates, urate, and hippurate anions in the plasma and 

development of elevated AG metabolic acidosis.56,57

Clinical consequences of chronic metabolic acidosis in CKD in-

clude osteopenia, worsening secondary hyperparathyroidism, CKD 

progression, and increased mortality. Recent clinical trials have sug-

gested that correction or prevention of metabolic acidosis by alkali 

administration is able to slow the progression of CKD. As a result, to 

prevent CKD progression and bone loss, sodium bicarbonate supple-

mentation (0.5–1 mEq/kg/day) is recommended for patients with 

CKD with plasma bicarbonate concentrations lower than 22 mEq/L.57,58

NON–ANION GAP (HYPERCHLOREMIC) METABOLIC 
ACIDOSIS

Normal or non-AG metabolic acidosis is also called hyperchloremic 

metabolic acidosis because the kidneys reabsorb chloride instead of 

bicarbonate, yielding no net change in the serum AG. Hyperchloremic 

metabolic acidosis may result from impaired renal acid excretion,  

increased renal or GI bicarbonate loss, H1 gain, marked urinary excre-

tion of organic acid anions with replacement with chloride, or admin-

istration of chloride-rich solutions during resuscitation (Box 15.4). In 

impaired renal acid excretion, the absence of sufficient ammonium 

excretion results in the acid anions being excreted with sodium and 

potassium. This results in a sodium deficit and avid renal retention of 

filtered sodium and chloride. The retained chloride replaces the lost 

bicarbonate. GI or urinary bicarbonate loss leads to a sodium deficit 

and a reduction in extracellular fluid volume. This stimulates renal 

retention of sodium and chloride, thereby replacing the lost bicarbon-

ate by the retained chloride.59

URINARY ANION GAP

In assessing the cause of hyperchloremic metabolic acidosis, the urine 

AG (UAG) may be useful in differentiating renal causes from GI 

causes. The UAG is calculated as the difference between the measured 

urine cations (Na1 and K1) and urine Cl–:

UAG (Na ) (K ) (Cl )� � �
� � �

In diarrhea and other nonrenal causes of hyperchloremic acidosis, 

the kidney should attempt to compensate by increasing net acid excre-

tion. The major mechanism for this increase is a marked increase in 

urinary ammonium excretion. Because urinary ammonium measure-

ments are not readily available, the UAG serves as a surrogate. Under 

normal circumstances, the sum of the excreted urine sodium and urine 
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potassium is greater than the amount of excreted urine chloride and the 

UAG is positive. In patients with normal AG metabolic acidosis, the 

excretion of ammonium occurs with chloride, increasing the urine 

chloride concentration. In such settings, urine chloride usually exceeds 

the sum of urine sodium and urine potassium, resulting in a negative 

UAG; the UAG will be negative when ammonium is present and bal-

anced by negatively charged urinary chloride. A negative UAG is consis-

tent with increased ammonium excretion and occurs in patients who 

develop metabolic acidosis as a result of diarrhea. If little ammonium is 

present, the UAG will be zero or positive, similar to that in patients who 

have hyperchloremic metabolic acidosis associated with impaired am-

monium excretion, as seen in renal tubular acidosis (RTA).

There are several limitations to the UAG. The UAG cannot be inter-

preted accurately in the setting of increased urinary excretion of un-

measured anions. Unmeasured anions may be excreted with sodium or 

potassium or with ammonium. Examples of unmeasured urinary an-

ions include ketoacids, hippurate, d-lactate, and 5-oxoproline. As a 

result, the excretion of ammonium with these unmeasured anions will 

not reduce the UAG, which occurs when ammonium is excreted with 

chloride. In addition, the excretion of sodium or potassium with un-

measured anions leads to a positive UAG.60 The UAG also cannot be 

interpreted in volume-depleted states with urine sodium levels less 

than 25 mEq/L because of impaired distal sodium delivery.61

The urine osmolal gap (UOG) can overcome some of the limita-

tions of the UAG.59,60 The UOG indirectly assesses urine ammonium 

concentration by comparing the difference of directly measured urine 

osmolality to the calculated urine osmolality. The formula for calculat-

ing urine osmolality is as follows:

Calculated urine osmolality (mOsm/kg)

2 [N� �( aa K] urea nitrogen in mg/dL)/2.8

gluco

� �

� 

) (

( sse in mg/dL)/18

Besides sodium, potassium, urea, and glucose (if present in the 

urine), the major urinary solute that contributes to urine osmolality is 

ammonium. Most of the UOG is therefore made up of ammonium in 

the form of ammonium chloride in addition to ammonium excreted 

with other unmeasured anions. Thus the UOG detects ammonium 

excretion regardless of the anion that is excreted along with it. The 

UOG must be divided by 2 in order to account for the anion being 

excreted with ammonium. In the setting of metabolic acidosis, urine 

ammonium levels should be higher than 200 mEq/L. An ammonium 

urine concentration of less than 75 mEq/L in a patient with metabolic 

acidosis indicates impaired renal ammonium excretion and correlates 

with a UOG of less than 150 mOsm/kg. In the setting of hyperchlore-

mic metabolic acidosis from GI causes such as diarrhea, the UOG 

should be higher than 400 mOsm/kg.59,60

RENAL TUBULAR ACIDOSIS

RTA is characterized by impaired urinary acidification, resulting in reten-

tion of H1, reduction in plasma bicarbonate levels, and hyperchloremic 

non-AG metabolic acidosis. RTA can be classified as proximal (type 2), 

distal (type 1), and hyperkalemic (type 4). The UAG is usually positive in 

RTA because of an inability to excrete H1. Proximal (type 2) and distal 

(type 1) RTA are uncommon disorders (see Boxes 15.4 and 15.5).

Proximal Renal Tubular Acidosis (Type 2)
Proximal RTA is characterized by impaired proximal bicarbonate reab-

sorption with a lowered threshold for bicarbonate reclamation. This 

results in renal bicarbonate wasting whenever the bicarbonate concen-

tration exceeds this lowered threshold. Below this threshold, bicarbon-

ate is conserved and maximal urinary acidification (urine pH ,5.5) 

occurs. Bicarbonate loss in the urine leads to increased H1 concentra-

tion in the blood and a subsequent reduction in the arterial pH.  

Because of impaired proximal bicarbonate reabsorption, the distal 

nephrons become overwhelmed by an increase in bicarbonate delivery 

and cannot compensate for the loss in proximal function. However, as 

the plasma bicarbonate level decreases to 15–18 mEq/L, the amount of 

filtered bicarbonate decreases with reduced delivery of bicarbonate to 

the distal nephrons. At that point, the distal nephrons are able to  

function, leading to a reduction in bicarbonate loss and appropriate 

Box 15.4 Differential Diagnosis of 
Hyperchloremic Metabolic Acidosis

Gastrointestinal Bicarbonate Loss

Diarrhea

External pancreatic or small bowel drainage

Ureterosigmoidostomy, jejunal loop

Drugs

Calcium chloride (acidifying agent)

Magnesium sulfate (diarrhea)

Cholestyramine (bile acid diarrhea)

Renal Acidosis

Hypokalemic

Proximal renal tubular acidosis (RTA) (type 2) (see Box 15.5)

Distal (classic) RTA (type 1)

Drug-Induced Hypokalemia

Acetazolamide (proximal RTA)

Amphotericin B (distal RTA)

Hyperkalemic

Generalized distal nephron dysfunction (type 4 RTA) (see Box 15.5)

Mineralocorticoid deficiency or resistance (pseudohypoaldosteronism type 1) 

PHA-I, PHA-II

g Na+ delivery to distal nephron

Tubulointerstitial disease

Ammonium excretion defect

Drug-Induced Hyperkalemia

Potassium-sparing diuretics (amiloride, triamterene, spironolactone)

Trimethoprim

Pentamidine

Angiotensin-converting enzyme inhibitors and angiotensin II receptor blockers

Nonsteroidal antiinflammatory drugs

Cyclosporine, tacrolimus

Normocalcemic

Early renal insufficiency

Other

Acid loads (ammonium chloride, hyperalimentation)

Loss of potential bicarbonate: ketosis with ketone excretion

Dilution acidosis (rapid saline administration)

Hippurate

Cation-exchange resins

Adapted in part from DuBose TD Jr. Acid-base disorders. In Brenner 

BM, ed. Brenner and Rector’s The Kidney. 8th ed. Philadelphia: Saun-

ders; 2008:513–546.
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acidification of the urine to a pH less than 5.5. These patients also have 

hyperaldosteronism from salt wasting because of the defect in proxi-

mal reabsorption of filtered bicarbonate. Because of hyperaldosteron-

ism, urinary potassium wasting and hypokalemia are common.59,62

Proximal RTA is suggested by a modestly low plasma bicarbonate 

level of 15–18 mEq/L with appropriate urinary acidification (urinary 

pH ,5.5). This can be confirmed by measurement of the urine pH and 

fractional bicarbonate excretion during bicarbonate infusion, but this 

is not often done in practice. IV sodium bicarbonate is infused at a rate 

of 0.5–1.0 mEq/kg/hour to increase the plasma bicarbonate concentra-

tion toward normal (18–20 mEq/L). The urine pH, even if initially 

acidic, will rise rapidly once the reabsorptive threshold for bicarbonate 

is exceeded. As a result, the urine pH will increase to higher than 7.5 

and the fractional excretion of bicarbonate will exceed 15%.59,62

In adults, proximal RTA is typically secondary to acquired proximal 

tubular damage such as heavy metal exposure and multiple myeloma, 

Box 15.5 List of Select Disorders Associated With Renal Tubular Acidosis*

Renal Defect in Net Acid Excretion, Classic Distal Renal  

Tubular Acidosis (Type 1 RTA)

Systemic or Tubulointerstitial Disease

Medullary sponge kidney

Cryoglobulinemia

Balkan nephropathy

Nephrocalcinosis

Chronic pyelonephritis

HIV nephropathy

Renal transplant

Sjögren syndrome

Thyroiditis

Hyperparathyroidism

Drug or Toxin Induced

Ifosfamide

Amphotericin B

Foscarnet

Toluene

Mercury

Classic analgesic nephropathy

Renal Defect in HCO3
2 Reclamation, Proximal Renal Tubular 

Acidosis (Type 2 RTA)

Selective (Unassociated With Fanconi Syndrome)

Idiopathic

Carbonic anhydrase deficiency or inhibition

Drugs such as acetazolamide

Carbonic anhydrase II deficiency with osteopetrosis (Sly syndrome)

Generalized (Associated With Fanconi Syndrome)

Primary: inherited or sporadic

Genetically transmitted systemic diseases: cystinosis, Lowe syndrome, Wilson 

syndrome

Dysproteinemic States

Multiple myeloma

Monoclonal gammopathy

Secondary Hyperparathyroidism With Chronic  

Hypocalcemia

Vitamin D deficiency or resistance

Vitamin D dependency

Drugs or Toxins

Ifosfamide

Lead

Outdated tetracycline

Streptozotocin

Mercury

Amphotericin B (historic)

Tubulointerstitial Diseases

Sjögren syndrome

Medullary cystic disease

Renal transplantation

Generalized Defect of the Distal Nephron With Hyperkale-

mia (Type 4 RTA)

Mineralocorticoid Deficiency

Primary Aldosterone Deficiency

Adrenal disease (hemorrhage, destruction, infarction)

Heparin (low-molecular-weight [MW] or unfractionated)

Persistent hypotension in critically ill patient

Renin–angiotensin system modulating agents (angiotensin-converting enzyme 

inhibitor [ACEI], angiotensin receptor blocker [ARB])

Secondary Aldosterone Deficiency (Hyporeninemic Hypoal-

dosteronism)

Diabetic nephropathy

HIV disease

Tubulointerstitial nephropathy

NSAID use

Renal Tubular Dysfunction (Voltage Defect)

Drugs That Interfere With Sodium Channel or Na1/K1-

ATPase

Amiloride

Pentamidine

Triamterene

Trimethoprim

Cyclosporine

Tacrolimus

Disorders Associated With Tubulointerstitial Disease

Renal failure

Lupus nephritis

Obstructive uropathy

Renal transplant rejection

Sickle cell disease

Adapted in part from DuBose TD Jr. Acid-base disorders. In Brenner BM, ed. Brenner and Rector’s The Kidney. 8th ed. Philadelphia: Saunders; 

2008:513–546.
* See source for complete list of disorders.
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whereas in children, it is associated with metabolic defects (see  

Box 15.5). Proximal RTA is often accompanied by other proximal tubu-

lar transport defects, including renal glycosuria, phosphate wasting, 

aminoaciduria, and hypouricemia (Fanconi syndrome). Medications 

such as carbonic anhydrase inhibitors (e.g., acetazolamide) and topira-

mate can cause proximal RTA by impairing proximal bicarbonate reab-

sorption without affecting the reabsorption of other proximal tubule  

solutes. The drugs tenofovir and ifosfamide can cause Fanconi  

syndrome.59

Complications include bone disease because of an increase in bone 

buffering of excess acid and acquired vitamin D deficiency from de-

creased calcitriol production. Defects in proximal transport may also 

result in phosphate wasting and hypophosphatemia, leading to rickets 

in children and osteomalacia or osteopenia in adults.59,62

Standard treatment is with oral alkali therapy. Because exogenous 

alkali is rapidly excreted in the urine, considerably higher doses of alkali 

are required compared with distal and type 4 RTA. About 10–15 mEq/

kg/day of alkali is typically required to stay ahead of urinary excretion. 

Potassium citrate is the preferred form of alkali to ameliorate potassium 

losses. Thiazides are also sometimes used in conjunction with a low-salt 

diet to reduce the amount of alkali required. Thiazides induce volume 

contraction and enhance proximal bicarbonate reabsorption.62

Classic Distal Renal Tubular Acidosis (Type 1)
Classic distal RTA results from defective H1 secretion in the distal tu-

bule. Impaired H1 secretion results in an inability to acidify the urine 

pH beyond 5.5 and reduced net acid excretion. The plasma bicarbon-

ate may fall below 15 mEq/L. Hypokalemia occurs as a result of urinary 

potassium wasting from increased potassium secretion by distal tubu-

lar cells in the setting of diminished H1 secretion. Hypercalciuria, al-

kaline urine, and low urinary citrate levels promote the precipitation 

of calcium phosphate stones and nephrocalcinosis. A diagnosis is 

made by the findings of hypokalemia, normal AG metabolic acidosis, 

inappropriately high urine pH (.5.5) regardless of the plasma bicar-

bonate concentration, and a positive UAG.62

The most common causes in adults are autoimmune disorders such 

as Sjögren syndrome. In children, RTA is most often a primary heredi-

tary condition (see Box 15.5). Drugs such as ifosfamide and ampho-

tericin cause distal RTA in adults and children. As in proximal RTA, 

complications include failure to thrive, rickets, and stunting of growth 

in children and osteomalacia or osteopenia in adults. Patients may 

otherwise be asymptomatic or may present with symptoms of severe 

acidosis or hypokalemia.60

Adults are generally treated with oral sodium bicarbonate or so-

dium citrate 1–2 mEq/kg/day. Patients with significant hypokalemia, 

nephrolithiasis, or nephrocalcinosis are treated with potassium citrate 

or Polycitra (potassium citrate plus sodium citrate).

Hyperkalemic Distal Renal Tubular Acidosis (Type 4)
Hyperkalemic distal RTA is characterized by hyperkalemia and hyper-

chloremic metabolic acidosis. It can occur in the setting of aldosterone 

deficiency or resistance or result from a voltage-dependent defect in 

H1 secretion. In aldosterone deficiency or resistance, hyperkalemia is 

the primary disturbance, suppressing proximal tubular ammonium 

production and producing metabolic acidosis.4 Urinary acidification is 

intact. The metabolic acidosis seen is generally mild, with the plasma 

bicarbonate level usually higher than 15 mEq/L. Despite impaired 

distal H1 secretion, the urine pH is generally below 5.5. The ability to 

acidify the urine in this condition is the result of the inadequate 

amount of ammonia available for buffering of protons because the 

urinary pH falls in the absence of buffers. The findings of hyperkale-

mic, normal AG metabolic acidosis with an appropriately low urine 

pH (,5.5) and positive UAG confirm the diagnosis. The diagnosis is 

further supported by a bicarbonate fractional excretion of higher than 

10% in the setting of bicarbonate infusion.62

Hyporeninemic hypoaldosteronism is the most common cause of 

type 4 RTA in patients with mild to moderate renal insufficiency re-

sulting from diabetic nephropathy (see Box 15.5). Many drugs can 

cause type 4 RTA by affecting renin release, aldosterone production, or 

tubular potassium excretory capacity. Nonsteroidal antiinflammatory 

drugs (NSAIDs) inhibit renin release. Angiotensin-converting enzyme 

(ACE) inhibitors, angiotensin receptor blockers (ARBs), calcineurin 

inhibitors, and heparin can all reduce aldosterone production. Inhibi-

tors of tubular potassium excretion include spironolactone, eplere-

none, triamterene, and amiloride. The tubulointerstitial diseases com-

monly associated with type 4 RTA include sickle cell disease and 

obstructive nephropathy.4,62

Hyperkalemia from aldosterone deficiency or resistance can  

be diagnosed by measuring the transtubular potassium gradient 

(TTKG)63:

TTKG urine K plasma osmolality

plasma K

�  �
�( ) /

( ��

�urine osmolality)

A TTKG higher than 8 indicates that aldosterone is present and that 

the collecting duct is responsive to it. A TTKG less than 5 in the pres-

ence of hyperkalemia indicates aldosterone deficiency or resistance. 

For the test to be accurate, the urine sodium concentration should be 

higher than 10 mEq/L and the urine osmolality should be greater than 

or equal to the plasma osmolality.63

Therapy is aimed at reducing the plasma potassium concentration 

and includes volume expansion, dietary potassium restriction, and 

potassium-wasting diuretics. Acidosis will usually improve once the 

hyperkalemic impedance of ammonium production is removed. Any 

drugs that suppress or block aldosterone should be discontinued. Min-

eralocorticoid replacement with fludrocortisone will improve hyper-

kalemia and acidosis but is not ideal in patients with uncontrolled 

hypertension or a history of heart failure. These patients are instead 

treated with a low-potassium diet and a loop diuretic.4

GASTROINTESTINAL TRACT LOSS

The secretions of the large and small bowel are mostly alkaline and have 

a bicarbonate level higher than that in the plasma. Significant loss of 

lower GI secretions results in non-AG metabolic acidosis (see Box 15.4). 

Diarrhea is the most common cause of external loss of bicarbonate, 

resulting in non-AG metabolic acidosis. Other causes include external 

drainage of pancreatic or biliary secretions, as from fistulas, ileus sec-

ondary to intestinal obstruction, and villous adenomas. Drugs that in-

crease GI bicarbonate loss include calcium chloride, magnesium sulfate, 

and cholestyramine. Significant bicarbonate loss also occurs in patients 

who abuse laxatives. Urinary diversions, such as ureterosigmoidostomy 

or ureteroileostomy, can cause non-AG metabolic acidosis because of 

the absorption of chloride in exchange for bicarbonate across the bowel 

mucosa. Absorption of urinary ammonium in the sigmoid colon may 

also contribute to the development of acidosis, as metabolism of the 

ammonium in the liver results in the production of H1.

Metabolic acidosis and hypokalemia from GI losses increase renal 

synthesis and ammonia excretion, thereby providing a urinary buffer 

that increases urine pH despite increased net acid excretion.59 The 

urine pH is higher than 5.5 instead of an acid urine pH, as expected 

with systemic acidosis. Metabolic acidosis resulting from GI losses 

with a high urine pH can be differentiated from RTA by calculating 

the UAG.
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OTHER CAUSES OF NON–ANION GAP ACIDOSIS

See Box 15.4.

Expansion of the extracellular fluid volume with non–bicarbonate-

containing solutions, such as isotonic saline, causes metabolic acidosis 

by diluting the previous existing plasma bicarbonate (dilutional acido-

sis) and increasing the chloride load. This increased chloride load ex-

ceeds the renal capacity to generate equal amounts of HCO3
2.59,64

Amino acids in total parenteral nutrition (TPN) are metabolized to 

HCl, which causes a transient non-AG metabolic acidosis. The de-

creased pH and decreased HCO3
2 stimulate renal reabsorption and 

generation of HCO3
2. Metabolic acidosis occurs if the acid load over-

rides the ability of the renal tubules to secrete H1 and generate am-

monia for excretion in the urine, usually a short-lived process.4

In prolonged hypercapnia, renal tubules compensate for a pro-

longed respiratory alkalosis by decreasing reclamation and generation 

of HCO3
2 (which takes 12–24 hours for full effect). If the respiratory 

alkalosis resolves rapidly, reclamation and generation of HCO3
2 will 

return to normal over 1–2 days. During this period a resolving non-AG 

metabolic acidosis occurs.

In toluene intoxication or the treatment phase of DKA, metabolic 

acid production is markedly increased. Although ammonium excre-

tion is also increased, the rate of urinary excretion of the acid anions 

(hippurate and keto-anions, respectively) exceeds the excretion of am-

monium. The anions not excreted with ammonium are excreted with 

sodium and potassium, causing sodium deficits and avid retention of 

filtered sodium and chloride. The lost bicarbonate is replaced by the 

retained chloride. In addition, administration of large volumes of iso-

tonic saline for resuscitation in patients with DKA promotes diuresis, 

with continued urinary loss of ketone bodies, with sodium as the cat-

ion while delivering chloride to replace the lost keto-anions.59

METABOLIC ALKALOSIS

Primary metabolic alkalosis is a subset of acid-base disorders character-

ized by an elevation in blood arterial pH, an increase in plasma HCO3
2 

concentration, and a compensatory hypoventilation, resulting in a rise 

in PaCO2. It is encountered relatively frequently in clinical practice as a 

result of the loss of H1 from the GI tract or urine. This disorder is also 

often accompanied by hypochloremia and hypokalemia.65

In the presence of an increased serum bicarbonate concentration 

and low serum chloride (Cl2) concentration, a patient may have either 

metabolic alkalosis or chronic respiratory acidosis. These disorders can 

be differentiated by the arterial pH, which is increased (.7.4) in meta-

bolic alkalosis and decreased (,7.4) or normal in chronic respiratory 

acidosis. In primary metabolic alkalosis, the PaCO2 generally increases 

approximately 6–7.5 mm Hg for every 10 mEq/L increase in HCO3
2 

above normal.

Metabolic alkalosis may occur as a simple disorder or when associ-

ated with other disorders like respiratory acidosis, respiratory alkalosis, 

or metabolic acidosis, as a mixed disorder. An increase in the serum AG 

may be the only sign that metabolic acidosis coexists with metabolic 

alkalosis. Clinical examples of a mixed AG acidosis and metabolic al-

kalosis include patients with both DKA and vomiting or lactic acidosis 

with vomiting.66

Pathogenesis
Metabolic alkalosis can result from the loss of H1, transcellular 

H1 shift, exogenous alkali administration, or contraction alkalosis 

(Fig. 15.3). These factors may initiate systemic alkalosis, but under nor-

mal physiologic circumstances, alkalosis should never develop because 

the kidney is efficient at removing excess bicarbonate. However, in con-

ditions where kidney function may be compromised, bicarbonate ex-

cretion may become impaired. Metabolic alkalosis is typically associ-

ated with impairment in kidney function, which is thought to maintain 

the alkalosis.

In effect, metabolic alkalosis results from impaired bicarbonate 

elimination from the kidney by its regular mechanisms (see Fig. 15.3). 

An increase in the plasma bicarbonate concentration results from  

either exogenous HCO3
2 administration or endogenous production. 

The kidneys will preserve rather than eliminate excess alkali and 

maintain alkalosis if either of the following conditions is present: (1) 

Cl2 deficiency (or ECV contraction), typically accompanied by potas-

sium (K1) depletion, which reduces effective renal perfusion and 

glomerular filtration and enhances bicarbonate reabsorption. Alkalo-

sis in this setting can usually be corrected with saline infusion (saline-

responsive) and K1 repletion or (2) hypokalemia resulting from a 

mineralocorticoid excess, which is not responsive to ECV expan-

sion.67–69 This cause of alkalosis is not generally responsive to saline 

Fig. 15.3 Pathogenesis and Maintenance of Metabolic Alkalosis.
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(saline-resistant), and treatment considerations include medications 

or surgical resection.

The most common factor maintaining metabolic alkalosis is a re-

duction in ECV, which leads to a reduction in GFR and a subsequent 

increase in sodium (Na1), HCO3
2 reabsorption, and new bicarbonate 

generation.70 Hypokalemia can both cause and maintain the presence 

of metabolic alkalosis. Mineralocorticoid excess is another factor that 

may trigger metabolic alkalosis, and, in those cases, hypokalemia is the 

factor that maintains the alkalosis.

Metabolic alkalosis associated with a reduction in volume responds 

well to repletion with normal (0.9%) saline and is known as saline re-

sponsive. However, mineralocorticoid or hypokalemia-induced alkalo-

sis does not generally respond to volume administration and is said to 

be saline-unresponsive.

Symptoms of Metabolic Alkalosis
The symptoms of metabolic alkalosis vary according to the severity 

of the underlying acid-base abnormality. Presenting symptoms are 

often similar to those of hypocalcemia and may include mental con-

fusion, decreased consciousness, seizures, muscle cramping, tetany, 

paresthesia, cardiac arrhythmias, and dyspnea. Common electrolyte 

abnormalities associated with alkalosis include hypokalemia and 

hypophosphatemia.71

Extracellular Fluid Volume Contraction, Hypokalemia, 
and Secondary Hyperaldosteronism
See Box 15.6.

Gastrointestinal Causes
GI hydrogen loss can result from the removal of gastric secretions 

(vomiting or nasogastric suction) or loss of intestinal secretions (con-

genital chloridorrhea, villous adenoma, laxative abuse). Loss of H1 

leading to metabolic alkalosis most commonly occurs through the GI 

tract by vomiting or nasogastric (NG) suction. Gastric fluid contains a 

high concentration of hydrochloric acid (HCl) and a lower concentra-

tion of potassium chloride (KCl). Each mEq of H1 secreted generates 

1 mEq of HCO3
2, which is then absorbed into the plasma. Under nor-

mal physiologic conditions, the increase in plasma HCO3
2 concentra-

tion is only transient, as acid secretion into the duodenum stimulates 

an equal amount of pancreatic HCO3
2 secretion, which neutralizes the 

acid. However, if gastric fluid is removed by vomiting or NG suction, 

there is no stimulus for HCO3
2 secretion, because the HCl does not 

reach the duodenum. The net result is an increase in plasma HCO3
2 

and subsequent metabolic alkalosis.

Under normal circumstances, any excess HCO3
2 generated would 

be excreted by the kidney in the urine, thereby correcting alkalosis. 

Box 15.6 Causes of Metabolic Alkalosis

Exogenous HCO3
– Loads

Acute alkali administration

Milk-alkali syndrome

Effective Extracellular Volume Contraction, Normotension, 

Hypokalemia, and Secondary Hyperreninemic  

Hyperaldosteronism

Gastrointestinal Origin

Vomiting

Gastric aspiration

Congenital chloridorrhea

Villous adenoma

Combined administration of sodium polystyrene sulfonate (Kayexalate and  

aluminum hydroxide)

Renal Origin

Diuretics (especially thiazides and loop diuretics)

Acute

Chronic

Edematous states

Posthypercapnic state

Hypercalcemia-hypoparathyroidism

Recovery from lactic acidosis or ketoacidosis

Nonreabsorbable anions such as penicillin, carbenicillin

Mg21 deficiency

K1 depletion

Bartter syndrome (loss-of-function mutation of Cl– transport in thick ascending 

limb of loop of Henle)

Gitelman syndrome (loss-of-function mutation in Na1/Cl– cotransporter)

Carbohydrate refeeding after starvation

Other

Sweat loss in cystic fibrosis

Loss of fluid in third space

Extracellular Volume Expansion, Hypertension, K+ 

Deficiency, and Hypermineralocorticoidism

Associated With High Renin

Renal artery stenosis

Accelerated hypertension

Renin-secreting tumor

Estrogen therapy

Associated With Low Renin

Primary aldosteronism

Adenoma

Hyperplasia

Carcinoma

Glucocorticoid suppressible

Adrenal Enzymatic Defects

11-Hydroxylase deficiency

17-Hydroxylase deficiency

Cushing Syndrome or Disease

Ectopic corticotropin

Adrenal carcinoma

Adrenal adenoma

Primary pituitary

Other

Licorice

Carbenoxolone

Chewing tobacco

Lydia Pinkham tablets

Gain-of-Function Mutation of Epithelial Sodium Channel 

(ENaC) With Extracellular Fluid Volume Expansion,  

Hypertension, K+ Deficiency, and Hyporeninemic 

Hypoaldosteronism

Liddle syndrome
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However, vomiting or NG suction also lowers the extracellular fluid 

compartment and effective circulating volume. The reduction in ECV 

leads to decreased GFR and less HCO3
2 filtered and also stimulates 

angiotensin and aldosterone production (secondary hyperaldosteron-

ism), leading to increased Na1 and HCO3
2 reabsorption by the proxi-

mal tubules.72 Increased Na1 reabsorption leads to increased HCO3
2 

reabsorption because of the increase in H1 secretion as Na1 is ex-

changed for H1 by the Na–H1 transporter at the proximal tubule. Se-

creted H1 ions combine with filtered HCO3
2, causing reabsorption. 

Aldosterone primarily acts at the distal tubule to increase H1 and K1 

secretion, resulting in greater acid and K1 excretion. These processes 

lead to a hypokalemic metabolic alkalosis. Notably, the near-complete 

reabsorption of HCO3
2 in the setting of reduced ECV leads to the 

paradoxical finding of an acidic urine, despite the presence of extracel-

lular alkalosis.

Renal Causes
See Box 15.6. Contraction alkalosis occurs when there is a relatively 

large loss of bodily fluid that does not contain HCO3
2. In this setting, 

which is most commonly the result of diuretics, the ECV contracts 

around a fixed amount of HCO3
2, resulting in a rise in HCO3

2 con-

centration.73 Note that in this situation, total body bicarbonate re-

mains the same despite the concentration change. Chronic diuretic 

use generates alkalosis by increasing salt delivery to the distal tubule, 

with resulting stimulation of H1 and K1 secretion. Loop and thiazide 

diuretics may effectively lower ECV without concomitant loss of 

HCO3
2, resulting in a net increase in serum HCO3

2 and contraction 

alkalosis. Alkalosis is then maintained by one of several mechanisms, 

such as reduction of the ECV, hypokalemia, secondary hyperaldoste-

ronism, or continued effect of the diuretic. Repletion of the extravas-

cular fluid with 0.9% saline will typically improve the alkalosis in this 

setting.

Bartter syndrome is a disorder characterized by impaired Cl2 ab-

sorption, which then leads to salt wasting, volume contraction, and 

activation of the renin-angiotensin system. Five types of Bartter syn-

drome have been discovered, with four inherited in an autosomal re-

cessive manner.74 Bartter syndrome occurs more often in children, and 

the most common disorder results from a mutation of the gene encod-

ing the bumetanide-sensitive Na12Cl2K1 cotransporter (NKCC2 or 

BSC1) on the apical membrane; however, other mutations have been 

found involving different transporter channels. Elevated prostaglandin 

levels have been reported with this disorder, likely from volume con-

traction, hypokalemia, or high angiotensin II levels.75 These defects 

lead to contraction of the ECV, hyperreninemic hyperaldosteronism, 

and increased Na1 delivery to the distal nephron subsequent with K1 

wasting and alkalosis. The differential diagnosis of Bartter syndrome 

includes other causes of ECV contraction, such as emesis, diuretic use, 

or laxative abuse. Inhibition of the renin-angiotensin-aldosterone sys-

tem or the prostaglandin-kinin system has been the goal of current 

treatment, with medications like spironolactone, prostaglandin inhibi-

tors, propranolol, and ACE inhibitors, but the utility of such agents has 

been limited. K1 and magnesium (Mg1) repletion is also an important 

part of therapy.

Gitelman syndrome, like Bartter syndrome, is autosomal recessive 

and may manifest with hypokalemia, volume depletion with secondary 

hyperreninemic hyperaldosteronism, normotension, or even low blood 

pressure. Gitelman syndrome differs from Bartter syndrome in that it 

occurs more often in adulthood and is characterized by hypocalciuria, 

hypermagnesuria, and hypomagnesemia, similar to the effect of thiazide 

diuretics. Gitelman syndrome occurs as the result of missense mutations 

in the gene SLC12A3, responsible for encoding the thiazide-sensitive distal 

convoluted tubule Na1/Cl2 cotransporter (NCCT).74,76 Diminished 

activity of the Na1/Cl2 cotransporter leads to calcium reabsorption and 

hypocalciuria. Reported symptoms include fatigue, cramping, nocturia, 

and salt craving. Treatment considerations include a sodium- and po-

tassium-avid diet with magnesium supplementation. ACE inhibitors 

have also been advocated for this disorder.

Hypokalemia is a frequent finding in patients with metabolic alka-

losis. It is an important contributor to both the development and 

maintenance of the alkalosis. The underlying causes of metabolic alka-

losis (e.g., vomiting, mineralocorticoid excess, diuretic use) induce 

both H1 and K1 loss and thus cause hypokalemia. However, hypoka-

lemia itself can be a primary cause of metabolic alkalosis. Hypokale-

mia causes metabolic alkalosis by several mechanisms. Initially, hypo-

kalemia causes a transcellular shift, where K1 leaves and H1 enters 

cells, thereby increasing extracellular pH. Hypokalemia also causes a 

transcellular shift in proximal tubule cells, resulting in intracellular 

acidosis and ammonium (NH4
1) production and excretion. Finally, 

H1 secretion increases in the proximal and distal tubules with hypoka-

lemia, leading to further HCO3
2 reabsorption. The net effect is an in-

crease in acid excretion.

Magnesium deficiency promotes distal H1 secretion and acidifica-

tion of urine by stimulating renin and aldosterone secretion, which 

result in hypokalemic alkalosis.

Posthypercapnic alkalosis is frequently overlooked as a complica-

tion of mechanical ventilation. The normal physiologic response to 

respiratory acidosis is a compensatory increase in HCO3
2 reabsorp-

tion by the kidney, which increases plasma HCO3
2. Use of mechanical 

ventilation for this disorder may rapidly lower the PaCO2; however, 

plasma HCO3
2 will remain “inappropriately” elevated, resulting in 

development of metabolic alkalosis.77 Additionally, spontaneous renal 

excretion of excess bicarbonate will be difficult if there is a concomi-

tant presence of reduced GFR, chloride depletion, or reduced effective 

arterial blood volume (e.g., diuretic therapy) in critically ill patients. 

The duration of alkalosis in this setting, however, is unclear. Chronic 

respiratory acidosis is thought to be associated with urine Cl2 loss, 

leading to hypovolemia and hypochloremia. Repletion of Cl2 and 

restoration of volume (usually with 0.9% saline) typically corrects 

this disorder. In posthypercapnic alkalosis, the rapid fall in PaCO2 

may also lead to an acute increase in cerebral intracellular pH.78,79 

Complications including neurologic abnormalities and death have 

been reported with this effect, and as a result most experts have rec-

ommended a gradual reduction in PaCO2 in patients with chronic 

hypercapnia.

Extracellular Volume Expansion and  
Mineralocorticoid Excess
The common causes of metabolic alkalosis maintain the alkalosis by 

hypovolemia-induced secondary hyperaldosteronism, which leads to 

increased acid excretion and hypokalemia. Disorders of mineralocorti-

coid excess, such as Conn syndrome, Cushing syndrome, and excess 

corticosteroid administration, produce a state of hyperaldosteronism, 

which also leads to hypokalemia and metabolic alkalosis (see Box 

15.6).80 In these disorders, the ECV increases, and hypertension may 

result. In these patients, metabolic alkalosis is perpetuated by the effects 

of hypokalemia, rather than hypovolemia, which leads to increased am-

monium production, H1 secretion, and HCO3
2 reabsorption.

Patients with secondary hyperaldosteronism from reduced arterial 

blood volume, as observed in conditions like congestive heart failure 

and cirrhosis, do not usually develop metabolic alkalosis unless 

treated with diuretics. In these patients, distal sodium delivery is re-

duced because of the expanded reabsorption of sodium in the  

proximal tubule. Without high distal sodium delivery, the effect of 
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aldosterone on sodium reabsorption and K1 and H1 excretion is di-

minished. High distal sodium delivery and elevated mineralocorticoid 

levels may occur together with primary mineralocorticoid secretory 

disorders or conditions like Liddle syndrome, which manifest as pri-

mary hyperaldosteronism.

Alkali Administration
In normal individuals and under most circumstances, chronic admin-

istration of sodium bicarbonate will only slightly alter the systemic pH 

because of the relatively rapid renal excretion of excess alkali and 

minimal rise in plasma bicarbonate levels. Alkalosis may occur, how-

ever, if large amounts of sodium bicarbonate or any substance me-

tabolized to bicarbonate (like the sodium salts of citrate, acetate, or 

lactate) are administered more rapidly, such as in the use of sodium 

bicarbonate to treat lactic acidosis or administration of sodium citrate 

in the form of massive blood transfusions. Notably, other factors con-

tributing to alkalosis, like hypovolemia, hypokalemia, or renal impair-

ment, will often be present.

Citrate, the anticoagulant used in blood products, is being increas-

ingly used as an anticoagulant for continuous renal replacement  

therapy (CRRT). Because 1 mmol of trisodium citrate is potentially 

metabolized to 3 mmol of sodium bicarbonate by the liver, metabolic 

alkalosis can occur from increased citrate. Metabolic alkalosis from 

citrate delivery in CRRT can be easily managed by decreasing the  

citrate infusion rate, increasing citrate and bicarbonate losses by in-

creasing the dialysate/replacement fluid flow rate, or reducing the  

bicarbonate concentration in the dialysate/replacement fluid.81

Milk-alkali syndrome results from the ingestion of large quantities 

of calcium carbonate along with vitamin D and is characterized by 

hypercalcemia and metabolic alkalosis. Hypercalcemia causes im-

paired renal function through renal vasoconstriction, renal salt wast-

ing, and volume depletion; the latter is exacerbated by vomiting.  

Hypovolemia and decreased renal function are responsible for main-

taining systemic alkalosis. Alkalosis also increases renal reabsorption of 

calcium, thereby worsening hypercalcemia.

Diagnosis of Metabolic Alkalosis
When a diagnosis of metabolic alkalosis is established, the etiology can 

usually be determined from the patient’s history. Otherwise, alkalosis 

is generally the result of one of three common causes: (1) emesis, (2) 

diuretic use, or (3) mineralocorticoid excess. Measurement of the 

urine chloride concentration usually helps differentiate among these 

conditions. When metabolic alkalosis is associated with a reduction in 

ECV, Na1 and Cl2 reabsorption are enhanced to replenish ECV. In this 

setting, urinary Cl2 concentration should be very low, typically less 

than 25 mEq/L (Table 15.4 and Fig. 15.4).

Urinary Na1 concentration is not a reliable measure of ECV status 

in the setting of metabolic alkalosis. If all of the filtered HCO3
2 cannot 

be reabsorbed, then some will be excreted with Na1, and urinary Na1 

may be high. Thus the volume status may incorrectly appear to be 

euvolemic or hypervolemic.

If the urinary Cl2 is low, indicating a hypovolemic state, then 0.9% 

NaCl and water administration to replenish ECV should stop aldoste-

rone production and lead to appropriate excretion of excess HCO3
2, 

improvement of hypokalemia, and correction of metabolic alkalosis. 

These causes of metabolic alkalosis are considered saline-responsive.

Mineralocorticoid excess, by contrast, is associated with increased 

ECV and occasionally hypertension. Urinary Cl2 will be high, typi-

cally when higher than 40 mEq/L. Saline administration in such pa-

tients would further expand ECV and worsen hypertension. Alkalosis, 

which in this setting is primarily the result of hypokalemia, would  

not be corrected. These causes of metabolic alkalosis are considered 

saline-resistant.

The causes of saline-resistant metabolic alkalosis can be further 

distinguished according to whether hypertension is present. Hyperten-

sion tends to occur in mineralocorticoid excess states, whereas Bartter 

and Gitelman syndromes and exogenous alkali load are associated with 

normal blood pressure.

Treatment
The goals of the treatment of metabolic alkalosis are to reverse the 

cause of bicarbonate generation and address those factors that restrict 

secretion of excess bicarbonate from the kidneys. Diagnostic evalua-

tion of metabolic alkalosis can be aided by measurement of the urine 

chloride concentration, systemic blood pressure, and estimated vol-

ume status of the patient. Other clinical findings that may assist with 

the evaluation include vomiting, NG suctioning, or alkali or diuretic 

use. Reversal of the underlying cause of alkalosis may include control-

ling emesis, addressing the removal of gastric secretions or lowering 

the gastric acid content removed, and discontinuing loop or thiazide 

diuretics. Medications that reduce gastric acid secretion, such as pro-

ton pump inhibitors or histamine-2 receptor blockers, have been ad-

ministered to improve alkalosis in patients with persistent vomit-

ing.82,83 Any exogenous source of alkali, like bicarbonate, or substances 

that metabolize to bicarbonate (like citrate or lactate), should be dis-

continued if possible. Hypokalemia is common in metabolic alkalosis 

and should be corrected.

A reduction in renal excretion of excess bicarbonate is required to 

maintain metabolic alkalosis, so addressing factors that impair renal 

function and subsequent bicarbonate secretion will help correct al-

kalosis. Such conditions include reduced renal function, reduced  

arterial blood flow, K1 depletion/hypokalemia, and Cl2 depletion/

hypochloremia.

Treatment of metabolic alkalosis can be further divided on the ba-

sis of whether it responds to intravascular volume expansion. Patients 

with volume contraction as the cause of metabolic alkalosis are gener-

ally saline-responsive. On the other hand, patients with metabolic  

alkalosis because of mineralocorticoid excess, hypokalemia, or renal 

insufficiency are typically saline-resistant.

Saline-Responsive Alkalosis

Saline-Unresponsive  

Alkalosis

Low Urinary [Cl2] High or Normal Urinary [Cl2]

Normotensive Hypertensive

Vomiting, nasogastric aspiration Primary aldosteronism

Diuretics Cushing syndrome

Posthypercapnia Renal artery stenosis

Bicarbonate therapy of organic acidosis Renal failure plus alkali therapy

K1 deficiency Normotensive

Hypertensive Mg21 deficiency

Liddle syndrome Severe K1 deficiency

Bartter syndrome

Gitelman syndrome

Diuretics

TABLE 15.4 Diagnosis of Metabolic 
Alkalosis
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Fig. 15.4 Workup of metabolic alkalosis.  (Data from DuBose TD Jr. Acid-base disorders. In Brenner BM, 

ed. Brenner and Rector’s The Kidney. 8th ed. Philadelphia: Saunders; 2008:513.)
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The treatment of metabolic alkalosis associated with volume con-

traction consists of volume expansion with 0.9% saline. Re-expansion 

of intravascular volume and correction of chloride deficiency lower 

proximal tubular bicarbonate reabsorption, enhance urine bicarbon-

ate excretion, and lower plasma bicarbonate concentration. It is still a 

subject of ongoing debate whether the correction of metabolic alkalo-

sis in response to saline infusion is from resolution of hypovolemia or 

secondary to repletion of the chloride deficit.68

Hypokalemia, if present, should be treated with potassium chlo-

ride. Metabolic alkalosis resulting from gastric acid loss, diuretics, and 

chloride depletion typically responds to 0.9% saline administration. 

Posthypercapnic metabolic alkalosis resulting from volume depletion 

also responds to 0.9% saline infusion.79

Saline-resistant metabolic alkalosis does not improve after admin-

istration of 0.9% saline. These patients are generally not volume de-

pleted or chloride deficient, as shown by high concentrations of uri-

nary chloride. In patients with excessive mineralocorticoid production, 

like in Conn syndrome, use of spironolactone to inhibit mineralocor-

ticoid activity may be beneficial. Corticosteroid therapy may need to 

be discontinued, and ACE inhibitors may be helpful because of their 

potassium-sparing effect and control of hypertension. Surgical or 

chemical ablation of the adrenal glands may be necessary for definitive 

management.

Severe hypokalemia increases tubular H1 excretion, ammonia pro-

duction, and chloride wasting. Potassium repletion corrects this defect. 

As potassium wasting is a central finding in mineralocorticoid excess, 

Bartter syndrome, and Liddle syndrome, potassium-sparing diuretics 

like amiloride or triamterene are used in these patients.

Metabolic alkalosis may be observed in patients with edematous 

states, including heart failure, nephrotic syndrome, and cirrhosis. This 

often results from the use of diuretics; however, treatment with 0.9% 

saline is not usually helpful in these patients. Infusion of saline in this 

setting will increase fluid retention and edema and the alkalosis will 

not be corrected, as avid Na reabsorption will reduce excretion of any 

excess bicarbonate. These patients are often K1 deficient, and potas-

sium chloride administration may improve or correct the alkalosis by 

increasing the serum K1 concentration. Use of potassium-sparing di-

uretics like amiloride and/or aldosterone antagonists like spironolac-

tone for these patients may be indicated. Acetazolamide—a carbonic 

anhydrase inhibitor that inhibits proximal tubule sodium bicarbonate 
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reabsorption—can be administered in doses of 250–500 mg once or 

twice daily if additional diuresis is required in the volume-overloaded 

patient.84

Renal replacement therapy may be considered to correct metabolic 

alkalosis in situations where patients fail to respond to conventional 

therapies like volume expansion or K1 repletion.85 In such instances, 

dialysis with a lower bicarbonate bath concentration can quickly im-

prove the alkalosis; however, even use of a standard bicarbonate bath 

concentration can be effective, as the patient’s serum bicarbonate level 

is often higher than that of the standard bath concentration. CRRT can 

also be used to treat metabolic alkalosis, but attention to the CRRT 

fluid buffer composition is warranted because bases such as bicarbon-

ate, citrate, or lactate may increase the serum bicarbonate concentra-

tion at high effluent/ultrafiltration rates.86

HCl for the treatment of metabolic alkalosis is usually reserved for 

patients with severe symptoms who do not respond to conventional 

therapy with IV fluids and for correction of electrolyte derangement. 

The arterial pH is usually higher than 7.55 and/or serum bicarbonate 

greater than 50 mEq/L, and there may be evidence of seizures, altered 

sensorium, or cardiovascular complications. Dilute HCl (0.1 N) should 

be given through a central IV catheter, and careful vigilance of catheter 

integrity and surrounding tissue should be maintained to avoid com-

plications of acid extravasation, which may cause tissue necrosis.87,88 

Hemolysis can also complicate therapy with HCl. Titration of HCl can 

be challenging, and the goal of therapy is to lower the arterial pH to 

approximately 7.5, rather than to normalize the value. Alternatively, 

ammonium chloride (NH4Cl), which is a precursor of HCl that is 

metabolized to urea and HCl, can be used in patients without severe 

renal insufficiency or liver failure.89

DIAGNOSIS OF ACID-BASE DISORDERS

A systematic approach is necessary for determining which acid-base 

disorder or disorders are present.90 Accurate interpretation of acid-base 

balance requires simultaneous measurements of arterial pH and plasma 

electrolytes. The arterial blood gas (ABG) test directly measures arterial 

pH and PaCO2. The bicarbonate concentration from the ABG test is 

calculated using the Henderson-Hasselbalch equation, and the bicar-

bonate concentration on venous chemistry panel is measured directly 

as “total CO2” with an ion-selective electrode. The calculated value for 

HCO3
2 reported with the ABG test should be within 2 or 3 mEq/L of 

the measured HCO3
2 concentration obtained on the electrolyte panel. 

A discrepancy in the values suggests either the samples were not ob-

tained simultaneously or that a laboratory error has occurred. The 

cause of acid-base disturbances is determined by examining the pH, 

PCO2, and plasma electrolytes (primarily plasma bicarbonate) in the 

context of a given clinical situation. Analysis involves identification  

of the likely dominant acid-base disorder, followed by an assessment  

of the compensatory response. A stepwise approach to the diagnosis of 

acid-base disorders follows and is summarized in Box 15.7.5,6

The initial screening for an acid-base disorder entails obtaining a 

detailed history and performing a physical examination. The history 

and physical examination usually strongly suggest the acid-base disor-

der that is present. A history of diuretics or vomiting suggests meta-

bolic alkalosis. A history of diarrhea, alcoholism, or diabetes suggests 

metabolic acidosis. Stigmata of liver disease on the physical examina-

tion may signify the presence of respiratory alkalosis, whereas findings 

of volume contraction suggest metabolic alkalosis. Kussmaul respira-

tion is often associated with DKA and severe metabolic acidosis. 

Medications that can affect acid-base balance (e.g., laxatives, diuretics, 

topiramate, or metformin) should be considered in addition to signs 

of intoxication that may be associated with acid-base disturbances.

The first step in acid-base analysis is to determine whether the pa-

tient has acidemia or alkalemia by examining the arterial pH. If acide-

mia is present, then an acidosis must be present; similarly, if alkalemia 

is present, then alkalosis must be present. The second step is to deter-

mine whether the deviation in the pH (acidemia or alkalemia) is the 

result of a primary respiratory or metabolic derangement by examining 

the PaCO2 and plasma bicarbonate concentration. In acidemia, a low 

plasma bicarbonate concentration denotes primary metabolic acidosis, 

whereas an elevated PaCO2 points to primary respiratory acidosis. Like-

wise, in alkalemia, an elevated plasma bicarbonate concentration  

Box 15.7 Stepwise Approach to Diagnosing Acid-Base Disorders

Initial Screening

Consider the clinical setting by obtaining history and physical examination.

Obtain arterial blood gases (ABG) and electrolytes simultaneously.

Compare bicarbonate on ABG with venous electrolytes to ensure the calculated 

bicarbonate on ABG is within 2–3 mEq/L of measured bicarbonate on electro-

lyte panel.

Steps

 1. Examine pH to determine if the patient has acidemia or alkalemia.

 2. Look at PCO2, HCO3
2 to determine if the primary process is metabolic or 

respiratory.

Acidemia

Metabolic acidosis

Metabolic alkalosis

Respiratory acidosis

Respiratory alkalosis

↓HCO3

↑PaCO2

↑PaCO2

Alkalemia

–

↓HCO3
–

 3. If a primary respiratory disorder is present in step 2, determine if it is acute 

or chronic.

 4. Calculate the serum anion gap.

 a. Anion gap 5 Na1 2 (Cl2 1 HCO3
2)

 5. If a metabolic disturbance is present from step 2 or high anion gap from step 4, 

determine if the respiratory system is adequately compensating.

 a. Expected PaCO2 in acidosis: PaCO2 5 (1.5 3 HCO3
2) 1 8 6 2

 b. Expected PaCO2 in alkalosis: PaCO2 5 40 1 0.7 3 (HCO3
2 meas. 2 HCO3

2 

normal) 6 5

 6. If anion gap is elevated, then calculate the Delta Delta Ratio (D/D) to assess 

for other simultaneous disorders.

 a. D/D compares the change in the anion gap with the change in bicarbonate.

 b. If ratio is between 1 and 2, then pure elevated anion gap acidosis is present.

 c. If ,1, then a simultaneous normal anion gap acidosis is present.

If .2, then a simultaneous metabolic alkalosis is present or a compensated 

chronic respiratory acidosis exists.
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signifies primary metabolic alkalosis, whereas a low PaCO2 is consistent 

with primary respiratory alkalosis. If a primary respiratory disturbance 

is present from step 2, the third step is to assess if it is acute or chronic 

by comparing pH and PaCO2 by the formulas in Table 15.2.6 If no 

primary respiratory disturbance is present, step 3 is skipped.

The fourth step is to calculate the serum AG. If primary metabolic 

acidosis is present from step 2, the serum AG is used to diagnose high 

AG metabolic acidosis. The AG should be adjusted for hypoalbumin-

emia. Even if metabolic acidosis is not present or the pH and PaCO2 

are within normal range, the serum AG should always be calculated 

because a mixed acid-base disorder can exist with a normal pH, 

PaCO2, and plasma bicarbonate concentration, which is seen with high 

AG metabolic acidosis and concurrent metabolic alkalosis. If a high 

AG is present, ancillary tests to consider for differentiating the causes 

include plasma and urine ketones for ketoacidosis, plasma creatinine 

for renal failure, plasma l-lactate for lactic acidosis, plasma osmolality 

to calculate an osmolal gap and assess for toxic alcohol ingestion, and 

urine microscopy for crystals if ethylene glycol is suspected. If the 

primary metabolic acidosis is non-AG metabolic acidosis (plasma bi-

carbonate concentration is low without elevated AG), the UAG can 

help differentiate GI from renal causes.91,92

If a metabolic disturbance is present from step 2 or 4, the fifth step 

is to determine whether the respiratory system is adequately compen-

sating. In metabolic acidosis, the Winters formula should be used to 

calculate the expected PaCO2 for the degree of acidosis present. If the 

measured PaCO2 is higher than the calculated expected PaCO2, then 

concomitant respiratory acidosis is present. If the measured PaCO2 is 

lower than the expected PaCO2, then respiratory alkalosis is also pres-

ent. In metabolic alkalosis, the normal respiratory response is less 

predictable. However, in general, the PaCO2 should be between 40 and 

50 mm Hg for appropriate compensation for metabolic alkalosis.6

If high AG metabolic acidosis is present from step 4, the last step is 

to determine the existence of any concurrent metabolic disturbances 

(such as non-AG metabolic acidosis or metabolic alkalosis) by com-

paring the degree of change in the serum AG with the change in the 

plasma bicarbonate level. This is done to assess the extent of contribu-

tion of the AG-producing process to the actual acidosis. This measure-

ment is called Delta Delta Ratio90:

Delta Delta Ratio AG/ HCO (AG 12)/(24 HCO )3 3� � � � � �
� �

If the metabolic disturbance is solely because of an elevated AG, the 

HCO3
2 should decrease by the same amount that the AG increases. A 

Delta Delta Ratio between 1 and 2 usually indicates uncomplicated 

high AG metabolic acidosis. A Delta Delta Ratio higher than 2 usually 

indicates a lesser fall in HCO3
2 than would be expected, given the 

change in the AG and the presence of concurrent metabolic alkalosis. 

An example of combined AG metabolic acidosis and metabolic alkalo-

sis is volume contraction from vomiting in the setting of DKA. A Delta 

Delta Ratio less than 1 indicates a greater fall in HCO3
2 levels than 

would be expected, given the increase in the AG and therefore the pres-

ence of simultaneous non-AG metabolic acidosis. This might occur 

when lactic acidosis is superimposed on severe diarrhea. In this situa-

tion, the additional fall in HCO3
2 levels is the result of further buffer-

ing of an acid that does not contribute to the AG.90

Alternatively, an increase in anion gap can be interpreted as follows: 

A patient with an anion gap of 24 can be viewed as having 12 normal 

AG and 12 excess anions (A2). With the assumption that the excess 12 

A2 entered the body with 12 H1 and that for every H1, one HCO3
2 is 

consumed, then the expected [HCO3
2] will be 24 2 12 5 12 mEq/L. 

This is the expected [HCO3
2] based on the detected excess A2. If the 

actual serum [HCO3
2] is equal to the expected [HCO3

2] ± 2 then there 

is no other acid-base disorder. If the actual serum [HCO3
2] is greater 

than expected [HCO3
2] then metabolic alkalosis is present. A non-AG 

metabolic acidosis indicating another process consuming [HCO3
2] is 

present if the actual serum [HCO3
2] is lesser than expected [HCO3

2].

SUMMARY

Acid-base disorders are common in the ICU and need to be antici-

pated in all critically ill patients. A clinician must be able to accurately 

monitor the acid-base status in order to promptly recognize derange-

ments and implement appropriate interventions to prevent life-threat-

ening complications as a result of the disturbance.

KEY POINTS

• Metabolic and mixed acid-base disorders are common in ICU patients and 

require early detection with a search for the underlying cause and initiation 

of appropriate treatment to prevent potentially fatal complications.

• Metabolic acidosis can be categorized as high or normal AG acidosis. High 

AG acidosis is frequently the result of lactic acidosis, ketoacidosis, toxic 

ingestions, or renal failure; non-AG acidosis is mostly the result of GI or 

renal bicarbonate loss. Diagnostic tests for differentiating causes of high 

AG acidosis include plasma and urine ketones, plasma creatinine, plasma 

L-lactate, plasma osmolality and osmolal gap, and urine microscopy for 

crystals. The urine AG can help differentiate causes of non-AG acidosis.

• The serum AG should always be calculated in the ICU because the presence 

of a significantly elevated serum AG represents metabolic acidosis, irre-

spective of pH or plasma bicarbonate. The serum AG must be adjusted for 

hypoalbuminemia.

• Compensation for primary metabolic acidosis is determined by the Winters 

formula. The Delta Delta gap is calculated to identify a concomitant meta-

bolic disorder.

• Treatment for metabolic acidosis involves treating the underlying cause. 

Alkali therapy is often given for non-AG acidosis but is rarely indicated in 

high AG metabolic acidosis unless the arterial pH is less than 7.15 or for 

salicylate intoxication.

• Metabolic alkalosis may be initiated by acid loss or bicarbonate gain and 

maintained by renal mechanisms associated with bicarbonate resorption, 

including extracellular fluid volume contraction, chloride depletion, hypoka-

lemia, and elevated mineralocorticoid activity.

• Metabolic alkalosis is most often caused by volume depletion with upper GI 

loss of hydrogen chloride (recurrent vomiting or NG suction) or by diuretic 

use with renal loss of H1.

• The evaluation of metabolic alkalosis begins with measurement of the urine 

chloride and estimation of the ECV status. Metabolic alkalosis involving the 

loss or excess secretion of chloride is termed chloride-responsive.

• Compensation for primary metabolic alkalosis is estimated by the increase 

in PaCO2 5 0.75 3 D HCO3
2.

• Treatment for metabolic alkalosis involves treating the underlying cause by 

administering IV 0.9% saline in chloride-responsive metabolic alkalosis and 

correcting mineralocorticoid excess and primary hyperaldosteronism in pa-

tients with a chloride-resistant metabolic alkalosis.

 References for this chapter can be found at expertconsult.com.
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This article discusses chloride depletion, which is the most common cause of 

metabolic alkalosis. It debates the underlying pathophysiology involved in 

chloride depletion alkalosis with evidence from human and rat nephron seg-

ment studies. The authors conclude that chloride administration without  

volume expansion is necessary and sufficient to correct chloride depletion  

alkalosis.

Mizock BA, Belyaev S, Mecher C. Unexplained metabolic acidosis in critically 

ill patients: the role of pyroglutamic acid. Intensive Care Med. 

2004;30:502–505.

This paper identifies an important and recently realized cause of high AG ac-

idosis in the critical care setting. This is an unsuspecting yet very common 

setting in which metabolic acidosis because of accumulation of this compound 

may develop; hence, this information is critical to the clinician when formu-

lating diagnostic and therapeutic plans for high AG acidosis.

Seddik AA, Bashier A, Alhadari AK, et al. Challenges in management of dia-

betic ketoacidosis in hemodialysis patients, case presentation and review 

of literature. Diabetes Metab Syndr. 2019;13(4):2481–2487.

This review article seeks to define the nuances and challenges of managing di-

abetic ketoacidosis in anuric patients on hemodialysis. There are currently no 

guidelines for managing DKA in this population, but the authors make some 

recommendations in this regard.

Villar J, Short JH, Lighthall G. Lactate predicts both short- and long-term 

mortality in patients with and without sepsis. Infect Dis. 

2019;12:1178633719862776.

This retrospective cohort study analyzed the association of serum lactic acid 

level with 3-day, 30-day, and 1-year mortality. Patients with a measured lac-

tate level had increased mortality at 3 days, 30 days, and 1 year, even when 

lactic acid was within the normal range. There was a trend toward higher 

mortality with increasing lactic acid levels, and patients with sepsis had in-

creased mortality irrespective of lactic acid level.
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Hyperkalemia and Hypokalemia

Bryan T. Romito and Anahat Dhillon

Potassium (K1) is the most abundant intracellular cation and is main-

tained within narrow physiologic limits.1 Although reported values 

vary, the normal serum K1 level in humans typically ranges from 3.5 

to 5.0 mEq/L.2 Alterations in electrolyte concentrations occur fre-

quently in critically ill patients, likely the result of malnutrition, end-

organ dysfunction, comorbid diseases, and polypharmacy. Early recog-

nition and treatment of K1 abnormalities are essential, as both 

hyperkalemia and hypokalemia are associated with an increased risk of 

mortality in intensive care unit (ICU) patients.3,4

OVERVIEW OF POTASSIUM HOMEOSTASIS

The kidney is the most important organ for regulating K1 homeostasis. 

It maintains total body K1 content by matching excretion with intake.5 

Hyperkalemia is rare in healthy individuals because of the kidneys’ abil-

ity to readily filter K1. With preserved renal function, most patients can 

consume up to 400 mEq per day or more of K1 without developing 

clinically significant hyperkalemia.1 More than 90% of the filtered K1 is 

reabsorbed in the proximal tubule and ascending limb of the loop of 

Henle. This reabsorption is primarily mediated by changes in sodium 

concentration, activity of the sodium-potassium-chloride (Na1-K1-

2Cl2) cotransporter, and activity of the sodium/potassium–adenosine 

triphosphatase pump (Na1-K1-ATPase).5

The mineralocorticoid aldosterone plays an important role in renal 

K1 handling. It increases intracellular K1 concentration by stimulating 

the Na1-K1-ATPase in the basolateral membrane of proximal tubule 

cells. In the thick ascending limb, it promotes K1 secretion by stimulat-

ing sodium reabsorption across the luminal membrane.5 Overall, 

when hyperkalemia is present, aldosterone promotes renal K1 secre-

tion in order to normalize serum K1 concentration. In addition to 

hyperkalemia, the release of aldosterone is stimulated by activation of 

the renin–angiotensin–aldosterone system (RAAS). Medications and 

disease states that interfere with the normal functioning of this path-

way can significantly alter K1 levels.

Approximately 2% of total body K1 is in the extracellular fluid, and 

98% of K1 is in the intracellular compartment.6 Because the changes 

in renal K1 excretion described earlier can take hours to occur, 

the body has developed several physiologic mechanisms to quickly 

shift K1 across cell membranes in order to prevent life-threatening 

deviations outside of the normal range. Under normal conditions, 

transcellular K1 shifts are primarily affected by insulin, catechol-

amines, tonicity, and acid-base disorders.5,6

By increasing activity of the Na1-K1-ATPase, insulin decreases 

serum K1 by shifting it intracellularly. Increased K1 intake causes 

catecholamine secretion and beta-2-receptor stimulation. Like insu-

lin, this sympathetic stimulation results in increased activity of the 

Na1-K1-ATPase and enhanced K1 uptake into skeletal muscle cells.6 

Extracellular hypertonicity creates an osmotic gradient that pro-

motes K1 efflux out of cells, increasing serum levels. Nongap meta-

bolic acidosis causes a K1 shift into the extracellular compartment, 

likely mediated by the effects of acidosis on transporters that regulate 

skeletal muscle cell pH.6 The changes in K1 dynamics in response to 

high anion gap metabolic acidosis and respiratory acid-base disor-

ders are minimal.

HYPERKALEMIA

Although no consistent definition exists, hyperkalemia is present when 

serum K1 .5.0 mEq/L. The severity of hyperkalemia can be further 

classified as mild (K1 5 5.1–5.5 mEq/L), moderate (K1 5 5.6–6.0 

mEq/L), or severe (K1 .6.0 mEq/L).7 Understanding the characteris-

tics of the laboratory sampling site is important for ensuring an accu-

rate diagnosis. Although serum, plasma, and whole blood are generally 

acceptable specimens for quantifying K1 levels, the composition of the 

sample site will affect the reported concentration. For example, pseu-

dohyperkalemia describes an in vitro process by which measured se-

rum K1 is elevated relative to plasma concentrations. This typically 

occurs in the setting of thrombocytosis as platelets release K1 during 

the clotting process, and plasma samples are devoid of platelets.8 In 

reverse pseudohyperkalemia, the in vitro concentration of plasma K1 

exceeds that of serum. This can occur in the setting of significant  

leukocytosis, with cell lysis causing a release of intracellular K1. Both 

entities are preanalytical phenomena and do not represent clinically 

significant hyperkalemia.8

True hyperkalemia occurs as a result of increased extracellular K1 

or decreased K1 excretion (Table 16.1). Major risk factors for hyperka-

lemia include renal failure, diabetes mellitus, and the use of medica-

tions that impair renal K1 excretion.9,10 Hyperkalemia rarely occurs in 

patients with normal kidney function, and both acute and chronic re-

nal insufficiency decrease K1 excretion. When the glomerular filtration 

rate (GFR) is ,15 mL/min/1.73 m2, even small increases in K1 intake 

can cause severe hyperkalemia.11 In patients with chronic kidney dis-

ease, the risk of hyperkalemia correlates strongly with estimated GFR 

(eGFR). The likelihood of developing hyperkalemia approximately 

doubles when eGFR ,15 mL/min/1.73 m2.12 Patients with diabetes 

mellitus have a higher incidence of hyperkalemia than the general 

population. Contributing factors include insulin deficiency and re-

duced tubular secretion of K1 because of hyporeninemic hypoaldoste-

ronism.13

The administration of medications that impair the RAAS is a major 

risk factor for elevated serum K1. Direct renin inhibitors, angiotensin-

converting enzyme inhibitors (ACEIs), and angiotensin receptor block-

ers (ARBs) can all decrease renal K1 excretion.14,15 Beta-2-receptor 

blockers and nonsteroidal antiinflammatory drugs (NSAIDs) impair 
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renin release.9 Heparin and ketoconazole decrease aldosterone synthe-

sis.16,17 For most patients, RAAS blockade with only a single agent 

confers a low risk of hyperkalemia; however, the risk increases in the 

presence of other factors such as male sex, high baseline K1, low eGFR, 

diabetes mellitus, heart failure, and coadministration of potassium-

sparing diuretics.9

Pentamidine and trimethoprim can contribute to hyperkalemia by 

blocking the epithelial sodium channel (ENaC) in the distal nephron.18 

Compared with other antibiotics, trimethoprim administration is  

associated with an increased risk of acute kidney injury and hyperka-

lemia in patients aged 65 and over.19 Calcineurin inhibitors cause 

downregulation of mineralocorticoid expression, leading to decreased 

mineralocorticoid function and aldosterone resistance.18

Hyperkalemia can develop as a result of transcellular K1 dynamics, 

specifically the result of the release of intracellular K1 or the prevention 

of extracellular-to-intracellular K1 shifts. Given that K1 is primarily 

located in the intracellular compartment, significant cell lysis from tis-

sue injury, hemolysis, rhabdomyolysis, or tumor lysis can increase se-

rum K1 levels.14 Succinylcholine is a depolarizing muscle relaxant that 

promotes K1 efflux from skeletal muscle cells. The hyperkalemic re-

sponse can be severe if given in the setting of burns, trauma, denerva-

tion, or prolonged immobility.20 Administration of the positively 

charged amino acids l-lysine and l-arginine promote a transcellular 

shift of K1 to the extracellular component to maintain electroneutral-

ity.21 Epsilon-aminocaproic acid is a lysine structural analogue and can 

produce hyperkalemia via a similar mechanism.22 Familial hyperkale-

mic periodic paralysis is a rare autosomal dominant genetic disorder 

that results from a mutation in sodium channel function.23

Clinical Manifestations

Although some patients with hyperkalemia may present with paresthe-

sias, diminished deep tendon reflexes, or weakness progressing to flaccid 

paralysis, most are asymptomatic. The most important effect of hyper-

kalemia is the impact on myocardial action potential.14 Abnormalities 

in serum K1 have electrophysiologic effects that can produce cardiac 

arrhythmias (Table 16.2). The electrocardiogram (ECG) abnormalities 

seen with hyperkalemia are often progressive and may follow a charac-

teristic pattern. First the T wave becomes peaked, then the P wave broad-

ens and decreases in amplitude, eventually disappearing.24 Next the QRS 

complexes widen, producing a sine wave morphology as they merge 

with the T waves. As hyperkalemia progresses, the rhythm can degener-

ate into heart block, ventricular arrythmias, and asystole.24 Although 

classically described, the correlation between the magnitude of K1 eleva-

tion and ECG changes is poor. Severe hyperkalemia may present with 

minimal or atypical ECG findings.14

Treatment

Treatment principles of hyperkalemia involve stabilizing the myocardial 

membrane, shifting K1 to the intracellular compartment, and increas-

ing K1 excretion (Table 16.3). Although there is no consensus as to the 

level of hyperkalemia that requires intervention, it is recommended 

that patients with serum K1 $6.0 mEq/L or those with ECG changes 

should be emergently treated.10,14 Intravenous (IV) calcium salts (i.e., 

chloride and gluconate) are first-line treatment for hyperkalemia with 

ECG changes. Although they do not lower serum K1, they stabilize the 

HYPERKALEMIA

Increased Extracellular Potassium Decreased Potassium Excretion

Hypertonicity: hyperglycemia, sucrose, mannitol Acute or chronic renal failure

Cell lysis: hemolysis, rhabdomyolysis, tumor lysis, tissue injury Diabetes

Medications: succinylcholine, lysine, arginine, epsilon-aminocaproic acid,  

digoxin toxicity

Medications: beta-2-receptor blockers, NSAIDs, ACEIs, ARBs, direct renin  

inhibitors, potassium-sparing diuretics, ketoconazole, heparin, trimethoprim, 

pentamidine, calcineurin inhibitors

Hyperchloremic metabolic acidosis Aldosterone deficiency or resistance

Hyperkalemic periodic paralysis Type 4 renal tubular acidosis

HYPOKALEMIA

Decreased Extracellular Potassium Increased Potassium Excretion

Chronic decreased K1 intake Mineralocorticoid excess

Beta-2-receptor stimulation: catecholamines, stress Bartter, Gitelman, and Liddle syndromes

Medications: insulin, toxicity from barium, thyroxine, risperidone, and quetiapine Medications: loop diuretics, thiazide diuretics, glucocorticoids, penicillin  

derivatives, aminoglycosides, amphotericin B, cisplatin, tenofovir, foscarnet

Delirium tremens GI losses: excessive diarrhea or vomiting

Hypokalemic periodic paralysis Type 1 and type 2 renal tubular acidosis

Magnesium deficiency

TABLE 16.1 Causes of Abnormal Serum Potassium

ACEI, Angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; GI, gastrointestinal; NSAID, nonsteroidal antiinflammatory 

drug.

Hyperkalemia Hypokalemia

Peaked T waves Flattened T waves

Broadening of P waves U waves

Decrease in amplitude of P waves ST segment depression

Loss of P waves QT interval prolongation

Widening of QRS complexes (sine wave) Ventricular arrhythmias

Heart block, ventricular arrhythmias, asystole Asystole

TABLE 16.2 Electrocardiogram Changes 
Caused by Abnormal Serum Potassium
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myocardial membrane and normalize ECG abnormalities. Insulin and 

beta-2-receptor agonists such as albuterol shift K1 into cells, rapidly 

lowering serum levels. Both are effective when used as monotherapy; 

however, a synergistic effect occurs when they are coadministered.25 

Although efficacy data are mixed and standard dosing has not been 

established, sodium bicarbonate should be considered in hyperkalemic 

patients with a severe (pH ,7.2) nongap metabolic acidosis.14,25 Loop 

diuretics and cation exchange resins like sodium polystyrene sulfonate 

(Kayexalate) can increase K1 excretion; however, their routine use is 

limited because of narrow efficacy windows, safety concerns, and de-

layed onset times.26,27 Sodium zirconium cyclosilicate (ZS-9) and pati-

romer represent the newest generation of potassium-binding agents. 

Although they have been shown to be effective in treating hyperkalemia 

in the outpatient environment, there are limited data in the acute care 

setting.27 Dialysis represents definitive treatment for hyperkalemia, but 

is usually reserved for cases refractory to medical management.

HYPOKALEMIA

Hypokalemia is present when serum K1 ,3.5 mEq/L.28 Common 

causes of hypokalemia in critically ill patients include decreased extra-

cellular K1 and increased K1 excretion. Both excessive diarrhea and 

vomiting can lead to hypokalemia. Large-volume emesis does not di-

rectly lower serum K1 from gastric fluid losses; however, the reduction 

in hydrogen ions induces an extrarenal metabolic alkalosis that stimu-

lates urinary K1 wasting.6 Although prolonged dietary restriction of 

K1 can cause hypokalemia, it is more likely to exacerbate hypokalemia 

from other causes. Hypokalemic periodic paralysis, insulin, and beta-

2-receptor stimulation from medications or stress shift K1 into the 

intracellular compartment and lower serum K1.6,16,28 Toxicity from 

thyroxine, barium, risperidone, and quetiapine have all been associated 

with the development of hypokalemia.16 The effect of alkalosis on low-

ering serum K1 by transcellular shift is minimal.6 There is a high 

prevalence of hypokalemia from increased renal K1 excretion in pa-

tients taking loop and thiazide diuretics. Excessive mineralocorticoid 

activity from medications, adrenal disease, or tumor secretion will 

promote excessive renal K1 losses.28 Concomitant magnesium defi-

ciency will exacerbate renal K1 wasting and hypokalemia, potentially 

by downregulation of the sodium-chloride (Na1-Cl2) cotransporter in 

the distal tubule.29 Other causes of hypokalemia from excessive renal 

losses include specific antimicrobials; antivirals; cytotoxic agents; Bart-

ter, Liddle, and Gitelman syndromes; and some types of renal tubular 

acidosis (see Table 16-1).

Clinical Manifestations

Although as many as 20% of hospitalized patients develop hypokale-

mia, only 5% of these patients present with symptoms.28 Common 

manifestations include muscle pain, cramping, and weakness of both 

smooth and skeletal muscle.30 Hypokalemia is associated with an in-

creased risk of arrhythmogenicity and potentiates the proarrhythmic 

effects of class III antiarrhythmics in patients with heart failure.24 Like 

hyperkalemia, hypokalemia produces characteristic ECG changes (see 

Table 16.2). Common abnormalities include flattened T waves, promi-

nent U waves, ST segment depression, and QT interval prolongation. 

Severe hypokalemia can produce malignant ventricular arrhythmias 

and cardiac arrest.24,30

Treatment

Appropriate management of hypokalemia involves treatment of un-

derlying causes, discontinuation of offending agents, prevention of 

life-threatening arrhythmias, and repletion of total body K1 stores. 

Every 1 mEq/L reduction in serum K1 represents a total body deficit of 

200–400 mEq.28 In asymptomatic patients with mild to moderate hy-

pokalemia, oral replacement with potassium chloride is recommended. 

Potassium bicarbonate is preferred in patients with a metabolic acido-

sis, and potassium phosphate is recommended in patients with hypo-

phosphatemia.31 Enterally administered K1 is as effective as IV for 

increasing plasma concentration, and it minimizes the risk of rebound 

hyperkalemia.32,33 IV repletion is recommended for patients with se-

vere hypokalemia, those with ECG changes, or those unable to tolerate 

oral administration. IV correction using a peripheral route should not 

exceed 20 mEq/h because of the risk of phlebitis.31 The use of infusion 

pumps and continuous cardiac monitoring are recommended, as inad-

vertent bolus administration can cause cardiac arrest. Combining IV 

and oral administration will result in the fastest correction of hypoka-

lemia.34 Treatment of coexisting hypomagnesemia is necessary to raise 

serum K1 levels.29 The use of computerized repletion protocols mini-

mizes K1 variability and time spent outside the physiologic range.35

Treatment Mechanism Dose Onset Duration Comments

Calcium Stabilizes myocardial 

membrane

10 mL of 10% calcium  

chloride IV or 10-30 mL of 

10% calcium gluconate IV

1–3 min 30–60 min Dose can be repeated after 5 min if ECG changes 

persist

Sodium bicarbonate Shifts K1 into cells 50–100 mEq IV or

150 mEq IV over 3–4 h

Variable Variable Only effective with nongap metabolic acidosis; risk 

of fluid overload

Insulin Shifts K1 into cells 10 units IV regular insulin 15 min 4–6 h Coadminister with 25 g of dextrose to prevent  

hypoglycemia

Albuterol Shifts K1 into cells 10 mg nebulized over 10 

min

30 min 2–4 h Risk of tachycardia

Loop diuretics Increases renal K1 

excretion

40 mg IV furosemide or 

equivalent

Variable Variable Only administer to patients with symptomatic fluid 

overload

Sodium polystyrene  

sulfonate

Increases stool K1 

excretion

15 g 43 daily oral or 30 g 

23 daily rectal

1–2 h .4 h Avoid in ileus or bowel obstruction; risk of intesti-

nal necrosis

Dialysis Removes K1 Hemodialysis preferred  

over peritoneal in acute  

setting

Variable Variable Conventional hemodialysis causes most rapid fall 

in serum K1

TABLE 16.3 Treatment of Hyperkalemia

ECG, Electrocardiogram; IV, intravenous.
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KEY POINTS

• Hyperkalemia and hypokalemia have been associated with increased mor-

tality in critically ill patients.

• Although classic ECG abnormalities are commonly described, severe hyper-

kalemia may present with minimal or atypical ECG findings.

• A synergistic hypokalemic response occurs when albuterol and insulin are 

coadministered.

• Severe hypokalemia can produce ventricular arrhythmias or cardiac arrest.

• IV K1 repletion should be reserved for patients with severe hypokalemia, 

those with ECG changes, or those unable to tolerate oral administration.

 References for this chapter can be found at expertconsult.com.
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Hyperphosphatemia and Hypophosphatemia

Marcus Ewert Broman

INTRODUCTION

Disturbances in the phosphate balance are common in critically ill 

patients, but are not always easy to relate to specific symptoms. Dys-

phosphatemia, however, may cause a significant increase in multiorgan 

failure. In a Swedish critical care cohort, more than half of the patients 

showed at least one serum phosphate concentration value outside the 

normal range (Fig. 17.1).1 Serum phosphate levels should be measured 

repeatedly and at least once daily in the intensive care unit (ICU). 

Hypophosphatemia is multifactorial and independently associated 

with increased mortality, whereas hyperphosphatemia most often is 

secondary to renal failure. This chapter presents the etiologies, classifi-

cations of severity, clinical manifestations, and treatments of hypo-

phosphatemia and hyperphosphatemia.

PHOSPHATE HOMEOSTASIS

Most phosphorus in the human body is complexed with oxygen as 

phosphate, which is a major intracellular anion. Approximately 85% of 

the total phosphorus amount (600 g 5 20 mol) is contained in bone, 

where it is a constituent of crystalline hydroxyapatite. The rest (15%) 

is found in soft tissues, mostly intracellularly as a component of or-

ganic compounds, such as nucleic acids, cell membrane phospholipids, 

adenosine triphosphate, red blood cell 2,3-diphosphoglycerate, and 

phosphoproteins.

The normal serum phosphate concentration in adults ranges from 

0.81 to 1.45 mmol/L (2.5–4.5 mg/dL). Phosphate concentration is 30% 

higher in children and 50% higher in infants, possibly because of an 

important role in growth. There is a circadian variation that is depen-

dent on dietary intake in healthy subjects.

Serum laboratory analyses measure the free inorganic phosphate 

ions H2PO4
2 and HPO4

22—their ratio is pH dependent; at 7.4, the 

ratio is 1:4. Serum phosphate levels do not reflect total body phospho-

rus content. There is no common method in use to measure total body 

phosphorus stores. Only 55 % of the phosphate in serum is free, 

whereas 35% is complexed with sodium, calcium, and magnesium and 

10% is bound to albumin.

The serum phosphate level may be low, although the total body 

phosphorus amount is normal, because of a shift into intracellular 

compartments or a negative intake/excretion balance. On the contrary, 

a total body phosphorus depletion can prevail in parallel to normal or 

high serum phosphate levels. Prolonged starvation and acidemia in 

ketoacidosis are clinical examples of situations that may deplete total 

body phosphorus amount.

Phosphate homeostasis relies on a complex interplay between the 

gastrointestinal, renal, parathyroid, and skeletal axis.

Under low serum calcium levels but also low phosphate levels, 

parathyroid hormone (PTH) is secreted and acts on the kidneys  

by enhancing hydroxylation of vitamin D to its active form, 1,25- 

dihydroxy vitamin D3, which in turn augments both phosphate and 

calcium intestinal absorption.

Phosphate is freely filtered in the glomeruli, and up to ,90% is 

reabsorbed in the proximal tubules. PTH acts by reducing this tubular 

absorption.

A PTH release will result in a net drop in serum phosphate level. 

However, during steady state, the kidneys regulate phosphate homeo-

stasis by matching urinary excretion with intake.

Tubular malfunction—for instance, because of rare genetic disor-

ders—can lead to heavy phosphate urinary waste. The kidneys have a 

large capacity to excrete phosphate and thereby have a protective func-

tion against an ongoing phosphate load from nutritional intake and 

from metabolism.

Phosphatonins are regulatory peptides produced by osteoblasts and 

osteocytes in bone and secreted into the systemic circulation, where 

they decrease the renal tubular phosphate reabsorption, and thus in-

crease the urinary phosphate excretion. Phosphatonins also participate 

in regulation of bone mineralisation. During baseline homeostasis 

about 200 mg of phosphate move in and out of the skeleton daily.  

Fibroblast growth factor-23 (FGF-23) is considered to be the key  

phosphatonin.1–5

HYPOPHOSPHATEMIA

Hypophosphatemia can be classified as moderate 0.4–0.81 mmol/L 

(1.25–2.5 mg/dL) or severe ,0.4 mmol/L (,1.25 mg/dL).

The symptoms of hypophosphatemia are primarily a consequence  

of a declining 2,3-diphosphoglycerate level in erythrocytes, which  

increases the affinity of hemoglobin for oxygen and thereby reducing 

oxygen release in peripheral tissues. This in turn leads to decreased ad-

enosine triphosphate levels in cells, slowing down all energy-dependent 

intracellular functions.

Critically ill patients with diabetic ketoacidosis and sepsis have a 

high incidence of hypophosphatemia. In particular, patients who have 

had cardiac surgery and major hepatic procedures tend to develop 

hypophosphatemia within the first week. Certain therapies instituted 

in the ICU, like establishing an aggressive diuresis, renal replacement 

therapy, and erythropoietin therapy, increase the risk of hypophos-

phatemia. Modern dialysis fluids contain phosphate, counteracting 

too high clearance. Frequently, patients present with initial hyper-

phosphatemia secondary to an acute kidney injury, which rapidly may 

turn into hypophosphatemia after renal replacement therapy has been 

initiated.
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The phosphate homeostasis is dependent on an ongoing intestinal 

supply, and states with failing intestinal absorption or even losses, such 

as malnutrition, vomiting, diarrhea, and nasogastric suctioning, will 

cause hypophosphatemia (Box 17.1).

Hyperparathyroidism and proximal renal tubular disorders may 

impair phosphate resorption and cause hypophosphatemia. Rare  

genetic or acquired Fanconi syndrome results in renal tubular dysfunc-

tion and phosphaturia and subsequent hypophosphatemia.

In a fasting state the body first adapts by glycogenolysis of the liver 

stores, which will be depleted within 24 hours. Thereafter, insulin secre-

tion decreases and a shift from glycogen to protein and fat catabolism 

takes place. Reintroduction of nutrition, especially a high-carbohydrate 

load, will increase insulin levels and reactivate anabolic pathways. A 

refeeding syndrome may follow from a combination of low phosphate 

supply with a sudden high anabolic demand, including an intracellular 

phosphate shift caused by insulin, resulting in low serum phosphate 

level. Identifying high-risk patients before initiating feeding and gradu-

ally increasing nutritional intake in combination with close monitoring 

of electrolytes and establishing timely repletion is mandatory to avoid 

this problem. Refeeding syndrome may appear with low levels of other 

electrolytes as well.

Total body phosphorus stores will be depleted in patients with ke-

toacidosis resulting from acidemia, which promotes phosphate shift 

from the cells to plasma and renal losses because of osmotic diuresis. 

Once insulin therapy is initiated and the acidemia is corrected, phos-

phate is reshifted from the serum back into the cells, resulting in severe 

hypophosphatemia.

Total body phosphorus depletion can also follow extreme catabolic 

states such as trauma, burns, and sepsis.

In hyperventilation, lowered carbon dioxide and respiratory alkalosis 

cause incorporation of phosphate into organic intermediates and a reduc-

tion in intracellular phosphate and a shift of phosphate from the extracel-

lular compartment. Severe liver disease, sepsis, and salicylate intoxication 

can all induce hyperventilation and result in hypophosphatemia.

The severity of symptoms increases with more profound and  

longer-lasting hypophosphatemia.

Although moderate hypophosphatemia is often subclinical, it can 

be associated with significant morbidity.

Neurologic symptoms can be irritability, delirium, paresthesia, 

generalized seizures, and finally coma. Decreasing phosphate levels 

have been shown to decrease myocardial contractility and to predis-

pose for ventricular rhythm disturbances, especially in conjunction 

with acute myocardial infarction. Several studies have indicated that 

ventilator dependence is prolonged in hypophosphatemic states  

and that weaning from the ventilator is more difficult. Reduced dia-

phragmatic strength, dysphagia, myopathy, and development of rhab-

domyolysis have been reported in hypophosphatemia. Hematologic 

manifestations include hemolysis, thrombocytopenia, and affected 

phagocytosis and chemotaxis of leukocytes (Box 17.2).

In moderate or severe hypophosphatemia, 20–60 mmol phosphate 

(in some instances even more) can be administered intravenously 

over 24 hours. In addition, boluses of 20 mmol can be administered 

0

0

1

1

2

2

3

3

4

4

5

5

6

6

7

7

Minimum phosphate

M
a
x
im

u
m

 p
h

o
s
p

h
a
te

Fig. 17.1 Presentation of a large Swedish cohort consisting of 4656 

patients with 19,467 phosphate measurements. Each dot in the plot 

represents the phosphate interval (defined by the lowest [x-axis] and the 

highest [y-axis] phosphate value) for one patient. Fifty-seven percent of 

the dots (yellow, hyper; red, hypo; and black, both hypo and hyper) are 

intervals with at least one value outside the normal range (blue). A 

phosphate deviation is a consequence of the critical illness itself, but 

also an independent parameter increasing the morbidity. The mean for 

all values was 1.18 mmol/L, with a standard deviation of ±0.52 mmol/L. 

 (Modified from Broman M, Wilsson A, Hansson F, et al. Analysis of 

hypo- and hyperphosphatemia in an intensive care unit cohort. Anesth 

Analg. 2017;124:1897–1905.)

BOX 17.1 Main Causes of 
Hypophosphatemia

Insufficient Intestinal  

Absorption

• Malnutrition

• Nasogastric suctioning

• Diarrhea

• Vomiting

• Vitamin D deficiency

Renal Excretion

• Diuretics

• Volume expansion

• Osmotic diuresis

• Primary or secondary parahyperthy-

roidism

• Renal tubular dysfunction

• Fanconi syndrome

Transcellular Shift

• Refeeding syndrome

• Ketoacidosis

• Insulin effect

Catabolic State

• Widely spread burns

• Multitrauma

• Sepsis

BOX 17.2 Principal Manifestations of 
Hypophosphatemia

Respiratory

• Worsened respiratory failure

• Dependence on ventilator

Cardiovascular

• Impaired myocardial contractility

• Cardiac rhythm disturbances

Muscular

• Muscular weakness

• Rhabdomyolysis

Neurologic

• Irritability

• Altered mental status

• Seizures

Hematologic

• Hemolysis

• Thrombocytopenia

• Affected phagocytosis and 

chemotaxis
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over 2–4 hours (Box 17.3). Severe hypophosphatemia should be con-

sidered an emergency and corrected instantly under close surveillance 

and follow-up. Also, if the hypophosphatemic state is persistent or 

recurring, a careful evaluation of possible underlying mechanisms is 

mandatory.

A patient may have a disturbed phosphate regulation and be vulner-

able to dysphosphatemia in both hypo- and hyper-directions. Frequent 

and individually well-reasoned phosphate level corrections should take 

place, keeping in mind that hyperphosphatemia from overcorrection 

might be a risk and difficult to manage in a renal failure setting.

Adverse effects of intravenous phosphate repletion are metastatic 

calcification, hypocalcemia, hyperkalemia associated with potassium-

containing supplements, volume excess, hypernatremia associated 

with sodium-containing supplements, metabolic acidosis, and hyper-

phosphatemia. Therefore hypophosphatemia should be corrected 

gradually in most instances.

HYPERPHOSPHATEMIA

Hyperphosphatemia is defined as a serum phosphate level .1.45 

mmol/L (.4.5 mg/dL).

Hyperphosphatemia will occur when phosphate entry into the ex-

tracellular fluid exceeds its excretion rate. There may be an endoge-

nous or exogenous load or a shift from the intracellular compartment 

because of a disturbed homeostasis governing the phosphate turnover.

Patients with hyperphosphatemia are generally asymptomatic in a 

critical care setting, and the hyperphosphatemic state will in most cases be 

secondary to renal failure or to other severe multiorgan failure (Box 17.4).

Symptoms may arise from simultaneous hypocalcemia and can be 

life-threatening in their most severe forms. Hypotension, decreased 

myocardial performance, ventricular rhythm disturbances, increased 

vulnerability to seizures, and tetany have been described and are  

potentially fatal. Less severe symptoms comprise muscle cramps, peri-

oral numbness, or tingling. Yet other symptoms may be bone and 

joint pain, pruritus, and rash. There can also be symptoms related  

to the underlying cause of hyperphosphatemia: for instance, uremic 

symptoms such as fatigue, shortness of breath, anorexia, nausea, vom-

iting, and sleep disturbances (Box 17.5).13–17

Diminished phosphate excretion may be caused by decreased renal 

excretion because of renal failure. There is a constant phosphate intake 

from nutrition and a phosphate burden from the metabolism. The 

kidneys have normally a very high capacity to excrete phosphate,  

and therefore the body is well protected against hyperphosphatemia. 

Urinary phosphate output cannot, however, match the intake anymore 

when glomerular filtration rate falls below ,20 mL/min/1.73 m2.

Examples of endogenous loads are muscle breakdown in rhabdo-

myolysis, tumor lysis, and marked hemolysis.

Examples of exogenous loads include ingestion of phosphate-rich 

compounds such as laxatives or intravenous overadministration of 

phosphate—for instance, too strenuous a correction of a hypophos-

phatemic state.

It has been shown that some critically ill patients have a tendency 

to vary in their phosphate concentration profile, with both hypophos-

phatemia and hyperphosphatemia, because of disturbed phosphate 

regulation during their stay in the critical care unit and are therefore 

prone to overcorrection. A stable phosphate concentration within the 

normal range should always be the goal.1

Other iatrogenic causes include bisphosphonate therapy in a set-

ting of an existing renal insufficiency, use of liposomal amphotericin B 

in invasive fungal infections, and vitamin D toxicity.

Pathologies in the intestinal, renal, parathyroid, and bone systems 

may also lead to shifts that result in hyperphosphatemia.

Kidney injury over time disturbs adaptive bone mineralization 

processes by affecting hormonal and metabolic mechanisms. Bone 

hosts most of the body phosphorus as a reservoir, and bone resorption 

will result in increased phosphate shift to plasma and thus to hyper-

phosphatemia. This is defined as renal osteodystrophy.

Pseudohypoparathyroidism (renal resistance to PTH) results in 

increased renal phosphate reabsorption and leads to hyperphosphate-

mia and because of reflectory mechanisms to hypocalcemia.18–21

Managing hyperphosphatemia includes detecting and limiting the 

intake and enhancing urinary excretion. In the absence of severe renal 

failure or other conditions where administration of fluid is not toler-

ated, phosphate excretion can be optimized with saline infusion and 

diuretic administration enhancing a volume diuresis. Any patient with 

escalating, persistent, or treatment-resistant hyperphosphatemia should 

be considered for dialysis (Box 17.6). Oral phosphate binders do not 

have a role in acute dysphosphatemias in the critical care setting.

BOX 17.4 Main Causes of 
Hyperphosphatemia

Renal

• Renal insufficiency

• Hypoparathyroidism

Cellular

• Rhabdomyolysis

• Tumor lysis

Medication Related or Iatrogenic

• Too large an ingestion

• Overcorrection with intravenous administration

• Laxatives

• Vitamin D intoxication

• Bisphosphonates

• Liposomal amphotericin B

BOX 17.3 Treatment of Hypophosphatemia

• Possible losses should be identified and stopped.

• Urgent correction should take place by infusing 20 mmol phosphate over 

2–4 hours.

• The patient might also need a background administration of 20–60 mmol/

24 hours, and in some instances even more.

• The phosphate concentration profile of the patient should be monitored 

with regular measurements, and the results should guide the correction.

• Phosphate content in ongoing intravenous infusions and in nutrition should 

be taken into account, and overcorrection should be avoided.

• If the hypophosphatemia turns out to be persistent or recurs, an evaluation 

of possible underlying mechanisms should take place.

BOX 17.5 Principal Manifestations of 
Hyperphosphatemia

Light Symptoms

• Can be hard to identify in a critical care setting; muscle cramps, pruritus

Severe Symptoms

• Come from simultaneous hypocalcemia; hypotension, ventricular arrhyth-

mias, seizures
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KEY POINTS

• Phosphate has crucial functions in cell oxygen delivery, enzymatic processes, 

energy metabolism, and bone integrity.

• The phosphate concentration profile should be monitored and kept within 

the normal range 0.81–1.45 mmol/L (2.5–4.5 mg/dL).

• A moderate dysphosphatemia should be corrected without delay, and a 

severe dysphosphatemia should be considered an emergency.

• Hypophosphatemia is often multifactorial and may be transient without 

obvious symptoms and require only temporary phosphate substitution. 

However, should it persist, a careful evaluation of the underlying causes is 

compulsory for a successful resolution. Hypophosphatemia can cause sig-

nificant worsening of multiorgan failure sequelae.

• Hyperphosphatemia is mostly a result of renal failure and of a multiorgan 

failure condition. Hyperphosphatemia in the absence of renal insufficiency 

is rare, because the kidney normally has a large capacity for excreting 

phosphate. Severe hyperphosphatemia can itself be life-threatening, and 

the only definitive treatment will be dialysis.

 References for this chapter can be found at expertconsult.com.

BOX 17.6 Treatment of 
Hyperphosphatemia

• Stop intake of phosphate

• Identify and eliminate iatrogenic causes

• Forced diuresis with saline infusion and diuretics

• Establishment of dialysis

ANNOTATED REFERENCES

Broman M, Wilsson A, Hansson F, et al. Analysis of hypo- and hyperphospha-

temia in an intensive care unit cohort. Anesth Analg. 2017;124:1897–1905.

An analysis of the occurrence and impact of phosphate deviations in a large 

cohort of critical care patients.

Gaasbeek A, Meinders AE. Hypophosphatemia: an update on its etiology and 

treatment. Am J Med. 2005;118:1094–1101.

A description of the impact of hypophosphatemia.

Wang L, Xiao C, Chen L, et al. Impact of hypophosphatemia on outcome of 

patients in intensive care unit: a retrospective cohort study. BMC Anesthe-

siol. 2019;19:86.

A publication showing that hypophosphatemia is an independent risk factor 

for mortality in critical care patients.

Cozzolino M, Ciceri P, Galassi A. Hyperphosphatemia: a novel risk factor for 

mortality in chronic kidney disease. Ann Transl Med. 2019;7, 55.

A description of the role of hyperphosphatemia in pathophysiology around 

renal failure.

Hruska KA, Mathew S, Lund R, et al. Hyperphosphatemia of chronic kidney 

disease. Kidney Int. 2008;74:148–157.

A description of the pathophysiologic consequences of hyperphosphatemia.
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Hypomagnesemia

Vadim Gudzenko

Magnesium is an important ion that participates as a cofactor in over 

300 enzymatic reactions, especially in those involving adenosine tri-

phosphate (ATP). Hypomagnesemia is common in critically ill pa-

tients and is associated with increased mortality.1,2

CELLULAR PHYSIOLOGY AND METABOLISM  

OF MAGNESIUM

Magnesium is a divalent cation (Mg11) that is predominantly local-

ized to the intracellular compartment (99%). It is the second most 

abundant intracellular cation after potassium and plays an important 

role in cellular metabolism and homeostasis. At the cellular level, 

Mg11 influences membrane function by regulating ion transport; 

Mg11 is required for sodium/potassium–adenosine triphosphatase 

(Na1/K1-ATPase) activity, which maintains transmembrane gradients 

for Na1 and K1.3,4 Mg11 also regulates intracellular calcium (Ca11) 

flux by competing for Ca11 binding sites and influencing intracellular 

Ca11 transport.3,4 It is also an essential cofactor for most ATP-requir-

ing processes. Intracellular Mg11 is required for numerous critical 

biochemical processes, including DNA synthesis, activation of gene 

transcription, initiation of protein synthesis, and regulation of energy 

metabolism.3,4

Total body magnesium (21–28 g) is distributed in bone (53%), 

muscle (27%), soft tissue (19%), and blood (0.8%).3 The normal con-

centration of total magnesium in serum is 1.5–2.3 mg/dL. Approxi-

mately 19% of circulating magnesium is bound to proteins, whereas 

14% is complexed to plasma anions (citrate, phosphate, and bicarbon-

ate). The majority of magnesium in plasma exists in its ionized form 

(67%), which represents the physiologically active species.3 Conse-

quently, the measurements of total serum magnesium may not accu-

rately reflect the relative abundance of circulating Mg11.3,5

Magnesium homeostasis is maintained by the small intestine, kid-

ney, and bone.3,6 Unlike calcium, there are no hormonal mechanisms 

for regulating Mg11. Mg11 reabsorption in the loop of Henle is linked 

to sodium chloride (NaCl) transport and is inversely related to flow. 

Consequently, diuretic use and other conditions associated with in-

creased tubular flow result in decreased Mg11 reabsorption.3,6

PREVALENCE AND ETIOLOGY OF 

HYPOMAGNESEMIA IN PATIENTS  

IN THE INTENSIVE CARE UNIT

The reported prevalence of hypomagnesemia in adult intensive care unit 

(ICU) admissions ranges from 15% to 60% of cases.3,5 Most commonly, 

severe ionized hypomagnesemia in ICU settings is encountered after liver 

transplantation and in patients with severe sepsis,5 but many conditions 

encountered in ICU patients can be associated with hypomagnesemia 

(Table 18.1). Hypomagnesemia is associated with an increased risk of 

mortality.5

CLINICAL SIGNS AND SYMPTOMS  

OF HYPOMAGNESEMIA

Hypomagnesemia is frequently asymptomatic in critically ill patients 

and is commonly identified through routine laboratory studies.6,7 

However, the relationship between hypomagnesemia and intracellular 

magnesium depletion is complex. Hypomagnesemia is most com-

monly seen in conjunction with hypokalemia, hypocalcemia, and/or 

other electrolyte abnormalities. In most instances, symptoms were  

attributed to Mg11 deficiency only after other electrolyte abnormali-

ties had been corrected.3,6,7 As summarized in Table 18.2, the clinical 

sequelae of Mg11 deficiency are most commonly related to the cardio-

vascular, metabolic, and neuromuscular systems.

Hypomagnesemia is associated with electrocardiogram (ECG) 

changes similar to those observed in patients with hypokalemia: flat-

tened T waves, U waves, and a prolonged QT interval. Magnesium is a 

cofactor for Na1/K1-ATPase in cardiac tissue.3,6,8 Hypomagnesemia is 

associated with a variety of dysrhythmias, including atrial fibrillation, 

multifocal atrial tachycardia, ventricular tachycardia, and torsades de 

pointes.6,8 The administration of intravenous magnesium sulfate 

(MgSO4) should be the initial therapy for torsades de pointes and should 

be considered as an adjunctive treatment for refractory ventricular dys-

rhythmias.3,6,8 However, routine use of magnesium supplementation for 

the treatment of arrhythmia with the exception of torsades de pointes is 

not supported by high-quality evidence.1 Magnesium administration 

during acute myocardial infarction is not recommended.9–11

Hypomagnesemia is commonly associated with both hypokalemia 

and hypocalcemia.6 The medications and homeostatic changes that affect 

magnesium handling often affect K1 handling as well. In addition, hypo-

magnesemia promotes the renal losses of K1. Thus hypokalemia can be 

refractory to potassium supplementation unless magnesium is replaced 

first.3,6 A somewhat similar condition is noted for hypocalcemia because 

hypomagnesemia suppresses parathyroid hormone release and activity.12 

Consequently, hypocalcemia can be refractory to Ca11 replacement unless 

Mg11 is replaced as well.3,6 Hypomagnesemia has been shown to be as-

sociated with an increased incidence and degree of lactic acidosis.13

Magnesium produces a depressant effect on the nervous system 

through its ability to cause presynaptic inhibition.3,6,8 It may also depress 

the seizure threshold by its ability to competitively inhibit N-methyl-

d-aspartate receptors.3,6,8 The neurologic and neuromuscular manifesta-

tions of hypomagnesemia include coma, seizures, weakness, and signs of 

muscular irritability. The supplementation of magnesium might provide 

neuroprotective properties in patients with traumatic brain injury and 

prevent cerebral vasospasm in patients with aneurysmal subarachnoid 

hemorrhage.14,15 However, prehospital administration of magnesium for 
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Cardiovascular Metabolic Neurologic Neuromuscular

Atrial fibrillation, flutter Hypokalemia Seizures Chvostek sign

Ventricular tachycardia, esp. torsades de pointes Hypocalcemia Nystagmus Muscle cramps

Supraventricular tachycardia Hypophosphatemia Delirium Carpopedal spasm

ECG changes (h PR, wide QRS, h QT) Insulin resistance Coma Muscle weakness

Hypertension Athetoid movements Muscle fasciculations

Risk of digitalis toxicity

TABLE 18.2 Clinical Signs and Symptoms of Magnesium Deficiency

ECG, Electrocardiogram.

Decreased GI intake Magnesium-poor diet or total parenteral nutrition; malabsorption syndrome; short bowel syndrome

Increased GI losses Chronic diarrhea; intestinal and biliary fistulae; nasogastric suctioning; vomiting

Intrinsic renal losses Interstitial nephropathy; postrenal transplantation; postobstructive or postacute kidney injury diuresis

Drug-induced renal losses Loop and thiazide diuretics; aminoglycosides; amphotericin B; cyclosporine; cisplatin; granulocyte colony-stimulating factor

Endocrine and metabolic causes Hyperaldosteronemia; hyperparathyroidism; hyperthyroidism; SIADH; diabetic and alcoholic ketoacidosis; hypophosphatemia; 

hypercalcemia; hypoalbuminemia

Magnesium redistribution Acute pancreatitis; administration of epinephrine, insulin; refeeding syndrome; massive blood transfusion

Other causes CRRT; CPB; severe burns

TABLE 18.1 Etiology of Hypomagnesemia in the ICU3,6,7

CPB, Cardiopulmonary bypass; CRRT, continuous renal replacement therapy; GI, gastrointestinal; SIADH, syndrome of inappropriate antidiuretic 

hormone.

patients with acute stroke did not reduce disability at 90 days.16 In addi-

tion, the administration of Mg11 therapy is commonly used in pregnant 

patients with preeclampsia or eclampsia.7,17

Magnesium replacement has been used to treat bronchospasm in 

patients with asthma.6 The proposed mechanism of action for the 

therapeutic benefit of Mg11 in bronchospasm involves its relaxant 

effects on smooth muscle and immunoregulatory actions that pro-

mote synthesis of prostacyclin and nitric oxide, leading to bronchodi-

lation. Evidence to support the routine use of inhaled or intravenous 

magnesium for acute asthma attacks remains controversial; however, 

addition of intravenous MgSO4 to nonresponders of standard therapy 

has been beneficial.7

TREATMENT OF HYPOMAGNESEMIA

The management of hypomagnesemia should include the identification 

and correction of underlying causes and the replacement of magne-

sium. The degree of hypomagnesemia, severity of clinical symptoms, 

associated electrolyte abnormalities, and renal function should be as-

sessed before initiating Mg11 therapy.

In general, intravenous administration of Mg11 is preferred in symp-

tomatic critically ill patients. Current recommendations for Mg11 re-

placement therapies are of somewhat limited value because of the lack of 

adequately controlled studies. Magnesium may be administered intrave-

nously as MgSO4 (1 g 5 4 mmol) or MgCl2 (1 g 5 4.5 mmol) and orally 

as magnesium gluconate (500 mg 5 1.2 mmol) or magnesium oxide (400 

mg 5 6 mmol). When intravenous Mg11 replacement is used, a bolus 

followed by continuous infusion or infusion alone is preferred, because 

renal filtration and excretion may limit Mg11 retention. For the manage-

ment of torsades de pointes, 1–2 g of intravenous MgSO4 over 5 minutes 

followed by infusion is recommended. For the urgent treatment of severe 

hypomagnesemia, an intravenous bolus of 4–8 mmol of Mg11 (1–2 g 

MgSO4), followed by an infusion of 16–32 mmol Mg11 (4–8 g MgSO4) 

over the next 6–12 hours should be considered. In cases of preeclampsia, 

an initial bolus of 4 g over 10–15 minutes followed by an infusion of 1 g/h 

should be used.7

KEY POINTS

• Hypomagnesemia is one of the most common electrolyte disturbances 

encountered in ICU patients.

• Hypomagnesemia is frequently asymptomatic; however, in ICU patients, it 

is associated with increased mortality.

• Hypomagnesemia in ICU patients manifests as disturbances in the cardio-

vascular, neuromuscular, and metabolic systems.

• Aggressive intravenous administration of magnesium is indicated in cardiac 

arrhythmias, including torsades de pointes, preeclampsia/eclampsia, and 

status asthmaticus refractory to conventional therapy.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Fairley J, Glassford NJ, Zhang L, et al. Magnesium status and magnesium ther-

apy in critically ill patients: a systematic review. J Crit Care. 2015;30(6):
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A systematic review of the recent evidence in assessment, management, and 

outcomes of hypomagnesemia in critically ill patients.

Hansen BA, Bruserud Ø. Hypomagnesemia in critically ill patients. J Intensive 

Care Med. 2018;6(1):21.

Latest state-of-the-art review of etiology, clinical presentations, and manage-

ment of hypomagnesemia in critical illness, with a review of recent evidence.

Soliman HM, Mercan D, Lobo SSM, et al. Development of ionized hypomag-

nesemia is associated with higher mortality rates. Crit Care Med. 2003;

31(4):1082–1087.

A prospective observational study that showed significant association of hypo-

magnesemia with increased mortality in a mixed ICU population.
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Hypocalcemia and Hypercalcemia

Robert N. Cooney, Joan Dolinak, and William Marx

Abnormal serum calcium concentration is a common finding in criti-

cally ill patients. The prevalence of hypocalcemia in intensive care unit 

(ICU) patients ranges from 70% to 90% when total serum calcium is 

measured and from 15% to 50% when ionized calcium is measured.1 

Hypercalcemia occurs less frequently, with a reported incidence of 

,15% in critically ill patients.2 Hypocalcemia is associated with injury 

severity and mortality in critically ill patients.1,3–5 However, whether 

low serum calcium is protective, harmful, or simply prognostic in 

critical illness is unclear. Therefore in most instances, the management 

of hypocalcemia involves treating the underlying medical condition(s), 

except when patients are symptomatic or hemodynamically unstable.

CALCIUM PHYSIOLOGY AND METABOLISM

Calcium is a divalent ion (Ca21) involved in critical biologic processes 

like muscle contraction, blood coagulation, neuronal conduction, hor-

mone secretion, and the activity of various enzymes.3–5 Therefore it 

is not surprising that intracellular and extracellular calcium levels,  

like pH, are tightly regulated. A normal adult contains approximately 

1–2 kg of total body calcium, which is primarily located in bone (99%) 

as hydroxyapatite.1,3,5 Skeletal stores of calcium represent an unlimited 

reservoir that is predominantly regulated by extracellular Ca21, para-

thyroid hormone (PTH), and calcitonin. Extracellular concentrations 

of Ca21 are typically 1–10,000 times greater than cytoplasmic Ca21 

levels.1,3 Similarly, the majority of intracellular calcium (.90%) is 

found in subcellular organelles (e.g., mitochondria, microsomes, and 

endoplasmic or sarcoplasmic reticulum [ER/SR]) as opposed to in the 

cytoplasmic compartment. Ca21-mediated cell signaling involves rapid 

changes in cytoplasmic Ca21 from both internal and external stores.6,7 

Cytoplasmic Ca21 influx occurs through cell membranes by receptor-

activated, G-protein–linked channels and the release of internal Ca21 

from ER/SR by second messengers.6 The efflux of cytoplasmic Ca21 

involves the transport of Ca21 across the cell membrane and into the 

ER/SR via specific transporters.6–8 These tightly controlled pulsations 

of cytoplasmic Ca21 thus regulate signal strength and frequency for 

calcium-mediated cellular functions. Alterations in Ca21 signaling 

have been identified in myocytes, hepatocytes, neutrophils, and T lym-

phocytes during sepsis and may contribute to the development of 

organ dysfunction during catabolic illness (for a review see Ref. 7).

Extracellular calcium homeostasis is maintained by the coordi-

nated actions of the gastrointestinal tract, kidneys, and bone.1,3 Levels 

of extracellular Ca21 are detected by calcium-sensing receptors on 

parathyroid cells.8 In response to low serum Ca21, the parathyroid 

glands secrete PTH, which reduces the renal reabsorption of phos-

phate, increases renal calcium reabsorption, and stimulates renal  

hydroxylation of vitamin D.1,3 PTH and 1,25-dihydroxy vitamin D 

(calcitriol) promote the release of calcium from bone by activating 

osteoclasts.1,3 Calcitriol also stimulates intestinal absorption of dietary 

calcium and regulates PTH secretion by inhibiting PTH gene tran-

scription. PTH secretion is also influenced by serum phosphate con-

centration. High circulating phosphate levels stimulate PTH secretion 

by lowering extracellular Ca21. Magnesium is required for the release 

of PTH from parathyroid cells and may explain the occurrence of hy-

pocalcemia in patients with magnesium deficiency. Calcitonin is a 

calcium-regulating hormone secreted by the parafollicular C cells of 

the parathyroid gland during hypercalcemia. Although calcitonin in-

hibits bone resorption and stimulates the urinary excretion of calcium, 

this hormone does not appear to play a major role in calcium homeo-

stasis in humans.1,3

The normal concentration of ionized calcium in the extracellular 

space (plasma and interstitium) is 1.2 mmol/L and represents 50% of 

the total extracellular calcium. The remaining 40% is bound to plasma 

proteins, and 10% is combined with citrate, phosphate, or other  

anions. Total serum calcium normally ranges from 9.4 to 10.0 mg/dL 

(2.4 mmol/L). The distribution of ionized and bound calcium may be 

altered in critically ill patients. Chelating substances like citrate and 

phosphate may influence the abundance of ionized Ca21. Increased 

free fatty acid levels caused by lipolysis or parenteral nutrition result in 

increased binding of calcium to albumin.9 Protein-bound calcium is 

also increased during alkalosis and reduced during acidosis.1,3 Correct-

ing total serum calcium for albumin and pH does not accurately  

estimate ionized Ca21.10,11 Therefore a direct measurement of ionized 

serum calcium has been found to be the most accurate way to deter-

mine the concentration of this cation, and hence this approach is indi-

cated in critically ill patients.12

HYPOCALCEMIA IN CRITICALLY ILL PATIENTS

Ionized hypocalcemia is frequently seen in critically ill patients with 

sepsis, pancreatitis, severe traumatic injuries, or after major surgery. 

The incidence of hypocalcemia ranges from 15% to 50%.3 The degree 

of hypocalcemia correlates with illness severity as measured by the 

Acute Physiology and Chronic Health Evaluation (APACHE) II score 

and is associated with increased mortality in critically ill patients.4 In 

particular, the degree of systemic inflammation, as measured by cyto-

kine, tumor necrosis factor (TNF)-alpha, and pro-calcitonin levels, 

appears to correlate with hypocalcemia in ICU patients.11 Potential 

etiologies for the hypocalcemia of critical illness include impaired 

PTH secretion or action, vitamin D deficiency or resistance, calcium 

sequestration or chelation, or impaired mobilization of Ca21 from 

bone (Table 19.1).

Hypocalcemia in the ICU is rarely caused by primary hypoparathy-

roidism. However, sepsis and systemic inflammatory response syn-

drome (SIRS) is commonly associated with hypocalcemia, which is 

caused in part by the impaired secretion and action of PTH and the 

failure to synthesize calcitriol.1,3,11 Hypomagnesemia may contribute 
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which is used as an anticoagulant in banked blood.17–19 The incidence 

of transfusion-related hypocalcemia is related to both the rate and 

volume of blood transfusion.17,18 When blood transfusions are admin-

istered at a rate of 30 mL/kg/h (e.g., 2 L/h in a 70-kg patient) and  

hemodynamic stability is maintained, ionized Ca21 levels are preserved 

by physiologic compensatory mechanisms.19 Transient hypocalcemia 

may be observed with rapid transfusion and can be prolonged or exac-

erbated by hypothermia, renal failure, or hepatic failure.17–19 Conse-

quently, ionized calcium should be monitored and replaced when 

clinically indicated during massive transfusion. However, hypocalce-

mia tends to normalize within 4 days after ICU admission, and failure 

to normalize in severely hypocalcemic patients may be associated with 

increased mortality. Calcium replacement does not typically improve 

normalization or reduce mortality.20

HYPOCALCEMIA IN SEPSIS AND PANCREATITIS

Hypocalcemia is especially common in critically ill patients with sys-

temic infection or pancreatitis.1,3,4,7,11 In animal models, serum cal-

cium concentrations decrease after endotoxin infusion.7,11,21,22 When 

septic patients with hypocalcemia were compared with nonseptic con-

trols, increased TNF-alpha and interleukin-6 levels correlated with 

ionized hypocalcemia.23 Septic patients with hypocalcemia may dem-

onstrate increased or decreased PTH levels; however, urinary excretion 

of calcium and bone resorption appear to be preserved when com-

pared with controls.11,21 Procalcitonin levels are increased during sep-

sis-induced hypocalcemia, but mature calcitonin only exerts a weak 

and transient effect on circulating calcium level.23,24 Collectively, the 

results suggest that hypocalcemia during severe infection has a multi-

factorial etiology but that inflammatory cytokines, impaired activation 

of vitamin D, and elevated procalcitonin are contributory.

It remains unclear whether sepsis-induced hypocalcemia is patho-

logic or protective. Calcium administration in experimental sepsis has 

been shown to increase or have no effect on mortality.21,22 Similarly, 

investigations on the effects of Ca21 blockade on septic mortality dem-

onstrate conflicting results.23–25 Therefore although sepsis-induced 

hypocalcemia is commonly seen in critically ill patients, neither rou-

tine replacement of calcium nor the use of calcium channel blockers is 

supported by the existing literature. As with most situations, sepsis-

induced hypocalcemia should be treated if patients are symptomatic.

Pancreatitis represents another inflammatory condition that is asso-

ciated with hypocalcemia in critically ill patients.1,3,25,26 Saponification of 

retroperitoneal fat contributes to the development of hypocalcemia in 

patients with pancreatitis.3,25,26 In rats with experimental pancreatitis, 

injection of free fatty acids into the peritoneum induces hypocalcemia.25 

However, the amount of calcium chelated is relatively small compared 

with the calcium stores in the bone reservoir available for exchange. In-

terestingly, elevated levels of PTH seen in pancreatitis, like sepsis, do not 

result in normalized ionized calcium levels.25–27 Although the resistance 

of bone and kidney to PTH may be a factor, it is likely that inflammatory 

pathways identical to those in sepsis are responsible. In pancreatitis, like 

sepsis, hypocalcemia is an indicator of disease severity. As with most 

clinical conditions, calcium replacement during pancreatitis should be 

reserved for the symptomatic or hemodynamically unstable patient.

HYPOCALCEMIA AND MASSIVE TRANSFUSION 

PROTOCOLS

Massive transfusion (more than 10 units of packed red blood cells 

[PRBCs] in a 24-hour period) is a commonly used technique in the 

resuscitation of trauma patients. Fresh frozen plasma (FFP) and 

PRBCs are stored with citrate as the preservative. Ca is a cofactor for 

to hypocalcemia during critical illness via inhibitory effects on PTH 

secretion and target organ responsiveness.1,3,5 However, the presence of 

hypomagnesemia only weakly correlates with hypocalcemia in ICU 

patients.4

In many instances, the hypocalcemia of critical illness is multifacto-

rial in etiology. Elderly patients are at an increased risk for vitamin D 

deficiency because of malnutrition, poor intestinal absorption, and 

hepatic or renal dysfunction.3 In obese patients with previous gastric 

bypass, the intestinal absorption of calcium dramatically decreases 

despite reasonable vitamin D levels and recommended calcium in-

take.13 Renal failure may precipitate hypocalcemia via the decreased 

formation of calcitriol and hyperphosphatemia and the chelation of 

ionized calcium.1,3 The use of continuous renal replacement therapy in 

critically ill patients is associated with significant magnesium and cal-

cium losses. This results in electrolyte replacement requirements that 

often exceed the calcium and magnesium supplementation provided 

in standard parenteral nutrition formulas.14 Other potential causes of 

ionized hypocalcemia in critically ill patients include alkalosis (in-

creased binding of Ca21 to albumin), medications (anticonvulsants, 

antibiotics, diphosphonates, and radiocontrast agents), massive blood 

transfusion, sepsis, and pancreatitis.1,3–5 More recently, the infusion of 

high doses of propofol have been shown to reduce circulating calcium 

concentrations by elevating serum PTH levels, but the physiologic 

significance of this phenomenon is unclear.15 Ionized hypocalcemia 

(,1.0 mmol/L) is associated with prehospital hypotension and repre-

sents a better predictor of mortality in severely injured patients than 

does base deficit.16 The exact reasons for this observation are unclear 

but potentially relate to head injury and/or the presence of hemor-

rhagic shock. Injured patients receiving blood transfusions may de-

velop hypocalcemia as a consequence of Ca21 chelation by citrate, 

Impaired Parathyroid Hormone Secretion or Action

Primary hypoparathyroidism

Secondary hypoparathyroidism

Impaired Vitamin D Synthesis or Action

Poor intake

Malabsorption

Liver disease

Renal disease

Hypomagnesemia

Sepsis

Calcium Chelation/Precipitation

Hyperphosphatemia

Citrate

Pancreatitis

Rhabdomyolysis

Ethylene glycol

Decreased Bone Turnover

Hypothyroidism

Calcitonin

Cis-platinum

Diphosphonates

Mithramycin

Phosphates

TABLE 19.1 Causes of Hypocalcemia

From Zaloga GP. Hypocalcemia in critically ill patients. Crit Care Med. 

1992;20(2):251–261.
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factors II, VII, IX, and X. Hypocalcemia occurs because of calcium 

chelation by citrate.28 Low ionized calcium levels are associated with 

hypotension and poor outcome. Ionized calcium (iCa) levels (iCa ,1) 

has been shown to be an independent predictor for the need for mas-

sive transfusion and mortality.29 Monitoring serum calcium levels 

during massive transfusion protocols is a prudent practice.

SIGNS AND SYMPTOMS OF HYPOCALCEMIA

Hypocalcemia is frequently asymptomatic, and attributable signs or 

symptoms may be difficult to elucidate in critically ill patients. In gen-

eral, the signs and symptoms of hypocalcemia correlate with both the 

magnitude and rapidity of onset of the condition. Neurologic (pares-

thesias, seizures, dementia) and cardiovascular (hypotension, impaired 

cardiac contractility, dysrhythmias) signs may be seen with ionized 

hypocalcemia Ca21 ,1.0 mmol/L.3,5 Neuromuscular symptoms of 

profound hypocalcemia include muscle spasms and tetany. Psychiatric 

disturbances (dementia, psychosis, depression) also may be attribut-

able to hypocalcemia.3,5

Classic signs of hypocalcemia include the Chvostek and Trousseau 

signs, which test for latent tetany. The Chvostek sign is an involuntary 

twitching of facial muscles in response to light tapping of the facial 

nerve. It is nonspecific and is present in 10% to 25% of normal adults 

and may be completely absent in chronic hypocalcemia. The Trousseau 

sign is a carpopedal spasm induced by reduced blood flow to the hand 

in the presence of hypocalcemia when a blood pressure cuff is inflated 

to 20 mm Hg for 3 minutes. The Trousseau sign is also nonspecific and 

may be absent in one-third of patients with hypocalcemia.

Cardiac dysrhythmias, such as ventricular tachycardia, prolonged 

QT interval, and heart block, are more serious complications of hypo-

calcemia.3,5 In addition, decreased cardiac output and hypotension, 

especially where refractory to vasopressors and volume, should prompt 

calcium replacement when hypocalcemia is present.3,5

TREATMENT OF HYPOCALCEMIA

Critical thresholds for calcium replacement vary, but severe ionized 

hypocalcemia ,0.8 mmol/L and symptomatic hypocalcemia should 

be replaced in critically ill patients.1,3,5 Treatment of asymptomatic 

ionized hypocalcemia .0.8 mmol/L is usually unnecessary and may be 

harmful in conditions such as sepsis and cellular hypoxia.1,3,5,27

Treatment of hypocalcemia requires intravenous calcium replace-

ment. The two solutions most commonly used are 10% calcium chlo-

ride and 10% calcium gluconate. Each solution contains 100 mg/mL of 

calcium salt and is provided in 10-mL ampules. Ten percent calcium 

chloride contains 27 mg/mL of elemental calcium (1.36 mEq/mL); 

10% calcium gluconate contains 9 mg/mL (0.46 mEq/mL). Typically, 

10 mL of 10% calcium gluconate solution is infused over 10 minutes. 

A total of 200 mg of elemental calcium may be necessary to raise the 

total serum calcium by 1 mg/dL. Because the effect of calcium infusion 

is usually brief, a continuous infusion may be necessary. Calcium chlo-

ride should not be infused peripherally if calcium gluconate is avail-

able, because the former can produce tissue necrosis and thrombo-

phlebitis if extravasation occurs.

Hemodynamically unstable patients in the ICU who are hypocalce-

mic may show a transient increase in blood pressure and/or cardiac 

output with calcium administration. This is probably the result of in-

creased cardiac performance.27 However, in the presence of tissue hy-

poxia, calcium administration may aggravate the cellular injury.9,24 

Nonetheless, calcium administration is probably warranted in the  

hypocalcemic, hemodynamically unstable patient, especially those re-

quiring adrenergic support.

Despite the prevalence of hypocalcemia in critically ill patients, there 

is a paucity of evidence on the benefit of calcium supplementation in 

this population. Other than elevating systemic ionized calcium, there is 

no clear evidence that calcium supplementation affects the outcome in 

critically ill ICU patients.28 Collectively, these data suggest that hypocal-

cemia is a metabolic derangement associated with severe illness as op-

posed to a correctable condition resulting in a poor outcome.

HYPERCALCEMIA

Hypercalcemia is rare in critically ill patients, estimated to be present in 

between 1% and 15% of ICU patients.2 Defined as an increase in serum 

calcium above 10.4 mg/dL (2.60 mmol/L), hypercalcemia usually is 

caused by excessive bone resorption. Hyperparathyroidism and humoral 

hypercalcemia of malignancy are the most common causes of hypercal-

cemia in hospitalized patients.2,5,29 Less common causes of hypercalce-

mia include granulomatous disease, prolonged immobilization, and 

medications (e.g., thiazide diuretics or lithium) (Table 19.2).35-43

Parathyroid Hormone Mediated

Sporadic (adenoma, hyperplasia, or carcinoma)

Familial (MEN neoplasia 1, 2a, or 4; hyperparathyroid jaw tumor syndrome; 

familial isolated hyperparathyroidism)

Ectopic parathyroid hormone in malignancy

Tertiary hyperparathyroidism

Malignancy

Hypercalcemia of malignancy (PTHrP)

Local osteolysis

Ectopic parathyroid hormone

Calcitriol-related hypercalcemia

Vitamin D Related

Granulomatous disease (i.e., sarcoidosis, tuberculosis, berylliosis, coccidio-

mycosis, histoplasmosis, leprosy, inflammatory bowel disease, foreign 

body granuloma)

Vitamin D intoxication

Endocrine Disorders

Thyrotoxicosis

Adrenal insufficiency

Pheochromocytoma

VIPoma (Verner Morrison) syndrome

Drugs

Thiazide diuretics

Lithium

Milk-alkali syndrome

Hypervitaminosis A

Other

Immobilization in major burns with renal failure

Acute renal failure with rhabdomyolysis

Chronic renal failure treated with calcium and calcitriol or a vitamin D  

analogue

Renal transplant

Candidiasis in the setting of acute leukemia or immunosuppression

Genetic mutation of the CYP24A1 gene

TABLE 19.2 Causes of Hypercalcemia

MEN, Multiple endocrine neoplasia; PTHrP, parathyroid-related protein.
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Mild hypercalcemia is usually asymptomatic. However, patients 

with circulating Ca21 above 12 mg/dL may manifest symptoms of 

confusion, delirium, psychosis, and coma.2,5,29 Patients with hypercal-

cemia also may experience nausea, vomiting, constipation, abdominal 

pain, and ileus. Cardiovascular effects of hypercalcemia include hypo-

tension, hypovolemia, and shortened QT interval. Profound skeletal 

muscle weakness may result. Seizures, however, are rare.

The treatment of hypercalcemia should be directed at the underly-

ing medical condition. Saline infusion and diuresis are indicated  

in symptomatic patients and when the serum calcium level rises above 

14 mg/dL (3.5 mmol/L). For patients with underlying malignancy, 

treatment with salmon calcitonin, pamidronate, or plicamycin may be 

necessary. These agents act to inhibit bone resorption. Hydrocortisone 

can also be used in combination with calcitonin to treat hypercalcemia 

associated with multiple myeloma.

Steroids are a principal therapeutic option produced by excessive 

production of calcitriol from calcidiol, independent of PTH, by the 

macrophages present in granulomas.30 In foreign body granulomas 

with hypercalcemia, initial treatment may also include locally injecting 

steroids near the foreign body. The imidazole antifungals, primarily 

ketoconazole, inhibit the 1-alpha-hydroxylase from the macrophage 

and have been used to treat hypercalcemia in which steroids are not 

effective or their side effects cannot be tolerated.31,32 Imidazoles can 

reduce calcium levels in other causes of hypercalcemia, though hepatic 

toxicity will limit their use.33

KEY POINTS

• Massive transfusion can cause hypocalcemia, in part because of the citrate 

used to store blood and chelation. Replacement is often necessary.

• The best test for hypocalcemia is an ionized calcium level, with replacement 

when values are ,1.0 mmol/L.

• Hypocalcemia is frequently seen in ICU patients with sepsis or SIRS, pan-

creatitis, massive transfusions, and/or solid organ failure. It is often multi-

factorial and can be caused by vitamin D deficiency, inflammatory cytokines 

TNF-alpha and interleukin-6, and sequestering in the case of pancreatitis.

• Hypercalcemia is less likely to be encountered in the ICU. Most commonly, 

this is from an elevated PTH, but could be paraneoplastic, lytic, or caused 

by an infectious or granulomatous process.

• Initial treatment of hypercalcemia should be saline infusion and diuresis. 

Treatment should then be tailored to the cause and the patient’s tolerance.

 References for this chapter can be found at expertconsult.com.
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Disorders of Glucose Control or  

Blood Glucose Disorders

Roshni Sreedharan and Basem B. Abdelmalak

• Classic symptomsofhyperglycemiccrisiswitha randomglucose
.200mg/dL(11.1mmol/L)
Unfortunately, there isno setdefinition forhyperglycemia in the

critically ill patient, as it is confounded by the presence of multiple
variables, includingtheseverityof illness,concurrentadministration
of glucose-containing medications such as antibiotics, feeding, and
hyperglycemia-inducingmedication,suchascatecholamineinfusions
orglucocorticoids.Whenapatientpresentswithnew-onsethypergly-
cemia(NOH),whethercriticallyillornot,itisprudenttoruleoutthe
presenceofundiagnoseddiabetesmellitus.ThepresenceofanHbA1c
.6.5%mightaidinmakingthisdiagnosis.TheADA/AmericanAsso-
ciationofClinicalEndocrinologists(ACCE)intheirconsensusstate-
mentrecommendthatanybloodglucose.180mg/dL(10mmol/L)
betreatedinpatientswhoarecriticallyillinanattempttoreducethe
adverseoutcomesassociatedwithhyperglycemia.15

Stress-Induced Hyperglycemia
Hyperglycemiawasinitiallyconsideredtobeanormaladaptiveresponse
inacriticallyillpatienttosurviveaperiodofacutestress.Anincreasein
thelevelsofcatecholamines,growthhormone,exogenousandendoge-
nousglucocorticoids,andglucagon,alongwithanincreaseincirculating
cytokinesandperipheralinsulinresistance,mayplayanimportantrole
inthegenesisofstress-inducedhyperglycemia.16,17However,stresshy-
perglycemiainpatientswithpreviouslynormalglucosehomeostasishas
beenassociatedwithanincreaseinadverseoutcomesinpatientswhoare
criticallyill.Theseadverseoutcomeswereattributedtoeitherhypergly-
cemiaperseorfreeradicalinjuryanditsrelatedadversecoronaryand
intracranialevents.18Althoughhyperglycemiabyitselfduringacuteill-
ness may not be the actual cause of the increase in mortality, it may
indicateandcorrelatewiththedegreeofunderlyingdiseaseseverity.

Diabetic versus Nondiabetic Blood Glucose 
Management in the ICU
Recent evidence indicates that glycemic targets in the ICU should
probablyvarybasedonthepresenceofahistoryofdiabetesandthe
chronic glycemic state before ICU admission.6,9,10,19,20 Furthermore,
Abdelmalakandcolleaguesreportedthat11%ofpatientspresenting
fornoncardiac surgeryhaveundiagnoseddiabetes,21 and there isno
reasonnottobelievethatmanypatientsareprobablyadmittedtoICU
whoarealsoundiagnoseddiabetics.Diabeticpatientswhoarechroni-
cally hyperglycemic can probably tolerate, or might even do better
with,ahigher-than-normalglycemictargetandreducedglycemicvari-
ability.Aretrospectivestudyof450criticallyilldiabeticpatientswith
atotalof9946glucosemeasurementsinthestudycohortfoundthat
patients who had higher (.7%) preadmission HbA1c levels had a
lower mortality when the ICU time-weighted glucose concentration
was higher (.180 mg/dL [10 mmol/L]), as compared with patients
who had lower HbA1c (,7%).22 Similar findings were reported in

INTRODUCTION

Alterations inglucosemetabolismarecommon in the intensivecare
unit(ICU).Theadverseeffectsofuncontrolledhyperglycemia,espe-
ciallyinacriticallyillpatient,arefairlywelldescribed.1–3Management
strategies for hyperglycemia in the critically ill patient have gone
throughsubstantialchangesoverthepasttwodecades.Althoughhy-
perglycemia is associated with adverse clinical outcomes, trying to
achieveeuglycemia inallpatientshasnotproven tobe the solution.
Although the initial landmark randomized controlled trial showed
remarkable benefits to tight glycemic management in the ICU,1 at-
temptsbyotherinvestigatorstoreplicatethosefindingswerefutile.On
thecontrary, itresultedinanincrease inhypoglycemicepisodesand
consequently mortality, as evidenced by the largest multicenter ran-
domizedcontrolledtrialtodate.4,5It isworthnotingthatthereisan
exceedinglylargebodyofevidencefromobservationalandretrospec-
tivestudiessheddinglightonthevariousglycemicdomainsthatclini-
cians should keep in mind while managing hyperglycemia in both
patientswithandwithoutdiabetes.6–8Thepresenceofahistoryofdia-
betesandtheextentofapatient’schronicglycemicstatewouldprob-
ably play a role in determining the glycemic target.9,10 Furthermore,
glycemicvariability,regardlessofthechosentarget,mayalsohavean
impactonglycemicmanagementoutcomes.11

HyperglycemiaisassociatedwithharmintheICU,asishypoglyce-
mia,whichisequally,ifnotevenmore,seriousthanhyperglycemiain
its detrimental impact.12,13 Hypoglycemia thus deserves much atten-
tion concerning its etiology, risk factors, and interventions aimed at
preventionandtimelytreatment.

This chapter gives an overview of hyperglycemia, hypoglycemia,
andtheirmanagementstrategiesinthecriticallyillpatient.

HYPERGLYCEMIA

Definition of Hyperglycemia
Whenacriticallyillpatientishyperglycemic,itisimportanttodelin-
eatetheclinicalgrouptowhichthepatientbelongs.Theseincludethe
following:
• Aknowndiabetic
• Undiagnoseddiabetic
• Nondiabeticwithnew-onsethyperglycemia(stress-induced)

TheAmericanDiabetesAssociation(ADA)haspublishedcriteria
forthediagnosisofdiabetesmellitus.14Adiagnosisofdiabetesisestab-
lishedwhenanyoneofthefollowingcriteriaismet:
• Fastingplasmaglucose.126mg/dL(7mmol/L)
• Postprandial plasma glucose .200 mg/dL (11.1 mmol/L) after

2hoursofa75-goralglucosetolerancetest
• HbA1c.6.5%
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largerpatientcohorts.9,23,24Ameta-analysisofnine studieswascon-
ductedin2012withregardtohyperglycemiaandin-hospitalmortality
associatedwithsepsis,measuringunadjustedICUmortalityinfiveof
the nine studies. They observed an increase in ICU mortality and a
2.7-fold increase in hospital mortality in patients with NOH as op-
posed todiabeticpatientswithhyperglycemia.25Thisdifferencemay
betheresultofthefactthatinapreviouslychronicallyhyperglycemic
diabetic,theorgansandimmunesystemmayhavebeenaccustomedto
higherbloodglucoseconcentrations,andanacuteattemptateuglyce-
miapresentsastateofrelativehypoglycemiaforthem.Furthermore,if
suchanattemptateuglycemia isassociatedwithmoderateorsevere
hypoglycemia, as is the case with many tight glycemic control algo-
rithms, such dangerously low concentrations are harmful by them-
selves5,12andcontributetoasignificantincreaseinglycemicvariabil-
ity.11 One of the largest database studies evaluating the effect of
diabetesonoutcomesincriticallyillpatientsfoundthathyperglycemia
wasmoredetrimental innondiabeticsandwaspotentiallyprotective
in diabetics. There was an increased risk of mortality exclusively in
diabeticpatientsinthenormoglycemic/hypoglycemicrange,suggest-
ingarelativeintolerancetorelativeandabsolutehypoglycemiainthis
subsetofpatients.26Inlightofthesefindings,weprobablyshouldseek
different glycemic targets (and more robust insulin protocols to
achievesuchtargets)thatvarybasedonthepresenceofadiagnosisof
diabetes and previous chronic glycemic states. Marik and Egi have
proposedanexampleof suchvariableglycemic targetsbasedon the
patient’sclinicalcondition,historyofdiabetes,andHbA1c,signifying
theextentofthelong-termstatusofglycemiccontrol.27

THE GLYCEMIC DOMAINS AND THE INFLUENCE  
OF PREEXISTING DIABETES DIAGNOSIS ON 
OUTCOMES IN THE ICU

Thethreedomainsofglycemiccontrolarehyperglycemia,hypoglyce-
mia, and glucose variability. Each of these has independently been
showntoincreasemortalityincriticallyillpatients.7,11,13,28,29Twolarge
studies evaluated these threedomainsand theapproach toglycemic
management in the ICU, in addition to the role of diabetes in this
complexmilieu.Theresultsofbothstudiesarestrikinglysimilar.Hy-
perglycemiaandanincreaseinglucosevariabilitywereassociatedwith
anincreaseinmortalityinnondiabeticbutnotindiabeticpatients.On
theotherhand,hypoglycemiawasassociatedwithanincreaseinmor-
tality in both groups. Furthermore, in diabetic patients, premorbid
glycemic control has been shown to play an important role in out-
comesbasedontheglycemicgoals.Inpatientswithpoorpreadmission
glycemiccontrol,mortalitywashigherwithlowerICUbloodglucose
levels than their own “normal” (i.e., relative hypoglycemia). Con-
versely,inpatientswithgoodpreadmissionglycemiccontrol,survival
washigherwhenICUbloodglucoselevelsweremaintainedcloserto
the normal range (which is also their own normal as well). In 2014
Plummerandcolleagues30furthersubstantiatedpreviousobservations
byEgiandcolleagues,22whoobservedan18%increaseintheriskof
mortality for every 20 mg/dL (1.1 mmol/L) increase in maximum
bloodglucoseinnondiabeticanddiabeticpatientswithgoodpread-
missionglycemiccontrol.Thedatafromthesestudiesfurtherempha-
sizethathavingoneglycemicgoalforallcriticallyillpatientsisprob-
ablysuboptimal.8,20,22,30

GLYCEMIC GOAL IN THE ICU

Basedon theNICE-SUGARtrial,most centers targetabloodglucose
levelof,180mg/dL(10mmol/L)forcriticallyillpatientsinanattempt
to treathyperglycemiawhile reducing the incidenceofhypoglycemia4

noticed with the application of tight glycemic control. The ADA
also recommends a goal of 140–180 mg/dL (7.7–10 mmol/L) in ICU
patients.31

GLUCOSE MONITORING IN THE ICU

Incurrent-daypractice,mostICUsusebedsideglucometersformoni-
toring,reporting,andmanagingbloodglucoseincriticallyillpatients.
Bedsideglucometerswereintroducedinanattempttoimproveoutpa-
tient diabetes control (i.e., for patient self-monitoring of blood glu-
cose) and are probably not accurate for intensive monitoring and
treatmentofhyperglycemia incritically illpatients.32–35 Severalvari-
ablescanaffecttheaccuracyofabedsideglucometer,suchasrapidly
changing hematocrit, hypoxia, acidosis, use of vasopressors, and pe-
ripheraledema.Thismakesmeasuringcapillarybloodglucoseusinga
bedsideglucometerlessthanidealinthemonitoringofpatientswho
needtitrationofinsulininfusions.TheCentralLaboratoryandStan-
dardsInstitute(CLSI),andtheFoodandDrugAdministration(FDA)
requirethat95%ofthemeterreadingsarewithin20%ofthereference
value.Althoughsuchmonitorsmaymeet thisstandard, the issuere-
mains that allowing even that much of a variation in a critically ill
patient on an infusion can make insulin therapy risky.35 Laboratory
whole-bloodglucosemeasurementisthegoldstandardinbloodglu-
cosemeasurementbutislaborintensiveandnotverypracticalwhen
hourly glucose measurements are required. Another option is to
monitor blood glucose using a blood gas analyzer (BGA), which is
closetolaboratorystandards.34Bloodglucosemeasurementfromarte-
rial whole-blood samples drawn via an arterial line using a BGA is
associated with fewer errors (1% outside the permitted 20% error
zone)whencomparedwithcapillary samples (27%outside the20%
errorzone)orarterialsamples(12%outsidethe20%errorzone)using
aglucometer.36Arterialbloodsampleshavebeenrecommendedforthe
measurement of blood glucose using a BGA, and this has also been
extended to point-of-care (POC) testing when used, as opposed to
capillarybloodsamples.Incriticallyillpatientswhoaredysglycemic,
hourly blood glucose measurements are recommended.29 Although
POCtestinghasbeenlargelyusedforthispurpose,continuousglucose
monitoring (CGM) techniques are being developed to consistently
recognize dysglycemic episodes.37 CGM techniques could be either
subcutaneousor intravenous.SubcutaneousCGMdeviceshavebeen
studiedextensively.Theaccuracyandreliabilityofthesesubcutaneous
deviceshavebeendemonstratedincriticallyillpatientsincirculatory
shockandonvasopressorinfusions.38Inarandomizedtrialevaluating
theimpactofCGMonglycemiccontrolandtheoccurrenceofhypo-
glycemiaincriticallyillpatients,CGMdidnotimproveoverallglyce-
miccontrolbutdidreducetheoccurrenceofhypoglycemicevents.39
Another interesting extension of CGM is in the implementation of
fully automated closed-loop glucose control. This system automati-
callymodulatesinsulin(ordextrose)deliverybasedonglucosemea-
surementsusingaCGMdevicewithouthumaninput.Anevaluation
ofthefeasibilityofanautomatedclosed-loopglucosecontrolsystem
usingcontinuoussubcutaneousglucosemeasurementsincriticallyill
patientsdemonstratedanincreaseddurationofbloodglucosewithin
thetargetrangewithouttheoccurrenceofhypoglycemia.40CGMtech-
niquesareprobablyaseffectiveandsafeasPOCtesting.Inaddition,
theyreducenursingburdenanddetectmoredysglycemic/hypoglyce-
micepisodes,especiallyduringthenight.39,41,42Althoughthetechnol-
ogy seems very promising, routine use of CGM techniques in ICUs
wouldneedmoretrialsdemonstratingtheirsafetyandefficacy.31

The practical option of using a bedside glucometer might be an
acceptableoneinmanysituationswhenthegoldstandardisnotavail-
ableorfeasibleorposesmuchdelay,providedthatbloodsamplesare
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wholeblood—eitherarterialorcentralvenousvs.capillarysamples—
whenfeasible.Whentheglucometer-renderedglucosevalueisnearthe
extremes,especiallyhypoglycemia,and/orshowingamajordifference
compared with the prior value, a central laboratory confirmation
mightbeinorder.

Irrespectiveofthemethodofbloodglucosemonitoringortarget
bloodglucoseused,thereisarequirementtoimplementasystematic
algorithm for insulin infusion titration in the critically ill patient to
reduce the occurrence of adverse incidents, primarily hypoglycemia
andglucosevariability.43,44AlthoughPreiserandDevosmadethissug-
gestionatatimewhentightglucosecontrolwasstillinvogue,itstill
holds true when we target a more moderate blood glucose target as
well.TheysuggestedthatICUsshoulddevelopprotocolsincollabora-
tionwithnursingandmedicalstaff,whicharelocallyapplicable.These
systematicalgorithmsshouldsuggestadaptationoftherateofinsulin
usingadynamicratherthanaslidingscale(e.g.,adaptingtherateof
infusiontonutritionalsupportandtothedeltachangefromtheprior
valuevs.theabsoluteglucosevalue),thetimefornextglucosecheck,
typesofdevicestobeusedforsampling,andsitesofsampling.Oncea
protocolhasbeendeveloped,all ICUhealthcareprovidersshouldbe
educatedonit.Onimplementation,thequalityofthisprotocolcanbe
evaluatedbytheincidenceofhypoglycemiadividedbythefrequency
ofbloodglucosechecks,timetoachievetargetglucose,proportionof
time in the target range, and blood glucose variability.45 By imple-
mentingsuchrobustalgorithmsandprotocols,wecanstrivetoachieve
betterglycemiccontrol incritically illpatientsandat the same time
reduceglucosevariabilityandtheoccurrenceofhypoglycemia.

These issues led to theconsensus recommendationsonmeasure-
mentofbloodglucoseandreportingglycemiccontrolincriticallyill
adults35 thathastakenamoreconservativeapproach.Hereareafew
excerpts from the Consensus Recommendations on Measurement
of Blood Glucose and Reporting Glycemic Control in Critically Ill
Patients:
• Allpatientswhoseseverityofillnesswarrantsaninvasivevascular

monitorshouldhavebloodglucosesamplesdrawnfromanarterial
line.Ifnotavailable,asasecondoption,samplescanbedrawnfrom
acentralvenousline.Onlywhenseverityof illnessdoesnotwar-
rantaninvasivelineshouldcapillarybloodbeusedforsampling.

• Samplestakenfromarterialorcentrallinesshouldbeanalyzedei-
therinthecentrallaboratoryorusingabloodgasanalyzer.Ifdelay
with the central laboratory is unacceptable, blood gas analyzers
should be the default analyzer. A glucometer is acceptable only
whenacapillary sample is taken fromapatientconsidered tobe
toowelltoneedinvasivevascularaccess.

ADA Recommendations for Management of Blood 
Glucose in Hospitalized Patients
In 2020 the ADA issued recommendations for the management of
bloodglucose inacritically ill adultbasedon theevidenceavailable
thusfar31:
• Continuous intravenous insulin infusion is the best method for

achievingglycemictargetsinthecriticalcaresetting.
• Insulin therapy should be initiated for persistent hyperglycemia

startingatathresholdgreaterthan180mg/dL(10mmol/L).Once
insulintherapyisstarted,atargetglucoserangeof140–180mg/dL
(7.8–10.0mmol/L)isrecommendedforthemajorityofcriticallyill
andnoncriticallyillpatients.

• More stringent goals such as 110–140 mg/dL (6.1–7.8 mmol/L)
maybeappropriateforselectedcriticallyillpatients,aslongasthis
canbeachievedwithoutsignificanthypoglycemia.

• Intravenousinsulinshouldbeadministeredbasedonvalidatedwrit-
tenorcomputerizedprotocolsthatallowforpredefinedadjustments

intheinfusionrate,accountingforglycemicfluctuationsandinsulin
dose.

• A hypoglycemia management protocol should be adopted and
implementedbyeachhospital.Aplanforpreventingandtreating
hypoglycemia should be established for every patient.
Episodes of hypoglycemia in the hospital should be documented
andtracked.

• Thetreatmentregimenshouldbereviewedandchangedifneces-
sarytopreventfurtherhypoglycemiawhenthebloodglucosevalue
islessthan70mg/dL(3.9mmol/L).

HYPOGLYCEMIA

Definition of Hypoglycemia
In2013theADAandtheEndocrineSocietyWorkgroupdefinedhypo-
glycemiainfivecategories46,47:
• Severehypoglycemia(symptomsrequiringassistancefromanother

person,neuroglycopenicsymptoms,seizuresorcoma,andreversal
of these symptoms with the administration of glucose). Glucose
measurementsmaynotbeavailable,butneurologicrecoveryafter
glucoseadministrationisdiagnostic.

• Documentedsymptomatichypoglycemia(withameasuredplasma
glucoseof,70mg/dL[3.9mmol/L]).

• Asymptomatichypoglycemia(nosymptomsofhypoglycemiabut
measuredplasmaglucoseis,70mg/dL[3.9mmol/L]).

• Probablesymptomatichypoglycemia(symptomsofhypoglycemia
not accompanied by a plasma glucose measurement but are pre-
sumedtobecausedbyaplasmaglucoseconcentration,70mg/dL
[3.9mmol/L]).

• Pseudo-hypoglycemia (symptoms of hypoglycemia in a person
withdiabetes but witha measured plasma glucose concentration
.70mg/dL[3.9mmol/L]).
Thedefinitionofhypoglycemiainacriticallyillpatientischalleng-

ingbecauseofalackofsymptomreportinginsedatedorcriticallyill
patients.Thedefinitionandrecognitionofhypoglycemiainthisgroup
of patients are dependent on close monitoring of measured blood
glucose. Landmark studies, which have resulted in current glucose
management strategies in the ICU, have repeatedly used previously
defined severe hypoglycemia values (blood glucose ,40 mg/dL
[2.2mmol/L])forthediagnosisofhypoglycemiaintheICU.1,2,4

In 2020 the ADA defined the levels of hypoglycemia severity as
follows48:
Level1:measurableglucoseconcentration,70mg/dL(3.9mmol/L)

but$54mg/dL(3.0mmol/L)
Level2:bloodglucoseconcentration,54mg/dL(3.0mmol/L)
Level3:severeeventcharacterizedbyalteredmentalorphysicalfunc-

tioningrequiringassistancefromanotherpersonforrecovery

INCIDENCE OF HYPOGLYCEMIA IN THE  
CRITICALLY ILL

The reported incidence of hypoglycemia is variable and depends on
thedefinitionused,theglycemictarget,andtheadmissiondiagnosis.
InaretrospectivestudyfromtheAustraliaandNewZealandIntensive
Care Society adult patient database, the incidence of hypoglycemia
(lowest blood sugar observed during the first 24 hours of ICU
stay) ranged from 1.5% to 13.8% depending on the definition used
(,44mg/dL[2.4mmol/L]versus,82mg/dL[4.5mmol/L]).49

AninterestingstudybyNivenandcolleaguesexaminedtheimpact
oftwomajorlandmarktrials(Leuven1andNICE-SUGAR)onglyce-
micmanagementin195adultICUsover80hospitalsfromJanuary1,
2001,toDecember31,2012,usingtheAPACHEdatabase.Atthestart
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ofthestudy,theincidenceofhypoglycemiawas3%.Thisincreasedto
5.8%aftertheLeuvenstudy,whichadvocatedtightglycemiccontrol,
was published and then slightly dropped to 5.2% after the NICE-
SUGAR investigators published their results recommending a more
liberaltarget.50

RISK FACTORS AND BARRIERS TO RECOGNITION 
OF HYPOGLYCEMIA IN THE ICU

Identified predictors of hypoglycemia in the ICU include female
gender, APACHE 2 score, continuous venovenous hemodialysis
(CVVHD), use of bicarbonate substitution solutions, diagnosis of
sepsis,useofvasopressors/inotropes,priordiagnosisofdiabetesmel-
litus,serumcreatinine.3mg/dL,insulintherapy,discontinuationof
nutritiontherapywithoutanadjustmentininsulintherapy,mechani-
calventilation,andICUlengthofstay.12,51,52Thereareseveralbarriers
andriskfactorstorecognizinghypoglycemiainacriticallyillpatient—
sedation,absenceofsymptoms,reducedoralintake,frequentchange
in rate of enteral or parenteral nutrition, and inappropriate timing
of insulin.Evenasingleepisodeofseverehypoglycemia(,45mg/dL
[2.5mmol/L])hasbeenassociatedwithincreasedmortality.12Increased
vigilanceandrelaxationoftheglycemictargetarewarrantedinpatients
withriskfactorssoastoreducetheincidenceofhypoglycemia.

OUTCOMES OF HYPOGLYCEMIA IN THE  
CRITICALLY ILL

InaposthocanalysisoftheNICE-SUGARtrial,severehypoglycemia
(,40mg/dL[2.2mmol/L])andmoderatehypoglycemia(41–70mg/
dL[2.3–3.9mmol/L])occurred in3.7%and45%of thestudiedpa-
tients,respectively.Althoughhypoglycemiawasmorecommoninthe
intensive insulin therapy group (93.3% severe hypoglycemia; 82.4%
moderatehypoglycemia),theassociationofhypoglycemiawithdeath
was similar in both groups. Moderate hypoglycemia was associated
with a 40% increase in the risk of death, and severe hypoglycemia
doubledthisrisk.Forbothgroups,thestrongestassociationwithdeath
wasfromdistributiveshock.Thiswasprobablyrelatedtotheimpair-
mentofautonomicfunction,whitebloodcellactivation,andreleaseof
inflammatory mediators.5 In a recent systematic review and meta-
analysisoflongitudinalfollow-upcohortstudiesinvestigatingtheas-
sociationbetweenhypoglycemiaandadverseoutcomes,adose-depen-
dent relationship between the severity of hypoglycemia and adverse
vascular events and mortality was recognized.53 In some circum-
stances, hypoglycemia is a consequence of severe underlying disease
andservesasapredictorofdeathandnotnecessarilythecause.From
prospectivelycollecteddatafromtwoobservationalcohorts,patients
withhypoglycemiahadahighermortality incomparisonwiththose
without hypoglycemia, even after stratification by severity of illness,
diagnostic category,diabetic status,meanbloodglucoseduring ICU
admission,andcoefficientofvariationasan indexofglycemicvari-
ability.13InaretrospectivecohortstudyfromtheNetherlands,despite
adjustmentfordiseaseseverity,theincidenceofdeathinpatientsex-
posedtohypoglycemia(,45mg/dL[2.5mmol/L])was40per1000
ICUdayscomparedwith17per1000ICUdaysinpatientswithoutan
exposuretohypoglycemia,indicatingapossiblecausalrelationship.54

PHYSIOLOGY AND SYMPTOMATOLOGY OF 
HYPOGLYCEMIA

Duringanepisodeofhypoglycemia,belowabloodglucoseconcentra-
tion of 65 mg/dL (3.6 mmol/L), the secretion of counterregulatory
hormones glucagon and epinephrine increases. Both glucagon and

epinephrineincreasebloodglucoseconcentrationsbyincreasingglu-
coneogenesisandglycogenolysis—glucagontoamuchgreaterdegree
thanepinephrine.Freefattyacidsaremobilizedfromtheadiposetis-
sue and converted to ketone bodies to be used as an energy source
whenthereisadecreasebothininsulinandintheratioofinsulinto
glucagon.55Thebrainandheartaretwoorgansthataredependenton
glucoseforenergyutilizationandfunction.Consequently,mostofthe
symptomsofhypoglycemiaarerelatedtothesetwoorgansystems.

Thebrainusesglucoseandketonebodiesasfuel,especiallyduring
starvation.56 Brain glucose concentrations drop close to zero when
bloodglucoseconcentrationfallsbelow36mg/dL(2mmol/L).57This
canresultinirreversiblebraininjuryincasesofsevereandprolonged
hypoglycemia.Patientsexperiencinghypoglycemiapresentwitheither
adrenergic(tremors,palpitations,anxiety),cholinergic(sweating,par-
esthesias),orneuroglycopenic symptoms(cognitive,behavioral,psy-
chomotorchanges,seizures,coma).58–60Hypoglycemiccomamayoc-
curwhenglucose levelsarebelow40–50mg/dL(2.2–2.3mmol/L).60
Theneuronsmostsensitivetohypoglycemiaarelocatedinthesuper-
ficiallayersofthecortex,thehippocampus,thecaudatenucleus,and
thesubiculum.55,61,62Evenintheabsenceofcelldeath,mildrecurrent
hypoglycemiacancausedysfunctioninthehippocampus.63

Themyocardial cells canuse either fatty acidsorglucose as fuel.
Duringepisodesofhypoxiaorischemia,myocardialcellspreferentially
use glucose as a substrate for adenosine triphosphate (ATP) genera-
tion.64Hypoglycemicepisodesstimulatethesympathoadrenalsystem,
which can be proarrythmogenic.65 Various rate and rhythm distur-
bances,includingsinustachycardia,sinusbradycardia,atrialandven-
tricular ectopies, and ventricular repolarization abnormalities, have
beenobservedduringacutehypoglycemicepisodes.66–68

MANAGEMENT OF HYPOGLYCEMIA

The management of hypoglycemia involves recognition, immediate
treatment, development of a differential diagnosis, evaluation, and
long-termmanagement.

Recognition of Hypoglycemia (Fig. 20.1)

HypoglycemiaisusuallyrecognizedusingtheWhippletriad:
• Symptomsofhypoglycemia
• Documentedlowbloodglucoseconcentration
• Resolutionofsymptomswhenplasmaglucoseisraised

Thisisnotalwayspossibleincriticallyillpatients.Thediagnosisof
hypoglycemiaisestablishedwhenthemeasuredplasmaglucoseisless
than70mg/dL(3.9mmol/L).

Treatment
• Dependingontheextentofneurologicorneuroglycopenicsymp-

toms,makesurethatairwayprotectionisensured.
• Supplementingglucoseiscrucialonceadiagnosisofhypoglycemia

isestablished.Patientswithmildtomoderatesymptomsofhypo-
glycemiaareeffectivelytreatedwithoralglucosetabletsorcarbohy-
drate-rich foodsupplements.Aresponse isusually seen in15–20
minutes.Continuedmonitoringandsupplementationwithglucose
(asneeded)isrecommended,astheresponsetooralglucosemay
betransient.69

• Inpatientswhohaveseveresymptomsorareunabletotakeglucose
orally,intravenousdextroseissupplemented.Aninitialdoseof25
gof50%dextrose(50mL)orafractionofitisgiven.Forexample,
ifmildtomoderatehypoglycemiaisencountered,6.25g(12.5mL)
or12.5g(25mL),respectively,isgivenandthatcanberepeatedas
needed.Therationalebehindgivingasmalleramountvs.thefull
dose in mild to moderate hypoglycemia is to avoid converting a
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Fig. 20.1 Recognition and Evaluation of Hypoglycemia.
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hypoglycemicepisodetoahyperglycemicone.Thefullampuleof
25gisusuallyneededtotreatseverehypoglycemia(50mL).Are-
checkofthebloodglucoselevelwouldbeindicatedimmediatelyin
5 minutes or so, after injecting the D50 intravenously. Similar to
oral glucose, the effect is transient and may need a continuous
dextroseinfusion.

• Glucagoncaneitherbegivenintravenouslyorsubcutaneouslyata
doseof1mginadultswhenhypoglycemiaissevereorrefractory.
Thiscancausetransienthyperglycemia.70

Differential Diagnosis
• Inacriticallyillpatient,hypoglycemiamaybeaconsequenceoftherapy

with insulin for the management of hyperglycemia, especially when
there isachange innutritionalsupport.Other insulinsecretagogues,
oral hypoglycemic agents, and several other non-antihyperglycemic

agents71arefrequentculpritsaswell.Thecommonlycitednon-antihy-
perglycemicdrugsresponsibleforinducinghypoglycemiaincludequi-
nolones, pentamidine, quinine, beta-blockers, angiotensin-converting
enzyme(ACE)inhibitors,andinsulin-likegrowthfactor(IGF).71Criti-
calillnessorsepsisleadingtohepatic,renal,andcardiacdysfunctionin
andofitselfcancausehypoglycemia.Rarely,tumors(isletandnonislet
cell),hormonaldeficiencies,anddevelopmentofantibodies toeither
insulin or the insulin receptor may be the cause of hypoglycemia in
criticallyillpatients.69

Evaluation
• When blood glucose concentration is indicative of hypoglycemia, it

shouldbecorrectedimmediatelyandthecauseshouldbeinvestigated.
• If there is no obvious medication-related cause, measurement of

insulinandCpeptidelevelscanbehelpful.
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• Makesurethatnosuddenchangeinnutritionalstatus(nilperoral
[NPO]status/changeinrateofenteral/parenteralfeed)and/orthe
insulincontentinthefeedingsolutionhasbeenmade.

• If sulfonylurea is suspected as the cause, radioimmunoassay can
detectsulfonylurealevels.

• Checkallmedicationstolookformedication-inducedhypoglyce-
mia(non-antihyperglycemic).

• Evaluatefordeteriorationinrenalorhepaticfunction.
• Evaluateforhormonaldeficiencies:thyroidhormone,cortisol.
• Ruleoutmedicationerror,wrongdose,orconcentrationofinsulin

(acommonoffendingagentinmedicationerror).

Management (Fig. 20.2)

• Treatthecause.
• Dependingonthecause,anextendedperiodoftreatmentmaybe

necessary, suchas in thecaseof sulfonylurea-inducedhypoglyce-
miaorinadvertentadministrationofalargedoseofinsulin.

• Incasesofsulfonylurea-inducedhypoglycemia,octreotidemaybe
used.72–74

CONCLUSION

Severalinvestigatorshavesubstantiatedtheexistenceofthreedomains
that clinicians need to consider when managing hyperglycemia and
settingglucosecontroltargetsintheICU.Inattemptingtoachievea
safeglycemictarget,cliniciansshouldconsiderthetreatmentofhyper-
glycemia, prevention of hypoglycemia, and reduction of glycemic
variability.6,9,10,24 Each one of these factors weighs in on improving
outcomes in these patients. It is of paramount importance that we
tailorinsulinprotocolsbasedontheclinicalpictureofthepatientto
achieve an appropriate target glycemic control. Further research
shouldbedirectedtowarddevelopingsuchprotocols.Althoughlabor
intensive,this,coupledwithastandardizedmethodforglucosemea-
surement in the ICU,couldprovideuswithdata for furtherclinical

Fig. 20.2 Management of Hypoglycemia. IV, Intravenous; SC, subcutaneous.
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researchontheimpactofglycemiccontrolonoutcomesincriticallyill
patients.Glycemiccontrolandavoidanceofhyperglycemiaareimpor-
tant in critically ill patients, but close attention should be paid to
prevent hypoglycemia and its related adverse outcomes. Even mild

KEY POINTS

• An increase in the levels of catecholamines, growth hormone, exogenous and endogenous glucocorticoids, and glucagon, along with an increase in circulating 

cytokines and peripheral insulin resistance, may play an important role in the genesis of stress-induced hyperglycemia.

• In their consensus statement the ADA/ACCE recommend that any blood glucose .180 mg/dL (10 mmol/L) be treated in patients who are critically ill in an attempt 

to reduce the adverse outcomes associated with hyperglycemia.

• Continuous intravenous insulin infusion has been shown to be the best method for achieving glycemic targets in the critical care setting.

• Once insulin therapy is started, a target glucose range of 140–180 mg/dL (7.8–10.0 mmol/L) is recommended for the majority of the critically ill and non–critically 

ill patients.

• Just as “one size does not fit all,” one glycemic target does not suit all ICU patients. We probably should seek different glycemic targets (and more robust insulin 

protocols to achieve such targets) that vary based on the presence of a diagnosis of diabetes and previous chronic glycemic state.

• There is a requirement to implement a systematic algorithm for insulin infusion titration in critically ill patients to reduce the occurrence of adverse incidents, primar-

ily hypoglycemia and glucose variability. These systematic algorithms should suggest adaptation of the rate of insulin using a dynamic rather than a sliding scale, 

the time for next glucose check, type of devices to be used for sampling, and sites of sampling.

• Although laboratory blood glucose measurement is the gold standard, it is labor intensive and not practical for hourly blood glucose measurements. Blood glucose 

measurement from arterial whole-blood samples drawn via the arterial line using a BGA is associated with fewer errors when compared with capillary samples or 

arterial samples using a glucometer and hence recommended for POC testing in the ICU.

• The single largest factor limiting achievement of glycemic control in the ICU is the occurrence of hypoglycemia and subsequent increase in mortality.

• The ADA defines moderate hypoglycemia as a blood glucose level of 40–70 mg/dL (2.2–3.9 mmol/L) and severe hypoglycemia as a blood glucose ,40 mg/dL (2.2 

mmol/L). Mild, moderate, and severe hypoglycemia are associated with increased mortality in the critically ill, and any blood sugar less than 70 mg/dL (3.9 mmol/L) 

warrants aggressive evaluation and management.

• The ADA Standards of Medical Practice 2016 recommends a goal of 140–180 mg/dL (7.7 mmol/L) in critically ill patients, although the goal may vary from patient 

to patient based on the admission diagnosis, preadmission diagnosis of diabetes, and chronic glycemic state before admission to the ICU.

• Although laboratory whole-blood glucose is the gold standard for blood glucose measurement, it is time consuming, labor intensive, and not practical when hourly 

blood glucose measurements are required. Hence arterial blood samples are recommended for blood glucose measurement using a BGA as opposed to capillary 

samples or arterial samples using a glucometer.

• Identified predictors of hypoglycemia in the ICU include female gender, APACHE 2 score, CVVHD, use of bicarbonate substitution solutions, diagnosis of sepsis, use 

of vasopressors/inotropes, prior diagnosis of diabetes mellitus, serum creatinine .3 mg/dL, insulin therapy, discontinuation of nutrition therapy without an adjust-

ment in insulin therapy, mechanical ventilation, and ICU length of stay.

• Patients experiencing hypoglycemia present with either adrenergic (tremors, palpitations, anxiety), cholinergic (sweating, paresthesias), or neuroglycopenic symp-

toms (cognitive, behavioral, psychomotor changes, seizures, coma). Hypoglycemic coma may occur when glucose levels are below 40–50 mg/dL (2.2–2.3 mmol/L). 

Various rate and rhythm disturbances, including sinus tachycardia, sinus bradycardia, atrial and ventricular ectopies, and ventricular repolarization abnormalities, 

have been observed during acute hypoglycemic episodes.

• Once hypoglycemia is recognized, various possible causes should be evaluated and management initiated. Depending on the severity of neurologic symptoms, 

treatment is initiated with oral or intravenous dextrose and glucagon. Depending on the cause, an extended duration of treatment may be required.

 References for this chapter can be found at expertconsult.com.

hypoglycemiainthecriticallyillisassociatedwithincreasedmortality.
Currentevidencesuggestsmovingtowardmoremoderatetargetsthat
areassociatedwithimprovedoutcomesandfewerhypoglycemicepi-
sodesuntilfurtherevidenceemerges.
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with an increased risk of death.
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spent in the ICU increases the chance of receiving a transfusion by 

7%,12 and 25%–53% of ICU patients will be transfused an average of 

5 units of PRBCs per patient.3,9,10,13–15 Among subgroups, patients 

admitted to the ICU for emergency surgery and trauma are transfused 

more often than medical ICU patients (57% and 48% vs. 32%). Patients 

with malignancies also have a higher prevalence of anemia at admission 

(68%), develop it during the ICU stay (47%), and have a need for trans-

fusions.16

ETIOLOGY

The cause of anemia in critically ill ICU patients is often multifacto-

rial.17 The relative contribution of a particular etiologic factor varies 

from patient to patient and in the same patient from one time point to 

another. Key among these are (1) hemodilution, (2) blood loss, (3) 

impaired erythropoiesis, and (4) altered iron metabolism. Together the 

impairment in the development of mature red blood cells and altera-

tion in metabolism of iron contribute to the development of the  

anemia of critical illness. Other concurrent derangements secondary 

to sepsis, hemolysis, use of antibiotics and chemotherapeutic agents, 

underlying hepatic or renal dysfunction, bone marrow suppression, 

and nutritional deficiencies further exacerbate anemia in the critically 

ill (Fig. 21.1).

Hemodilution
In the absence of bleeding, hemodilution is mostly responsible for the 

initial decrease in hemoglobin levels observed in the first 72 hours after 

admission to the ICU and results from the liberal use of crystalloids 

and, on occasion, colloids for the initial resuscitation of critically ill 

patients.18,19 Limiting crystalloid use, earlier use of vasopressor therapy 

in patients who fail to respond to fluid resuscitation, and close moni-

toring of volume status are key to prevention of anemia caused by 

hemodilution.

Blood Loss
Blood loss can occur as a consequence of pathologic bleeding caused by 

the underlying disease process necessitating admission to the ICU, es-

pecially trauma and gastrointestinal (GI) hemorrhage, or from surgical 

interventions to treat the underlying or associated disorders. Stress 

gastritis, although rare since the advent of effective acid suppression 

therapy, remains a serious problem. The overwhelming majority of 

critically ill patients demonstrate some evidence of mucosal damage 

within the first 24 hours of admission. Overt anemia occurs in 5% of 

patients with stress-related GI bleeding, and clinically important bleed-

ing necessitating transfusion is observed in 1%–4% of critically ill pa-

tients.20 The risk for bleeding secondary to erosive gastritis is greatest in 

those on mechanical ventilation, those with coagulopathy, those with 

head injury, and those receiving corticosteroids.21 Phlebotomy is an 

INTRODUCTION

Anemia is defined as a reduction in the circulating red cell mass, the 

hemoglobin concentration, or both with an associated decrease in the 

oxygen-carrying capacity of blood.1 It is among the most common 

clinical problems encountered among critically ill patients in the inten-

sive care unit (ICU). Although a proportion are anemic on admission, 

the majority of the remainder become anemic during their ICU stay, 

and over 90% of ICU patients are anemic by day 3.2 The likelihood of 

becoming anemic increases with each additional day in the ICU. Be-

cause of the association of anemia with worse clinical outcomes,3 the 

traditional approach had been to transfuse packed red blood cells 

(PRBCs) in response to low hemoglobin (Hb) levels, with a Hb level of 

,10 g/dL being the most commonly used trigger for transfusion. As a 

result, 30%–50% of ICU patients were transfused an average of 5 units 

of PRBCs in response to a mean Hb concentration of 8.5 g/dL.4 The 

Transfusion Requirements in Critical Care (TRICC) study was seminal 

in establishing the safety of a restrictive transfusion strategy.5 Addition-

ally, the increased recognition of transfusion-related complications, 

growing concerns about the scarcity of blood, and the economic impact 

of transfusion (approximately $270 per unit transfused in the United 

States) have prompted a major paradigm shift in the approach to the 

management of anemia in the ICU.6,7 Current approaches include pre-

venting blood loss, conserving blood, minimizing hemodilution result-

ing from the use of excess volumes of crystalloid for resuscitation, 

avoiding transfusions based on “transfusion triggers” alone, and accept-

ing a lower Hb threshold in the majority of critically ill patients. Future 

efforts focus on improved conservation of blood, transfusion alterna-

tives, and further advancements in blood substitutes.

EPIDEMIOLOGY

Clinically, anemia is defined by the hemoglobin concentration of blood. 

The World Health Organization defined anemia as a hemoglobin con-

centration of ,14 g/dL for men and ,12 g/dL for nonpregnant adult 

females.8 Others have described the limits of a normal hemoglobin to 

range from 13.0 to 14.2 g/dL for men and from 11.6 to 12.3 g/dL for 

nonpregnant adult females.9 Using these definitions, more than 60% of 

all critically ill patients are anemic at admission, and the majority of 

those with normal hemoglobin levels at admission will become anemic 

while in the ICU.3,10 Over 90% will be anemic within 72 hours of ICU 

admission, and up to 25% of critically ill patients will have a hemoglo-

bin concentration of ,9 g/dL at some point in their ICU stay, especially 

when the ICU length of stay exceeds 7 days. Among patients who are 

not admitted for bleeding, have not been transfused, and do not have 

acute or chronic renal failure, there is an initial rapid decline in hemo-

globin levels over the first 3 days by about 5 g/dL, followed by a slower 

rate of subsequent decline in hemoglobin concentration.10,11 Each day 
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121CHAPTER 21 Anemia

often unrecognized yet significant cause of hospital-acquired anemia in 

the ICU. Patients are on average phlebotomized 4.6 times a day with the 

removal of 40–60 mL of blood daily.3,10 For every 50 mL of blood 

drawn, the risk of moderate to severe anemia increases by up to 18%.22 

The volume of blood required to be drawn varies with the test being 

ordered, but typical volumes required for the various common tests are 

presented in Table 21.1. Increasing severity of illness correlates with an 

increased number of laboratory studies ordered and thereby the blood 

volume drawn. The presence of an arterial line further increases the 

phlebotomized blood volume because of the need to “waste” before an 

appropriate sample can be obtained. Approximately half of all patients 

are transfused as a direct result of phlebotomy.23

Impaired Erythropoiesis
Under normal circumstances, in response to low arterial oxygen ten-

sion, the peritubular capillary endothelium of the kidney produces 

a glycoprotein hormone erythropoietin (EPO), which acts on bone 

marrow to stimulate the production of red blood cells. In critically 

ill patients, this erythropoietic response is blunted. It is believed to 

result from inappropriately low EPO levels compared with the de-

gree of anemia.24,25 EPO levels were reduced by up to 75% when 

compared with patients with iron-deficiency anemia not related to 

critical illness.26 The blunted EPO production is likely mediated by 

proinflammatory cytokines such as interleukin (IL)-1, and IL-6, 

which downregulate the expression of the gene encoding EPO.27 

IL-6 also inhibits the renal production of EPO.28 Subsequent studies, 

however, have questioned reduced EPO levels as the basis for im-

paired erythropoiesis.28 A resistance to the effects of EPO, rather 

than its absolute level, may be the dominant mechanism behind the 

impaired erythropoiesis.

Altered Iron Metabolism
Under physiologic conditions, iron metabolism is tightly controlled. 

Approximately 10% of the 10–20 mg of iron contained in the diet is 

absorbed, primarily in the proximal duodenum (Fig. 21.2). The di-

etary iron may be in the heme or nonheme form. The heme form is 

absorbed via a heme carrier protein (HCP1), and the nonheme form 

is first converted from the ferric to the ferrous form by the enzyme 

Anemia

CBC, reticulocyte
count

Index <2.5 Index ≥2.5

Red cell
morphology

Normocytic
normochromic

Micro- or
macrocytic

Hypoproliferative Maturation disorder

Hemolysis/
hemorrhage

Blood loss

Marrow damage
• Infiltration/fibrosis
• Aplasia

Cytoplasmic defects
• Iron deficiency
• Thalassemia
• Sideroblastic
  anemia

Nuclear defects
• Folate deficiency
• Vitamin B12 deficiency
• Drug toxicity
• Refractory anemia

Intravascular
hemolysis

Membrane
abnormality

Metabolic defect

Hemoglobinopathy

Immune destruction

Fragmentation
hemolysis

Iron deficiency

↓ Stimulation
• Inflammation
• Metabolic defect
• Renal disease

Fig. 21.1 Physiologic classification of anemia. CBC, Complete blood count. (From Adamson JW, Longo 

DL. Anemia and polycythemia. In Kasper DL, Hauser SL, Jameson JL, et al., eds. Harrison’s Principles of 

Internal Medicine, 19th ed. New York, NY: McGraw-Hill; 2015: Fig. 77-17.)

Arterial blood gas 2 mL

Chemistry 5 mL

Coagulation studies 4.5 mL

Complete blood counts 5 mL

Blood culture 10 mL

Drug levels 5 mL

Standard discard amount 2 mL

TABLE 21.1 Average Volumes of Blood 
Drawn for Diagnostic Testing
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duodenal cytochrome B (DcytB) and then transported across the api-

cal membrane by the divalent metal iron transporter 1 (DMT1). The 

next step is determined by the iron needs of the body. If the iron stores 

are adequate and no additional iron is needed, the absorbed iron is 

stored in the enterocyte bound to ferritin and discarded when the 

enterocyte is shed. If there is a need for iron, the iron export protein 

ferroportin transports the iron across the basolateral membrane and 

into circulation, where it is transported bound to the glycoprotein 

transferrin, which maintains the iron in a soluble nontoxic form. At 

the cellular level it binds to the transferrin receptor (TfR1) facilitating 

the internalization of iron into cells. The principal determinant of 

whether the iron will be shed or absorbed is a 25-amino-acid peptide 

hepcidin, secreted by hepatocytes.29 In conditions of adequate iron 

stores, there is an increase in hepcidin synthesis and release. It then 

circulates in plasma bound to an alpha-2-macroglobulin, ultimately 

binding to the iron export protein ferroportin on duodenal entero-

cytes, causing their internalization and degradation and preventing 

export of iron out of the cell. In conditions of iron need, increased 

erythropoietic demand, or hypoxia, hepcidin secretion decreases, al-

lowing ferroportin to actively export iron from the enterocyte into 

circulation. In critical illness the associated inflammation results in 

the release of IL-6, which induces the synthesis of hepcidin, with re-

sultant decreases in levels of serum iron and transferrin and decreased 

transferrin saturation despite adequate iron stores and results in the 

anemia observed in ICU patients. Additionally, the amount of iron 

lost as a result of blood loss from a variety of causes can reach up to 

64 mg per day. This cannot be adequately compensated for by the 1–2 

mg of iron absorbed daily, and a superimposed iron-deficiency ane-

mia develops.30

Miscellaneous
Many of the drugs commonly used in the ICU have been implicated in 

the development of anemia, including antibiotics, angiotensin-con-

verting enzyme inhibitors, calcium channel blockers, and beta-block-

ers. These medications may further suppress bone marrow function or 

lead to immunologically mediated hemolysis.31

LABORATORY EVALUATION OF ANEMIA IN THE ICU

The complete blood count (CBC) is the initial laboratory test performed 

in the evaluation of anemia. The hemoglobin, hematocrit, and red 

blood cell count are needed to establish the diagnosis and severity of 

the anemia. The absence of a uniform definition of anemia and the 

lack of a grading scale must, however, be recognized. The CBC also 

provides the red blood cell indices, including the mean cell volume 

(MCV), the mean cell hemoglobin, and the mean cell hemoglobin 

concentration (MCHC). Based on the MCV, the anemia can be classi-

fied into microcytic (MCV ,80 fL), normocytic (MCV 80–100 fL), 

and macrocytic (MCV .100 fL).32 The red blood cell distribution 

width (RDW), a measure of the variation in red blood cell size, is an-

other parameter reported as part of the CBC and further aids in eluci-

dating the cause. The various common causes of anemia based on 

these two indices are presented in Table 21.2.

The reticulocyte count is a measure of immature red blood cells 

present in circulation and is a marker of red blood cell production. It 

may be reported either as an absolute number or as a percentage. The 

normal absolute number of reticulocytes in the absence of anemia 

ranges from 25,000/mL to 75,000/mL. In the presence of anemia, a 

value of greater than 100,000 mL represents an appropriate response, 

whereas counts of less than 75,000 mL suggest a hypoproliferative pro-

cess. When expressed as a percentage, normal values range from 1% to 

2%. Values of 1.5% in men and 2.5% in women are considered ele-

vated. In the anemic patient marrow response ramps up within 10 days 

of onset, increasing up to two to three times normal in order to combat 

the anemia. To account for these changes, the reticulocyte index is 

used, which estimates marrow production relative to normal. It is cal-

culated using the formula: 

Reticulocyte index 5 Reticulocyte count (%) 3 [patient’s 

hematocrit/normal hematocrit for age and gender]/2. 

A value of ,2 denotes a hypoproliferation or maturation defect. For 

critically ill patients, there are several factors that may damage marrow 

response or lead to defects in erythrocyte maturation, including trauma, 

FOOD
IRON
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Nonheme
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Fe2+
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Duodenal
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Erythroid
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Fig. 21.2 Iron absorption in the duodenum. When the storage sites of the body are replete with iron and 

erythropoietic activity is normal, plasma hepcidin balances iron uptake and loss to and maintains iron homeo-

stasis by downregulating ferroportin and limiting iron uptake. DMT1, Divalent metal iron transporter 1. (From 

Kumar V, Abbas AK, Aster JC, eds. Robbins & Cotran Pathologic Basis of Disease, 9th ed. Philadelphia, PA: 

Elsevier; 2015.)
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inflammation, drugs/toxins, metabolic derangements, and sepsis, re-

sulting in a low index value.33

Iron studies are needed to confirm the diagnosis of iron deficiency 

as a cause of microcytic anemia. These include the serum iron, ferritin, 

transferrin, and total iron-binding capacity. Given that both iron- 

deficiency anemia and anemia of critical illness frequently coexist in ICU 

patients, the characteristic pattern of iron studies reveals a low serum 

iron, low total iron-binding capacity, and low transferrin saturation. As 

ferritin is an acute-phase reactant, it is often normal or elevated.2 How-

ever, in contrast to iron-deficiency anemia, in anemia of critical illness, 

EPO levels are only mildly elevated,34 reticulocyte counts are dispropor-

tionately low, and hepcidin levels are elevated. There is, however, no 

commercial assay available to measure hepcidin levels.

Macrocytic anemias (MCV .100 fL) most commonly result from 

deficiencies of vitamin B12 or folate. Serum levels of both micronutri-

ents are significantly affected by dietary modifications and are not reli-

able alone in making a diagnosis. Methylmalonic acid and homocysteine 

levels need to be obtained. Levels of both will be elevated in vitamin B12 

deficiency, whereas in folate deficiency, methylmalonic acid levels are 

elevated and homocysteine levels are not. Other causes of macrocytic 

anemia include drugs and toxins, particularly chemotherapy agents, 

zidovudine, and alcohol. Rarely, especially in patients who have under-

gone significant gastric resections, pernicious anemia caused by defi-

ciency of intrinsic factor can occur.

Elevated lactate dehydrogenase levels occur as a result of release from 

destruction of red blood cells in hemolytic anemias. Haptoglobin, an 

acute-phase reactant, binds the released free hemoglobin, and the com-

plex is rapidly cleared from serum with a resultant decrease in serum 

haptoglobin levels. Elevated indirect bilirubin levels are also characteris-

tic. In the presence of hemolysis, a positive Coombs test is suggestive of 

an autoimmune hemolytic anemia. A negative Coombs test should 

prompt evaluation for sickle cell diseases, thalassemia, glucose-6- 

phospahte dehydrogenase (G6PD) deficiency, hereditary spherocytosis, 

hemolytic uremic syndrome, thrombotic thrombocytopenic purpura, 

and disseminated intravascular coagulation. A peripheral smear in 

addition to other clinical characteristics may help make the diagnosis.

PREVENTION OF ANEMIA IN THE ICU

The single most efficacious preventive measure is to avoid ordering 

daily screening laboratory tests, particularly CBCs and electrolyte/re-

nal panels.35 The average blood volumes needed for the more common 

tests are presented in Table 21.2. The absence of evidence in support 

for routine blood tests along with the potential for harm caused by 

such an approach has prompted several societies, including the Society 

of Critical Care Medicine (SCCM), to promote a philosophy of 

“Choosing Wisely,” recommending against reflex routine testing.36 The 

use of pediatric-sized blood collection tubes37 and use of a blood-

conserving arterial line system are other preventive approaches to 

blood loss.38,39 Effective stress ulcer prophylaxis to reduce blood loss 

from the GI tract, correction of coagulopathy, and correction of nutri-

tional deficiencies are other useful preventive measures.

MANAGEMENT OF ANEMIA IN THE ICU

Red Blood Cell Transfusion
Transfusion of PRBCs remains the standard approach for the manage-

ment of anemia in critically ill patients. Approximately 40% of ICU 

patients receive blood transfusions.40 Historically, transfusion was in-

dicated for Hb concentrations below 10 g/dL. However, recent scien-

tific evidence suggests that most critically ill patients safely tolerate 

lower Hb levels.41 Additionally, PRBC transfusions are associated with 

numerous potential complications and are linked to worse outcomes. 

Finally, blood is a scarce and costly resource that may not always be 

available.42 These considerations have led to a shift in transfusion 

guidelines, with recommendations that PRBCs be used for physiologic 

indications rather than an Hb-based transfusion trigger.

Liberal transfusion for Hb values less than 10 g/dL was based on 

historical observations that anemia was poorly tolerated in surgical 

patients.43 However, subsequent studies have failed to validate this no-

tion, and anemia below this threshold appears to be well tolerated. 

Clinical evidence to support this comes from studies in Jehovah’s Wit-

ness patients who refuse to accept PRBC transfusions on religious 

grounds. In conscious healthy volunteers, isovolemic dilution can be 

tolerated until the Hb concentration decreases to 5 g/dL, without an 

increase in lactate concentration; however, significant cognitive 

changes were noted.41,44 However, mortality increases significantly at 

Hb values below 5 g/dL, more so in individuals older than 50 years.45

Several studies have shown no benefit to liberal transfusion of 

PRBCs, while routinely showing an association with more ICU days 

and increased mortality. The ABC trial, a prospective observational 

study of 3534 patients from 146 Western European ICUs, found that 

mortality was significantly higher in the transfused than in the non-

transfused group. The differences persisted even after the patients 

 Low MCV (,80 fL) Normal MCV (80–99 fL) High MCV ($100 fL)

Normal  

RDW

Anemia of chronic disease

alpha- or beta-thalassemia trait

Acute blood loss

Anemia of chronic disease

Aplastic anemia

Chronic liver disease

Hemoglobin E trait Anemia of renal disease Chemotherapy, antivirals, or alcohol

Elevated  

RDW

Iron deficiency

Sickle cell beta-thalassemia

Early iron, folate, or vitamin B12 deficiency

Dimorphic anemia (for example, iron 1 folate deficiency)

Folate or vitamin B12 deficiency

Immune hemolytic anemia

Sickle cell anemia Cytotoxic chemotherapy

Sickle cell disease Chronic liver disease

Chronic liver disease Myelodysplasia

Myelodysplasia Hereditary spherocytosis, hereditary elliptocytosis, congeni-

tal hemoglobinopathies and RBC enzymopathies

TABLE 21.2 Diagnosis of Anemia Based on the Mean Corpuscular Volume and Red Blood Cell 
Distribution Width

From Lin JC. Approach to anemia in the adult and child. In Hoffman R, Benz EJ, Silberstein LE, et al., eds. Hematology: Basic Principles and Prac-

tice, 7th ed. Philadelphia, PA: Elsevier; 2018.

MCW, Mean corpuscular value; RBC, red blood cell; RDW, red blood cell distribution width.
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were matched for the degree of organ dysfunction.3 The CRIT study, 

a prospective, multicenter, observational study of 284 ICUs in 213 

hospitals in the United States, found that transfusion was indepen-

dently associated with longer ICU and hospital stays, in addition to 

increased mortality.10 The multicenter trials group of the American 

Burn Association studied patients with more than or equal to 20% 

total body surface area burns at 21 burn centers in the United States 

and Canada. Overall, they found that nearly 75% of patients were 

transfused during their hospital stay, receiving a mean of 14 units. The 

number of units transfused correlated significantly with the number 

of infections and mortality.46 In a prospective observational study by 

the North Thames Blood Interest Group, 53% of patients were trans-

fused for a mean pretransfusion Hb level of 8.5 g/dL. About two-

thirds were transfused for low Hb levels and only 25% for hemor-

rhage. ICU mortality in the transfused patients was significantly 

higher than that in the nontransfused patients.13 Finally, Marik and 

Corwin analyzed outcomes in 272,596 patients, as reported in 45 

studies. Blood transfusion was associated with an increased risk of 

death, infectious complications, and development of acute respiratory 

distress syndrome (ARDS).47

Most transfusions in the ICU are performed for the treatment of 

hemodynamically stable anemia. In the CRIT trial, over 90% of trans-

fusions were given for this reason.10 Perceived benefits of transfusion 

include increase in oxygen delivery to the tissues; increase in cell mass 

and blood volume; alleviation of symptoms of anemia, including dys-

pnea, fatigue, and diminished exercise tolerance; and relief of cardiac 

effects. The optimal Hb concentration can be influenced by the pre-

morbid health status, disease process, and other factors.

The historical transfusion trigger of 10 g/dL was directly challenged 

in the TRICC trial.48 Patients enrolled were randomized to either a 

restrictive transfusion strategy (transfusion for Hb below 7 g/dL, with 

a goal of maintaining circulating Hb between 7 and 9 g/dL) or a liberal 

transfusion strategy (transfusion for Hb levels less than 10 g/dL, with 

a goal of maintaining Hb between 10 and 12 g/dL). The restrictive 

transfusion strategy resulted in a 54% decrease in the average number 

of units transfused and avoidance of transfusion in 33% of patients, 

with no difference in 30-day mortality between the groups.

The use of a lower transfusion trigger of 7 g/dL is considered safe 

in critically ill patients, except in those with acute myocardial ischemia, 

who may benefit from a higher threshold of 8 g/dL. These guidelines 

have been adopted in most societal recommendations, although trans-

fusions for Hb level alone are discouraged.4,49 Additional indications 

for transfusion include hemorrhagic shock or evidence of inadequate 

tissue oxygenation.

Adverse Effects of Transfusion
A large proportion of ICU patients continue to receive PRBC transfu-

sions for anemia, exposing them to serious risks, including transmis-

sion of infectious diseases, immune-mediated reactions (acute or de-

layed hemolytic reactions, febrile allergic reactions, anaphylaxis, and 

graft-versus-host disease), and non–immune-related complications 

(fluid overload, electrolyte toxicity, and iron overload). Transfusion-

related complications are encountered in up to 4% of PRBC transfu-

sions.10 The risk of adverse outcomes increases incrementally with 

each unit of PRBC transfused.50,51 In an observational cohort study of 

5814 patients undergoing coronary artery bypass grafting, each unit of 

PRBC transfused resulted in more complications. Overall, there was a 

73% increase in the odds of a major morbidity for each unit transfused 

(Table 21.3).50

With advances in screening and improvements in blood banking 

technology, transmission of infectious agents is less common. Current 

estimates of the risk of infection per unit of blood are approximately 1 

in 2 million for human immunodeficiency virus, 1 in 1 million for 

hepatitis C virus, and 1 in 100,000 for hepatitis B virus.52 The most 

common transfusion-related infections are secondary to bacterial con-

tamination, which has an incidence of 12.6 events per 1 million units 

of allogeneic blood components transfused.53 The risk of bacterial 

contamination is higher for PRBCs than for whole blood. Transfusion-

related bacterial infections are most often caused by gram-positive 

organisms (e.g., staphylococcal spp., streptococcal spp., 58%) but may 

also be caused by gram-negative organisms (e.g., Yersinia enterocolitica, 

32%). About 10% of these infections will result in a fatal outcome.53 

Increasing global travel has led to the emergence of infectious diseases 

not usually seen in the United States. Chagas disease, caused by the 

parasitic protozoan Trypanosoma cruzi, is endemic in much of South 

and Central America. Immigrants from these endemic areas now form 

an increasing proportion of the blood donor pool. This issue is espe-

cially relevant in regions with high immigrant populations. In two 

such cities, Los Angeles and Miami, seropositive rates among donors 

were 1 in 7500 and 1 in 9000, respectively, and have been increasing.54 

Once acquired, the parasitemia persists long after acquisition of the 

infection.55 Novel therapies are being developed to mitigate the risk of 

transfusion contamination and infection. These include INTERCEPT, 

a photochemical treatment process that uses amotosalen and ultravio-

let A (UVA) light to inactivate viruses, bacteria, parasites, and leuko-

cytes that contaminate transfusion-ready blood products.56

The most common of all transfusion reactions are febrile nonhe-

molytic transfusion reactions (FNHTRs). These reactions are caused 

Infectious Complications 
Human immunodeficiency virus infection 1 in 2.3 million

Human T-lymphotropic virus infection 1 in 2 million

Hepatitis C virus infection 1 in 1.8 million

Hepatitis B virus infection 1 in 350,000

Parvovirus B19 virus infection 1 in 10,000

Bacterial infections (Staphylococcus, 

streptococci, Yersinia enterocolitica, etc.)

1 in 250,000

Parasitic infections (Chagas disease) 1 in 29,000 donors seropositive

Noninfectious Complications
Hemolytic transfusion reactions 1 in 10,000 to 1 in 50,000

Delayed hemolytic transfusion reaction 1 in 1500

Febrile nonhemolytic transfusion reactions 1 in 100 to 35 in 100

Major allergic reactions 1 in 20,000 to 1 in 50,000

ABO mismatching 1 in 14,000 to 1 in 38,000

Transfusion-related acute lung injury (TRALI) 1 in 5000

Transfusion-related immunomodulation 

(TRIM)

1 in 100

Transfusion-associated circulatory overload 

(TACO)

Observed once two blood  

volumes replaced

Coagulopathy Observed after transfusion of  

10–15 units

Iron overload

Hypothermia

Hyperkalemia

Thrombocytopenia

Pulmonary hypertension

TABLE 21.3 Potential Adverse Consequences 
Associated With Red Cell Transfusion
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by the accumulation of cytokines in stored blood components.57–59 

FNHTRs present within 1–6 hours after transfusion with fever, chills, 

occasionally severe rigors, and possibly mild dyspnea. Risk factors in-

clude young age, blood product type (highest with red blood cells and 

platelets), and whether the blood was leukoreduced or not.60–62 Man-

agement includes termination of the transfusion and administration 

of antipyretics if necessary. Prevention is centered on prestorage leuko-

reduction, which involves removing white blood cells by passing the 

blood products through a specialized filter soon after it is collected.63

Major ABO blood type mismatching is estimated to occur in 1 of 

138,673 PRBC units transfused and results in 1 death per 2 million 

units transfused.53 Incompatibility may also result from antigens not 

routinely detected by current antibody assays. As a consequence, fatal 

acute hemolytic reactions still occur in 1 of every 250,000–1 million 

transfusions, and 1 patient per 1000 demonstrates the clinical manifes-

tations of a delayed hemolytic transfusion reaction.64,65

Transfusion-related acute lung injury (TRALI) is a potentially 

serious pulmonary complication of transfusion. In severe cases, its 

clinical presentation is similar to that of ARDS.66 Although initially 

described by Barnard in 1951 as noncardiogenic pulmonary edema 

related to transfusion, the term TRALI was coined by Popovsky and 

colleagues.67,68 TRALI presents as hypoxic respiratory insufficiency 

of sudden onset within 6 hours of a transfusion, but usually starting 

within the first hours after transfusion.69–71 Hypoxemia, fever, hypo-

tension, tachycardia, and cyanosis may also occur. In 2019 the Del-

phi panel introduced new TRALI classification terminology. TRALI 

type I occurs in patients with no other risk factors for ARDS. TRALI 

type II occurs in patients who have risk factors for or have mild 

ARDS with marked respiratory deterioration after the transfusion 

event.72 In these patients with risk factors for ARDS, recent studies 

have proposed a change of nomenclature from “possible TRALI” to 

“transfused ARDS.”73 Chest x-ray shows bilateral infiltrates, which 

may progress and cause whiteout of the entire lung field. Differen-

tial diagnosis includes transfusion-associated circulatory overload 

(TACO), cardiac diseases, allergic and anaphylactic transfusion re-

actions, and bacterial contamination of the blood. Although the 

exact incidence is unknown, TRALI is estimated to occur in 1 of 

every 5000 transfusions.74 TRALI had been the leading cause of 

transfusion- related mortality in the United States until 2016, when 

it was surpassed by TACO.75 Current evidence suggests two etiolo-

gies of TRALI: immune and nonimmune. Potential mediators in-

clude antileukocytic antibodies, lipid peroxidation products, and 

other as-yet unrecognized agents. Neutrophils are the key effector 

cells. Transfusions from multiparous female donors owing to expo-

sure to paternal leukocytes are associated with the highest risk of the 

development of TRALI in the recipient.76 Upon diagnosis or suspi-

cion of TRALI, transfusions should be terminated and the blood 

bank notified. Treatment is centered on the correction of hypox-

emia, with endotracheal intubation and mechanical ventilation be-

ing required in as many 80% of cases.77–79

Transfusion-related immunomodulation (TRIM) results in an in-

creased incidence of bacterial infections, cancer recurrence, and organ 

dysfunction.80,81 Opelz and colleagues first suggested clinical evidence 

of TRIM in 1973, when improved renal allograft survival was observed 

in patients transfused before transplantation.82 Current evidence im-

plicates transfusions in the development of nosocomial infections,  

including wound infections, pneumonia, and sepsis. In a prospective 

observational study, Taylor and colleagues found a significant associa-

tion between transfusion and development of nosocomial infections 

(14.3% vs. 5.3%, P ,,0001). In addition, mortality and length of 

stay were increased in the transfused group. The risk of infection in-

creases 9.7% for each unit of PRBC transfused.83 Development of these 

infectious complications results not only in increased length of stay but 

also in increased in-hospital deaths and increased costs as well.84 These 

effects may be reduced by the use of prestorage leukocyte depletion.85

Other complications include TACO with the development of fluid 

overload and pulmonary edema and pulmonary hypertension with a 

decreased right ventricular ejection fraction.85–87 The risk of TACO 

increases with the volume transfused—a transfusion of just two to 

four units carries an odds ratio (OR) of 2.00 for developing the com-

plication.88 The incidence of TACO is estimated to occur in 1%–4% of 

all transfusions given.89,90 Management is centered around ventilatory 

support if needed and fluid mobilization.

Finally, the transfusion of PRBCs may not augment the oxygen-

carrying capacity of blood. This results from development of the “stor-

age lesion” caused by changes in red blood cells that occur during ex 

vivo storage. These changes are both structural and functional and 

include reduced deformability impeding microvascular flow, altered 

adhesiveness and aggregation, reduced intracellular levels of 2,3-di-

phosphoglycerate (which shifts the oxyhemoglobin dissociation curve 

to the left and reduces oxygen delivery to the tissues), reduced levels of 

nitric oxide and adenosine triphosphate, and accumulated bioactive 

compounds with proinflammatory activity.91–96 The risk of complica-

tions increases with the duration of storage.97,98 Koch and colleagues 

examined data from 6002 patients undergoing cardiac surgery. Pa-

tients given older blood had higher rates of in-hospital mortality and 

more complications.99 Other recent studies have not found such an 

effect of storage.

The Role of Erythropoietin
Many factors contribute to the development of anemia in critically  

ill patients, but inappropriately low endogenous levels of EPO in  

response to anemia is a demonstrated phenomenon in critically ill 

patients.24 Furthermore, there is a failure of circulating EPO to induce 

a response commensurate with the degree of anemia.24 Recognition of 

these considerations has prompted the use of pharmacologic doses of 

EPO in an effort to reduce the need for and/or the amount of red 

blood cells transfused, but this approach has not been validated by 

scientific evidence. Corwin and colleagues conducted a prospective 

randomized, placebo-controlled trial (EPO3) on 1460 patients and 

found that epoetin alfa therapy did not decrease the number of PRBC 

units transfused and did not improve outcomes. Furthermore, a sig-

nificant increase in thrombotic events was noted (hazard ratio, 1.41; 

95% confidence interval [CI], 1.06–1.86).100 Accordingly, routine use 

of EPO cannot be recommended. At our institutions, EPO use is lim-

ited to patients with chronic renal failure and Jehovah’s Witnesses.

Current Recommendations
The decision to transfuse should be based on a patient’s overall clinical 

picture and his or her individual demographics. Recommendations are 

summarized in Box 21.1.

Hemorrhage. Transfusion is indicated for patients with acute bleed-

ing and hemodynamic instability or evidence of inadequate oxygen 

delivery, as demonstrated by elevated lactic acid or base deficit. Trans-

fusion should be initiated without delay for laboratory analysis and 

should continue until bleeding is controlled and physiologic parame-

ters have normalized.107

Critically ill. In hemodynamically stable patients with anemia, a 

restrictive strategy of transfusion should be employed. Transfusion 

with PRBCs should be instituted when the Hb level falls to less than  

7 g/dL; however, the decision to transfuse should not be based on Hb 

level alone. Consideration should be given to the patient’s intravascu-

lar volume status, evidence of shock, duration and extent of anemia, 

and cardiopulmonary physiologic parameters.4
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Except in hemorrhage, patients should be re-evaluated after each 

unit of PRBCs to determine the need for additional transfusion.

Myocardial ischemia. Patients at risk of myocardial ischemia may 

benefit from a higher transfusion trigger of 8 g/dL. For patients with 

cardiac disease undergoing coronary artery bypass graft surgery, in-

creased mortality is observed in patients with Hb levels below 8 g/dL 

on admission. Reduction in mortality can be achieved by transfusing 

to a hematocrit of 30%–33%. No mortality benefit is seen with he-

matocrits above 33%, and increased mortality is observed when he-

matocrits above 36% are achieved.108–110

Sepsis. There is no evidence to support routine transfusion of 

PRBCs in sepsis. Increased Hb has not been shown to yield improved 

tissue oxygenation.111 Transfusion may be indicated for failure to 

achieve an adequate mixed venous saturation after adequate fluid re-

suscitation.19

Mechanical ventilation. No benefit in the weaning process or dif-

ference in duration of mechanical ventilation has been observed.110

NOVEL STRATEGIES

It is evident that hemodynamically stable patients can tolerate 

marked degrees of anemia. The understanding of the risks of receiving 

transfusions and the growing number of patients who do not accept 

blood products for personal or religious purposes has led to the  

recent shift to “bloodless medicine” at certain institutions. These 

“bloodless centers,” particularly in surgical patients, are implementing 

strategies such as treating preoperative anemia, using erythropoiesis-

stimulating agents, minimizing operative blood loss with hemostatic 

agents, and using autologous blood salvage during procedures in 

order to decrease the need for transfusions.101,102 Other strategies 

include using low-volume adult or pediatric sampling tubes in  

the laboratory, reducing the number of laboratory tests ordered,  

and point-of-care microanalysis.103,104 Additional approaches may 

include the development of newer methods of blood storage, use  

of advanced computing technologies to optimize the use of blood 

inventories, and development of blood substitutes.105,112

Blood substitutes are a novel strategy largely in response to con-

cerns regarding the potential transmission of infectious agents and the 

impending shortage of blood in the face of increasing demands, and 

are also being implemented in bloodless centers across the country.113 

These innovations are specifically targeted as oxygen carriers (OCs) for 

delivery in the body, with huge strides being achieved over the last 

decade. They offer the distinct advantages of better shelf life without 

requirement of refrigeration, universal compatibility, clinically useful 

intravascular half-life (18–24 hours), and have freedom from the risk 

of infectious disease transmission (possibly with the exception of 

prion-mediated diseases). The two major types of OCs have been the 

Hb-based oxygen carriers (HBOCs) and perfluorocarbons (PFCs). 

Research of PFCs is mostly targeted toward diagnostic rather than 

clinical applications. HBOCs are derived from bovine and human 

blood and have initially showed promising results. HBOCs were not 

without complications, with one study of trauma patients having in-

creased mortality over patients receiving saline infusion.114 This in-

creased mortality may have been a result of its nitric oxide scavenging 

properties leading to increased vasoconstriction effects.

To combat this, there was the creation of Sanguinate, a bovine peg-

ylated carboxyhemoglobin that inhibits the previous vasoconstricting 

effects of HBOCs. It has shown promising results in Food and Drug 

Administration (FDA)–approved trials, even proving lifesaving in one 

case report, with no adverse events reported.115,116 Another polymer-

ized bovine hemoglobin, known as Hemopure, has had success in fur-

ther case reports of Jehovah’s Witnesses with hemolytic and sickle cell 

anemias.117,118

MacKenzie and colleagues recently described the outcome in 54 

patients with severe life-threatening anemia (median Hb level, 4 g/dL) 

treated with the blood substitute HBOC-201; 23 (41.8%) of 54 pa-

tients survived to discharge. Survival was significantly more likely 

when the blood substitute was administered earlier (3.2 days in survi-

vors vs. 4.4 days in nonsurvivors, P 5 .027).119 Currently, most 

research is in its potential use for hemorrhagic shock and clinical situ-

ations where blood transfusion is not an option. Results so far have 

mostly been from small individual studies. Although promising, avail-

able data do not support the use of blood substitutes in their current 

form, and research is still ongoing.

BOX 21.1 Summary of Current 
Recommendations4

 1. Packed red blood cell (PRBC) transfusion is indicated in patients with 

hemorrhagic shock (level 1).19

 2. PRBC transfusion may be recommended for patients with acute hemorrhage 

after adequate fluid resuscitation if they have evidence of hemodynamic in-

stability or evidence of inadequate systemic perfusion as demonstrated by 

elevated serum lactate or presence of a base deficit (level 1).81

 3. A restrictive strategy of transfusion for hemoglobin (Hb) levels ,7 g/dL 

is recommended for hemodynamically stable, critically ill patients, except 

for those with myocardial infarction or unstable angina.101 This restrictive 

strategy is also recommended in critically ill trauma patients102 and in 

those with stable cardiac disease (level 1).101

 4. Transfuse patients with acute coronary syndromes who have admission 

Hb levels of ,8 g/dL. Achieve posttransfusion hematocrit (Hct) of 30%–

33% (level 3).82,83,103

 5. Do not transfuse based on a transfusion trigger alone. Instead, individual-

ize the decision based on the patient’s intravascular volume status, evi-

dence of shock, duration and extent of anemia, and cardiopulmonary 

status.

 6. Transfuse as single units (level 5).4

 7. Do not use transfusion as a means to wean patients off mechanical 

ventilation (level 2).10

 8. Do not use transfusion as a stand-alone strategy to improve tissue oxy-

gen delivery (level 2).104

 9. In sepsis, transfusions can be recommended as part of a strategy of early 

goal-directed therapy during the initial resuscitation86,105 (level 2).

 10. Evidence for transfusion in patients with subarachnoid hemorrhage and 

traumatic brain injury should be individualized.106
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ANNOTATED REFERENCES

Corwin HL, Gettinger A, Fabian TC, et al. Efficacy and safety of epoetin alfa in 

critically ill patients. N Engl J Med. 2007;357:965–976.

In this prospective, randomized, placebo-controlled trial, 1460 anemic ICU 

patients received weekly recombinant human erythropoietin or placebo with-

out benefit regarding 140-day mortality or transfusion requirements. EPO 

was associated with a significant increase in the incidence of thrombotic 

events. The purported benefits of EPO in the critically ill were clearly dis-

pelled by this large multicenter trial.

Corwin HL, Gettinger A, Pearl RG, et al. The CRIT Study: anemia and blood 

transfusion in the critically ill—current clinical practice in the United 

States. Crit Care Med. 2004;32:39–52.

This prospective, multicenter, observational study described the transfusion 

experiences of ICU patients at 284 ICUs over a short period in the United 

States. Among subjects enrolled, 44% were transfused a mean of 4.6 ± 4.9 

units; average ICU stay was 21 days. This study examined red blood cell 

transfusion practices in the critically ill in the United States.

Hébert PC, Wells G, Blajchman MA, et al. A multicenter, randomized, con-

trolled clinical trial of transfusion requirements in critical care. N Engl J 

Med. 1999;340:409–417.

This Canadian study found no benefit of a liberal transfusion strategy when 

compared with a restrictive one when 838 anemic critically ill patients were 

compared for 30-day mortality or severity of organ dysfunction. This land-

mark trial demonstrated that a hemoglobin transfusion threshold of 7 g/dL 

was appropriate in critically ill patients without ongoing cardiac ischemia or 

GI bleeding.

Koch CG, Li L, Duncan AI, et al. Morbidity and mortality risk associated with 

red blood cell and blood-component transfusion in isolated coronary ar-

tery bypass grafting. Crit Care Med. 2006;34:1608–1616.

This study established the morbidity of transfusion in 11,963 patients who 

underwent isolated coronary artery bypass from 1995 through 2002, 5814 

(48.6%) of whom were transfused. Transfusion of red blood cells was associ-

ated with a risk-adjusted increased risk of every postoperative morbid event: 

mortality, renal failure, prolonged ventilatory support, serious infection, car-

diac complications, and neurologic events.

Koch CG, Li L, Sessler DI, et al. Duration of red-cell storage and complica-

tions after cardiac surgery. N Engl J Med. 2008;358:1229–1239.

This study examined the relationship between serious complications and mor-

tality after cardiac surgery and transfusions of “older blood.” Transfusion of red 

blood cells stored for more than 2 weeks was associated with a significantly in-

creased risk of postoperative complications and reduced survival. Findings sup-

ported the notion that blood stored for prolonged periods may be deleterious.

Napolitano LM, Kurek S, Luchette FA, et al. Clinical practice guideline: red  

cell transfusion in adult trauma and critical care. J Trauma. 2009;67(6):

1439–1442.

Recent comprehensive review of red blood cell transfusion practice produced 

by a combined task force of the Eastern Association for the Surgery of Trauma 

and the Society of Critical Care Medicine.

Natanson C, Kern SJ, Lurie P, et al. Cell-free hemoglobin-based blood substi-

tutes and risk of myocardial infarction and death: a meta-analysis. JAMA. 

2008;299(19):2304–2312.

Definitive review of 16 trials involving five different oxygen therapeutic 

agents and 3711 patients in varied patient populations. Use of these blood 

substitutes was associated with a significantly increased risk of death and 

myocardial infarction.

Weiskopf RB, Viele MK, Feiner J, et al. Human cardiovascular and metabolic 

response to acute, severe isovolemic anemia. JAMA. 1998;279:217–221.

Acute isovolemic reduction of blood Hb concentration to 50 g/L in conscious, 

healthy, resting humans does not produce evidence of inadequate systemic ox-

ygen delivery, as assessed by lack of change of VO2 and plasma lactate con-

centration. This important investigation established that significant anemia 

could be tolerated in healthy individuals.

KEY POINTS

• Anemia is exceedingly common in patients admitted to the ICU. Over 60% 

are anemic on admission, and more than 80% become anemic by day 3 of 

their ICU stay.

• Anemia in the critically ill patient is multifactorial in etiology. Iron-deficiency 

anemia and anemia of critical illness are the most frequent causes.

• Anemia of critical illness is cytokine mediated and results from decreased 

production of EPO, reduced response to EPO, and altered iron metabolism.

• Transfusion is clearly indicated for hemorrhagic shock and hemodynamic 

instability associated with blood loss after adequate fluid resuscitation.

• Transfusion of packed red blood cells is still employed by the majority of 

clinicians as the mainstay of therapy for anemia in critical illness. However, 

the optimal Hb concentration essential to maintain ideal tissue oxygen de-

livery remains unknown.

• A restrictive transfusion strategy is recommended for critically ill, hemody-

namically stable patients without evidence of cardiac ischemia. Transfusion 

in these patients can often be avoided when the circulating Hb level is 

above 7 g/dL.

• Treatment with recombinant human EPO initially showed promise as a 

strategy for reducing exposure to allogeneic blood. More recent evidence, 

however, refutes these findings and points instead to an increase in throm-

botic complications.

• Novel strategies to avoid the need for blood transfusion include use of blood 

conservation techniques, improved blood storage techniques, advanced  

inventory control, and evaluation of the efficacy of blood substitutes.
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1970s it was shown that endotoxin infusion could also drive organ 

failure associated with microvascular clots in animal models.16 This 

was then appreciated in patients with cancer,17 in which it was ob-

served that treating patients with heparin had no effect on outcomes, 

as the underlying malignancy drove microthrombosis. These early 

studies set the foundation for decades of research in DIC driving co-

agulopathy in the critically ill. The laboratory diagnosis of DIC can be 

misleading, as intravascular microthrombi in a large autopsy series 

were evident in only 60%.18

 A review of the interconnectivity of the inflammation and coagula-

tion leading to excessive fibrin deposition and organ failure was pub-

lished in the New England Journal of Medicine in 1999.3 Twenty years 

later, as the COVID-19 pandemic overwhelms the healthcare system 

worldwide with concerns for a lethal cytokine storm, autopsy reports 

from these patients demonstrate thrombi deposition in multiple organ 

systems.19 The most worrisome aspect of DIC is that it heralds the 

initiation of end-stage organ failure,20 with no effective treatment, and 

remains a cause of irreversible shock, as reported by Hardaway and 

colleagues a half-century earlier.12 Therefore the objective of ICU 

treatment is to address the critically ill patient’s coagulopathy while 

treating the underlying clinical disease process to prevent progression 

to DIC.

IDENTIFICATION OF EARLY TRAUMA-INDUCED 

COAGULOPATHY

Coagulation changes after trauma are proposed to be broken down 

into early versus late changes.21 Early coagulopathy in trauma is driven 

by shock and tissue injury22 (Fig. 22.2) There is a spectrum of coagula-

tion early after injury that appears to have divergent drivers.23,24 These 

coagulation changes can range from hypocoagulable to hypercoagula-

ble, including a mixed phenotype of one component of coagulation 

upregulated, whereas the other is inhibited25 (Fig. 22.3). The majority 

of early deaths in trauma are related to bleeding and occur a median 

of 3 hours postinjury.26 Most of these patients will not reach the ICU 

because of failure to obtain hemorrhage control in the prehospital set-

ting, emergency department (ED), or operating room. This is often 

attributable to noncompressible truncal injuries in which the patient 

has bled to death because of structural problems27 rather than coagu-

lopathy. Of those patients who fail to generate a hemostatic response 

after injury and initial resuscitation, the question has been proposed if 

they are bleeding (coagulopathic) because they are dying or dying be-

cause they are bleeding.28 Therefore attribution to death from coagu-

lopathy becomes a challenge to decipher in critically injured patients. 

Regardless of the cause or effect, coagulation assessment is an impor-

tant initial prognostic marker on trauma patients.

The fibrinolytic system appears to be the first component of coagu-

lation activated after severe injury.29 However, by hospital arrival, the 

DIVERGENT PATIENT POPULATIONS: TRAUMA 

VERSUS SEPSIS

Noncardiac intensive care units (ICUs) predominantly manage coagu-

lopathy in patients with trauma or sepsis. Although trauma is known as 

the third most frequent cause of death in the United States,1 sepsis, 

which is not as well categorized, is believed to be the leading cause of 

death in hospitalized patients.2 Both patient populations are at risk of 

developing coagulation abnormalities.3 However, the drivers of pathol-

ogy and timing are divergent. Trauma-induced coagulopathy (TIC) 

occurs within minutes to hours after injury,4 whereas sepsis-induced 

coagulopathy (SIC) represents a spectrum of patients who have been ill 

days to weeks before progressing to coagulopathy associated with ad-

verse outcomes5 (Fig. 22.1). Attempting to assimilate the early drivers of 

coagulation changes between sepsis and trauma have highlighted dis-

cordances during the early phases of each disease process.6 Therefore 

the approaches to the initial management of coagulopathy in trauma 

and sepsis are divergent. Whereas trauma research has focused on pro-

moting coagulation, sepsis investigation has tested antithrombotic 

therapy such as activated protein C and antithrombin. However, the 

crosstalk between TIC and SIC shares a common historical origin with 

the term disseminated intravascular coagulation (DIC).

ORIGINS OF THE TERMINOLOGY OF 

DISSEMINATED INTRAVASCULAR COAGULATION

The early descriptions of coagulation changes during hemorrhagic 

shock date back to the 1770s. Hewson observed that the last blood 

drawn in sheep clotted first.7 Almost 150 years later Cannon and Men-

denhall validated this finding in which he observed clotting time in 

dogs was decreased with progressive hemorrhage.8 This early onset of 

hypercoagulability led numerous investigators to attribute hypercoag-

ulability as the driving mechanism for irreversible shock after hemor-

rhage.9,10 Histologic evaluation of these animals demonstrated micro-

vascular thrombi, and the term DIC was introduced to the literature.11 

Hardaway and colleagues had a long-term interest in DIC driving ir-

reversible shock and demonstrated that pretreating animals with hepa-

rin before hemorrhage could effectively reverse DIC-attributable 

death.12 They also demonstrated that a fibrinolytic agent could have 

the same effect of reversing lethal shock when delivered during resus-

citation.13 Hardaway’s group later documented intravascular clots in 

patients with organ failure in 1965.14

In 1969 Cafferata and colleagues15 provided the most compelling 

evidence of DIC in humans, with a observational postmortem exami-

nation of 12 patients who failed to resuscitate several days after injury, 

despite gaining surgical hemostasis. All 12 patients had clinical evi-

dence of oozing and low-grade bleeding during the perimortem  

period; however, 8 of these patients had thrombi in their lungs. In the 
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Fig. 22.1  Early trauma-induced coagulopathy (TIC) is distinct in mechanisms and clinical manifestations from 

disseminated intravascular coagulation (DIC), but later TIC and DIC have similar mechanisms and clinical 

consequences.
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Fig. 22.2  Early trauma-induced coagulopathy (TIC) is driven by hypoperfusion and tissue injury, resulting in 

inadequate thrombin generation, fibrinogen depletion, and platelet dysfunction.
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majority of patients have shut down fibrinolysis.30,31 Typically, coagu-

lopathic-injured patients have a prolonged international normalized 

ratio (INR) with elevated d-dimer levels in the ED.4 There have been 

multiple proposed thresholds for INR levels to define patients as co-

agulopathic in trauma.4,32,33 Although .1.2 has been proposed, an INR 

.1.5 is superior in predicting mortality and morbidity after trauma.34 

INR-defined coagulopathy in the acute setting has applicability to the 

patient who is resuscitated and transferred to the ICU, as this early 

coagulation change is also associated with organ failure and later 

thrombotic complications.34,35 However, INR only represents the 

plasma contribution to clotting, ignoring the critical role of platelets. 

Moreover, INR does not reflect deficiency of clotting factors of the 

extrinsic system, which is what is presumed to account for a prolonged 

INR.35

  

 



130 PART I Common Problems

VHA-based resuscitation in patients in which the massive transfusion 

protocol (MTP) was activated (15.8% reduction mortality).38 In each of 

these trials, total red blood cell transfusions were not reduced. The 

mechanisms by which these hemostatic adjuncts improve mortality 

remain unclear. Most trauma centers with adequate blood banks will 

use MTPs with an empiric ratio of red blood cell, plasma, and platelets 

to guide early resuscitation before coagulation test results become avail-

able. Many MTPs use a ratio of 1:1:1 despite lower ratios (2:1:1) having 

comparable outcomes.58 The threshold for adding empiric blood com-

ponents such as cryoprecipitate should start when patients have re-

ceived more than 4 units of red blood cells.59 In the future whole-blood 

resuscitation may become an alternative option for early hemostatic 

resuscitation in patients who are massively bleeding.60 With these em-

piric transfusion strategies becoming more popular, the intensivist will 

take on a more important role in the de-escalation of hemostatic resus-

citation, which will be discussed in the later section discussing late TIC.

IDENTIFICATION OF SEPSIS-INDUCED 

COAGULOPATHY

The onset of coagulation changes after sepsis is less well defined. A 

nonhuman primate model suggests this process begins to occur 

early61–63 and appears to be variable based on the pathogen. The hall-

mark of sepsis driving coagulation changes includes a drop in platelet 

count, prolonged INR, and increase in fibrin degradation products.64 

When the International Society of Thrombosis and Hemostasis 

(ISTH) developed a DIC score, it was acknowledged that coagulation 

abnormalities in sepsis and other causes of DIC proceeded overtly 

apparent DIC.65 This nonovert DIC group of patients was later sim-

plified into a score to diagnosis SIC based on platelet count, INR, and 

Sequential Organ Failure Assessment (SOFA) score.5 Prospective 

evaluation of the SIC score identified that this definition of coagu-

lopathy in sepsis represented a broader spectrum of patients, some of 

whom were at risk of progression to overt DIC.66 The prevalence 

of SIC appears to be comparable to TIC,67 in which roughly a quarter 

of patients with sepsis meet this definition.68 However, incorporation 

The more recent approach to identifying patients with early TIC 

is with viscoelastic hemostatic assays (VHAs).36 This approach is 

able to replace a battery of conventional coagulation assays,37 and 

transfusions based on the different coagulation measurements from 

VHA compared with conventional laboratory assessment have been 

demonstrated to reduce mortality.38 Although there are multiple 

components of coagulation that may be deranged in VHA, a de-

crease in clot strength has repeatedly been associated with increased  

mortality.39–42

MECHANISMS OF EARLY TIC

The mechanisms driving early TIC are complex (see Fig. 22.2). The 

major components include impaired thrombin generation, fibrinogen 

dysfunction, platelet dysfunction, and alterations of the fibrinolytic 

system.43 Although the exact mechanisms of each component are not 

clearly understood, some prevailing hypotheses have been generated. 

Decreased thrombin generation has been proposed to occur through 

activation of protein C44 and shedding of the glycocalyx,45 but the role 

of these mechanisms remains controversial. Fibrinogen dysfunction is 

believed to be related to metabolic abnormalities46 and consumption 

at the site of injury.47 Platelet dysfunction has been associated with 

damage-associated molecular pattern proteins such as histones48 

through binding Toll-like receptors.49 Fibrinolysis activation is pro-

posed to occur via tissue plasminogen activator (tPA) release from 

hemorrhagic shock,50 whereas fibrinolysis suppression (shutdown) is 

associated with tissue injury.51 There are numerous review articles on 

the topic of early TIC that describe the details of these hypotheses and 

others.43,52–55

Regardless of the underlying pathobiology, few early adjuncts in 

trauma resuscitation have been demonstrated to reduce mortality in 

trauma patients at risk of bleeding. The following are the three adjuncts 

in which clinical trials have resulted in positive outcomes: (1) tranexamic 

acid (TXA), which reduced bleeding mortality by 0.6% in a large mul-

tinational trial56; (2) prehospital plasma resuscitation in patients re-

quiring helicopter transportation (9.8% reduction mortality)57; and (3) 

Fig. 22.3  Severe injury can provoke a myriad of trauma-induced coagulopathy (TIC) phenotypes that generally 

begin with uncontrolled bleeding and progress to thrombotic complications.
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processes include hemolytic uremia syndrome (HUS), thrombotic 

thrombocytopenic purpura (TTP), and Shiga toxin–producing Esche-

richia coli. However, these occur at a much lower frequency (~150 

times less frequent) than DIC-associated thrombocytopenia.85

Management of SIC/DIC has been focused on enhancement of the 

anticoagulation system. There are no randomized controlled trials 

treating septic patients with presumed SIC/DIC with heparin, anti-

thrombin, protein C, thrombomodulin, or TFPI that have improved 

mortality. A summary of the clinical trials can be found at  

references that are predominantly targeted to patients with overt 

DIC.86-88 The current management of SIC is to treat the underlying 

cause. This is most appropriately addressed by implementing the Sur-

viving Sepsis Campaign recommendations of early sepsis diagnosis, 

administration of empiric broad-spectrum antibiotics (within 1 hour 

based on the presumed site of infection), 30 mL/kg crystalloid resusci-

tation in patients in shock or with high lactate levels (to be completed 

within 3 hours), addition of vasopressors in those whose blood pres-

sure is not responding to initial crystalloid resuscitation (within 1 

hour), and source control as soon as feasible (but within 6 hours).89

THE TRANSITION FROM EARLY TO LATE TIC: 

HYPOCOAGULABLE TO HYPERCOAGULABLE STATE

While the focus of early TIC is dominated by concerns for correcting 

underlying hypercoagulability to reduce bleeding, the focus of late TIC 

is transitions to treatment strategies to prevent thrombotic complica-

tions and organ failure.21 Upon arrival in the ICU, severely injured 

trauma (with potential ongoing bleeding) requires a multimodality 

approach. Resuscitation should be optimized resuscitation while co-

agulopathy is corrected. Neglecting hypothermia and acidosis will ex-

acerbate ongoing hemostatic dysfunction90 and risk the patient getting 

stuck in the lethal triad of trauma. Obtaining baseline laboratory as-

sessment of the patient’s acid-base status and degree of anaerobic 

metabolism is an important first step in the management of a coagu-

lopathic trauma patient. Hypocalcemia is another risk factor for ongo-

ing coagulopathy. Patients receiving massive transfusions are at risk of 

hypocalcemia because of calcium binding to the citrate in the trans-

fused blood.91 Empiric calcium administration can be considered in 

patients with evidence of ongoing bleeding.

The timing from injury is also an important consideration in pa-

tient management. As previously mentioned, fibrinolysis activation is 

one of the earliest changes in coagulation after severe injury, and com-

monly is suppressed soon after.29 This reperfusion fibrinolysis shut-

down is associated with a massive increase in PAI-1 levels.92 The timing 

of peak reperfusion fibrinolysis shutdown is between 2 and 4 hours 

after injury.52 This has a similar time course to fibrinolysis shutdown 

induced by endotoxin in animal models.80 Most severely bleeding 

trauma patients who survive to be admitted to the ICU will be in fibri-

nolysis shutdown93 because those who have failed to correct hyperfi-

brinolysis (excessive systemic fibrinolysis) will have bled to death in 

the ED or in the operating room.94 Therefore the use of antifibrinolyt-

ics upon ICU arrival of these patients is unlikely to have a benefit, and 

most will be past the 3-hour time from injury when TXA loses its 

survival benefit.95

Despite fibrinolysis shutdown being highly prevalent in this patient 

population, it does not equate to hemostasis. Patients in fibrinolysis 

shutdown who are undergoing massive transfusion will frequently 

have a prolonged INR, low fibrinogen, and platelet dysfunction.96 TXA 

in this cohort does not improve fibrin clot strength (when assessed ex 

vivo) and has been associated with increased mortality.97 Therefore all 

trauma patients on arrival to the ICU should have a global coagulation 

of a SOFA score requires six variables that are calculated based on 

variables measured in the first 24 hours in the ICU. Unlike TIC, which 

can be determined within an hour of admission to the ED,69 SIC is 

more challenging to diagnose and requires an ICU setting. Specifically, 

platelet counts and INR in the ED have not been found to predict 

mortality in sepsis.70

VHA testing in sepsis has gained popularity.71–73 Several studies 

have demonstrated that a decreased angle,71,72 decreased clot 

strength,72 and lack of fibrinolysis74 are associated with DIC and poor 

outcomes. However, septic patients without evidence of DIC have a 

tendency for hypercoagulability.72 From the existing VHA data, it ap-

pears that patients with sepsis have a tendency towards hypercoagula-

bility with fibrinolysis resistance,72,75 and the reduction in clot 

strength/fibrinogen appears to be a later event in which patients have 

transitioned to DIC and organ failure.72,73 Unlike early TIC, when 

there is clear evidence of pathology with ongoing bleeding from  

injured tissue caused by mechanical disruption and coagulation  

abnormalities, pathologic sequelae from early SIC are not clinically 

apparent, as these patients are not bleeding, and the progression to 

organ failure manifests in a time course measured by days rather than 

bleeding to death in minutes.

MECHANISM OF SIC/DIC AND TREATMENT

The drivers of DIC have been studied for decades without differentia-

tion of the earlier stage of the disease process through SIC. Inflamma-

tion-provoked cytokine release is believed to be the initiator of coagu-

lation changes in sepsis caused by endotoxin.20 Cytokine production is 

believed to stimulate tissue factor production, resulting in systemic 

activation of coagulation.76 Tissue factor expression is upregulated on 

macrophages and endothelial cells in response to elevated tumor ne-

crosis factor-alpha (TNF-a), interleukin (IL)-6, and IL-1.77 At the 

same time the cytokine storm damages the endothelium, reducing the 

antithrombic capacity of the systemic circulation via suppression of 

protein C, protein S, antithrombin, and tissue factor pathway inhibitor 

(TFPI).78 VHA testing in healthy humans with endotoxin infusion has 

demonstrated activation of the fibrinolytic system within 2 hours after 

infusion, followed by a shutdown of fibrinolysis within an hour be-

cause of elevated plasminogen activator inhibitor-1 (PAI-1) levels.79 

Fibrinolysis activation with subsequent rapid suppression by PAI-1 

was documented with endotoxin infusion in nonhuman primates, 

with concurrent increases in thrombin generation.80 Pentoxifylline at-

tenuates these fibrinolytic changes in this animal model, whereas IL-6 

and TNF-a inhibitors have no effect.81 These experiments were fol-

lowed up with the hypothesis that an antifibrinolytic would prevent 

progression to DIC by blocking plasmin activation; however, TXA had 

no impact on the prothrombin component of endotoxin infusion in 

healthy subjects and did not alter cytokine production.82 Regardless, 

the overwhelming majority of patients will have long passed the initial 

fibrinolytic activation phase of endotoxemia by the time sepsis is diag-

nosed.

An important component of DIC/SIC coagulopathy is thrombocy-

topenia. Declining platelet counts in DIC have been proposed to be 

largely attributable to consumption of platelets via fibrin accumula-

tion in the intravascular space.76 More recent animal data support that 

platelets bind lipopolysaccharide (LPS) via the Toll-like receptors and 

become activated, resulting in deposition in the lungs and increasing 

levels of TNF-a.83 Inhibition of platelets has been proposed to be a 

potential therapy to attenuate the progression to DIC and organ fail-

ure.84 Other causes of decreased platelet counts in the ICU associated 

with organ failure include thrombotic microangiopathy (TMA). TMA 
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assessment. By the time the patient arrives, initial coagulation labora-

tory values should have been obtained, which will also provide  

clinically relevant information. As previously mentioned, initial coagu-

lation laboratory studies not only predict early mortality from bleed-

ing but also are biomarkers for injury severity, the development of 

thrombotic complications, and organ failure.34

The hemostatic resuscitation of trauma patients in the ICU should 

be transitioned to goal-directed blood component administration. We 

have implemented a thromboelastography (TEG)-directed resuscita-

tion approach based on an ongoing evaluation of blood product utiliza-

tion at the Ernest E. Moore Shock Trauma Center.98 The specific cutoffs 

for blood product transfusions based on VHA assessment are center-

dependent. Manufacture normal limits do not necessarily reflect the 

hemostatic needs of actively bleeding trauma patients. We have used a 

rapid TEG-activated clotting time greater than 128 seconds as an indi-

cation for a plasma transfusion, a TEG angle of less than 65 degrees as 

an indication for cryoprecipitate transfusion, a TEG maximum ampli-

tude (MA) less than 55 mm for a platelet transfusion, and LY30.5% 

for the antifibrinolytics (which is exceedingly rare in the ICU).

Rotational thromboelastometry (ROTEM) also provides compa-

rable results to TEG in hemostatic resuscitation.99 One advantage with 

the current ROTEM platform over TEG is the amplitude at 5 and  

10 minutes. These results provide information to guide platelet- and 

fibrinogen-based products 20 minutes earlier than the current TEG 

parameters.41 Without VHA testing, goal-directed resuscitation is 

based on standard laboratory assessment with a complete blood count, 

INR, and Clauss fibrinogen. Inflection points for transfusions with 

these assays require more estimating of what clotting parameter is 

dysfunctional. Regardless of coagulation assessment, the active bleed-

ing patients should have a hemoglobin target of 10 to optimize platelet 

function.100

After the initial assessment of coagulation function and physio-

logic parameters of the ICU patient, the decision to transfuse should 

be based on clinical evidence of ongoing bleeding. Patients who are 

hemodynamically stable, have corrected their acidosis, and have sta-

ble hemoglobin levels do not necessarily warrant correction of an 

ongoing laboratory-detected coagulopathy. Each transfusion of 

blood incurs some risk to the patient. A high ratio of plasma to red 

blood cells has not been associated with an increased risk of acute 

respiratory distress syndrome (ARDS) in a patient undergoing a 

massive transfusion.101 However, in patients requiring less blood 

products, high plasma utilization (.6 units) was significantly associ-

ated with ARDS,102 particularly when a concomitant chest injury 

was present.103 The same association has been appreciated with 

platelet transfusions.104 Cryoprecipitate in trauma has not been as-

sociated with these adverse outcomes, but could be because of  

lower utilization. The combination of cryoprecipitate and TXA,  

however, has been associated with an increased risk of thrombotic 

complications.105

The transition to pathologic hypercoagulability resulting in throm-

botic complications in trauma appears to become relevant with fibri-

nolysis resistance at 12 hours from injury106 and with increased clot 

strength at 24–48 hours.106,107 The inflection-point, VHA-detected risk 

of hypercoagulability appears to be a clot strength with an MA in the 

70-mm range with TEG.108–110 Management of late TIC hypercoagula-

bility will be addressed in a later section. During this transition time 

from early to late TIC, patients will require ongoing evaluation for 

surgical bleeding. Patients who have a corrected coagulation profile 

and continue to be hypotensive or have surgical drains/chest tubes 

with high output should warrant consideration for taking the patient 

to the operating room.

Late TIC and SIC

Early TIC and SIC have completely different pathobiology. Trauma 

patients with early TIC are at high risk of bleeding to death, often pres-

ent to the hospital in hemorrhagic shock, frequently undergo blood 

product resuscitation, and definitive care may require an operative 

intervention to control bleeding, whereas SIC patients present with 

distributive shock, undergo crystalloid resuscitation, are dependent on 

antibiotics to treat the underlying disease process, and may require an 

operative intervention to get source control of the infection. Assimilat-

ing these pathologies begins to occur after these patients have been 

resuscitated and are in the ICU. These critically ill patients begin to 

share similar coagulation features.

The proinflammatory immune response after trauma and sepsis 

resuscitation is referred to as the systemic inflammatory response 

(SIRS). When SIRS is severe and remitting, it can cause early multiple 

organ failure (MOF) and death.111 The immune counterbalance to 

SIRS is called compensatory antiinflammatory response syndrome 

(CARS).112 CARS is associated with increased secondary infections, 

which can contribute to the development of late MOF and death.113 

Fortunately, with improved ICU care, both early and late MOF deaths 

have largely disappeared over the past decade. However, failure of SIRS 

and CARS to return to an immune homeostatic state can result in what 

has recently been coined persistent inflammation, immunosuppres-

sion, and catabolism syndrome, which is associated with chronic criti-

cal illness (CCI) with prolonged ICU stays and dismal long-term  

outcomes.114 Similarity between trauma and sepsis coagulopathy dur-

ing SIRS and CARS may persist and contribute to the underlying 

pathobiology of CCI. This is an unexplored area of research.

The transition to terminal coagulopathy represented as DIC is 

appreciated by a progressive decline in platelets and fibrinogen, 

which is presumed to occur from a consumption of these clotting 

components at the microvascular level.76 Patients manifest an ooz-

ing coagulopathy but retain components of hypercoagulability via 

inhibited fibrinolysis.115 Several scores are used to calculate the risk 

of DIC, with the International Society of Thrombosis and Haemo-

stasis (ISTH)  and Japanese Association for Acute Medicine (JAAM) 

having comparable performance.116 Unfortunately, calculating DIC 

does not improve outcomes, and the treatment of these patients is 

supportive with the objective to treat the underlying pathology. A 

new definition of DIC based on quantifying thrombin generation to 

plasmin (fibrinolysis) ratios suggests that the majority of these pa-

tients have a disbalance of excessive thrombin generation and lack 

of plasmin generation driving coagulopathy.117

Trauma and sepsis drive a more rapid onset of DIC with a worse 

prognosis,118 whereas malignancy-associated DIC tends to be more 

indolent and responsive to hemostatic adjuncts to address specific 

coagulation abnormalities.119 This is an important patient manage-

ment concept, as those patients with trauma and sepsis require vigi-

lant efforts to determine if there is appropriate antibiotic coverage, 

source control, or need for procedure or operative intervention to 

prevent a vicious cycle of ongoing coagulopathy. Clinical trials are 

assessing if adjuncts to balance thrombin generation, such as soluble 

thrombomodulin120–122 and antithrombin123,124 or in combina-

tion,123 are effective, but there is no definitive evidence for improve-

ment in mortality with these treatment strategies at this time.125 

Additionally, prior work with activated protein C did not improve 

survival in DIC126 despite promising early clinical observational 

studies. Ultimately the goal of management of DIC is treating  

the patient’s underlying cause before they reach this level of critical 

illness.
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KEY POINTS

• Early TIC is a distinct entity from DIC, but later TIC and DIC may share com-

mon features.

• Early TIC typically manifests as the inability to achieve hemostasis and is 

driven by a combination of inadequate thrombin generation, fibrinogen de-

pletion, and platelet dysfunction.

• DIC is the result of inflammation-provoked hypercoagulability, resulting in 

increased tissue factor expression and widespread clot formation.

• Fibrinolysis shutdown can occur in both TIC and DIC, inhibiting the physio-

logic process of clot degradation.

• Viscoelastic hemostatic assays (TEG and ROTEM) provide the best assess-

ment of the coagulation system.

• SIC is a new terminology based on platelet count, INR, and organ dysfunc-

tion and may progress to DIC.

 References for this chapter can be found at expertconsult.com.
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Jaundice

Ryan Rodriguez and Marie Crandall

Bilirubin is a by-product of heme metabolism. Heme is largely  

derived from the hemoglobin in senescent red blood cells and is oxi-

dized in the spleen, liver, and other organs by two isoforms of the 

enzyme heme oxygenase, in the presence of nicotinamide adenine 

dinucleotide phosphate (NADPH) and molecular oxygen, to form 

biliverdin, carbon monoxide, and iron.1 Subsequently, biliverdin is 

converted into bilirubin by the phosphoprotein biliverdin reductase, 

which also uses NADPH as a cofactor. A visual representation of this 

pathway is shown in Fig. 23.1. Bilirubin is a lipophilic molecule. To 

be excreted, bilirubin that is produced in extrahepatic organs is 

bound to albumin and transported to the liver. The liver takes up the 

bilirubin – albumin complex through an albumin receptor. Bilirubin, 

but not albumin, is transferred across the hepatocyte membrane and 

transported through the cytoplasm to the smooth endoplasmic re-

ticulum bound primarily to ligandin or Y protein, a member of the 

glutathione S-transferase gene family of proteins. Within hepato-

cytes, bilirubin is converted to water-soluble derivatives, bilirubin 

monoglucuronide and bilirubin diglucuronide, by the enzyme uri-

dine diphosphate-glucuronosyl transferase. These conjugated forms 

of bilirubin are secreted across the canalicular membrane into the 

bile via an energy-dependent process. Conjugated bilirubin is ex-

creted in the bile into the intestine, where it is broken down by the 

gut microflora into urobilinogen and stercobilin.

Total serum bilirubin consists of an unconjugated fraction and a 

conjugated fraction. The conjugated forms of bilirubin exist both 

freely in the serum and bound covalently to albumin. Conjugated bili-

rubin is water soluble and reacts directly to certain dyes added to the 

serum specimen. The unconjugated bilirubin does not react with the 

colorimetric reagents until a solvent is added. Accordingly, the conju-

gated and unconjugated forms of bilirubin are sometimes referred to 

as “direct” and “indirect” bilirubin. The sum of these two measure-

ments is the “total” bilirubin. The normal total bilirubin concentration 

in adults is less than 18 mmol/L (1.0 mg/dL). Although any total bili-

rubin concentration higher than the upper limit of normal constitutes 

hyperbilirubinemia, jaundice (i.e., yellow discoloration of the sclerae, 

mucous membranes, and skin) is usually not clinically apparent unless 

the serum total bilirubin level is greater than 50 mmol/L (2.8 mg/dL). 

Unconjugated or indirect hyperbilirubinemia is present when the total 

serum bilirubin concentration is above the upper limit of normal and 

less than 15% of the total is in the direct or conjugated form.

DIFFERENTIAL DIAGNOSIS

The multitude of diagnoses depicted in Box 23.1 divides the causes of 

hyperbilirubinemia into two large groups according to whether the pre-

dominant abnormality is an increase in the circulating concentration of 

unconjugated (indirect) bilirubin or an increase in the concentration  

of conjugated (direct) bilirubin. Although this classification scheme is  

useful under some circumstances, many of the diagnoses listed in Box 

23.1 are extremely rare and highly unlikely to be encountered by the 

intensivist caring for critically ill (adult) patients. A more useful classifi-

cation scheme is depicted in Box 23.2. In this scheme, the causes of 

jaundice are grouped into three primary categories: extrahepatic ob-

struction to bile flow, increased bilirubin production, and impaired  

excretion secondary to hepatocellular necrosis and/or intrahepatic  

cholestasis and hepatitis. It is common for multiple mechanisms to be 

involved simultaneously.

Hyperbilirubinemia occurs frequently in critically ill patients and 

is an independent risk factor for an unfavorable outcome.2,3 In a 

retrospective study of adult patients admitted to an intensive care 

unit (ICU) with severe sepsis or septic shock, the mortality rate was 

12%, 24%, and 42% for individuals with a peak serum bilirubin con-

centration during the first 72 hours that was #1, 1.1–2, or .2 mg/

dL, respectively.4 In another retrospective study, hyperbilirubinemia 

was a significant risk factor for the development of acute respiratory 

distress syndrome (ARDS) among patients admitted to an ICU with 

sepsis.5 In one widely cited study, hyperbilirubinemia occurred in 

217 of 2857 trauma patients who had an Injury Severity Score greater 

than 14 and survived for longer than 48 hours after admission to the 

hospital.6 In this study, hyperbilirubinemia was significantly associ-

ated with an increased length of stay in the ICU and death. Hyper-

bilirubinemia is also common in ICU patients who are recovering 

from cardiac surgery.7,8 In this category of ICU patients, risk factors 

for the development of hyperbilirubinemia include prolonged car-

diopulmonary bypass time, prolonged aortic cross-clamp time, and 

use of an intraaortic balloon pump.8

Determining the cause of new-onset hyperbilirubinemia is impor-

tant when managing ICU patients because some problems can be cor-

rected. Exclusion of a mechanical cause for jaundice (e.g., obstruction 

of the common bile duct because of choledocholithiasis or stricture) 

assumes the highest priority because failure to correct this type of 

problem in a timely fashion can lead to serious morbidity or even 

mortality. Fig. 23.2 shows an approach to handling new-onset hyper-

bilirubinemia in an adult patient. Hyperbilirubinemia is multifacto-

rial, and although laboratory values evaluating the production and 

excretion of bilirubin can guide the workup, a liver biopsy or cholan-

giography is necessary when no other diagnosis can be confirmed.

Iatrogenic injuries to the common bile duct are fortunately quite 

rare. Damage to the biliary tree, stricture of biliary anastomoses, and 

retained stones after cholecystectomy or common bile duct explora-

tion present as hyperbilirubinemia and elevated circulating levels of 

alkaline phosphatase or gamma-glutamyltransferase. Most often the 

diagnosis is made by detecting the dilation of intrahepatic and extra-

hepatic bile ducts using ultrasonography.
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Fig. 23.1 Pathway, Regulation, and Inhibitors of Heme Metabolism. The first enzyme of the heme biosyn-

thetic pathway, aminolevulinate (ALA) synthase (ALAS), is the rate-controlling enzyme of this pathway. Heme 

formation is subject to end-product regulation by negative feedback, but the exact point of metabolic control 

differs between hepatocytes and erythroid cells. In the liver, ALAS is regulated negatively by heme, the end 

product of the pathway. In contrast, in erythroid cells, ALAS is not under the same regulatory mechanism. 

Heme oxygenase (HO) is the rate-controlling enzyme of the heme degradation pathway. Succinylacetone (SA) 

is a potent inhibitor of ALA dehydratase activity. ZnPP9 is a potent inhibitor of HO activity. (From Tatsuya I, 

Chiang G, Ronnett GV. The regulation of heme turnover and carbon monoxide biosynthesis in cultured primary 

rat olfactory receptor neurons. J Neurosci. 1996;16:5621–5628, Fig. 3.)

By exceeding the capacity of the liver to conjugate and excrete 

bilirubin into the bile, hemolysis can result in jaundice. However,  

the liver can excrete approximately 300 mg/day of bilirubin,9 and 

therefore clinically significant hyperbilirubinemia is only apparent  

if the rate of hemolysis (i.e., the number of red blood cells lysed  

per unit time) is fairly rapid. Approximately 10% of the erythrocytes 

in an appropriately cross-matched unit of packed red blood cells 

undergo rapid hemolysis, yielding about 250 mg of bilirubin.10 

Accordingly, transfusion of a single unit of packed red blood cells is 

not likely to increase the total serum bilirubin concentration. How-

ever, transfusion of multiple units of blood over a short period  

almost inevitably leads to some degree of hyperbilirubinemia, par-

ticularly if hepatic functionality is already impaired. Other common 

causes of acute hemolysis in ICU patients include sickle cell disease, 

immune-mediated hemolytic anemia, and disseminated intravascu-

lar coagulation.

Any condition that leads to extensive hepatocellular damage will 

increase the circulating total bilirubin concentration. Conditions in 

this category that are commonly encountered in ICU patients include 

viral hepatitis, “shock liver,” alcoholic hepatitis, and hepatocellular in-

jury induced by drugs, especially acetaminophen.11 In most forms of 

jaundice resulting from hepatic inflammation or hepatocellular dam-

age, circulating levels of transaminases are elevated to a greater extent 

than the total bilirubin concentration. Making a diagnosis of acet-

aminophen overdose early is extremely important because specific 

therapy using N-acetylcysteine can be lifesaving.11
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BOX 23.1 Differential Diagnosis of Hyperbilirubinemia

 2. Hepatocellular diseases and intrahepatic causes

 a. Viral hepatitis

 b. Alcoholic hepatitis

 c. Drug-induced hepatitis (e.g., because of isoniazid, nonsteroidal antiin-

flammatory drugs, and zidovudine)

 d. Cirrhosis

 e. Drug-induced cholestasis (e.g., because of prochlorperazine, haloperi-

dol [Haldol], and estrogens)

 f. Sepsis

 g. Postoperative jaundice

 h. Infiltrative liver disease: tumors, abscesses (pyogenic, amebic), tubercu-

losis, parasites (e.g., Toxoplasma), Pneumocystis jirovecii pneumonia, 

Echinococcus

 i. Primary biliary cirrhosis

 j. Primary sclerosing cholangitis

 3. Extrahepatic causes

 a. Gallstone disease

 b. Pancreatitis-related stricture

 c. Pancreatic head tumor

 d. Cholangiocarcinoma

 e. Primary sclerosing cholangitis

Adapted from Bernstein MD. Hyperbilirubinemia. In Rakel RE, ed. Saunders Manual of Medical Practice. Philadelphia: Saunders; 1996:371–373, 

with permission.

BOX 23.2 Classification for Acute Jaundice 
Associated With Critical Illness

 I. Extrahepatic bile duct obstruction

 A. Choledocholithiasis

 B. Common bile duct stricture

 C. Traumatic or iatrogenic common bile duct injury

 D. Acute pancreatitis

 E. Malignancy (e.g., ampullary carcinoma)

 II. Increased bilirubin production

 A. Massive transfusion

 B. Resorption of blood collections (e.g., hematomas, hemoperitoneum)

 C. Acute hemolysis

 1. Disseminated intravascular coagulation

 2. Immune-mediated

 III. Impaired excretion because of hepatocellular dysfunction, hepatitis, or 

intrahepatic cholestasis

 A. Drug- or alcohol-induced hepatitis

 B. Drug-induced intrahepatic cholestasis

 C. Drug-induced hepatocellular necrosis

 D. Gilbert syndrome

 E. Sepsis and other causes of systemic inflammation

 F. Total parenteral nutrition

 G. Viral hepatitis

Efforts to understand the pathophysiologic mechanisms responsi-

ble for cholestatic jaundice resulting from sepsis have largely focused 

on lipopolysaccharide (LPS)-induced alterations in the function  

and expression of various bile acid transporters.12–14 Nevertheless, an-

other factor that likely contributes to the development of intrahepatic 

cholestasis is the back-leakage of bile from the canalicular 

spaces into the sinusoids.15

SIDE EFFECTS OF TPN USAGE IN THE 

CRITICAL CARE SETTING

Malnutrition among hospitalized patients has been associated 

with increased morbidity, prolonged hospital stay, and in-

creased costs to the healthcare system, but at times, an ex-

tended period of “nil per os (NPO)” status is one of the factors 

in current treatment algorithms for an extensive list of disease 

processes. Several studies have documented that “bowel rest” 

is associated with a disruption of the mucosal barrier struc-

ture and function, augmenting the inflammatory response to 

illness and resulting in greater infectious morbidity. Although 

this has been seen in some patient studies, total parenteral 

nutrition (TPN) as a temporary measure during these NPO 

periods has been shown to possibly reduce the complication 

rate in malnourished patients. As a consequence, nutritional 

support, most notably TPN, has become a standard of care for 

malnourished hospitalized patients.16

TPN has been shown to be associated with the develop-

ment of hyperbilirubinemia.17 The basis for TPN-induced 

cholestasis is thought to be multifactorial. Prolonged bowel 

rest and ileus may promote bacterial overgrowth and in-

creased translocation of LPS into the portal vein on this basis. 

Phytosterols are present in the lipid emulsions used for TPN 

and have been associated with cholestasis, especially in prema-

ture infants.18 Results from two retrospective studies suggest 

that the administration of more than 1 g/kg/day of lipid emul-

sion is associated with an increased incidence of hepatocellu-

lar dysfunction.19,20 However, these data were derived from 

 A.  Unconjugated hyperbilirubinemia

 1. Overproduction of bilirubin

 a. Hemolysis, intravascular: disseminated intravascular coagulation

 b. Hemolysis, extravascular

 i. Hemoglobinopathies

 ii. Enzyme deficiencies (e.g., glucose-6-phosphate dehydrogenase 

deficiency)

 iii. Autoimmune hemolytic anemias

 c. Ineffective erythropoiesis

 d. Resorption of hematoma

 e. Massive transfusion

 2. Hereditary unconjugated hyperbilirubinemia

 a. Gilbert syndrome (autosomal dominant)

 b. Crigler-Najjar syndrome type I (autosomal recessive)

 c. Crigler-Najjar syndrome type II (autosomal dominant)

 3. Drugs

 a. Chloramphenicol: neonatal hyperbilirubinemia

 b. Vitamin K: neonatal hyperbilirubinemia

 c. 5-Beta-pregnane-3 alpha, 20-alpha-diol: cause of breast milk jaundice

 B.  Conjugated hyperbilirubinemia

 1. Inherited disorders

 a. Dubin-Johnson syndrome (autosomal recessive)

 b. Rotor syndrome (autosomal recessive)
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Check urinalysis; measure serum

total and direct bilirubin levels

All test

normal

Look for

“pseudojaudice”

High vegetable

intake

Urine positive for bilirubin;

increased total bilirubin

level and increased

direct bilirubin level

Conjugated

hyperbilirubinemia

Liver function test (AST,

ALT, AP, GCT) and CBC

Urine negative for

bilirubin increased

total bilirubin level

and normal direct

bilirubin level

Unconjugated

hyperbillirunemia

Hemolysis, drug

toxicity, genetic

syndrome

(Gilbert syndrome),

hematoma

No diagnosis apparent?

Screen for hepatitis

A, B and C

No diagnosis apparent?

Screen for autoimmune

disorder (ANA, anti-LKM

anti-smooth muscle)

If no obvious diagnosis,

abdominal US or CT

Intrahepatic disease

(see Table 1)
Extrahepatic disease

(see Table 2)

Still no apparent

diagnosis?

Consider

cholangiography

or liver biopsy

Fig. 23.2 Algorithm for a Systematic Approach to the Adult Patient with Jaundice. ALT, Alanine trans-

aminase; ANA, antinuclear antibodies; anti-LKM, liver-kidney microsomal antibodies; AP, alkaline phospha-

tase; AST, aspartate transaminase; CBC, complete blood count; CT, computed tomography; GGT, gamma-

glutamyltransferase; US, ultrasonography. (From Roche S, Kobos R. Jaundice in the adult patient. Am Fam 

Physician. 2004;69[2]:299–304, Fig. 1.)
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studying patients receiving TPN at home for prolonged periods and 

may not apply to ICU patients. In any case, TPN is associated with the 

development of jaundice and hepatocellular damage. Accordingly, ex-

cept in rare cases, the majority of ICU patients are better served by 

receiving enteral rather than parenteral nutrition.

KEY POINTS

• Heme is largely derived from the hemoglobin in aged red blood cells 

and oxidized in the spleen, liver, and other organs to produce bilirubin as a 

by-product.

• Total serum bilirubin consists of an unconjugated fraction and a conjugated 

fraction.

• Hyperbilirubinemia can be divided into unconjugated (hemoglobinopathies, 

enzyme deficiencies, autoimmune, certain drugs) vs. conjugated (viral hepa-

titis, alcoholic hepatitis, sepsis, postoperative, infiltrative liver disease).

• The normal total bilirubin concentration in adults is less than 18 mmol/L 

(1.0 mg/dL).

• Hyperbilirubinemia occurs frequently in critically ill patients and is an inde-

pendent risk factor for an unfavorable outcome.

• The liver can excrete approximately 300 mg/day of bilirubin.

• TPN is associated with the development of hyperbilirubinemia.

 References for this chapter can be found at expertconsult.com.

Cavicchi M, Beau P, Crenn P, et al. Prevalence of liver disease and contributing 

factors in patients receiving home parenteral nutrition for permanent  

intestinal failure. Ann Intern Med. 2000;132:525–532.

A study by Cavicchi et al. concluded that the prevalence of TPN-related liver 

disease increased with longer duration of parenteral nutrition, contributing 

highly to mortality in patients with permanent intestinal failure. However, 

parenteral intake of omega-6–rich, long-chain triglyceride lipid emulsions is 

recommended in these patients.

Chan S, McCowen KC, Bistrian BR, et al. Incidence, prognosis, and etiology of 

end-stage liver disease in patients receiving home total parenteral nutri-

tion. Surgery. 1999;126:28–34.

There is increasing evidence demonstrating that chronic TPN-dependent  

patients have a higher incidence of severe liver disease. These patients require 

careful monitoring and may have minimal scope for long-term survival  

without transplantation of the liver or the small bowel.

Heyland DK, MacDonald S, Keefe L, et al. Total parenteral nutrition in the 

critically ill patient. JAMA. 1998;280(23):2013–2019.

The role of TPN in the critically ill patient is poorly understood. Daren et al. 

conclude that TPN does not influence the overall mortality rate of critically ill 

patients, though it may reduce the complication rate. This is especially true in 

malnourished patients.

Zhai R, Sheu CC, Su L, et al. Serum bilirubin levels on ICU admission are 

associated with ARDS development and mortality in sepsis. Thorax. 

2009;64:784–790.

In a study of bilirubin levels in the ICU, it was noted that higher concentra-

tion of serum bilirubin is associated with subsequent development of ARDS 

and mortality in sepsis.

ANNOTATED REFERENCES

Brienza N, Dalfino L, Cinnella G, et al. Jaundice in critical illness: promoting 

factors of a concealed reality. Intensive Care Med. 2006;32:267–274.

A study of jaundice in critically ill patients with severe shock, sepsis, and  

mechanical ventilation as risk factors for onset. There is no conclusive treat-

ment, but supportive care and treatment of the underlying sepsis are thought 

to reduce the incidence and severity of critical care jaundice.
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DEFINITION AND DIAGNOSIS

Whereas a normal peritoneal cavity contains only 25 mL of fluid, the 

peritoneum has the capacity to absorb 900 mL/day.1 Ascites is the 

pathologic accumulation of peritoneal fluid, occurring most com-

monly in decompensated liver cirrhosis (85%), with malignancy,  

tuberculosis, heart failure, and pancreatitis accounting for the remain-

der.2,3 The International Club of Ascites classifies ascites severity, with 

fluid detectable only on imaging (,100 mL) as grade 1, moderate 

symmetric abdominal distention with up to 1 L of fluid as grade 2, and 

tense distention associated with a large volume of fluid as grade 3.4 

Cirrhotic ascites can be uncomplicated or complicated, the latter in-

volving concomitant development of spontaneous bacterial peritonitis 

(SBP), hepatorenal syndrome, or hepatic hydrothorax. Refractory asci-

tes (5%–10% of cases) is persistent or rapidly recurring ascites despite 

maximal medical therapy.4

Symptoms of ascites include weight gain, abdominal pain, fullness, 

early satiety, and shortness of breath. History and physical examina-

tion looking for signs of liver disease or other underlying cause form 

the foundation of diagnostic evaluation. Detecting ascites on examina-

tion can prove difficult if ,1500 mL is present. If flank dullness on 

percussion is not appreciated, there is a 90% chance no ascites is pres-

ent.5 Although computed tomography (CT) will identify ascites, ultra-

sound is the preferred imaging modality. It is a highly sensitive, low-

cost, nonradiation-producing method that simultaneously allows 

evaluation of the liver and hepatic vasculature.

Patients with new-onset ascites should undergo diagnostic para-

centesis, with removal of 20–30 mL for evaluation of fluid color,  

turbidity, and total protein and for calculation of the serum–ascites 

albumin gradient (SAAG).6,7 A SAAG .1.1 g/dL is 97% accurate in 

identifying ascites resulting from portal hypertension (Table 24.1).8 

Infected ascites is a life-threatening complication, requiring timely as-

sessment of the ascitic cell count and differential. A study of hospital-

ized patients with cirrhosis and SBP demonstrated a 3% increase in 

mortality for every hour that diagnostic paracentesis was delayed.9 

Fluid can be sent for triglyceride levels if chylous ascites is suspected, 

amylase for pancreatitis, cytology for malignancy, or Mycobacterium 

culture for tuberculosis.

PATHOPHYSIOLOGY

Portal hypertension from either increased hepatic resistance or in-

creased portal blood flow is the key pathophysiologic event in the 

formation of ascites and is described in detail in Chapter 83. Normal 

portal venous pressure is ,5 mm Hg. Once it is over 10 mm Hg, fluid 

from hepatic sinusoids and splanchnic capillaries overwhelms the 

peritoneal lymph drainage.3,10,11 However, increased pressure is only 

one aspect of the pathophysiology, as fluid dysregulation and develop-

ment of ascites results from a complex interplay of hemodynamic and 

hormonal responses.7,12 In liver cirrhosis, hepatic sinusoidal conges-

tion with progressive fibrotic transformation leads to endothelial cell 

dysfunction, causing nitric oxide–mediated vasodilation of splanchnic 

and peripheral arterial vascular beds. Initially, a hyperdynamic circula-

tory response compensates for the vasodilation to maintain adequate 

perfusion pressure. As vasodilation worsens and effective circulating 

volume decreases, however, compensatory activation of the sympa-

thetic nervous and renin – angiotensin – aldosterone systems results in 

renal sodium and water retention, leading to fluid overload and hypo-

natremia (Fig. 24.1).12–18 This process is hastened when infection from 

bacterial translocation causes endotoxin release, compounding vasodi-

lation. Ultimately, tissue perfusion is compromised, leading to life-

threatening organ dysfunction, the most salient being hepatorenal 

syndrome with decreasing glomerular filtration rate and severe renal 

vasoconstriction, as detailed in Chapter 84. In contrast to the mecha-

nisms in cirrhosis, ascites in infection and malignancy is the result of 

inflammation and leakage of high-protein lymph.3

MANAGEMENT

After addressing underlying causes of cirrhosis, including alcohol ces-

sation or hepatitis C treatment, ascites management is primarily fo-

cused on fluid removal. Initial treatment of cirrhotic ascites is salt  

restriction (no more than 2000 mg/day) and oral diuretics to promote 

natriuresis. The aldosterone antagonist spironolactone can be used 

alone, but the addition of the loop diuretic furosemide for patients 

with an inadequate response or moderate- to large-volume ascites is 

recommended.19,20 Starting daily doses of 100 mg of spironolactone 

and 40 mg of furosemide achieve natriuresis without significant hypo-

kalemia. Doses can be increased while maintaining the same ratio over 

3–5 days to maximum daily doses of 400 mg of spironolactone and  

160 mg of furosemide.6,21 Initial goals of diuretic therapy are weight 

loss of 0.5 kg/day (or up to 1 kg/day in edematous patients) and a 

measured 24-hour sodium excretion of 78 mmol/day.11,22 Side effects 

include intravascular volume depletion, renal insufficiency, and elec-

trolyte abnormalities. If creatinine increases by more than 50% or 

more than 1.5 g/dL, or if sodium falls by more than 10 mEq/L, therapy 

should be adjusted.22 Nonsteroidal antiinflammatory drugs (NSAIDs) 

should be avoided, not only because of the risk of renal injury but also 

because they impede diuretic-mediated sodium excretion.23 Addition-

ally, angiotensin-converting enzyme inhibitors and angiotensin recep-

tor II antagonists should be used cautiously, given negative effects on 

arterial pressure and potential for worsening renal function.6,21 Though 

more studies are needed, one small randomized controlled trial showed 

short term benefits of midodrine and adding midodrine 15-30 mg/day 
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can be considered on a case-by-case basis, although no long term ben-

efits have been shown to date.6,24

PARACENTESIS

Diuretics are started for initial control, but therapeutic paracentesis is 

indicated in settings of tense ascites to relieve abdominal pressure. The 

procedure is relatively safe when done under ultrasound guidance. 

Complications (,1%) include leakage of ascitic fluid, bleeding, infec-

tion, and bowel perforation.25 Routine correction of thrombocytope-

nia or prolongation in the prothrombin time is not recommended, as 

paracentesis has been performed safely in patients with platelets 

,50,000/mL and international normalized ratio (INR) .2. In a retro-

spective study of 4729 procedures, the incidence of significant bleeding 

was relatively low (0.19%) despite coagulopathy in many patients.26 

The only real contraindication to paracentesis is disseminated intra-

vascular coagulopathy, although other safety considerations include 

cooperation level of patient, pregnancy status, presence of bowel dis-

tention, and skin infection at insertion site.21

After removal of a large volume, paracentesis-induced circulatory 

dysfunction can result from effective hypovolemia with activation of 

the renin – angiotensin system, resulting in hyponatremia and renal 

impairment. When fluid removal exceeds 5 L, intravenous replacement 

of albumin is recommended (8 g/L of ascites removed), which is sup-

ported by data demonstrating improved survival.27 Although large-

volume paracentesis is time consuming and costly, benefits include 

improved patient comfort, shortened hospitalization, preserved hemo-

dynamics, and a decreased risk of SBP and hepatic encephalopathy.28

PROGNOSIS AND COMPLICATIONS

Ascites signifies progression from compensated to decompensated 

liver failure and carries a 20% 1-year mortality.29 Within the first 

decade of diagnosis, 50% of patients with cirrhosis will develop asci-

tes.30 Once complications such as refractory ascites or hepatorenal 

syndrome develop, yearly mortality increases to 75%.31,32 Ascites fea-

tures in a validated scoring system for liver failure, serving as one of 

five components of the Child-Turcotte-Pugh (CTP) score that also fac-

tors in encephalopathy, albumin, INR, and total bilirubin to predict 

mortality.33 In a recent network meta-analysis of 49 randomized clini-

cal trials with over 3500 patients investigating options for ascites man-

agement in decompensated liver cirrhosis, approximately one in three 

patients receiving a standard treatment of paracentesis followed by 

fluid replacement died within 11 months.34 Though not a component 

of the current Model for End-Stage Liver Disease plus serum sodium 

score (MELD-Na) used in transplant allocation, the presence of mod-

erate ascites correlates with a higher waitlist mortality for patients with 

MELD-Na scores ,21 and is equivalent to an additional 3.5 MELD-Na 

unit points.35 Given the poor prognosis, once ascites develops, patients 

should be evaluated for liver transplantation.

SPONTANEOUS BACTERIAL PERITONITIS

SBP occurs in 30% of patients with ascites, carries a 20% mortality 

rate, and is defined by36:

 1. Positive bacterial culture (single organism)

 2. Ascitic fluid polymorphonuclear cell count $250/mm3

 3. Absence of surgically treatable source of infection

SBP arises from translocation of intestinal bacteria, predominantly 

Escherichia coli and Klebsiella.37 Common symptoms include fever, 

abdominal pain, nausea and vomiting, increasing encephalopathy, and 

decreased renal function. Prompt diagnostic paracentesis is indicated, 

with ascitic fluid sent for cell count, total protein, glucose, amylase, 

lactate dehydrogenase, Gram stain, and anaerobic and aerobic cultures. 

Cultures of ascitic fluid should be inoculated in blood culture bottles 

at the bedside to maximize chances of identifying a causative organ-

ism.7,21 Patients with a low ascitic protein content (,1.5 g/L) are par-

ticularly at risk of developing SBP.38 Treatment should start as soon as 

infection is suspected with a third-generation cephalosporin, such as 

ceftriaxone or cefotaxime, for a 5- to 7-day course.6,21

SBP should be differentiated from secondary bacterial peritonitis 

resulting from abscess or perforated viscus, as treatment is substan-

tially different. Secondary bacterial peritonitis should be suspected if 

ascitic fluid analysis has a glucose ,50 mg/dL, elevated lactate dehy-

drogenase, or polymicrobial culture results.39 Further workup includes 

upright plain films, CT with water-soluble contrast, and surgery con-

sultation.

After an initial SBP event, the chance of a repeat infection is 70%.40 

A meta-analysis of eight studies with 647 patients investigating antibi-

otic prophylaxis to prevent recurrent SBP demonstrated an overall 

mortality of 16% in the antibiotic group versus 25% for the control. 

Statistically significant improvements were seen in rates of reinfection 

and in a 3-month survival benefit.41 Oral prophylaxis with norfloxacin 

NORMAL PERITONEUM

Portal Hypertension (SAAG 

.1.1 g/dL)

Hypoalbuminemia (SAAG  

,1.1 g/dL)

Hepatic congestion Nephrotic syndrome

Congestive heart failure Protein-losing enteropathy

Constrictive pericarditis Severe malnutrition with anasarca

Tricuspid insufficiency

Budd–Chiari syndrome

Liver Disease

Miscellaneous Conditions 

(SAAG ,1.1 g/dL)

Cirrhosis Chylous ascites

Alcoholic hepatitis Pancreatic ascites

Fulminant hepatic failure Bile ascites

Massive hepatic metastases Nephrogenic ascites

Urine ascites

Ovarian disease

DISEASED PERITONEUM (SAAG ,1.1 g/dL)

Infections Other Rare Conditions

Bacterial peritonitis Familial Mediterranean fever

Tuberculous peritonitis Vasculitis

Fungal peritonitis Granulomatous peritonitis

HIV-associated peritonitis Eosinophilic peritonitis

Malignant Conditions

Peritoneal carcinomatosis

Primary mesothelioma

Pseudomyxoma peritonei

Hepatocellular carcinoma

TABLE 24.1 Causes of Ascites in the 
Normal or Diseased Peritoneum by Serum- 
to-Ascites Albumin Gradient (SAAG)
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or trimethoprim/sulfamethoxazole is recommended for patients after 

one SBP episode and for those with active gastrointestinal bleeding, a 

low-protein ascitic fluid (,1.5 g/dL), impaired renal function (creatinine 

[Cr] $1.2 mg/dL), or liver failure (CTP score $9 and bilirubin $3).6

Refractory Ascites

Refractory ascites is diagnosed when maximal medical management 

for at least 1 week or repeated large-volume paracenteses within 4 

weeks are insufficient to remove ascites.15 Diuretic failure results from 

resistance to or complications from therapy, including renal impair-

ment or electrolyte perturbations (hypokalemia or hyperkalemia, hy-

ponatremia). Refractory ascites carries a mortality of 21% at 6 months 

and 70% at 2 years, so expedited evaluation for liver transplantation is 

indicated.42 Treatment consists of serial therapeutic paracentesis, trans-

jugular intrahepatic portosystemic shunt (TIPS), or liver transplantation 

(Table 24.2).

TIPS involves percutaneous placement of an expanding metal stent 

within an artificially created channel that diverts portal blood flow into 

the hepatic veins, thus decreasing portal hypertension and ascites. 

Consideration for TIPS occurs once patients require more than two 

large-volume paracenteses in a month. Complications include stent 

occlusion, worsened liver failure, heart failure, infection, renal failure, 

and increased hepatic encephalopathy. In a meta-analysis of TIPS  

versus repeated paracentesis aggregating six randomized controlled 

trials with a total of 390 patients, TIPS was shown to significantly  

improve liver transplant–free survival (hazard ratio [HR] 5 0.61, 96% 

confidence interval [CI] 0.46–0.82, P , .001).43 This is different from 

a previous Cochrane review of five randomized control trials dating 

from 1996 to 2004 comparing 162 patients who showed no difference 

in 30-day or 2-year mortality. However, patients who underwent TIPS 

showed a significant increase in hepatic encephalopathy (odds ratio 

[OR] 2.24, 95% CI 1.39, P , .01).44 Selection of patients for TIPS is 

key. It is not recommended if bilirubin is .5 mg/dL, age .70 years old, 

MELD score .18, or CTP score .12.45,46

First tested in patients in 2010, the Automated Low-Flow Ascites 

Pump (ALFApump, Sequana Medical AG, Switzerland) is a surgically 

implanted device that drains ascites into the bladder. Ascites is directed 

from the abdominal cavity, out a peritoneal catheter, through a subcu-

taneous pump, and into a bladder catheter. Once in the bladder, the 

ascitic fluid can be eliminated out of the body through urination.47 

Between February 2010 and June 2011, 40 patients in multiple Euro-

pean centers underwent placement of an ALFApump for refractory 

ascites. Significant adverse events included infection, catheter dis-

lodgement, and wound dehiscence leading to explantation of the de-

vice in 13 of the 40 patients.48 In one single-center study of 21 patients, 

the ALFApump was successful in reducing the need for paracentesis, 

but was similarly limited because of the high rate of complications (15 

of 21 patients), including catheter leakage, infection, and explanta-

tion.49 The ALFApump is effective, and improvements in surgical 

technique could improve its safety profile. It could be a viable palliative 

treatment for patients with contraindications to TIPS or liver trans-

plantation in select patient populations.

Cirrhosis
(sinusoidal portal hypertension)

Microcirculatory
dysfunction

Organ
failure

Multiorgan
dysfunction

Cirrhotic
cardiomyopathy

Failure of hyperdynamic
circulation

Activation of renin–angiotensin,
aldosterone, ADH, SNS

Na
retention

H2O
retention

Renal
vasoconstriction

↓ GFR

HRSHyponatremiaAscitesDeath

Endothelial dysfunction

Systemic arteriolar dilation

↓ Effective circulating volume

Fig. 24.1 Pathophysiology of Cirrhosis and Ascites. Cirrhosis is associated with splanchnic arterial vasodi-

lation, leading to a decrease in effective circulating volume and a hyperdynamic circulation. The decrease in 

effective circulating volume causes the activation of renal sodium and water retentive pathways (e.g., RAAS, 

renal SNS, and ADH). Resulting sodium and water retention leads to ascites because of the spillage of excess 

sodium and water from hepatic lymph into the peritoneal cavity. As the disease progresses, a progressive 

decrease in effective circulating volume develops, causing severe renal vasoconstriction and a decrease in 

glomerular filtration rate (GFR). The onset of cirrhotic cardiomyopathy accentuates this problem and tips the 

patient over into hepatorenal syndrome (HRS). The accompanying circulatory disturbance leads to organ 

failure and death. Sepsis is frequently associated with this process. ADH, Antidiuretic hormone; RAAS, 

renin–angiotensin system; SNS, sympathetic nervous system. (From Salerno F, Camma C, Enea M, et al. 

Transjugular intrahepatic portosystemic shunt for refractory ascites: a meta-analysis of individual patient data. 

Gastroenterology. 2007;133:825–834.)
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KEY POINTS

• Ascites is most commonly the result of liver disease and has a 20% yearly 

mortality.

• Diagnostic paracentesis should be performed in all patients with new asci-

tes to differentiate between ascites secondary to portal hypertension 

(SAAG .1.1 g/dL) from other conditions.

• Medical management includes sodium restriction and oral diuretics, usually 

starting with spironolactone 100 mg and furosemide 40 mg daily.

• SBP is a life-threatening complication, and treatment should begin promptly 

with a third-generation cephalosporin as soon as infection is suspected.

• Treatment options for refractory ascites include serial paracentesis, TIPS, or 

ALFApump, but expedited evaluation for liver transplantation should also 

begin for appropriate candidates.

 References for this chapter can be found at expertconsult.com.

Definitions Ascites that is not eliminated even with maximum 

diuretic therapy

Ascites that is not eliminated because maximum  

dosages of diuretics cannot be attained, given the 

development of diuretic-induced complications

Recommended therapy Large-volume paracentesis 1 IV albumin (8 g/L 

of ascites), especially if more than 5 L ascites 

are removed

Synthetic plasma volume expanders are not  

recommended

Continue with salt restriction and diuretic therapy 

as tolerated to prevent ascites reaccumulation

Alternative therapy TIPS for appropriately selected patients who  

require repeated paracenteses (.2 per month) or 

those in whom paracentesis is ineffective (i.e., 

loculated)

ALFApump for patients who are not candidates for 

TIPS or liver transplant

TABLE 24.2 Management of Refractory 
Ascites

Data from European Association for the Study of the Liver. EASL  

Clinical Practice Guidelines for the management of patients with  

decompensated cirrhosis. J Hepatol. 2018;69(2):406–460. Erratum in: 

J Hepatol. 2018;69(5):1207.

IV, Intravenous; TIPS, transjugular intrahepatic portosystemic shunt.

ANNOTATED REFERENCES

Bai M, Qi XS, Yang ZP, et al. TIPS improves liver transplantations-free survival 

in cirrhotic patients with refractory ascites: an updated meta-analysis. 

World J Gastroenterol. 2014;20(10):2704–2714.

This updated meta-analysis of six randomized controlled trials with 390  

patients showed a significant improvement of transplant-free survival of  

cirrhotic patients with refractory ascites, decreased ascites recurrence, and  

improved hepatorenal syndrome despite a significantly higher number of  

hepatic encephalopathy episodes in the TIPS group.

European Association for the Study of the Liver. EASL Clinical Practice 

Guidelines for the management of patients with decompensated cirrhosis. 

J Hepatol. 2018;69(2):406–460. Erratum in: J Hepatol. 2018;69(5):1207.

This comprehensive review provides evidence-based recommendations for 

management of the patient with decompensated cirrhosis, including manage-

ment of ascites, refractory ascites, SBP, and other complications, including 

hepatorenal syndrome.

Saab S, Hernandez JC, Chi AC, et al. Oral antibiotic prophylaxis reduces spon-

taneous bacterial peritonitis occurrence and improves short-term survival 

in cirrhosis: a meta-analysis. Am J Gastroenterol. 2009;104:993–1001.

This meta-analysis of eight prospective clinical trials with a total of 647  

patients randomized to oral antibiotic prophylaxis for SBP compared with 

placebo or no intervention documented an overall mortality benefit (RR 5 

0.65; 95% CI 0.48–0.88) for antibiotic treatment groups. The overall mortal-

ity rate was 16% for treated patients and 25% for the control cohort. Groups 

treated with prophylactic antibiotics also demonstrated a lower incidence of 

all infections (including SBP) of 6.2% compared with the control group rate 

of 22.2% (RR 5 0.32; 95% CI 0.20–0.51).
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INTRODUCTION

Diagnosing acute abdominal pain in critically ill patients can be diffi-

cult if the clinician tries to work through a comprehensive list of dif-

ferential diagnoses (Fig. 25.1). The most common etiologies seen 

outside of the intensive care unit (ICU) also occur within it, but other 

diagnoses must be considered. Certain patient populations to include 

trauma patients, postoperative patients, and those who are immuno-

suppressed, to name a few, should illicit even broader differential diag-

noses. This chapter focuses on the difficulties in diagnosing acute  

abdominal pain in the critically ill patient, highlighting those diagno-

ses most relevant in this population.

INITIAL APPROACH

The top diagnoses on the differential list are rather different for pa-

tients who present to the hospital with acute abdominal pain and are 

critically ill than for those patients in an ICU who develop acute ab-

dominal pain. Paramount to narrowing down the differential diagno-

sis for acute abdominal pain for either scenario is gathering as much 

information as reasonably possible. For patients presenting with ab-

dominal pain, the history of the present illness with associated symp-

toms can be revealing. Providers should query the past medical history, 

current medications, prior surgical procedures, prior hospitalizations, 

and any recent courses of antibiotics. For those hospitalized critically 

ill patients who develop abdominal pain, a thorough understanding of 

their hospital course to date will help reorder a blind differential diag-

nosis. For patients in an ICU, the bedside nurse can be a wealth of 

knowledge, especially when patients are intubated or have altered sen-

sorium. Events in the preceding 24 hours may likely be the trigger for 

acute abdominal pain.1 For example, diffuse abdominal pain after 

paracentesis or drain placement by interventional radiology might be 

concerning for an unsterile procedure seeding the abdomen or for 

iatrogenic bowel perforation. Mesenteric artery embolism is a rare 

complication of percutaneous coronary angioplasty.

PHYSICAL EXAMINATION

In certain disease pathologies, the physical examination is not especially 

enlightening, but in others, the diagnosis might be made without further 

workup. For example, septic shock may develop from strangulated in-

guinal or incisional hernias with ischemic or necrotic bowel driving the 

underlying pathobiology. All surgical scars should be noted, as they may 

add or remove some of the diffferential diagnoses (internal hernia after 

gastric bypass surgery or acute cholecystitis after cholecystectomy as  

respective examples). Furthermore, pointing out surgical scars is some-

times the cue necessary for patients or family members to recall past 

surgical procedures not initially reported. Right upper quadrant (RUQ) 

tenderness may be indicative of biliary pathology. Suprapubic pain may 

be indicative of genitourinary causes of illness. All tubes, drains, and 

catheters present should be inspected for location and quality and quan-

tity of output. Finally, an assessment of the patient’s vital signs and any 

hemodynamic-altering medications are important.

DIAGNOSTIC ADJUNCTS

The evaluation of critically ill patients with abdominal pain almost 

universally entails obtaining laboratory and imaging studies based on 

the history and physical examination. Laboratory studies include, yet 

are not limited to, complete blood counts with leukocyte differentials, 

comprehensive metabolic panels including a liver function panel with 

conjugated bilirubin, coagulation studies, arterial or venous blood 

gases, and lactic acid measurements. Additional diagnostic studies to 

consider include urine analysis and cultures, blood cultures, stool cul-

tures, and Clostridium difficile toxin assays if there is a concern for that 

infection.

Radiographic adjuncts include plain radiographs, ultrasonography, 

computed tomography (CT), and nuclear imaging studies. Plain radio-

graphs may prove useful in diagnosing a perforated viscus (perforated 

ulcer or diverticulitis), cecal or sigmoid or volvulus, or toxic megacolon. 

Ultrasonography is the modality of choice if a biliary pathology or ovar-

ian torsion is suspected. The mainstay of imaging modalities is the CT 

scan of the abdomen and pelvis, with intravenous (IV) contrast when 

possible. For critically ill patients being evaluated for acute abdominal 

pain, enteral contrast adds little in diagnostic value, but frequently delays 

the acquisition of images while exposing the patient to the risk for aspi-

ration. Enteral contrast may be useful if the patient had an intraab-

dominal operation with anastomosis of gastrointestinal tract within the 

last 2–3 weeks and there is a concern for anastomotic leak or if there is a 

concern for esophageal perforation or peptic ulcer perforation.

DIFFERENTIAL DIAGNOSIS BASED ON PHYSICAL 
EXAMINATION FINDINGS

Peritonitis
Peritonitis is defined as inflammation of the peritoneal cavity at the 

mechanistic level, but, in clinical vernacular, peritonitis refers to ab-

dominal pain on palpation that spans all quadrants. The overwhelm-

ing majority of cases of peritonitis are secondary to gastrointestinal 

(GI) tract perforation. Peritonitis with chest or abdominal radiographs 

demonstrating free air under the diaphragm may be sufficient to  

warrant surgical exploration. Critically ill patients presenting to the 

emergency center most commonly have a perforated gastroduodenal 
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• Pancreatitis
• Peptic ulcer disease
• Consider cardiac and
 pulmonary diagnoses

• Acute cholecystitis
• Acalculous
 cholecystitis
• Acute cholangitis
• Acute hepatic failure

Epigastric pain Right upper
quadrant pain

• Acute appendicitis
• Ischemic colitis
• C. diff colitis
• CMV colitis
• Typhilitis
• Pyelonephritis
• Ovarian torsion
• Strangulated hernia

• Perforated
 gastroduodenal ulcer
• Perforated sigmoid
 diverticulitis
• Spontaneous 
 bacterial peritonitis
• Secondary bacterial
 peritonitis
• Bile peritonitis

• Ruptured abdominal
 aortic aneurysm
• Acute mesenteric
 ischemia
• Non-occlusive
 mesenteric ischemia

• Sigmoid diverticulitis
• Ulcerative colitis
• Ischemic colitis
• C. diff colitis
• CMV colitis
• Pyelonephritis
• Ovarian torsion
• Strangulated hernia

• Cystitis
• Pelvic inflammatory
 disease
• Perineal necrotizing
 soft tissue infection
• Fecal impaction
• Secondary pelvic
 abscess

• Intestinal obstruction
• Acute colonic
 pseudo-obstruction

Right lower
quadrant pain

Left lower
quadrant pain

Suprapubic or
pelvic pain

Generalized
pain

Peritonitis
“Pain out

of proportion”

Fig. 25.1 Acute Abdominal Pain. Differential diagnosis based on physical examination findings. C diff, Clos-

tridium difficile; CMV, cytomegalovirus.

ulcer or perforated sigmoid diverticulitis. Peritonitis and pneumoperi-

toneum in the ICU patient can be the result of perforation of any loca-

tion in the GI tract.2 It is frequently a late presentation of abdominal 

pain, especially if that pain cannot be communicated to medical staff 

for a variety of reasons, including intubation, sedation, and/or altered 

sensorium. If pneumoperitoneum is not present on the plain radio-

graph, the evaluation most typically proceeds to a CT of the abdomen 

and pelvis, where pneumoperitoneum or other stigmata of perforation 

are appreciated. Pneumoperitoneum can be seen for up to a week after 

laparotomy, laparoscopy, or percutaneous endoscopic gastrostomy 

(PEG) tube placement but frequently resolves within 3 days. Aside 

from expected pneumoperitoneum after PEG insertion or possibly at-

tributed to barotrauma, any pneumoperitoneum with abdominal pain 

or clinical demise should prompt an urgent surgical consult.

In patients with cirrhosis and any degree of ascites, spontaneous 

bacterial peritonitis (SBP) must be considered and treated appropri-

ately. A diagnostic paracentesis may aid in directing antimicrobial 

therapy. For patients with end-stage renal disease who undergo perito-

neal dialysis, secondary bacterial peritonitis can occur because of un-

sterile dialysis technique or catheter damage. Intraperitoneal antibiotic 

treatment via catheter is a viable treatment option.3 Finally, patients 

presenting after a cholecystectomy or liver biopsy can develop bile 

peritonitis from slow, progressive biliary leakage into the abdominal 

cavity, but are also at risk for iatrogenic intestinal injury during the 

aforementioned procedures.

“Pain Out of Proportion”
At the other end of the spectrum from peritonitis are patients who 

report severe pain, yet their physical examination does not elicit a 

significant response, classically referred to as “pain out of proportion.” 

If this scenario arises and there is a palpable abdominal mass, the 

greatest diagnostic concern is a ruptured abdominal aortic aneurysm 

(AAA). Although an AAA can be diagnosed using ultrasonography, the 

imaging modality of choice remains CT.4 This provides meaningful 

data that can be used to plan an endovascular repair. In the critically ill 

population, most cases of pain out of proportion are acute mesenteric 

ischemia, with the likely cause being embolic disease from atrial fibril-

lation. In such instances, laboratory studies may reveal a reactive leu-

kocytosis and/or elevated lactic acid levels. A CT scan with IV contrast 

may reveal differences in bowel wall enhancement, a lack of IV con-

trast within the vasculature, or nonspecific findings such as intraperi-

toneal fluid. Early surgical consultation is warranted, as ischemia can 

be reversed if intervention occurs in a timely fashion.5 Acute mesen-

teric ischemia from superior mesenteric artery occlusion can begin a 

sequence of ultimately fatal events if the entire small intestine is irre-

versibly ischemic at surgical exploration. Nonocclusive mesenteric 

ischemia is similar to acute mesenteric ischemia in that the bowel is 

not receiving adequate blood flow relative to what is being demanded. 

This supply-demand mismatch can be seen in cardiogenic shock or 

high-dose vasopressor use with enteral nutrition and seen in hemodi-

alysis patients eating immediately after a dialysis session. A CT scan in 

this scenario may not show any of the findings noted earlier with acute 

mesenteric ischemia but may reveal pneumatosis intestinalis. First 

steps are to stop enteral feeds for heart failure and patients on high-

dose vasopressors and to make sure dialysis patients are not hypoten-

sive. Surgical exploration may not be warranted if abdominal pain has 

resolved and the patient is not clinically worsening, but pneumatosis 

intestinalis warrants surgical consultation.

Epigastric Pain
Epigastric pain in the critically ill patient can be the result of a wide 

variety of causes. Extraabdominal sources must be considered and 

evaluated, including pulmonary and cardiac pathologies. Epigastric 

pain and tenderness to palpation in the critically ill patient in the emer-

gency setting without antecedent history should be evaluated for pan-

creatitis, to include a hepatic function panel, amylase and lipase, and a 

CT scan of the abdomen and pelvis.6 The same presentation but with a 

recent history of pain that worsens is concerning for gastroduodenal 

ulceration, which may have perforated within the last few hours but has 

yet to result in peritonitis. A CT scan with oral contrast of the abdomen 

and pelvis may be useful in this latter scenario, as it can delineate the 

ulceration into the wall or demonstrate containment of a perforation.
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Right Upper Quadrant Pain
As the primary occupant of the RUQ, the hepatobiliary system ac-

counts for the most common causes of pain in this location. Any 

evaluation should begin with laboratory studies, including a hepatic 

function panel with total and direct bilirubin, in addition to gamma-

glutamyl transpeptidase (GGTP). The imaging modality of choice is 

ultrasonography, looking for intrahepatic duct dilation, common bile 

duct diameter, gallbladder wall thickness or surrounding fluid, and 

biliary stones or sludge in the biliary system. Lack of findings on ultra-

sonography should prompt a CT scan of the abdomen and pelvis for 

further evaluation. Acute cholecystitis leads the differential list for 

critically ill patients in both the emergency center and ICU. Patients in 

the ICU setting receiving total parenteral nutrition (TPN) or vasopres-

sors are especially at risk for acalculous cholecystitis.7 Confirmation 

can be made by hepatobiliary iminodiacetic acid (HIDA) scan, but this 

imaging modality requires that the patient be stable enough to spend 

over 1–3 hours in the radiology department and has a high false- 

positive rate in the setting of prolonged bowel rest. Fevers, chills, and 

RUQ pain should raise concern for acute cholecystitis or cholangitis. 

Obligatory mention must be made of Charcot triad (jaundice, fevers, 

and RUQ pain) and Reynolds pentad (addition of hypotension and 

altered mental status), but note that although these are highly specific, 

they have extremely low sensitivities. Patients with significant physio-

logic reserve are candidates for endoscopic retrograde cholangiopan-

creatography (ERCP) and cholecystectomy for acute cholangitis and 

acute cholecystitis, respectively. For those patients who are too ill to 

undergo general endotracheal anesthesia, a cholecystostomy tube will 

temporize acute cholecystitis. The vast majority of patients with chol-

angitis respond to administration of antibiotics and resuscitation, but 

for those still too ill for ERCP, the intrahepatic biliary system can be 

decompressed via percutaneous transhepatic cholangiography (PTC) 

with tube placement for external drainage.8

Finally, patients with acute hepatic failure can develop RUQ pain as 

the liver swells from injury. This is commonly misdiagnosed as acute 

cholecystitis, as ultrasonography will demonstrate pericholecystic fluid 

and possibly wall thickening, but this is in the setting of the whole liver 

being edematous and swollen.9 The distinguishing difference is that 

the patient is tender along the whole subcostal region of the liver, as 

opposed to only being tender at the location of the gallbladder. In 

acute hepatic failure or cirrhosis, HIDA scans are not especially helpful 

because of issues with initial hepatic uptake and thus should not be 

used for working up cholecystitis.

Right Lower Quadrant Pain
Discussions of right lower quadrant pain reflexively focus on appendici-

tis. Although appendicitis can cause severe illness if it festers for long 

enough untreated outside of the hospital, it is extremely rare in ICU 

patients. More commonly, the cecum and ascending colon develop vari-

ous types of colitis. Ischemic colitis can result from embolic disease or 

low flow in the setting of high-dose vasopressors.10 Not infrequently, 

these are diagnosed by either CT imaging with IV contrast or intraop-

eratively when patients continue to decompensate. Infectious colitis oc-

curs secondary to a wide array of pathogens. C. difficile colitis results 

from prior antibiotic exposure, yet typically presents with more diar-

rheal complaints than abdominal pain. Cytomegalovirus (CMV) colitis 

is seen in immunosuppressed patients, specifically transplant patients. 

Neutropenic enterocolitis, also referred to as typhlitis, is almost exclu-

sively described in the ascending colon of immunocompromised pa-

tients with profound neutropenia. The pathophysiology is thought to be 

bacterial invasion of the bowel wall. Treatment of the infectious colitis 

types listed begins with antibiotics specific to C. difficile, antiretrovirals 

active against CMV, and broad-spectrum antibiotics, respectively.11

Pyelonephritis, possibly with urosepsis, most commonly presents 

as right (or left) lower quadrant pain wrapping around to the back. In 

young females, lower quadrant pain is also concerning for ovarian tor-

sion. Ultrasonography is the diagnostic modality of choice, as Doppler 

imaging can determine if arterial flow is present. Finally, strangulated 

hernias can present as lower quadrant pain causing critical illness, 

typically the result of physiologic effects of bowel necrosis. These may 

be clinically palpable and tender hernias, such as an inguinal hernia, or 

they may be more difficult or sometimes impossible to palpate, such as 

a femoral hernia, Spigelian hernia, or obturator hernia.

Left Lower Quadrant Pain
Left lower quadrant pain in the critically ill patient has an almost 

identical differential diagnosis as right lower quadrant pain, exclud-

ing appendicitis and neutropenic enterocolitis. Similar to appendici-

tis being the reflex thought in right lower quadrant pain, most pro-

viders reflexively think of diverticulitis with left lower quadrant pain. 

Patients may be critically ill upon presentation with diverticulitis, 

but this common presentation usually occurs with overall peritonitis 

on examination. Development of diverticulitis in ICU patients is a 

rare event, given that most patients are on enteral feeds and have 

bowel regimens. Although fulminant or toxic ulcerative colitis can 

present as right lower quadrant pain, it most commonly presents as 

left lower quadrant pain progressing to generalized abdominal pain 

as it advances from distal to proximal. For fulminant ulcerative coli-

tis, emergent surgery is reserved for massive hemorrhage, perfora-

tion, or peritonitis; otherwise, high-dose IV steroids are the mainstay 

of initial therapy.12

Colonic ischemia resulting from endovascular or open AAA repairs 

most frequently presents as left lower quadrant pain. It is typically a 

crampy abdominal pain with loose bowel movements (with or without 

blood present). Abdominal tenderness in the left lower quadrant is 

especially concerning for transmural ischemia. Suspicion and prompt 

evaluation are of the utmost importance, as associated mortality is 

around 50% but increases up to 90% with delay in diagnosis.4 Flexible 

sigmoidoscopy is employed to confirm the diagnosis. A worsening 

physical examination or overall status prompts surgical exploration to 

evaluate for transmural necrosis.

Suprapubic or Pelvic Pain

Suprapubic or pelvic pain most commonly occurs with cystitis or pel-

vic inflammatory disease; however, these do not frequently cause criti-

cal illness in otherwise healthy individuals. For patients presenting to 

an emergency center critically ill with suprapubic pain, patients must 

be examined for a possible necrotizing soft tissue infection of the 

perineum or genitals, which can extend up onto the abdominal wall.13 

In the ICU patient with suprapubic pain, cystitis and fecal impaction 

should be evaluated and treated appropriately. Finally, pelvic abscesses 

from other intraabdominal pathologies can occur.

Generalized, Nonspecific Abdominal Pain
Intestinal obstruction often presents with acute, diffuse, crampy ab-

dominal pain coupled with nausea and vomiting, obstipation, disten-

tion, and tenderness to palpation. Obstruction can be partial or com-

plete and can involve the small or large intestine. Obtaining an adequate 

history of previous surgeries and colonoscopies is important. Obstruc-

tion may be the result of adhesions or incisional hernias from prior 

surgical procedures. Fever, leukocytosis, and lactic acidosis are concern-

ing for intestinal ischemia resulting from obstruction or herniation.14 

Plain radiographs will demonstrate air-fluid levels and dilated bowel 

(small or large). A CT scan of the abdomen and pelvis with oral contrast 

can often identify a transition point or other causes of obstruction like 
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ANNOTATED REFERENCES

Briggs A, Rosengart MR. Acute abdomen in ICU patients. In: AB Peitzman 

(Ed.), The Trauma Manual: Trauma and Acute Care Surgery, 5th ed. Phila-

delphia, PA: Wolters Kluwer; 2020;651–659.

A summary of acute abdominal pain in the ICU providing a systematic  

approach to the evaluation and management of such patients.

Eltarawy IG, Etman YM, Zenati M, et al. Acute mesenteric ischemia: the  

importance of early surgical consultation. Am Surg. 2009;75(3):212–219.

A retrospective review of the diagnosis and management of acute mesenteric 

ischemia. Early surgical consultation resulted in improved outcomes, even for 

those patients managed nonoperatively.

Long B, Robertson J, Koyfman A. Emergency medicine evaluation and man-

agement of small bowel obstruction: evidence-based recommendations.  

J Emerg Med. 2019;56(2):166–176.

Small bowel obstruction is commonly diagnosed in the emergency depart-

ment. This review evaluates emergency department evaluation and manage-

ment of small bowel obstruction based on the current literature.

Miura F, Okamoto K, Takada T, et al. Tokyo Guidelines 2018: initial manage-

ment of acute biliary infection and flowchart for acute cholangitis. J Hepa-

tobiliary Pancreat Sci. 2018;25(1):31–40.

An overview of the initial management of acute biliary infection. A thorough 

history and physical examination, along with laboratory and radiographic 

studies, are required. The management is then predicated by the severity of 

the disease.

Ross JT, Matthay MA, Harris HW. Secondary peritonitis: principles of diagno-

sis and intervention. BMJ. 2018;361:k1407.

A review of the pathophysiology of peritonitis and its potential progression to 

sepsis, discussing the utility and limitations of the physical examination and 

laboratory and radiographic tests, and presenting a paradigm for the man-

agement of secondary peritonitis.

volvulus or intussusception. Decreased intestinal wall enhancement on 

CT, peritoneal signs, and leukocytosis are predictive of intestinal isch-

emia in patients with small bowel obstructions and should prompt 

surgical exploration. Nonoperative management may be appropriate 

with nasogastric decompression and bowel rest. However, in bowel ob-

structions that do not resolve or have signs of ischemia present, surgical 

management is imperative.

Acute colonic pseudo-obstruction (Ogilvie syndrome) characteristi-

cally has significant dilation of the cecum and right colon without any 

anatomic obstruction. There is a strong association with opiate admin-

istration. Lower abdominal pain coupled with constipation, distention, 

nausea, vomiting, and paradoxical diarrhea are common. CT confirms 

the diagnosis by excluding evidence of mechanical obstruction or toxic 

megacolon resulting from colitis. Treatment consists of correcting any 

electrolyte abnormalities, decompressing the stomach, and avoiding 

narcotics. The anticholinesterase inhibitor neostigmine may be effective 

for colonic decompression but requires cardiac monitoring and should 

be used with caution in patients with asthma or cardiac abnormalities 

and the elderly.15 Colonoscopic decompression should be attempted 

when supportive measures fail.16 If decompression fails, worsening co-

lonic distention can compromise bowel wall viability, seen as cecal 

ischemia and necrosis requiring colon resection.

Abdominal pain in the critically ill patient has a vast array of 

causes. A proper history and physical examination may give clues as  

to the specific cause. Aside from hepatobiliary pathology and ovarian 

torsion, CT is the mainstay of imaging. Oral contrast adds minimal 

additional information. Critically ill patients with abdominal pain 

warrant a prompt surgical consultation.

KEY POINTS

• The history of present illness, past medical history, physical examination, 

and antecedent hospital course can rapidly narrow down the differential 

diagnosis in acute abdominal pain in the critically ill patient.

• Laboratory values, plain radiographs, and CT scans are the mainstay of 

evaluating acute abdominal pain.

• Ultrasonography is most useful in evaluating pathologies of the hepatobili-

ary and genitourinary systems.

• Peritonitis is concerning for bowel perforation, and the radiographic evalu-

ation should be initiated with an upright radiograph.

• “Pain out of proportion” is most concerning for acute mesenteric ischemia.

• Lower quadrant pain may be the result of genitourinary causes, but is most 

commonly the result of colonic pathologies.

 References for this chapter can be found at expertconsult.com.
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INTRODUCTION

Evidence of ileus, gastroparesis, or small bowel dysmotility is common 

in the setting of critical illness. Data on the incidence of ileus estimate 

an occurrence ranging from 50% to 80% in critically ill patients,1 with 

an average incidence of 38%.2 In the postoperative surgical intensive 

care unit (ICU), evidence of postoperative ileus ranges from 24% to 

75%.3 Ileus can affect the entire gastrointestinal (GI) tract or just a seg-

ment, from the proximal gut, to the small bowel, to the colon. Defini-

tions are poorly standardized and can be vague and elusive. Usually,  

ileus is characterized clinically by hypoactive or absent bowel sounds, 

abdominal distention, and delayed passage of stool and gas, but the 

process may involve nausea, vomiting, and abdominal tenderness.  

Objective measurements are limited mostly to research tools such as 

measuring gastric emptying by acetaminophen absorption tests or pas-

sage of radiolabeled carbon compounds, or small intestinal manome-

try. When present, ileus in critical illness has been shown to be associ-

ated with nutritional deficits, greater risk of aspiration, sepsis, prolonged 

mechanical ventilation, and increased allocation of healthcare re-

sources.4–6 Although similarities exist between the ileus of critical illness 

and postoperative ileus in the surgical ICU patient, the precipitating 

factors are different. These entities share similar pathophysiologic pat-

terns, and both are usually self-limited, tending to resolve spontane-

ously within days.

Many aspects of ileus are counterintuitive.7 Bowel sounds are not 

needed or required to initiate nutritional therapy, as recommended by 

the societal guidelines.8 A nasogastric tube placed for gastric decom-

pression in postoperative ileus would be expected to benefit the surgi-

cal patient, but instead actually worsens outcome by increasing the 

incidence of pneumonia and atelectasis and leading to slower return of 

GI function.9 Surprisingly, gastric feeding is well tolerated in over 90% 

of critically ill patients.10–13 When the level of infusion of formula 

within the GI tract is diverted from the stomach to the small bowel, 

there is little change in outcome.8 Although multiple findings of GI 

dysfunction do reflect gastroparesis or intestinal dysmotility, other 

signs and symptoms are often included in the definition, which may or 

may not be related, such as diarrhea, GI bleeding, or increased ab-

dominal pressure.7

What continues to stoke interest in this entity is the correlation 

between ileus and adverse outcomes.7 The link to adverse outcome is 

shown in studies where evidence of GI dysfunction has prognostic 

value and is associated with increased ICU length of stay, duration  

of mechanical ventilation, and even mortality.7 Ileus is also linked to 

decreased delivery of enteral nutrition (EN), feeding intolerance, or 

feeding failure. The presence of ileus does identify a patient at high 

nutritional risk, a patient who may be more difficult to feed, whose risk 

of complications is increased, and whose delivery of EN should be 

provided with more caution.7 Critically ill patients need the therapeu-

tic advantage of early EN; however, resolution of the ileus is important 

to facilitate further delivery of the nutritional regimen.

DEFINING GASTROINTESTINAL DYSFUNCTION

Definitions for ileus and GI dysfunction in critical illness vary over a 

wide spectrum of signs and symptoms. GI dysfunction usually relates 

to disordered motility and is most often defined by a constellation  

of symptoms, including nausea, vomiting, regurgitation, abdominal 

distention, and hypoactive-to-absent bowel sounds.2,14 Feeding intol-

erance is defined separately as a reduced delivery of EN for whatever 

reason.2,14 Often, the definitions of GI dysfunction have an overreli-

ance on gastric residual volumes (GRVs) to make the definition.14 

Additional factors are added to the definition in a somewhat haphaz-

ard manner, such as intraabdominal hypertension, overt GI bleeding, 

and diarrhea.14–18

There is a difference in the definitions of ileus between a static 

score of signs and symptoms seen on admission to the ICU and a 

more graded series of findings suggesting a spectrum of increasing 

severity.7 GI dysfunction is more of a static definition and is a greater 

issue on admission to the ICU. GI dysfunction in the acute and im-

mediate postacute phases of critical illness is often influenced by 

prolonged bed rest, increasing disease severity, comorbidities, the 

metabolic state, and use of opioid narcotics.7,10 Feeding intolerance, 

on the other hand, is a more dynamic process and is a greater issue 

with initiation and advancement of early EN.7,10 Feeding intolerance 

is more likely to be influenced by nursing care, the existence of proto-

cols, the culture or leadership of the ICU, and whether GRVs are used. 

A component of “grading” implies the continuum of a process over a 

spectrum from mild to severe degree, a contrived definition where 

such a spectrum may not exist.7,14,17,19 The designation of increasing 

grades of GI dysfunction has been defined by a greater number of GI 

signs and symptoms, by a reduction in the delivery of EN, or by the 

finding of additional complications such as organ failure (as mea-

sured by Sequential Organ Failure Assessment or SOFA score), the 

presence of overt GI bleeding, or the development of intraabdominal 

hypertension.14,17–19 Other systems designated an increased grade by 

whether there was a positive response, a poor response, or no re-

sponse to therapy.14

What sustains interest in GI dysfunction is its correlation with ad-

verse outcomes. Multiple studies have shown that evidence of ileus or 

GI dysfunction upon admission to the ICU is associated with pro-

longed duration of mechanical ventilation, increased ICU length of 

stay, and greater mortality.2,14–20 In those studies describing a spectrum 

of severity of GI dysfunction, increasing grades were shown to be as-

sociated with a demonstrated stepwise reduction in survival.14,17,18 In 
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one study, increasing grades of an abdominal GI score correlated with 

greater 28-day and 90-day mortality.18

For the critically ill patient receiving early EN in the ICU, use of 

these signs and symptoms of ileus or GI dysfunction to define “intoler-

ance” is problematic.7 No standardization of the practice exists. There 

are over 40 definitions of feeding intolerance in the literature,2 and 

88% of them rely heavily on the use of GRVs. There is large interob-

server variability,2 such that hypoactive bowel sounds had to be 

removed from the definition in one study because of discrepancies 

between clinical participants.20 Clinical conditions can change the 

interpretation of these signs and symptoms. Abdominal distention, 

reduced bowel sounds, and cramping may be interpreted differently in 

a patient with hemodynamic instability on vasosuppressive therapy 

compared with a patient who is hemodynamically stable and not re-

quiring these agents. A change in symptoms as EN is initiated may be 

more important than the findings of ileus on admission to the ICU. 

Homeostatic proteins such as albumin, prealbumin, and transferrin 

have prognostic value on admission but provide no nutritional infor-

mation and are not markers of nutritional status or adequacy of nutri-

tional support. Feeding intolerance is often defined by the reduced 

delivery of EN as a percentage of goal requirements, but this parameter 

can only be measured retrospectively. Protocols in the ICU may affect 

the perceived incidence of feeding intolerance, as protocols that direct 

slow ramp-up and encourage reaching only 80% of goal requirements 

may be misinterpreted as feeding intolerance.

MECHANISM OF ILEUS IN CRITICAL ILLNESS

Gastric emptying is affected by both zero-order and first-order kinet-

ics.21,22 Liquids empty by first-order kinetics, which relate to increased 

fundic pressure, cause a rapid parabolic emptying of liquids, and the 

rate of emptying speeds up with increasing meal volume.21 This pat-

tern of gastric emptying may remain normal even with advanced gas-

tric dysmotility.22 Solids empty by zero-order kinetics, which is related 

to the steady antral grinding of solids and a fixed rate of emptying 

through the pylorus unaffected by meal volume.21,22 Formulas may 

have a hybrid pattern, combining both first-order and zero-order  

kinetics. For example, the infusion of enteral formulas should follow 

the first-order kinetics of liquid emptying unless casein in the formula 

begins to curdle, at which point the pattern would switch more to 

zero-order kinetics of solid emptying.

A number of clinical factors affect gastric emptying and subsequent 

dysmotility. Osmolarity of the formula is a key factor, as duodenal 

osmoreceptors will slow gastric emptying until the luminal contents 

are isosmotic. Increasing fat content slows gastric emptying. Source of 

protein is also a factor in gastric emptying, as whey protein has been 

shown to empty faster than casein protein.23 With the metabolic stress 

of critical illness, corticotropin-releasing factor (CRF) causes increased 

production of corticosteroids, which has the effect of reducing gastric 

emptying.24 Other factors may delay gastric emptying, such as elevated 

intracranial pressure, increasing intraabdominal pressure, hyperglyce-

mia, and electrolyte abnormalities (especially potassium or sodium).6 

Altered antropyloroduodenal (APD) activity is reported in the ICU.25,26 

Gastric emptying may be adversely affected by central input from the 

vagus nerve or from neurohormonal feedback loops.6

Small bowel intestinal dysmotility occurs commonly in both medi-

cal and surgical ICU patients. Nearly 100% of surgical patients under-

going abdominal aortic aneurysm repair were shown in one study to 

have small bowel dysmotility,27 whereas up to 42% of critically ill pa-

tients on mechanical ventilation in a medical ICU were shown to have 

evidence of intestinal dysfunction.28 The pathophysiologic mechanism 

of small bowel dysmotility differs slightly from the process affecting 

gastric function. Intestinal dysmotility is characterized by an altered 

pattern in the migrating motor complexes. A number of factors con-

tribute to intestinal dysmotility.6 Proinflammatory cytokines such as 

interleukin-2 and interleukin-6 cause increased leukocyte migration 

and inflammation in the muscularis propria of the smooth muscle in 

the intestinal wall, leading to an inhibitory effect on contractility.29 

Ionic channels are altered in structure and function, causing abnor-

malities in the contractility of intestinal smooth muscle.30 Tachykinins 

(substance P and neurokinin) elevated as part of the stress response 

cause increased activation of NK2 receptors, leading to inhibition of 

intestinal motility.26 Nitric oxide (NO) and vasoactive intestinal pep-

tide (VIP) are released in sepsis and cause suppression of migrating 

motor complexes.31 Neurohormonal dysregulation leads to increased 

sympathetic activity, which causes a consequent reduction in intestinal 

motility.32 Increased activation of nociceptor reflexes in a severity-

dependent fashion (from incision of the skin only, to entry into the 

peritoneum, to manipulation of bowel) inhibits motility in postopera-

tive surgery patients.33

Clinical factors may play a large role in perpetuating ileus in critical 

illness.6 Electrolyte abnormalities, opioid analgesia, and excessive fluid 

resuscitation may all reduce intestinal motility. The use of crystalloid 

has a more inhibitory effect than use of colloid for volume resuscita-

tion.6 Use of a nasogastric tube for decompression, bowel wall edema, 

bowel manipulation at the time of surgery, sepsis, and intestinal hypo-

perfusion all may worsen the ileus seen in critically ill patients or post-

operative patients in the surgical ICU.6,9 Prolonged bed rest can lead to 

intestinal stasis.2 Activation of Toll-like receptors in sepsis-induced ileus 

occurs as a direct result of release of lipopolysaccharide (LPS) endo-

toxin.34 Alteration in the gut flora with emergence of a pathobiome 

has been correlated with dysmotility and feeding intolerance,35 and a 

reduction in biliary and pancreatic secretions lose their trophic effect 

on intestinal function and subsequent motility6 (Fig. 26.1A–C).

IMPLICATIONS FOR DELIVERY OF ENTERAL 

NUTRITION

The foundation of feeding in the ICU is by intragastric feeding. Plac-

ing a 10–12 French nasogastric tube requires a low level of expertise 

and usually promotes faster time to initiation of EN. Diverting the 

level of feeding from the stomach to the small bowel has surprisingly 

little effect on outcome parameters.8 Meta-analyses of multiple ran-

domized controlled trials of gastric versus small bowel feedings show 

that the only difference is a reduction in the diagnosis of pneumonia 

with small bowel feeding compared with gastric feeding.8 No other 

outcome parameter changes by diverting the level of feeding, including 

duration of mechanical ventilation, ICU or hospital length of stay, and 

mortality. In fact, the largest multicenter trial by Davies and colleagues 

showed no difference in any outcome parameter between gastric and 

small bowel feeding.36

Early initiation of feeding in the ICU helps prevent ileus from set-

ting up. In two trials involving patients with severe acute pancreatitis, 

expeditious placement of enteral access and initiation of enteral feed-

ing minimized the duration of ileus and increased the success of  

enteral feeding.37,38 In a study by Cravo and colleagues, delays in initia-

tion of enteral feeding from 0 to 6 days prolonged the duration of ileus, 

leading to reduced success of enteral feeding and increased need for 

total parenteral nutrition (TPN).37 A second trial by Eatock and col-

leagues, comparing gastric with small bowel feeding in pancreatitis, 

showed equal success with gastric feeding in every parameter evalu-

ated.38 The success of gastric feeding was attributed to the fact that 

feedings were started within 48 hours of onset of symptoms, such that 

less ileus and gastric stasis was incurred.
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Intermittent feeding may actually enhance tolerance and reduce GI 

dysmotility compared with continuous infusion.39 Multiple studies in 

animal models show that intermittent feeding with 20- to 30-minute 

infusions repeated every 2 hours hastened the gastric emptying of 

liquids and increased mesenteric blood flow.39 Protein synthesis was 

greater with intermittent feeding, and the components of the ileal 

brake (PYY and gastrointestinal inhibitory polypeptide) were in-

creased, resulting in less diarrhea and more time for nutrients to be 

absorbed.39

When diarrhea or upper GI bleeding occurs, it should be evaluated 

independently and not lumped together with a number of other signs 

or symptoms attributed to GI dysmotility. In over 50% of cases, diar-

rhea is related to medications (especially sorbitol, which is a common 

mixing agent used by pharmacists to deliver medications by the enteral 

route).40 Twenty percent of the time, diarrhea is related to Clostridium 

difficile or antibiotic-associated diarrhea. Most often, diarrhea is low-

volume incontinence in the ICU and not related to GI dysfunction.40 

The workup of a GI bleed in the ICU again should not be attributed to 

GI dysfunction, but should be investigated independently. Minimal 

bleeding in a noncirrhotic ICU patient on mechanical ventilation  

may represent stress gastritis. Increased delivery of EN is effective in 

promoting mucosal blood flow and may be the best treatment in that 

setting. Clinicians should avoid the use of colorimetric cards to detect 

occult GI bleeding. Occult bleeding (as determined by such cards) 

should be differentiated from overt bleeding where there is obvious 

hematemesis, melena, or hematochezia. Cirrhotic patients should be 

differentiated from noncirrhotics, and a significant GI bleed where 

there is a drop in hemoglobin, volume contraction, and hemodynamic 

instability should be differentiated from insignificant bleeding.

A number of clinical strategies may be used in the ICU patient who 

shows evidence of ileus or significant GI dysmotility. Electrolytes 

should be corrected, minimizing subsequent alterations, particularly 

in potassium and magnesium. GRVs should not be used.8 A bowel 

regimen that includes stool softeners or polyethylene glycol helps 

maintain the passage of stool and gas. Lubiprostone is an agent that 

actively increases water secretion by the intestine and helps promote 

bowel movements in the ICU.6 Early enteral feeding should be 

promoted, and the use of protocols to direct delivery helps improve 

success. Prokinetic agents may play a role early on in the initiation of 

enteral feeding and include erythromycin, metoclopramide, and ex-

perimental ghrelin agonists. In patients on opioid narcotics, agents 

such as peripherally acting mu-opioid receptor antagonists may be 
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Fig. 26.1 Causes, Consequences, and Management Strategies of Ileus in Critical Illness. A, Causes. B, 
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used, such as methylnaltrexone (Relistor), naldemedine (Symproic), or 

alvimopan (Entereg).6

Goal-directed fluid management is important to avoid bowel  

wall edema and increasing intraabdominal pressures. Small-peptide 

formulas with medium-chain triglycerides may stimulate peptide 

transporters and promote better gastric emptying.6 Low-fat formulas 

likewise may enhance gastric emptying. Avoiding hyperglycemia with 

moderate to relatively stricter control of glucose levels is important, 

and variability in blood glucose may actually be more important than 

absolute levels.6 Experimental agents that have been used in postop-

erative ileus include ceruletides (an analog to CCK), celecoxib (a cyclo-

oxygenase inhibitor), and rosiglitazone (a PPAR-gamma activator), all 

of which have helped reduce ileus and promote early feeding.6

Certain findings on physical examination should cause the clini-

cian to back off of enteral feeding if the ileus is sustained. Worsening 

of symptoms in the face of feeding, greater abdominal distention, 

vomiting, or sudden cessation in the passage of stool and gas should be 

interpreted with caution, as it may reflect intolerance, potential isch-

emic bowel, and a contraindication to further advancement. Increas-

ing lactic acidosis or worsening radiographs showing pneumatosis  

intestinalis or a greater number of dilated loops of bowel can all reflect 

poor tolerance, intestinal dysmotility, and the increasing chance of 

intestinal ischemia.

CONCLUSIONS

Ileus should be expected in critical illness. The best use of signs, symp-

toms, or a scoring system for GI dysmotility may be that it differenti-

ates patients at high nutritional risk from those at low risk.7 Despite 

the common occurrence of gastroparesis and intestinal dysmotility, 

gastric feeding is tolerated well in the vast majority of critically ill  

patients.12,13 Clinicians should avoid misinterpretation of findings. 

Evidence of intestinal dysmotility on admission should be interpreted 

in a similar fashion to that of other prognosticators such as reduced 

homeostatic proteins (albumin, prealbumin, transferrin) or elevated 

markers of inflammation (C-reactive protein and erythrocyte sedi-

mentation rate).7 Clinicians should stop using colorimetric cards to 

detect occult GI bleeding. Overt yet insignificant bleeding with no 

changes in hemoglobin in an ICU patient on mechanical ventilation 

should not deter delivery of EN.7 Overt significant bleeding with a 

drop in hemoglobin and hemodynamic instability should lead to ces-

sation of feeding until the source can be evaluated or determined.

Clinicians should monitor patients on enteral feeding by physical 

examination, intake and output records, and passage of stool and gas. 

GRVs are misleading and a poor sign of gastric emptying, aspiration 

risk, or intolerance. Use of GRVs invariably serves as an impedance to 

the delivery of EN.8 With appropriate goal-directed fluid resuscitation, 

there may be little use for measuring intraabdominal pressure. Intraab-

dominal hypertension is disappearing with the strategy of conservative 

goal-directed fluid management. Mild increases in intraabdominal 

pressure may actually improve with the delivery of enteral feeding.7 

Physicians should be leery of a spectrum or gradation of findings where 

no spectrum exists.7 Delivery of EN represents a challenge to the GI 

tract, and patients should be monitored closely, especially with initia-

tion of enteral feeding.

Protocols help minimize the impact of ileus. Providing early EN 

helps stimulate motility and reverse the effects of ileus. Bowel regimens 

help reduce the signs or symptoms that might otherwise be interpreted 

as GI dysmotility. A change in response to initiation of enteral feeding 

may be more important than the static findings of GI dysmotility at 

the onset. The findings of ileus on admission provide prognostic infor-

mation, but may be less useful or even counterproductive in directing 

subsequent nutritional therapy. Such findings should not dissuade the 

clinician from at least trying to feed the ICU patient and provide the 

clinical benefit of early enteral feeding.

KEY POINTS

• Gastroparesis and intestinal dysmotility are common, involving more than 

75%–80% of critically ill patients in the ICU.

• Issues of ileus in critical illness are counterintuitive, as gastric feeding is 

tolerated in over 90% of ICU patients despite the frequent presentation of 

hypoactive bowel sounds, abdominal distention, and failure to pass stool 

and gas.

• Evidence of GI dysfunction on admission to the ICU correlates with adverse 

outcomes, prolonged duration of mechanical ventilation, increased hospital 

length of stay, and reduced survival.

• Ileus and gastroparesis may be worsened by delays in initiating feeding, 

poor control of hyperglycemia, overly aggressive fluid resuscitation, use of 

a high-fat hyperosmolar formula, continuous infusion of nutrients, and pro-

longed bed rest.

• Considerations to facilitate delivery of EN in critical illness include early 

initiation of therapy, selection of an isosmolar small-peptide formula with 

medium-chain triglycerides and whey protein, correction of electrolytes, 

employing goal-directed fluid volume resuscitation, use of crystalloid over 

colloid, avoidance of decompressive nasogastric tubes, routine placement 

on a bowel regimen, use of prokinetic agents in select patients, and inter-

mittent infusion of enteral nutrients.

• Diarrhea and GI bleeding should be investigated independently, may be 

unrelated to dysmotility or ileus, and should not be considered an automatic 

contraindication to continued enteral feeding.

• The presence of ileus or GI dysfunction in critical illness identifies a patient 

at higher nutritional risk with an increased likelihood for complications and 

adverse outcomes, whose delivery of enteral feeding will be more difficult 

and require greater caution with close monitoring.

 References for this chapter can be found at expertconsult.com.
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Blaser AR, Starkopf J, Kirsimagi U, et al. Definition, prevalence, and outcome 
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Caddell KA, Martindale RG, McClave SA, et al. Can the intestinal dysmotility 

of critical illness be differentiated from post-operative ileus? Curr 
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Diarrhea is one of the most common manifestations of gastrointestinal 

(GI) dysfunction in the intensive care unit (ICU); the reported inci-

dence is between 2% and 63%.1 Diarrhea is best defined as bowel move-

ments that, because of increased frequency, abnormal consistency, or 

increased volume, cause discomfort to the patient or the caregiver. This 

definition demonstrates the subjectivity in diagnosing diarrhea, which 

complicates interpretation of the literature and limits applicability of 

guidelines. The National Institute of Diabetes and Digestive and Kidney 

Diseases (NIDDK) defines diarrhea more objectively as having loose, 

watery stools three or more times a day, further classified by chronicity:

• Acute diarrhea is a common problem that typically lasts 1 or 2 days 

and goes away on its own.

• Persistent diarrhea lasts longer than 2 weeks and less than 4 weeks.

• Chronic diarrhea lasts at least 4 weeks. Chronic diarrhea symp-

toms may be continual or may come and go.

The impact of diarrhea on patient care in the ICU, including its 

cost in morbidity and mortality, is unknown. However, it is undeniable 

that diarrhea remains a persistent problem in many ICUs not just for 

the patient but also for the care team (especially the bedside nurse).

CRITERIA

Several criteria diagnose diarrhea:

 1. Abnormal frequency. Normal frequency is one or two bowel move-

ments per day and is influenced by the amount of fiber in the diet. 

Three or more bowel movements per day is abnormal.1

 2. Abnormal consistency. Abnormal consistency is described as either 

nonformed stool or stool having excessive fluid content that causes 

inconvenience to the patient, nursing staff, or caregiver. Normal 

stool water content is 60%–85% of the total weight.1

 3. Abnormal amount. Stool amount and volume vary significantly 

with the amount and type of enteral intake. Insoluble fiber adds a 

significant amount of bulk volume. A normal amount is approxi-

mately 200 grams per day (g/d).1 Abnormal amounts are greater 

than 300 g/d or volumes greater than 250 mL/d.1,2

To date, clinicians lack a consistent scale or index that allows a reli-

able and practical way of measuring stool volume, consistency, and 

frequency. In its absence, the bedside nurse remains the most reliable 

person to identify the presence of diarrhea.

PATHOPHYSIOLOGY

Bowel movements with normal physiologic volume, consistency, and 

frequency are the result of a GI tract that integrates motility, secretion, 

and absorption of fluids and adapts to the quality of the food bolus 

given. The result is a fecal bolus that is produced once or twice every 

24 hours and has normal consistency and fluidity.

Diarrhea results when there is a disorder of GI physiology or when 

GI tract function is incapable of handling the food bolus (Fig. 27.1). 

There are several classifications of diarrhea, suggesting that no single 

classification is ideal for helping the clinician make patient care deci-

sions. Perhaps the most useful approach is to classify diarrhea accord-

ing to physiology:

 1. Increased fluid secretion that overwhelms absorption. On average, 

up to 9 L of fluid is secreted into the GI lumen in addition to oral 

intake. Less than 1% of that fluid is contained in stool because of 

the amazingly large absorptive capacity of the small and large 

bowel. Within the intestinal mucosa, passive and active transport of 

sodium determines the amount of water that is absorbed. Stimula-

tion of the active secretion of fluids into the GI lumen occurs when 

intracellular levels of the second messenger, cyclic adenosine mo-

nophosphate (cAMP), increases within enterocytes. Increased  

intracellular cAMP concentration promotes chloride secretion.3 

Thus diarrhea caused by excessive secretion of fluids is termed se-

cretory diarrhea. Secretory diarrhea characteristically contains large 

amounts of fluid and is described as watery. Secretory diarrhea is 

observed in certain infectious diseases such as cholera and rotavi-

rus infections. Secretory diarrhea also can be observed in endocrine 

disturbances associated with carcinoid syndrome or vasoactive in-

testinal peptide (VIP)–secreting tumors.

 2. Gastroenteritis or infectious diarrhea occurs from GI tract in-

flammation with resultant increase in mucus secretion from the 

large bowel, leading to development of diarrhea. Excessive mucus 

secretion is observed in colonic infections such as bacterial (Clos-

tridium difficile colitis), viral (norovirus), or parasitic (amebia-

sis).4 The incidence of infectious diarrhea in the ICU is unknown, 

but increases with contaminated food products. Of particular 

concern is the contamination of the food being given in the ICU. 

Contamination of enteral formulas can occur at multiple levels, 

including preparation of the enteral product, use of open feeding 

systems, addition of modular dietary components, and contami-

nation of the enteral access port (i.e., feeding tube, gastrostomy 

tube). The incidence of diarrhea resulting from contaminated 

feeding tubes is unknown.

 3. Diarrhea resulting from increased osmotic load. Many substances 

taken orally are not fully absorbed and exert significant osmotic 

force, overwhelming the absorptive capacity of the GI tract. Many 

patients with diarrhea in the ICU fall into this category.

 A. Osmotic diarrhea caused by medications: Sorbitol is frequently 

and inadvertently given to patients in the ICU as a means of 

preparing many medications for delivery via feeding tubes and 

is an often-overlooked culprit causing diarrhea.5 Other osmotic 

agents include GoLYTELY and magnesium-containing medica-

tions and electrolyte replacement formulations.
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 B. Incomplete digestion and malabsorption: The incidence of mal-

absorption in the ICU is unknown. However, there are many 

instances where malabsorption should be considered the cause 

of diarrhea in the critically ill patient. These include:

 i. Incomplete protein digestion (azotorrhea): Protein digestion 

occurs mainly in the stomach by pepsin (only activated at low 

pH) and hydrochloric acid. In the ICU, many patients receive 

medications that raise gastric pH, such as histamine receptor 

type 2 (H2) blockers and proton pump inhibitors.6,7 In addi-

tion, feeding tubes frequently bypass the stomach, eliminating 

both gastric acid and gastric proteolytic digestion. Less fre-

quent causes of azotorrhea are protein-losing enteropathies 

resulting from amyloidosis, sarcoidosis, inflammatory bowel 

disease, neoplasm, Ménétrier disease, and Zollinger-Ellison 

syndrome, to name a few.

 ii. Undigested carbohydrates: In addition to sorbitol (see earlier 

discussion), excessive glucose, lactose, or fructose in tube-

feeding formulas can overwhelm the absorptive capacity of the 

small bowel, causing an osmotic influx into the gut lumen.8

 iii. Undigested fats: Steatorrhea (diarrhea caused by undigested 

fats) is characteristically observed in patients with pancreatic 

insufficiency. Inadvertent lack of mixing pancreatic enzymes 

with the food bolus can occur in patients with intestinal by-

pass or pancreatic fistulas or in patients who have large-vol-

ume gland necrosis from pancreatitis or a history of pancre-

atectomy. It is also observed in patients with incomplete bile 

production, such as patients with a biliary diversion.

 iv. Excessive dietary load: Diarrhea resulting from excessive load 

(overfeeding) of any of the main dietary components (pro-

tein, carbohydrate, or fat) can occur in the ICU. Iatrogenic 

overfeeding occurs in up to 33% of patients in the ICU and 

is a result of inappropriate estimations of caloric and protein 

needs or inadequate metabolic surveillance.9 Excessive loads 

of protein, carbohydrate, or fat also occur with specialized 

formulas that contain altered amounts of one or more of 

these components. For example, certain diets are high in fat, 

overwhelming digestive and absorptive processes.

 v. Atrophy of the GI tract: Atrophy of the intestinal brush 

border is associated with decreased capacity of digestion and 

absorption. Atrophy occurs in malnourished patients; thus 

diarrhea commonly occurs in patients with hypoalbumin-

emia. Atrophy also occurs when enteral intake is interrupted 

for more than a few days. This is a particular problem in 

surgical patients when prolonged “bowel rest” results in 

disuse atrophy. A similar phenomenon occurs distal to an 

enterocutaneous fistula or ostomy, which, upon reversal, can 

result in diarrhea that slowly resolves as villous height re-

turns to baseline.

 4. Abnormal motility: Intestinal dysmotility is a frequent problem in 

the ICU. The use of promotility agents (e.g., erythromycin) can 

inadvertently cause diarrhea in these patients.

 5. Abnormal gut flora: Normal colonic flora is essential for normal 

absorption and function of the large bowel. Antibiotics create mas-

sive disruptions in colonic flora and can sometimes lead to nosoco-

mial infections with resultant diarrhea. Currently, C. difficile is the 

leading cause of nosocomial diarrhea, accounting for 30% of all 

antibiotic-associated diarrhea.10 The gut microflora can be modu-

lated through the use of probiotic agents, but this topic is under 

intense investigation, and no current guidelines exist regarding 

their use to treat or prevent diarrhea in ICU patients.11

CLINICAL CONSEQUENCES OF DIARRHEA

Untreated, diarrhea can lead to multiple problems. These include:

 1. Wound breakdown and secondary soft tissue infection: Diarrhea can 

cause a moist, contaminated environment; if left untreated, this can 

Fig. 27.1 Diarrhea: Abnormal Frequency, Consistency, and Amount. Acute diarrhea is a common prob-

lem that typically lasts 1 or 2 days and goes away on its own. Persistent diarrhea lasts longer than 2 weeks 

and less than 4 weeks. Chronic diarrhea lasts at least 4 weeks. Chronic diarrhea symptoms may be continual 

or may come and go. Consequences of diarrhea include wound breakdown, malnutrition, electrolyte imbal-

ance, patient discomfort, and increased workload for nurses or caregivers.
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lead to skin breakdown and eventual soft tissue infection. Particu-

larly concerning is the presence of decubitus ulcers; diarrhea can be 

either a causative factor or can worsen and complicate management.

 2. Fluid and electrolyte disturbances are particularly frequent in pa-

tients with secretory diarrhea. In these patients, clinicians must pay 

attention to fluid replacement to avoid dehydration and correct 

metabolic acidosis and hypokalemia as needed.

 3. Malnutrition: Inadequate nutrient absorption can lead to poor 

nutrient utilization. Malabsorptive diarrhea can be classified by 

stool enzyme and nutritional by-product measurements, such as 

fecal elastase and fecal fats.

 4. Increased workload for nurses and caregivers: Diarrhea imposes a 

substantial burden on nurses and other caregivers. In addition, the 

presence of a soiled patient evokes a sense of poor quality of care. 

Maintaining a clean patient with diarrhea requires additional ICU 

personnel time and resources. The use of fecal management sys-

tems provides one strategy, but incurs the risk of ulceration. As 

with all clinical decisions, patient-specific risks and benefits must 

be weighed.

DIAGNOSIS

Careful and complete evaluation of diarrhea is necessary for good pa-

tient care. Unfortunately, diarrhea is often ignored or hastily treated 

while clinicians focus on other organ systems. Diagnostic laboratory 

tests are sparse, making it difficult to identify and treat the patient. The 

following diagnostic approach is suggested:

 1. Does the patient really have diarrhea? It is important to question 

the accuracy of the diagnosis. The NIDDK definition of three or 

more loose stools a day should be applied. A concerted effort to 

diagnose diarrhea by all members of the ICU staff is essential. The 

creation of scales or indices could become particularly useful as a 

means of communication and could aid in assessing the effective-

ness of treatment.

 2. Can an iatrogenic cause explain the presence of diarrhea?

 A. Is the patient receiving prokinetic agents or stool softeners?

 B. Is the patient receiving medications with high concentrations of 

sorbitol?

 C. Is the patient being overfed?

 D. Is the patient intolerant to any of the components of the pre-

scribed diet?

 E. Is a specialized diet providing an excessive amount of a sub-

stance (e.g., fat) that the patient is having difficulty digesting?

 F. Is bypassing the stomach or inhibiting acid secretion affecting 

the digestion of protein?

 G. Is the patient receiving any other medication that causes diar-

rhea?

 3. Assessing the patient’s absorptive or digestive capacity:

 A. Does the patient have gut atrophy, as seen with prolonged bowel 

rest, proximal fistula takedown, or ileostomy reversal? Would 

this patient benefit from an intestinal rehabilitation strategy?

 B. Is the patient malnourished?

 C. Does the patient have a condition (e.g., pancreatitis) that alters 

the secretion of digestive enzymes?

 D. Does the patient have a chronic disease process (e.g., short gut 

syndrome) that alters absorption?

 4. Does the patient have an infection?

 A. Is there any evidence of contamination of feeding tubes? Is the 

feeding system a closed system? How often is it being changed?

 B. Is there cause for nosocomial bowel infection? Is the patient’s  

C. difficile toxin negative?

 C. Has colonic flora been altered significantly with antibiotics?

TREATMENT

Treatment must address the underlying cause or causes. One or several 

reasons for the presence of diarrhea generally can be identified. Elimi-

nating an infectious cause first has significant implications for treat-

ment algorithms that use medications to slow fecal transit time. Slow-

ing the progression of stool is not recommended for patients with C. 

difficile infection. Additionally, iatrogenic causes of diarrhea should be 

identified and corrected whenever feasible. For example, promotility 

and prokinetic agents should be discontinued. Treating teams must 

maintain good antibiotic stewardship and de-escalate and discontinue 

antibiotics as soon as possible.12,13 Through appropriate use of antibi-

otics, the gut microbiome can be preserved, thus reducing chances of 

altered GI disturbances.

Once infectious sources and iatrogenic causes are excluded, clini-

cians should modify diets if the GI tract is being overwhelmed  

with high quantities of a particular nutrient. This is particularly im-

portant for patients receiving formulas that deliver excessive fat.  

In this circumstance, digestive enzymes such as pancreatic enzymes 

or bile substitutes should be supplemented when the disease process 

(or treatment) is associated with decreased production of these en-

zymes.

Bulk-forming agents can improve the consistency of the fecal bolus. 

These agents must be administered in appropriate amounts, because 

they can also cause diarrhea.14 Agents that inhibit GI motility, such as 

loperamide or diphenoxylate and atropine, should be used with cau-

tion. These drugs are often ordered empirically and may worsen un-

derlying pathology, especially when the causative agent is infectious, 

but can be very effective in appropriately selected critically ill patients.

Antibiotics for treating infectious diarrhea should be used with 

caution. If the diarrhea is causing minimal discomfort and is of no 

physiologic consequence, waiting for the results of tests for C. difficile 

is advised.15

Restoring normal colonic flora has become an increasingly fre-

quent practice in the ICU. Provision of prebiotics and probiotics may 

have utility for treatment and prevention of common causes of diar-

rhea. Hempel et al. suggested in a 2012 meta-analysis that probiotics 

effectively treat antibiotic-associated diarrhea (P ,.001 number 

needed to treat [NNT] 13), referencing 82 randomized controlled tri-

als with over 11,000 patients.17 Goldenberg et al. performed a Co-

chrane review and found that there was a significant correlation with 

the use of probiotics and prevention of C. difficile infection among 

4200 patients.18 The literature is evolving, but the most consistent 

signal is that microbiome diversity is important for treating and pre-

venting these two forms of diarrhea. The strain of probiotic used in 

studies and reviewed in these meta-analyses is poorly documented. 

More research is needed to understand which probiotics confer the 

greatest benefits for distinct patient populations.

Stopping or decreasing the rate of enteral nutrition is only advis-

able if the patient is being overfed or exhibits intolerance to the diet. 

Only under exceptional circumstances should stopping oral intake  

and giving total parenteral nutrition be advocated as a treatment for  

diarrhea.

CONCLUSION

Diarrhea is a clinical manifestation of GI dysfunction in the ICU. The 

true incidence of diarrhea in ICU patients is unknown because of  

the lack of a universally accepted definition or concerted, systematic 

effort to study the problem. Despite these limitations, diarrhea can  

be effectively treated with careful clinical evaluation and simple thera-

peutic measures.
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KEY POINTS

• Diarrhea is one of the most common GI dysfunctions that plague ICU 

patients and caregivers.

• Diarrhea has several causes in the ICU, of which infectious, malabsorptive, 

and secretory remain at large.

• Once the etiology is diagnosed, a treatment algorithm can be instituted.

• Infectious sources of diarrhea should be considered before using agents 

that decrease fecal transit time.

• Commonly used medications that reduce diarrhea are loperamide, diphenoxy-

late and atropine, fiber, and tincture of opium, which should be administered 

only after prokinetic/promotility and stool softener agents are discontinued.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Cunha BA. Nosocomial diarrhea. Crit Care Clin. 1998;14:329–338.

This article reviews both noninfectious and infectious causes of nosocomial 

diarrhea.

Dallal RM, Harbrecht BG, Boujoukas AJ, et al. Fulminant Clostridium difficile: 

an underappreciated and increasing cause of death and complications. 

Ann Surg. 2002;235:363–372.

This article is a single-institution review of the epidemiology and outcomes of 

patients with C. difficile colitis.

Nelson RL, Glenny AM, Song F. Antimicrobial prophylaxis for colorectal sur-

gery. Cochrane Database Syst Rev. 2009;1:CD001181.

This reviews the evidence for the duration of antibiotics in the postcolorectal 

surgery patient and makes recommendations based on the most recent data.

Pilotto A, Franceshi M, Vitale D, et al; FIRI; SOFIA Project Investigators. The 

prevalence of diarrhea and its association with drug use in elderly outpa-

tients: a multicenter study. Am J Gastroenterology. 2008;103:2816–2823.

This is a multicenter study of the incidence of diarrhea in nonhospitalized  

elderly patients on different medication regimens, including antibiotics and 

proton pump inhibitors (PPIs).

Wiesen P, van Gossum A, Presier JC. Diarrhoea in the critically ill. Curr Opin 

Crit Care. 2006;12:149–154.

This article reviews the causative factors, pathophysiology, and potential 

treatments of ICU-associated diarrhea.
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INITIAL APPROACH

Several life-threatening conditions can cause chest pain in the critically 
ill, and the initial approach should focus on prompt evaluation and 
resuscitation of the airway, breathing, and circulation. Assess the pa-
tient’s level of consciousness, palpate the pulse, and listen to the breath 
sounds and heart. Obtain vital signs, including oxygen saturation by 
pulse oximetry, and ensure that the patient is attached to a cardiac 
monitor and has adequate intravenous (IV) access. Such measures will 
help ensure that critical abnormalities such as hypoxemia, hypoten-
sion, and unstable dysrhythmias are quickly identified and treated. 
These conditions, as well as the life-threatening causes of chest pain 
discussed here, are covered in greater detail in other chapters in this 
textbook.

HISTORY

After initial evaluation and stabilization, obtain a more detailed his-
tory. If the patient can communicate, start with an open-ended ques-
tion like “What’s going on, Mr. Jones?” Physicians often neglect to ask 
basic questions about the quality of chest pain, as was shown in a study 
of patients with aortic dissection (AD), and this omission is associated 
with a delay in diagnosis.1 The use of a history-taking mnemonic can 
help avoid this mistake (see online supplemental table for further de-
tail: eTable 28.1). Ask the bedside nurse about recent changes in the 
patient’s condition. As an important subsequent step, a quick “chart 
dissection” should be performed, focusing on the findings at presenta-
tion, reason for intensive care unit (ICU) admission, past history, and 
progress notes. Attention should be given to recent procedures, previ-
ous diagnostic imaging such as chest computed tomography (CT), 
coronary angiography, or echocardiogram, in addition to electrocar-
diograms (ECGs). Much of the chest pain literature focuses on man-
agement in the emergency department (ED), and although the prin-
ciples provided apply in both ED and ICU areas, there are also 
differences. Most notably, ICU patients are already admitted to the 
hospital and identified as critically ill, whereas ED patients are not. Key 
differences between assessment of chest pain in the ICU and ED are 
enumerated in Table 28.1.

PHYSICAL EXAMINATION

Inspect the chest for asymmetric excursions, rashes, or obvious sources 
of pain, such as chest tubes. Palpate the chest and neck for crepitus, 
which can result from a pneumothorax or pneumomediastinum. 
Check for pulsus paradoxus and jugular venous distention (JVD). As-
sess for asymmetry in the carotid, femoral, or radial pulses, which can 
be a sign of AD. If breath sounds are asymmetric, hyperresonance to 

percussion may confirm a pneumothorax. Cardiac auscultation may 
reveal a friction rub from pericarditis, “crunching” sounds from medi-
astinal emphysema (Hamman sign), a systolic murmur of aortic steno-
sis (AS), or an aortic insufficiency murmur from a proximal AD. A 
focused examination should include the abdomen to avoid missing an 
abdominal catastrophe masquerading as chest pain. Evaluate for evi-
dence of shock, as demonstrated by coolness or mottling of the lower 
extremities, decreased urine output, or encephalopathy.

DIAGNOSTIC ADJUNCTS

In the absence of an obvious cause of chest pain (e.g., shingles), a por-
table chest x-ray (CXR) and ECG should be obtained. Serial cardiac 
enzymes (particularly high-sensitivity troponin) should be considered 
to exclude a myocardial infarction (MI). The ECG is often nonspecific 
but occasionally shows evidence suggestive of acute coronary syn-
drome (ACS), pericarditis, or pulmonary embolism (PE). The CXR is 
a useful screening tool for life-threatening causes of chest pain, such as 
pneumothorax or esophageal rupture. Both the ECG and CXR should 
be compared with those performed before the onset of pain.

IV contrast-enhanced CT can help diagnose a number of causes of 
chest pain, including PE, AD, esophageal rupture, pneumothorax, and 
pneumonia. The benefits of CT scanning, however, must be weighed 
against the risks of transporting a critically ill patient out of the ICU. 
Ultrasound (including echocardiography) can be rapidly performed at 
the bedside with minimal risk to the patient, and in the hands of a 
highly skilled clinician, can provide dynamic functional imaging and 
serve as a substitute for the CXR. Pericarditis with associated effusion, 
wall motion abnormality from MI, AS, AD, pneumothorax, or pleural 
effusions are all within the diagnostic scope of ultrasound. Ultrasound 
has the added benefit of providing information about cardiac func-
tion. Further discussion of the utility and implementation of bedside 
ultrasound can be found in greater detail in other chapters in this 
textbook. Diagnostic adjuncts should be used to augment pre-test 
probability for a particular diagnosis following a focused history and 
physical examination, as opposed to a “shotgun” approach to testing.

DIFFERENTIAL DIAGNOSES

 1. Do not assume the admission diagnosis is correct or all-inclusive. 
Premature closure, that is, failing to consider alternative possibili-
ties after a diagnosis has come to mind, is a common cause of 
medical error.2 Premature closure likely contributes to the delay in 
diagnosis described in hospitalized patients with AD.3

 2. Do not be biased by the type of ICU to which the patient is admitted. 
AD can present as a stroke, prompting admission to a neurologic 
ICU, or an acute abdomen can develop in a medical ICU patient.
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Domain Suggested Questions

Onset Sudden or gradual? Maximal pain at onset?

Location Generalized or localized? Can you point with one finger to where it hurts?

Duration When did it start? Just now, or did the pain occur earlier but you did not want to bother anyone? Is it constant or intermittent? If 

intermittent, is there a trigger, or is it random?

Character Sharp? Dull? Ache? Indigestion? Pressure? Tearing? Ripping?

Associated symptoms “Dizzy” (vertiginous or presyncopal)? Diaphoresis? Palpitations? Dyspnea? Nausea or vomiting?

Alleviating/aggravating Position? Belching? Exertion? Deep breathing? Coughing?

Radiation To the back? Jaw? Throat? Arm? Neck? Abdomen?

ONLINE SUPPLEMENTAL eTABLE 28.1 OLDCAAR Mnemonic for Evaluating Pain
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POTENTIALLY LIFE-THREATENING CAUSES  
OF CHEST PAIN

Acute Coronary Syndrome
ACS includes unstable angina, ST-segment elevation MI, and non-ST 
elevation myocardial infarction (NSTEMI). The classic symptoms in-
clude chest pressure radiating to the left arm, nausea, and diaphoresis, 
but this history has several diagnostic limitations. Although certain 
features (e.g., pain radiating down the left arm) are associated with a 
higher likelihood of ACS, and other characteristics (e.g., pleuritic, posi-
tional, or sharp pain) with a lesser likelihood, none can reliably confirm 
or exclude the diagnosis.4,5 Reduction in pain after nitroglycerin is also 
not a reliable indicator of cardiac chest pain.6 Conventional cardiovas-
cular risk factors, including diabetes, smoking, dyslipidemia, hyperten-
sion, and a suggestive family history, predict the development of heart 
disease over years in asymptomatic patients but may be less useful in 
predicting ACS in patients with acute chest pain.7 However, a recent 
cohort study of 1.3 million hospitalized patients identified a personal 
prior history of coronary disease, tachycardia, anemia, and leukocytosis 
to be associated with patients who developed in-hospital MI.8

There are no specific physical examination findings of ACS, but if 
the ACS is severe enough to induce left ventricular dysfunction, signs 
such as hypotension, JVD, and an S3 or S4 heart sound can be present. 
The ECG should be examined for ST-segment elevation or depression, 
Q waves, and T-wave inversions. An isolated ECG has limited sensitiv-
ity for diagnosing MI, but the yield increases with serial ECGs. Given 
the limitations of the ECG and of the history and examination find-
ings, cardiac troponin should be measured in ICU patients with chest 
pain, and echocardiography provides complementary information by 
disclosing regional wall motion abnormalities.9 Repeat measurement 
of troponin will help to further stratify patients.10,11

All patients suspected of having ACS should be treated with aspirin, 
if not contraindicated (e.g., AD also suspected), or alternatively prasug-
rel or ticagrelor if there is aspirin allergy. Dual antiplatelet therapy with 
a P2Y12 inhibitor (ticagrelor or prasugrel) should be considered in all, 
unless contraindicated.12 Supplemental oxygen should only be applied 
to those patients with hypoxemia.13 Sublingual nitroglycerin and IV 
morphine should be used to relieve pain if the systolic pressure exceeds 
90 mm Hg and the patient has not recently taken a phosphodiesterase 
inhibitor (e.g., sildenafil). Further treatment of ACS is primarily  

dictated by ECG findings and the patient’s clinical status, and in the set-
ting of ST-segment elevation may include emergency percutaneous 
coronary intervention (preferred) or fibrinolysis when onsite interven-
tional cardiac catheterization is unavailable. Depending on cardiac find-
ings and the treatment administered, adjunctive therapies may include  
an anticoagulant, beta-blocker, statin, angiotensin-converting enzyme 
inhibitor or angiotensin receptor antagonist, and aldosterone receptor 
antagonist.11

Pulmonary Embolism
Approximately 1%–2% of ICU patients have been estimated to develop 
deep vein thrombosis (DVT) or PE, but the true incidence is probably 
higher, with autopsy studies identifying a significantly greater percent-
age.14,15 ICU patients often have one or more risk factors for PE, including 
immobility, advanced age, obesity, recent surgery or trauma, mechanical 
ventilation, vasopressor use, advanced renal failure, sepsis, malignancy, 
and central venous catheterization.16 Do not be deterred from evaluating 
for PE in patients receiving prophylactic anticoagulation, as risk of  
venous thromboembolism (VTE) persists despite its use, with various 
studies citing rates ranging from 5% to 10% in this cohort.17 The burden 
of VTE in the ICU is high, with increased ICU length of stay and duration 
of mechanical ventilation associated with its diagnosis.17,18

Chest pain resulting from PE is often pleuritic and associated with 
dyspnea, hemoptysis, cough, or syncope.19 Physical examination find-
ings are generally nonspecific in PE. Unexplained tachypnea or tachy-
cardia may be the only diagnostic clue. Hypoxia, though typical, is not 
a universal finding, and its absence cannot exclude PE. A large PE may 
present with hypotension or cardiovascular collapse. Signs of pulmo-
nary hypertension and right heart failure, such as a loud second heart 
sound, JVD, or a right-sided S4 heart sound, may be present. Lung ex-
amination may reveal crackles, decreased breath sounds, wheezing, 
rhonchi, or a pleural friction rub. Physical evidence of concomitant 
DVT often includes unilateral lower extremity edema or erythema, but 
a significant percentage of diagnosed PEs are without associated DVT.20

The ECG is often normal, but may show sinus tachycardia (the 
most common finding), Brugada pattern, atrial fibrillation, or the clas-
sically reported S1Q3T3 pattern.21 ST depressions and/or T-wave in-
versions in the precordial or inferior leads, ST elevation in aVr, qR 
pattern in V1, and right-axis deviation or right bundle branch block 
suggest increased right ventricular (RV) strain.22 CXR can be normal 

ED ICU

History and Examination

Evaluation aided by clinical decision rules, such as the HEART score, PERC, and 

Wells criteria

Most clinical decision rules are not validated in the ICU setting

Patients are generally participatory in history physical examination History can be limited by comorbid conditions, and such as delirium or respira-

tory insufficiency

Assessment is often a first encounter, although prior visits increase the risk for 

representativeness

Evaluation often assisted by current course, creating the risk of premature clo-

sure of the loop bias

Workup and Management

In the ED, management largely focuses on initial disposition, without the time 

for prolonged evaluation testing

In the ICU, workup is aided by continuous telemetry monitoring, serial reevalua-

tion, and laboratory

Interpretation of cardiac biomarker elevation, ECG findings, and radiography more often clouded by intercurrent critical illness

TABLE 28.1 Key Differences in the Assessment of Chest Pain in the Emergency Department vs. ICU

Evaluation in both the emergency department (ED) and the intensive care unit (ICU) relies upon a thorough history and physical examination and 

reasonable use of adjunctive testing, including laboratory assessment, electrocardiogram (ECG), chest x-ray (CXR), advanced imaging, and point-

of-care ultrasound. Both initially focus on addressing and treating immediate life-threatening causes of chest pain. PERC, Pulmonary embolism 

rule-out criteria.
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or reveal nonspecific findings such as pleural effusion, infiltrates, or 
atelectasis, and is only useful for ruling out alternative pathology.23 
Although D-dimer testing has been used to rule out VTE in outpa-
tients with a low likelihood of this diagnosis, the D-dimer assay is less 
useful in the ICU setting.17,24 Traditional risk stratification tools for PE, 
such as the Wells and Geneva scores, have also proven less sensitive in 
the ICU.25

CT pulmonary angiography can be rapidly performed and is the 
diagnostic test of choice for stable patients in whom there is moder-
ate to high suspicion of PE, given its high sensitivity and specificity. 
A ventilation/perfusion scan can be time consuming and difficult to 
perform in mechanically ventilated patients, and interpretation is 
challenging in the presence of other lung pathology.26 For patients 
with unstable hemodynamics, bedside transthoracic echocardiogra-
phy (TTE), in addition to compressive ultrasound (CUS) of the 
lower extremities, may be used in tandem to assess for DVT and  
evidence of RV pressure overload.27 Elevated troponin and B-type 
natriuretic peptide (BNP) are associated with a higher risk of mor-
tality in PE.

Initial treatment of low-risk patients with PE involves anticoagula-
tion with subcutaneous low-molecular-weight heparin or fondaparinux, 
IV unfractionated heparin, or direct oral anticoagulants. High-risk pa-
tients with hemodynamic instability and RV dysfunction resulting from 
PE may require systemic thrombolysis, with surgical embolectomy or 
catheter-directed thrombolysis recommended for those who have a 
contraindication to systemic thrombolytics.26

Thoracic Aortic Dissection
AD results from a tear in the aortic intima, allowing blood to dissect 
between the intimal and medial layers, generating a false lumen. This 
event has an incidence of 6–15/100,000.28 The Stanford system classi-
fies dissections as type A (involving the ascending aorta) or type B 
(involving the aorta distal to the left subclavian artery). Risk factors 
include hypertension, male sex, pregnancy, advanced age, atherosclero-
sis, diabetes mellitus, cocaine use, preexisting aortic and valvular dis-
ease, prior cardiac surgery, family history, Ehlers-Danlos syndrome, 
Turner syndrome, and giant cell arteritis. Patients younger than 40 
years are more likely to have Marfan syndrome, Loeys-Dietz syndrome, 
bicuspid aortic valve, prior aortic surgery, or aortic aneurysm. The 
mortality rate is as high as 1%–2% per hour from symptom onset. A 
directed history remains critical to early diagnosis, with a particular 
focus on quality, radiation, and intensity of pain to ensure an accurate 
diagnosis.1

Many patients who complain of sudden onset of chest, back, or 
abdominal pain that radiates to the back often describe the pain as 
sharp, rather than tearing. AD can also present in a painless fashion, 
manifesting as syncope, stroke, or evolving heart failure.29 Dissection 
can extend into any of the major aortic branches, causing a multitude 
of clinical presentations that arise in ischemia of the brain, heart, kid-
ney, spinal cord, or gut.

Certain physical examination findings should raise the suspicion of 
AD. About one-quarter of patients have pulse deficits in the carotid, 
radial, or femoral arteries, and some have focal neurologic deficits re-
lated to cerebral or spinal cord ischemia and therefore can present as 
having a stroke or paraplegia.30 Hypotension often occurs with type A 
dissection, whereas hypertension is more commonly seen in type B 
dissection. A significant difference in systolic blood pressure (.20 mm 
Hg) between the upper extremities may be detected, but this finding  
is not pathognomonic. A diastolic murmur of aortic insufficiency  
can result from retrograde dissection into the aortic valve, whereas a 
friction rub may be appreciated with concomitant large pericardial 
effusion or tamponade.

The ECG may be normal or show nonspecific ST-segment or T-
wave changes or left ventricular hypertrophy secondary to hyperten-
sion. Rarely, the ECG reveals evidence of an MI from retrograde dis-
section into a coronary artery. Although patients may have an 
abnormality on CXR, such as widening of the mediastinum, an abnor-
mal aortic contour, or displacement of intimal aortic calcification from 
the outer border of the aortic knob, this is not universal, and its ab-
sence can lead to delays in diagnosis.31,32 The vast majority of patients 
undergo either CT angiography or transesophageal echocardiography 
for diagnosis, both of which have high sensitivity and specificity. Mag-
netic resonance imaging (MRI) may also have a limited role, although 
given its lack of generalized availability and lengthy examination dura-
tion, its use in this setting is less appealing.33

Initial management should focus on heart rate and blood pressure 
control, usually with beta-blockers, typically the rapidly titratable 
agent esmolol, and the use of a potent vasodilator such as nicardipine 
or clevidipine.33,34 Emergent cardiothoracic surgical consultation is 
imperative. Further discussion of surgical operative strategy is beyond 
the scope of this chapter.

Pneumothorax
Pneumothorax is caused by air from the alveoli or the surrounding 
atmosphere entering the potential space between the parietal and vis-
ceral pleura. Pneumothorax in the ICU is often iatrogenic, resulting 
from mechanical ventilation (particularly with acute respiratory dis-
tress syndrome) and procedural attempts at central venous catheter-
ization, thoracentesis, tracheostomy, transbronchial lung biopsy, or 
bronchoscopy.35 Almost any lung pathology can contribute to the risk 
for pneumothorax, but a ruptured bleb from chronic obstructive  
pulmonary disease is most common. Patients with pneumothorax of-
ten complain of a sudden onset of ipsilateral pleuritic chest pain and 
dyspnea.

Chest examination may reveal palpable crepitus, decreased breath 
sounds, decreased chest wall excursion, or hyperresonance to percus-
sion. Vital signs may be significant for tachycardia, hypoxia, or tachy-
pnea. Patients with a tension pneumothorax classically have tracheal 
deviation, JVD, and hypotension. Patients receiving mechanical venti-
lation often, but not invariably, have increased peak inspiratory airway 
pressures. Signs of pneumothorax are nonspecific, and any worrisome 
deterioration of vital signs in a ventilated patient should prompt a  
diagnostic evaluation for pneumothorax.

CXRs are often performed in the semi-upright or supine position 
in the ICU, whereas the signature finding of pneumothorax, a visceral 
pleural line, is often seen only on an upright CXR. In supine patients, 
a deep sulcus sign may be seen where the costophrenic angle extends 
more inferiorly than normal, as air collects in this space. Alternatively, 
a sharp delineation of the cardiac silhouette from the lucency of an 
anteromedial pneumothorax may be seen. In an experienced opera-
tor’s hands, ultrasound can rule out a pneumothorax with high sensi-
tivity.36 A CT scan is usually definitive.

Treatment of pneumothorax is contingent on its size, the patient’s 
hemodynamic and respiratory status, and concurrent use of me-
chanical ventilation. Because of concern for conversion to tension 
pneumothorax in patients on mechanical ventilation, evacuation of 
air from the pleural space is often required with a tube thoracostomy. 
In patients with hemodynamic compromise from a suspected ten-
sion pneumothorax, treatment with immediate needle thoracostomy, 
followed by tube thoracostomy, should not be delayed while waiting 
for a CXR. For the vast majority of patients, a small-bore catheter 
placed via the Seldinger technique is as efficacious as standard chest 
tube placement in those with primary spontaneous pneumotho-
rax.37,38
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Esophageal Rupture
A full-thickness tear of the esophagus carries a high mortality risk, 
because of the intense inflammatory response to gastric contents in the 
mediastinum and pleural space, resulting in a chemical and bacterial 
mediastinitis, with development of sepsis and multisystem organ fail-
ure. Most cases of esophageal perforation are caused by upper gastro-
intestinal tract instrumentation. The risk of esophageal injury from a 
diagnostic endoscopy is low but increases dramatically when interven-
tions such as dilation or stent placement are performed.39 Esophageal 
rupture may be caused by other procedures commonly performed in 
the ICU, including nasogastric or tracheal intubation. Spontaneous 
rupture of the esophagus (Boerhaave syndrome) occurs from a sudden 
increase in intraluminal pressure, usually from vomiting or retching. 
Patients with esophageal disease such as cancer, Barrett esophagus, 
strictures, prior radiation, and varices are particularly vulnerable to 
rupture, most commonly at the left posterolateral aspect of the distal 
esophagus. With thoracic esophageal perforations, the pain localizes to 
the substernal or epigastric area, but it may occur in the neck with 
cervical perforations. Other associated symptoms include dysphagia, 
odynophagia, and dyspnea.

The patient is often febrile. Crepitus can be felt in the neck with 
perforation of the cervical esophagus. Mediastinal emphysema can be 
detected by a crunching sound on cardiac auscultation (Hamman 
sign). A CXR often reveals subcutaneous emphysema, pneumomedias-
tinum, pneumothorax, or pleural effusion. The CXR is abnormal in 
almost 90% of cases, usually demonstrating left-sided infiltrate or ef-
fusion. A water-soluble contrast study of the esophagus or a CT scan 
of the chest and abdomen can be performed in cases where there is a 
high clinical suspicion and the CXR is nondiagnostic. Mortality in-
creases with delays in treatment beyond 24 hours, and urgent diagno-
sis is imperative.40

Treatment may involve operative repair, endoscopic therapy, or 
conservative management, depending on the location of the leak, its 
containment, and the presence of sepsis. Conservative management 
consists of broad-spectrum antibiotics, ensuring coverage of both an-
aerobic and aerobic species (augmented by antifungal treatment in 
patients with relevant risk factors) and observation.41,42

Aortic Stenosis
AS causes left ventricular outflow obstruction, which leads to left ven-
tricular hypertrophy. AS may result from a congenitally abnormal 
(bicuspid) valve, rheumatic heart disease, or valvular calcification. 
Clinical manifestations of AS, including angina, congestive heart fail-
ure, and syncope, occur when the hypertrophied left ventricle can no 
longer overcome the stenosis or when the hypertrophy itself causes 
diastolic dysfunction or excessive myocardial oxygen demand that 
predisposes to ischemia.

Physical examination features of AS include narrow pulse pres-
sure, a delayed and slow rise of the carotid pulse (pulsus tardus et 
parvus), a systolic murmur at the right second intercostal space often 
radiating to the carotid arteries, and an S4 heart sound (if patients 
are in sinus rhythm). CXR and ECG may show signs of left ventricu-
lar hypertrophy, but the diagnostic study of choice is the echocardio-
gram.43

Definitive therapy involves valve replacement, either by conven-
tional surgical approaches or, in well-selected cases, via transcatheter 
aortic valve replacement. Temporizing management focuses on cau-
tiously decreasing afterload with vasodilators. Close hemodynamic 
monitoring is essential when using vasodilators because of the risk of 
hypotension and dysrhythmias, which are poorly tolerated. Angina 
and congestive heart failure are treated with oxygen and the careful 
administration of nitrates, morphine, and diuretics. Occasionally,  

balloon aortic valvuloplasty may be used to bridge patients until they 
can undergo surgical or transcatheter valve replacement.44

Miscellaneous
Other causes of potentially life-threatening chest pain in the ICU in-
clude pneumonia and acute abdominal processes. Pneumonia is often 
accompanied by pleuritic chest pain or shoulder pain referred from 
diaphragmatic irritation. Upper gastrointestinal pathology, such as 
cholecystitis, choledocholithiasis, cholangitis, or pancreatitis, may 
present with chest and abdominal pain radiating toward the back. A 
perforated ulcer can present with chest pain, and the diagnosis is often 
made when free air is incidentally discovered under the diaphragm on 
an upright CXR.

NON–LIFE-THREATENING CAUSES OF CHEST PAIN

The following causes of chest pain should be considered only after life-
threatening causes have been excluded.

Pericarditis
Pericarditis is a relatively rare cause of chest pain in the inpatient set-
ting.45 The condition commonly results from viral or idiopathic 
causes, but other etiologies include bacterial infection, malignancy, 
tuberculosis, uremia, autoimmune diseases, transmural MI (Dressler 
syndrome), and cardiac surgery (postpericardiotomy syndrome). 
Chest pain from pericarditis is often retrosternal, pleuritic, and sharp, 
radiating to the back or arms and exacerbated when lying flat.

A pericardial friction rub is highly specific for pericarditis and is 
present in the majority of cases, heard best over the left sternal border 
with the patient sitting forward. Common ECG findings in pericarditis 
include diffuse ST-segment elevation without reciprocal ST depres-
sions, absence of Q waves, and PR depressions.45 Electrical alternans 
and low voltage on the ECG, coupled with cardiomegaly on CXR, 
strongly favor the concomitant presence of a large pericardial effusion. 
Although the ECG and CXR findings of pericardial effusion can be use-
ful, echocardiography should be performed to confirm the diagnosis.

Treatment is aimed at the underlying etiology. Nonsteroidal antiin-
flammatory drugs (NSAIDs) relieve pain and inflammation in viral or 
idiopathic pericarditis. Colchicine may be used as an adjunct in reduc-
ing bouts of recurrent pericarditis.46 Pericardiocentesis is performed 
for therapeutic purposes in the case of tamponade and for diagnostic 
purposes if tuberculosis, bacterial infection, or malignancy is sus-
pected.

Esophageal Disorders
In patients with noncardiac chest pain, gastroesophageal reflux disor-
der and esophageal motility disorders (e.g., esophageal spasm) are 
commonly responsible. Esophageal disease is associated with pain 
precipitated by lying flat, postprandial pain, heartburn, or dysphagia. 
Because of the shared innervation of the heart and esophagus, visceral 
pain originating from these two organs can be similar in character. 
Empiric treatment with proton pump inhibitor or H2 blocker may be 
considered. Additionally, a nasogastric tube with the distal tip in the 
esophagus can produce chest pain; this is easily remedied by advancing 
the tube distally into the stomach.

Musculoskeletal, Skin, and Psychiatric Disorders
Pain from costochondritis is often reproduced by direct palpation of 
the affected region or by arm movement and can be treated with 
NSAIDs. ICU patients may have other causes of chest wall pain, in-
cluding rib fractures, chest tubes, postoperative pain after cardiotho-
racic surgery, or an intercostal muscle strain from vigorous coughing. 
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Herpes zoster should also be considered, which results from reactiva-
tion of the varicella-zoster virus within thoracic sensory ganglia, caus-
ing a painful, dermatomal rash on the chest. This pain of shingles may 
precede the rash by several days, often delaying its diagnosis. Treat-
ment consists of antiviral medications, such as acyclovir or valaciclo-
vir. Finally, it is imperative to rule out life-threatening causes of chest 
pain before attributing its etiology to anxiety. Psychiatric patients with 
cardiac or pulmonary disease can be challenging to diagnose, and a 
thorough approach is essential.

CONCLUSION

Attention to immediate life-threatening conditions and a thorough 
history and physical examination after initial stabilization are funda-
mental to managing chest pain in the ICU. A CXR, ECG, and serial 
cardiac enzymes should be ordered liberally, but intelligently. Focused 
ultrasound to assess the lungs, pleura, and heart can be helpful. A high 
index of suspicion for occult disease is necessary for complex ICU 
patients.

KEY POINTS

• Attention to detail with a brief but thorough history and physical examina-

tion are fundamental to managing chest pain in the ICU.

• A logical evaluation plan must simultaneously assess for and empirically 

treat immediately life-threatening etiologies of chest pain.

• Useful adjunctive testing includes ECG, CXR, cardiac enzymes, and focused 

ultrasound of the heart and lungs.

• Non–life-threatening causes of chest pain in the ICU are numerous, but 

should be diagnoses of exclusion.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Amsterdam EA, Wenger NK, Brindis RG. 2014 AHA/ACC guideline for  
the management of patients with non-ST-elevation acute coronary  
syndromes: executive summary: a report of the American College of Car-
diology/American Heart Association Task Force on Practice Guidelines. 
Circulation. 2014;130(25):2354–2394.
This executive summary comprises the AHA guidelines for the appropriate 

diagnosis and management of patients with NSTEMI.

Contou D, Razazi K, Katsahian S, et al. Small-bore catheter versus chest tube 
drainage for pneumothorax.  J Emerg Med. 2012;30(8):1407–1413.
This retrospective cohort study compared <200 patients treated with tradi-

tional chest tube with small-bore catheters for pneumothorax over an 8-year 

period, finding a similar rate of primary treatment failure but a decreased 

duration of tube placement and hospitalization in those with small-bore 

catheters. This supports the practice of placing smaller catheters in patients 

with primary pneumothorax in the ICU.

Evangelista A, Isselbacher EM, Bossone E. Insights from the International  
Registry of Acute Aortic Dissection: a 20-year experience of collaborative 
clinical research. Circulation. 2018;137(17):1846–1860.
The IRAAD is composed of more than 51 centers in 12 countries, enrolling 

more than 7000 patients diagnosed with acute aortic dissection since 1996. 

Epidemiology, typical symptomatology, diagnosis, management, and out-

comes are evaluated over this period. This represents the largest registry of 

patients diagnosed with acute aortic dissection and is a tremendous reposi-

tory of information for clinicians in the appropriate evaluation and  

treatment of the condition.

Girardi AM, Bettiol RS, Garcia TS, et al. Wells and Geneva scores are not  
reliable predictors of pulmonary embolism in critically ill patients: a  
retrospective study. J Intensive Care Med. 2018;35:1112–1117.
In this retrospective cohort study of ICU patients who underwent CT evalua-

tion for pulmonary embolism, both the Geneva and Wells scores inappropri-

ately stratified patients as low risk for PE as confirmed by CT. This highlights 

the importance of understanding that these risk scores have not been  

validated in the ICU setting, diligent evaluation for PE in ICU patients  

remains paramount, and further study is merited to clarify additional risk 

factors present in this cohort.

Graber ML, Franklin N, Gordon R. Diagnostic error in internal medicine. 
Arch Intern Med. 2005;165(13):1493–1499.
An analysis of 100 cases identified premature closure—that is, failing to  

consider alternatives once an initial diagnosis was made—as the most  

common cause of diagnostic error by internists. This study underscores the 

importance of not assuming that the admission diagnosis is necessarily  

correct or the only problem.
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Biochemical or Electrocardiographic  
Evidence of Acute Myocardial Injury

Fabien Picard and Steven M. Hollenberg

The identification of myocardial injury is an important problem in the 

critical care setting. Biomarkers have been used to detect myocardial 

injury since 1954.1 Since then, the sensitivity of serologic techniques 

has increased dramatically. Although increased sensitivity has allowed 

clinicians to detect smaller amounts of myocardial necrosis, this has 

also posed several interpretive challenges. What constitutes significant 

myocardial damage? How should evidence of myocardial necrosis be 

interpreted in the absence of classical clinical criteria for myocardial 

infarction? In response to some of these challenges, a task force has 

formulated a universal definition of myocardial infarction, updated in 

2018 (Table 29.1).2 These definitions rely on both electrocardiographic 

and biochemical information and stress that, in addition to biochemi-

cal findings, the diagnosis of myocardial infarction (MI) requires 

symptoms or characteristic electrocardiogram (ECG) changes or find-

ings from imaging, angiography, or autopsy. The most important dis-

tinction for the clinician is between type 1 MIs (plaque rupture) and 

type 2 MIs (demand ischemia leading to infarction).

ELECTROCARDIOGRAPHIC EVIDENCE

Acute coronary syndromes (ACSs) are a group of conditions charac-

terized by acute myocardial ischemia resulting from inadequacy of 

myocardial blood flow. The ACSs are classified by clinical, biochemical, 

and electrocardiographic data, initially dividing patients by ECG into 

those with ST elevation myocardial infarction (STEMI), who should 

be considered for immediate revascularization, and those without 

(non-ST elevation [NSTE-ACS]).3 Patients with suspected ACS must 

have an ECG obtained and interpreted within 10 minutes of presenta-

tion.4 Criteria for the diagnosis of STEMI include new ST elevation 

$0.1 mV at the J-point in at least two contiguous leads (except V2–3) 

or new left bundle branch block (LBBB).2,5 (In leads V2–3 cut points are 

higher: $0.15 mV in women, $0.2 mV in men $40, and $0.25 mV 

in men ,40.)

Many conditions that mimic STEMI lead to false positives.2 An 

early repolarization pattern with up to 3-mm ST elevation in leads 

V1–3 can be seen in some healthy individuals, typically in young men. 

Preexcitation, bundle branch block, pericarditis, pulmonary embo-

lism, subarachnoid hemorrhage, metabolic disturbances (e.g., hyper-

kalemia and hypothermia), and left ventricular aneurysms can be as-

sociated with ST elevation in the absence of acute myocardial ischemia. 

On the other hand, some conditions can lead to false negatives, includ-

ing prior MI, paced rhythm, and LBBB when acute ischemia is not 

recognized. These pitfalls are common, both in the real world and in 

large clinical trials.6

“Nondiagnostic” ECGs are common in the setting of true acute MI, 

characterizing up to 8% of such patients, with nonspecific changes 

occurring in another third.7 These nondiagnostic ECG findings may be 

the result of occlusion of only small vessels or insensitivity of the 12-

lead ECG to ischemia in the lateral or posterior myocardial territory. 

Supplemental leads, such as V7–9, can improve sensitivity.8 If ischemia 

is strongly suspected without ECG changes, serial ECGs or ECGs with 

additional leads should be performed4 to increase the sensitivity of MI 

detection relative to single ECGs.9

ST-segment depression on an ECG identifies patients with ACS at 

high risk, as this is associated with the severity of coronary artery dis-

ease (CAD).10 T-wave changes can also be prognostic. Patients present-

ing to the emergency department with ACS and isolated T-wave 

changes have a lower risk for adverse outcomes than those with ST 

depression but are at higher risk than those with a normal ECG.11 In 

asymptomatic patients, most T-wave changes are nonspecific. How-

ever, in the intensive care unit (ICU), some patterns are strongly  

associated with myocardial ischemia. Marked symmetric precordial 

T-wave inversions $2 mm suggest acute ischemia, usually the result of 

a critical stenosis of the left anterior descending artery.12

CK-MB, TROPONIN, AND HIGH-SENSITIVITY 

TROPONIN

With cardiac cell death, proteins are released into the blood, and detec-

tion of these proteins has played a key role in establishing the diagnosis 

of ACS, predicting its outcome, and directing treatment. Creatine ki-

nase (CK) and its isoenzyme MB (CK-MB) became the biomarkers of 

choice to establish myocardial injury and infarction in the 1970s, but 

have been superseded by troponin T and I, parts of the troponin-

tropomyosin complex in cardiac myocytes, because of their increased 

sensitivity and specificity. Troponin elevations are much more sensitive 

and are highly specific for myocardial cellular injury; false positives 

because of fibrin interference or cross-reacting antibodies are infre-

quent.13 Even minor increases in circulating troponin values correlate 

with adverse short-term and long-term outcomes in NSTE-ACS13 and 

also identify the patients most likely to benefit from more aggressive 

antiplatelet strategies and from early coronary angiography and revas-

cularization.4

The challenge for the clinician, and particularly for the intensivist, 

is that although the elevation of serum troponin is highly specific for 

myocardial cell damage, not all of the damage is a consequence of the 

rupture of an atherosclerotic plaque. Demand ischemia (type 2 MI) 

can also lead to troponin release. Other causes of elevated troponin, 

many of which are common in the ICU, are listed in Table 29.2.2 This 

spectrum of troponin-associated conditions highlights the fact that MI 

should only be diagnosed in the appropriate clinical setting.2 Troponin 

release in critically ill patients may not always represent myocardial cell 

death. Endotoxin, cytokines, and other inflammatory mediators, along 

with catecholamines and conditions such as hypotension, inotropes, or 
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Type 1: MI Caused by Atherothrombotic CAD and Usually Precipitated by Atherosclerotic Plaque Disruption (Rupture or 

Erosion)

Detection of a rise and/or fall of cTn values with at least one value above the 99th percentile URL and with at least one of the following:

• Symptoms of acute myocardial ischemia

• New ischemic ECG changes

• Development of pathologic Q waves

• Imaging evidence of new loss of viable myocardium or new regional wall motion abnormality in a pattern consistent with an ischemic etiology

• Identification of a coronary thrombus by angiography, including intracoronary imaging or by autopsy

Type 2: Myocardial Injury in the Context of a Mismatch Between Oxygen Supply and Demand

Detection of a rise and/or fall of cTn values with at least one value above the 99th percentile URL and evidence of an imbalance between myocardial oxygen supply 

and demand unrelated to acute coronary atherothrombosis, requiring at least one of the following:

• Symptoms of acute myocardial ischemia

• New ischemic ECG changes

• Development of pathologic Q waves

• Imaging evidence of new loss of viable myocardium or new regional wall motion abnormality in a pattern consistent with an ischemic etiology

TYPE 3: Cardiac Death in Patients with Symptoms Suggestive of Myocardial Ischemia and Presumed New Ischemic ECG 

Changes Before Ctn Values Become Available or Abnormal

Patients who suffer cardiac death, with symptoms suggestive of myocardial ischemia accompanied by presumed new ischemic ECG changes or ventricular fibrillation, 

but die before blood samples for biomarkers can be obtained, or before increases in cardiac biomarkers can be identified, or MI is detected by autopsy examination.

Type 4a: MI Associated with Percutaneous Coronary Intervention (#48 Hours After the Index Procedure)

Coronary intervention–related MI is arbitrarily defined by an elevation of cTn values more than five times the 99th percentile URL in patients with normal baseline 

values. In patients with elevated preprocedure cTn in whom the cTn levels are stable (,20% variation) or falling, the postprocedure cTn must rise by .20%. 

However, the absolute postprocedural value must still be at least five times the 99th percentile URL. In addition, one of the following elements is required:

• New ischemic ECG changes

• Development of new pathologic Q waves

• Imaging evidence of new loss of viable myocardium or new regional wall motion abnormality in a pattern consistent with an ischemic etiology

• Angiographic findings consistent with a procedural flow-limiting complication such as coronary dissection, occlusion of a major epicardial artery or a side branch 

occlusion/thrombus, disruption of collateral flow, or distal embolization

TYPE 4b: Stent/Scaffold Thrombosis Associated with Percutaneous Coronary Intervention

TYPE 4c: Restenosis Associated with Percutaneous Coronary Intervention

TYPE 5: MI Associated with CABG (#48 Hours After the Index Procedure)

CABG-related MI is arbitrarily defined as elevation of cTn values .10 times the 99th percentile URL in patients with normal baseline cTn values. In patients with ele-

vated preprocedure cTn in whom cTn levels are stable (,20% variation) or falling, the postprocedure cTn must rise by .20%. However, the absolute postproce-

dural value still must be .10 times the 99th percentile URL. In addition, one of the following elements is required:

• Development of new pathologic Q waves

• Angiographic-documented new graft occlusion or new native coronary artery occlusion

• Imaging evidence of new loss of viable myocardium or new regional wall motion abnormality in a pattern consistent with an ischemic etiology

TABLE 29.1 Clinical Classification and Definition of Different Types of Myocardial Infarctions

From Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal definition of myocardial infarction. Circulation. 2018;138(20):e618–e651.

hypoxia, may cause the breakdown of cytoplasmic troponin into 

smaller fragments that can pass through endothelial monolayers and 

subsequently be detected by sensitive troponin assays.14 Although de-

tectable troponin levels usually emanate from myocardial cells, they 

may not always represent either irreversible cell death or myocardial 

ischemia. Renal dysfunction is another factor associated with elevated 

troponin levels, and both the sensitivity and specificity of this bio-

marker are decreased in that population.

Regardless of the cause, it is clear that elevation of serum troponin 

levels is associated with a worsened outcome both in and out of  

the ICU, even after adjustment for severity of the disease.15 What 

is less clear is whether myocardial dysfunction represents the proxi-

mate cause of the worsened prognosis. It is often difficult to exclude 

ischemia in critically ill patients, but in a study of patients with septic 

shock, troponin predicted mortality risk even in patients in whom 

flow-limiting lesions were excluded either by stress echocardiography 

or by direct examination at autopsy.16

These challenges are likely to be compounded by the wider use of 

high-sensitivity troponin (hs-cTn) assays.17 Two large prospective 

multicenter studies have demonstrated that high-sensitivity cTn and 

hs-cTn assays have a higher diagnostic accuracy for the diagnosis of 

MI than less-sensitive cTn assays, especially in patients presenting 

early after chest pain onset.18,19 The clinical introduction of hs-cTn 

assays is a trade-off: on one hand allowing earlier detection and  

exclusion of acute MI (AMI) in the first hours, but on the other,  

the detection of myocardial cell death associated with multiple  

CABG, Coronary artery bypass grafting; cTn, cardiac troponin; ECG, electrocardiogram; MI, myocardial infarction; URL, upper reference limit.
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Myocardial Injury Related to Acute Myocardial Ischemia

Atherosclerotic plaque disruption with thrombosis.

Myocardial Injury Related to Acute Myocardial Ischemia 

Because of Oxygen Supply/Demand Imbalance

Reduced myocardial perfusion, for example:

• Coronary artery spasm, microvascular dysfunction

• Coronary embolism

• Coronary artery dissection

• Sustained bradyarrhythmia

• Hypotension or shock

Respiratory failure

• Severe anemia

Increased myocardial oxygen demand, for example:

• Sustained tachyarrhythmia

• Severe hypertension with or without left ventricular hypertrophy

Other Causes of Myocardial Injury

Cardiac conditions, for example:

• Heart failure

• Myocarditis

• Cardiomyopathy (any type)

• Takotsubo syndrome

• Coronary revascularization procedure

• Cardiac procedure other than revascularization

Catheter ablation

• Defibrillator shocks

• Cardiac contusion

Systemic conditions, for example:

• Sepsis, infectious disease

• Chronic kidney disease

• Stroke, subarachnoid hemorrhage

• Pulmonary embolism, pulmonary hypertension

• Infiltrative diseases (e.g., amyloidosis, sarcoidosis)

Chemotherapeutic agents

• Critically ill patients

• Strenuous exercise

TABLE 29.2 Causes of Elevation of Cardiac 
Troponin Values

From Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal definition 

of myocardial infarction. Circulation. 2018;138(20):e618–e651.

OTHER BIOMARKERS

Although some emerging biomarkers provide good sensitivity or 

specificity for the diagnosis of MI, others may provide useful informa-

tion regarding prognosis.

Cardiac myosin-binding protein C (cMyC) is a cardiac-re-

stricted protein that rapidly enters the systemic circulation after 

myocardial injury, is relatively more abundant than troponin, and 

has been recently identified as a new candidate biomarker of car-

diac injury.22 cMyC rises more rapidly in the systemic circulation 

than hs-cTnT, perhaps as a result of its higher myocardial concen-

tration.23 In a recent analysis of unselected patients presenting to 

the emergency department with symptoms suggestive of AMI, dis-

criminatory power for MI was comparable for cMyC and other 

biomarkers, but the combination of cMyC with standard-sensitiv-

ity cTn led to an increase in area under the diagnostic curve and 

more accurately classified patients with a single blood test into 

rule-out or rule-in categories.24 Validation in larger and more var-

ied cohorts is needed.

The N-terminus portion of human albumin binds to transition 

metal ions. Under ischemic and oxidative conditions, this binding is 

inhibited, and detection of this ischemia-modified albumin (IMA) 

has been described as a marker of oxidative stress and hypoperfu-

sion.25 In MI, IMA levels rise within 6 hours and remain elevated for 

12 hours, and a combination of IMA, ECG, and contemporary tro-

ponin assays was reported to have a negative predictive value of 97% 

for MI.26 In patients with severe sepsis, IMA was a strong predictor 

of short-term mortality.27 Its use, however, has not yet been con-

firmed to add value to contemporary hs-TnT assays,25 and detection 

of high IMA levels in patients with cancer, infection, brain ischemia, 

liver disease, and end-stage renal disease limits the specificity of this 

test for the diagnosis of MI.

MicroRNAs (mi-RNAs), short, noncoding RNAs that regulate gene 

expression at the post-transcriptional level, are novel markers that may 

prove clinically useful. Three mi-RNAs (miR-133a, miR-208b, and 

miR-499) demonstrated high sensitivity and specificity for detecting 

AMI,28 but a recent study demonstrated that sensitivity of current 

mi-RNA detection was inferior to troponin.29 A multibiomarker com-

bination of muscle-enriched mi-RNAs with cMyBP-C and cardiac 

troponins could open a new path of integrating complementary char-

acteristics of different biomarker types.

The prohormone proBNP is released by the heart in response to 

stretching of the wall and after ischemia. Subsequently, it is cleaved 

into active B-type natriuretic peptide (BNP) and N-terminal pro-

BNP (NT-proBNP), both of which can be measured in blood. Higher 

BNP levels in ACS patients correlate with an increased risk of death, 

and BNP appears to confer information independent of other clini-

cal markers, adding prognostic value to the Global Registry of Acute 

Coronary Events (GRACE) risk score.30 Use of BNP in the ICU is 

complex, however; women and older individuals have higher BNP 

levels, and so age- and gender-specific cutoffs may be needed.31 

Whereas obese individuals have lower values, renal dysfunction in-

creases BNP serum levels, sometimes dramatically.32,33 BNP levels 

can also be increased in the setting of right ventricular strain. Con-

sequently, in patients with pulmonary embolism, both elevated BNP 

and elevated troponin levels carry a worsened prognosis.34 BNP re-

mains a good indicator of ventricular dysfunction and myocardial 

wall stress, but which cutoff levels should be used in the ICU and 

what the clinician should do when the BNP exceeds those levels re-

main unclear.

noninfarction pathophysiologic conditions. That enhanced sensitiv-

ity challenges the clinician to differentiate them.20 A further diffi-

culty in the ICU is that patients may not experience classic symp-

toms of ischemia or may be unable to report them. Despite this 

potentially confounding factor, it is useful for the clinician to recall 

that an MI is diagnosed when biomarkers are elevated in a sugges-

tive clinical setting.2 A characteristic rise and subsequent fall should 

be seen, as an isolated high troponin value may not result from per-

sisting ischemia.21 Troponin levels should be repeated to define the 

clinical course. In addition, it is important to note that the diagnos-

tic performance of hs-cTn assays is currently not established outside 

the setting of the patient presenting to the emergency department 

with chest pain.20
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Amsterdam EA, Wenger NK, Brindis RG, et al. 2014 AHA/ACC guideline for 

the management of patients with non-ST-elevation acute coronary syn-

dromes: executive summary: a report of the American College of Cardiol-

ogy/American Heart Association Task Force on Practice Guidelines. Circu-

lation. 2014;130(25):2354–2394.

Guidelines for the diagnosis and management of non–ST-elevation acute  

coronary syndromes. The guidelines stress the combination of clinical, electro-

cardiographic, and biochemical features for diagnosis and the importance of 

risk assessment to guide therapeutic strategies.

Lipinski MJ, Baker NC, Escárcega RO, et al. Comparison of conventional and 

high-sensitivity troponin in patients with chest pain: a collaborative meta-

analysis. Am Heart J. 2015;169(1):6–16.e6.

Meta-analysis of the sensitivity and specificity of high-sensitivity troponin  

assays compared with standard troponin assays in patients presenting with 

chest pain.

O’Gara PT, Kushner FG, Ascheim DD, et al. 2013 ACCF/AHA guideline for 

the management of ST-elevation myocardial infarction: a report of the 

American College of Cardiology Foundation/American Heart Association 

Task Force on Practice Guidelines. Circulation. 2013;127(4):e362–e425.

Guidelines for the diagnosis and management of non–ST-elevation acute  

coronary syndromes. The importance of prompt acquisition and interpreta-

tion of an electrocardiogram is emphasized, as is the value of early reperfu-

sion therapy.

Thygesen K, Alpert JS, Jaffe AS, et al. Fourth universal definition of myocardial 

infarction. Circulation. 2018;138(20):e618–e651.

The latest update of a consensus definition of myocardial infarction that  

includes historical, clinical, electrocardiographic, and biochemical criteria. 

Key points involve the use of serial biochemical assays when warranted and  

a distinction between plaque rupture and demand ischemia as a cause of 

myocardial damage.

KEY POINTS

• Of the five MI types, those most pertinent to the critical care setting are 

type 1 (plaque rupture) and type 2 (demand ischemia leading to infarction).

• “Nondiagnostic” ECGs are common in the setting of AMI.

• Troponin elevations are highly specific for myocardial cellular injury, but 

their release may not always indicate myocardial plaque rupture.

• High-sensitivity troponin assays have allowed clinicians to detect smaller 

amounts of myocardial necrosis, but this has also posed several interpretive 

challenges.

• Renal dysfunction is another factor associated with elevated troponin lev-

els, decreasing both the sensitivity and specificity of this biomarker in this 

population.

• Emerging biomarkers have been shown to provide good sensitivity or 

specificity for the diagnosis of MI and may provide information regarding 

prognosis.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Ahmed HM, Hazen SL. Novel risk stratification assays for acute coronary syn-

drome. Curr Cardiol Rep. 2017;19(8):69.

A review of the diagnostic performance of current high-sensitivity troponin 

assay and novel biochemical markers. The potential use of these new markers 

within the context of future clinical care in the modern era of higher- 

sensitivity troponin testing is also discussed.
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Point-of-Care Ultrasound

Sumit P. Singh and Davinder Ramsingh
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only for imaging superficial structures. Lower-frequency probes (2–5 

MHz) provide better penetration but have lower resolution. Probe selec-

tion is based on matching the properties of the ultrasound probe with 

the particular structure that one is trying to image. Besides frequency, 

additional properties of the probe include the footprint (area emitting 

the ultrasound) and shape. Typical phased-array probes emit at 3–5 

MHz, have a small footprint, and produce a wide ultrasound image by 

sending out packets of ultrasound that are stitched together. Curved 

linear probes emit at 4–7 MHz, have a large footprint, and are ideal for 

imaging of abdominal structures. These probes generate a wide image 

because of the way the ultrasound waves are emitted. Linear probes emit 

at 10–27 MHz and are used for imaging superficial structures (Fig. 30.1).

Acoustic gel is used to minimize the difference in acoustic impen-

dence from the probe to the skin. Standard 2D image creation is called 

B-mode (brightness mode). In this mode, there is a change in spot 

brightness for each ultrasound signal received by the transducer. M-

mode (motion mode) is a graphic B-mode pattern that is a single 

screen line of ultrasound signal displayed over time and is used pri-

marily to assess the motion of structures along the ultrasound beam. 

Doppler ultrasound is a modality that is used to determine direction 

and intensity of vascular flow by assessing the change in velocities 

secondary to the motion of the structure of interest (usually red blood 

cells). It is important to remember that Doppler signals are more ac-

curate when the ultrasound signal is parallel to the direction of flow. 

With color Doppler, the Doppler echoes are displayed with colors cor-

responding to the direction of flow. With continuous wave Doppler, 

one assesses the summation of velocities of flow along a line of the 

ultrasound signal. With pulse wave Doppler, one is able to assess flow 

velocity in an exact location, but with the limitation of only being able 

to assess a restricted range of velocities. From each transducer posi-

tion, the targeted structure is characterized by five major probe move-

ments: (1) slide refers to motion in the long axis of the probe along 

the body, (2) rock refers to motion along the long axis of probe at a 

fixed point of the body, (3) sweep refers to motion in the short axis of 

the probe along the body, (4) fan refers to motion along the short axis 

of the probe at a fixed point of the body, and (5) rotation refers to 

moving the probe in a clockwise or counterclockwise direction.7

ASSESSMENT OF PULMONARY DISORDERS

When applicable to the condition or problem at hand, ultrasound as-

sessment of pulmonary disorders holds potential value for the critical 

care physician. Ultrasound may provide noninvasive, immediate bedside 

Recent advances in ultrasound technology have allowed ultrasound 

instruments to become smaller, more portable, and less expensive, so 

that this powerful imaging tool can be readily and repeatedly used in 

everyday intensive care unit (ICU) care.1 The concept of point-of-care 

ultrasound (POCUS) refers to the use of portable ultrasonography at 

the patient’s bedside for diagnostic and therapeutic purposes.2 The 

provider acquires and interprets all images in real time and then uses 

that information to diagnose and direct therapy. Although comprehen-

sive imaging can also be performed and interpreted at the point of care, 

the term POCUS typically refers to an ultrasound examination that is 

simple, rapid, and goal-oriented. It is a tool used most often to provide 

answers to acute “yes or no” clinical questions, but interpretations can 

be more nuanced, depending on the provider’s qualifications, experi-

ence, and skill. Indeed, POCUS has been identified as a separate imag-

ing modality with defined routes for training, reporting, and billing.3,4

In the acute care setting, this modality has demonstrated utility for 

nearly every component of bedside assessment, including cardiac, 

pulmonary, hemodynamic, vascular, neurologic, and gastrointestinal 

status. Recent evidence has demonstrated improved diagnostic accu-

racy for each of these systems after the operator receives training from 

a cost-free online curriculum (www.foresightultrasound.com).5

This chapter seeks to review the current use of POCUS in the critical 

care setting. Specifically this chapter will discuss the following areas: (1) 

ultrasound physics and probe selection, (2) assessment of pulmonary 

status, (3) advanced vascular access, and (4) additional areas of assess-

ment. Chapter 31 provides a thorough discussion of echocardiography, 

including the echocardiographic assessment of intravascular volume 

status (preload responsiveness) and the use of echocardiography to di-

agnose shock and monitor response to treatment. Training on these 

topics using a model simulation–based educational curriculum has 

been shown be effective and to positively affect patient care.6

ULTRASOUND PHYSICS, PROBE SELECTION,  
AND MANIPULATION

Clinical ultrasound systems use transducers that emit and detect sound 

waves with a frequency between 2 and 27 MHz. Image production de-

pends on the strength of the returning ultrasound signal and relates  

directly to the angle at which the ultrasonic beam strikes the acoustic 

interface. The ultrasound signal is described by its frequency and wave-

length. A shorter wavelength (i.e., a higher frequency) provides better 

resolution but less penetration into tissues. Therefore higher- 

frequency probes (5–10 MHz) provide better resolution but are useful 
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diagnosis, unlike a computed tomography (CT) scan, which requires 

transporting the patient. Ultrasound is especially useful in pregnant and 

pediatric patients, where minimizing radiation exposure is important. 

However, lung ultrasound does have some limitations. Central lung pa-

thologies and areas under the ribs or scapula cannot be visualized. Ex-

amination of obese patients is difficult. Examination of trauma patients 

with subcutaneous emphysema is difficult or impossible.

Performing an ultrasound for detection of pneumothorax is a sim-

ple, easily learned technique. Studies showed that inexperienced, re-

cently trained personnel produced high detection rates for pneumotho-

rax.8,9 Ultrasound of the lung relies on the physical principle that fluid 

collects in gravitationally dependent areas, whereas gas collects superi-

orly. Therefore positioning the patient appropriately for the examination 

is critical. In reporting the findings, the physician should specify both the 

patient’s position (e.g., sitting, supine, right side down, or left side down) 

and the location of the probe. Probe placement should be posterior and 

inferior for detection of fluid but anterior and superior for detection of 

air. Although the probe can be placed transversely between two ribs, 

longitudinal placement with a view of the ribs is recommended because 

of the enhanced orientation provided by the rib shadows.

The curvilinear probe provides the best visualization of the pleural  

cavity. Although the lower frequency of 4–5 MHz does not allow the dis-

tinction of visceral from parietal pleura, it does permit visualization of 

normal lung “sliding” along the pleural surface and detection of air artifacts.

One of the initial steps in performing ultrasound of the lung is to 

visualize the diaphragm, which is a curvilinear hyperechoic structure 

that descends with every breath. The liver on the right side and the 

spleen on the left side serve as landmarks during this initial visualization.

A subcostal or transdiaphragmatic abdominal approach can also be 

used to visualize the pleural cavity, but a potential difficulty of this 

view is that “concave” organs, such as the spleen, may reverberate, 

producing artifacts that appear to be dense lesions in the pleural cavity.

A normal ultrasound image of the lung will have the following features:

 1. Lung sliding: As the lung inflates or deflates, the visceral pleura 

moves against the parietal pleural. The ultrasound images show this 

to-and-fro pleural movement, called lung sliding. Lung sliding is 

more prominent at the lung bases than at the apex. It is absent in 

the presence of intervening pleural air (pneumothorax) or fluid 

(pleural effusion). Inflammation that causes adherence of the  

two pleural membranes will also lead to absence of lung sliding.  

In M-mode, lung sliding can be best seen with the muscle and pari-

etal pleura represented as static horizontal lines above the to-and-fro 

movement of the visceral pleura and lung, which appears granular. 

This appearance on M-mode is called the seashore sign (Fig. 30.2).

 2. A-lines: These are motionless horizontal reverberations of the pleu-

ral lining that give a regularly spaced, hyperechoic artifact on the 

ultrasound image.

 3. B-lines: Also called ultrasound lung comets, B-lines may be consid-

ered the ultrasonic equivalent of radiologic Kerley B-lines that in-

dicate lung edema. These artifacts have seven features: (1) have a 

“hydroaeric” comet tail, (2) are hyperechoic, (3) are well-defined, 

(4) arise from the pleural lining, (5) are associated with disappear-

ance of A-lines, (6) move with lung sliding when present, and (7) 

feature a pattern of indefinite spreading in a cephalad direction.10 

B-lines are artifacts of water-thickened interlobular septa and indi-

cate increasing amounts of extravascular pulmonary edema, such 

as occurs in congestive heart failure (Fig. 30.3).

Pleural Effusion
The pleural cavity is quite accessible to ultrasound visualization. Pleu-

ral effusions are best seen in dependent areas of the chest: that is, 

Fig. 30.1 Ultrasound Probe Types.

Phased array Curved array Linear probe

Fig. 30.2 Seashore Sign. M-mode ultrasound of normal lung.
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extracellular lung water and the pulmonary wedge pressure (P , 

.001).10 Three or more B-lines in a single view are called B1 lines and 

represent interstitial edema.14 The presence of B-lines in a patient with 

acute dyspnea, evaluated together with measurement of circulating 

N-terminal pro B-type natriuretic peptide and the Framingham crite-

ria, helps distinguish between cardiogenic and noncardiogenic pulmo-

nary edema (P , .001).15 The presence of nine or more B-lines has 

been reported as 100% specific for cardiogenic dyspnea.15 Ultrasound 

may be more than 90% sensitive and specific for acute cardiogenic 

pulmonary edema. Therefore when combined with bedside echocar-

diography to evaluate cardiac function, the diagnosis of congestive 

heart failure can be confirmed before administering a diuretic.

Lung Consolidation
Lung consolidation is associated radiographically with air broncho-

grams and is visualized on ultrasound as lenticular air pockets within 

hypodense areas of consolidated lung.

Lung ultrasound has been found to be comparable to chest x-ray in 

making a diagnosis of pneumonia.16,17 The signal characteristics of pneu-

monic ultrasound depend on the stage of the infection. Subpleural con-

solidation with a treelike vascular pattern on Doppler might be present in 

the initial hepatization phase of lobar pneumonia. Lung sliding may be 

absent in the involved lobe secondary to inflammatory exudates. Later, 

during the resolution phase, ultrasound can detect the appearance of B-

lines, which indicate increased aeration of the lung. Lung ultrasound can 

therefore be used to monitor the progression of pneumonia. Lung CT 

and ultrasound correlate closely as methods for evaluating reaeration.18

Pneumothorax
Ultrasound is highly accurate for detecting pneumothorax. The pri-

mary ultrasound feature is abolition of lung sliding, occasionally asso-

ciated with A-lines and the absence of B-lines. In M-mode, this would 

give the appearance of multiple horizontal lines similar to a bar code. 

This nonspecific finding is seen in a number of other conditions, such 

as malignancy, chronic obstructive pulmonary disease (COPD), and 

pneumonia. More specific is the visualization of a lung point: that is, a 

point at which the lung and air can easily be visualized in the same  

M-mode image (Fig. 30.5). Moving the probe along the anterior, lateral, 

and posterior intercostal spaces and observation during an entire respi-

ratory cycle at each locale can help locate a lung point. Additionally, 

evaluation for the absence of the lung pulse, which is an anteroposterior-

directed pleural motion that is secondary to the transmission of cardiac 

movement across the thorax, can also help identify pneumothorax from 

Fig. 30.3 B-line.

Fig. 30.4 Sinusoid Sign. The visceral pleura moves toward the parietal 

pleura with lung expansion, giving a sinusoidal sign on M-mode.

posterior or inferior areas. The fluid is bounded inferiorly by the dia-

phragm and peripherally by the visceral and parietal pleural margins. 

With respiration, the visceral pleura should move toward the parietal 

pleura, producing a sinusoid sign with M-mode, which is highly spe-

cific (97%) for the presence of a pleural effusion11 (Fig. 30.4). At times, 

the lung may appear to be floating in the pleural liquid. A positive  

sinusoid sign can detect the presence of a low-viscosity pleural effu-

sion, but it may be falsely negative if the pleural fluid is highly viscous.

Ultrasound is more sensitive and specific than either auscultation or 

chest x-ray and therefore is the method of choice to evaluate pleural effu-

sions.12,13 Effusions that produce a 1-cm thickness in dependent zones are 

easily detected, with accuracy exceeding 90%.13 Anterior presentation of 

an effusion suggests that it is abundant. When large effusions are present, 

deeper structures can be visualized, such as a consolidated lung or the 

mediastinal contents. A large effusion may reveal air artifacts in the lung 

and allow the examiner to differentiate consolidated from aerated lung.

With experience, the examiner can estimate the volume of effusion 

as mild, moderate, or large. The echogenicity of an exudate allows the 

examiner to make an educated guess as to whether it is a transudate or 

an exudate; all transudates are anechoic, whereas exudative effusions 

are usually echogenic.

Hemothorax and purulent pleurisy present similar ultrasound pat-

terns. Hemothorax produces an echogenic signal, indicating numerous 

particles floating within the effusion. In rare cases, the entire pleural 

cavity might be hypoechoic, mirroring the accompanying “whiteout” 

seen on chest x-ray. CT will be diagnostically helpful in these cases.

Ultrasound can facilitate thoracentesis. The patient should be posi-

tioned in a sitting or lateral decubitus position. It is important that the 

patient remain in the same position throughout the localization of the 

lesion and the subsequent procedure. Before performing thoracentesis, 

the operator should verify that the effusion is at least 1.5 cm thick and is 

visible over at least three intercostal spaces.11 The operator should iden-

tify the most dependent part of the pleural cavity and carefully insert the 

needle under direct (real-time) ultrasound visualization, making every 

effort to avoid accidental puncture of other structures during the pro-

cess. Ultrasound-guided thoracentesis is safe in mechanically ventilated 

patients.11 After aspiration or biopsy, small pigtail catheters can be in-

serted and left in place for continuous drainage of the effusion.

Pulmonary Edema
Common practice in POCUS of the lung parenchyma is the evaluation 

of B-lines. The number of B-lines correlates with the amount of  
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other phenomena that can result in the absence of lung sliding (e.g., 

apnea, mainstem intubation, airway obstruction).

Chronic Obstructive Pulmonary Disease
Lung ultrasound in patients with COPD shows predominant A-lines 

with or without lung sliding but without a lung point. Ultrasound has 

an 89% sensitivity and 97% specificity for COPD.10

When using ultrasound to evaluate patients with dyspnea, it is ad-

visable to first check for lung sliding and then for a lung point. The 

absence of lung sliding in association with the presence of a lung point 

indicates a diagnosis of pneumothorax. The presence of lung sliding 

with prominent B-lines (.3/field) indicates a diagnosis of pulmonary 

edema or pneumonia. The next steps are to check for the presence or 

absence of a dependent pleural effusion and evaluate for the presence 

or absence of lung consolidation. An exudative effusion, indicated by 

the absence of a sinusoidal sign in association with lung consolidation, 

favors the diagnosis of pneumonia. Absence of prominent B-lines and 

predominance of A-lines indicate either pulmonary embolism, wors-

ening COPD, or pneumonia. Deep venous thrombosis (DVT) can be 

ruled out at this time by performing a venous examination of the lower 

and upper extremities. Absence of DVT and absence of any lung con-

solidation or pleural effusion favor the diagnosis of an exacerbation of 

COPD to explain the dyspnea. In patients with unclear or equivocal 

findings, further imaging modalities such as CT should be used.10

ADVANCED VASCULAR ACCESS

The use of ultrasound to aid in vascular access has advanced beyond its 

now-widespread use for central venous access. Specifically, ultrasound 

has proven to reliably aid the placement of difficult intravenous19,20 and 

intraarterial catheters.21,22 Use of ultrasound for peripheral venous ac-

cess has been shown to significantly increase success rates as well.23 A 

recent meta-analysis was conducted to compare an ultrasound guidance 

technique for central venous access with an anatomic landmark tech-

nique. That analysis indicated that ultrasound use decreased the risks of 

cannulation failure, arterial puncture, hematoma, and hemothorax.24 

However, it is important to emphasize that good anatomic knowledge 

and dynamic hand-eye-probe coordination to follow the needle tip are 

keys to success and avoidance of inadvertent arterial puncture.25 Use of 

ultrasound has not eliminated complications related to injury of deeper 

structures (subclavian or vertebral artery) during insertion of internal 

jugular central lines.25 This observation underlines the importance of 

formal training in ultrasound and simulated practice of central line 

placement, as supported by recently published guidelines.25

ADDITIONAL AREAS OF ASSESSMENT

POCUS is useful in assessing several other areas relevant to the issues 

faced by the critical care physician.

Deep Venous Thrombosis and Pulmonary Embolus
The current standard for evaluation of patients suspected to have DVT 

or pulmonary embolus involves CT pulmonary angiography and lower 

extremity compression ultrasonography. These tests are often performed 

despite a low pretest probability, and obtaining them potentially delays 

diagnosis.26 A study in patients with a moderate to high probability of 

pulmonary embolus evaluated multiorgan ultrasound that was per-

formed by intensivists, involved lung ultrasonography to search for 

subpleural infarcts, transthoracic echocardiography to detect right ven-

tricular dilatation, and leg vein ultrasonography to detect DVT. The 

study reported that multiorgan ultrasound had a high sensitivity (90%) 

and specificity (86.2%) for the detection of pulmonary embolus.27

Airway Management
 1. Endotracheal tube placement

A report suggested the utility of ultrasound for verification of success-

ful endotracheal intubation, reporting a sensitivity and specificity 

of 100% for the detection of successful endotracheal intubation 

versus esophageal intubation.28 An evaluation of POCUS examina-

tion that included assessment for tracheal dilation with endotra-

cheal tube cuff inflation and bilateral pleural lung sliding demon-

strated a high degree of sensitivity (93%) and specificity (96%) to 

detect endobronchial versus tracheal intubation.29

 2. Emergency cricothyroidotomy

Surface landmarks for identification are often not reliable for the 

identification of the cricothyroid membrane, especially in obese 

and female patients.30,31 Bedside ultrasound is a reliable modal-

ity for rapid identification of the anatomy for emergency crico-

thyrotomy (Fig. 30.6).32

 3. Percutaneous tracheostomy placement

Ultrasound improved success rates in accessing the trachea, with 

more than 90% correct placement with the first-pass attempt in 

a cadaveric study.33 Real-time ultrasound has been used for 

percutaneous tracheostomies, with improved accuracy for mid-

line placement of the needle.34,35

Gastric Volume Assessment
POCUS has also been used to assess gastric content and volume.36,37 A 

grading system has been proposed based exclusively on qualitative so-

nographic assessment of the gastric antrum and has shown a strong 

correlation with predicted gastric volume (Fig. 30.7).37 The presence of 

fluid in the antrum identified by ultrasound in both the supine and 

right lateral decubitus positions correlates with a large, clinically sig-

nificant amount of gastric contents. This ability to detect gastric vol-

ume by POCUS may be useful in assessing aspiration risk.

Intracranial Pressure Estimation
POCUS has the potential to provide rapid assessment of elevated intra-

cranial pressure (ICP), based on the measurement of the optic nerve 

sheath diameter. The optic nerve sheath is contiguous with the dura 

mater and has a trabeculated subarachnoid space through which cere-

brospinal fluid circulates. The relationship between the optic nerve 

sheath diameter and ICP has been well established.38,39 The sensitivity of 

ultrasonography in detecting elevated ICP was 100% (95% confidence 

interval [CI] 68%–100%), and specificity was 63% (95% CI 50%–

76%).38 An optic nerve sheath diameter of greater than 5 mm at a point 

approximately 2 mm from the retina suggests elevated ICP (Fig. 30.8).

Fig. 30.5 Lung Point in M-mode. Both the bar code and seashore 

signs are seen as the lung point moves across the image.
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Fig. 30.6 Longitudinal Ultrasound View of the Trachea. Longitudinal midline-scan view of the neck shows 

the cricothyroid membrane in red. Green and dark blue represent the thyroid and the cricoid cartilages, re-

spectively. The orange lining shows the air–tissue border between the trachea and air. Light blue indicates 

the tracheal cartilages.

Fig. 30.7 Ultrasound of Gastric Antrum to Assess Gastric Volume. A, Probe (curved linear) position for 

gastric antrum acquisition. B, Ultrasound image.

Food in gastric antrum

A B
CSA-of 4 cm2 = an empty stomach
CSA-of 10 cm2 corresponds to a gastric volume of between 100 and 240 ml.

 

A B

Fig. 30.8

 

Ultrasound of Optic Nerve Sheath Diameter.
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Ultrasound image.
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KEY POINTS

• Ultrasound instruments have steadily become less expensive and more 

portable, resulting in wider bedside application during physical examination 

to aid in clinical decision making. For this reason POCUS use and knowledge 

are becoming basic clinical skills for the critical care physician.

• Probe selection depends on the organ to be examined. Deeper structures 

need a lower-frequency probe, which allows better penetration.

• Doppler signals are more accurate when ultrasound signals are parallel to 

the direction of flow. Pulse wave Doppler can assess the flow velocity in an 

exact location, whereas continuous Doppler assesses for a summation of 

velocities along the line of ultrasound signal.

• Lung ultrasound allows comprehensive assessment of the pulmonary sys-

tem, offering high degrees of sensitivity and specificity for the detection of 

pneumothorax, quantification of pleural effusion, and characterization of 

parenchymal air-space disease. Bedside ultrasound-guided thoracentesis is 

usually safe, even in mechanically ventilated patients.

• Successful and safe POCUS use for vascular access involves excellent ana-

tomic knowledge and dynamic hand-eye-probe coordination to follow the 

needle tip at all times to prevent inadvertent arterial punctures and other 

complications.

• Evaluation for pulmonary embolus by POCUS involves a multiorgan exami-

nation including lung ultrasonography, echocardiography, and lower extrem-

ity assessment to detect DVT.

• POCUS has high sensitivity and specificity for the detection of successful 

endotracheal intubation in addition to identification of anatomic structures 

and landmarks for cricothyroidotomy and percutaneous bedside tracheos-

tomy.

• POCUS is increasingly being used for the assessment of gastric volume and 

content, especially before intubation for assessing aspiration risk.

 References for this chapter can be found at expertconsult.com.
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Over the past 60 years, echocardiography has undergone substantial 
developments to become one of the most common modalities in the 
field of cardiovascular imaging. Starting in the 1980s, technologic ad-
vancements and the recognition of its potential moved echocardio-
graphic imaging quickly into the operating room, emergency room, 
and intensive care unit (ICU). Today, it is fully integrated into medical 
subspecialties, such as anesthesiology, emergency medicine, critical 
care, and others.1–3

Several aspects differentiate critical care echocardiography from the 
comprehensive cardiology echocardiographic examination. Critical 
care echocardiography is focused on the immediate integration of di-
agnostic information into clinical management. In ICU patients, the 
interaction of heart and lung function and the presence of multiple 
medical interventions can make the interpretation of findings more 
complex. The ability to obtain adequate images can be limited. The 
hemodynamic profiles of patients tend to change continuously. There-
fore 24-hour access to echocardiography is important.

INDICATIONS, CONTRAINDICATIONS, AND SAFETY

Indications for echocardiography, including the critical care and peri-
operative settings, are well established in the literature.4–7 Although 
applications for echocardiography in the ICU continue to expand, the 
main indication remains the evaluation of hemodynamic instability 
and guidance of its clinical management (Table 31.1). Transthoracic 
echocardiography (TTE) represents the standard modality in the ICU, 
as it is noninvasive, readily available, and easy to use. Although TTE 
presents minimal risk to patients, acquiring satisfactory images is often 
problematic. In particular, surgical dressings, obesity, chronic obstruc-
tive pulmonary disease (COPD), and the requirement for mechanical 
ventilation can make imaging difficult. Problems associated with ob-
taining satisfactory images using TTE are the most common indica-
tion for transesophageal echocardiography (TEE) in the critical care 
setting, especially when patients are already intubated and sedated. 
Other less frequent indications are the need to diagnose cardiac valvu-
lar pathologies, endocarditis, or intracardiac thrombi or shunts. TEE 
requires advanced expertise and is an invasive procedure. As it carries 
increased risks of complications, absolute and relative contraindica-
tions are defined (Table 31.2), and risks and benefits must be consid-
ered before performing TEE.

IMPACT OF ECHOCARDIOGRAPHY IN THE ICU

Echocardiography is a valuable tool to identify the etiology of hemo-
dynamic instability and to guide clinical management in a critical care 
setting.8,9 Although some results support the view that echocardiogra-
phy can affect the management of ICU patients,10–12 definitive data 
regarding the impact of echocardiography on patient outcomes  

remain sparse.13–15 One small study showed that using TEE to diagnose 
nonventricular pathologies as the etiology of hypotension was associ-
ated with improved ICU survival.16 In a study of 220 ICU patients, 
Kanji and colleagues showed that therapy in subacute shock guided  
by limited TTE was associated with an improved 28-day survival and 
reduced the incidence of acute kidney injury (AKI) requiring renal 
replacement therapy (RRT).17 Critical care echocardiography is in-
creasingly accepted as a valuable tool for expedited diagnosis of emer-
gent pathologies (i.e., cardiac tamponade, pneumothorax), serves as a 
noninvasive adjunct to workups of critical illness (i.e., shock etiology, 
fluid responsiveness), and may be informative when implementing 
mechanical ventilation (i.e., positive end-expiratory pressure [PEEP] 
titration).1

TRAINING, ACCREDITATION, AND INVESTIGATION

Although guidelines for training and accreditation for comprehensive 
echocardiography by cardiologists are well defined, similar guidelines 
are still evolving concerning the use of focused echocardiography by 
noncardiologists. Since about 2005, professional societies all over the 
world have been developing specific pathways and recommendations 
for training and accreditation requirements for focused critical care 
ultrasound. The first document on training and accreditation of echo-
cardiography in intensive care developed by an international group of 
experts was published by the World Interactive Network Focused on 
Critical Ultrasound (WINFOCUS) in 2008.18 In 2009 a working group 
formed by the American College of Chest Physicians and La Société de 
Réanimation de Langue Française published a consensus statement 
about competency for performing critical care ultrasonography.19 Sub-
sequently, an international expert group led by the European Society 
of Intensive Care Medicine proposed training guidelines and standard-
ization of competency assessment for critical care ultrasonography, 
including echocardiography.20 The same group published a consensus 
statement on the standards for advanced echocardiography in the ICU 
in 2014 and, recognizing heterogeneity in the existing literature, has 
recently emphasized the need for standardization in study design and 
reporting of research investigations.21,22

Billing
With the growing use of point-of-care (POC) echocardiography in the 
ICU, the question of reimbursement has been a topic of ongoing dis-
cussion. Several components of the focused critical care echocardio-
graphic examination differ from the classic comprehensive echocardio-
graphic examination. Physicians not fully accredited in echocardiography 
often perform the focused echocardiographic examination in critically 
ill patients, and the liability of interpretation only extends to the specific 
focus of the assessment. Images commonly are not stored for further 
clinical use. In the United States, Medicare uses the Current Procedural 
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Terminology (CPT) code for the reimbursement of medical, surgical, 
and diagnostic services. Currently, the CPT coding does not incorpo-
rate an individual code for focused critical care ultrasound examina-
tions, and its components do not fulfill the requirements of the standard 
diagnostic TTE examinations or the limited/follow-up examination, as 
described in their coding system. TEE requires specific competence and 
is performed by physicians with advanced training. When performed in 
the ICU, these examinations are commonly accepted using existing CPT 
codes for TEE examinations.23

POC echocardiography has the potential to reduce overall ICU 
costs considerably. By adding a noninvasive, less expensive diagnostic 
and monitoring technology, it can expedite and focus clinical manage-
ment and decrease the risk to patients significantly. With standardiza-
tion of critical care echocardiography training, its differentiation from 

the classic comprehensive training, and the increasing evidence of the 
benefits of POC echocardiography, a specific billing code for the fo-
cused examination is warranted.24–26

BASICS

Equipment
Typically, echocardiography equipment used in echocardiography 
laboratories and cardiac operating rooms features the newest and most 
advanced technologies. The most advanced equipment is not needed 
for use in a critical care setting. Several companies now offer machines 
with specific features geared toward use in emergency departments, 
trauma bays, or ICUs. These machines are used for the broad spectrum 
of critical care applications, including lung, vascular, and abdominal 
ultrasonography. The machines can be equipped with multiple soft-
ware programs, including those useful for TTE and TEE. The ideal 
ICU ultrasound system is compact, portable, and durable. It requires 
minimal start-up time and has an easy-to-use operator interface. For 
routine daily use, it should have an extended battery life and internal 
storage capacity.

The transducers used for TTE and TEE examinations are typically 
phased-array transducers. They provide a frequency ranging from 1 to 
10 MHz, which offers the optimal balance of penetration and resolu-
tion required to image the heart.

Knobology
Echocardiography machines have a collection of knobs and buttons to 
adjust image quality, use different modalities, and store images. As 
each manufacturer has a set arrangement of knobs, sliders, and but-
tons, it is essential for each operator to become familiar with the layout 
of the machine that he or she will use on a regular basis. The most 
important controls and their function are as follows:
GAIN: Adjusts overall image brightness
TIME-GAIN-COMPENSATION (TGC): Selectively adjusts sector  

image brightness
DEPTH: Adjusts depth of view
ZOOM: Selects specific image sector
FOCUS: Adjusts focal zone
DYNAMIC RANGE: Adjusts gray-scale to filter out background noise

Ultrasound Modalities
More so than during the examination of anatomic structures other 
than the heart, the use of multiple ultrasound modalities is essential 
for echocardiography. The most commonly used modalities in the ICU 
are two-dimensional (2D) imaging, motion mode (M-mode), color 
flow Doppler (CFD), pulsed wave Doppler (PWD), and continuous 
wave Doppler (CWD). 2D remains the initial and most commonly 
used mode of anatomic imaging and qualitative assessment of gross 
pathologies in the ICU. A modality less frequently used is M-mode. 
M-Mode represents a one-dimensional image against time and has the 
advantage of excellent temporal resolution, which is useful for the 
imaging of fast-moving structures like valvular leaflets.

When assessing hemodynamic profiles, the use of Doppler echo-
cardiography, in addition to classic 2D imaging, provides the infor-
mation needed for quantitative measurements. CFD displays blood 
flow velocity and direction of flow by color mapping. It combines 
qualitative 2D imaging with semiquantitative information about 
blood flow. CFD is useful for diagnosing intracardiac shunts or valvu-
lar pathologies and for seeking evidence of obstructions to blood flow. 
When a quantitative assessment is needed for the calculation of stroke 
volume (SV), cardiac output (CO), and pulmonary artery pressures 
(PAP), PWD and CWD are the modalities of choice. Both modes 

• Circulatory failure (hypotension, shock)
• Sepsis
• Low cardiac output state
• Cardiac arrest
• ACS
• Pulmonary embolism
• Suspected cardiac etiology of respiratory failure
• Aortic dissection
• Cardiac trauma
• Endocarditis
• Suspected cardiac etiology of systemic embolism
• Cardiac evaluation for potential organ donation
• Guidance and assessment of circulatory assist devices (TVPM, IABP, 

ECMO, VAD)

TABLE 31.1 Indications for 
Echocardiography in the ICU

ACS,Acutecoronarysyndrome;ECMO,extracorporealmembrane
oxygenator;IABP,intraaorticballoonpump;TVPM,transvenouspace-

maker;VAD,ventricularassistdevice.

Indications Contraindications

• Poor image quality in acute 
hemodynamic instability

• Poor image quality second to 
severe obesity, emphysema, 
surgical drains/dressing

• Comprehensive assessment of 
aortic dissection, endocarditis, 
valvular pathologies, prosthetic 
valves, intracardiac thrombus

• Assessment of circulatory 
assist devices

• Assessment of intracardiac 
shunt

Absolute:
• Perforated viscus
• Esophageal pathology (stricture, tu-

mor, trauma, diverticulum, varices)
• Recent esophageal or gastric sur-

gery, status post esophagectomy or 
esophagogastrostomy

• Active upper GIB
• Cervical spine injury

Relative:
• Recent upper GIB
• PUD
• Coagulopathy, thrombocytopenia
• Hiatal hernia

TABLE 31.2 Indications and 
Contraindications for TEE in the ICU

GIB,Gastrointestinalbleed;PUD,pepticulcerdisease.
TEEismandatoryforthecomprehensiveassessmentofcertain
cardiacpathologies.Inhemodynamicinstability,whenTTEimaging
resultsininsufficientimagequality,theintensivisthastoweighrisk
andbenefitsofperforminganinvasiveTEEexamination.
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provide information about blood flow direction and numeric esti-
mates of blood flow velocity at the interrogated anatomic site. 
Whereas PWD measures blood flow velocity at the specific site of the 
sample volume and is limited by a certain velocity threshold called the 
Nyquist limit, CWD displays the maximum velocity along the whole 
interrogation beam without a velocity threshold. Both modalities re-
quire alignment of the interrogation beam with the direction of blood 
flow to minimize the underestimation of velocity caused by a subop-
timal incidence angle. As with 2D imaging, several interventions can 
be applied to enhance Doppler quality and prevent artifacts as a result 
of the Nyquist limit. Most importantly, adjustment of the transducer 
location and frequency, sample volume depth, and movement of the 
baseline can maximize peak velocities with PWD.27,28

STANDARD VIEWS AND ANATOMY

When performing echocardiographic examinations, the position of 
the transducer in relationship to the body is called the acoustic win-

dow, and the image plane is defined as the view. Image planes are in 
reference to the point of focus, which most commonly is the left 
ventricle (LV).

Image Acquisition and Optimization
Following a consistent order of image acquisition minimizes the risk 
of missing images and pathologies and facilitates learning. Clockwise 
positioning and rotation of the transducer provides a simple and logi-
cal approach to the focused examination (Fig. 31.1).

PSLAX

PSSAX

A4CH

A5CH

SC4CHSCIVC

Fig. 31.1 TTE transducer position and imaging windows.StartingwiththePSLAXandtheprobemarker
toward11o’clock,theclockwisemovementandrotationofthetransducerwillprovideasystematicapproach
toobtainingacousticwindowsandimagingviews.RotationofthetransducerfromthePSLAXviewby90
degreesclockwisewillshowthePSSAXview.InthePSSAXview,tiltingthetransducercephaladorcaudad
willvisualizetheshortaxisoftheAV,LVmidpapillary,andLVapical.Furtherrotationofthetransducerfrom
1o’clockto3o’clockandmovementtotheapicalpositionvisualizestheA4CHview.Flatteningofthetrans-

ducerwillshowtheLVOTandA5CHviews.CounterclockwiserotationintheapicalviewwillshowtheA2CH
andA3CHviews.Maintainingtheprobemarkerinthe3o’clockpositionvisualizestheSC4CHviewintheSC
position.TheslightrightwardangleofthetransducerprovidestheLAXoftheIVC.A2CH,Apicaltwochamber;
A3CH,apicalthreechamber;A4CH,apicalfourchamber;A5CH,apicalfivechamber;AV,aorticvalve; IVC,
inferiorvenacava;LAX,longaxis;LV,leftventricle;LVOT,leftventricularoutflowtract;PS LAX, parasternal
longaxis;PS SAX,parasternalshortaxis.
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Whether with TTE or TEE, standardized views are based on ana-
tomic landmarks, which can be obtained at defined acoustic windows 
with specific transducer positions and angles. To avoid inadequate 
imaging and the risk of misinterpretation, knowledge of the specific 
anatomic landmarks defining each view is pertinent. In addition, the 
following techniques should always be used to optimize imaging. 
Body position: Extension of the left arm opens up the parasternal 
windows, and a slight left-side tilt can bring the cardiac apex closer to 
the chest wall. Flexing the legs at the hip facilitates the acquisition of 
subcostal windows. Image acquisition: Small changes in transducer 
position and angle, a change in the intercostal space above or below, 
and the use of TEE can provide improved imaging. Machine setting: 
Aside from adjusting gain, TGC, and dynamic range, precisely adjust-
ing the focus and depth to the region of interest (ROI) is critical. In 
addition, using the zoom feature can be helpful. Especially in Doppler 
modes, these adjustments can improve measurements and avoid Dop-
pler aliasing. Another option for improving image quality is con-
trasted echocardiography.29 Even though not commonly used by in-
tensivists when performing focused ICU examinations, injection of 
contrast media can significantly enhance opacification of the right 
and left ventricular chambers and enhance the definition of the endo-
cardial border.30

Transthoracic Echocardiography
In TTE, three standard acoustic windows are used: the parasternal, 
apical, and subcostal positions (see Fig. 31.1). A fourth position called 
suprasternal is additionally used during comprehensive examinations 
and in the pediatric population.

Standard Transthoracic Views
The focused echocardiographic examination in the ICU commonly 
includes five major views: (1) the parasternal long-axis (PS LAX), (2) 
the parasternal short-axis (PS SAX), (3) the apical four-chamber 
(A4CH), (4) apical five-chamber (A5CH), and (5) the subcostal long-
axis (SC LAX) (Table 31.3).18,21

PS LAX is obtained by positioning the transducer in the left third 
or fourth intercostal space (ICS), along the anterior midclavicular  
line, with the transducer marker directed toward the right shoulder 
(see Fig. 31.1). This view is primarily used to evaluate LV and right 
ventricle (RV) size and systolic function and to obtain quantitative 
measurements of ventricular size and wall thickness by the M-mode. 
The mitral valve (MV) and aortic valve (AV), including the left-ven-
tricular outflow tract (LVOT) and aortic root, can be assessed with 2D 
and CFD for regurgitation, stenosis, or dynamic outflow obstruction. 
Additionally, this view can be used for the visualization of pericardial 
pathologies.

PARASTERNAL SHORT-AXIS VIEWS are obtained in the same 
transducer position as the parasternal long-axis view, with the trans-
ducer rotated 90 degrees clockwise and the marker directed toward the 
left shoulder (see Fig. 31.1). Within this view, multiple planes of the 
heart can be imaged depending on the tilt of the transducer. When 
tilting the probe from superiorly to inferiorly, visualization starting 
with the short axis of the AV over the basal and mid-SAX of the LV 
down to the apical segment of the LV is possible. This view is best used 
for the evaluation of LV size and systolic function. It is optimal for 
describing regional wall motion abnormalities, as all territories of 
coronary perfusion can be visualized simultaneously. In addition, the 
basal AV SAX view can provide information about the tricuspid valve 
(TV), including measurements of right ventricular systolic pressure 
(RVSP) by CWD.

APICAL VIEWS provide images of all four chambers (see Fig. 31.1). 
Most commonly used in the ICU are the A4CH and A5CH views. With 
the transducer positioned at the apex of the heart, commonly in the 
sixth or seventh ICS along the anterior axillary line, the probe marker 
is directed toward the left axilla. With tilting of the probe superiorly, 
the 4CH and 5CH views are obtained.

The 4CH view is used for the assessment of atrial and ventricular 
chamber sizes, biventricular systolic function, and regional wall motion 
abnormalities. Because of the optimal incidence angle and visualization 
of the TV, MV, and AV in the 4CH and 5CH views, quantitative  

Standard TTE Views Structures Common Assessment

PS LAX LA, LV, RV, MV, AV, LVOT, Desc Ao LV and RV size, LV and RV systolic function, RWMA, AV and MV pathologies, LVOT obstruc-
tions (SAM), pericardial effusion/clot/tamponade, pleural effusion, LVOT diameter for SV  
calculation, aortic dissection and aneurysm

PS SAX AV LA, RA, RV, PA, AV, TV, PV AV pathologies, RV size and systolic function, TV pathologies, RVSP, intracardiac shunts, cathe-
ters/PM leads/cannulas

*PS SAX MID-PAP LV, RV LV size and systolic function, RWMA, pericardial effusion/clot/tamponade

*A4CH LA, RA, LV, RV, MV, TV LV and RV size, LV and RV systolic function, RWMA, LA and RA size, MV and TV pathologies, 
RVSP, TAPSE

A5CH LA, RA, LV, RV, LVOT, AV, MV LVOT obstructions (SAM), VTI LVOT and AV, AV pathologies

A2CH LA, LV, MV RWMA, MV pathologies

*SC SAX RA, LA, RV, LV, diaphragm Pericardial effusion/clot/tamponade, RV size and systolic function, RA size, catheters/PM 
leads/cannulas

*SC IVC LAX IVC Volume status, pericardial effusion/clot/tamponade

SC IVC SAX IVC, Desc Ao Volume status, pericardial effusion/clot/tamponade, aortic dissection and aneurysm, IABP

TABLE 31.3 Standard TTE Views, Anatomic Structures Seen, and Their Common Use

2CH,Twochamber;4CH,fourchamber;5CH,fivechamber;A,apical;AV,aorticvalve;Desc Ao,descendingaorta;IABP,intraaorticballoonpump;
IVC,inferiorvenacava;LA,leftatrium;LAX,longaxis;LV,leftventricle;LVOT,leftventricularoutflowtract;MV,mitralvalve;PM,pacemaker;PS,
parasternal;RA,rightatrium;RV,rightventricle;RWMA,regionalwallmotionabnormalities;SAM,systolicanteriormitralvalveleafletmotion;
SAX,shortaxis;SC,subcostal;TV,tricuspidvalve;VTI,velocity-timeinterval.
Asseen,thePSSAX,A4CH,andSCSAXincombinationprovidemostinformationneededintheacutesituation.Additionalviewsforhemody-

namicassessmentareaddedtoshowthemostcommonviewsusedintheICU.
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measures by M-mode, CFD, CWD, and PWD are best obtained from 
the apical position. These views are mostly used by intensivists for 
quantitative evaluation of RV function and RVSP, LV cardiac output, 
and diastolic function, in addition to the evaluation of valvular patholo-
gies by spectral-Doppler echocardiography.

From the 4CH position, a counterclockwise rotation of the trans-
ducer by 90 and 110 degrees will visualize the apical two-chamber 
(A2CH) and three-chamber views (A3CH), which completes the  
visualization of all LV wall segments when combined with the  
4CH view.

SUBCOSTAL VIEWS are obtained by positioning the transducer in 
the subxiphoid or subcostal position while maintaining the marker 
directed toward the left lateral side of the patient. Aiming the probe 
toward the left shoulder and maintaining it flat on the abdomen, the 
heart is cut in a horizontal plane, showing all four chambers and par-
ticularly the RV free wall (see Fig. 31.1). A 90-degree rotation of the 
transducer counterclockwise while slightly aiming the probe toward 
the right shoulder will visualize the inferior vena cava (IVC) and its 
junction into the RA. These views can provide information about 
pericardial pathologies, such as pericardial effusion and tamponade. 
When angled slightly toward the right and caudad, global volume sta-
tus can be assessed by measuring IVC diameter and dynamic collapse 
with respiratory variation (see Fig. 31.1).

Transesophageal Echocardiography
In the past, the use of TEE in a critical care setting was restricted by 
availability, technical issues, and the need for operator expertise. With 
improvements in equipment and growing expertise among intensiv-
ists, the use of this modality is increasing. Superior image quality and 
the ability to evaluate for certain pathologies remain the advantages of 
TEE over TTE.31

Safety of Transesophageal Echocardiography
TEE in ambulatory and nonoperative settings has an incidence of ad-
verse events of between 0.2% and 0.5% and a mortality rate of 
,0.01%.32 TEE in the ICU has slightly higher morbidity and mortality. 
Multiple studies show that the incidence of adverse events ranges from 
1.6% to 5%.16,33–35 In a review of 20 studies, Hüttemann and colleagues 
reported that the incidence of TEE-related complications in the ICU 
was 2.6%; there were no TEE-related deaths.36 The main complications 
associated with TEE are arrhythmias, hypotension, airway compro-
mise, and bleeding. These complications are more likely to occur in 
critically ill patients as compared with relatively healthier subjects be-
cause ICU patients often are hemodynamically unstable or already 
prone to hemorrhage. Nevertheless, if the operator is cognizant of the 
potential complications and takes pains to weigh the risks versus the 
benefits carefully, TEE can be performed safely in the ICU. Preparation 
of the patient before TEE is important. First, the indications for and 
specific questions to be answered by the examination have to be de-
fined. Second, potential contraindications to TEE, such as recent 
esophageal or gastric surgery or active upper gastrointestinal bleeding, 
must be ruled out. Third, coagulation status must be assessed and ab-
normalities corrected, if possible. Fourth, nil per os (NPO) status must 
be assured. Fifth, the mode of sedation, the need for administration of 
paralytic agents, and airway protection have to be addressed. When 
performing the examination, insertion and manipulation of the probe 
should be tailored to the patient’s condition and coexisting risk factors.

Standard Transesophageal Views
The TEE examination in the perioperative setting includes 20 standard 
views.37 TEE in the ICU rarely requires a comprehensive examination. 
Several different protocols have been proposed for the focused TEE 

examination in critically ill patients, emergency room patients, or 
acute intraoperative emergencies.38,39 The goal of the focused exami-
nation remains the same as with TTE, and unless prohibited by the 
severity of the situation, acquisition of standardized views should be 
obtained.

Although a comprehensive TEE examination uses views at four 
levels of the esophagogastric tract, the two main depths used during 
the focused examination are the midesophageal and transgastric 
planes. The midesophageal level provides optimal views for specific 
anatomic evaluation of cardiac structures, as the transducer is near the 
heart. Transgastric views are mainly used for quick evaluations of LV 
size, systolic function, and wall motion abnormalities. In addition, 
spectral-Doppler of the AV is performed in the deep transgastric view, 
as the incidence alignment angle is best in this location. The transgas-
tric view can also show loculated or dependent pericardial effusions, 
which may be difficult to see in the midesophageal views.

HEMODYNAMIC ASSESSMENT

Echocardiography represents a method for the immediate diagnosis, 
management, and monitoring of hemodynamic profiles in critically ill 
patients. With an examination that rarely takes more than a few min-
utes to complete, echocardiography can provide the intensivist with 
anatomic information about the critically ill patient’s intravascular 
volume status, the presence or absence of various forms of cardiac 
pathologies (e.g., pericardial effusion and tamponade; regional wall 
motion abnormalities), myocardial contractility, and ventricular di-
mensions. For the subsequent interpretation and use of this informa-
tion, it is pertinent to incorporate the influence of concurrent patholo-
gies and medical treatments on echocardiography findings. Especially 
common factors, such as arrhythmias, vasopressor or inotropic sup-
port, and mechanical ventilation, need to be considered during the 
qualitative and quantitative hemodynamic assessment.40

Cardiac Preload and Fluid Responsiveness
As the management of the critically ill patient has evolved, the question 
of volume (i.e., preload) responsiveness has taken priority over static 
parameters like central venous pressure (CVP) and pulmonary artery 
occlusion pressure (PAOP).9 Many experts are skeptical about the clini-
cal utility of static pressures for guiding the hemodynamic management 
of critically ill patients. Neither CVP nor PAOP is a good predictor of 
preload responsiveness (i.e., an increase in CO or SV after bolus admin-
istration of intravenous crystalloid or colloid solutions). With the vali-
dation of echocardiography, bedside examination is increasingly re-
placing invasive monitoring in the contemporary evaluation of cardiac 
preload and prediction of volume responsiveness.9,41 While visualizing 
with echocardiography, a passive leg-raise maneuver (rapidly changing 
patient position for head of the bed from 30–45 degrees to 0 degrees 
while elevating the lower limbs to 30–45 degrees, thus moving 250–350 mL 
of blood from the leg to the heart) has proven to be a reliable technique  
to assess fluid responsiveness.42,43 One meta-analysis of 23 studies and 
1013 patients calculated a pooled sensitivity of 86%, specificity of 92%, 
and a summary Area under the curve receiver operating characteristics 
(AUROC) of 0.95 for the passive leg raise.44 Cardiac output changes can be 
assessed after 1–2 minutes after the maneuver.45 Assessment of IVC diam-
eter and the collapsibility, cardiac chamber size, and ventricular outflow 
tract stroke volume (LVOT SV) measurements are among the most com-
mon methods used for qualitative and quantitative evaluation of these 
parameters.46 Vignon and colleagues performed a multicenter prospective 
trial using passive leg raise and various echocardiographic indices to assess 
fluid responsiveness. Respiratory variation of the maximal Doppler veloc-
ity in the LVOT was the most sensitive indicator, and respiratory variation 
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of the superior vena cava diameter was the most specific in predicting fluid 
responsiveness.47 However, both require the semi-invasive TEE.

Assessment of IVC size and its dynamic variation during changes in 
intrathoracic pressure with mechanical ventilation is the least labori-
ous and the most common way for using echocardiography to evaluate 
cardiac preload and volume responsiveness in ICU patients. The aver-
age diameter of the IVC is 17 mm. The absolute IVC diameter by itself, 
unless ,10 mm or .20 mm, does not correlate well with right atrial 
pressure (RAP) or preload responsiveness.48 However, dynamic 
changes in the IVC diameter because of respiration can provide infor-
mation about preload responsiveness.46,48,49 Barbier and colleagues 
showed that dynamic changes in IVC diameter of .18% predict fluid 
responsiveness with a sensitivity and specificity of 90%–93%.50 Feissel 
and colleagues confirmed these findings with a slightly different index 
of IVC collapsibility, showing a sensitivity and specificity of 90%–92%, 
respectively.48 At the subcostal acoustic window, optimal measurements 

of the IVC diameter are made using the M-mode in the short-axis view. 
When interpreting information derived from IVC diameter measure-
ments, it is important to incorporate the effects of atrial arrhythmias, 
significant tricuspid regurgitation, atrial shunting, or increased intraab-
dominal pressure on the appearance of the IVC.

Imaging of cardiac chamber size is routinely used in conjunction 
with other measurements to assess qualitatively intravascular volume 
status. The most common measurements are LV end-diastolic diameter 
(LVEDD) and the left ventricular end-diastolic area (LVEDA) using the 
SAX view of the LV (Fig. 31.2). Attention should be paid to poor image 
quality and foreshortening of the chamber, as these worsen endocardial 
border definition and lead to false calculations. Although the measure-
ment of LVEDA provides a reliable estimation of left-ventricular  
volume in most patients,51 low LVEDA does not necessarily indicate 
systemic hypovolemia; other causes of low LV preload must be consid-
ered. Other potential causes of impaired LV diastolic filling include loss 

A = 6.0cm
B = 4.5cm

BA

FS = [(EDD – ESD) / EDD] x 100

FAC = [(EDA – ESA) / EDA] x 100

Example:
FSLV = [(6.0 – 4.5) / 6.0] x 100

= 25 %

FACLV = [(18.5 – 7.3) / 18.5] x 100

= 60 %

Fig. 31.2 Chamber size and semiquantitative calculation of left ventricular function.Fractionalshorten-

ingmethodsusedLVend-diastolicandend-systolicdiameterfromPSLAXorPSSAXmidpapillarytocalculate
percentagevalue.NormalFSvaluesare25%–45%,correlatingtonormalejectionfraction.Fractional-area-
changevaluescorrelatedirectlywithejectionfraction.MeasurementsofareaaretakenfromPSSAXmid-

papillaryview.EDA,End-diastolicarea;EDD,end-diastolicdiameter;ESA,end-systolicarea;ESD,end-sys-

tolicdiameter;FAC,fractionalareachange;FS,fractionalshortening;PS LAX,parasternallongaxis;PS SAX,
parasternalshortaxis.
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of atrial contraction caused by arrhythmias, right ventricular dysfunc-
tion, and MV dysfunction. Apart from situations of severe hypovole-
mia,52,53 quantitative measurements of left or right ventricular chamber 
size have not been shown to correlate reliably with cardiac preload and 
volume responsiveness.54 Dynamic changes in LVEDA, however, corre-
late with volume responsiveness.55

Stroke Volume and Cardiac Output
Left-ventricular stroke volume (LV SV) and CO can be calculated us-
ing echocardiography.56,57 Whereas CO measured by thermodilution is 
a reflection of right-sided CO, measurements with echocardiography 
use left-sided inflow and outflow at the level of the , LVOT, and AV. In 
addition, newer noninvasive modalities are based on PWD of aortic 
blood flow to assess cardiac output.36 Although all of these anatomic 
locations have been validated in the literature, calculations using LVOT 
and AV are the most accurate when compared with the thermodilution 
method.56,58 The continuity equation is used to calculate LV stroke 
volume by measuring LVOT diameter and LVOT velocity-time interval 
(VTI). Moreover, measurements by TTE are best obtained in the PS-
LAX and A5CH views. Once LV SV is calculated, multiplication by the 
heart rate (HR) provides CO (Fig. 31.3). As LV SV is dependent on the 
LV preload, limitations affecting LV filling, as mentioned earlier, have 
to be considered when calculating SV and CO.59

Right and Left Ventricular Afterload
With the ability to determine pressure gradients and flow in the heart 
by echocardiography, pulmonary vascular resistance (PVR) and sys-
temic vascular resistance (SVR) can be indirectly calculated using the 
following equation:

Resistance5P/CO

Based on this concept, several small studies have shown an ade-
quate correlation using transvalvular gradients at the TV and MV to 
calculate pulmonary and systemic vascular resistance. Clinically cum-
bersome and without broad validation in the literature, these methods 
are not used on a routine basis in the ICU. In clinical practice, qualita-
tive aspects seen on echocardiography are used to assess SVR. Best seen 
in the LV SAX view, a hyperdynamic ventricle in the setting of normo-
volemia suggests a low SVR. From this view, measurement of LVEDD 
and visual estimation of LV contractility can be used for fast and easy 
qualitative SVR estimation.60

For the assessment of PVR at the bedside, indirect calculation of 
PAP by tricuspid regurgitation (TR) jet, when present, is commonly 
achieved using the modified Bernoulli equation (Fig. 31.4). Measure-
ment of peak TRvel, when added to RAP, provides an estimate of RVSP 
that correlates well with systolic pulmonary artery pressure (SPAP) in 
the absence of tricuspid or pulmonary valve pathology.

Left Ventricular Systolic Function
Assessment of LV systolic function is one of the key elements of the ICU 
echocardiographic examination. Not only can an assessment of LV 
systolic function provide information about the etiology of circulatory 
or respiratory failure, but it also can be used to guide and monitor ensu-
ing medical management. Multiple methods are available for the echo-
cardiographic evaluation of LV function (Table 31.4). In an acute set-
ting, the fastest and easiest assessment of myocardial function and 
ejection fraction uses qualitative or semiquantitative methods. For the 
qualitative assessment, thickening of the myocardium and endocardial 
inward motion in the LV SAX view are used to estimate systolic func-
tion. Caution must be taken when the LV is small or there is significant 
LV hypertrophy (LVH), as LV function appears different depending on 
the intracavitary size. A simplified classification scheme for LV function 

ALVOT = DLVOT
2 x 0.785

SVLVOT = ALVOT x VTI LVOT

CO = SV x HR

Example:
ALVOT = (1.9 cm)2 x 0.785

= 2.8 cm 2

SVLVOT = 2.8 cm 2 x 25 cm
= 70 cm 3

= 70 mL x 80 bpmCO

= 5600 mL/min
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(i.e., hyperdynamic, normal, moderately depressed, or severely de-
pressed) is usually sufficient in a critical care setting, and several au-
thors have shown that little training is required to make this assessment 
reliably.61,62 When performed by an experienced echocardiographer, 
estimates of LVEF correlate well with quantitative measurements.63,64

Semiquantitative measurements can be obtained using the LV SAX 
view by calculating fractional shortening (FS) or fractional area change 
(FAC) (see Fig. 31.2). Because this view only visualizes one plane of the 
myocardium, additional qualitative assessments of the complete LV 
should be performed to avoid errors resulting from coexisting regional 
wall motion abnormalities (RWMAs).

A more accurate (but more time-consuming) assessment of LV 
systolic function can be made by volumetric measurements. Both the 
area-length formula and Simpson’s method reliably estimate LVEF.65

Right Ventricular Systolic Function
Compared with the assessment of LV function, assessment of RV 
function is more complex, as ventricular compliance, wall thickness, 
systolic function, and TV function are more closely linked.66,67 
Significant RV systolic dysfunction often presents with RV dilation 
and TV regurgitation. Simultaneously, normal RV function can be 
observed with RV dilation and significant TV regurgitation when the 
RV has time to adjust to chronically increased afterload by wall hyper-
trophy. Additionally, the RV has a complex geometric structure,  
making volumetric measurements and imaging difficult. For these 
reasons, an assessment of RV function is currently done using a com-
bination of qualitative and semiquantitative measures (Table 31.5). 
Image acquisition is best using the PS LAX and A4CH views. Semi-
quantitative measures only assess certain regions of the ventricle,  
and caution must be taken not to extrapolate these findings. FAC is 

RVSP = (TRPEAK)2 + RAP

Fig. 31.4 RVSP measurement using the TR jet.AfteroptimalalignmentoftheDopplerbeamwiththeTR
jetintheA4CHview,RVSPcanbecalculatedbyaddingthesquareoftheTRpeakvelocityinm/stotheRAP.
WhenestimatinganRAPof10mmHg,RVSPinthisexamplewouldbe23mmHg.RAP, Rightatrialpressure;
RVSP,rightventricularsystolicpressure;TR,tricuspidregurgitation;TRPEAK,peakvelocityofTRjet.

LV ASSESSMENT NORMAL VALUES

Assessment of LV Size Male Female

*LV size (midpapillary diameter) EDD: 40–60 mm
ESD: 25–40 mm

EDD: 35–55 mm
ESD: 20–35 mm

Assessment of LV Systolic Function
Qualitative

Semi-quantitative

*FS 25%–45%

*FAC 35%–65%

Quantitative

2D volumetric EF .55%

3D volumetric EF .55%

*LV wall thickness ,10 mm

dP/dt .1200 mm Hg/sec

Assessment of MR

*Extent/quality of MR

RV ASSESSMENT NORMAL VALUES  

Assessment of RV size

*RV size (RV basal EDD) .4.2 cm

*RV to LV ratio .0.8

Assessment of RV Systolic Function
*Qualitative

*FAC 35%–65%

*TAPSE .20 mm

*RV wall thickness ,5 mm

RV MPI ,0.40

RV S9 .10 cm/s

dP/dt

3D RV EF

Assessment of TR

*Extent of TR

*RVSP

TABLE 31.4 Methods for Assessment of 
the LV and RV

EDD,End-diastolicdiameter;EF,ejectionfraction;ESD,end-systolicdi-
ameter;FAC,fractionalareachange;LV,leftventricle;MPI,myocardial
performanceindex;MR,mitralregurgitation;S9,velocityofRVfree
wallorTVannulusbyPWD;TAPSE,tricuspidannularplaneexcursion.
*MostcommonlyusedmethodsintheICU.

PERICARDIAL TAMPONADE

• Effusion/clot on echo
• Dynamic collapse of RA ÔÇ± RV
• IVC plethora
• Exaggerated transvalvular flow patterns of tricuspid and mitral valve 

.25% with respiration
• Increase in interventricular dependence with respiration

TABLE 31.5 Echocardiographic Signs 
Suggestive of Pericardial Tamponade

IVC,Inferiorvenacava;RA,rightatrium;RV,rightventricle.
Respiratory-inducedpulsusparadoxuswithexaggeratedchangesin
flow.25%isseeninmitralortricuspidvalveDopplerflow.
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currently recommended for semiquantitative calculation of RVEF, as 
traditional 2D methods assume symmetry of the ventricular struc-
ture,68,69 and 3D methods are still being validated. Tricuspid annular 
plane systolic excursion (TAPSE) is easily obtained by TTE and is 
commonly used in combination with other methods (Fig. 31.5). 

RVSP, as described earlier, can reflect the ability of the RV to generate 
pressure and indirectly provides information about RV function. It is 
important to correlate measurements with factors that affect RV pre-
load, PVR, and valvular function before making clinical judgments. 
Conditions that are commonly encountered in the ICU, such as acute 
respiratory distress syndrome (ARDS), acute pulmonary edema, vol-
ume overload, and arrhythmias, influence measured RVSP and often 
render it otherwise uninterpretable.69,70

CIRCULATORY FAILURE

Systematic Approach to Circulatory Failure
Circulatory failure is one of the most common indications for echocar-
diography in the ICU.5,71 Several algorithms for hemodynamic assess-
ment and management of circulatory failure by echocardiography 
have been described.72–74 The algorithm should include the following 
steps: (1) seek to identify gross pathologies, such as cardiac tampon-
ade, abnormal myocardial function, or marked hypovolemia or hyper-
volemia; (2) determine volume responsiveness and signs of low SVR; 
and (3) look for more subtle etiologies for hemodynamic instability 
like valvular pathologies (Fig. 31.6). Even though the clinical context 
will initially prompt evaluation for specific pathologies, it is important 
to perform a systematic assessment to avoid overlooking coexisting or 
complicating pathologies that need to be addressed or managed. When 
patients are being treated with inotropic agents or vasopressors, the 
echocardiographic findings must be interpreted in this context. The 

TAPSE = A-B 

A

B

Fig. 31.5 Tricuspid annular plane systolic excursion (TAPSE).The
distanceofthetricuspidannulusfromtheapexismeasuredintheA4CH
view.SubtractionofsystolicfromdiastolicdistanceresultsintheTAPSE
value.Normalvaluesaregreaterthan20mm.

HEMODYNAMIC INSTABILITY

PERICARDIAL

EFFUSION ?

RA / RV
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? LV ESV ?
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Ø LV ESV 

≠ LV FX
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≠ LV ESV

Ø RV FX Ø RV FX
Ø LV FX
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nl LV FX

PE

CARDIOGENIC DISTRIBUTIVE

VALVE 
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DYSRYTHMIAS  
BRADYCARDIA
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Ø LVEDV

Ø IVC
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Fig. 31.6 Algorithm for the echocardiographic assessment of hemodynamic instability.Afterinitial2D
assessmentforhemodynamic-compromisingpericardialeffusion,evaluationofLVandRVsizeinsystoleand
diastoleandLVandRVsystolicfunctionisperformed.Differentiationincardiogenic,distributive,hypovolemic,
orobstructiveetiologyofshockisoftenpossiblebyfollowingthisalgorithm.CM,Cardiomyopathy;EDV,end-
diastolicvolume;ESV,end-systolicvolume;FX,systolic function; IVC, inferiorvenacava;LV, leftventricle;
MI, myocardial ischemia; nl, normal; RA, right atrium; RV, right ventricle; h, increased/hyperdynamic; g,
decreased/depressed.
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concurrent presence of different types of shock can complicate the 
hemodynamic assessment and the interpretation of echocardiographic 
findings. As myocardial function and SVR are pharmacologically al-
tered, the underlying etiology for hemodynamic dysfunction may be 
obscured. Apparently normal ventricular function in the setting of 
sepsis can be observed with concomitant myocardial depression. 
Moreover, hyperdynamic ventricular function can be seen in both 
sepsis and hypovolemia. Therefore it is essential to correlate echocar-
diographic findings with the overall clinical picture. Table 31.6 shows 
the integration of echocardiographic findings and invasively measured 
values in different states of shock.

When monitoring clinical management, serial imaging must be 
performed and findings compared with previous ones. Additionally, 
management should be correlated to the overall picture, as not every 
patient with a certain hemodynamic disorder benefits from the same 
specific treatment.

Hypovolemic Shock
Hypovolemic shock is the result of an absolute or relative decrease in 
circulating volume secondary to volume loss or maldistribution. Echo-
cardiography can identify intravascular hypovolemia and volume re-
sponsiveness using several approaches.9 As described earlier, the IVC, 
LVEDD or LVEDA, and variation in LV SV are among the most used 
indicators (Fig. 31.7). An IVC diameter of ,10 mm and significant 
changes in the IVC diameter with positive-pressure ventilation reflect 

systemic hypovolemia and suggest volume responsiveness.48,50 If the 
EDD is ,25 mm with hyperdynamic LV systolic function and “kiss-
ing” papillary muscles are seen during systole, then significant LV hy-
povolemia is present (Video 31.1).52 Variations in LV SV reflected by 
changes in LVOT velocity predict the volume responsiveness. A change 
in LVOT VMAX of .12% and a change in VTILVOT of .20% is seen in 
fluid responders.75

Cardiogenic Shock
Left heart failure resulting from systolic dysfunction is usually as-
sociated with low LVEF, low CO, systemic volume overload, and 
signs of pulmonary and hepatic congestion. Echocardiography can 
evaluate pathognomonic findings for heart failure and cardiogenic 
shock and possibly provide insights regarding etiology. Global myo-
cardial dysfunction causing cardiogenic shock can be recognized 
when combining qualitative with supporting echocardiographic and 
clinical findings. Strong indicators for cardiogenic etiology of shock 
include enlarged LV size, qualitatively depressed LV function, FS 
,25%, low ejection fraction by FAC, and low CO by LVOT Doppler 
measurements.76

When assessing specific etiologies of cardiogenic shock, signifi-
cant new RWMA and new or worsening mitral regurgitation can 
suggest acute myocardial ischemia (Video 31.2). Valvular patholo-
gies, dynamic LVOT obstruction, and cardiac tamponade can cause 
hemodynamic instability, and these problems can be diagnosed using 

Fig. 31.7 IVC and LVOT velocities in hypovolemia.AnIVC,1.5cmwith.50%respiratorycollapsesuggests
intravascularhypovolemia.PWDoftheLVOTshowsrespiratoryvariationinvelocities.IVC,inferiorvenacava;
LVOT,leftventricularoutflowtract;PWD,pulsewaveDoppler.

ECHO INVASIVE MONITORING

Type of Shock

Cardiac 

Function LVESA LVEDA IVC 2D

Pulse  

Pressure PAP RAP CVP SVO2

Distributive h g g / nl g / nl wide nl g / nl h

Hypovolemic nl / h g g g narrow g g g

Cardiogenic g h h h narrow h h g

Obstructive Tamponade nl / h g g h Effusion/clot
RA/RV collapse

narrow nl h g

Obstructive PE LV h
RV g

LV g LV g h RA/RV dilation
RV failure

narrow h h g

TABLE 31.6 Echocardiographic and Hemodynamic Profiles in Different Shock States

CVP,Centralvenouspressure;IVC,inferiorvenacava;LVEDA,leftventricularend-diastolicarea;LVESA,leftventricularend-systolicarea;nl,normal;
PAP,pulmonaryarterypressures;PE,pulmonaryembolus;RAP,rightatrialpressures;SVO2,mixedvenousoxygenation;h,increased;g,decreased.
Differenttypesofshockpresentwithspecificechocardiographicandhemodynamicfindings.
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echocardiography. Another important etiology of cardiogenic shock 
in the ICU is stress-induced cardiomyopathy (SCM). The incidence 
of this problem in ICU patients could be as high as 28%, and early 
diagnosis is facilitated using echocardiography.77 Typical echocardio-
graphic findings are apical ballooning with global LV dysfunction 
and compensatory hyperdynamic function of the basal segments 
(Video 31.3).

Right-sided heart failure, isolated or in the setting of biventricular 
failure, presents with slightly different echocardiographic findings. 
Mainly qualitative findings are depressed RV contractility, decreased ejec-
tion fraction by FAC, a TAPSE ,16 mm in combination with RV dila-
tion, RV/LV ratio of .0.8, and severe TV regurgitation (Video 31.4).68 In 
this setting, low RVSP in conjunction with increased RAP, suggested by 
an IVC diameter .20 mm, can be the result of the inability of the myo-
cardium to create adequate pressure. Evaluation of the LV often shows 
signs of hypovolemia with isolated RV failure caused by decreased LV 
preload.

The most common pathologies causing RV failure leading to 
acute cardiogenic shock are acute volume or pressure overload, new 
valvular pathologies, or acute ischemia. Chronic RV dysfunction 
predisposes patients to RV failure during critical illness from non-
cardiogenic causes. RV dilation, TV regurgitation, ventricular sep-
tal shifts, abnormal RVSP, and IVC dilation all help to inform the 
clinician about the etiology of acute RV failure. In particular, ven-
tricular septal shifts have to be interpreted in this context, as they 
are commonly present in chronic valvular or pulmonary disease 
states and do not necessarily indicate the presence of acute RV fail-
ure (Fig. 31.8).

Distributive Shock
Septic shock can present with a highly variable clinical picture, and 
dynamic changes in the appearance of shock can occur within hours 
with or without intervention. The clinical picture of septic shock can 
range from aspects of a pure distributive shock to combinations of hy-
povolemic, cardiogenic, and distributive shock.78,79 For this reason, 
echocardiography aids in the assessment and management of septic 
patients, and serial reevaluation is imperative to adapt to the dynamic 
evolution of the disease. Bedside echocardiography in the septic patient 
is focused on the systematic evaluation of volume status and fluid re-
sponsiveness, SVR, and ventricular function. Early echocardiographic 
signs supporting the diagnosis of septic shock are hyperdynamic LV 
systolic function and high CO levels in conjunction with small or nor-
mal LVEDA (Video 31.5). However, the findings will depend on intra-
vascular volume status and RV function. It is important to differentiate 
between hypovolemia and low SVR in this situation, as the only distinc-
tion may be the difference in LVEDA (Video 31.1 vs. Video 31.5).

There are some caveats specific to the evaluation and monitoring of 
distributive shock. Fluid resuscitation often eliminates signs of hypo-
volemia, and vasopressors may depress the hyperdynamic appearance 
of the LV. If myocardial dysfunction is present, the ventricular function 
may appear normal or hyperdynamic on initial or follow-up imaging 
as opposed to the classic hyperdynamic shock picture. Inotropic sup-
port can alter echocardiographic findings even further.80–82

Obstructive Shock
Circulatory collapse caused by mechanical interference with ventricu-
lar filling or emptying is classified as an obstructive shock.83 Potential 
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Fig. 31.8 Paradoxical interventricular septal shift.PathologiescausingRVpressureoverloadsuchaspul-
monaryhypertensionwillresult inseptalflatteningduringsystole.WithRVvolumeoverload,aseptalshift
occursindiastole.InacuteRVfailure,commonlybothpathognomonicfindingsareseen.RV,Rightventricle.
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causes of obstructive shock include pericardial effusion and tampon-
ade, tension pneumothorax, and pulmonary embolism, in addition to 
less common entities, such as intracardiac tumors or vena cava com-
pression. As these processes are mechanical, echocardiography has the 
potential of visualizing the source of shock pathology directly aside 
from identifying the hemodynamic profile.

Pericardial effusion and cardiac tamponade are dynamic diseases 
closely linked to changes in intravascular volume status, intrathoracic 
pressures, and patient position. Although the etiology of an effusion 
cannot be defined by echocardiography, certain findings such as clot 
formation or stranding can hint toward hemorrhagic or purulent effu-
sions of serous fluid (Fig. 31.9). When evaluating cardiac tamponade, 
echocardiography can exhibit signs suggestive of hemodynamically sig-
nificant pericardial effusion or clot84,85 (see Table 31.6 and Video 31.6). 
In postcardiac surgery patients, tamponade may not always be present 
with the classic circumferential effusion, and echocardiographic imaging 
should include an assessment for the localized clot or fluid collections in 
uncommon locations, such as the IVC-RA (right atrium) junction or 
posterior to the left atrium (LA).

A pulmonary embolism causes the obstruction of blood flow from 
the right side of the heart to the left. It commonly presents with signs 
of right-sided pressure overload and RV failure, in conjunction with 
a hypovolemic and hyperdynamic LV (Table 31.7 and Video 31.7).86 
The McConnell sign with akinesis of the RV free wall and normal 
function of the RV apex is pathognomonic but not always observed 
(see Video 31.7).87 Occasionally, the obstructing embolism can be 
seen in the very proximal pulmonary vasculature. Additionally, it is 
pertinent to evaluate patients for intracardiac shunts, as these present 
a risk for paradoxical embolism and hypoxia and have a worse short-
term prognosis.88,89

Tension pneumothorax can cause decreased cardiac preload, and 
echocardiographic findings show hypovolemia and possible mechani-
cal cardiac compression or shift. Further imaging via chest ultrasound 
or radiography is necessary for the diagnosis. Other pathologies, such 
as extracardiac or intracardiac masses causing obstruction to ventricu-
lar filling, are uncommon. However, when these problems are present, 

echocardiography can be helpful for making the diagnosis and evalu-
ating the hemodynamic significance.

Echocardiography During Cardiopulmonary 
Resuscitation
Echocardiography is one important application of ultrasound in car-
diac arrest. It focuses on identifying the immediate causes of cardiac 
arrest, such as cardiac tamponade, pulmonary embolism, hypovolemia, 
or myocardial failure, and can guide and follow resuscitation efforts.90,91 
Additionally, Salen and colleagues and Blyth and colleagues showed 
that the echocardiographic identification of cardiac activity can predict 
recovery of spontaneous circulation.92,93 The best view for immediate 
evaluation in cardiac arrest is the LV SAX view. This is because it can 
provide information about extreme changes in volume status, myocar-
dial function, and pericardial tamponade simultaneously. Additionally, 
it is easy to obtain and interpret. In the acute setting, TEE can often 

A

Fig. 31.9 Hemodynamic-compromising pericardial effusion/tamponade.RespiratoryvariationinTVinflow
of.25%issuggestiveofhemodynamic-compromisingpericardialeffusionandtamponade.Itisimportantto
differentiateapericardialfromapleuraleffusion.Thearrowmarksthedescendingthoracicaorta.Apericardial
effusiondoesnotextendsuperiorly(leftward)pastthedescendingthoracicaorta,whereasapleuraleffusion
projectsmoredistaltotheaortawithextensionpastthevesseltowardtheleftoftheimage.Circumferential
effusion,thediastoliccollapseofRAorRV,andIVCplethoraareadditionalsignssuggestiveoftamponade
physiology,asseeninVideo31.6.

PULMONARY EMBOLISM
• Clot in proximal pulmonary vasculature
• Depressed RV systolic function  hypovolemic and hyperdynamic LV
• Interventricular septum shifts consistent with RV pressure overload
• McConnell sign
• Tricuspid regurgitation
• IVC plethora
• Intraatrial shunt

TABLE 31.7 Echocardiographic Signs Seen 
With a Significant Pulmonary Embolism (PE)

IVC,Inferiorvenacava;LV,leftventricle;RV,rightventricle;TR,tricus-

pidvalve.
DependentontheextentofRVcompromise,theLVwillexhibitsigns
ofhypovolemia.ClassicsignofRVpressureoverloadshowsasystolic
shiftofinterventricularseptum.Evaluationforintraarterialcommunica-

tionwithright-to-leftshuntingispertinentinpatientswithsignificantly
increasedright-sidedpressuresbecauseofPE.
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provide better continuous imaging when chest compressions are ongo-
ing, but it may interfere initially with intubation attempts.

SPECIFIC EVALUATION

Valvular Pathologies
A detailed assessment of valvular pathologies requires comprehensive 
echocardiographic skills and is performed by cardiologists or cardio-
thoracic anesthesiologists with advanced echocardiographic training. 
During limited ICU echocardiographic examinations, the operator 
should seek to identify gross valvular pathologies, as their presence can 
alter management. Aside from the immediate adjustment in hemody-
namic management, any valvular pathology found on the basic bed-
side examination warrants further subsequent evaluation by a compre-
hensive examination.

Basic components of valve assessment include gross anatomic 
evaluation for obvious pathologies, such as calcifications or ruptured 
leaflets and papillary muscles (Table 31.8). CFD is used to recognize 
significant transvalvular flow acceleration suggestive of stenotic le-
sions or patterns of valvular regurgitation of hemodynamic signifi-
cance. Basic quantitative measurements of transvalvular gradients by 
CWD can be obtained through AV and MV for grading of stenotic 
lesions and calculation of valve area, but this is part of the in-depth 
examination.94,95 The five most common valvular pathologies are seen 
in Videos 31.8–31.12.

Cardiomyopathies and Dynamic Outflow Obstruction
Primary disease of the heart muscle plays a significant part in the over-
all morbidity and mortality of cardiovascular disease. Echocardiogra-
phy provides information about the magnitude of systolic and diastolic 
heart failure, in addition to the etiology of cardiomyopathy. Echocar-
diography permits the assessment of immediate and long-term progno-
sis. As cardiomyopathies can alter the hemodynamic response to acute 
illnesses and their management in the ICU, it is important for the in-
tensivist to know the echocardiographic patterns that are characteristic 
of these chronic disorders.96

Cardiomyopathies are commonly differentiated into three main 
types: (1) dilated cardiomyopathy, (2) hypertrophic cardiomyopathy, 

and (3) restrictive cardiomyopathy.97 Dilated cardiomyopathy presents 
with echocardiographic findings of dilated ventricles and reduced 
ventricular systolic function (Video 31.13). Hypertrophic cardiomy-
opathy is characterized by symmetric or asymmetric concentric hyper-
trophy of the myocardium (Video 31.14). It is important to recognize 
a dynamic obstruction of the LVOT in hypertrophic obstructive car-
diomyopathy (HOCM). This is because the presence of this problem 
alters the usual management of cardiogenic shock management be-
cause the administration of inotropic agents can be detrimental in 
patients with HOCM. Dynamic outflow obstruction in these cases is 
caused by the systolic anterior motion (SAM) of the mitral valve leaflet 
(Video 31.15).98 As in HOCM, SAM can also be present after mitral 
valve surgery.99

Restrictive cardiomyopathy is more difficult to diagnose, as it pres-
ents with diastolic dysfunction of the ventricles, and echocardio-
graphic findings require an evaluation of diastolic function. For the 
intensivist, if evaluation for diastolic dysfunction is difficult, findings 
of atrial enlargement with small ventricles and subjective restricted 
ventricular function are often the best supportive indicators for re-
strictive cardiomyopathies.96

Infectious Pathologies and Embolic Sources
TEE is used in the evaluation of infectious and embolic sources in 
patients with unexplained sepsis or embolic strokes. In an acute set-
ting, transthoracic findings of new regurgitant valvular lesions in the 
setting of bacteremia can be suggestive of infectious endocarditis. 
However, TEE is warranted for the optimal assessment when vegeta-
tions are anticipated (Video 31.16). As differentiation can be difficult 
and an evaluation for coexisting involvement of the valvular structures 
is pertinent for possible surgical management, comprehensive TEE is 
commonly performed by cardiologists.100 When the etiology of a 
stroke in the absence of an infection is unclear, or in the event of 
planned cardioversion for prolonged supraventricular tachyarrhyth-
mias in patients with a high risk of thrombus formation, TEE is per-
formed to evaluate for the presence of a left atrial appendage clot.101 
Additionally, when evaluating for cardiac sources of thromboembolic 
events, the presence of intracardiac shunts as the source for paradoxi-
cal events should be ruled out. As these are not always detected by 

Valve Pathologies  Findings

Aortic stenosis (AS) 2D
CFD
CWD

Calcification of leaflet and annulus, restrictive leaflet motion, LVH
Transvalvular flow acceleration, AI
Transvalvular flow acceleration, increased peak mean, and peak gradient rounded Doppler profile

Aortic insufficiency (AI) 2D
CFD
CWD

Leaflet disruption, LV enlargement
Regurgitant diastolic flow, turbulent flow, regurgitant jet direction
Regurgitant diastolic flow, Doppler profile density, diastolic flow reversal in proximal thoracic aorta

Mitral stenosis (MS) 2D
CFD
CWD

Calcification of leaflet and annulus, restrictive leaflet motion, dilated LA
Transvalvular flow acceleration, PISA, MR
Transvalvular flow acceleration increased peak mean and peak gradient

Mitral insufficiency (MR) 2D
CFD
CWD
PWD

Leaflet pathology, chordal tethering, dilated annulus, LA enlargement, LV enlargement
Regurgitant systolic flow, turbulent flow, regurgitant jet severity and direction
Regurgitant diastolic flow, Doppler profile density, diastolic flow reversal in proximal thoracic aorta
Pulmonary vein flows blunting/reversal

Tricuspid regurgitation (TR) 2D
CFD
CWD
PWD

Dilated annulus, leaflet pathology, RA enlargement, RV enlargement
Regurgitant systolic flow, turbulent flow, regurgitant jet severity and direction
Regurgitant diastolic flow, Doppler profile density
Hepatic vein flows blunting/reversal

TABLE 31.8 Common Valvular Pathologies and Their Echocardiographic Findings

LA,Leftatrium;LVH,leftventricularhypertrophy;PISA,proximalisovolumetricflowacceleration.
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simple CFD interrogation, a bubble study during a Valsalva maneuver 
is performed to aid in the detection of right-to-left shunting.102

Aortic Pathologies
Echocardiographic assessment of aortic disease in acute hemodynamic 
instability in critically ill patients mainly focuses on the evaluation of 
aortic dissection. As TTE is of limited utility for evaluation of the tho-
racic and abdominal aorta, TEE is the modality of choice.103 TEE has 
been shown to be equally accurate when compared with computed 
tomography (CT) or magnetic resonance imaging (MRI) in the diag-
nosis and confirmation of thoracic aortic dissection.104 The evaluation 
includes the visualization of the dissection flap, identification of the 
true and false lumens, estimation of blood flow, and determination of 
active extravasation. When the aortic root is involved, assessment in-
cludes evaluation for subsequent complications, including aortic in-
sufficiency (AI), pericardial effusion, and acute ischemia secondary to 
coronary involvement.

Trauma
Echocardiography in critically ill patients after trauma can evaluate the 
hemodynamic status and anatomic pathologies after forceful inju-
ries.105 After blunt chest trauma, echocardiography is a useful tool in 
the initial evaluation.106 Catastrophic structural injuries, such as car-
diac tamponade, cardiac rupture, coronary artery thrombus, disrup-
tion of valvular structures, and traumatic aortic injury, can be identi-
fied quickly.73 More commonly, patients only present with signs of 
cardiac contusion, and echocardiography can assist with identification 
of myocardial dysfunction in the acute setting. Specific TTE views are 
part of the standard algorithms for an emergency ultrasound, such as 
the focused assessment with sonography in trauma (FAST) or focused 
cardiac ultrasound (FOCUS) examinations.107–109 When available and 
no contraindications are present, TEE can also diagnose aortic injury, 
although CT is preferred for rapid evaluation.110,111

Interventional Use of Echocardiography
Interventional procedures involving cardiac structures are common in 
the ICU, and basic ultrasound and echocardiography play important 
roles in the conduct of these interventions. TTE or TEE performed at 
the bedside alleviate the need for transporting patients to the cardiac 
catheterization laboratory or procedure room for fluoroscopic guid-
ance. This eliminates the risks that are associated with moving criti-
cally ill patients. Use of echocardiography can also decrease exposure 
to radiation.112 Although the basic ultrasound can assist significantly in 
multiple types of procedures, including venous and arterial vascular 
access and drainage of pleural effusions or other fluid collections, 
echocardiography can assist in more advanced procedures. TTE can 
assist with pericardiocentesis and with gross localization of a transve-
nous pacemaker lead.113–115 TEE provides optimal image quality for 
specific cardiovascular interventions, such as an intraaortic balloon 
pump (IABP) placement and positioning of extracorporeal membrane 
oxygenation (ECMO or ventricular assist device (VAD) cannu-
las.73,116–118 TEE best evaluates mechanical assist devices. Thromboem-
bolic events, overt hemolysis, or fluctuation in device power or flow 
warrant the evaluation for thrombus formation, cannula position, and 
device function.119,120

Hypoxemia
Echocardiography can assist in the diagnosis and management of 
acute respiratory failure. In pulmonary edema, differentiation be-
tween cardiogenic and noncardiogenic etiology aids in medical man-
agement. Either by invasive measurements or echocardiographic 
evaluation, estimation of LA and LV filling pressures is pertinent for 

the diagnosis of hydrostatic pulmonary edema. When a regular 
rhythm is present, LV filling pressures can be estimated by transmitral 
and pulmonary venous Doppler studies and is the most commonly 
used parameter for an easy, reproducible assessment in the ICU.121 
Common cardiac causes for pulmonary congestion are volume over-
load, acute mitral or aortic valve regurgitation, mitral stenosis, and 
severe LV systolic and diastolic dysfunction. All these problems can be 
assessed using 2D, CFD, and spectral Doppler echocardiographic 
modalities. In noncardiogenic ARDS, echocardiography can allow the 
clinician to assess changes in RV function with adjustments of me-
chanical ventilation.122 Severe ARDS with increased pulmonary resis-
tance and the use of high levels of PEEP may lead to acute or pulmo-
nary issues with sudden RV failure and subsequent hemodynamic and 
respiratory decompensation.123 Similarly, acute increases in pulmo-
nary vascular resistance caused by pulmonary embolus (PE) can 
cause RV failure.124 In these cases, echocardiography is often used as a 
supportive tool for the diagnosis and assessment of hemodynamic 
significance.

Another common cause of hypoxemia in mechanically ventilated 
patients is the presence of intracardiac shunts. With a prevalence of 
.25% in the general population, intraatrial communications, such as 
patent foramen ovale (PFO) and atrial septum defects (ASDs), are 
frequently clinically silent.125,126 In healthy patients with PFO or ASD, 
shunting typically is either absent or directed from left to right. During 
critical illness, however, increased right-sided pressure caused by pul-
monary hypertension, RV failure, volume overload, or TV regurgita-
tion is common and can lead to right-to-left shunting, resulting in 
hypoxemia from the admixture of nonoxygenated with oxygenated 
blood.73 Echocardiographic evaluation focuses on detection of intra-
cardiac shunting and directional flow of the shunt by 2D echocardiog-
raphy and CFD.

FUTURE DIRECTIONS

Many miniaturized and TTE and TEE devices have been introduced 
recently into the critical care environment for the use by noncardiolo-
gists for goal-directed therapy of the hemodynamically unstable pa-
tient. Handheld TTE devices demonstrate usefulness in the clinical 
setting when used by intensivists after undergoing brief training.127–130 
Miniaturized, disposable TEE probes that provide monoplane images 
have been introduced for continuous use up to 72 hours. The initial 
experience has demonstrated good utility in the management of he-
modynamically unstable patients.131,132 These novel monitoring de-
vices for continuous echocardiographic imaging have great potential 
for providing many features of a regular TEE while minimizing the 
risks and allowing for use over time.133,134 Advanced echocardiographic 
modalities, such as contrast echocardiography and endocardial border 
tracking, can be valuable when available.135–137

On the operator side, more intensivists are becoming skilled in 
echocardiography, and ICU fellowship programs increasingly teach 
focused echocardiography. With the growing importance of critical 
care echocardiography, critical care societies across the world propose 
the further integration of formal echocardiographic training into ICU 
fellowship training. Specific criteria are being defined for the future 
trainees, and courses in focused ICU echocardiography are offered for 
the practicing intensivist.18–20

Despite significant advancements in the field over the past de-
cade, a broader validation of echocardiographic use in the ICU is 
needed. Outcome-based studies looking at the use of focused echo-
cardiography as a monitoring tool and integration into goal- 
directed therapy will be helpful in strengthening the broad use of 
this valuable modality.
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KEY POINTS

• TTE and TEE are valuable diagnostic and monitoring tools in the critical care 
setting and can have a significant impact on the management and outcome 
of critically ill patients.

• Training, accreditation, and maintenance of expertise in focused echocar-
diography are essential, and further development of these areas by national 
societies is needed.

• An understanding of ultrasound physiology, the echocardiography machine, 
anatomy, and normal echocardiographic findings is essential for the appro-
priate use of echocardiography in the ICU.

• The most common use of bedside echocardiography is the evaluation of 
acute circulatory and respiratory failure.

• An algorithmic approach to the hemodynamically unstable patient is war-
ranted, and repeated echocardiographic assessment to confirm and adjust 
medical management needs to ensue until the patient stabilizes.

• Interpretation of echocardiographic findings should take into account the 
patient’s history, pathophysiology, and current medical interventions.

• Management based on echocardiographic information needs to follow the 
complete clinical picture of the critically ill patient.

• With rapid advancement in ultrasound technology, pocket-sized handheld 
TTE devices and miniaturized TEE probes for continuous monitoring are be-
ing developed and will further promote the integration of focused echocar-
diography in the daily critical care practice.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Cheitlin MD, Armstrong WF, Aurigemma GP, et al. ACC/AHA/ASE 2003 
guideline update for the clinical application of echocardiography: Sum-
mary article. Circulation. 2003;108(9):1146–1162.

Updated ACC/AHA/ASE guidelines regarding the clinical application of 

echocardiography. Regarding critical care, the new guidelines highlight the 

utility of transthoracic echocardiography in the detection of central pulmo-

nary emboli and emphasize the potentially superior utility of transesophageal 

echocardiography. The use of echocardiography in blunt thoracic trauma is 

also reviewed.

Grider D, Society of Critical Care Medicine. Ultrasonography in Critical Care. 
Society of Critical Care Medicine. Available at https://www.sccm.org/Com-
munications/Critical-Connections/Archives/2018/Ultrasonography-in-
Critical-Care.
Of particular importance to the practicing provider, this summary provided 

by the Society of Critical Care Medicine of common CPT codes used in the 

intensive care unit may facilitate appropriate billing for echocardiographic 

procedures.

Roshdy A. Echodynamics: Interpretation, limitations, and clinical integration. 
J Intensive Care Med. 2018;33(8):439–446.
Review of considerations, indications, and limitations of echocardiographic 

assessment in complex critical illness physiology. For example, the inferior 

vena cava is often used to assess volume status and fluid responsiveness. How-

ever, it is less reliable when low tidal volumes are delivered, when low lung 

compliance occurs, when a patient is spontaneously breathing, and when  

excessive probe pressure is applied to the abdomen.

Vieillard-Baron A, Millington SJ, Sanfilippo F. A decade of progress in critical 
care echocardiography: A narrative review. Intensive Care Med. 
2019;45:770–788.
An updated report of the areas in critical care, emergency medicine, and  

perioperative care where echocardiography may have a potential benefit or 

impact. Key messages, including the need to perform echocardiography for 

any hemodynamically unstable patient and that each critical care unit should 

have some individuals trained in advanced echocardiography, highlight the 

now-ubiquitous use of echocardiography in intensive care medicine.

Zochios V, Parhar K, Tunnicliffe W, et al. The right ventricle in ARDS. Chest. 
2017;152(1):181–193.
Review highlighting the impact of acute respiratory distress syndrome on the 

right ventricle and current knowledge gaps in relation to echocardiographic 

assessment.
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INTRODUCTION

Over the last decades, cardiovascular monitoring techniques used in the 

intensive care unit (ICU) and operating room (OR) have progressively 

evolved from invasive toward less invasive approaches. In the 1990s, the 

pulmonary artery catheter (PAC) was at its apogee,1 as it was the only 

method to assess and monitor hemodynamics at the bedside. The PAC 

has provided clinicians with measurements of cardiac output (CO), 

pulmonary artery pressure (PAP), cardiac filling pressures, and mixed 

venous blood gases. Modified versions of PAC provided continuous 

monitoring of CO and of mixed venous oxygen saturation (SvO2). How-

ever, a progressive decline of use of the PAC has been observed since 

1995.1 In addition to invasiveness, there were multiple reasons for such 

a decline: (1) evidence of insufficient physician knowledge in measuring 

and interpretating the PAC data2,3; (2) a report from a nonrandomized 

outcome study showing increased mortality associated with PAC vs. no 

PAC4; (3) findings from randomized controlled trials showing no out-

come benefits of using PAC in ICU patients5,6; (4) development of bed-

side echocardiography in the ICU that allows better assessment of car-

diac function; (5) emergence of transpulmonary thermodilution 

(TPTD),7 esophageal Doppler (ED),8 and minimally invasive or nonin-

vasive pulse wave analysis (PWA) CO monitors.9–11 The latter monitor-

ing systems, which provide real-time and continuous CO and fluid re-

sponsiveness variables, belong to the class of functional hemodynamic 

monitoring devices. Use of such devices in goal-directed therapy strate-

gies in the perioperative period of high-risk surgical patients has been 

reported to improve outcome in comparison to standard management 

using central venous pressure (CVP) and mean arterial pressure 

(MAP).12 During recent years, the importance of predicting fluid re-

sponsiveness has also been emphasized in the ICU setting. This can be 

explained by (1) the demonstration that approximately half of ICU pa-

tients are fluid nonresponders13 and (2) the fact that fluid overload is 

associated with increased mortality of ICU patients.14 Numerous studies 

have documented the superiority of dynamic over static variables to 

predict fluid responsiveness.15 Accordingly, many intensivists and anes-

thesiologists prioritize the use of devices that provide dynamic variables 

such as pulse pressure variation (PPV) and stroke volume variation 

(SVV)15 or that facilitate tests such as passive leg raising (PLR)16,17 or 

end-expiratory occlusion (EEO).17–20 Thus it is easy to understand why 

in this context, the place of the PAC, which cannot provide adequate 

assessment of fluid responsiveness, has decreased over time.

In this chapter, we review the most used hemodynamic monitoring 

devices in the ICU and the OR settings, ranging from the invasive to 

less invasive ones. We emphasize the clinical relevance of the hemody-

namic information they provide and the advantages and limitations of 

their use, knowing that they generally gain in safety what they lose in 

precision. We also discuss the place of hemodynamic monitoring in 

patients with shock and in patients in the OR setting.

THE AVAILABLE HEMODYNAMIC MONITORING 
DEVICES

The Pulmonary Artery Catheter

Description
The most commonly used PAC model is a fluid-filled catheter of 7 or 

7.5F external diameter and 80-cm length that connects to an electronic 

pressure transducer. The distal lumen, ending at the tip of the catheter, 

enables blood sampling and pressure measurement at the level of the 

pulmonary artery. A few millimeters before its termination, a latex bal-

loon surrounds the catheter. Temporary balloon inflation totally oc-

cludes the pulmonary artery branch (10–15 mm diameter) into which 

the catheter has been placed and allows the measurement of the pul-

monary occlusion artery pressure (PAOP). A proximal lumen at the 

level of the right atrium allows measuring the right atrial (central ve-

nous) pressure. A thermistor located close to the tip of the catheter 

continuously senses the changes in blood temperature induced by 

thermal injection via the proximal lumen. This allows calculating ther-

modilution CO according to the Stewart-Hamilton principle.

Based on this minimal configuration, alternative PAC models can 

be equipped with:

• Anultra-fastthermistorprovidingcalculationofrightventricular
(RV) ejection fraction and RV end-diastolic volume

• AthermalfilamentforcontinuousCOmeasurement
• Afiberopticprobeforreflectancephotometryandcontinuousas-

sessment of SvO2

Pulmonary Artery Catheter–Derived Variables

The PAC provides the physician with hemodynamic variables (right 

atrial pressure, PAP, PAOP, and CO) and with tissue perfusion variables 

such as SvO2 and the mixed venous carbon dioxide pressure (PvCO2). 

Simultaneous acquisition of arterial blood gases allows calculation of 

oxygen consumption (VO2) and oxygen delivery (DO2), using the 

time-honored Fick principle.

Pulmonary artery occlusion pressure. The PAOP is obtained after 

inflation of the distal balloon with 1.5 mL of air. This temporarily oc-

cludes a branch of the pulmonary artery of around 13 mm diameter 

and thus interrupts flow through the column of blood linking the bal-

loon with a pulmonary vein of similar diameter. The PAOP reflects the 

pressure in a large pulmonary vein and thus approximates both the left 

atrial pressure (LAP) and left ventricular (LV) end-diastolic pressures 

(LVEDP).

It is recommended to measure PAOP at the end of expiration, a 

time when intrathoracic pressure is closest to its value at atmospheric 

pressure. Positive end-expiratory pressure (PEEP) or auto-PEEP may 

lead to overestimation of PAOP at end expiration as a measure of LV 

filling pressure (LVFP). Obtaining transmural PAOP, a better marker 
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of LVFP, requires subtraction from the end-expiratory PAOP a value 

that estimates the transmitted PEEP or auto-PEEP into the thorax. 

This value can be obtained by the product of PEEP (or auto-PEEP) by 

the ratio of the difference between the PAOP values at end expiration, 

and at end inspiration over the driving pressure (difference between 

plateau pressure and PEEP).21

Even if it reflects LAP, PAOP overestimates LVEDP in cases of mi-

tral stenosis or insufficiency and underestimates LVEDP in the case of 

severe aortic insufficiency or reduced LV compliance.

Although the main interest of the transmural PAOP is to estimate 

the LVFP, the intramural PAOP is also used to reflect the pulmonary 

capillary pressure (Pcp). However, because PAOP reflects the pressure 

in a large pulmonary vein, it underestimates Pcp, particularly when CO 

is high and when pulmonary venous resistance is elevated, as during 

acute respiratory distress syndrome (ARDS).22,23 The Pcp could be esti-

mated from the PAP trace decay during the seconds after the distal 

balloon inflation, after extrapolation back toward time zero of the slow 

component of the pressure decay. For adequate precision, this calcula-

tion requires a computerized mathematical method.23 Because Pcp is 

not measured in routine practice, PAOP provides only a rough estimate 

of the Pcp needed to differentiate between hydrostatic and increased 

permeability pulmonary edema. However, authentic increased perme-

ability pulmonary edema also can be associated with elevated PAOP.24

Cardiac output. The CO can be measured using the thermodilution 

principle. Two methods of measurement are currently used:

• Theintermittentthermodilutionmethodrequirestheinjectionofa
cold saline bolus through the proximal lumen of the catheter. The 

decrease in blood temperature is recorded by the distal thermistor, 

and CO is calculated from the Stewart-Hamilton equation. At least 

three measurements must be averaged for a reliable estimation of 

CO. Severe tricuspid regurgitation leads to underestimation of CO.25

• The“continuous” thermodilution method is based on automatic
heating of blood by means of a proximal thermal filament (located 

about 15 cm from the tip of the PAC). The external monitor acti-

vates the heating filament for 1–4 seconds in a pseudorandom se-

quence. The resulting series of heat signals from the distal thermis-

tor are analyzed stochastically to determine a single thermodilution 

curve. This technique has the advantage of continuously displaying 

CO and avoiding repeated manipulations of the lines and bolus 

injections. However, it does not enable real-time CO monitoring, 

because the average of successive CO measurements is delayed as 

compared with the intermittent technique.26 This limits the ability 

to detect rapid hemodynamic changes induced by therapy or to 

track hemodynamic instability during high-risk surgery.

Mixed venous blood oxygen saturation. Because pulmonary arterial 

blood blends the mix from all venous territories of the body, measuring 

SvO2 with the PAC enables assessment of global tissue oxygenation.

Two techniques are currently available. The first one requires sam-

pling of the pulmonary artery blood through the distal tip of the PAC. 

ThesecondtechniqueusesPACmodels,whichenableacontinuous“in
vivo”monitoringofSvO2 through fiberoptic spectrophotometry. The 

latter method has the advantage of avoiding repeated blood samplings 

and provides real-time monitoring of SvO2.

Physiologically, SvO2 depends on arterial oxygen saturation 

(SaO2), VO2, CO, and hemoglobin concentration (Hb), according to 

the formula derived from the Fick equation applied to oxygen: SvO2 

5 SaO2 2 [VO2 / (CO 3 Hb 3 13.4)]. Because CO, Hb, and SaO2 are 

the key determinants of DO2, SvO2 is an integrative variable, which is 

considered a marker of the global balance between actual VO2 and 

DO2.
23 SvO2 values range from 65% to 77% in healthy subjects.

Useful interpretation of SvO2 presents several difficulties.27 First, 

a low value of SaO2 results in a decreased SvO2, which is no longer 

considered a marker of the VO2/DO2 balance. Second, a normal or 

high SvO2 value can be observed during certain shock states (e.g., sep-

sis) because of impaired oxygen extraction capability. This difficulty 

emphasizes that when SaO2 is normal, SvO2 is a marker of the balance 

between DO2 and VO2 but does not faithfully reflect oxygen demand. 

Third, for constant VO2, Hb, and SaO2, the relation between SvO2 and 

CO is hyperbolic. Thus although changes in SvO2 parallel changes in 

CO in low CO states, marked changes in CO do not significantly alter 

SvO2 in hyperdynamic ones. Fourth, in shock states characterized by 

DO2/VO2 dependency, changes in CO result in parallel changes in VO2 

such that SvO2 will not change if DO2 is below its critical value. Fifth, 

SvO2 is the flow-weighted average of the venous saturation values from 

all organs of the body. Organs having high blood flow and low oxygen 

extraction, such as the kidneys, have a greater influence on SvO2 than 

organs with low blood flow and high oxygen extraction, such as the 

myocardium. In sepsis, interpretation of SvO2 is further complicated 

by the local maldistribution of blood flow. Nevertheless, in any shock 

state, monitoring SvO2 is helpful because a low value (,65%) should 

prompt clinicians to increase DO2 in order to improve tissue oxygen-

ation.27 On the other hand, a high value of SvO2 suggests that attempts 

to increase DO2 have little chance to improve tissue oxygenation sig-

nificantly or ultimately benefit outcome.28

Veno-arterial carbon dioxide tension difference. The veno-arterial 

carbon dioxide tension (PCO2) difference (DPCO2) is the difference 

between PvCO2 and PCO2 in arterial blood (PaCO2). Its normal value 

ranges from 2 to 5 mm Hg.

The Fick equation applied to carbon dioxide (CO2) indicates that 

the CO2 excretion (equivalent to CO2 production [VCO2] in a steady 

state) equals the product of CO by the difference between the CO2 

content in the mixed venous blood and in the arterial blood. The nor-

mal relationship between CO2 content and PCO2 is almost linear over 

the usual physiologic range of the CO2 contents. Thus by substituting 

PCO2 for CO2 content, DPCO2 5 k 3 VCO2 / CO, where k is a con-

stant. Accordingly, DPCO2 would be linearly related to VCO2 and in-

versely related to CO.

The DPCO2 is considered a marker of the adequacy of venous 

blood flow to remove the total CO2 produced by the peripheral tis-

sues.29 An increased DPCO2 suggests that the CO is not high enough 

with respect to the global metabolic conditions. A high DPCO2 should 

prompt clinicians to consider measures aimed at increasing CO so as 

to reduce tissue hypoxia. Conversely, a normal DPCO2 suggests that 

increasing CO is not a priority.

Complications Associated With Pulmonary Artery Catheters

The complications associated with the use of a PAC are relatively rare 

and can be related to (1) PAC insertion (e.g., arterial puncture, bleed-

ing, pneumothorax, ventricular extrasystoles), (2) PAC maintenance 

(e.g., bacterial colonization, infectious endocarditis, venous thrombo-

embolism), (3) balloon inflation (e.g., rupture of a pulmonary artery 

branch, false aneurysm of the pulmonary artery), and (4) PAC with-

drawal (e.g., transient ventricular arrhythmias, knotting of the cathe-

ter). Some of these complications relate to the poor experience of  

the user and to the PAC length of stay. The PAC should be carefully 

removed as soon as no longer needed, and its use should not be pro-

longed longer than 3 or 4 days.

Systems Integrating Transpulmonary Thermodilution 
and Pulse Wave Analysis
Description
Two commercialized devices integrate the TPTD and the PWA meth-

ods: the PiCCO (Pulsion, Germany) and the VolumeView (Edwards 

LifeSciences, USA). They require the insertion of a standard central 
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catheter in the superior vena cava and a specific thermistor-tipped arte-

rial catheter, which is usually inserted in the femoral artery. The arterial 

catheter can also be inserted in the radial, brachial, and axillary arteries 

if site-specific catheters are used. In practice, a bolus of cold saline (15 

mL) is injected through the venous catheter. The thermistor at the tip 

of the arterial catheter detects the change in blood temperature induced 

by the cold bolus injection. In addition to providing TPTD-derived 

variables,30 cold bolus injections allow calibrating the PWA-based CO, 

which is derived from the analysis of the ABP waveform.

Transpulmonary Thermodilution–Derived Variables

Transpulmonary thermodilution cardiac output. Similar to the in-

termittent PAC thermodilution, the area under the TPTD is inversely 

related to CO according to the Stewart-Hamilton principle. Because 

the thermistor is located in a femoral artery and not in a pulmonary 

artery, the TPTD curve has a longer appearance time, a less negative 

peak value, and a longer return time to baseline temperature compared 

with the PAC thermodilution curve. Nevertheless, there is a good 

agreement between CO values measured by the two methods in hu-

mans.31 Although the PAC thermodilution should theoretically pro-

vide more accurate CO measurements (less indicator loss between the 

injection and the sampling sites) than TPTD, the latter has the advan-

tage of being less influenced by respiration and severe tricuspid regur-

gitation. Cold saline (,8°C) injection should be preferred to room-

temperature saline injection to avoid multiplying the risks of errors of 

measurements and to avoid overestimating CO.32 The result of three 

cold bolus injections performed at random should be averaged to ob-

tain an acceptable precision.33 The least significant change is around 

12%, which is comparable with that of the PAC.33

Global end-diastolic volume. Through a combined analysis of the 

thermodilution curve and of its natural logarithmic transformation, 

TPTD can estimate several volumes of fluid inside the thorax34 (Fig. 

32.1). In the PiCCO device, the global end-diastolic volume (GEDV) 

equals the product of CO by the difference between mean transit 

time and downslope time. In the VolumeView device, the calculation 

of GEDV takes into account the ratio of the maximal ascending and 

descending slopes of the TPTD curve. The GEDV represents the sum 

of the maximal volume of the four cardiac chambers and thus repre-

sents a volumetric measure of global preload.35 As such, it can be 

helpful for identifying the mechanism of shock and following the 

effects of therapies, but like every static preload marker, it cannot be 

used to assess preload responsiveness.36

Extravascular lung water and pulmonary vascular permeability 

index. The extravascular lung water (EVLW) reflects the amount of 

fluid contained in the lung interstitial space and in the alveoli (i.e., 

pulmonary edema). The EVLW is inferred from the analysis of the 

TPTD curve (see Fig. 32.1) and has been validated against a reference 

method in humans.37 The normal range of EVLW values is between 3 

and 10 mL/kg. The TPTD detects short-term and small changes in 

EVLW.38 The value of EVLW is that it tracks an independent risk factor 

for mortality in patients with ARDS.39

The pulmonary vascular permeability index (PVPI) is automati-

cally calculated as the ratio between EVLW and the total pulmonary 

blood volume and therefore could reflect the integrity of the alveolo-

capillary barrier. It enables one to distinguish increased permeability 

pulmonary edema from hydrostatic pulmonary edema.40,41 An in-

creased PVPI is the physiologic hallmark of ARDS and could be inte-

grated in its definition.42

In clinical practice, the combination of EVLW and PVPI can help 

clinicians guide fluid management during ARDS in cases of therapeutic 

conflicts. High values of EVLW and PVPI may indicate a high risk of 

fluid administration and prompt clinicians to refrain from increasing 

the rate of fluid infusion. In addition, repetitive measurements of PVPI 

may help monitor improvement or worsening of patients with ARDS, 

as PVPI is correlated with the oxygenation-based severity of ARDS, ac-

cording to the criteria of the Berlin definition.43

Cardiac function index and global ejection fraction. The TPTD also 

provides the cardiac function index (CFI), which is the ratio of TPTD 

CO and GEDV, and the global ejection fraction (GEF), which is the CFI 

divided by heart rate multiplied by 4. The CFI and GEF behave as mark-

ers of cardiac systolic function44–46: they increase with dobutamine and 

do not change with volume expansion,45 and their changes with cardio-

vascular therapies are correlated with changes in echocardiographic LV 

systolic function indices.44–46 Thus through CFI and GEF, TPTD enables 

a rapid and easy detection of a decreased systolic function, which needs 

to be further confirmed by echocardiography.

Pulse Wave Analysis–Derived Variables

Pulse wave analysis–based cardiac output. The PWA represents a 

method of continuous CO monitoring based on the ABP waveform re-

corded through an arterial catheter. The PiCCO and the VolumeView 

technologies use the femoral artery catheter also used for TPTD mea-

surements. The original algorithm used by the PiCCO was based on the 

three-element Windkessel model. It calculated the stroke volume by 

determining the area of the systolic portion of the arterial blood pressure 

(ABP) curve and dividing it by the aortic impedance. The latter was 

automatically determined during a calibration process consisting of 

measuring stroke volume with an independent technique: namely, 

TPTD. The current algorithm takes into account not only the area under 

the systolic part of the ABP curve but also the shape of the curve, the 

dicrotic notch position, and certain mechanical properties of the arterial 

system, such as the compliance/resistance couple. At the time of calibra-

tion, arterial compliance is calculated as t/vascular resistance, where t is 

a constant quantifying the diastolic pressure decay. Vascular resistance is 

determined at the time of calibration from the MAP and the TPTD CO. 

Compliance and resistance are updated on a beat-to-beat basis accord-

ing to a proprietary algorithm. In spite of this automatic updating, there 

is a potential drift with time, making recalibration mandatory. In septic 

patients receiving vasopressors, the agreement between PWA CO (before 

recalibration) and TPTD CO (after recalibration) has been reported to 

be acceptable when the time elapsed between two calibration processes 

was less than 2 hours.47 The VolumeView device uses a slightly different 

algorithm that also requires frequent recalibration.

Pulse pressure variation and stroke volume variation. Among all 

the heart-lung interaction indices, PPV has attained the highest level 

of evidence.48,49 The PiCCO calculates it automatically and displays its 

value in real time. The SVV can also be monitored by the PiCCO and 

the VolumeView devices. The PPV and SVV cannot be reliably inter-

preted in cases of spontaneous breathing activity, low VT ventilation, 

cardiac arrhythmias, or intraabdominal hypertension.50 In case of low 

VT, the changes in PPV during a transient increase in VT reliably pre-

dict fluid responsiveness.51 Alternatively, measuring the changes in 

PWA-based CO during PLR17 or EEO18 is helpful in situations where 

PPV and SVV fail to predict fluid responsiveness.

Advantages and Limitations of Transpulmonary 

Thermodilution Devices

As it provides a number of hemodynamic variables, TPTD belongs to 

the advanced hemodynamic monitoring technologies that are recom-

mended in patients with circulatory failure, along with the PAC.52,53 It 

requires the insertion of a large-diameter arterial catheter, which may 

precipitate adverse events that occur most frequently during insertion 

and removal. Even though these events are uncommon,54 TPTD is still 

an invasive technique, which should be used only in selected patients.52,53
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Fig. 32.1 Measurement of extravascular lung water by single thermal indicator dilution. Dt, Downslope 

time; MTt, mean transit time. (From Monnet X, Teboul JL. Transpulmonary thermodilution: Advantages and 

limits. Crit Care. 2017;21[1]:147.)

The TPTD remains valid during continuous venovenous hemofil-

tration at high flow rates.55 By contrast, TPTD is unreliable during 

extracorporeal membrane oxygenation, because of the shunting of the 

cold indicator. Regarding preload and cardiac function TPTD-related 

indices, the main limitation is the impossibility to distinguish right 

ventricular (RV) from LV dysfunction. For instance, in case of isolated 

RV dysfunction, GEDV will increase and CFI (and GEF) will decrease, 

and the LV function can be normal.44,45,56 It is recommended not to 

inject the cold bolus into a femoral vein because of the risk of overes-

timation of GEDV.57 The EVLW measurements are less reliable in cases 

of large pulmonary vascular occlusions as a result of impeded distribu-

tion of the cold indicator through lung areas.58 However, occlusions of 

small vessels that occur in ARDS or during hypoxic vasoconstriction 

have no consequences for EVLW monitoring.59,60 PEEP decreases 
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EVLW to a small but systematic extent, which might be related to im-

peded drainage by lung lymphatics.61 Pneumonectomy and lung resec-

tion decrease EVLW. The PVPI shares the same limitations as EVLW.

Lithium Dilution
The lithium dilution technique (LiDCOplus monitor, LiDCO Ltd., UK) 

provides intermittent CO measurements. A small amount of lithium 

chloride (0.002–0.004 mmoL/kg) is injected as a bolus through a cen-

tral vein catheter. The changes in lithium concentrations are detected by 

blood being drawn out of a radial artery catheter over a specific lith-

ium-selective sensor. Using the Stewart-Hamilton principle, CO can be 

thus calculated. Such CO measurements have been demonstrated to be 

reliable when compared with values obtained by PAC thermodilution.62 

To achieve an acceptable precision, three lithium dilution measure-

ments should be averaged. This allows changes in CO $14% to be reli-

ably detected.63 The major inconvenience of LiDCOplus is the need for 

lithium injection, which cannot be repeated infinitely.

The LiDCOplus monitor also allows a beat-to-beat CO measure-

ment with the pulse power analysis through a radial artery catheter. As 

the PiCCO monitor, the LiDCOplus monitor contains a proprietary 

algorithm (PulseCO) for converting a pressure-based signal into a flow 

measurement. The PulseCO algorithm is based on the physics of con-

servation of mass and energy. Manual calibration of the PulseCO is 

performed using the lithium dilution technique. The agreement be-

tween lithium dilution CO and the pulse power algorithm in the 

PulseCO monitor was reported to remain acceptable for up to 4 hours 

in ICU patients.64 Using the PulseCO software, the LiDCOplus also 

allows PPV and SVV monitoring.65

Invasive Pulse Wave Analysis–Based Cardiac Output 
Monitoring Devices
Characteristics of the Devices
As they do not require external calibration by an indicator dilution 

method, these devices do not require any specific sensor-tipped cath-

eter. They can be connected to any arterial line.9–11

The FloTrac device (Edwards LifeSciences, USA) estimates stroke 

volumeastheproductofpulsatilityandaso-called“K”factor.Pulsatil-
ity is estimated from the standard deviation of arterial pulse pressure 

measurements. K quantifies arterial compliance and resistance and is 

estimated from the patient’s morphometric data, which are compared 

with a large database of pressure waveform recordings. K is automati-

cally adapted every 60 seconds by taking into account some geometric 

properties of the ABP curve, such as skewness and kurtosis.

With the ProAQT (Pulsion, Germany), the starting value of CO is 

notestimatedfromtheWindkesselmodel,butthrough“auto-calibra-

tion”thatusesthepatient’sownbiometricdata,MAP,andheartrate.
After the initial auto-calibration, the ProAQT performs PWA with a 

method that is similar to that of the PiCCO. An automatic auto-cali-

bration of CO can also be performed at any time. The ProAQT device 

canbe“externally”calibratedusinganothertechnique(e.g.,echocar-

diography), which is manually entered in the system.

With the LiDCOrapid (LiDCO Ltd., UK), the proprietary algorithm 

uses the patient’s biometric characteristics to determine the starting CO 

value, which is then continuously updated according to the pulse power 

algorithm. Thus the LiDCOrapid cannot measure accurate values of CO 

but can only display trends. Nevertheless, external calibration can be 

performed on demand with an independent CO measurement.

The MostCare (Vygon, Italy) is the only currently available PWA 

monitor for which neither calibration nor adjustments based on user-

entered data are required. This system is based on the pressure record-

ing analytical method (PRAM) that performs a beat-to-beat analysis of 

the ABP waveform using the complex theory of perturbations.66

Advantages and Limitations

The uncalibrated PWA devices provide real-time CO monitoring, 

which allows early detection of hemodynamic instability and short-

term effects of cardiovascular therapies. These monitors are helpful to 

assess fluid responsiveness by providing PPV and/or SVV and allowing 

performance of dynamic maneuvers such as PLR and EEO (changes in 

PWA-based CO) or VT challenge (changes in PPV or SVV).67 The ab-

sence of an external calibration requirement makes these devices easy 

to use. However, the absence of external calibration is also a disadvan-

tage, as any drift of the ABP signal cannot be corrected and can lead to 

erroneous CO values. This can occur over time.47 With the exception 

of the PRAM method,10,11 acute changes in vascular tone may also re-

sult in inaccurate CO measurements, making such uncalibrated de-

vices poorly reliable in cases of septic shock and/or use in vasopres-

sors.68–71 This is why uncalibrated PWA-based CO monitors are not 

recommended in ICU patients with shock.52,53 However, they can have 

a place in the OR setting when CO monitoring is deemed to be neces-

sary.72 These conditions are suitable for such devices, as surgical pro-

cedures are generally short, seldom require vasopressors, and prioritize 

the detection of hypovolemia.

Esophageal Doppler
Principle
The use of ED is aimed at monitoring CO by continuously measuring 

the blood flow in the descending thoracic aorta. The device consists of 

a flexible probe introduced in the esophagus, which, in its thoracic 

portion, runs parallel to the descending aorta. At the tip of the probe, 

a Doppler transmitter/receiver records the velocity of red blood cells 

circulating in the thoracic aorta. Today, one single device (CardioQ, 

Deltex Medical, UK) is available on the market.

Measured Variables

Cardiac output. Blood flow in the descending aorta is assessed by 

measuring the velocity of blood passing the ED; the heart rate; and the 

estimation of the descending aorta diameter from the patient’s weight, 

height, and age. From the value of aortic blood flow, the ED device 

infers the value of CO, based on the hypothesis that there is a constant 

distribution of the systemic blood flow between the upper territories 

and the descending aorta.

Clinical studies showed that ED CO agrees with PAC CO in ICU 

patients and in patients undergoing surgery.73 ED CO monitoring has 

been reported to reliably track the CO changes caused by hemodynamic 

interventions.74 The least significant change of ED CO is about 7%75

Respiratory variation of aortic blood flow and velocity. The Car-

dioQ device automatically measures the respiratory variation of aortic 

velocity. The respiratory variation of blood flow in the descending 

aorta has been reported to reliably predict fluid responsiveness in me-

chanically ventilated patients,76 but shares the same limitations as PPV 

and SVV.

Indicators of left ventricular systolic function and cardiac pre-

load. Acceleration of the aortic blood flow and its maximal velocity 

have been demonstrated to reflect cardiac contractility.77 The dura-

tion of the aortic blood flow corrected for heart rate (flow time cor-

rected) is considered a marker of cardiac preload, but it also increases 

when LV afterload decreases. Despite its inclusion in several protocols 

of intraoperative fluid management, it cannot reliably predict fluid 

responsiveness.76

Advantages and Limitations

The ED monitoring is almost noninvasive, rapid to learn, and easy to 

use. It is indicated for the perioperative monitoring of high-risk surgi-

cal patients and is quite suitable for assessing the short-term effects of 
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PLR, for example.78 However, its use in the ICU setting is limited, in 

part because the probe moves in the patient’s esophagus if the patient 

is not deeply sedated. Another weakness of the currently commer-

cialized device is the absence of measurement of the diameter of the 

descending aorta, which is an elastic structure that varies with ABP.79 

Considering it to be constant leads to underestimation of CO 

changes when ABP varies simultaneously.79 Finally, the ED cannot 

estimate as many variables and thus provide as much useful informa-

tion as PAC and TPTD do, which limits its interest in complex  

patients with shock.

Bioimpedance and Bioreactance

Bioimpedance
Principle. The bioimpedance technique uses the variation of tho-

racic impedance related to the fluid shift resulting from the ejection of 

the stroke volume throughout cardiac cycles.80 An alternating electric 

current is applied to the thorax through voltage-generating electrodes, 

and using mathematical models, the stroke volume is calculated from 

the differences between inward and outward currents.81

Advantages and limitations. Despite being easy to use, this tech-

nique suffers from several major limitations. Reaching a correct signal/

noise ratio can be challenging. The major limitations are the presence 

of intrathoracic extravascular fluids (pulmonary edema, pleural effu-

sion), which attenuate the detected signal of arrhythmias, of motion, 

or of electrical interference. Accordingly, the reliability of this tech-

nique has been questioned in spite of several adjustments of its under-

lying mathematical algorithms.82

Bioreactance

Principle and information provided. To improve the signal/noise 

ratio, computing of the bioimpedance signal has been modified. The 

revisited technique, called bioreactance, focuses not only on the shift in 

amplitude but also on the phase between the inward and the outward 

current over the cardiac cycle. It relies only on the pulsatile flow (i.e., 

the aortic blood volume) and thus is free from potential extravascular 

thoracic fluids.83 The Starling SV device (Baxter International, Inc., 

USA) uses four electrodes placed on the right and left upper and lower 

parts of the thorax, and the device displays a CO value calculated from 

the averaged values of the left and right sides.

Advantages and limitations. The major advantage of bioreactance 

is that it is totally noninvasive. When compared with PAC thermodilu-

tion, bioreactance apparently exhibits acceptable accuracy for assessing 

CO in patients after cardiac surgery.83 However, its reliability has been 

seriously questioned in ICU patients,84–86 including patients with sep-

sis84 and cardiogenic shock.86 The current version of the device (Star-

ling SV) allows monitoring of CO closer to real time than did the 

previous one (NiCOM; Cheetah Medical, USA) and is able to assess 

the effects of the PLR test,87 which the previous version did not.85 Nev-

ertheless, an important limitation of the bioreactance is that CO is the 

only value that it can provide.

Noninvasive Arterial Pressure Waveform–Based 
Cardiac Output Monitoring Devices
Principle and Information Provided
The Clearsight (Edwards Lifesciences, USA) and the NICCI (Pulsion, 

Germany) devices use the volume clamp method to obtain noninvasive 

ABP, PPV, and CO monitoring. The Clearsight includes an inflatable 

cuff, which is wrapped around a finger and a photoplethysmographic 

device that measures the diameter of the finger arteries at each systole. 

A fast servo-controlled system immediately inflates the cuff in order to 

keep the arteries’ diameter constant. Therefore the counterpressure is 

equivalent to the finger ABP, and its continuous measurement allows 

estimating the finger ABP curve. A brachial ABP waveform is then  

reconstructed using a transfer correction and a level correction based 

on a clinical database. The Clearsight includes a proprietary PWA soft-

ware that computes CO from the systolic pressure area and a physio-

logic three-element Windkessel model.88 The NICCI device also uses 

the volume clamp principle, but the sensor contains two finger cuffs 

and performs an automatically alternating continuous measurement at 

the patient’s finger.

Advantages and Limitations

Such PWA-based CO monitors could be used in situations requiring 

hemodynamic intervention when more invasive monitoring modali-

ties are not readily available.72 As they can provide only CO, PPV, and/

or SVV, they are more suitable for use in the OR setting than in the 

ICU. Relatively good agreement with CO PAC was reported in the 

perioperative period of cardiac surgery.89–91 By contrast, a poor agree-

ment between Clearsight CO and TPTD CO and between their 

changes after a fluid challenge was found in ICU patients.92 A recent 

meta-analysis included 19 studies that compared CO obtained by ei-

ther the Clearsight or the NICCI with thermodilution CO.93 The per-

centage error was acceptable (,30%) in only 2/5 of the OR studies and 

in only 2/14 of the ICU studies.94 Another study pooled the data of 342 

patients and showed that volume clamp CO and bolus thermodilution 

CO were poorly interchangeable, not only for absolute values but also 

for the trends.93 This was particularly true in cases of norepinephrine 

use and of low ABP.93

HEMODYNAMIC MONITORING STRATEGY  
IN PATIENTS WITH SHOCK (FIG. 32.2)

Careful clinical examination should first be performed in the early 

phase of shock, as it can provide useful information about the caus-

ative mechanism. Furthermore, particular attention should be paid to 

markers of skin perfusion. The presence of mottling or of prolonged 

capillary refill time (CRT) is suggestive of a low CO with an excellent 

specificity but a low sensitivity.95 A strategy guided by CRT was dem-

onstrated to be noninferior96 and even better97 than a strategy based on 

decrease in blood lactate concentration during early resuscitation of 

septic shock.

Insertion of an arterial catheter has been recommended in patients 

with shock.52,53 In addition to providing real-time accurate measure-

ment of ABP, it allows monitoring PPV. The arterial catheter also al-

lows performing repeated blood sampling that enables arterial blood 

gas measurement.

Insertion of a central venous catheter has also been recommended 

in patients with shock.52,53 It provides measurements of CVP. The 

transmural value of CVP is a reflection of RV filing pressure and can 

help to detect RV dysfunction, which then needs confirmation by 

echocardiography. The intramural value of CVP reflects the back-

pressure to the perfusion of most vital organs. In this sense, the 

perfusion pressure is better reflected by the MAP-CVP difference 

(also called the mean perfusion pressure; MPP) than by the MAP 

alone, especially when CVP is high. The MPP, and not the MAP, was 

demonstrated to be well associated with the progression of acute 

kidney injury in ICU patients with a cutoff value of 60 mm Hg.98 

However, neither CVP13,15 nor its changes during PLR99 should be 

used to predict fluid responsiveness. The central venous catheter also 

provides oxygen saturation (ScvO2), which is considered a reasonable 

surrogate of SvO2.
52,53 Specific fiberoptic catheters measure ScvO2 in 

real time, avoiding any manipulation. However, they are costly, and it 

is generally considered that intermittent blood sampling is sufficient 

in practice to obtain ScvO2. In cases of shock, a low ScvO2 (e.g., 
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,70%) is suggestive of insufficient DO2 and should prompt clini-

cians to increase DO2.
52,53 Conversely, a high value of ScvO2 (e.g., 

.80%) is suggestive of altered oxygen extraction capabilities. Finally, 

the central venous catheter provides the central venous carbon diox-

ide pressure (PvCO2). The difference between PcvCO2 and PaCO2 is 

generally accepted as a reasonable surrogate of DPCO2
53 and thus 

may be a good indicator of the adequacy of CO to the global meta-

bolic conditions. In conditions where oxygen extraction is altered 

and ScvO2 lies within the normal range, an abnormally high PcvCO2-

PaCO2 difference (.6 mm Hg) suggests that CO may need to be 

raised to improve tissue oxygenation.53 A normal PcvCO2-PaCO2 dif-

ference suggests that increase in CO is not a prioritized therapeutic 

option.

Echocardiography, which is not a monitoring device per se, is the 

best tool to assess cardiac function at the bedside. It is recommended 

to be performed as soon as possible in patients with shock.52,53

Therefore in the early phase of shock states, several pieces of useful 

information can be obtained from basic hemodynamic monitoring. In 

the majority of cases, a logical therapeutic decision based on this infor-

mation can be made. If the hemodynamic condition improves with the 

initial therapy, such basic hemodynamic monitoring should be contin-

ued until shock resolution. If the hemodynamic response is absent or 

insufficient, it is recommended to use an advanced monitoring tech-

nology such as the PAC or the TPTD system (see Fig. 32.2). The PAC 

can be useful in the case of severe RV dysfunction diagnosed by echo-

cardiography. The TPTD system is potentially helpful in cases of  

associated ARDS, as it offers the advantage of reliably assessing the 

benefit/risk ratio of fluid management: the expected benefit can be 

assessed by fluid responsiveness indices (obtained from PWA), and the 

risk can be assessed by EVLW and PVPI. In cases of severe ARDS as-

sociated with shock, it has been recommended to use advanced moni-

toring devices at an earlier phase.52,53

In patients with shock, there is a consensus to not use devices such 

as minimally invasive or noninvasive PWA-based CO monitors.52,53 

First, their validity has been seriously questioned under conditions of 

alteration of the vascular tone and/or use of vasopressors, and second, 

they provide intensivists with hemodynamic variables other than CO 

and fluid responsiveness indices.

It should be emphasized that no monitoring device can change 

the outcome by itself. The outcome can be improved only if the  

information provided by the device is appropriately collected and 

interpreted.

HEMODYNAMIC MONITORING STRATEGY  
IN THE OPERATING ROOM SETTING

Uncalibrated PWA monitors and ED monitoring have a place in the 

OR setting when CO monitoring is judged to be helpful for the pa-

tient’s management. Use of such monitors in goal-directed therapy 

strategies in the perioperative period of high-risk surgical patients was 

demonstrated to potentially improve outcome.12 The choice of ED vs. 

minimally invasive vs. noninvasive device is not fully codified. It de-

pends on the local policies, the type of surgery (high vs. intermediate 

vs. low risk), and the patient’s clinical condition (high vs. low risk). 

Some teams use pulse oximeters that can display the variation of the 

plethysmographic signal—used as a surrogate of PPV—for guiding 

fluid administration. Doing so is an important issue during surgery,100 

although its relevance has been recently questioned by a meta-analy-

sis.101 In some specific high-risk procedures (e.g., liver transplantation, 

esophagectomy, cardiac surgery), some teams monitor hemodynamics 

using advanced technologies (PAC, TPTD), which can be continued 

during the postoperative period. Transesophageal echocardiography 

can also be used in cardiac surgery patients either alone or along with 

invasive technologies.

Acute circulatory failure

Associated severe ARDS?

Positive response
to initial therapy

Continue with same hemodynamic monitoring
until shock resolution

Insufficient response
to initial therapy

• Transpulmonary thermodilution systems
  or
• Pulmonary artery catheter
 (especially in case of RV dysfunction)

CVP, ScvO2

PcvCO2

AP, PPV
PaCO2

PaO2, SaO2

Central venous catheter Clinical assessment Lactate Echocardiography Arterial catheter

No Yes

Fig. 32.2 Simplified algorithm for the choice of hemodynamic monitoring in patients with acute 

circulatory failure. AP, Arterial pressure; ARDS, acute respiratory distress syndrome; CVP, central venous 

pressure; PaCO2, carbon dioxide pressure in the arterial blood; PaO2, oxygen pressure in the arterial blood; 

PcvCO2, carbon dioxide pressure in the central venous blood; PPV, pulse pressure variation; RV, right ventricu-

lar; SaO2, arterial blood oxygen saturation; ScvO2, central venous blood oxygen saturation. (From Teboul JL, 

Saugel B, Cecconi M, et al. Less invasive hemodynamic monitoring in critically ill patients. Intensive Care Med. 

2016;42[9]:1350–1359.)
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THE FUTURE OF HEMODYNAMIC MONITORING

In an ideal world, the future of hemodynamic monitoring should be the 

addition of what we already have plus what we do not have so far but 

what we need. Today, we have essentially hemodynamic monitoring 

devices able to monitor traditional macrocirculatory variables. The two 

main characteristics of the most valuable current hemodynamic moni-

toringsystemsare(1)theirinvasiveness,eveniftheterms“minimally
invasive”or“lessinvasive”areoftenused,and(2)theirinabilitytopre-

cisely assess the microcirculation: adequacy of tissue perfusion and 

oxygenation. Is noninvasiveness the future that we expect? The answer 

should be positive only if noninvasiveness is associated with accuracy 

and precision. The current noninvasive CO monitors are used in the 

OR setting not for their numerical accuracy, but for their theoretical 

ability to track changes in CO. This can be enough in this setting be-

cause patients—even high-risk ones—are usually not sick before start-

ing surgery, so that their starting CO is generally normal. What is im-

portant in this situation is to reliably track any abrupt decreases in CO. 

By contrast, in ICU patients, one needs both to measure accurate and 

precise CO values and to reliably track CO changes. To date, no nonin-

vasive continuous hemodynamic system is able to do this. Hopefully, 

future technologic advances will provide ICU doctors and nurses with 

reliable noninvasive hemodynamic monitoring systems.

Another important aspect is to be able to monitor microcirculation 

and tissue perfusion. We know that correcting macrocirculatory vari-

ables cannot guarantee that tissue hypoperfusion has been fully re-

versed, too. Over the last decade, some technologies have been devel-

oped to monitor microcirculation (e.g., sublingual microcirculation) 

or tissue oxygenation. However, these techniques are still used for re-

search purposes and not for routine practice.52 We can expect in the 

near future a technologic jump in this field, allowing ICU caregivers to 

monitor microcirculation in real time. This would be a first step to 

integrate new microcirculatory variables in therapeutic strategies.

In addition, progress in technology and data processing that will in-

evitably occur should make this field very different in the near future from 

what we currently know. One can expect advances in terms of graphical 

displays, computerization, miniaturization, connectivity, data transfer 

from bedside monitors to personal interfaces, and implementation of 

novel sensors using micro- and nano-electromechanical systems. Finally, 

advances in artificial intelligence (predictive analytics, machine learning) 

should certainly help with integrated analysis of many hemodynamic 

variables collected by the monitoring systems. This should allow clinicians 

to better analyze the patient’s true hemodynamic status and needs and/or 

to anticipate hemodynamic instability. There are currently devices that use 

machine learning to predict hypotension in the OR setting.102 Numerous 

applications of artificial intelligence will undoubtedly occur in the next 

few years for hemodynamic monitoring and for therapeutic decision-

making processes.103 The challenge for the intensivist will be to intelli-

gently use artificial intelligence for the benefit of their patients.103

KEY POINTS

• Pulmonary arterial catheter use has decreased since the mid-1990s, not 

only because of its invasiveness but mostly because of the development of 

bedside echocardiography and the emergence of other hemodynamic moni-

toring devices.

• Transpulmonary thermodilution coupled with pulse wave analysis provides 

a reliable measure of cardiac output, extravascular lung water, and preload 

responsiveness indices.

• Uncalibrated invasive pulse wave analysis monitoring devices provide hemo-

dynamic information from a simple arterial catheter. They belong to the class 

of functional hemodynamic monitoring devices and could prove helpful to 

assess fluid responsiveness. However, their ability to accurately estimate 

cardiac output has been questioned in cases of altered vascular tone, limit-

ing their interest for patients with shock and/or who receive vasopressors.

• Esophageal Doppler monitoring is a minimally invasive method to estimate 

cardiac output and indices of fluid responsiveness. It is better indicated in 

high-risk surgery patients than for patients with shock.

• The bioreactance method estimates cardiac output noninvasively. It uses 

skin surface electrodes delivering a low-amplitude and high-frequency cur-

rent traversing the thorax. It has a limited place in severe, critically ill pa-

tients. More validation studies are necessary to clarify its place in other 

settings, such as the emergency room.

• Volume clamp methods uses the finger blood pressure to estimate cardiac 

output noninvasively using pulse wave analysis. However, their reliability 

has been questioned in critically ill patients. They are not recommended for 

patients in shock.

• The hemodynamic monitoring strategy to be employed in patients with shock 

is not strictly codified. Nevertheless, it is logical to take into account clinical 

information, data obtained from arterial central venous catheters, and, if 

possible, echocardiographic findings before making therapeutic decisions. In 

cases of insufficient response to the initial therapy, the use of a pulmonary 

artery catheter or transpulmonary thermodilution should be considered.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Jozwiak M, Silva S, Persichini R, et al. Extravascular lung water is an indepen-

dent prognostic factor in patients with acute respiratory distress syn-

drome. Crit Care Med. 2013;41:472–480.

This study showed that extravascular lung water and pulmonary vascular 

permeability are independent factors associated with mortality in patients 

with acute respiratory distress syndrome.

Monnet X, Marik P, Teboul JL. Passive leg raising for predicting fluid respon-

siveness: A systematic review and meta-analysis. Intensive Care Med. 

2016;42:1935–1947.

This meta-analysis confirms the ability of the passive leg raising test to predict 

preload responsiveness. It emphasizes the fact that real-time cardiac output 

measurements are mandatory for assessing the hemodynamic effects of pas-

sive leg raising.

Myatra SN, Prabu NR, Divatia JV, et al. The changes in pulse pressure varia-

tionorstrokevolumevariationaftera“tidalvolumechallenge”reliably
predict fluid responsiveness during low tidal volume ventilation. Crit Care 

Med. 2017;45:415–421.

This article validated the use of a temporary increase in tidal volume at 8 

mL/kg to improve sensitivity of pulse pressure and stroke volume variations to 

predict fluid responsiveness.

Richard C, Warszawski J, Anguel N, et al. Early use of the pulmonary artery 

catheter and outcomes in patients with shock and acute respiratory distress 

syndrome: A randomized controlled trial. JAMA. 2003;290:2713–2720.

This randomized controlled trial showed no outcome impact of pulmonary 

arterial catheter use in patients with shock and acute respiratory distress  

syndrome.

Saugel B, Hoppe P, Nicklas JY, et al. Continuous noninvasive pulse wave analy-

sis using finger cuff technologies for arterial blood pressure and cardiac 

output monitoring in perioperative and intensive care medicine: A sys-

tematic review and meta-analysis. Br J Anaesth. 2020;125:25–37.

In this meta-analysis, noninvasive cardiac output monitoring using volume clamp 

method devices failed to reliably estimate CO, especially in critically ill patients.

Teboul JL, Saugel B, Cecconi M, et al. Less invasive hemodynamic monitoring 

in critically ill patients. Intensive Care Med. 2016;42:1350–1359.

In this paper authored by an expert panel from the European Society of In-

tensive Care Medicine, a strategy in terms of hemodynamic monitoring in 

patients with acute circulatory failure has been proposed.
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Bedside Monitoring of Pulmonary Function
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Measuring fractional hemoglobin requires a co-oximeter that in-

corporates four wavelengths to distinguish each species (Fig. 33.2). In 

contrast, oxygen saturation as determined by pulse oximeter (SpO2) 

uses two wavelengths, so that it measures functional SaO2:

HbO HbR2 1

Accuracy and Precision
The accuracy of pulse oximeters has improved over the years. In criti-

cally ill patients with an arterial oxygen saturation (SaO2) .90%, it is 

now estimated that the mean difference between SpO2 and SaO2 is less 

than 2%.3,4 Also, the standard deviation of the differences between the 

measurements represents the precision and has been estimated to be 

less than 3%.3,4 However, when the SaO2 drops below 90%, the accu-

racy of SpO2 measurements decreases.2

The oxyhemoglobin dissociation curve must be taken into account 

when interpreting the SpO2 (Fig. 33.3). If the curve is in a normal 

position, then high SpO2 values (96%–98%) represent a PaO2 in the 

range of 80–100 mm Hg, whereas SpO2 values in the low to mid 90s 

represent a PaO2 in the range of 60–80 mm Hg. An SpO2 ,90% indi-

cates PaO2 values that enter into the hypoxemic range. If the curve 

shifts to the left, a lower PaO2 will produce a higher SpO2, whereas the 

reverse is true if the curve is shifted to the right. Although a left shift in 

the oxyhemoglobin dissociation curve increases the affinity of Hgb for 

oxygen, it also makes it more difficult for the Hgb to release oxygen 

molecules. A right shift in the curve makes it more difficult for the Hgb 

to load oxygen molecules (see Fig. 33.3).

Dynamic Response
Because pulse oximeters detect very small optical signals (and reject a 

variety of artifacts), data must be averaged over several seconds, thus 

affecting the response time.5,6 A prolonged lag time is more common 

with finger probes than with ear probes and is attributed to hypoxia-

related peripheral vasoconstriction.5–7 Bradycardia is also associated 

with a prolonged response time.

Sources of Error
Despite recent technologic advances, there still are a number of factors 

that may affect the accuracy of the pulse oximeter. Table 33.1 lists the 

most common ones.

Motion Artifact and Poor Perfusion

Motion artifact and poor perfusion are the most common sources of 

SpO2 inaccuracies, which occur because the photoplethysmographic 

pulse signal is very low in these settings compared with the total  

PULSE OXIMETRY

Pulse oximetry is a microprocessor-based measurement that incorpo-

rates both oximetry and plethysmography to provide continuous 

noninvasive monitoring of the oxygen saturation of arterial blood 

(SpO2). Often considered the “fifth vital sign,” pulse oximetry is one of 

the most important technologic advances for monitoring patients dur-

ing anesthesia, in the intensive care unit (ICU), on the general ward, in 

the emergency department, and during a wide variety of procedures. It 

can quickly detect even small changes in the effectiveness of oxygen 

uptake from the lung and how efficiently oxygen is carried to the tis-

sues. Common applications for pulse oximetry may include mechani-

cal ventilation, surgical monitoring, sleep evaluations, and effective-

ness of certain clinical interventions.

The most common pulse oximeter probe is embedded into either a 

reusable clip probe or a single-patient adhesive probe and consists of 

two light-emitting diodes on one side and a light-detecting photodi-

ode on the opposite side. Advantages of the reusable clip probe include 

utilization rapidity, ease of sampling different sites, and cost-effective-

ness.1 Advantages of the single-patient adhesive probe include less 

potential for infection transmission, more secure placement, and the 

ability to monitor at more body sites.1 The most appropriate type of 

probe depends on the clinical situation. Either a finger, toe, or earlobe 

serves as the sample “cuvette” because the skin in these areas has a high 

vascular density. Pulse oximetry targets the signal arising from the ar-

terial bed as light absorbance fluctuates with changing blood volume. 

Arterial blood flow causes signal changes in light absorption (the pul-

satile component called photoplethysmography) that can be distin-

guished from venous and capillary blood in the surrounding tissues 

(the baseline, or direct current, component; Fig. 33.1).

According to the Beer-Lambert law, the concentration of a sub-

stance can be determined by its ability to transmit light.2 Oxygenated 

hemoglobin (HbO2) and deoxygenated or “reduced” hemoglobin 

(HbR) species absorb light differently, so the ratio of their absorben-

cies can be used to calculate HbO2 saturation. The standard pulse ox-

imeter emits two wavelengths of red light (660 nm and 940 nm) from 

the light-emitting diode on one side of the probe, through the capillary 

bed, to a light-detecting photodiode on the other side. Red light emit-

ted at 940 nm is mainly absorbed by HbO2, whereas red emitted at 660 

nm is mainly absorbed by HbR. The difference between the transmit-

ted light and unabsorbed light represents the amount of hemoglobin-

bound oxygen and is expressed as a percentage.

In addition, there are two minor hemoglobin (Hb) species: car-

boxyhemoglobin (COHb) and methemoglobin (MetHb). Fractional 

SaO2 is the proportion of HbO2 relative to all four hemoglobin species:

HbO HbR+COHb+MetHb2 5
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Red and infrared diodes

Fig. 33.1 Schematic depiction of the pulse oximeter light absorp-

tion signal. (Adapted with permission from Phillips Medical Systems, 

Carlsbad, California.)
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Factor Effect

Carboxyhemoglobin  

(COHb)

Slight reduction in accuracy of the assessment of oxy-

gen saturation (SaO2) by pulse oximetry (SpO2) (i.e., 

overestimates the fraction of hemoglobin available 

for O2 transport)

Methemoglobin  

(MetHb)

At high levels of MetHb, SpO2 approaches 85%, inde-

pendent of actual SaO2

Methylene blue Transient, marked decrease in SpO2 lasting up to sev-

eral minutes; possible secondary effects as a result 

of effects on hemodynamics

Anemia If SaO2 is normal, no effect; during hypoxemia with Hb 

values less than 14.5 g/dL, progressive underestima-

tion of actual SaO2

Ambient light  

interference

Bright light, particularly if flicker frequency is close to 

a harmonic of the light-emitting diode switching fre-

quency, can falsely elevate the SpO2 reading

Blood flow Reduced amplitude of pulsations can hinder obtaining 

a reading or cause a falsely low reading

Motion Movement, especially shivering, may depress the 

SpO2 reading

Nail polish Slight decrease in SpO2 reading, with greatest effect 

using blue nail polish, or no change

Sensor contact “Optical shunting” of light from source to detector di-

rectly or by reflection from skin results in falsely low 

SpO2 reading

Skin pigmentation Small errors or no significant effect reported; deep 

pigmentation can result in reduced signal

Tape Transparent tape between sensor and skin has little 

effect; falsely low SpO2 has been reported when 

smeared adhesive is in the optical path

Vasodilation Slight decrease in SpO2

Venous pulsation Artifactual decrease in SpO2

TABLE 33.1 Common Factors Affecting 
Pulse Oximetry Measurements

absorption signal.8,9 The combination of motion artifact and poor 

perfusion substantially lowers SpO2 accuracy compared with either 

artifact alone.10 Causes of motion artifact include shivering, twitching, 

agitation, intraaortic balloon pump assistance, and patient trans-

port.11,12 Signs of motion artifact include a false or erratic pulse rate 

reading or an abnormal plethysmographic waveform. Peripheral hypo-

perfusion from hypothermia, low cardiac output, or vasoconstrictive 

drugs may increase bias, reduce precision, and prolong the time to 

detect a hypoxic event.12

 Newer technologies have helped reduce the incidence of these 

problems, but have not eliminated them as sources of error. Relocation 

of the probe may be required to obtain a more accurate signal.

Dyshemoglobins and Vascular Dyes

Significant amounts of COHb or MetHb can cause errors in SpO2 

measurements. COHb and HbO2 absorb equivalent amounts of red 

light. Because the amount of COHb is elevated in the setting of carbon 

monoxide poisoning, this results in a falsely elevated SpO2 value be-

cause the pulse oximeter reports on total Hb saturation and not just 

HbO2 saturation. The patient, however, could be experiencing pro-

found hypoxemia. In contrast, MetHb causes substantial absorption of 

both red and infrared light, so the ratio approaches 1 (estimated SpO2 
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of 85%).2 Significant levels of MetHb falsely lower SpO2 values even 

when the actual SaO2 exceeds 85% and falsely elevates values when the 

true SaO2 is less than 85%.2 Additionally, the administration of methy-

lene blue or indocyanine green dyes for diagnostic tests causes a false, 

transient (1- to 2-minute) drop in SpO2 to as low as 65%.13,14

There are some newer pulse oximeters that claim to measure actual 

hemoglobin concentration, but validation study results have yielded 

mixed results.15,16

Nail Polish and Skin Pigmentation

Both dark skin pigmentation and dark nail polish interfere with ab-

sorption of the wavelengths used by pulse oximetry. Pulse oximeters 

thus have greater bias and less precision in dark-skinned patients.8 

Whereas an SpO2 of 92% is sufficient to predict adequate oxygenation 

in light-skinned patients, a saturation of at least 95% is required in 

dark-skinned patients.17 Also, dark nail polish colors can falsely lower 

SpO2 values, whereas red polish tends not to affect pulse oximetry ac-

curacy.18 However, with newer technology, the negative effects of nail 

polish have been lessened. A study conducted with modern equipment 

showed an effect of dark nail polish on pulse oximetry readings, but 

the error was not clinically relevant.19 When nail polish cannot be re-

moved, mounting the oximeter probe sideways on the finger may yield 

a more accurate reading.20

Ambient Light, Anemia, and Hyperbilirubinemia

Although pulse oximeters compensate for the presence of ambient 

light, the sensor should be shielded from intense light sources with an 

opaque material. Falsely low SpO2 readings occur when even minor 

gaps exist between the probe and skin, allowing light reflected off the 

skin’s surface to “shunt” directly to the photodiode.21 Xenon surgical 

lamps and fluorescent lighting can also cause falsely low SpO2 values.22 

Under conditions of moderate to severe anemia (e.g., Hb 8 g/dL ) and 

severe hypoxemia (SaO2 54%), SpO2 bias is markedly increased (by 

approximately 214%).23 Hyperbilirubinemia does not affect SpO2 di-

rectly.24 However, carbon monoxide is a by-product of heme metabo-

lism, and deeply icteric patients tend to have higher levels of COHb,24 

so SpO2 may be falsely elevated under those conditions.

Pulsus Paradoxus
Pulsus paradoxus refers to an exaggerated fall in a patient’s blood pres-

sure during inspiration. A recent meta-analysis evaluated the relation-

ship between pulsus paradoxus and pulse oximetry. The findings sug-

gested that pulse oximetry plethysmograms can also be used as a 

noninvasive method for estimating pulsus paradoxus.25 The authors 

further suggested that earlier recognition and improved management 

of elevated pulsus paradoxus may be achievable through the use of a 

pulse oximeter.25

Reflectance Pulse Oximetry
Reflectance pulse oximetry was designed to counter signal-detection 

problems associated with finger probes during hypoperfusion. The 

reflectance sensor is designed for placement on the forehead just above 

the orbital area, where superficial blood flow is abundant and less sus-

ceptible to vasconstriction.26 Whereas traditional probes work by 

transilluminating a tissue bed and measuring the forward-scattered 

light on the opposite side of the finger, toe, or earlobe, reflectance 

probes are constructed with the light-emitting diodes and the photo-

detector located along the same surface. The photodetector measures 

the back-scattered light from the skin.26 In addition, tolerance to site of 

placement for reflectance pulse oximetry has allowed fetal monitoring 

during labor.27 Intraesophageal SpO2 monitoring is currently under 

investigation.28 Anasarca, excessive head movement, and difficulty in 

securing the probe site are some of the common problems encoun-

tered with reflectance pulse oximetry.29 Light “shunting” from poor 

skin contact and direct sensor placement over a superficial artery are 

associated with artifacts.30 However, recent studies have shown reflec-

tance pulse oximetry to be as effective as phalanx finger sensors in 

many situations.31–34

Clinical Applications
Continuous pulse oximetry provides an early warning sign of evolving 

hypoxemia. A large single-center randomized controlled trial of peri-

operative patients found reported incidence rates of hypoxemia (SpO2 

less than 90%) to be 7.9% in patients monitored with pulse oximetry 

and only 0.4% in patients monitored without an oximeter.35 From a 

surgical perspective, a study reported that continuous monitoring of 

SpO2 revealed episodic and severe hypoxemic events, with some de-

saturations lasting as long as 21 ± 15 minutes.36 Pulse oximetry has 

also been shown to aid in titrating FiO2 in patients receiving mechani-

cal ventilation. Two large clinical trials investigated whether or not the 

SpO2/FiO2 (S/F) ratio could be a reliable proxy for the PaO2/FiO2 (P/F) 

ratio in patients with acute lung injury (ALI) or acute respiratory dis-

tress syndrome (ARDS). The S/F ratio was reported to be a dependable 

surrogate in patients undergoing surgery, patients requiring increased 

levels of positive end-expiratory pressure (PEEP), and in calculating 

the sequential organ failure assessment scores.37

CAPNOMETRY

Capnometry affords the measurement and numeric display of expired 

carbon dioxide (CO2) at the patient’s airway opening. When a wave-

form plotting CO2 against time or volume is also displayed, the process 

is referred to as capnography, and the waveform is referred to as a 

capnogram. Capnometry is most commonly used on patients receiv-

ing mechanical ventilation and uses infrared light projected through a 

gas sampling chamber to a detector on the opposite side. CO2 absorbs 

infrared light at a peak wavelength of approximately 4.27 mm.38,39 

More infrared light passing through the sample chamber (i.e., less 

CO2) causes a larger signal in the detector relative to the infrared light 

passing through a reference cell. The sample chamber is either con-

nected directly to the Y-adapter of the ventilator circuit (mainstream) 

or by a sampling line at the Y-adapter that continuously aspirates gas 

into a sampling chamber located inside the monitor (sidestream). A 

colorimetric CO2 detector is an example of a mainstream capnograph. 

This device has a pH-sensitive indicator that changes color in response 

to varying CO2 concentrations during inspiration and expiration. A 

normal capnograph has a square-wave pattern with four different 

phases, which begins during the inspiratory phase and will continue 

through the entire expiratory phase (Fig. 33.4).39 Phase I is the inspira-

tory baseline, which is caused by inspired gas with low levels of CO2. 

Phase II is the exhalation of mixed fresh and alveolar gas, resulting in 

a very rapid increase in CO2 levels. Phase III is the alveolar plateau, 

where the last of the alveolar gas is sampled; this is commonly the end-

tidal exhaled gas concentration (PETCO2). Phase IV reflects the reversal 

of gas flow direction (the expiratory downstroke) and the beginning of 

inspiration.

Abnormal Capnographs
The expired CO2 waveform can distinguish a variety of pulmonary and 

airway pathologies. An esophageal intubation is discernible when the 

end-tidal waveform becomes lower and lower with subsequent breaths 

and the patient becomes more hypoxic. Other reasons for a flat tracing 

include capnograph disconnection, near-complete airway obstruction, 

endotracheal tube perforation, or cardiac arrest.39,40 An asthmatic 
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patient experiencing a bronchospasm would exhibit the classical saw-

tooth slope waveform. As the airway obstruction worsens, the slope of 

the transitional phase becomes more gradual. In patients with emphy-

sema, the alveolar slope would be reversed. Because of a reduced gas 

exchanging surface and an abnormally increased lung compliance, al-

veolar gas exchange occurs quite rapidly; thus the waveform peak 

represents arterial CO2. A “pigtail” capnograph pattern is typically seen 

in patients with poor lung compliance. A sudden peak of expired CO2 

occurs because of sudden airway closure.

Clinical Applications
Unlike PO2 concentrations, venous and arterial blood have PCO2 val-

ues that differ by a relatively small amount. Capnometric determina-

tion of the partial pressure of CO2 in end-tidal exhaled gas (Petco2) is 

often used during mechanical ventilation as a surrogate with which to 

monitor changes in the partial pressure of CO2 in the alveolar gas and 

(with less precision) in the arterial blood (PaCO2). Although widely 

available today, how best to use Petco2 as a representation of PaCO2 

remains unclear in ICU practice. Although perhaps not an exact match 

for PaCO2, Petco2 does provide a valuable trending tool. Also, with 

newer technologies, the accuracy of Petco2 measurements is improv-

ing. A recent study reported strong correlations between Petco2 and 

PaCO2 across a wide range of dead-space conditions.41 Capnometry is 

used for a variety of purposes, such as in the diagnosis of a pulmonary 

embolism, determination of lung recruitment response to PEEP, detec-

tion of auto (or intrinsic) PEEP (PEEPi), evaluation of weaning prog-

ress, and as an indirect marker of elevated dead-space ventilation. 

Other uses include the assessment of cardiopulmonary resuscitation, 

indirect determination of cardiac output through partial CO2 re-

breathing, verification of endotracheal cannulation, detection of air-

way accidents, and even determination of feeding tube placement. 

Guidelines for the use of capnometry/capnography are outlined by the 

American Association for Respiratory Care (AARC) (Box 33.1).42

PaCO2-PETCO2 Gradient
Normal subjects have a PaCO2-Petco2 gradient of 4–5 mm Hg.43,44 In 

critically ill patients, the PaCO2-Petco2 gradient can be markedly ele-

vated, with a tendency toward wider gradients in obstructive lung 

diseases (7–16 mm Hg) than in ALI or cardiogenic pulmonary edema 

(4–12 mm Hg).38,41,44–46 The strong correlation between DPetco2 and 

DPaCO2 (r 5 0.82), along with minor bias and reasonable precision 

between Petco2 and PaCO2, suggests that arterial blood gas monitor-

ing may not be needed to assess ventilation unless the DPetco2 exceeds 

5 mm Hg.47 Nevertheless, several studies have found that the DPetco2 

often falsely predicts the degree and direction of DPaCO2.
45–49 There-

fore despite Petco2 monitoring, routine arterial blood gas analysis is 

still required in critically ill patients.

Several factors determine the PaCO2-Petco2 gradient. Whereas 

PaCO2 reflects the mean partial pressure of CO2 in alveolar gas 

(PaCO2), Petco2 approximates the peak PaCO2. During expiration, 

lung regions with high ventilation-to-perfusion ratios dilute the mixed 

CO2 concentration so that Petco2 is usually lower than PaCO2. How-

ever, when CO2 production is elevated (or expiration is prolonged), 

Petco2 more closely resembles mixed venous PCO2, as a higher 

amount of CO2 diffuses into a progressively smaller lung volume. Thus 

the PaCO2-Petco2 gradient can be affected by changes in respiratory 

rate and tidal volume (VT) because of alterations in expiratory time 

and by CO2 production and mixed venous CO2 content. In fact, it is 

not uncommon for Petco2 to marginally exceed PaCO2. Inotropic or 

vasoactive drugs may affect the PaCO2-Petco2 gradient in an unpre-

dictable manner, either by increasing cardiac output and pulmonary 

perfusion (thereby reducing alveolar dead space) or by reducing pul-

monary vascular resistance and magnifying intrapulmonary shunt by 

countering hypoxic pulmonary vasoconstriction.

Certain mechanical factors can cause either inconsistencies or inac-

curacies in Petco2. The sample tubing length and aspirating flow rates 

used in sidestream capnometers affect the time required to measure 

changes in tidal CO2 concentration. At respiratory frequencies above 

30 breaths/min, capnometers tend to underreport the true Petco2. 

This may occur because of gas mixing between adjacent breaths during 

transport down the sampling line and in the analysis chamber.50 This 

problem can be avoided with mainstream analyzers, which provide 

near-instantaneous CO2 measurement (less than 250 msec).51

PaCO2-PETCO2 Gradient, PEEP, and Lung Recruitment
PEEP may recruit collapsed alveoli, improve ventilation-perfusion 

matching, and reduce alveolar dead space, but excessive levels  

cause overdistention and increased alveolar dead space. Because the 
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Fig. 33.4 Normal capnography trace. (From Kerslake I, Kelly F. Uses of capnography in the critical care unit. 

BJA Education. 2017;17:178–183.)
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Box 33.1 American Association for Respiratory Care (AARC) Clinical Practice Guideline: 
Capnography/Capnometry During Mechanical Ventilation

Indications

• There are three broad categories of indications for capnography/capnometry: 

verification of artificial airway placement, assessment of pulmonary circula-

tion and respiratory status, and optimization of mechanical ventilation.

• Verification of artificial airway placement. Even when the endotracheal 

tube is seen to pass through the vocal cords and tube position is verified 

by chest expansion and auscultation during mechanical ventilation, provid-

ers should obtain additional confirmation of airway placement with wave-

form capnography or an exhaled CO2 or esophageal detector device.

• Assessment of pulmonary circulation and respiratory status. Capnography 

assists in:

• Determining changes in pulmonary circulation and respiratory status 

sooner than pulse oximetry. In patients without lung disease, substan-

tial hypercarbia may present before pulse oximetry notifies the clinician 

of a change in ventilation.

• Monitoring the adequacy of pulmonary, systemic, and coronary blood 

flow, in addition to estimation of the effective (nonshunted) pulmonary 

capillary blood flow by a partial rebreathing method.

• Evaluating the partial pressure of exhaled CO2, especially PETCO2.

• Screening for pulmonary embolism.

• Optimization of mechanical ventilation. Capnography during mechanical 

ventilation allows:

• Continuous monitoring of the integrity of the ventilator circuit, including 

the artificial airway or bag mask ventilation, in addition to potentially 

detecting mechanical ventilation malfunctions.

• Decreasing the duration of ventilatory support.

• Adjustment of the trigger sensitivity.

• Evaluation of the efficiency of mechanical ventilation by the difference 

between PaCO2 and PETCO2.

• Monitoring of the severity of pulmonary disease and evaluating the 

response to therapy, especially therapies intended to improve the ratio 

of dead space to tidal volume (VD/VT) and ventilation-perfusion match-

ing (V /Q)ɺ ɺ .

• Monitoring of ɺ ɺV /Q during independent lung ventilation.

• Monitoring of inspired CO2 when it is being therapeutically administered.

• Graphic evaluation of the ventilator-patient interface. Evaluation of the cap-

nogram may be useful in detecting rebreathing of CO2, obstructive pulmonary 

disease, the presence of inspiratory effort during neuromuscular blockade, 

cardiogenic oscillations, esophageal intubation, and cardiac arrest.

• Measurement of the volume of CO2 elimination to assess metabolic rate and/

or alveolar ventilation.

• Monitoring of VD/VT to determine eligibility for extubation in children.

• There is a relationship between VD/VT and survival in patients with acute 

respiratory distress syndrome.

Contraindications

• There are no absolute contraindications to capnography in mechanically 

ventilated patients, provided the data obtained are evaluated with consider-

ation given to the patient’s clinical condition.

Hazards/Complications

• Hazards/complications are different for the two types of capnographic de-

vices.

• Mainstream:

• Dead space. Adapters inserted into the airway between the airway and 

the ventilator circuit should have a minimal amount of dead space. This 

effect is inversely proportional to the size of the patient being monitored.

• The addition of the weight of a mainstream adapter can increase the 

risk of accidental extubation in neonates and small children.

• Sidestream:

• The gas sampling rate from some sidestream analyzers may be high enough 

to cause auto-triggering when flow triggering of mechanical breaths is 

used. This effect is also inversely proportional to the size of the patient.

• The gas sampling rate can diminish delivered VT in neonates and small 

patients while using volume-targeted or volume-controlled ventilation 

modes.

Assessment of Need

• Capnography is considered a standard of care during general anesthesia.

• The American Society of Anesthesiologists has suggested that capnography 

be available for patients with acute ventilatory failure on mechanical ventila-

tory support.

• The American College of Emergency Physicians recommends capnography as 

an adjunctive method to ensure proper endotracheal tube position.

• The 2010 American Heart Association Guidelines for Cardiopulmonary Resus-

citation and Emergency Cardiovascular Care recommend capnography to 

verify endotracheal tube placement in all age groups.

• Assessment of the need to use capnography with a specific patient should be 

guided by the clinical situation. The patient’s primary cause of respiratory 

failure and the severity of his or her condition should be considered.

Assessment of Outcome

• Results should reflect the patient’s condition and should validate the basis for 

ordering the monitoring. Documentation of results (along with all ventilatory 

and hemodynamic variables available), therapeutic interventions, and/or 

clinical decisions made based on the capnogram should be included in the 

patient’s chart.

Monitoring

• During capnography, the following should be considered and monitored:

• Ventilatory variables: tidal volume, respiratory rate, positive end-expiratory 

pressure, inspiratory-to-expiratory time ratio (I:E), peak airway pressure, 

and concentrations of respiratory gas mixture.

• Hemodynamic variables: systemic and pulmonary blood pressures, cardiac 

output, shunt, and ventilation-perfusion imbalances.

From AARC clinical practice guideline: Capnography/capnometry during mechanical ventilation. Respir Care. 2011;56:503–509.

PaCO2-Petco2 gradient correlates strongly with the physiologic dead 

space–to–tidal volume ratio (VD/VT), this gradient may be useful in 

titrating PEEP in patients with ALI or ARDS. An animal model of 

ARDS found that stepwise application of PEEP progressively reduced 

the PaCO2-Petco2 gradient and coincided with maximal or near-

maximal improvements in oxygenation.52 However, PEEP applied be-

yond the lowest PaCO2-Petco2 gradient caused a secondary rise in the 

gradient, along with decreased cardiac output. Another study found 

that the PaCO2-Petco2 gradient narrowed (from 14 to 8 mm Hg) and 

oxygenation improved when PEEP was set at the lower inflection point 

of the pressure-volume inflation curve of the respiratory system.53 

When PEEP was set 5 cm H2O above the lower inflection point, the 

PaCO2-Petco2 gradient rose to 11 mm Hg and cardiac output trended 

downward. In patients without a clear lower inflection point, the 
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PaCO2-Petco2 gradient did not change in response to PEEP. Thus in a 

subset of ARDS patients, the PaCO2-Petco2 gradient may be an effec-

tive way to titrate PEEP.

Newer-generation ventilators have integrated mainstream “volu-

metric” CO2 (Vcap) sensors that allow for simultaneous bedside mea-

surements of physiologic and alveolar dead space.54 Measurement of 

dead space could potentially provide a monitoring parameter to follow 

in assessing pulmonary function, as discussed later.54 Although Vcap is 

a promising physiologic tool, further research is needed to define its 

diagnostic value.

PETCO2 Monitoring During Cardiopulmonary 
Resuscitation
Monitoring end-tidal CO2 concentration is a reliable method for evalu-

ating the effectiveness of cardiopulmonary resuscitation.55 In animal 

models, Petco2 is strongly correlated with coronary perfusion pressure 

and successful resuscitation,56 whereas in humans, changes in Petco2 

are directly proportional to changes in cardiac output.57 Petco2 during 

precordial compressions can distinguish successful from unsuccessful 

resuscitation technique, with values greater than 10 mm Hg58 or greater 

than 16 mm Hg59 associated with successful resuscitation.

Measurement of Dead-Space Ventilation
Ventilation-perfusion abnormalities are the primary physiologic dis-

turbance in nearly all pulmonary diseases and the principal mecha-

nism for elevated PaCO2.
60 Dead-space ventilation (VD), the portion 

of VT that does not encounter perfused alveoli, directly affects CO2 

excretion and is used as an indirect measure of ventilation-perfusion 

abnormalities. Physiologic VD represents the summation of dead-

space components attributable to anatomic-conducting airways and 

underperfused alveoli.

Physiologic VD/VT historically has been measured during a 3- to 

5-minute exhaled gas collection into a 30- to 60-L Douglas bag. An 

arterial blood gas reading is obtained during the midpoint of the col-

lection. VD/VT is calculated using the Enghoff modification of the 

Bohr equation, whereby the difference between PaCO2 (a surrogate for 

the mean PaCO2) and mean expired CO2 tension (Peco2) is divided by 

PaCO2:
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The dead-space volume per breath or per minute can be deter-
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Alveolar minute ventilation is obtained by subtracting the physio-

logic VD per minute from the VEɺ . It can also be calculated as the vol-

ume of CO2 produced per minute ( ɺVCO2) divided by the PaCO2
61:
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Although expired gas collection with a Douglas bag is the classic 

method for measuring VD/VT, the gas collection system requires addi-

tional valving and connectors, making the procedure time-consuming 

and awkward. Metabolic monitors produce equally accurate, reliable 

results and are less cumbersome.62,63 The Douglas bag method and 

metabolic monitors, however, do share a limitation when used on a 

mechanically ventilated patient. During mechanical ventilation, gas is 

compressed in the circuit, which dilutes the fractional expired CO2 con-

centration. A correction factor can be used to offset the mathematical 

effects of gas compression. Volumetric capnography is a convenient al-

ternative method of measuring Peco2 and VD/VT and has the advantage 

of being measured at the patient, thus eliminating the effects of com-

pression volume contamination and the need to apply a correction 

factor.64 In patients with ARDS, it has been shown that measurements of 

VD/VT using volumetric capnography are as accurate as those obtained 

through the use of a metabolic monitor.65

A significant source of measurement error for VD/VT is the con-

tamination of expired gas with circuit compression volume. During 

positive-pressure ventilation, part of the VT is compressed in the cir-

cuit, and during expiration, this gas mixes with CO2-laden gas from 

the lungs. The dilution of the expired CO2 results in a falsely elevated 

VD/VT that is directly proportional to the peak inspiratory pressure 

and circuit compliance. Clinically, correcting VD/VT for compression 

volume is done by multiplying the measured Peco2 by the ratio of the 

ventilator-set VT to the VT delivered to the patient.65

Clinically, VD/VT may assist in the management of pulmonary 

disease in terms of both ventilator adjustments and diagnostic testing. 

VD/VT tends to decrease as lung units are recruited but increase with 

lung overdistention during PEEP titration in ARDS. A recent study 

involving the use of dead-space calculations in ARDS reported that 

increased dead space is associated with higher mortality in the early 

and intermediate phases of ARDS.66 Fletcher and Jonson used VD/VT 

to optimize VT and inspiratory time settings during general anesthe-

sia.67 Measuring VD/VT may assist in identifying patients who can be 

removed from mechanical ventilation. Hubble and coworkers found 

that values less than 0.50 predicted successful extubation, and values 

greater than 0.65 identified patients at risk for postextubation respira-

tory failure.68

One of the main clinical uses of VD/VT is to aid in the diagnosis of 

acute pulmonary embolism. VD/VT is comparable to radioisotopic 

lung scanning in detecting acute pulmonary embolism, with a value 

less than 0.40 suggesting that a significant embolus is improbable.69 

Single-breath estimates of alveolar VD are also capable of identifying 

patients with a pulmonary embolus.70 Increased physiologic VD/VT 

(greater than 0.60) was found to be significantly associated with mor-

tality in patients with ARDS and in neonates with congenital diaphrag-

matic hernia.71,72 The finding that VD/VT is elevated early in the 

course of ARDS and is associated with increased mortality risk may be 

particularly useful. The efficacy of new therapies for ARDS may be 

judged, in part, by their ability to reduce VD/VT.

Transcutaneous Monitoring
Transcutaneous blood gas monitoring involves the use of a skin surface 

sensor to provide continuous noninvasive estimates of arterial PO2 

and PCO2 (TcO2 and TcCO2, respectively). The sensor warms the skin 

to promote “arterialization” and to increase the permeability of the 

skin to O2 and CO2. Elements of the sensor include a heating element, 

an O2 electrode, and a CO2 electrode. The electrodes measure the gas 

tensions in an electrolyte gel located between the sensor and the skin. 

Similar to end-tidal CO2 (ETCO2) monitoring and pulse oximetry, 

transcutaneous monitoring has the potential advantages over direct 

arterial blood gas sampling of reducing the amount of blood drawn, 

time spent for analysis, patient discomfort, and associated costs. 

TcCO2 tends to be more reliable than ETCO2, most likely because of 

the greater diffusion capacity of CO2 through the skin and the skin’s 

own O2 consumption.73 TcCO2 has historically been used more fre-

quently in neonatal and pediatric populations, but recent technologic 

advances have extended its utilization to adults, despite the blunting 
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effects of a thicker epidermis. Transcutaneous blood gas monitoring 

has been commonly used to provide a picture of PCO2 trends in pa-

tients with acute and chronic respiratory failure.74 It has been shown 

to be particularly accurate in neonates because of their thin, poorly 

keratinized skin, which has fewer barriers to diffusion of capillary 

gases.75

The gradient between TcCO2 and PaCO2 is influenced by skin per-

fusion and skin temperature. Thus factors affecting cutaneous vaso-

constriction (e.g., vasopressors, cardiac output, cutaneous vascular 

resistance) could potentially influence TcCO2 measurements. Techni-

cal factors that can affect the accuracy of TcCO2 measurements are 

similar to those of ETCO2 monitoring and center around the inevita-

ble gradient with PaCO2.

The accuracy of transcutaneous arterial blood gas measurement in 

adults remains a point of debate. A number of studies have reported 

that TcCO2 monitoring is accurate in adult patients with respiratory 

disorders.76–79 Some studies have even suggested that TcCO2 monitor-

ing may be more accurate than ETCO2 monitoring owing, in part, to 

the elimination of dead space.80–82 Transcutaneous monitoring has 

been used in several clinical settings to determine the presence of hy-

poventilation or respiratory depression, including sleep studies, venti-

latory management, bronchoscopies, and pulmonary function studies. 

However, some reports suggest that TcPO2 is not accurate enough to 

be used clinically for ICU applications in adult populations or even in 

preterm infants.83,84

ASSESSMENT OF PULMONARY MECHANICS

Assessment of basic pulmonary mechanics is crucial to monitoring 

pulmonary function during mechanical ventilation. Monitoring pul-

monary mechanics assists the clinician in adjusting ventilator settings, 

diagnosing lung conditions, and assessing the severity of lung impair-

ment. At the bedside, changes to these mechanics can occur rapidly, 

meriting a speedy response, or they may reveal as slow trends in pul-

monary conditions, prompting care plan adjustments. Assessment of 

pulmonary mechanics during constant-flow controlled ventilation re-

quires the measurement of VT, peak inspiratory flow rate, and four 

pressures: peak airway pressure (Paw); end-inspiratory plateau pres-

sure; end-expiratory pressure in the circuit; and, if auto-PEEP is sus-

pected, end-expiratory pressure measured during an end-expiratory 

pause maneuver. Static measurements of pulmonary mechanics rely 

on circuit occlusions to create a no-flow situation, whereas dynamic 

measurements assess mechanical properties of the respiratory system 

continuously during mechanical ventilation (including flow-related 

components). From these measured variables, the compliance and re-

sistance of the respiratory system are determined.

Compliance
Under conditions of passive mechanical ventilation, peak airway pres-

sure denotes the total force per unit area necessary to overcome the 

resistive and elastic recoil properties of the respiratory system (i.e., 

both lungs and chest wall) and is expressed as the ratio of volume 

added (tidal volume) to pressure increment applied. Compliance de-

termined from airway pressure is a measure of the elastic properties of 

the respiratory system, including the series-coupled lung and the chest 

wall. In clinical practice, pulmonary compliance is separated into two 

different measurements, dynamic compliance and static compliance. 

Dynamic compliance is the ratio of volume added to the inflation Paw 

above PEEP and therefore includes the resistive forces in the tracheo-

bronchial tree. A more useful measurement is that of static compli-

ance. Static compliance requires the use of an end-inspiratory hold. 

During an end-inspiratory pause, peak airway pressure dissipates 

down to a stable plateau pressure. At the end of the inspiratory hold 

maneuver, “static” conditions usually exist (resistive forces have been 

dissipated), and the corresponding “plateau pressure” represents the 

elastic recoil pressure of the respiratory system (Fig. 33.5).

Dividing the VT by the plateau pressure (Pplat) minus the PEEP 

yields the static compliance of the respiratory system (Crs-stat). Me-

chanically ventilated patients with “normal” lung physiology have a 

static respiratory compliance of 50–100 mL/cm H2O.85 Even at moder-

ate levels of VE (greater than 10 L/min), dynamic gas trapping can 

occur (creating auto-PEEP) and, if suspected, Crs-stat must be calcu-

lated using total PEEP (PEEPtot) measured during an end-expiratory 

pause, rather than the PEEP applied at the airways:

Crs stat
(Pplat PEEPtot)

� �
�

VT

During patient-triggered ventilation, the assessment of pulmonary 

mechanics becomes more difficult because of the patient’s spontane-

ous efforts, which may falsely raise or lower the Pplat. Obtaining an 

accurate measurement requires that the clinician perform the inspira-

tory hold when spontaneous efforts are absent, and the applied pause 

will most likely be of shorter duration.

Resistance
Respiratory system resistance (Rrs) is the ratio of the airway to alveolar 

pressure difference (Paw – Pplat) to flow. It describes the opposition to 

air flow through the respiratory tract during inspiration, including 

frictional forces. It is calculated as the difference between Paw and 

Pplat divided by the preocclusion peak inspiratory flow rate ( ɺVi) and 

expressed as cm H2O/L per second:

Rrs
(Paw Pplat)

VI
�

�

ɺ

Graphically, that pressure overcoming Rrs can be depicted as the 

difference between Paw and Pplat (see Fig. 33.5). Resistance, however, 

is flow dependent, because the driving pressure necessary to overcome 

resistance increases disproportionately to flow (because of increased 

turbulence). Therefore Rrs can be accurately determined only for a 

specified inspiratory flow (square wave) pattern. The level of Rrs 

strongly depends on the diameter of the airways and whether airflow 

is laminar or turbulent. Turbulent flow is commonly present in large 

PEEP

Paw

Auto-PEEP

Pplat

Resistance

Compliance

Total PEEP

Fig. 33.5 Elements of an inspiratory pressure waveform. Auto-

PEEP, Auto positive end-expiratory pressure; Paw, peak airway pres-

sure; PEEP, positive end-expiratory pressure; Pplat, plateau pressure.
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airways and at major bifurcations, whereas laminar flow is present at 

the slower velocities in the peripheral conducting airways. Poiseuille’s 

law explains how relatively small changes in the radius of the airways 

cause large changes in airway resistance: R 5 8 nl/pr4.86

Compliance and Resistance in Normal and  
Pathologic Conditions
In mechanically ventilated normal patients, compliance ranges from 

50 to 100 mL/cm H2O, and Rrs is 1–8 cm H2O/L per second.85,87 The 

effects of compliance and Rrs can also be displayed graphically from 

the monitor tracings of the mechanical ventilator. Fig. 33.5 illustrates 

where, during inspiration with an inspiratory pause, the effects of 

respiratory system compliance and resistance are visualized. In the 

face of decreasing compliance, an elevation in Pplat can be seen with 

little change to the Paw–Pplat differential. An increase in the Paw–

Pplat differential with an unchanged Pplat represents an increased 

Rrs. Abnormalities in compliance and resistance in patients are de-

pendent on both the cause and severity of the disease. Decreased 

compliance may occur in the case of ARDS, atelectasis, pneumotho-

rax, lung fibrosis, or chest wall stiffness.85–87 Assuming normal chest 

wall properties, monitoring compliance in ARDS patients can provide 

useful information about the volumetric capacity of aerated lung, as 

compliance reflects primarily the number rather than the stiffness of 

alveolar units. For this reason, compliance is also influenced by pre-

dicted lung size. An increase in compliance of individual lung units 

occurs in patients with emphysema. Increased Rrs may occur in the 

case of chronic obstructive pulmonary disease (COPD) or asthma, a 

narrow endotracheal tube, excessive secretions, use of a heat and 

moisture exchanger (HME), and incorrect positioning or kinking of 

the endotracheal tube.

Dynamic Gas Trapping and Intrinsic Positive  
End-Expiratory Pressure
At end expiration, if there is insufficient time for a patient to exhale 

completely to resting volume, gas gets trapped in the lungs, creating 

alveolar pressure that is above the set circuit baseline pressure. This 

phenomenon is referred to as intrinsic PEEP (PEEPi) or auto-PEEP 

(the terms are often used interchangeably). PEEPi can be measured by 

an end-expiratory circuit occlusion maneuver, whereby after a normal 

expiratory time elapses, both the inspiratory and expiratory ventilator 

valves close for 3–5 seconds, allowing alveolar pressure to equilibrate 

with the circuit pressure (see Fig. 33.5). This pressure represents the 

global average PEEPi through the airway channels that remain open at 

end expiration. The presence of PEEPi may also be detected by observ-

ing the expiratory flow graphic during tidal breathing. Fig. 33.6 shows 

the flow pattern from a patient who has normal exhalation mechanics 

(green tracing) contrasted with an expiratory flow waveform from a 

patient who had insufficient time for exhalation (red tracing). This 

graphical method of PEEPi identification does not quantify the 

amount of PEEPi. It is very important, however, to keep in mind that 

different degrees of PEEPi may coexist in the lungs because of regional 

variations in lung mechanics and differing time constants caused by 

the underlying pathology. PEEPi is more common in mechanically 

ventilated patients with COPD (in which dynamic hyperinflation 

slows elastic recoil) and patients who require high respiratory rates 

(which allow inadequate time for complete exhalation). There is evi-

dence associating ventilator-triggering asynchrony (including missed, 

untriggered efforts) to PEEPi.88,89 Trigger asynchrony may manifest 

itself as delayed triggering (in which there is a significant time lag be-

tween the initial patient effort to get a breath and the ventilator recog-

nizing the effort) or as a missed trigger (the ventilator doesn’t recog-

nize patient effort and doesn’t respond at all to the effort). PEEPi can 

Inspiration

Normal exhalation

Exhalation

Trapped gas–auto-PEEP

Fig. 33.6 Expiratory flow. Green, normal expiration; red, expiratory 

flow leading to auto-PEEP.

Normal Overdistention

Stress index (SI)

Tidal recruitment

SI=1 SI�1 SI�1

Fig. 33.7 Graphic representation of the stress index concept. The 

stress index is the coefficient b of a power equation (airway pressure 5 

a · inspiratory timeb 1 c).

predispose the patient to increased work of breathing, barotrauma, 

hemodynamic instability, and difficulty in triggering the ventilator.

Stress Index
An alternative ventilatory measurement has been described in the lit-

erature to assist in lung protective management strategies. The visual-

ization and assessment of a constant slope or “straight line” in the 

pressure-time ventilator waveform during inflation with constant 

(“square wave”) flow, also known as the stress index (SI), has been used 

as a tool to help lessen the incidence of ventilator-induced lung injury 

(VILI) in mechanically ventilated patients.90–93 Under such conditions, 

time is a linear analog of volume, so that the inflation Paw vs. time 

slope represents the inverse of compliance or elastance. To perform the 

SI, the patient must be placed on volume assist control ventilation with 

a square wave of flow and then the pressure-time waveform is observed 

(Fig. 33.7). The patient must also be passive during this maneuver. Any 

patient effort will distort the pressure-time waveform, thus preventing 

proper interpretation. The SI can be characterized by three profiles: (1) 

linear (normal), (2) upward convexity (overdistention), and (3) down-

ward concavity (tidal recruitment). If an upward convexity is present, 

clinicians should consider lowering either the Vt or PEEP level to re-

lieve overdistention. A downward concavity indicates improving respi-

ratory system compliance. In this situation, PEEP could be added to 

take up some of the recruitment that occurs during the tidal breath. A 

linear SI is thought to be more optimal.90–92,94
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Pressure-Volume Curves
A pressure-volume (P-V) curve traces changes in pressures and corre-

sponding changes in volume. The static or quasi-static pressure-volume 

relationship can be used to analyze the elastic properties of the respira-

tory system and help guide mechanical ventilation.95,96 P-V curves usu-

ally have a sigmoidal shape (Fig. 33.8). When inflation begins below 

functional residual capacity (FRC), there is relatively little volume 

change as transpulmonary pressure increases. This is referred to as the 

starting compliance and corresponds to the first 250 mL of volume 

change.97 It reflects either the relatively high pressure required to over-

come small airway closure in the dependent lung zones or the relatively 

small volume of aerated lung tissue as inflation commences. Typically, 

this low-compliance segment in the P-V curve is followed by an abrupt 

slope change with an appearance convex to the horizontal pressure axis 

that is termed the lower inflection zone, or Pflex. A common interpre-

tation of the lower inflection “point” (actually a range) is that it signifies 

the pressure at which there is rather abrupt reopening of collapsed pe-

ripheral airways and alveoli.98–100 Above the lower inflection point, the 

P-V curve becomes more linear, even though recruitment continues to 

occur to a limited extent.101 As the total lung capacity is approached, 

compliance decreases and the P-V curve becomes concave to the pres-

sure axis (bow-shaped). This appearance is thought to signify the loss 

of distensibility at maximal inflation. This change “point” (actually a 

zone) is termed the upper inflection point.101

As the lung is deflated, the linear portion of the curve is referred to 

as the deflation compliance, or true physiologic compliance, as it repre-

sents the elastic properties of the lung after full recruitment.102 As lung 

deflation proceeds below FRC, an inflection point often occurs on the 

deflation limb that represents small-airway closure.102 This airway 

closure tends to occur at a lower pressure than the lower inflection 

point on the inflation limb because the minimal force necessary to 

maintain patent airways is less than the pressure needed to recruit col-

lapsed ones. Ideally a P-V curve should be constructed under static 

conditions (no flow) to eliminate the flow-resistive effects, which 

would distort the curve (super syringe method). However, because of 

the long duration required to construct the curve and the fact that the 

patient needs to be removed from the ventilator (risking derecruit-

ment), this is unrealistic in the clinical arena. Most newer-generation 

ventilations employ a constant flow technique using extremely low 

inspiratory and expiratory flows (minimal flow-resistive effects) to ac-

curately construct a P-V curve.103 With either of these methods, the 

patient cannot make any spontaneous efforts, as that will render ap-

propriate interpretation of the curve impossible.

Hysteresis
Hysteresis refers to the difference in pressures necessary to achieve the 

same volume during inflation versus deflation. Compliance tends to be 

higher during deflation than inflation because higher pressures may be 

required during inspiration to overcome surface forces and recruit col-

lapsed alveoli. This “extra” pressure is not required during deflation to 

prevent derecruitment. Ultimately then, the deflation limb may be 

more important for setting PEEP, as prevention of alveolar collapse—

not reopening—is PEEP’s primary purpose.104

ASSESSMENT OF BREATHING PATTERN  
AND CENTRAL DRIVE

Rate and Tidal Volume
Basic assessment of the respiratory pattern includes the measurement 

of respiratory rate and tidal volume (VT). A normal respiratory rate is 

12–24 breaths/min, and mechanical ventilation is generally indicated 

when the rate exceeds 30 breaths/min.105 A VT of 5 mL/kg is consid-

ered sufficient to maintain unassisted breathing.106 Tachypnea is often 

the earliest sign of impending respiratory failure, even when arterial 

blood gases remain within normal limits. This may reflect the fact that 

muscle fatigue (which results from a mechanical workload that exceeds 

the power capacity of the ventilatory muscles) occurs before overt 

ventilatory pump failure. If untreated, a rapid, shallow breathing pat-

tern can develop that will be progressively ineffective in maintaining 

acceptable arterial blood gas values.

Of particular interest is the utility of breathing pattern in assessing 

the feasibility of weaning from mechanical ventilation. Typically, pa-

tients who fail to wean are more tachypneic (respiratory rate greater 

than 30 breaths/min) and have an abnormally low VT (less than  

200 mL). The respiratory rate–VT ratio, also known as the rapid shallow 

breathing index (RSBI), is a method that helps in evaluating readiness 

to wean. The RSBI is thought to be an accurate predictor of breathing 

effort.107,108 An RSBI threshold of less than 105 has both a high positive 

predictive value (0.78) and high negative predictive value (0.95) for the 

ability to maintain unassisted breathing.109 Although not an absolute 

predictor in and of itself, RSBI can be a valuable tool in helping to 

predict readiness to wean.

Central Ventilatory Drive
In some situations, clinicians may want to assess the central ventilatory 

drive. A heightened drive will increase the patient’s work of breathing 

during mechanical ventilation.110 Measuring the respiratory rate cor-

responding to the minute ventilation gives the clinician an indication 

of the central ventilatory drive, but it is influenced by respiratory 

system compliance and does not reflect the depth of the drive. Depth 

of the drive can be measured by a brief (100 msec) inspiratory occlu-

sion shortly after the onset of an effort, called P0.1. Briefly occluding the 

airway at the onset of inspiratory effort results in isometric contrac-

tion of the inspiratory muscles, so P0.1 is relatively independent of re-

spiratory system mechanics.111 Measuring airway pressure at 100 msec 

indirectly reflects efferent motor neuron output. An increasing stimu-

lus to the inspiratory muscles causes a more forceful contraction, with 

a proportional increase in pressure development. The selection of  

100 msec is based on the fact that conscious or nonconscious percep-

tion of (and response to) sudden load changes requires approximately 

250 msec.112 During mechanical ventilation, the lag associated with the 

trigger phase provides sufficient time to measure P0.1. Many of the 

newer ventilators now incorporate an automated P0.1 maneuver.

In a healthy adult at rest, P0.1 tends to range between 0.5 and 

1.5 cm H2O. In adult patients receiving mechanical ventilation, values 

exceeding 3.5 cm H2O are considered elevated respiratory effort.112 
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A limitation of the P0.1 is that it dissociates from ventilatory drive 

when muscle weakness is present or hyperinflation alters the force-

length relationship of the inspiratory muscles.

KEY POINTS

• Pulse oximetry is a noninvasive and painless assessment tool that rapidly 

measures even small changes in oxygen saturation levels.

• Oxyhemoglobin and carboxyhemoglobin absorb equivalent amounts of red 

light, so carbon monoxide poisoning can result in falsely elevated oxygen 

saturation as measured by the pulse oximeter (SpO2).

• Motion artifact and low perfusion are the most common sources of SpO2 

inaccuracies.

• Capnometry is an intensive care monitoring tool that displays the partial 

pressure concentration of carbon dioxide exhaled from the lungs both nu-

merically and as a graphical waveform.

• In normal subjects the gradient between the partial pressure of carbon di-

oxide in arterial blood and the partial pressure of carbon dioxide in end-tidal 

exhaled gas (PaCO2-PETCO2 gradient) is approximately 4–5 mm Hg, whereas 

in critically ill patients, the PaCO2-PETCO2 gradient can be markedly elevated 

and inconsistent, particularly in those with obstructive lung disease (7–16 

mm Hg).

• The PaCO2-PETCO2 gradient is affected by changes in respiratory rate, tidal 

volume, CO2 production, and mixed venous CO2 content.

• Respiratory system compliance can be determined by applying an end-

inspiratory hold (plateau pressure) during static conditions (no flow or  

patient spontaneous efforts).

• Intrinsic PEEP is measured by performing an expiratory hold, allowing the 

pressure in the patient’s lungs to equilibrate with the circuit.

• When using the pressure-volume curve of the respiratory system (during 

quasi-static conditions) for lung protection in patients with ARDS, PEEP is 

set 2 cm H2O above the lower inflection point to maintain lung recruitment, 

and tidal volume is set below the upper inflection point to prevent lung in-

jury from excessive stretch.

• The stress index is used to assess the shape of the pressure waveform 

during constant-flow volume control.

• A threshold value of less than 105 for the respiratory rate/tidal volume ratio 

(RSBI) has both a high positive predictive value (0.78) and a high negative 

predictive value (0.95) for the ability to maintain unassisted breathing.

• Occlusion pressure at 100 msec (P0.1), defined as the negative pressure 

measured 100 msec after the initiation of an inspiratory effort performed 

against a closed valve, is correlated with central respiratory drive and respi-

ratory effort.

 References for this chapter can be found at expertconsult.com.
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Alberti A, Gallo F, Fongaro A, et al. P0.1 is a useful parameter in setting the 

level of pressure support ventilation. Intensive Care Med. 1995;21:547–553.

This paper describes the potential use of P0.1, an indirect measurement of cen-
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Arterial Blood Gas Interpretation

A. Murat Kaynar

Although arterial blood gas (ABG) data provide critical information 

to the practitioners of critical care medicine, ABG analysis is among 

the most frequently ordered test in the intensive care unit (ICU), is 

overused, and is associated with burdens to our patients (discomfort, 

blood loss) and healthcare systems.1–5 Therefore appropriate under-

standing and use of this clinical test is important for optimal care. 

There are no randomized trials performed on data; however, studies 

looking at the utility of ABG in relation to clinical outcomes have 

given mixed results and collectively underscore the need to use ABG 

information obtained in the ICU within a specific and appropriate 

clinical context.6–8 Since the 1950s, the development of polarographic 

electrodes by Clark for oxygen (O2) and Severinghaus and Bradley 

and Stow and coworkers for carbon dioxide (CO2) has permitted 

measurement of the partial pressures of oxygen (PaO2) and carbon 

dioxide (PaCO2) in arterial blood.9–11 Cremer, Haber, and Klemensie-

wicz developed the pH electrode in the early 20th century. ABG re-

mains the definitive method to diagnose, categorize, and quantitate 

respiratory and metabolic failure.12

WHY AM I OBTAINING THE ARTERIAL BLOOD GAS?

Acute metabolic acidosis is common among critically ill and results 

from complex causes. Unfortunately, the clinical focus often shifts 

from treating the underlying causes to correcting the pH itself. Thus 

the primary question to ask ourselves before reflexively ordering the 

next ABG should be “Why am I ordering this test?”

A pH value less than 7.38 defines acidemia, whereas severe acidosis 

is a pH of 7.20 or lower.13 In acute severe metabolic acidemia, where 

the pH is ,7.20, the incidence is 6% among the critically ill and carries 

an associated ICU mortality rate of almost 60%.14 Interestingly, studies 

suggest that the presence of an arterial line is the most powerful pre-

dictor for obtaining an arterial blood sample for ABG, regardless of the 

PaO2, PaCO2, Acute Physiology and Chronic Health Evaluation 

(APACHE) II score, or presence of a ventilator.1,15 In addition, there are 

no published guidelines and only limited trials that provide guidance 

to clinicians regarding the indications for sampling ABGs.16 Proto-

colized care may be able to reduce the number of unnecessary ABGs 

without negative effects on patient outcomes.1,4

The indications for ABG analysis have to be guided by the clinical 

context. Already deployed technologies, such as pulse oximetry and 

transcutaneous CO2 detection, decrease the frequency of using 

ABGs.17,18 Yet we still need to give clinicians a “rule of thumb” for sam-

pling ABGs. One attempt at constructing such an “ABG indications” 

list might be:

• Afterinitiationofmechanical(invasive/noninvasive)ventilation
• Tracking the acute respiratory distress syndrome (ARDS) clinical

course

• Presenceofhypoxemicand/orhypercapnicrespiratoryfailure

• Presenceofacutecirculatoryfailure
• Managementofcomplexacid-basedisorders

ARTERIAL BLOOD GAS SAMPLING

The ABG samples are either obtained from an arterial catheter or di-

rect arterial puncture into a heparinized syringe. It used to be custom-

ary to flush a syringe with heparin and then use that syringe to sample 

ABGs; however, work in both adult and pediatric patients showed that 

excess heparin decreased the PaCO2, PaO2, HCO3
2, and base excess, 

while the pH remained unchanged. Thus excess liquid heparin tends to 

promote the interpretation of metabolic acidosis with respiratory 

compensation.19,20

While the most common site for arterial puncture is the radial ar-

tery, femoral and brachial arteries are also commonly used to sample 

arterialblood.Risksassociatedwitharterialpuncturesarehematoma
formation, ischemia to the hand or lower extremity, arterial injury, 

pseudoaneurysms, and arteriovenous fistulae.16,21–24 Once obtained, 

the arterial blood sample must be processed immediately and in ac-

cordance with the best laboratory practices. In addition to differences 

between laboratories, calibration discrepancies and contamination of 

electrodes with protein or other fluids may alter results.25,26

Using the polarographic electrodes, PaO2, PaCO2, and pH are di-

rectly measured; oxygen saturation is calculated from standard O2 dis-

sociation curves and may be directly measured with a co-oximeter.9–12,27 

A co-oximeter is a blood gas analyzer that measures not just the partial 

pressure of gases but also the concentration of oxygen associated with 

different types of hemoglobin based on their absorption spectra (Beer-

Lambert law). The use of co-oximetry is usually indicated when:

• Atoxinsuchascyanideissuspected
• Hypoxiafailstoimprovewiththeadministrationofoxygen
• ThereisadiscrepancybetweenthePaO2 on a blood gas determina-

tion and the oxygen saturation on pulse oximetry (SpO2)

• Thecliniciansuspectsdyshemoglobinemiassuchasmethemoglo-

binemia(Met-Hb)orcarboxyhemoglobinemia(CO-Hb)28

Pulse oximetry, unfortunately, does not differentiate among the 

differenttypesofhemoglobin.Forexample,inthecaseofMet-Hb,the
SpO2 may read 86%, but desaturation can be demonstrated with co-

oximetry,recording68%oxyhemoglobinand32%Met-Hb.28,29

The bicarbonate (HCO3
2) concentration is then calculated using 

the Henderson-Hasselbalch equation:

pH 5 pKA 1 log([HCO3
2]/[CO2])

where pKA is the negative log of the dissociation constant of carbonic 

acid (HCO3
2).

The base excess is the quantity of strong acid required to titrate 

blood to pH 7.40 with a PaCO2 of 40 mm Hg at 37°C. In reality, acid 

is not titrated but calculated using a variety of normograms.30–34 Such 
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calculations focus only on the metabolic sources for pH and [H1] 

changes. Similarly, bicarbonate is a calculated value that assumes 

PaCO2 to be 40 mm Hg.

The following are some of the details that contribute to erroneous 

readings and interpretations.

Steady State
The ABG has to be collected when a patient reaches a steady state dur-

ing the clinical course, allowing for the arterial and alveolar gases to 

equilibrate. Equilibration may take up to 20 or 30 minutes in the case 

ofpatientswithchronicobstructivepulmonarydiseases(COPDs).35

Anticoagulants
As mentioned in the Arterial Blood Gas Sampling section, excess hepa-

rin may affect the PaCO2, PaO2, HCO3
2, and base excess, while not in-

terfering with the pH. Only 0.05 mL is required to anticoagulate 1 mL 

of blood. Knowing that the “dead space” volume of a standard 5-mL 

syringe is approximately 0.02 mL, it is safe to assume that just having 

heparin in that dead space would suffice to provide anticoagulation up 

to 2 mL of blood sample. New prefilled syringes (sodium or lithium 

heparin) overcome these problems.19

Processing Delay
Although the blood sample resides in the syringe until analyzed, it does 

consume O2 and produce CO2.Redbloodcellglycolysiscouldgenerate
more lactic acid through the aerobic glycolysis and lower the pH.36,37 If 

the sample remains unanalyzed at room temperature for more than 15 

minutes, there would be significant increases in PaCO2 and decreases 

in pH. When the sample is stored on ice, however, it can be processed 

up to 2 hours after collection without affecting the blood gas values, 

evenonMt.Everest.38–41

Venous Sampling
If no arterial blood sample is obtained, venous blood gas analyses 

would be of limited help; however, venous samples do yield estimates 

for PaCO2 and lactatemia.42,43 This is discussed later in the chapter.

At times the intended arterial puncture results in inadvertent ve-

nous sampling. One can recognize venous sampling when:

• The practitioner fails to observe a flash of blood during syringe
filling

• Thebloodgasanalysesclearlyarenotcompatiblewiththeclinical
condition

• ThereisunexpectedlylowPaO2 and high PaCO2

• SpO2 by simultaneous pulse oximetry exceeds the SaO2 in the mea-

sured ABG

Collection Equipment and Technique
If the dead space were high in the syringe, it would lower the PaCO2. 

Additionally, a needle smaller than a 25-gauge may cause hemolysis.

If an arterial line is in place, one must minimize the dead space of the 

system (priming the volume from sampling port to catheter tip) to pre-

vent dilution; the safe upper limit would be two times the dead space.3

Hyperventilation
Hyperventilationresultingfromanxietyand/orpainmayacutelyalter
results from baseline values.

Leukocytosis
Leukocytosis decreases the PaO2 and pH and elevates PaCO2 in stored 

samples. Such PaO2 decreases are most noticeable at higher PaO2 lev-

els, are attributable to cellular oxygen consumption, and may be at-

tenuated when samples are stored at colder temperatures.

Hypothermia
Blood gas values are temperature dependent, and as the temperature 

decreases, solubility of CO2 increases and partial pressures decline. 

Thus if blood samples are warmed to 37°C before analysis (as is com-

mon in most laboratories), PaO2 and PaCO2 will be overestimated and 

pH underestimated in hypothermic patients. The following correction 

formulas can be used:

• Subtract5mmHgPO2 per 1°C that the patient’s temperature is less 

than 37°C.

• Subtract2mmHgPaCO2 per 1°C that the patient’s temperature is 

less than 37°C.

• Add0.012pHunitsper1°Cthat thepatient’s temperature is less
than 37°C.

Although there is an extensive literature on the so-called “pH-stat” 

and “alpha-stat” assessment of ABGs, in summary the pH-stat acid-

base approach aims at maintaining the patient’s pH in a constant range 

via managing pH at the patient’s temperature. As in the formulas pro-

vided earlier, pH-stat is temperature corrected. On the other hand, al-

pha-stat aims at the ionization state of histidine, and it is maintained 

by managing a standardized pH (measured at 37°C). Alpha (normally 

about 0.55) is the ratio of protonated imidazole to total imidazole on 

the histidine moieties of proteins. Alpha-stat is not temperature cor-

rected; as the patient’s temperature falls, the partial pressure of CO2 

decreases and solubility increases. Thus a hypothermic patient with a 

pH of 7.40 and a PCO2 of 40 mm Hg (measured at 37°C) will actually 

have a lower PaCO2 because of its lower partial pressure, and this will 

manifest as a relative respiratory alkalosis. pH-stat, with its goal of 

maintaining PaCO2 of 40 mm Hg and pH of 7.40 at the patient’s actual 

temperature, results in higher PaCO2 (respiratory acidosis).44–46

HYPOXEMIA, HYPOXIA, AND ARTERIAL  
BLOOD GAS ANALYSIS

The PaO2 is primarily used to assess oxygenation, and it is reliable 

within a dynamic range between 30 and 200 mm Hg; however, the 

reliability of the reported oxygen saturation of blood (SaO2) ranges 

within a much narrower range: between 30 and 60 mm Hg.47 The 

noninvasive method of measuring oxygen saturation by pulse  

oximetry (SpO2) or by ABG analysis (SaO2) is a better indicator of 

arterial oxygen content than PaO2, because only ~2% of the oxygen 

is carried in dissolved form, and the greatest amount (98%) is car-

ried by Hb. When using SpO2, one has to be cognizant about its 

shortcomings, including interference by indicator dyes used during 

procedures.48,49

Hypoxemia is defined as a PaO2 of less than 80 mm Hg in adults 

breathing room air; hypoxia denotes tissue- or cell-level decreases in 

oxygen availability. Thus tissue or end-organ hypoxia in patients 

with hypoxemia depends on the severity of the hypoxemia and the 

ability of the cardiovascular system to compensate. Hypoxia is un-

likely to occur in response to mild hypoxemia itself (PaO2 5 60–79 

mm Hg) when cardiovascular reflexes and integrity remain intact. 

Moderate hypoxemia (PaO2 5 45–59 mm Hg) may be associated 

with hypoxia in patients with anemia or cardiovascular dysfunction. 

Hypoxia is almost always present with severe hypoxemia at levels of 

PaO2 ,45 mm Hg. Although the PaO2 might be low at 45 mm Hg, 

the mitochondrial oxygen partial pressure necessary to complete 

oxidative phosphorylation is around 0.5–3 mm Hg (i.e., several or-

ders of magnitude lower), suggesting that this buffer may be a reason 

why some accommodated patients with cyanotic diseases and elite 

Everest climbers without supplemental oxygen might have an average 

PaO2 of 26 mm Hg and yet survive without significant end-organ 

injury.50–57
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Acute respiratory insufficiency occurs when the lungs no longer 

meet the metabolic demands of the body, which by tradition is divided 

into two types:

• Type I, hypoxemic respiratory insufficiency: PaO2 #60 mm Hg 

when breathing room air at 1 atm.

• TypeII,hypercapnicrespiratoryinsufficiency:PaCO2 $50 mm Hg.

The tripartite information that can be gathered from ABG analyses 

are (1) oxygen saturation and content, (2) CO2 as a marker of ventila-

tion, and (3) acid-base status. Here we discuss all three components.

Alveolar Ventilation
The arterial CO2 partial pressure (PaCO2) reflects the CO2 content of 

the sample. The CO2 content basically is the balance between the quan-

tity of CO2 produced and its excretion through alveolar ventilation 

(VA). This relationship can be expressed by the expression:

PaCO2 ~ CO2/VA

The alveolar ventilation is that portion of total ventilation that partici-

pates in gas exchange with pulmonary blood. If the metabolic rate remains 

unchanged and CO2 production is assumed to be in steady state, then:

1/VA ~ PaCO2

Therefore when steady state is reached, PaCO2 becomes a useful tool 

assessing alveolar ventilation. If PaCO2 is .45 mm Hg, it is alveolar 

hypoventilation, and if PaCO2 is ,35 mm Hg, it is called alveolar hyper-

ventilation (primary or compensatory for metabolic disturbance).

Oxygenation
Tissue oxygenation depends on the delivery of oxygenated blood (both 

dissolved and bound to hemoglobin). The PaO2 is the partial pressure 

of oxygen in the blood, and this dissolved fraction makes a very small 

direct contribution to oxygen delivery (,2%); yet even this quantity 

may be useful in the setting of severe anemia.58,59 The PaO2 is depen-

dent on the fraction of inspired oxygen (FiO2), ventilation and perfu-

sion matching (V ~ Q), and the mixed venous oxygen saturation 

(SmvO2). The PaO2 must be assessed within a clinical context along 

with the inspired oxygen and age of the patient.

Relationship Between PaO2 and FiO2

The PaO2 alone provides limited information about the efficiency of 

alveolar-capillary oxygen exchange unless FiO2 is also considered in 

the interpretation. In addition to the FiO2, the other major determi-

nant of PaO2 is the degree of intrapulmonary venous admixture and 

shunting (Fig. 34.1). Although PaO2 and FiO2 alone do not quantitate 

the intrapulmonary shunt in the diagnosis and management of lung 

diseases nor in themselves guide the approach to respiratory support, 

they provide an overall indication regarding the category and severity 

of diagnosis, after which various formulas could be used for calculat-

ing the intrapulmonary shunt.

The classic “shunt equation” requires mixed venous sampling 

through a pulmonary artery catheter and the alveolar-arterial oxygen 

gradient equation (Table 34.1):

Qs/Qt 5 (CcO2 2 CaO2)/(CcO2 2 CvO2),

where:

Qs is blood flow through the shunt

Qt is total cardiac output

CcO2 is pulmonary end-capillary O2 content

CaO2 is arterial O2 content

CvO2 is mixed venous O2 content

Clinicallytheso-called“P/Fratio”(PaO2/FiO2) is most commonly 

used to approximately quantitate the degree of venous admixture, 

composed of ventilation/perfusion mismatching (V/Q) and true
shunt. Because the normal PaO2 in an adult breathing room air with 

an FiO2 21% is 80–100 mm Hg, the normal value for PaO2/FiO2 ranges 

between 400 and 500 mm Hg. A PaO2/FiO2 ratio of less than 200 most 

often indicates a shunt of greater than 20% of total cardiac output. 

Thisratiohasalsobeenincorporatedsince1994intotheARDSdefini-
tion.60–62 When used in an unqualified fashion, a notable limitation of 

the PaO2/FiO2 ratio is that it does not take into account changes in 

PaCO2 at low FiO2, nor the influences of positive end-expiratory pres-

sure (PEEP) and body position.

Age

Arterial oxygen tension decreases with age (see Table 34.1). For ex-

ample, at age 60 years, FiO2 21%, and 1 atmospheric pressure, the 

PaO2 is 85–90 mm Hg; this value decreases to 80–85 mm Hg at the age 

of 80 years.

Acid-Base Balance
The normal diet generates volatile acid (from CO2 production), pri-

marily because of carbohydrate metabolism, and nonvolatile acids 

(e.g., phosphates and sulfates) from protein metabolism. The function 

of the homeostatic system is to maintain pH within a narrow range, 

and pH homeostasis is accomplished through the interaction of the 

lungs, kidneys, and blood buffers. Alveolar ventilation allows for excre-

tion of CO2, while the kidneys reclaim filtered bicarbonate (HCO3
2) 
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Fig. 34.1 The Effect on PaO2 on Increasing FiO2 According to Shunt 

Fraction.

Age-adjusted PaO2: Expected PaO2 2 0.3 (age 2 25)

Expected PaO2 at 1 Torr is ~ 100 mg/Hb; an approximation could be done as: 

Expected PaO2 ~ FiO2 (%) * 5

The alveolar-arterial gradient: AaDO2 5 (FiO2 * (barometric pressure 2 

47)) 2 (PaO2 1 PaCO2)

Oxygenation index 5 ((mean airway pressure * FiO2)/PaO2) * 100

Dead space to tidal volume ratio: Vd/Vt 5 (PaCO2 2 PECO2)/PaCO2

The normal range is 20%–40%

TABLE 34.1 Formulas for Evaluating Gas 
Exchange in Patients
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excrete the daily acid load generated from dietary protein intake. Less 

than half of this acid load is excreted as titratable acids (i.e., phosphoric 

and sulfuric acids); the remaining acid load is excreted as ammonium. 

The blood pH is determined by the balance of these processes.63

The current mainstream understanding of the acid-base system 

dates back to the 1950s, when the concepts of the Henderson-Hassel-

balch equation were combined with the Brønsted-Lowry theory,  

toward the bicarbonate ion–centered approach.64,65 Stewart repackaged 

the pre-1950 ideas of acid-base in the late 1970s, including the Van 

Slyke definition of an acid. Using physical chemistry, Stewart pro-

moted a new understanding of acid-base balance.64,66 The resultant 

strongiondifference(SID)andtheconcentrationofweakacids(par-
ticularly albumin) pushes bicarbonate into a minor role as an acid-

base indicator rather than as an important mechanism:

SID 5 ([Na1] 1 [K1] 1 [Ca21] 1 [Mg21]) 2 [Cl2] 1 [lactate])

AlthoughtheSIDisnottheaniongap(AG),itdoesshareanumber
ofparameters,andthetrendswilloftenbeclose.ThenormalSIDhas
notbeenwellestablished,butthequotedrangeis40–42mEq/L.Asthe
SIDapproacheszero,anionsaccumulateandthebalancetiltstowards
acidity. This model makes it easier for clinicians to understand the 

commonly observed “hyperchloremic acidosis” after 0.9% saline ad-

ministration and the systemic alkalosis of hypoalbuminemia (regarded 

as a weak acid).67,68

For practical reasons, the HCO3
2-centered approach is still more 

commonly used than the Stewart approach to understand and manage 

acid-base balance.69 The Henderson-Hasselbalch equation describes 

the pH 5 pK 1 log (HCO3
2/H2CO3). If all the constants are removed, 

the equation can be simplified to pH 5 HCO3
2/PaCO2. The HCO3

2 is 

controlled mainly by the kidney and blood buffers, whereas PaCO2 is 

regulated by the lung adjustment of the blood level of volatile acid and 

carbonic acid. Buffer systems can act within a fraction of a second to 

prevent excessive changes in pH. The respiratory system takes about 

1–15 minutes and the kidneys many minutes to days to readjust H1 

ion concentration. However, according to the Stewart approach, the 

use of bicarbonate increases the pH by increasing the sodium concen-

tration of the plasma compared with chloride and not by simple addi-

tion of bicarbonate ions, as many of the latter rapidly convert to CO2.
70 

Although the use of bicarbonate is attractive and commonly practiced, 

we must use restraint in using bicarbonate in the critically ill without 

good justification. For example, a prospective study of 1700 patients 

with sepsis and acidosis who received bicarbonate in the first 2 days of 

hospital admission did not detect improved outcome.71 Similarly, in a 

prospective randomized trial including 400 ICU patients with severe 

acidemia (pH ,7.2, PaCO2 45 mm Hg, lactate .2mM),earlybicar-
bonate infusion with a pH goal .7.30 did not improve 28-day mortal-

ity or reduce the incidence of organ insufficiency.72

The Anion Gap

According to the principle of electrochemical neutrality, total cations 

must equal total anions, and so in considering the commonly mea-

sured cations and anions, a fixed number should be derived from their 

numeric difference. The measured cations are in excess; mathemati-

cally, this “gap” is automatically filled with unmeasured anions to 

preserve electrochemical neutrality. There is never a “real” AG; rather, 

it is an expression of nonroutinely measured anions. The AG is calcu-

lated using the following formula73:

AG 5 ([Na1] 1 [K1]) 2 ([Cl2] 1 [HCO3
2]) (Normal: 10  2 mEq/L)*

Duringcriticalillness,albumintypicallydecreasesrapidly,whichis
an important contributor to the “normal” AG. Therefore as the albu-

min concentration falls, it tends to reduce the size of the AG, or have 

an alkalinizing effect. Various corrections are available; however,  

Figge’s AG correction (AGcorr) is most commonly used73:

Albumin gap 5 40 2 measured albumin (normal albumin ~ 40 g/L)

AGcorr 5 AG 1 (albumin gap/4)

A STEPWISE APPROACH TO ACID-BASE 
DISORDERS

Step 1: Do a Comprehensive History and Physical 
Examination
The history and physical examination can often give clues as to the 

underlying acid-base disorder (Table 34.2). For example, severe diar-

rhea could lead to loss of HCO3
2 with subsequent non–anion gap 

metabolic acidosis.PatientswithCOPDwouldhavechronicrespiratory
acidosis because of CO2 accumulation counterbalanced by metabolic 

alkalosis, resulting in a normal pH.

Step 2: Order Simultaneous Arterial Blood Gas 
Measurement and Chemistry Profile
As mentioned in the previous section, the HCO3

2 is calculated in the 

ABG; therefore it is important to obtain a chemistry panel to have data 

that are actually measured. In addition, Na1 and Cl2 provide additional 

information about the volume status and strong ion difference.74–77

Step 3: Check the Consistency and Validity  
of the Results
Normal ABG results are provided in Table 34.3.

Step 4: Identify the Primary Disturbance
With the ABG results in hand, the practitioner then has to determine 

whether the patient is significantly acidemic (pH ,7.35) or alkalemic 

Phenotype Acid-Base Status

Pulmonary embolism Respiratory alkalosis

Shock Lactic acidosis (metabolic)

Sepsis Metabolic acidosis and respiratory  

alkalosis

Vomiting Metabolic alkalosis

Diarrhea Metabolic acidosis

Acute kidney injury Metabolic acidosis

Cirrhosis Respiratory alkalosis

Pregnancy Respiratory alkalosis

Diuretics Metabolic alkalosis unless thiazides 

are used

COPD Respiratory acidosis

Diabetic ketosis Metabolic acidosis (ketoacidosis)

Ethylene glycol poisoning (antifreeze) Metabolic acidosis

Excessive 0.9% saline use Metabolic non-anion gap acidosis

TABLE 34.2 Common Clinical Presentations 
and Associated Acid-Base Disorders

COPD, Chronic obstructive pulmonary disease.

*DuetolowconcentrationofK1, it is not usually included in the cal-

culation of AG.
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(pH .7.45) and what the primary cause is (metabolic, driven by 

HCO3
2, or respiratory, driven by CO2) (Table 34.4).

Step 5: Calculate the Expected Compensation
Any alteration in acid-base equilibrium sets into motion a compensa-

tory response by either the lungs or the kidneys. The compensatory 

response attempts to return the ratio between PaCO2 and HCO3
2 to 

normal with subsequent normalization of pH. Compensation is usu-

ally predictable; the adaptive responses for the simple acid-base disor-

ders have been quantified experimentally78 (Table 34.5). One then has 

to evaluate the compensatory responses and any secondary (uncom-

pensated) acid-base disturbances.

Step 6. Calculate the “Gaps”
Calculate the Anion Gap
In high-AG metabolic acidosis, acid dissociates into H1 and an un-

measured anion. H1 is buffered by HCO3
2, and the unmeasured anion 

accumulates in the serum, resulting in an increase in AG. In non–AG 

metabolic acidosis, H1 is accompanied by Cl2 (a measured anion); 

therefore there is no change in AG. Acid-base disorders may present as 

two or three coexisting disorders. It is possible for a patient to have an 

acid-base disorder with normal pH, PaCO2, and HCO3
2, the only clue 

to an acid-base disorder being an increased AG. If the AG is increased 

by more than 5 mEq/L (i.e., an AG .15 mEq/L), the patient most
likely has a metabolic acidosis. Compare the fall in plasma HCO3

2 

(25 2 HCO3
2) with the increase in the plasma AG (DAG); these 

should be of similar magnitude. If there is a gross discrepancy  

(.5mEq/L),thenamixeddisturbanceispresent.
The anion gap is calculated by subtracting the serum concentra-

tions of chloride and bicarbonate (anions) from the concentrations of 

sodium (cations):

([Na1] 1 [K1] ) 2 ([Cl2] 1 [HCO3
2])*

• If increaseintheAGexceedsthefall inHCO3
2, it suggests that a 

component of the metabolic acidosis is a result of HCO3
2 loss.

• If the increase inAG is less than the fall inHCO3
2, this suggests 

coexisting metabolic alkalosis.

Osmolar Gap

Calculate the osmolar gap in patients with an unexplained AG  

metabolic acidosis to exclude ethylene glycol or methanol toxicity 

(Table 34.6). The serum osmolality is calculated as:

2 3 [Na1] 1 [Glucose]/18 1 [BUN]/2.8

withnormallevelsrangingaround280–290mOsm/kgH2O

The osmolal gap is defined as the difference between measured and 

calculated osmolality:

Osmolar gap 5 Osmolalitymeasured 2 Osmolalitycalculated

    (normal value less than or equal to 10 mOsm/kg H2O)

COMMON ACID-BASE DISTURBANCES IN THE ICU

Metabolic Acidosis
The rate and degree of metabolic acidosis mainly depend on the under-

lying cause and the rapidity with which the causative condition devel-

ops. An acute, severe metabolic acidosis results in myocardial depres-

sion with a reduction in cardiac output, decreased blood pressure, and 

decreased hepatic and renal blood flows; the cardiovascular system also 

becomes less responsive to vasopressor agents.79Reentrantarrhythmias
and a reduction in the ventricular fibrillation threshold can occur.80

The acute correction of metabolic acidosis has been a standard of 

care for intractable metabolic acidosis during acute coronary events; 

however, clinical trials did not show improved outcomes and led to 

paradoxical central nervous system acidosis, leading subsequently to 

its removal from current advanced cardiovascular life support (ACLS) 

algorithms.81–83

A metabolic acidosis in the critically ill patient requires an aggres-

sive approach to the diagnosis and management of the underlying 

causes (Fig. 34.2 and Table 34.7). In most patients the causes are 

 Mean 1 ± SD 2 ± SD

PaCO2 (mm Hg) 40 38–42 35–45

pH 7.4 7.38–7.42 7.35–7.45

HCO3
– 24 23–25 22–26

TABLE 34.3 Normal Acid-Base Values

Phenotype Diagnostic Criteria

Respiratory acidosis PaCO2 .45 mm Hg

Respiratory alkalosis PaCO2 ,35 mm Hg

Acute respiratory acidosis PaCO2 .45 mm Hg and pH ,7.35

Chronic respiratory acidosis PaCO2 .45 mm Hg and pH 5 7.36–7.44

Acute respiratory alkalosis PaCO2 ,35 mm Hg and pH .7.45

Chronic respiratory alkalosis PaCO2 ,35 mm Hg and pH 5 7.36–7.44

Acidemia pH ,7.35

Alkalemia pH .7.45

Acidosis HCO3
2 , 22 mEq/L

Alkalosis HCO3
2 .26 mEq/L

TABLE 34.4 Acid-Base Disorders

Ethylene glycol Alcohol

Methanol Isopropyl alcohol (nongap)

Mannitol Sorbitol

Paraldehyde Acetone

TABLE 34.6 Causes of an Increased 
Osmolal Gap

Acid-Base Disorder Compensation

Metabolic acidosis Change in PaCO2 5 1.2 3 change in HCO3
2

Metabolic alkalosis Change in PaCO2 5 0.6 3 change in HCO3
2

Acute respiratory acidosis Change in HCO3
2 5 0.1 3 change in PaCO2

Chronic respiratory acidosis Change in HCO3
2 5 0.35 3 change in PaCO2

Acute respiratory alkalosis Change in HCO3
2 5 0.2 3 change in PaCO2

Chronic respiratory alkalosis Change in HCO3
2 5 0.5 3 change in PaCO2

TABLE 34.5 Compensation Formulas for 
Simple Acid-Base Disorders

*Because of the low concentration of K1, it is not usually included in 

the calculation of AG.
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clinically obvious, with lactic acidosis (tissue hypoxia or sepsis), keto-

acidosis, and acute kidney injury (AKI) being the most common.84–86 

In patients with an unexplained AG metabolic acidosis, drugs such  

as salicylates, methanol, or ethyleneglycol toxicity should always be 

considered.87,88 Accumulation of 5-oxoproline related to the use of 

acetaminophen is a rare cause of an AG metabolic acidosis.89 Long-

term use of lorazepam can result in the accumulation of its vehicle, 

propylene glycol, resulting in worsening AKI, metabolic acidosis, and 

altered mental status.90,91 Propylene glycol toxicity is typically observed 

after prolonged (.7days),high-dose(average14mg/h),continuous
lorazepam infusion and can be recognized by an increased osmolar 

gap.92 Similarly, first reported in children and then recognized also in 

adults, prolonged high-dose propofol (.100 mg/kg/min)isoccasion-

ally associated with the “propofol infusion syndrome” characterized by 

rhabdomyolysis, metabolic acidosis, and renal and cardiac failure, re-

quiring vigilance and early cessation of sedation and use of alterna-

tives.93,94 It has also been suggested that frequent assessment of creati-

nine kinase or lipid panels would alert the clinicians of an impending 

“propofol infusion syndrome.”95

The prognosis is related to the underlying disorder causing the aci-

dosis. In almost all circumstances, the treatment of a metabolic acido-

sis involves treatment of the underlying disorder. Except in specific 

METABOLIC ACIDOSIS

Anion gap
>10

No Hyperchloremic
acidosis

RTA 
Diarrhea

Ileostomy 
Diabetes

Excessive NaCl

Yes

Type B1
Sepsis 

Malignancy
Hepatic disease

Beriberi
Pheochromocytoma

Alcoholic ketoacidosis
Short bowel syndrome

Type B2
Biguanides, streptozocin

Fructose, sorbitol
Sodium nitroprusside,
Terbutaline, isoniazid

Methanol, ethylene glycol

Lactate
>2 mmol/L

Yes Lactic
acidosis

Tissue
hypoxia

NoNo Yes

Type A
Cardiogenic shock
Hypovolemia shock
Profound hypoxemia

Profound anemia
Seizures 

CO poisoning

Ketones Glucose high

RENAL
FAILURE

No

No

No

Yes

OSMOLAR
GAP >12

Diabetic ketoacidosis

Starvation ketosis

Alcoholic ketoacidosis

Ethylene glycol
Methanol 
Ethanol

Yes

No

Yes

No

No

Aspirin
Paraldehyde

Decreased AG
Hypoproteinemia

Myeloma 
Inc, Ca, Mg

Br (pseudohyper Cl)

Increased AG
Alkemia

Carbenicillin, etc.

Fig. 34.2 Algorithm for Diagnosing Metabolic Acidosis.

Increased Anion Gap Normal Anion Gap

Acute kidney injury Hypokalemic acidosis

Rhabdomyolysis Hyperkalemic acidosis

Ketoacidosis

Lactic acidosis

Toxins: 5-oxoproline

Beriberi

TABLE 34.7 Causes of Metabolic Acidosis
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circumstances, there is no scientific evidence to support treating a 

metabolic or respiratory acidosis with sodium bicarbonate.96 However, 

independent of the underlying cause, use of bicarbonate among criti-

cally ill patients may help restore cardiovascular responsiveness to va-

soactive agents.97 Bicarbonate increases hemoglobin-oxygen affinity, 

known as the Bohr effect, leading to potential tissue hypoxemia,98 hy-

pertonic state, and low plasma calcium concentrations because of al-

bumin chelation.99 Furthermore, the intracellular pH is a determinant 

of cellular function. The intracellular buffering system, including pro-

teins, is much more effective in restoring pH to normal than are extra-

cellular buffers.100,101 Consequently, patients may tolerate a pH as low 

as 7.00 during sustained hypercapnia without obvious adverse effects. 

Paradoxically, sodium bicarbonate can decrease intracellular pH in 

circumstances where CO2 elimination is fixed. In addition, infusion of 

bicarbonate can lead to a variety of problems in patients with acidosis, 

including fluid overload, hypernatremia, and postrecovery metabolic 

alkalosis. Furthermore, studies in both animals and humans suggest 

that alkali therapy may only transiently raise the plasma bicarbonate 

concentration. This finding appears to relate in part to CO2 generated 

as the administered bicarbonate buffers excess hydrogen ions. Unless 

the minute ventilation (MV) is increased in ventilated patients, CO2 

elimination will not increase and paradoxically may worsen the intra-

cellular acidosis. Currently, there are no data to support the use of bi-

carbonate in patients with lactic acidosis.96,102

Bicarbonate is frequently administered to “correct the acidosis” in 

patients with diabetic ketoacidosis (DKA). However, paradoxically,
bicarbonate has been demonstrated to increase ketone and lactate 

production.103 Studies have demonstrated an increase in acetoacetate 

levels during alkali administration, followed by an increase in 3-hy-

droxybutyrate levels after its completion.103,104 In pediatric patients, 

treatment with bicarbonate may prolong hospitalization.105 In addi-

tion, bicarbonate may decrease cerebrospinal fluid (CSF) pH as in-

creased CO2 produced by buffering acid crosses the blood-brain bar-

rier, combines with H2O2, and regenerates H1. Therefore the general 

consensus is that adjunctive bicarbonate is unnecessary and potentially 

disadvantageousinsevereDKA.81

Bicarbonate is considered “lifesaving,” however, in patients with 

severe ethylene glycol and methanol toxicity. In hyperchloremic acido-

sis, endogenous regeneration of bicarbonate cannot occur (bicarbon-

ate has been lost rather than buffered). Therefore even if the cause of 

the acidosis can be reversed, exogenous alkali is often required for 

prompt attenuation of severe acidemia. Bicarbonate therapy therefore 

is indicated in patients with severe hyperchloremic acidosis when the 

pH is less than 7.2; this includes patients with severe diarrhea, high-

output fistulas, and renal tubular acidosis. To prevent hypernatremia, 

3 3 50 mL ampules of NaHCO3
2 (each containing 50 mmol of 

NaHCO3
2) may be added to 1 L of 5% dextrose water and infused at 

arateof100–200mL/h.

Lactic Acidosis

Lactate is the by-product of pyruvate use, and it is converted by lactate 

dehydrogenase. Either in hypoxia or during sepsis, lactic acid is prefer-

entially produced. Lactic acid, like most substances with a pKa of less 

than 4 (pKa 3.78), circulates almost entirely as the freely dissociated 

anion, lactate (i.e., it releases its proton) at physiologic pH—strongly 

favoring the rightward diving of this equation:

CH3CHOCOOH ↔ CH3CHOCOO2 1 H1

Hyperlactatemia refers to an elevated plasma concentration of lac-

tate anions. In clinical practice, lactic acidemia is defined as a pH less 

than7.35witha lactateconcentrationgreaterthan4mmol/L.Lactic
acidemia typically develops as a result of endogenously produced lactic 

acid,withlactatebeingmeasuredasthedissociatedbase.Duringcriti-
cal illness, the source of lactate is often believed to be ischemic anaero-

bically metabolizing tissues, such as the gut and muscle. In addition to 

ischemia, the Warburg effect with dysregulated glycolysis is a major 

nonischemic cause for lactatemia.106,107 Furthermore, it should be 

noted that both the pH and AG are insensitive markers of an elevated 

lactate; patients with an elevated lactate level may have a normal pH 

and AG.108 According to the Stewart interpretation, lactic acidosis oc-

curs because of an increase in strong anions. As for other causes of 

metabolic acidosis, the Surviving Sepsis Campaign guidelines do not 

suggest the use of bicarbonate for plasma pH .7.15 among patients 

with lactic acidosis.109

D-Lactic Acidosis

Certain bacteria and viruses in the gastrointestinal (GI) tract may 

convert carbohydrates into organic acids or promote lactate dehydro-

genase(LDH)activity.110,111 The two factors that make this possible are 

slow GI transit (blind loops, obstruction) and change of the normal 

flora (usually with antibiotic therapy).112 The most prevalent organic 

acid is D-lactic acid. Because humans metabolize this isomer more
slowly than L-lactate and production rates can be very rapid, life-

threatening acidosis can be produced.113 The usual laboratory test for 

lactate is specific for the L-lactate isomer. Therefore to confirm the 

diagnosis,theplasmaormoreeasilytestedurinaryD-lactatemustbe
specifically requested.114

Metabolic Alkalosis
Metabolicalkalosisisacommonacid-basedisturbanceinICUpatients
characterized by an elevated serum pH (.7.45) secondary to plasma 

bicarbonate (HCO3
2)retention.Metabolicalkalosisisusuallythere-

sult of several therapeutic interventions in the critically ill patient 

(Table 34.8). Nasogastric drainage, diuretic-induced intravascular vol-

ume depletion, hypokalemia, and the use of corticosteroids are com-

mon causes of metabolic alkalosis in these patients. In addition, citrate 

in transfused blood is metabolized to bicarbonate, which may com-

pound the metabolic alkalosis. Type II respiratory failure promotes 

compensatory retention of bicarbonate that may result in a posthyper-

capnic metabolic alkalosis when ventilation is normalized. In many 

Low Urine Chloride (Volume  

or Saline Responsive)

High Urine Chloride With  

Hypertension

Gastric volume loss Primary and secondary hyperaldo-

steronism

Diuretics Apparent mineralocorticoid excess

Posthypercapnia Liddle’s syndrome (autosomal  

dominant, pseudoaldosteronism)

Villous adenoma (rare) Conn syndrome

Cystic fibrosis (if there has been  

excessive sweating)

Cushing disease

High Urine Chloride Without  

Hypertension  

Bartter syndrome

Gitelman syndrome (autosomal  

recessive hypokalemic metabolic  

alkalosis)

Excess bicarbonate administration

TABLE 34.8 Causes of Metabolic Alkalosis
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patients, therefore, events that generated the metabolic alkalosis may 

not be present at the time of diagnosis.

Metabolicalkalosismayadverselyaffectcardiovascular,pulmonary,
and metabolic function. It can decrease cardiac output, depress central 

ventilatory drive, shift the oxyhemoglobin saturation curve to the left 

(decreasing the offloading of hemoglobin-bound oxygen), worsen 

hypokalemia and hypophosphatemia, and negatively affect the ability 

to wean patients from mechanical ventilation. Rising serum pH has
been shown to correlate with ICU mortality. Correction of metabolic 

alkalosis has been shown to increase minute ventilation, increase arte-

rial oxygen tension and mixed venous oxygen tension, and decrease 

oxygen consumption. It is therefore important to correct significant 

metabolic alkalosis in the majority of critically ill patients. In the case 

of cardiac arrest, it is also challenging to correct metabolic alkalosis in 

a rapid fashion.115–117

The first therapeutic maneuver in patients with a metabolic alkalosis 

is to replace any volume deficit with normal saline (0.9% NaCl) and cor-

rect electrolyte deficiencies. Aggressive potassium supplementation is 

warranted to achieve a K1above4.5mEq/L.Iftheseinterventionsfail,
ammonium chloride, hydrochloric acid, or arginine hydrochloride may 

be given.117,118 The disadvantage of these solutions is that they are diffi-

cult to use and require the administration of large volumes of hypotonic 

fluid.Extravasationofhydrochloricacid(evenat20–25mmol/h)may
result in severe tissue necrosis, mandating administration through a 

well-functioning central line. Acetazolamide is a carbonic anhydrase 

inhibitor promoting the renal excretion of bicarbonate and has been 

demonstrated to be effective in treating metabolic alkalosis in ICU  

patients. A single dose of 500 mg is recommended. The onset of action 

is within 1.5 hours, with duration of approximately 24 hours, and doses 

may be repeated.117,119–121

Respiratory Acidosis
Respiratoryacidosisisalsoacommonoccurrenceamongtheacutely
ill, especially in those who are not mechanically ventilated, in addi-

tion to patients receiving lung-protective mechanical ventilation.122 

Failing respiratory muscles, pain preventing effective breathing, in-

creased abdominal pressures, and centrally acting agents that sup-

press respiratory drive all depress ventilation, leading to increased 

CO2 retention with subsequent respiratory acidosis. Among these 

patients, treating the underlying cause would lead to definite resolu-

tion, yet temporizing measures such as mechanical ventilation would 

be required.

In patients on lung-protective modes of mechanical ventilation, the 

so-called “permissive hypercapnia” itself has been suggested to have 

directly beneficial effects, yet later evidence did not support this  

contention.123

Respiratory Alkalosis
Respiratoryalkalosisisinducedbyhyperventilationwithcausesorigi-
nating from central, hypoxemic, pulmonary, and iatrogenic causes. 

Central causes include head injury, stroke, hyperthyroidism, anxiety-

hyperventilation, pain, fear, stress, drugs, medications such as salicy-

lates, and various toxins. In the case of medication-induced respiratory 

alkalosis, the ABG and further studies with toxicology panel would 

help to identify the causes. Hypoxia could lead to hyperventilation to 

correct hypoxia at the expense of CO2 loss. Pulmonary causes include 

pulmonary embolisms, pneumothorax, pneumonia, and acute asthma 

or COPD exacerbations. Iatrogenic causes are almost universally in-

duced by hyperventilation among intubated patients receiving me-

chanical ventilation support.124

Respiratoryalkalosismaybeanacuteprocessorachronicprocess.
These are determined based on the level of metabolic compensation 

for the respiratory disease. Excess HCO3
– levels are buffered to reduce 

levels and maintain a physiologic pH through the renal decrease of H1 

excretion and increasing HCO3
– excretion; however, this metabolic 

process occurs over the course of days, whereas respiratory disease can 

adjust CO2 levels in minutes to hours. Therefore acute respiratory al-

kalosis is associated with high bicarbonate levels because there has not 

been sufficient time to lower the HCO3
– levels, and chronic respiratory 

alkalosis is associated with low to normal HCO3
– levels.1,8,9

VENOUS BLOOD GAS ANALYSIS

There is a strong correlation between arterial and venous blood pH 

and HCO3
2levelsinpatientswithDKAanduremia.120,121 In published 

studies, the difference between arterial and venous pH varied from 

0.04 to 0.05, and the difference in bicarbonate levels varied from 21.72 

to 1.88. However, the correlation between arterial and venous PaCO2 

was relatively poor.125–127 Actually, this difference may be used to evalu-

ate the adequacy of oxygen availability to the tissues (see later). Simi-

larly, an excellent correlation has been demonstrated between mixed 

venous pH and HCO3
2 with arterial pH and HCO3

2 in critically ill 

patients.128,129 Yet in shock states this tight association does not hold 

true; the correlation between arterial and venous pH, HCO3
2 and 

PaCO2 is poor.130,131Duringcardiopulmonaryresuscitation, thearte-

rial blood vs. mixed venous blood pH were 7.41 vs. 7.15; likely PaCO2 

was 32 mm Hg vs. 74 mm Hg, respectively.132,133

Once shock is resolved, in patients without hypercarbia, ABG 

would not be necessary; pulse oximetry and venous blood gas analysis 

would be enough to make a clinical judgment. Furthermore, a venous 

blood gas can be useful to screen for arterial hypercarbia, with a  

venous PvCO2 of .45 mm Hg being highly predictive of arterial 

hypercarbia.134

Mixed Venous/Central Venous Oxygen Saturation
MonitoringofSvO2 has been used as a surrogate for the balance be-

tween systemic oxygen delivery and consumption during the treat-

ment of critically ill patients.135 An SvO2 of less than 65% indicates 

inadequate oxygen delivery; however, this sample needs to be collected 

from the distal post of a pulmonary artery catheter (PAC), an invasive 

device whose use has not been shown to routinely improve patient 

outcome. Therefore most clinicians use the central venous oxygen 

saturation (ScvO2) as a surrogate.136,137

There are multiple reasons why ScvO2 and SvO2 can differ. First of 

all, the vena caval blood streams into the right atrium and ventricle, 

and complete mixing occurs only during ventricular contraction. In 

addition, blood from the coronary sinus and Thebesian veins results 

in further discrepancies.138,139 Thus SvO2 is a better indicator of 

whole-body balance of oxygen supply and demand, whereas ScvO2 

more closely reflects the status of upper body tissues. In hemody-

namically stable, healthy patients, ScvO2 is usually 2%–5% less than 

SvO2 because of the high oxygen content of effluent venous blood 

from the kidneys.140 This changes during shock as blood is redistrib-

uted to the upper body at the expense of the splanchnic and renal 

circulations. In shock states, ScvO2 may exceed that of SvO2 by up to 

20%.141 This tendency also applies in patients with cardiogenic, septic, 

and hemorrhagic shock.142 Therefore one has to assess these satura-

tion values within the context of the clinical scenario.137,141,143–147 In 

patients with sepsis and liver failure, a low ScvO2/SvO2 is usually in-

dicative of decreased cardiac output, and normal values do not neces-

sarily indicate resuscitation or adequate tissue oxygenation.148–150 

In liver failure, all pathologic collaterals may result in “arterialization” 

of the venous blood. In addition, cytopathic hypoxia (e.g., because  

of cyanide) may further decrease oxygen uptake and result in a  
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“spuriously high” ScvO2.
151 Interestingly, patients dying of both sepsis 

and liver failure usually have a high ScvO2/SvO2.
152 In a recent goal-

directed sepsis study, the mean ScvO2 was 74% at enrollment, and less 

than 10% of patients required specific interventions to achieve values 

above 70%.153

In addition, a high mixed venous-to-arterial PCO2 gradient is a 

predictor of decreased cardiac output and global tissue ischemia.154–156 

ThisobservationhasbeenconfirmedbyAdrogueetal,Mecheretal,
Bakker et al, Levy et al, and Nassar et al, who demonstrated that a high 

mixed venous-to-arterial PCO2 gradient is a sensitive marker of global 

KEY POINTS

• ABG analysis is the gold standard for the assessment of oxygenation, ventila-

tion, and acid-base status for critically ill patients as long as it is obtained and 

interpreted within the clinical context.

• Pulse oximetry can provide a surrogate measure of arterial oxygen tension 

(PaO2). Venous pH and bicarbonate (HCO3
2) allow for the estimation of arte-

rial pH and HCO3
2 in hemodynamically stable patients, yet one needs to be 

cautious during shock states. Venous carbon dioxide tension is a poor proxy 

of arterial PaCO2. Venous blood gas analysis can be useful to screen for arte-

rial hypercarbia, with a venous PCO2 level above 45 mm Hg being highly 

predictive of arterial hypercarbia.

• The indications for ABG sampling have not been well defined; however, an 

ABG should generally be performed on admission to the ICU, after endotra-

cheal intubation, and as the clinical context changes.

• ABG sampling does not have to be performed after each ventilator change or 

after each step during liberation from the ventilator.

• Because metabolic acidosis may have serious hemodynamic consequences, 

its etiology has to be determined and treatment initiated immediately.

• In most clinical situations, sodium bicarbonate (NaHCO3) is of no therapeutic 

utility during metabolic acidosis.

• In patients with a metabolic alkalosis, correct any volume and potassium 

deficits first, then consider initiating acetazolamide and/or HCl infusions.

• The central venous oxygen saturation (ScvO2) and the central venous-to-arte-

rial PaCO2 gap have utility in assessing the adequacy of resuscitation and 

oxygen delivery.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

The traditional vs. the new perspective on acid-base balance:
Although the bedside clinician needs a handy tool to understand the acid-base 

balance to diagnose and manage their patients appropriately, the academic 

disagreements are still viable on the topic of acid-base balance. In summary, 

the traditional approach suggests that activity of H1 in a biologic space is 

determined by the mass balance of H1; proton transfer reactions via proton 

donors (weak acids) and proton acceptors (weak bases); and mass balance of 

proton donors and proton acceptors (Arrhenius, Sørenson, Henderson,  

Hasselbalch, Brønsted and Lowry, Van Slyke, Lewis, Severinghaus, Astrup,  

Siggard-Anderson,Schwartz,andRelman).
In 1978 Stewart questioned the traditional dogma by proposing that a 

complex mixture of ions regulates the activity of H1 over the physiologic pH 

range (Na1, K1, Ca21);nonvolatileprotondonators/acceptorstransferH1 

within the physiologic pH range (albumin, phosphate, hemoglobin, metabo-

lizable organic compounds); and the volatile bicarbonate-CO2 buffer system is 

composed of CO2, HCO3
2, H2CO2, and CO3

22. The following are useful liter-

ature articles on the topic.

ElbersPW,VanRegenmortelN,GatzR.Overtenthousandcasesandcount-
ing: acidbase.org is serving the critical care community. Anaesthesiol Inten-

sive Ther. 2015;47(5):441–448.

A new reference of a handy online web tool to understand acid-base balance 

and the freely available textbook of Dr. Stewart. The web tool helps calculate 

the strong ion difference.

Kurtz I, Kraut J, Ornekian V, et al. Acid-base analysis: A critique of the Stewart 

and bicarbonate-centered approaches. Am J Physiol Renal Physiol. 

2008;294(5):F1009–F1031.

The authors support the idea that the H1/HCO3
2 approach based on the 

Henderson-Hasselbalch equation is mechanistically more robust than the 

Stewart or strong ion approach. Accordingly, CO2/HCO3
2 is useful in the 

hands of the clinicians to approach all the acid-base derangements seen clini-

cally; however, it is qualitative in nature and cannot quantify acid or base 

tissue ischemia and fluid responsiveness during cardiogenic and septic 

shock.133,157–160 Recent work suggests that central venous-to-arterial
PCO2 gradient (.6 mm Hg) reliably indicates success of resuscitation 

in septic shock.161

In summary, for hemodynamically unstable patients and those 

with complex acid-base disorders, as a rule of thumb, venous blood gas 

cannot be substituted for an ABG analysis. In these situations, both 

arterialandmixedvenous/centralvenousbloodgasanalysesprovide
useful information.

loads that result in metabolic acid-base disorders despite the concomitant use 

of base excess information—all leading to the argument for a more quantita-

tive measurement: the Stewart approach. However, both are “equilibrium 

equations” and have similar predictive value for clinical acid-base disorders, 

suggesting the favorite approach by the authors is the Henderson-Hasselbalch 

equation.

Oxygen tension: From a global perspective to  
a regional assessment
The concept of partial pressure of oxygen measured in arterial blood gas 

analyses could be easily applied to oxygen tension measurements in regional 

perfusion. A recent work on brain tissue oxygen tension is relevant to the  

intensivist.

RosenthalG,HemphillIIIJC,SoraniM,etal.Braintissueoxygentensionis
more indicative of oxygen diffusion than oxygen delivery and metabolism in 

patients with traumatic brain injury. Crit Care Med. 2008;36(6):1917–1924.

The specific determinants of low brain tissue oxygen tension (PbtO2) after 

severe traumatic brain injury (TBI) remain poorly defined as to whether it 

reflects cerebral oxygen diffusion or cerebral oxygen delivery and metabolism. 

The group measured PbtO2 directly and the cerebral venous blood gases from 

a jugular bulb venous catheter. After multiple models of logistic regression, 

there is a strong association between brain tissue oxygen tension and diffu-

sion of dissolved plasma oxygen across the blood-brain barrier, suggesting 

that PbtO2 represents the cerebral blood flow and cerebral arteriovenous O2.

Other uses of CO2 measurements: Evidence is suggesting that 
CO2 could be used as endpoints for resuscitation in sepsis
AlDuhailibZ,HegazyAF,LalliR,etal.Theuseofcentralvenoustoarterial

carbon dioxide tension gap for outcome prediction in critically ill patients: 

A systematic review and meta-analysis. Crit Care Med. 2020;48(12):

1855–1861.

This review included 21 studies (n 5 2155 patients) from medical (n 5 925), 

cardiovascular (n 5 685), surgical (n 5 483), and mixed (n 5 62) ICUs 
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comparing central CO2 gap. A high CO2 gap was associated with higher 

lactate levels (mean difference 0.44 mmol/L; 95% confidence interval [CI], 

0.20–0.68 mmol/L; P 5 .0004), lower cardiac index (mean difference, 20.76 

L/min/m; 95% CI, 21.04 to 20.49 L/min/m; P 5 .0001), central venous 

oxygen saturation (mean difference, 25.07; 95% CI, 27.78 to 22.37; 

P 5 .0002), and increased mortality (odds ratio, 2.22; 95% CI, 1.30–3.82; 

P 5 .004) in patients with shock. Yet it was not associated with longer ICU 

or hospital length of stay, requirement for renal replacement therapy, longer 

duration of mechanical ventilation, or higher vasopressors and inotropes use. 

The working hypothesis for the increased CO2 gap is decreased cardiac out-

put, yet this has to be tested further.

GuzmanJA,DikinMS,KruseJA.Lingual,splanchnic,andsystemichemody-

namic and carbon dioxide tension changes during endotoxic shock and 

resuscitation. J Appl Physiol. 2005;98(1):108–113.

The authors studied LPS-induced circulatory shock and resuscitation sublin-

gual and intestinal mucosal blood flow and PCO2 in a canine model. The 

shock did induce increased sublingual and splanchnic PCO2, and the levels 

were nearly reversed after fluid resuscitation while the systemic hypotension 

persisted. Changes in sublingual and splanchnic PCO2 paralleled gastric and 

intestinal PCO2 changes during shock but not during resuscitation. This and 

other work suggest the utility of PCO2 in estimating tissue perfusion.

MesquidaJ,SaludesP,GruartmonerG,etal.Centralvenous-to-arterialcar-
bon dioxide difference combined with arterial-to-venous oxygen content 

difference is associated with lactate evolution in the hemodynamic resusci-

tation process in early septic shock. Crit Care. 2015;19:126.

Because normal or high central venous oxygen saturation ScvO2 values can-

not discriminate if tissue perfusion is adequate, other markers of tissue hy-

poxia are required. The authors studied the ratio of central venous-to-arterial 

carbon dioxide difference (PcvaCO2 gap) to arterial-venous oxygen content 

difference (CavO2) ratio to predict lactate evolution in septic shock. The high 

PcvaCO2/CavO2 ratio had a high predictive power towards no improvement 

in lactate clearance. The regional oxygen concentration (ROC) had an area 

under the curve (AUC) of 0.82, and when the PcvaCO2/CavO2 ratio was set 

at 1.4 mm Hg ·~ dL/mL O2, it carried a sensitivity of 0.80 and specificity of 

0.75 for lactate improvement. This ratio and the use of PCO2 could be used 

towards predicting the outcome from sepsis.
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Tracheal Intubation

June M. Chae, John D. Davies, and Alexander S. Niven

INTRODUCTION

Tracheal intubation is a commonly performed, high-risk procedure in 

critically ill patients. There are important differences between elective 

intubation in the operating room compared with emergency intuba-

tion in the intensive care unit (ICU). Risks associated with emergent 

intubation in the critically ill include hypoxemia, hemodynamic insta-

bility, cardiac arrest, and death, underlining the importance of a sys-

tematic approach to optimize physiologic conditions and maximize 

first-attempt success. Although a wide variety of advanced airway de-

vices are now available to help overcome anatomic difficulties and 

deliver rescue oxygenation, the best evidence-based approach for uti-

lizing these tools in the ICU patient remains poorly defined. The goal 

of this chapter is to provide a systematic approach using best evidence 

to maximize the success and safety of tracheal intubation in the ICU.

PATIENT FACTORS AND AIRWAY ASSESSMENT

Reported complication rates from tracheal intubation in the critically 

ill range from 4.2% to 22% and remain unacceptably high in com-

parison with operating room procedures.1–5 The Fourth National Au-

dit Project of the Royal College of Anaesthetists and the Difficult Air-

way Society (NAP4) reported that 25% of adverse airway events 

occurred in the ICU and emergency department (ED). Inadequate 

identification of high-risk patients combined with poor planning, in-

adequate preparation, and ineffective teamwork were the primary 

causal and contributing factors to these adverse events.6

Physiologic Assessment
Decompensated cardiopulmonary disease and shunt physiology make 

preoxygenation more difficult in the critically ill, shortening the safe 

apnea time during intubation before hypoxemia develops.7 Hemody-

namic instability is an independent predictor of death after intubation, 

underscoring the importance of an individualized approach to high-

risk patients, including those with severe valvular disease, pulmonary 

hypertension, right ventricular failure, and high shock index.8–10 The 

combination of desaturation and hypotension increases the likelihood 

of cardiac arrest.8

Anatomic Assessment
Emergent airway management leaves little time to perform a thorough 

airway assessment and less time to plan the approach when high-risk 

features are present. In conscious and cooperative patients, an inability 

to bite the upper lip with the lower incisors may be the single best 

predictor of difficult laryngoscopy.11 Other features predict difficult 

laryngoscopy. These include those that limit the ability to open the 

airway (interincisor distance, large tongue), displace the tongue into 

the submental space (large tongue, short mandible, short thyromental 

and hyomental distances), and/or impair alignment of the visual axes 

(cervical mobility).12 Features that predict difficult bag-valve-mask 

ventilation (BMV) include obesity, facial hair, advanced age, history of 

sleep apnea, and being edentulous. Features that predict difficult su-

praglottic device use include restricted mouth opening, a distorted 

airway, reduced lung compliance, and upper airway obstruction.

Common methods of airway assessment are limited in their ability 

to correctly identify patients with a difficult airway (positive predictive 

value, 4%–27%).13,14 The MACOCHA score, a seven-item prediction 

scale for the critically ill, is the only validated tool for identifying high-

risk patients.15,16

OPTIMIZING AIRWAY MANAGEMENT IN THE 
CRITICALLY ILL

Positioning
Optimal patient positioning is important to maximize the success of 

both preoxygenation and laryngoscopy attempts. Upright positioning 

can optimize functional residual capacity (FRC), especially in obese 

and pregnant patients, which combined with careful preoxygenation, 

can prolong the safe apnea time during intubation.12 A recent random-

ized trial showed increased difficulty with direct laryngoscopy using 

the “ramped” position (head of bed elevated 25 degrees, face parallel to 

the floor) compared with the “sniffing” position (supine, neck flexed, 

head extended).17 Combining ramped with sniffing positions may 

improve first-pass intubation success, especially in obese patients.

Preoxygenation and Apneic Oxygenation
Critically ill patients run higher risks of life-threatening hypoxemia. 

Preoxygenation is generally limited by the size of the FRC and the abil-

ity to denitrogenate this space. In the critically ill, the degree of physi-

ologic shunting is a major limiting factor to preoxygenation. Rapid-

sequence intubation has an inherent delay of 45–90 seconds between 

medication administration and laryngoscopy.18 A recent multicenter 

trial demonstrated that mask ventilation during the apneic period after 

induction reduced the incidence of severe hypoxemia without increased 

aspiration risk.19 Noninvasive positive pressure ventilation (NIV) and 

high-flow nasal cannula (HFNC) have been shown to improve preoxy-

genation. A randomized trial failed to demonstrate clear benefit with 

routine apneic oxygenation in the critically ill, and this practice remains 

controversial.20 In patients with refractory hypoxemia there is no safe 

apnea time, and awake intubation should be strongly considered when 

oxygenation can be assured during the procedure.

Rescue Oxygenation
Avoiding hypoxemia is essential to preserve safe patient conditions 

during intubation. If oxygen saturations drop significantly during this 
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the proximal esophagus after the upper airway is cleared to control 

further airway soilage during the intubation attempt.25

RAPID-SEQUENCE INTUBATION AND AIRWAY 
PHARMACOLOGY

Rapid-sequence intubation (RSI) is the standard of care in most emer-

gency airway management settings because of its high rate of success.26 

The goal of RSI is to rapidly optimize conditions for intubation before 

desaturation and to prevent aspiration.12 Medication administration 

in critically ill patients is challenging because of preexisting cardiopul-

monary derangements and the concern for failed airway attempts. 

Except when a pulseless or unresponsive patient demands immediate 

intervention or does not require them, selecting and preparing appro-

priate medications should be a routine part of intubation preparation 

and planning. Common agents, indications, and doses are summarized 

in Table 35.1.27 Drugs administered before induction are particularly 

useful in the setting of severe exacerbations of obstructive lung disease 

and significant intraocular or intracranial hypertension.

Initial induction agent doses should be reduced by 25%–50% in the 

elderly and in patients with hypotension, hypovolemia, or significantly 

impaired cardiac function. Propofol tends to provide for glottic visual-

ization at full induction doses but causes significant hypotension. 

Etomidate has less associated hypotension and myocardial depression. 

It reduces adrenal steroidogenesis, but single doses do not appear to 

increase mortality even in septic patients.28 Ketamine increases heart 

rate, blood pressure, and cardiac output and has been shown to provide 

similar intubating conditions and outcomes as etomidate in a large, 

prospective randomized trial.29 Its use in the setting of increased intra-

cranial pressure (ICP) is controversial.30,31 Caution should be taken in 

the catecholamine-depleted patient, as ketamine can act as a negative 

inotrope.32–34 Although ketamine can relieve bronchospasm, it may also 

increase orotracheal secretions and promote laryngospasm.32,33

procedure, the first rescue maneuver is the two-person BMV technique 

using an oropharyngeal airway and meticulous attention to patient 

positioning. If this maneuver proves inadequate, a second-generation 

supraglottic airway should be used expediently.12,21,22 Airway managers 

must also be prepared to perform an emergent cricothyrotomy when a 

definitive airway cannot be secured and life-threatening hypoxemia 

persists after such maneuvers.

Hemodynamics
Critically ill patients are at risk for periprocedural hypotension, which 

can lead to cardiac arrest.8 Hypotension during intubation occurs 

commonly, often the result of decreased circulating catecholamines, 

the physiologic effects of many induction medications such as in-

creased venous capacitance after their administration, and decreased 

venous return from positive pressure ventilation.23 Push-dose vaso-

pressors with phenylephrine, ephedrine, and epinephrine can be con-

sidered; norepinephrine and epinephrine are more commonly used for 

continuous infusion.24 Although a routine intravenous fluid bolus 

before induction as part of an “intubation bundle” has been shown to 

reduce the incidence of associated cardiovascular collapse in a single-

center quality improvement intervention, this practice remains con-

troversial because of a recent multicenter trial that demonstrated no 

attributable benefit.3,23

Soiled Airway
A soiled airway increases the risk for aspiration complications and 

decreases first-pass success. Emesis, hematemesis, and hemoptysis are 

more often encountered during emergency airway management. 

Training in the management of soiled airways is also limited. Although 

poorly studied, the suction-assisted laryngoscopy and airway decon-

tamination (SALAD) technique has proved popular with many emer-

gency airway managers. This technique involves passing the tip of a 

rigid (Yankauer) suction catheter from the left side of the mouth into 

PREINDUCTION MEDICATIONS

Drug Dose, Common Indications Cautions

Fentanyl 2–3 micrograms/kg IV, 1–2 min

CAD, aneurysm, increased ICP

Hypotension

Masseter, chest wall rigidity

Esmolol 2–3 mg/kg IV

Neurosurgery, head injury

Bradycardia

Hypotension, bronchospasm

Lidocaine 1.5 mg/kg IV, 2–3 min

Asthma, COPD, increased ICP

Hypotension

INDUCTION MEDICATIONS

Agent Onset (seconds) Duration (minutes) Dose

Propofol 9–50 3–10 0.5–2 mg/kg

Etomidate 30–60 3–5 0.2–0.3 mg/kg

Ketamine 60–120 5–15 2 mg/kg

NEUROMUSCULAR BLOCKERS

Agent Onset (seconds) Duration (minutes) Dose Off-Label Dosing

Succinylcholine 30–60 5–15 1.0–1.5 mg/kg Manufacturer’s recommendation 

0.6 mg/kg

Rocuronium 45–60 45–70 0.6–1.2 mg/kg

Atracurium 60–90 35–70 0.4–0.5 mg/kg

TABLE 35.1 Common Medications Used During Tracheal Intubation

CAD, Coronary artery disease;

 

COPD, chronic obstructive pulmonary disease;

 

ICP, intracranial pressure;

 

IV, intravenous. From Reynolds SF,

 

Heffner J. Airway management of the critically ill patient.

 

Chest.

 

2005;127:1397–1412.
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The combination of an induction agent such as propofol with a 

paralytic reliably produces optimal intubating conditions.35,36 Histori-

cally, succinylcholine has been one of the most commonly used depo-

larizing muscle relaxants because of its rapid onset of action and very 

short duration. In situations where succinylcholine may be considered 

unsafe (Box 35.1), rocuronium or atracurium will provide a similar 

onset of action but a much longer duration of paralysis.

In recent years, the availability of sugammadex, a drug that rapidly 

reverses the effects of the steroidal neuromuscular blocking agents 

(NMBAs), has prompted increased rocuronium use, especially if para-

lytic choice is limited by contraindications to succinylcholine.24,37 Cau-

tion is recommended in patients with renal impairment. When re-

quired, the rocuronium–sugammadex complex can be removed by 

hemodialysis.38

LARYNGOSCOPY

Recent years have seen the development of a wide array of commer-

cially available airway equipment, with mixed availability and familiar-

ity in many ICUs.39 Most experts recommend the selection of a limited 

list of airway tools most appropriate for a given ICU population to 

facilitate familiarity and training.

Direct Laryngoscopy
Macintosh and Miller blades are designed for rapid endotracheal tube 

(ETT) placement. The Macintosh blade is broad, curved, and includes 

a flange to displace the tongue to the left when the blade is introduced 

into the mouth from the right side (paraglossal approach). The blade 

is advanced toward midline, and the tip is directed into the vallecula 

once the epiglottis comes into view. Gentle blade traction will lift the 

epiglottis and expose the glottic aperture. The Miller blade is longer 

and straighter, with a slightly curved tip. It is generally inserted using 

a midline approach, and the distal end is used to directly lift the tip of 

the epiglottis. Care must be taken with both blades to apply caudal and 

anterior force, holding the laryngoscope handle near its base and keep-

ing its angle less than 45 degrees to the patient to avoid dental damage. 

Blade sizes 3 or 4 are appropriate for most adult procedures. The 

broader surface of the Macintosh blade may provide better upward 

displacement of excess upper airway soft tissue, and the longer and 

narrower profile of the Miller blade may assist in the setting of narrow 

mouth opening or a long epiglottis. When using any blade, a stylet is 

generally used to help guide the ETT through the vocal cords and can 

be shaped with a distal bend to aid in tracheal placement.

Indirect Laryngoscopy
Indirect laryngoscopy devices provide video or optical imaging using 

mirrors and prisms to improve glottic visualization in individuals in 

whom alignment of the airway axes is difficult. Some devices incorpo-

rate an acutely angulated blade (i.e., GlideScope, McGrath, C-MAC), 

whereas others incorporate a channel (i.e., Airtraq, Pentax) to facilitate 

ETT placement through a more anterior glottis with the head in a 

neutral position.40

Confidently interpreting research that compares direct and indirect 

laryngoscopy is difficult. Some literature suggests that indirect laryngos-

copy offers little advantage in the average patient, but affords high rates 

of intubation success in patients with difficult airway risk factors, obe-

sity, or failed direct laryngoscopy attempts.41–45 Videolaryngoscopy (VL) 

can accelerate training performance with novices and provides a high 

rate of first-time success in the hands of less experienced intubators.46–48

Several trials have demonstrated improved glottic visualization but 

no clear benefit in the rate of first-pass success using indirect laryngos-

copy for emergency airway management.49–54 Lascarrou and colleagues 

compared VL with direct laryngoscopy (DL) without excluding pre-

dicted or historically difficult intubations and not only found no dif-

ference in success but also found an increase in severe complications 

with McGrath Mac VL. DL failure is frequently associated with the in-

ability to visualize the glottis, whereas failure in VL is often related to 

the inability to pass the ETT.53 Each device has unique technical con-

siderations with which operators must become familiar to maximize 

their potential benefit.

DIFFICULT AIRWAY MANAGEMENT

A difficult airway is defined as the presence of clinical factors that 

complicate ventilation or intubation.55 The incidence of difficult air-

ways encountered during emergent intubations is reported to be 

10%.4,56 Although the best management approach to a difficult airway 

in the ICU is not well studied, a recent systematic review of published 

guidelines found substantial similarities. The algorithms analyzed rec-

ommended a stepwise approach to airway management, using tracheal 

intubation, face mask ventilation, and supraglottic airway devices, fol-

lowed by an early emergency surgical airway if these attempts are un-

successful and a life-threatening situation exists.57

In the setting of a predicted difficult airway, indirect optical devices 

and VLs provide better glottic visualization and maximize the likeli-

hood of intubation success. In one large single-institution study, a gum 

elastic bougie was the preferred method to successfully manage pa-

tients with incomplete glottic visualization and those for whom glottic 

intubation is not possible.4 Although controversial, one large single-

institution study reported that use of a bougie combined with either 

DL or VL as a primary intubation strategy was associated with a sig-

nificantly higher rate of first-pass success compared with using an ETT 

and stylet.58 This strategy requires further study in the critical care set-

ting before widespread adoption.

An intubating supraglottic device (SGD) is also an appropriate 

primary or rescue strategy. SGDs, such as the laryngeal mask airway 

and King tube, can be placed into the upper airway to reestablish ad-

equate oxygenation and ventilation without significant technical ex-

pertise in many cases. Intubation through SGDs has proven successful 

after failed direct laryngoscopy and usually provides a rapid primary 

approach in patients with a predicted difficult airway.59,60 A number of 

current SGDs also provide the option of one-step intubation through 

the device (Ambu Aura-i, CookGas LLC, Air-Q/ILA, LMA Fastrach, 

and Classic Excel, i-Gel).

Surgical cricothyroidotomy is reserved for the emergency airway 

situation when an extraglottic airway cannot be effectively employed 

because of upper airway abnormalities, blood, or secretions that obvi-

ate proper placement and function. Cricothyroidotomy can be per-

formed most rapidly using a rapid four-step technique.61 Passing a 

bougie through the neck incision to serve as an ETT guide has been 

reported successful even in the hands of the novice nonsurgeon.62 A 

cricothyroidotomy kit that uses a Seldinger approach is also available 

BOX 35.1 Contraindications to 
Succinylcholine

History of malignant hyperthermia

Hyperkalemia

Upper, lower motor neuron lesions

Myopathy

Crush injury

Severe burns (.24 hours)

Prolonged immobility
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but has been associated with longer time to placement.63 Major com-

plications include esophageal perforation, subcutaneous emphysema, 

and bleeding.

Cooperative patients with slowly progressive respiratory failure and 

predicted difficult airways can be considered for awake intubation. 

Awake intubation provides the opportunity to preserve spontaneous 

respiration and prolong the available time for intubation attempts. 

Upright fiber-optic–assisted intubation through a Williams or Ovas-

sapian intubating airway is a common and effective approach. Prein-

sertion, patient candidates typically require a combination of nebu-

lized or atomized lidocaine directed at the base of tongue and tonsillar 

pillars. Low-dose narcotics such as remifentanil appear to be superior 

to dexmedetomidine when combined with low-dose midazolam for 

sedation.64 Unfortunately, the time required for appropriate airway 

preparation can be challenging in critical care practice, limiting broad-

based application of this technique.

HUMAN FACTORS

Training
Current airway management training is highly variable, even among 

anesthesia providers.65–68 A recent meta-analysis suggested that the 

level of training, as opposed to specialty type, was the key factor for 

optimizing proper airway management.69,70 The appropriate volume 

and scope of airway training required, however, remains a topic in 

need of further research. Novices can attain reasonable competence 

with direct laryngoscopy after 30–50 cases and may accelerate their 

skills using video-assisted instruction, but performance continues to 

improve even after 100 intubations.71–73 Box 35.2 provides a suggested 

list of airway management topics for training, but these recommenda-

tions are based only on expert opinion.74 The development of a vast 

array of advanced airway management devices has only complicated 

efforts to standardize training and approaches to ICU airway manage-

ment. In a national survey of 180 American ICU and anesthesiology 

directors, only 70% had a difficult airway cart in their ICU, and 60% 

of the respondents reported that they had not been trained in the use 

of such equipment.39

Preparation
NAP4 found that preparation, equipment, and communication errors 

were the most common causes of complications during airway man-

agement in ICUs and EDs in the United Kingdom.6 These data under-

line the importance of deliberate planning and preparation to maxi-

mize patient safety and procedure success.

KEY POINTS

• A systematic approach that emphasizes planning, preparation, and team-

work is the best proven method to reduce risks associated with airway 

management in the ICU.

• An extraglottic airway should be employed early in the patient with inade-

quate oxygenation and ventilation.

• Optimizing difficult anatomic, physiologic, and situational factors will 

enhance the chances of first-pass success.

 References for this chapter can be found at expertconsult.com.

Resource management principles important for an efficient air-

way management team include explicit role assignments, closed loop 

communication, and standardized guidelines for equipment, medi-

cation preparation, and positioning. Clear articulation of the pri-

mary and backup airway management plans and discrete oxygen 

cutoffs (which should prompt termination of intubation efforts and 

resumption of BMV ventilation) provide shared situational aware-

ness and guidance to maintain quality control and safety throughout 

the procedure.

Checklists and Maximizing Patient Safety
The American Society of Anesthesiologists recommends that an  

airway assessment be performed before all intubations and empha-

sizes a systematic approach that maximizes oxygen delivery and 

considers an awake procedure, a variety of noninvasive techniques, 

and preservation of spontaneous ventilation.55 Other recent 

studies have also underlined the importance of having a systematic 

approach to airway assessment, patient and equipment prepara-

tion, and procedure planning in order to maximize intubation suc-

cess. Jaber and colleagues demonstrated that implementation of a 

protocolized ICU intubation bundle (Box 35.3) reduced complica-

tions by 25%.3

Improved patient safety and reduced need for emergent surgical 

airways have been achieved through implementation of a standard-

ized, team-based approach that includes proactive identification of 

patients with known difficult airways, ready availability of advanced 

airway equipment, simulation-based airway skills and teamwork train-

ing, a mandatory bedside procedure checklist, and postevent de-

briefs.75,76 The APPROACH mnemonic (Box 35.4) is one structured 

checklist tool aimed at ensuring that these standardized interventions 

are consistently performed.77

CONCLUSION

Tracheal intubation in the ICU remains a high-risk procedure, and a 

systematic approach that emphasizes planning, preparation, and team-

work is necessary to maximize its outcome and safety.

Although intensivists should maintain facility with DL, there are 

growing data supporting the use of indirect laryngoscopy as both a 

primary and rescue technique in the ICU. In the setting of an emer-

gency airway, an extraglottic airway or surgical airway should be rap-

idly employed. If oxygenation and ventilation can be reestablished, a 

wider variety of techniques can be considered.

Airway management in the critically ill patient goes beyond per-

forming laryngoscopy; it is about preventing hypoxemia and cardio-

vascular collapse through preparation; consideration of difficult ana-

tomic, physiologic and situational factors; and optimizing the chances 

of first-pass success.
BOX 35.2 Fundamental Airway Knowledge 
and Skills

Face mask ventilation, airway positioning

Laryngeal mask airway (LMA, including intubating devices)

Oral endotracheal intubation (direct laryngoscopy [DL])

Simple maneuvers (positioning, BURP*) to improve DL

Use of stylet, gum elastic bougie

Rapid-sequence induction

Fiber-optic intubation via conduit (oropharyngeal airway, LMA)

Percutaneous cricothyrotomy

* BURP, Backwards, upwards, and rightwards positioning.

From Goldmann K, Ferson DZ. Education and training in airway man-

agement. Best Pract Res Clin Anaesthesiol. 2005;19(4):717–732.
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BOX 35.4 The CHEST APPROACH to 
Airway Management

Assess the airway—it’s all in your HAND

History of difficult intubation

Anatomic considerations

3-3-2 rule

Modified Mallampati Classification

Other risk factors for airway distortion, obstruction

Neck mobility

Difficult airway should be considered if concerns with any of the factors noted 

earlier

Preoxygenate using 100% oxygen, bag-valve-mask with PEEP valve

Prepare

Patient: Sniffing position, headboard off and patient head just below the intu-

bator’s xiphoid process

Medications: Free-flowing IV, premedication, induction, paralytic, and vaso-

pressor agents

Right side: Suction, endotracheal tube with stylet and syringe attached

Left side: Laryngoscope handle, blades, oral and nasal airways, end-tidal CO2 

detector

Review team member roles, primary and backup intubation plans

Oxygen cutoffs: Identify signals to abort, reinitiate bag-valve-mask ventilation

Administer medication, if indicated

Confirm endotracheal tube placement using two indicators (including  

end-tidal CO2)

Hold endotracheal tube until secured

IV, Intravenous; PEEP, positive end expiratory pressure. From Ameri-

can College of Chest Physicians Airway Management Program  

Curriculum, 2013.

BOX 35.3 ICU Intubation Bundle Used in a Large Multicenter Study to Improve Patient 
Outcomes

Preintubation

 1. Presence of two operators

 2. Fluid loading (isotonic saline [500 mL]) in the absence of cardiogenic pulmonary edema

 3. Preparation of long-term sedation

 4. Preoxygenation for 3 minutes with NIPPV in case of acute respiratory failure (Fio2 100%, pressure support ventilation level between 5 and 15 cm H2O to obtain 

an expiratory tidal volume between 6 and 8 mL/kg and PEEP of 5 cm H2O)

During Intubation

 5. Rapid-sequence induction: etomidate (0.2–0.3 mg/kg) or ketamine (1–3 mg/kg) combined with succinylcholine (1–1.5 mg/kg) in the absence of allergy, hyperka-

lemia, severe acidosis, acute or chronic neuromuscular disease, burn patients for more than 48 hours, and major crush injury

 6. Sellick maneuver

Postintubation

 7. Immediate confirmation of tube placement by capnography

 8. Norepinephrine if diastolic blood pressure remains ,35 mm Hg

 9. Initiate long-term sedation

 10. Initial “protective ventilation”: tidal volume 6–8 mL/kg of ideal body weight for a plateau pressure ,30 cm H2O

Fio2, Inspired oxygen fraction; NIPPV, noninvasive positive pressure ventilation; PEEP, positive end expiratory pressure.

From Jaber S, Jung B, Corne P, et al. An intervention to decrease complications related to endotracheal intubation in the intensive care unit: a pro-

spective, multiple-center study. Intensive Care Med. 2010;36:248–255.

ANNOTATED REFERENCES

De Jong A, Molinari N, Terzi N, et al. Early identification of patients at risk for 

difficult intubation in the intensive care unit: development and validation 

of the MACOCHA score in a multicenter cohort study. Am J Respir Crit 

Care Med. 2013;187(8):832–839.

A prospective multicenter study that identified and validated the first predic-

tion score for difficult intubation in the ICU called the MACOCHA score.

Jaber S, Jung B, Corne P, et al. An intervention to decrease complications re-

lated to endotracheal intubation in the intensive care unit: a prospective, 

multiple-center study. Intensive Care Med. 2010;36(2):248–255.

A two-phase, prospective, multicenter, controlled study, where the implemen-

tation of an intubation management protocol reduced immediate, severe, life-

threatening complications with ICU intubation.

Janz DR, Casey JD, Semler MW, et al. Effect of a fluid bolus on cardiovascular col-

lapse among critically ill adults undergoing tracheal intubation (PrePARE): a 

randomised controlled trial. Lancet Respir Med. 2019;7(12):1039–1047.

A pragmatic, multicenter, unblinded, randomized trial that demonstrated a 

fluid bolus of 500 mL compared with no fluid bolus did not decrease the overall 

incidence of cardiovascular collapse during intubation of critically ill adults.

Lascarrou JB, Boisrame-Helms J, Bailly A, et al. Video laryngoscopy vs direct 

laryngoscopy on successful first-pass orotracheal intubation among ICU 

patients: a randomized clinical trial. JAMA. 2017;317(5):483–493.

A randomized clinical trial that demonstrated videolaryngoscopy compared 

with direct laryngoscopy did not improve first-pass intubation rates, high-

lighting the need to study these two strategies in different clinical settings and 

operators with different skill levels.

Mosier JM, Sakles JC, Law JA, et al. Tracheal intubation in the critically ill. 

Where we came from and where we should go. Am J Respir Crit Care Med. 

2020;201(7):775–788.

A comprehensive review of emergency airway management challenges in  

critically ill patients. The review offers recommendations based on current 

evidence, guidelines, and expert opinion and highlights preintubation  

assessments, preparation and optimization of the patient and team for  

difficult cases, and recognition and management of failure to oxygenate.
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compared with a rate of 8%–21% of accidental orotracheal tube dislo-

cation.6 Moreover, because the internal cannula is not affected by head 

and neck movement, the occurrence of lesions resulting from tracheal 

mucosal abrasion and laryngeal damage is low.5

Additionally, easier airway suctioning and secretions management 

improve pulmonary secretion management and oral hygiene; there-

fore tracheostomy allows better patient comfort that might facilitate 

communication with family members and nurses. Patients can be mo-

bilized earlier and more easily, with faster return to oral feeding, 

shorter nasogastric tube dwell time,7,8 and reduced risk of tracheo-

esophageal fistula occurrence.

Use of a tracheostomy tube can aid in weaning from MV, because 

the direct approach to the trachea (with an internal diameter greater 

than in the translaryngeal approach) and reduced length all reduce 

airflow resistance; it also allows faster resumption of autonomous res-

piration, with less use of sedative agents, fewer days on the ventilator, 

shorter length of stay in the ICU, and reduced use of resources.3,9,10 

Although PT continues to gain acceptance as the method of choice, no 

single technique has been shown to be superior to another in any 

clinical situation. Furthermore, PT has a steep learning curve and re-

quires mastery of procedural skills and extensive expertise.

TRACHEOSTOMY TECHNIQUES

Percutaneous Dilational Tracheostomy vs. Surgical 
Tracheostomy
Tracheostomy techniques are evolving and improving. Two basic 

methods are available: PT and ST. The choice of whether to use one or 

the other depends on available resources, operator experience, and 

degree of patient complexity.

ST presents a similar risk of operative complications (minor or 

major hemorrhage, tracheo-innominate fistula, subglottic stenosis, 

oxygen desaturation, subcutaneous emphysema, pneumothorax, acci-

dental decannulation, and airway loss) compared with PT.

Several meta-analyses (Delaney and colleagues on 1212 patients, 

Higgins and Punthakee on 1000 patients enrolled in 15 prospective 

randomized controlled trials [RCTs], and more recently, Putensen and 

colleagues who tested 14 RCTs on different PT techniques versus ST in 

973 patients) reported a significant reduction in wound infection and 

stoma inflammation in PT; the latter is also performed faster even if 

associated with increased technical difficulties, although the benefits 

were found in studies using the multiple dilators technique (MDT), 

which is now replaced by the single-step dilation tracheostomy (SSDT) 

technique.11–13

Based on the analysis of different European surveys about the use of 

tracheostomy in critically ill patients, a wide heterogeneity regarding 

techniques, timing, operator, and structures used to perform the proce-

dure can be observed.5

INDICATIONS

Airway access for the treatment of upper airway obstruction or me-

chanical ventilation (MV) can be obtained by either orotracheal intu-

bation (OTI) or placement of a tracheostomy tube. During general 

anesthesia or after episodes of acute respiratory failure, patients are 

usually mechanically ventilated through an orotracheal tube, which 

can be easily and rapidly inserted as an initial airway device. When 

prolonged MV is provided or protection from tracheal aspiration is 

needed, a conversion to tracheostomy is mandatory and offers several 

potential advantages.

The introduction of the percutaneous tracheostomy (PT) by Cia-

glia in 1985 as an alternative to surgical tracheostomy (ST) attracted 

interest regarding its indications.1 Initially, PT was reserved for pa-

tients with few risk factors and favorable neck anatomy; however, with 

wider use, the indications expanded and PT has largely replaced surgi-

cal procedures. During the past decade, use of PT has increased, both 

for prolonged ventilation and in case of upper airway obstruction 

secondary to trauma or surgery of the face and neck region.2 Although 

an improvement of survival rates in intensive care units (ICUs) among 

patients receiving tracheostomy has been reported, the hospital mor-

tality rate was similar between patients with or without tracheostomy. 

However, patients who required tracheostomy and were discharged at 

home had double the mortality of nontracheostomized patients.3

More recent studies report further data on long-term outcomes in 

patients with tracheostomy and a better outcome among patients ,65 

years of age, although the overall 1-year mortality is still high (46.5%), 

whereas, not surprisingly, in patients .65 years of age a 50% higher 

mortality is observed. These data show trends toward earlier tracheos-

tomies, shorter hospital length of stay, and increased discharges to 

long-term facilities versus home, with a stable and high long-term 

mortality rate. Therefore what has really changed is the location of 

death that has been shifted to post–acute care facilities.4

According to these outcome data, and considering its invasiveness 

and procedural risks, tracheostomy should be considered only when 

prolonged MV is expected or the upper airway cannot be secured 

safely by other means.

Advantages of Tracheostomy
European surveys investigating the use of tracheostomy in critically ill 

patients reveal heterogeneity regarding techniques, timing, operator 

experience, and settings.5 Tracheostomy offers many clinical benefits 

for patients with respiratory failure or individuals requiring prolonged 

MV or airway protection because of neurologic dysfunction. Com-

pared with OTI, it provides safer airway protection and increases pa-

tient mobility by decreasing the risk of accidental extubation because 

of more effective securing of the tracheal cannula: patients with  

tracheostomy have a 1% incidence of accidental decannulation,  
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Surgical Techniques
ST in European ICUs is less common than PT; meanwhile, elsewhere it 

is equally distributed.

ST is prevalent in surgical ICUs: surgeons performed 61% of STs in 

Germany and 44% of all tracheostomies in the Netherlands. In an Ital-

ian survey, a dedicated team involving more than one intensivist and a 

nurse performed 62.6% of all tracheostomies.

Most STs were performed in operating rooms. In Germany, 28% of 

STs were performed in the ICU, whereas in the Netherlands the per-

centage was lower. In 42% of French ICUs, surgeons always performed 

tracheostomies (in France, ST remains largely preferred).5

Although PT has become a common procedure in patients under-

going elective tracheostomy, in the case of long-term MV, ST remains 

the method of choice in selected critically ill patients presenting with 

distortion of neck anatomy, prior neck surgery, cervical irradiation, 

maxillofacial or neck trauma, morbid obesity, difficult airway, or 

marked coagulopathy (e.g., patients undergoing heparin treatment 

during extracorporeal membrane oxygenation support). ST can be 

also safer when anatomic landmarks are difficult to palpate, the patient 

presents with a malignancy at the site of insertion, or if emergency 

tracheostomy placement is required.

Usually physicians are more likely to perform ST to explore the 

airway anatomy in the operative setting and then proceed to the PT 

where the airway is less well visualized (some PT procedures such as 

the Griggs technique can be easily converted to ST in cases of difficult 

anatomic landmarks).

Otolaryngologists or general surgeons perform ST in the operating 

room in selected challenging cases involving patients presenting with 

complex anatomy (short neck, morbid obesity, neck stiffness, local 

malignancy, tracheal deviation) or coagulopathy, in addition to pa-

tients with neck, esophageal, and cardiovascular surgeries.

ST procedures can be performed under general anesthesia with pro-

pofol, fentanyl, and muscle relaxant administration. The surgical treat-

ment of the tracheal window can be either mini-invasive similar to PT 

(with an open access without sutures) or invasive, realizing a true stoma 

and removing the anterior part of the tracheal wall with a ring flap su-

tured to the skin; the tracheostomy tube must be inserted between the 

first and third tracheal rings and fixed with two sutures: in this case, the 

surgical treatment involves a full dissection of the pretracheal tissues and 

insertion of the tracheostomy tube into the trachea under direct vision.

Because morbidity has been observed related to the transport of 

critically ill patients, to further reduce the rate of inadvertent mishaps, 

alternative techniques and surgical procedures such as ST should be 

considered and performed by anesthesiologists or surgeons at the bed-

side in the ICU.14 Even if it can be more difficult because of suboptimal 

conditions of lighting, suction, sterility, and cautery, bedside tracheos-

tomy avoids transferring the patient to the operating room, making it 

ideal for selected cases.

ST presents a similar risk of complications or death compared with 

PT, except stoma infections. The proportion of patients receiving PT 

or ST varies across different settings: ST is largely performed in ICUs 

managed by surgeons, PT is preferred in ICUs managed by intensivists, 

and both techniques are adopted in medical/surgical ICUs.15–20

Percutaneous Tracheostomy
Various PT devices have been developed to minimize risk and simplify 

the procedure.

Evolution in terms of technique, introduction of new percutaneous 

devices, and support tools such as fiber-optic bronchoscopy and ultra-

sound during the procedure have made this tracheostomy technique 

easier and safer.

Since PT was first described by Ciaglia and colleagues (using a guide 

wire),1 new methods have been developed by combining the percutane-

ous nephrostomy multiple-dilator procedure and a variant of the vas-

cular access described by Seldinger in 1953. In 1990 Griggs described 

the guide wire dilator forceps technique (GWDF) (Portex Limited, 

Hythe, Kent, UK), an improvement on the Rapitrach method in which 

the forceps was inserted along the guide wire and opened to the size of 

the skin incision to dilate the trachea21,22 (Fig. 36.1). Ciaglia’s initial se-

rial MDT was revised in 1999 for use with a single tapered dilator 

(SSDT) with a hydrophilic coating: it allowed, in a single step, achieving 

complete dilation of pretracheal tissues with a technique known as the 

Blue Rhino technique (Cook Critical Care, Bloomington, IN, USA).23 

In 1997 Fantoni described the translaryngeal technique (TLT) 

(Mallinckrodt, Mirandola, Italy) in which the dilator passed from inside 

to outside the tracheal wall without requiring external compression of 

the tracheal tissues.24 In 2003, a screwlike device was designed to open 

the tracheal stoma (rotational dilation technique), which was useful in 

case of loss of view of the tracheal lumen during bronchoscopy and to 

minimize the risk of posterior tracheal wall injury (PercTwist method, 

Rüsch GmbH, Kernen, Germany).25

The Ciaglia Blue Dolphin system (balloon dilatational tracheos-

tomy method) was introduced in 2008. It represents the most recent 

technique derived from the Fogarty balloon embolectomy catheter 

used in vascular surgery. This device generates a radial force to widen 

the tracheostoma in a single-step dilation, minimizing bleeding  

and tracheal ring injury, while achieving good cosmetic results after 

decannulation.26

The success of PT rests on the expertise of the intensivist or surgeon 

in ICU settings (mixed medical/surgical, only medical or surgical). More-

over, the availability of different PT techniques should enable physicians 

to optimize the procedure and thus challenge the need for ST in clinical 

scenarios of primary surgical technique competence such as obesity, 

neurotrauma, or vascular abnormalities with high risk of bleeding.

Today we see an extensive use of PT in ICU, thanks to the easy ex-

ecution of procedure at the bedside, avoiding high risk in patient 

transfer to the operating room.14,27–29

At present, there is no evidence supporting the recommendation 

of one PT technique over the others. A method can be selected on the 

basis of clinical criteria, operator experience, local practice, and 

availability.30

Fig. 36.1 Guide wire dilator forceps technique (Portex Limited, Hythe, 

Kent, UK). The operator shows the surgical forceps.
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A systematic review and meta-analysis of PT in critically ill patients 

recently investigated the advantages of PT versus ST in relation to 

major and minor intraprocedural complications.31 The review in-

cluded 13 RCTs on tracheostomy in medical, neurologic, or surgical 

ICU settings published in the past 10 years. Results demonstrated the 

equivalence of all techniques in terms of incidence of side effects and 

rate of procedure success, except for percutaneous TLT, which was as-

sociated with more severe complications and a greater need to convert 

to another tracheostomy technique compared with GWDF and SSDT 

techniques.31

In a more recent systematic review of 14 randomized comparative 

studies published between 1985 and 2013, the authors suggested that 

the SSDT technique is less difficult and most likely associated with a 

greater frequency of minor hemorrhagic events, but might be prefer-

able because clinicians have greater experience using this technique, 

which is the most widespread in clinical practice.32

Comparing ST with PT, results of the most recent meta-analysis by 

Putensen et al. focused on lower risks of stoma inflammation and infec-

tious complications using PT, but as a limitation of analysis, the benefit 

was mostly the result of studies using the MDT, which has largely fallen 

out of use in favor of the SSDT technique; no advantages were found in 

terms of hemorrhagic complications between ST and PT.13

COMPLICATIONS

PT in critically ill patients is considered a relatively safe procedure, 

with a low frequency of major complications even in patients with 

severe coagulation disorders.

Complications arising from tracheostomy maneuvers based on the 

time between the procedure and their onset can be classified as intra-

operative and postoperative (early and late complications, respec-

tively). The frequency and severity of complications depend on trache-

ostomy technique, operator experience, patient anatomy, and 

pathophysiologic factors related to the degree of organ dysfunction, 

especially respiratory and coagulation deficits.

Procedure-related complications include oxygen desaturation and 

difficult cannula placement because of acute tracheostomy tube occlu-

sion (generally because of the formation of a blood clot or mucus 

plug) or tube insertion into the wrong tract. Other early complications 

include hemorrhage, with bleeding controlled by local pressure or re-

quiring exploration (with conversion from PT to another dilational 

technique or surgery in some cases), or desaturation because of subcu-

taneous emphysema with or without evidence of pneumothorax. Pa-

tients with severe bleeding should undergo bronchoscopy for sus-

pected tracheoesophageal fistula, but this occurrence is normally 

characteristic of late complications.

Common adverse events in the postoperative period or later in-

clude slight bleeding, controlled by local pressure; accidental cannula 

removal and/or displacement (dislodged tracheal tubes within 7 days 

of insertion should be replaced with a tube the same size or smaller); 

and airway obstruction resulting from granuloma formation or stoma 

infection/inflammation.

Several uncontrolled case series have reported PT complications, 

but there are few prospective comparative studies of complications 

associated with PT and surgical tracheostomy or between different PT 

methods. A meta-analysis by Freeman and colleagues. found that, 

compared with surgical tracheostomy, Ciaglia’s and Grigg’s techniques 

were generally associated with lower rates of stomal bleeding, infec-

tion, and postoperative complications.33 In a randomized trial, with 

double-blind follow-up comparing the outcomes and the short- and 

long-term complications of TLT versus surgical tracheostomy, An-

tonelli and colleagues demonstrated lower bleeding rates with TLT, no 

increase in the risk of bacteremia caused by the spread of upper respi-

ratory tract microbes, and similar long-term effects (physical and 

emotional) of the two procedures.34

The recent implementation of extracorporeal circuits, such as ve-

novenous extracorporeal membrane oxygenation (VV-ECMO) to im-

prove ventilatory support, has increased the complexity of critically ill 

patients. ECMO circuit–blood interaction activates the coagulation 

cascade, with increased risk of thrombotic and hemorrhagic events. 

This condition might increase the risk of hemorrhagic complication 

during PT; however, recent retrospective data showed that PT is a safe 

procedure even during ECMO support when skilled operators, with 

careful optimization of the coagulation state, perform it.35,36 A recent 

retrospective observational study reported a consistent risk of major 

complications (15%), which is much higher when compared with that 

of non-ECMO patients, where only 3% had early severe complica-

tions.35,37,38 The most commonly described complication was major 

bleeding requiring blood transfusion, occurring in 11% of the studied 

population, and it corresponded to two-thirds of all major complica-

tions. Moreover, two posterior tracheal wall injuries, one bronchial 

mucosal injury, thyroid isthmus, external jugular vein injury, and one 

case of tension pneumothorax were described. ECMO circuit change 

was required in five cases because of either oxygenator failure or bleed-

ing and circuit-related disseminated intravascular coagulation (DIC).35 

A previous retrospective study reporting data from two different Ger-

man centers showed a lower incidence of major complications in five 

patients (4.2%) out of 118 PTs performed in a 6-year period.36 The 

main difference between the two studies was the heparin management 

strategy: in the previous study heparin had been stopped 1 hour before 

PT, whereas in the more recent study it was based on the clinician’s 

decision; as the median time of suspension of heparin was longer than 

1 hour, more coagulation disorders were observed. In addition, in the 

previous study, clinicians performed PT earlier compared with the 

more recent study. However, the number of cases is too small to draw 

conclusions on the safety of PT during ECMO support and suggest 

performing PT after weaning from ECMO whenever possible.35,36

TIMING OF TRACHEOSTOMY

Older guidelines recommended tracheostomy after 3 weeks of endo-

tracheal intubation only if extubation did not occur by 21 days.39 But 

defining and predicting the need for prolonged MV continues to pose 

a major methodologic challenge. Except in emergency procedures, the 

timing of tracheostomy in patients requiring prolonged MV is contro-

versial. But the real issue behind the debate is how to measure the ef-

fectiveness of early tracheostomy and its effects on outcome.

A meta-analysis published in 2005 reported that early tracheos-

tomy shortened the duration of MV and the length of ICU stay.40 In 

their study involving 1044 patients, Wang and colleagues suggested 

that tracheostomy timing did not significantly alter major clinical out-

comes in critically ill patients.41 Two Italian and French RCTs pub-

lished by Terragni and colleagues and Trouillet and colleagues, respec-

tively, evaluated the benefits and risks of tracheostomy and the ability 

to identify early patients requiring prolonged MV.42,43 Both trials en-

rolled candidates for tracheostomy. In the first study, respiratory func-

tion improved in 43.3% of patients randomized to the late tracheos-

tomy group so that tracheostomy was no longer necessary. Likewise, in 

the French study, only 27% of patients in the prolonged MV group 

underwent late tracheostomy.

The TracMan UK randomized trial analyzed survival in early versus 

late tracheostomy and confirmed the results of the previous trials.44 In 

the early group, 91.9% of the patients enrolled received a tracheos-

tomy, whereas only 44.9% in the late tracheostomy group underwent 
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tracheostomy. No significant differences in mortality or other major 

secondary outcomes between the two groups were found. These results 

convinced clinicians that routine early tracheostomy does not neces-

sarily reduce the incidence of ventilator-associated pneumonia (VAP), 

shorten hospital stay, or lead to lower mortality. In general, tracheos-

tomy should not be performed earlier than 13–15 days of OTI.45

Ten years after the most representative large RCT on tracheostomy 

timing in critically ill patients,42 delaying the procedure for roughly 

2 weeks after translaryngeal intubation is the recommended practice, 

and the decision is mostly influenced by the patient’s overall clinical 

condition, prognosis, and ability to wean.

However, these trials have not strongly explored the effects of tim-

ing on mortality, which requires a large sample size.46 Siempos Ilias 

and colleagues analyzed the incidence of mortality and pneumonia in 

13 RCTs (2434 patients, 648 deaths) comparing early tracheostomy 

(within a week after OTI) with late (done any time after the first week 

of MV) or no tracheostomy in critically ill patients under MV.

The authors demonstrated that all-cause mortality in the ICU was 

not significantly lower in patients assigned to the early vs. the late or 

no tracheostomy group, and the incidence of VAP was lower in pa-

tients assigned to the early vs. the late or no tracheostomy group with-

out evidence of a difference between the compared groups for 1-year 

mortality. Currently, if the common practice of delaying tracheostomy 

can be supported by the lack of effects on long-term mortality and the 

potential complications applying early tracheostomy timing, further 

studies are warranted on long-term outcomes.

Because data on patient outcomes related to the timing of trache-

ostomy are heterogeneous, selected patients with neurologic injury can 

benefit from prolonged intubation because of their limited ability to 

clear secretions. Prolonged intubation in traumatic brain injury, how-

ever, is associated with a high incidence of pneumonia. Conversely, 

early tracheostomy after trauma reduces the length of ICU stay, days 

on MV, and incidence of VAP. In patients with infratentorial lesions, 

Qureshi and colleagues suggested an aggressive policy regarding tra-

cheostomy, which was justified by the low rate of successful extuba-

tion.47–50 Although early tracheostomy in selected neurologic patients 

may reduce the length of ICU stay and pulmonary morbidity, the first 

7–10 days after acute brain injury coincide with the highest incidence 

of intracranial hypertension; therefore the appropriate timing for tra-

cheostomy in those patients must be related to the risk of severe intra-

cranial hypertension.51

TRACHEOSTOMY AND SAFETY

Adult tracheostomy can be performed in the operating room or at the 

bedside in the ICU. To improve PT safety in different scenarios, sug-

gested procedures to confirm tracheal puncture include (1) ultrasound 

for preoperative evaluation of the neck or during the intraoperative 

stage for monitoring needle progression through the trachea and (2) 

bronchoscopy surveillance during the procedure, which is increasingly 

performed by intensivists in critical care. In our experience, PT is a safe 

and easy procedure to perform at the bedside, even in difficult situa-

tions, by skilled intensivists with full technical support to minimize 

complications. For selected patients (e.g., individuals with distorted 

neck anatomy or history of prior neck surgery), a surgeon skilled in the 

conventional open technique should be readily available, even if the 

team is well trained in PT.52

Bronchoscopy
Safety during the PT procedure can be enhanced with bronchoscopy 

guidance to minimize complications. Several authors have recom-

mended the use of bronchoscopy during PT because it provides direct 

visualization of the airway during tracheostomy tube placement. A 

previous retrospective study evaluating the safety and efficacy of PT 

procedures with or without bronchoscopy showed that the use of bron-

choscopy did not give any advantage in the number of complications, 

except a higher conversion rate to surgical tracheostomy in the proce-

dures performed without tracheostomy, whereas survival rate, ventila-

tor-free days, and the length of ICU and hospital stay were similar 

among the analyzed trauma patients.53 More recently an RCT showed 

that PT performed with fiber-optic bronchoscopy is superior to PT 

without bronchoscopy control by reducing the rate of major and minor 

complications (40% vs. 20%) and the duration of the procedure.54

Intraoperative endoscopic control has been shown to reduce 

complications associated with tracheostomy. Bronchoscopy guidance 

can improve safety and efficiency by monitoring placement of the 

tracheal puncture, the dilational procedure (preventing damage to 

the posterior tracheal wall and visualizing progression through the 

interannular membrane without breaking the tracheal rings), inser-

tion of the tracheal cannula, and postprocedure control to detect 

intratracheal lesions and confirm correct endotracheal placement55 

(see Fig. 36.3).

Ultrasound and Percutaneous Tracheostomy
Although fiber-optic endoscopic control reduced some major compli-

cations during PT, in selected cases, there might be serious hemor-

rhagic complications because of puncturing of venous or arterial ves-

sels in patients with aberrant vascular anatomy. Muhammad and 

colleagues reviewed the incidence and sequelae of bleeding events as a 

complication of PT.56 They found that variations in venous (inferior 

thyroid vein) and arterial anatomy (thyroid artery) can lead to serious 

bleeding events that required investigation with diagnostic ultrasound 

and/or radiologic examination before proceeding with PT.

The presence of an abnormal branch of the innominate artery 

passing in front of the trachea near the area of a tracheostomy pro-

cedure can be detected by clinical evaluation (pulsatile swelling at the 

base of the neck); however, an additional ultrasound evaluation 

could be useful to confirm the complexity of the tracheostomy pro-

cedure and may warrant switching to a surgical approach in some 

cases5 (Fig. 36.2).

Ultrasound alone cannot replace bronchoscopy. Nonetheless, it 

might help to identify vascular structures when evaluating the anterior 

neck region and guide to the best area to perform PT, avoiding major 

bleeding complications. Several observational studies showed the use-

fulness of ultrasound before tracheostomy to prevent vascular compli-

cations, and in a selected population with acute brain injury and 

morbid obesity, where prolonged bronchoscopy might increase intra-

cranial pressure, ultrasound-guided PT proved successful.57,58

Recently, an RCT showed that ultrasound-guided PT is a safe pro-

cedure for critically ill patients and has some advantages compared 

with bronchoscopy-guided PT because it reduced the major bleeding 

complications. The trial showed that the real advantage of the ultra-

sound technique is the possibility of exploring the neck area to study 

the vascular structure; in fact, in six patients of the ultrasound–PT 

group, the entry location was changed after neck examination with 

ultrasound. The ultrasound-guided technique was performed with a 

transverse probe position in the out-of-plane mode to follow needle 

entry during puncture.59

In conclusion, for a safer procedure, the best option is to use ultra-

sound to explore the neck area to study the vascular structure and 

eventually to guide the percutaneous incision, but the procedure 

should be controlled using an optical fiber bronchoscopy, at least at the 

end of the procedure, to exclude any mechanical complication on  

tracheal structures.
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TRACHEOSTOMY IN NEUROCRITICAL PATIENTS

In patients with severe acute brain injury, tracheostomy represents an 

easy way to reduce the time under sedation and on MV, ICU length of 

stay, and to allow faster rehabilitation.60 The decision to perform a 

tracheostomy in patients affected by severe acute brain injury is usually 

made in a phase when the prognosis is uncertain in order to give more 

time for a clearer prognosis to emerge.61 A large retrospective cohort 

study exploring trends in tracheostomy over time conducted in the 

United States showed an increase from 28% to 32% over a decade. The 

major increase was reported in teaching and urban hospitals. After this 

increase in tracheostomy rate, discharge to home was relatively stable, 

but in-hospital mortality was significantly reduced, from 19.3% to 

9.1%, whereas discharge to long-term acute facilities was increased.62 

Time to tracheostomy in patients with severe acute brain injury should 

be short. The limited data available from a randomized trial suggest 

that performing an early tracheostomy, within the first 10 days after 

tracheal intubation, may reduce long-term and ICU mortality and re-

duce the duration of MV and ICU length of stay.63

MANAGEMENT AND CARE OF THE 
TRACHEOSTOMIZED PATIENT

Another important step is the management of the tracheostomized 

patient. There is increasing evidence that specialist tracheostomy 

teams improve patient outcome and enhance the weaning process.

To improve the quality of care provided to tracheostomized patients 

and to support staff involved in the delivery of routine tracheostomy 

care, the development of a quality improvement project was performed, 

funded by the NHS Wales Critical Care and Trauma Network. The 

project consisted of formal tracheostomy teaching that was delivered by 

a tracheostomy team to 165 clinicians involved in tracheostomy care: 

75.8% were nurses, 7.3% physiotherapists, 8.5% speech and language 

therapists, 7.3% medical, and 1.2% other healthcare professionals.64

The results of the project showed an improvement in self-assessed 

confidence, with knowledge and skills observed for all aspects of tra-

cheostomy care, with greatest improvement for “methods of insertion” 

and “communication and swallow.” Moreover, there was increased use 

of speaking valves to facilitate verbal communication for patients re-

ceiving ventilation. Furthermore, eating and drinking practice for pa-

tients with tracheostomy with or without MV was variable, and speech 

and language therapy (SLT) assessment before commencing oral in-

take was not occurring. After teaching sessions, all patients were as-

sessed by SLT before commencing oral intake, and 100% of those ap-

propriate managed to eat and drink safely during MV.64

In conclusion, with the increase in the number of tracheostomized 

patients over time, it is important to implement a program of educa-

tion provided to patients and to clinical staff, to improve the manage-

ment of tracheostomy and the quality of life of the patients.

TRACHEOSTOMY EMERGENCY

Emergency tracheostomy is rarely necessary because new techniques of 

OTI are available in critical care areas. On rare occasions, however, intuba-

tion via the oral or nasal route is unsuccessful or hazardous: foreign bodies 

in the larynx or extrinsic airway compression (Fig. 36.3A and B) or tra-

cheal stenosis (more frequently as a consequence of prolonged laryngeal 

intubation) involving the subglottic region represent a major therapeutic 

challenge precluding, in some cases, OTI for establishment of an airway.

Although in laryngotracheal stenosis, surgery is considered a first-

line treatment, preservation of the recurrent laryngeal nerves results in 

technical problems.65

The use of tracheal prostheses and permanent tracheostomy for es-

tablishment of an airway have been alternatives to surgery, but in recent 

years, the interest in endoscopic procedures such as laser-assisted endos-

copy, with or without stenting, has promoted their use in subglottic ste-

nosis to allow stabilization of the tracheal wall, with or without airways 

control by temporary tracheostomy (Figs. 36.4A and B and 36.5A and B).

TRACHEOSTOMY TRAINING

A learning curve for PT has been identified.66,67 The American Tho-

racic Society and the European Respiratory Society recommend 5–10 

procedures, whereas the American College of Chest Physicians recom-

mends 20 procedures.

Fig. 36.2 Use of ultrasound to evaluate the anterior neck region may be 

a valid and economic support to improve preoperative assessment and 

identify potential bleeding complications during the procedure. A, Sagit-

tal ultrasound image showing the upper four tracheal rings. B, Trans-

verse ultrasound image showing the anterior tracheal wall, tracheal lu-

men shadow, and thyroid gland. C, Axial image of trachea and 

surrounding structures with vascular structures depicted (thyroid veins).
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Fig. 36.3 A, CT scan of very severe airway obstruction as a consequence of posttraumatic oropharyngeal he-

matoma. B, Chest x-ray image after airways control by temporary tracheostomy in perioperative assessment.

A

B

Fig. 36.4 A, CT scan of moderate stenosis as a consequence of prolonged laryngeal intubation involving the 

subglottic region. B, Laser-assisted endoscopy with stenting to allow stabilization of the tracheal wall without 

airway control by temporary tracheostomy.
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Fig. 36.5 A, CT scan of very severe subglottic stenosis as a consequence of prolonged laryngeal intubation 

in a patient after cardiac arrest because of acute airway obstruction. B, CT scan of airway control by tempo-

rary tracheostomy in preoperative assessment.

A B

During initial training, practice on manikins, animal models, or bio-

logic tissues (because of ethical and economic concerns) can improve 

skills and minimize complications.68–71 The pig model may provide a 

more realistic approach.72 An Italian group tested the efficacy of the 

porcine model in developing the skills that residents require for success-

ful PT. The model consisted of a larynx and trachea free from perilaryn-

geal and peritracheal tissues. The resulting tissue block was then placed 

on a backing with an overlapping of sponge and plastic wrapping (simu-

lating the skin) before being inserted into the manikin’s neck.73

Recently a new training approach in endoscopic PT using a simula-

tion model based on biologic tissue was performed.71 Adult sheep 

heads and necks bought from the slaughterhouse were used for train-

ing (Fig. 36.6). Tracheostomy training stations for different PTs were 

available, with an orotracheal tube correctly positioned through the 

larynx of the sheep necks. The necks were cut so as to preserve all the 

tracheal rings. A single-use flexible video-endoscope was available in 

each training station to allow the participant performing PT proce-

dures to see manipulation results and for teachers to monitor and ad-

vise as they proceeded. With the same training model, cricothyrotomy 

was always performed through the cricothyroid membrane.

Simulation models based on animal tissue for training in PT seem 

to be more realistic than manikins in terms of reality of the skin and 

landmark recognition. Moreover, they provide a particular “tactile 

feeling” in trainees and allow better monitoring of skill acquisition in 

endoscopic PT settings.
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Fig. 36.6 Tracheostomy training station for single-step dilation trache-

ostomy (SSDT) with a simulation model based on biologic tissue (adult 

sheep neck). A detail of the Blue Rhino Ciaglia introducer (Cook Critical 

Care, Bloomington, IN, USA) among tracheal rings during insertion into 

the trachea of the sheep model.
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 References for this chapter can be found at expertconsult.com.

KEY POINTS

• Surveys on tracheostomy show wide heterogeneity in techniques (PT or 

surgical), timing, operator experience, and settings.

• PT continues to gain acceptance as the method of choice, though no single 

technique has been shown to be superior to another.

• PT has become the procedure of choice in patients undergoing elective 

tracheostomy; however, ST remains the method of choice in selected criti-

cally ill patients presenting with distorted neck anatomy, prior neck surgery, 

cervical irradiation, maxillofacial or neck trauma, morbid obesity, difficult 

airways, or marked coagulopathy.

• The optimal timing of tracheostomy in patients requiring prolonged MV re-

mains controversial. After results of large RCTs in critically ill patients on 

tracheostomy timing, the delay of the procedure for roughly 2 weeks after 

translaryngeal intubation is the recommended practice, and the decision is 

mostly influenced by the patient’s overall clinical condition, prognosis, and 

tolerance to weaning.

• PT is not without complications; it has a steep learning curve and requires 

mastery of procedural skills and extensive expertise. During initial training, 

practice on manikins, animal models, or biologic tissues (because of ethical 

and economic concerns) can improve the skills and minimize complications.
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a pressure-targeted inflation if a target volume was not achieved (vol-

ume-assured pressure support). A similar concept involves a feedback 

mechanism during volume-assist breaths that adds inspiratory flow to 

assure airway pressure does not fall below zero in the presence of vig-

orous inspiratory efforts.

Today, however, the most common of these feedback control 

mechanisms provides additional inspiratory pressure during pressure-

targeted breaths to assure that the targeted average tidal volume is 

achieved. This mechanism makes adjustments based on previous tidal 

volumes and is commonly termed pressure-regulated volume control 

(pressure assist-control breaths) or volume support (pressure support 

breath). Inspiratory pressure feedback control features can incorporate 

additional inputs (e.g., exhaled CO2, minute ventilation, respiratory 

rate) to “fine-tune” breath delivery. A more sophisticated and advanced 

form of these feedback control systems incorporates a minute volume 

target and adjusts inspiratory pressure, respiratory rate, and 

inspiratory:expiratory timing to minimize the calculated work per 

breath and avoid air trapping (adaptive support ventilation).

Finally, over the last three decades, two truly novel assist modes 

have been introduced: proportional assist ventilation (PAV) and neu-

trally adjusted ventilatory assistance (NAVA).4 The former calculates 

respiratory system mechanics and adjusts flow and inspiratory pres-

sure to proportionately unload inspiratory muscles; the latter uses the 

diaphragmatic electromyographic (EMG) signal to adjust flow and 

pressure delivery in accordance with patient effort. These modes are 

discussed in more detail elsewhere in this text.

PHYSIOLOGIC EFFECTS OF MECHANICAL 
VENTILATION

Alveolar Ventilation and the Equation of Motion
Alveolar ventilation denotes fresh gas delivery to the gas-exchanging 

regions of the lungs. Mathematically this is expressed as:

� �VA = f (VT VD)

where VA 5 alveolar ventilation per minute, f 5 breathing frequency, 

VT 5 tidal volume, and VD 5 wasted ventilation or dead space per 

breath. Alveolar ventilation needs to be adequate for the rates of tissue 

oxygen consumption (VO2) and carbon dioxide production (VCO2). 

By convention, CO2 transport, as expressed by the relationship be-

tween VCO2 and the steady-state arterial PCO2, is used to quantify VA:

VA = 800 (VCO / PaCO )2 23

The difference between total ventilation (f 3 VT) and VA is VD.

The lungs are inflated by mechanical ventilation when a dynamic 

pressure increment or flow is applied at the airway opening. These ap-

plied forces interact with respiratory system compliance (both lung 

and chest wall components), airway resistance, and, to a lesser extent, 

Mechanical ventilatory support provides pressure and flow to the air-

ways to help accomplish oxygen (O2) and carbon dioxide (CO2) trans-

port between the environment and the pulmonary capillary bed. The 

overall clinical goal of mechanical ventilation is to maintain appropri-

ate levels of O2 and CO2 content in the arterial blood while unloading 

the ventilatory muscles. An equally important goal is to provide this 

support without harming the lungs. Positive-pressure mechanical ven-

tilation can be applied through either an artificial airway or a tight- 

fitting mask (noninvasive ventilation, discussed in detail in Chapter 55).

DESIGN FEATURES OF MODERN MECHANICAL 
VENTILATORS

Most modern ventilators use high-pressure gas sources to drive gas 

flow. Tidal breaths are generated by metering this gas flow and can be 

classified regarding what initiates the breath (trigger variable), what 

controls gas delivery during the breath (target or limit variable), and 

what terminates the breath (cycle variable).1 In general, breaths can be 

initiated (triggered) by patient effort (assisted breaths) or by the ma-

chine timer (controlled breaths). Target or limit variables are either a 

set flow or a set inspiratory pressure. With flow targeting, the ventilator 

regulates the airway pressure to maintain a clinician-determined flow 

pattern. In contrast, for pressure targeting, the ventilator adjusts flow 

to maintain a clinician-determined inspiratory pressure. Cycle vari-

ables are a set volume, flow, or set inspiratory time. Breaths can also be 

cycled if pressure limits are exceeded. Using this approach, standard 

breath delivery algorithms from modern mechanical ventilators can be 

classified into five basic breath categories based upon trigger, target, 

and cycle criteria: (1) volume control (VC), (2) volume assist (VA), (3) 

pressure control (PC), (4) pressure assist (PA), and (5) pressure sup-

port (PS) (Fig. 37.1).1

The availability and delivery logic of the different breath types de-

fine the mode of mechanical ventilatory support. The mode controller 

is an electronic, pneumatic, or microprocessor-based system designed 

to provide the desired combination of breaths according to set algo-

rithms and feedback data (conditional variables). The five most com-

mon modes are volume assist-control (VACV), pressure assist-control 

(PACV), volume synchronized intermittent mandatory ventilation  

(V-SIMV), pressure synchronized intermittent mandatory ventilation 

(P-SIMV), and standalone pressure support ventilation (PSV). It is 

important to note that a technique using pressure-targeted IMV set in 

a long inspiratory:expiratory configuration (airway pressure release 

ventilation) has often been labeled a “new mode” when it can be viewed 

simply as a modification of P-SIMV that extends the inflation period 

and allows tidal breaths superimposed on the higher pressure level.

Current ventilator designs incorporate advanced monitoring and 

feedback functions to allow continuous adjustments in the breath de-

livery patterns.2,3 An early approach involved adding flow to the end of 
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respiratory system inertance and lung tissue resistance to effect gas 

flow.5–8 For simplicity, inertance and tissue resistance are relatively 

small and for clinical purposes can be ignored, so that the interactions 

of pressure, flow, and volume with respiratory system mechanics can 

be expressed by the simplified equation of motion:

Pressure across the respiratory system in exxcess of

the end-expiratory pressure = (floow resistance)

+ (tidal volume/compliance)

3

In the mechanically ventilated patient, this relationship is expressed as:

� � � � � �ɺPcir Pmus (V R) (VT / Crs)

where DPcir is the change in ventilator circuit pressure above baseline 

(peak pressure minus end-expiratory pressure: Ppeak 2 PEEP); DPmus 

is inspiratory muscle pressure generated by the patient (if present);  

V˙ is the flow into the patient’s lungs; R is the resistance of the external 

circuit, artificial airway, and natural airways combined; Vt is the tidal 

volume; and Crs is the respiratory system compliance. If intrinsic or 

auto-PEEP (PEEPi) is present, muscle and circuit pressure must over-

come this end-expiratory bias before flow and volume can be delivered, 

and thus PEEPi will add to the pressure requirement.

When flow is paused and pressure is held constant at end inspiration 

(V̇ 5 0, Pmus 5 0), the ventilator circuit pressure levels off at a pressure 

commonly referred to as the “plateau” pressure (Pplat). By use of this 

inspiratory hold, the components of Pcir required for flow and for re-

spiratory system distention can be separated to describe R and Crs:

2R = (Ppeak Pplat)/ Vɺ

2Crs = VT / (Pplat PEEP)

Importantly, airway pressure measurements made under no-flow condi-

tions are alveolar pressures and are determined by the pressure needed 

to distend the lung and the chest wall at that volume (Pplat at end inspi-

ration, PEEP at end expiration). However, it is only the pressure across 

the lungs (transpulmonary pressure [TPP]) that affects alveolar stretch, 

drives regional ventilation, and maintains end-expiratory lung volume. 

TPP can be directly measured if an estimate of average pleural pressure 

(approximated by esophageal pressure) is available. Thus TPP 5 alveolar 

pressure minus pleural pressure 5 Paw 2 Ppl.9

In practice, because chest wall compliance (the major determinant 

of Ppl) is generally high, Ppl changes over the respiratory cycle are usu-

ally small, and measurements of airway Pplat and PEEP are reasonable 

approximations of TPP. In contrast, under conditions of very low chest 

wall compliance (e.g., obesity, anasarca, abdominal compartment syn-

drome, tight bandages), Ppl may be quite high, and thus the measured 

Pplat and PEEP will markedly overestimate the actual TPP.9 This influ-

ence needs to be considered when setting the upper limits of ventilator 

settings in such patients and may require actual measurements of Ppl 

(Pes) to be safe.

In situations where spontaneous efforts occur, no-flow conditions 

at end inspiration are difficult to obtain, and consequently Pplat may 

be impossible to measure in real time. One solution to approximate 

Pplat under these conditions would be to deliver a controlled (i.e., pas-

sive) breath with an inspiratory pause using a similar VT and PEEP. 

Alternatively, there are proprietary monitors that can analyze the expi-

ratory flow pattern during a passive exhalation to calculate respiratory 

system compliance and resistance and then determine a Pplat.10

Flow-Targeted vs. Pressure-Targeted Breaths
As noted earlier, there are two basic approaches to delivering positive-

pressure breaths: flow targeting and pressure targeting. With flow 

targeting, the clinician sets inspiratory flow so that circuit pressure is the 

dependent variable. With pressure targeting, the clinician sets an inspira-

tory pressure target (with either time or flow as the cycling criterion) so 

that flow and volume are dependent variables (i.e., varying with lung 

mechanics and patient effort). With a flow-targeted breath, changes in 

compliance, resistance, or patient effort will change Pcir (but not flow); in 

contrast, with a pressure-targeted breath, similar changes in compliance, 

resistance, or effort will cause a change of tidal volume (but not Pcir).

Each strategy has advantages and disadvantages.1,11 For flow-targeted 

breaths, a minimal tidal volume can be guaranteed. For pressure- 

targeted breaths, the rapid initial flow and subsequent declining flow of 

pressure targeting may enhance gas mixing and patient synchrony. As 

noted earlier, on modern ventilators, a variety of feedback mechanisms 

can combine features of flow- and pressure-targeted breaths.
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Fig. 37.1 Airway pressure, flow, and volume tracings over time depicting the five basic breaths are available on most modern mechanical ventilators. 

Breaths are classified by their trigger, target or limit, and cycle variables. (Adapted from MacIntyre NR. Mechanical ventilatory support. In Dantzker 

D, MacIntyre NR, Bakow E, eds. Comprehensive Respiratory Care. Philadelphia: Saunders; 1995, p. 2335.)
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Intrinsic (Auto) PEEP
PEEPi is the positive end-expiratory pressure that develops within alve-

oli because of insufficient expiration time, either because of inadequate 

time allowed between breaths by the ventilator or patient or because of 

increased expiratory resistance and collapse (flow limitation).6–8,12–15 

PEEPi depends on three factors: the minute ventilation, the expiratory 

time fraction, and the respiratory system’s expiratory time constant (the 

product of resistance and compliance). The potential for developing 

PEEPi rises with increases in the minute ventilation, decreases in the 

expiratory time fraction, or increases in the expiratory time constant 

(i.e., with higher R or Crs values).

The development of PEEPi will have different effects during pres-

sure-targeted compared with flow-targeted ventilation. In flow-tar-

geted ventilation, the constant delivered flow and volume (and thus 

DPcir) means that a rising PEEPi will increase both the Ppeak and the 

Pplat. In contrast, in pressure-targeted ventilation, the set Pcir limit 

coupled with a rising PEEPi level will decrease DPcir and, with it, the 

delivered tidal volume (and minute ventilation). Importantly, this ac-

commodation may help limit the buildup of PEEPi.

In the patient without respiratory effort, PEEPi can be recognized 

in two ways. First, when an inadequate expiratory time produces 

PEEPi, analysis of the flow graphic will show that expiratory flow has 

not returned to zero before the next breath is given. Second, PEEPi in 

alveoli with patent airways can be quantified during an expiratory hold 

maneuver that permits equilibration of the end-expiratory pressure 

with Pcir. Note that total end-expiratory pressure is the sum of applied 

PEEP and PEEPi. Importantly, in patients with airway collapse, the 

expiratory hold maneuver will not detect the presence of PEEPi in 

units peripheral to the zone of closure. 

In the patient with respiratory efforts, PEEPi can function as an 

inspiratory threshold load that produces delayed or even missed trig-

gering of the desired breath.12–14 In those cases with tidal flow limita-

tion, this load can be counterbalanced with the judicious application 

of applied PEEP, guided either clinically or with Pes measurements.13

Distribution of Ventilation 
A positive-pressure tidal breath must be distributed among the mil-

lions of alveolar units in the lung.
16–18 Factors affecting this distribu-

tion include regional resistances, compliances, functional residual ca-

pacities, the delivered flow pattern (including inspiratory pause), and 

the presence or absence of patient inspiratory efforts. In general, posi-

tive-pressure breaths will tend to distribute more to units with high 

compliance and low resistance and away from obstructed or stiff units 

(Fig. 37.2). This creates the potential for regional overdistention of 

healthier lung units, even in the face of “normal”-sized tidal volumes 

(see “Ventilator-Induced Lung Injury” later).

The flow pattern influences ventilation distribution. For example, 

when there are obstructive inhomogeneities, slow and constant flows 

will tend to distribute gas more evenly (although consequent shorter 

expiratory times may worsen air trapping). In addition, end-inspira-

tory pauses can also allow a gas shifting pendelluft action to help fill 

disadvantaged alveoli (see Fig. 37.2). In contrast, when there is paren-

chymal lung injury without obstructive airway inhomogeneity, ini-

tially rapid flows with subsequent deceleration (typically seen in pres-

sure-targeted breaths) may distribute gas more evenly and will 

pressurize lung units rapidly, producing a higher mean inspiratory al-

veolar pressure for a given breath volume.

Finally, the presence or absence of patient efforts will affect this 

distribution. A passive positive-pressure breath without diaphrag-

matic contraction will distribute to more nondependent regions. In 

contrast, an active diaphragm will facilitate distribution of gas to 

more dependent zones. Importantly, in lungs with severe mechanical 

heterogeneity, an active diaphragm may promote regional overinfla-

tion (see “Ventilator-Induced Lung Injury” later).19,20

It should be noted that more uniform ventilation distribution does 

not necessarily mean better V̇/Q̇ matching (i.e., more homogeneous 

ventilation distribution may actually worsen V̇/Q̇ matching in a lung 

with inhomogeneous perfusion). Because of all these considerations, 

predicting which flow pattern will optimize ventilation-perfusion 

matching is difficult, often inconsequential, and usually an exercise of 

empirical trial and error.

Alveolar Recruitment and Gas Exchange
Because of alveolar flooding, inflammatory exudates, and collapse, 

lung injury usually leads to V̇/Q̇ mismatching and intrapulmonary 

shunt.21 In many (but not all) of these disease processes, substantial 

numbers of collapsed alveoli can be recruited during a positive-pressure 

ventilatory cycle. The ongoing opening and closure may be effectively 

countered by adequate end-expiratory pressure (PEEP or continuous 

positive airway pressure [CPAP]).22–25 Alveoli prevented from collapsing, 

or “derecruiting,” by PEEP receive several potential benefits. First, alveo-

lar recruitment improves V̇/Q̇  matching and gas exchange throughout 

the ventilatory cycle. Second, as discussed in more detail later, continu-

ally patent alveoli are not exposed to the risk of injury from the shear 

stress of repeated opening and closing. Third, open alveoli increase gen-

eration of surfactant monolayers that improve lung compliance.

PEEP, however, can also be detrimental. Because the tidal breath is 

delivered on top of the baseline PEEP, end-inspiratory pressures are 

usually raised by the application of PEEP (although this increase may 

be less than the actual added PEEP because of recruitment-improved 

compliance). This increase must be considered if the lung is at risk for 

regional overdistention (see “Ventilator-Induced Lung Injury” later). 

Moreover, because parenchymal lung injury is often quite heteroge-

neous, appropriate PEEP in one region may be suboptimal in another 

and excessive in yet another. Optimizing PEEP is thus a balance be-

tween recruiting the recruitable alveoli in diseased regions without 

overdistending already recruited alveoli in healthier regions. Another 

potential detrimental effect of PEEP is that it raises mean intrathoracic 

pressure, with the potential in susceptible patients to impede venous 

return and compromise cardiac filling (see “Cardiac Effects” later).

Because diseased lung units require higher pressures to open than to 

keep open, additional recruitment can sometimes be provided by the 

use of recruitment maneuvers (RMs) that apply pressures in excess of 

the tidal values.
26–29 RMs are often performed using sustained inflations 

Normal NormalLow regional CL High regional Raw

Positive
pressure
breath

Positive
pressure
breath

Fig. 37.2 Schematic effects of the ventilation distribution in two-unit 

lung models with homogeneous mechanical properties, abnormal com-

pliance distribution, and abnormal resistance distribution. Note that in 

situations involving inhomogeneous lung mechanics, positive-pressure 

breaths are preferentially distributed to “healthier” regions of the lung 

and can produce regional overdistention even when a normal-sized 

global tidal volume is delivered. CL, lung compliance; Raw, airway resis-

tance. (Adapted from MacIntyre NR. Mechanical ventilatory support. In 

Dantzker D, MacIntyre NR, Bakow E, eds. Comprehensive Respiratory 

Care. Philadelphia: Saunders; 1995, p.453)
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(e.g., 30–40 cm H2O) for up to 2 minutes. Alternative approaches use 

transient elevations of the PEEP–tidal volume setting and single or 

multiple “sigh breaths” that take the lung briefly to near-total lung ca-

pacity. Importantly, these transient pressure elevations can themselves 

have adverse hemodynamic consequences and, to avoid undesired  

patient efforts, the patient may require additional sedation (or even 

neuromuscular blockade).
26–29 It also must be pointed out that RMs 

provide initial alveolar recruitment only—the maintenance of recruit-

ment depends on an appropriate setting of PEEP to prevent subsequent 

derecruitment.

Inspiratory time prolongations may also improve recruitment.30–32
 

Prolonging inspiratory time, generally by adding a pause, often in 

conjunction with a rapid decelerating flow (i.e., pressure-targeted 

breath), has several physiologic effects. First, the longer inflation pe-

riod may recruit more alveoli because recruitment depends not only 

on the pressure applied but also on its duration. Second, increased gas 

mixing time may improve V̇/Q̇ matching in parenchymal lung injury. 

Third, the development of PEEPi consequent to shorter expiratory 

times can have effects similar to those of applied PEEP. It should be 

noted, however, that the distribution of PEEPi (most pronounced in 

lung units with long time constants) may be less uniform than that  

of applied PEEP; thus the effects on V̇/Q̇  may also be different. Fourth, 

because these long inspiratory times significantly increase total intra-

thoracic pressures, cardiac output may be reduced (see “Cardiac  

Effects” later). And finally, inspiratory-to-expiratory ratios that exceed 

1:1 (so-called inverse-ratio ventilation) are uncomfortable, and patient 

sedation/paralysis is often required unless a gating mechanism allows 

spontaneous breathing during the inflation period (airway pressure 

release ventilation).
31

Mechanical Unloading
Mechanical loads describe the physical demands placed on respiratory 

muscles to breathe.
33,34 Loads are often expressed as the pressure–time 

product (PTP—the integral of pressure over time), work (W—the 

integral of pressure over volume), or power (W / time). Because 

mechanical loads correlate with inspiratory muscle oxygen demands, 

the concept of load is useful in considering inspiratory muscle energy 

requirements during spontaneous or interactive ventilatory support. 

More recently, the concept of mechanical loads (especially power) have 

been used to describe mechanical forces on the lungs that might  

be implicated in producing injury (see “Ventilator-Induced Lung  

Injury” later).
35

Compliance and resistance, coupled with delivered flow and vol-

ume, each contribute to the magnitude of the load per breath (see 

“Alveolar Ventilation and the Equation of Motion” earlier). During 

spontaneous breaths, Pcir is zero, and integrating Pes over time or 

volume (in reference to the passive inflation pressure) describes the 

load borne by the inspiratory muscles to inflate the lungs. During a 

controlled passive breath, integrating Pcir over time or volume de-

scribes the load borne by the ventilator to inflate the entire respiratory 

system (lungs and chest wall), and integrating Pes over time or volume 

describes the loads imposed by the chest wall only. During interactive 

breaths, the load is shared between patient and ventilator.

Inspiratory muscle overload is one of the major determinants of 

continuing ventilator dependency and can result either from excessive 

mechanical loads or from inspiratory muscle dysfunction. Loads can 

be increased either by disease or by inappropriate ventilatory assis-

tance (see “Patient-Ventilator Dyssynchrony” later). Inspiratory mus-

cle dysfunction can be a result of the systemic inflammatory response 

syndrome, metabolic disturbances, drugs (e.g., steroids, previous  

use of neuromuscular blockers), malnutrition, or malpositioning (i.e., 

diaphragm flattening from lung overinflation).36 Mathematically, 

inspiratory muscle fatigue and failure can be expected when the Pres-

sure Time Index (PTI) exceeds 0.1533:

5

�

PTI Inspiratory pressure /(max diaphragmatic pressure)

(inspiratory time / breath cycle time)

Clinically, inspiratory muscle overload is manifested by rapid, shallow 

breathing patterns; paradoxical abdominal motion; and patient dis-

tress.

Insufficient loading may also affect inspiratory muscles. Specifi-

cally, controlled mechanical ventilation that occurs without any pa-

tient effort, perhaps for as little as 24 hours, may produce muscle 

changes similar to disuse atrophy—a condition described as “ventila-

tor-induced diaphragmatic dysfunction” (VIDD).37–39

ADVERSE EFFECTS OF POSITIVE-PRESSURE 
MECHANICAL VENTILATION

Ventilator-Induced Lung Injury
The lung can be injured when it is stretched excessively by positive-

pressure ventilation. Historically, the most well-recognized injury was 

alveolar rupture, presenting as extraalveolar air in the mediastinum 

(pneumomediastinum), pericardium (pneumopericardium), subcuta-

neous tissue (subcutaneous emphysema), pleura (pneumothorax), and 

vasculature (air emboli). The risk of extraalveolar air increases as a 

function of the magnitude and duration of alveolar overdistention. 

Thus interactions of the respiratory system mechanics and mechanical 

ventilation strategies (e.g., high regional tidal volume and PEEP—both 

applied and intrinsic) that produce regions of excessive alveolar stretch 

for prolonged periods create alveolar units that are at risk for rupture.

Over the last half-century, it has become increasingly clear that re-

peatedly excessive alveolar stretch (i.e., beyond physiologic limits) can 

produce significant lung injury even without frank alveolar rupture 

(ventilator-induced lung injury [VILI])40 Excessive stretching is in-

duced by excessive “stress” (transpulmonary pressure) producing  

excessive “strain” (volume change) at end inspiration (static strain) 

and during tidal breath delivery (tidal strain).40–46 A similar phenom-

enon occurs at the interfaces of collapsed and open alveoli when the 

collapsed alveoli are repetitively opened and closed. VILI may be wors-

ened by increasing the frequency of excessive lung tidal stretching 

(reflected in measurements of the mechanical power to breathe) and 

from acceleration forces associated with rapid initial gas flow into the 

lung.35 Pathologically, VILI manifests as diffuse alveolar damage and is 

associated with cytokine release47,48 and bacterial translocation.49

VILI is often a regional phenomenon that occurs when low-resistance/

high-compliance units receive a disproportionately high regional tidal 

volume (see Fig. 37.2) or when collapsed lung regions are repeatedly 

opened and closed. Importantly, vigorous spontaneous efforts, although 

sometimes improving ventilation distribution as described earlier, can  

also produce regional overdistention in severely damaged lungs. This 

can be especially harmful if spontaneous efforts result in excessive tidal 

volumes (self-induced lung injury [SILI]).19,20

Concern about VILI development is the rationale for using “lung-

protective” ventilator strategies that include tidal volumes in the 

physiologic range (e.g., 4–8 mL/kg ideal body weight [IBW]), maximal 

end inspiratory TPP below the physiologic maximum (i.e., ,25–30 cm 

H2O), and PEEP strategies that minimize the collapse-reopening phe-

nomenon without overdistending patent lung units.25,50–52

More recently, analyses of pressure changes during tidal volume 

delivery have helped “fine-tune” these recommendations. For example, 

the driving pressure to distend alveoli (DP 5 Pplat 2 PEEP) reflects 

the compliance characteristics of the lung during tidal breath delivery 
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(DP 5 VT / C).45 From retrospective analyses of several mechanical 

ventilation trials, elevations in DP (e.g., .13–19 cm H2O) would sug-

gest either excessive regional tidal distention (in spite of an acceptable 

“global VT”) or inadequate recruitment (in spite of acceptable gas ex-

change). A similar strategy analyzes the pressure profile during tidal 

breath delivery with a constant flow (stress index).53 Under these con-

ditions, an airway pressure waveform with a progressively increasing 

slope suggests overdistention; an airway pressure waveform with a 

progressively decreasing slope suggests inadequate recruitment; and an 

airway pressure waveform with a diagonal straight line suggests less 

hazardous VT and PEEP settings. Importantly, lung protective strate-

gies may require acceptance of less-than-optimal values for pH, PaO2, 

and PCO2 in exchange for lower (and safer) distending pressures and 

volumes.

Cardiac Effects
In addition to affecting ventilation and ventilation distribution, intra-

thoracic pressure changes resulting from positive-pressure ventilation 

can affect cardiovascular function.54–58 In general, as the mean intra-

thoracic pressure is increased, the right ventricular filling is decreased. 

This is the rationale for using volume repletion to maintain cardiac 

output in the setting of high intrathoracic pressure. In addition, lung 

distention can increase the right ventricular afterload, further compro-

mising cardiac output. Conversely, elevations in intrathoracic pressure 

can improve left ventricular function because of an effective reduction 

in its afterload. Indeed, the sudden release of intrathoracic pressure 

(e.g., during a ventilator disconnect or spontaneous breathing trial) 

has the potential to precipitate flash pulmonary edema because of the 

acute increase in afterload coupled with increased venous return.

Intrathoracic pressures can also influence the distribution of perfu-

sion. Although an oversimplification of the actual dynamics, the rela-

tionship between alveolar and perfusion pressures in the three-zone 

lung model can help explain this.59 Specifically, the supine human lung 

is generally in a zone 3 (vascular distention) state. However, as the in-

traalveolar pressures rise, the zone 2 and zone 1 regions can appear, 

creating high V̇/Q̇  units. Indeed, increases in dead space (occurring in 

zones 1 or 2 of the lung) can be a consequence of ventilatory strategies 

using high ventilatory pressures or in the setting of high PEEP (either 

intrinsic or applied).

Positive-pressure mechanical ventilation can affect other aspects of 

cardiovascular function. Specifically, dyspnea, anxiety, and discomfort 

from inadequate ventilatory support can lead to stress-related catechol 

release, with subsequent increases in myocardial O2 demands and risk 

of dysrhythmias. In addition, coronary blood vessel O2 delivery can be 

compromised by inadequate gas exchange from lung injury coupled 

with low mixed venous O2 partial pressure, resulting in part from high 

O2 consumption demands by the ventilatory muscles.

Patient-Ventilator Dyssynchrony
Patients can interact with all three phases of an assisted breath: (1) 

trigger, (2) flow delivery, and (3) cycle.60–62 Triggering dyssynchronies 

that manifest as unrecognized or delayed responses to patient effort 

can be attributed to insensitive or unresponsive triggering mechanisms 

or PEEPi. These impose a triggering load on the respiratory muscles. 

Premature triggering (“double triggering”) may be derived from  

circuit motion artifacts, premature breath cycling, or the recently de-

scribed “reverse” triggering observed during controlled breaths. Flow 

dyssynchrony occurs when the ventilator’s flow delivery algorithm is 

not well matched to patient effort and is more likely to occur during 

fixed-flow breaths (i.e., flow targeted). Cycle dyssynchrony occurs 

when the breath cycling criteria are either inappropriately short or 

long for the duration of effort. Patients dyssynchronous in any phase 

will have unnecessary loads placed on their respiratory muscles, 

thereby increasing the risk of muscle fatigue. Moreover, dyssynchro-

nous interactions produce discomfort and dyspnea.

There is no doubt that many dyssynchronies are subtle and of little 

clinical relevance. However, significant dyssynchronies that produce 

severe patient discomfort are frequently cited indications for the ad-

ministration of sedatives in many intensive care units (ICUs). There-

fore this may affect the duration of intubation, as high sedation usage 

is linked to longer ventilator use.

Managing dyssynchronies can be a significant clinical challenge. 

Setting trigger sensitivity to be as sensitive as possible without auto-

triggering is crucial. Judiciously applied PEEP in the setting of a trig-

gering load from PEEPi can be helpful. Careful adjustments of flow 

magnitude, timing, and patterns (especially the use of pressure-tar-

geted, variable-flow breaths) may help optimize flow and cycle syn-

chrony. Finally, the newer interactive modes of PAV and NAVA de-

scribed earlier may offer help to optimize synchrony in the future.

Oxygen Toxicity
Oxygen concentrations approaching 100% are known to cause oxidant 

injury to the airways and lung parenchyma.63,64 The majority of the 

data supporting this concept, however, are derived from animal stud-

ies, and animals and humans often have different O2 tolerances. It is 

unclear what the “safe” O2 concentration or duration of exposure is in 

sick humans. Most consensus groups have argued that fraction of in-

spired oxygen (Fio2) values less than 0.4 are safe for prolonged periods 

and that Fio2 values greater than 0.8 should be avoided if possible.

Ventilator-Related Infections
Mechanically ventilated patients are at an increased risk of pulmonary 

infections for several reasons2: (1) The natural protective mechanism 

of glottic closure is compromised by an endotracheal tube. This per-

mits the continuous low-grade seepage of oropharyngeal material into 

the airways. (2) The endotracheal tube impairs the cough reflex and in 

itself serves as a potential portal for pathogens to enter the lungs. This 

route is particularly important if the external circuit is contaminated. 

(3) Airway and parenchymal injury from both the underlying disease 

and management complications may predispose the lung to infections. 

(4) The ICU environment, with its heavy antibiotic use and the pres-

ence of very sick patients in close proximity, heightens risk for a variety 

of nosocomial infections, often from antibiotic-resistant organisms.

Preventing ventilator-associated tracheobronchitis and pneumonia 

is of great importance because the length of stay and mortality are 

heavily influenced by their development.65–67 Handwashing and care-

fully chosen antibiotic regimens for other infections confer important 

benefits. Management strategies that avoid breaking the integrity of 

the circuit (e.g., circuit changes only when visibly contaminated) also 

appear to be helpful. Finally, the continuous drainage of subglottic 

secretions may be a simple way of reducing lung contamination by 

oropharyngeal material.

CONCLUSION

Positive-pressure mechanical ventilatory support is an essential com-

ponent in the life support of patients with respiratory failure. However, 

it is important to note that this technology is supportive, not therapeu-

tic, and it cannot cure lung injury. Indeed, the best we can hope for is 

to “buy time” by supporting gas exchange without harming the lungs.

The major goals of mechanical ventilation with positive pressure 

are to unload the ventilatory muscles and to optimize ventilation-

perfusion matching so as to ensure adequate pulmonary gas exchange. 

Important complications include VILI, cardiac compromise, oxygen 
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toxicity, and patient discomfort. Applying ventilatory support often 

requires trade-offs as clinicians attempt to balance gas exchange needs 

with the risk of these complications. Future innovations cannot focus 

simply on physiologic endpoints. Rather, innovations should demon-

strate benefits in clinically relevant outcomes, such as mortality, venti-

lator-free days, barotrauma, and costs. Only then can we properly as-

sess the often bewildering array of new approaches to this vital 

life-support technology.

KEY POINTS

• Ventilator breath delivery is characterized by the trigger, target, and cycle 

variables.

• The interaction of a positive-pressure breath and respiratory system me-

chanics is summarized by the equation of motion:

Airway Pressure (Flow Resistance)

(Tidal Volume/Respiratory System Compliance)

PEEP

5 �

�

�

• The goal of positive-pressure mechanical ventilation is to provide adequate 

gas exchange while protecting the lung from overdistention and recruitment–

derecruitment injuries.

• Positive-pressure mechanical ventilation in obstructive lung disease poses 

the additional risk of producing overdistention from air trapping.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Beitler JR, Malhotra A, Thompson BT. Ventilator-induced lung injury. Clin 

Chest Med. 2016;37(4):633–646.

An excellent review attempting to link important data from animal studies of 

ventilator-induced lung injury to the clinical setting, with an emphasis on 

how ventilator strategies can produce both lung and systemic injury.

Briel M, Meade M, Mercat A, et al. Higher vs. lower positive end-expiratory 

pressure in patients with acute lung injury and acute respiratory  

distress syndrome: systematic review and meta-analysis. JAMA. 

2010;303:865–873.

This is a meta-analysis of the three large trials conducted in the past decade 

examining high- versus low-PEEP strategies in the setting of low-VT ventila-

tion. The results indicate that in acute respiratory distress syndrome (ARDS) 

patients, a high-PEEP strategy offers a mortality benefit. However, in the less 

severe acute lung injury (ALI) patients, a high-PEEP strategy trended toward 

a worse mortality.

Gilstrap D, MacIntyre N. Patient–ventilator interactions. Implications for clin-

ical management. Am J Respir Crit Care Med. 2013;188(9):1058.

This is a comprehensive review of all of the important interactions between 

patients and ventilators during the triggering, flow delivery, and cycling 

phases of assisted breath delivery. It also provides practical information on 

how to manage clinically important dyssynchronies.

NIH ARDS Network. Ventilation with lower tidal volumes as compared with 

traditional tidal volumes for acute lung injury and the acute respiratory 

distress syndrome. N Engl J Med. 2000;342(18):1301–1308.

This landmark study clearly established the link between excessive lung 

stretching during mechanical ventilation and worse survival in patients with 

acute lung injury. The message from this paper is very clear: Although large 

tidal volumes may improve gas exchange, they ultimately cause harm by 

overstretching healthier regions of the lung.

Pinsky MR, Guimond JG. The effects of positive end-expiratory pressure on 

heart-lung interactions. J Crit Care. 1991;6(1):1–15.

An excellent overview of the complex interactions of intrathoracic positive 

pressure and cardiac function. The fact that the dual effects of decreased right 

heart filling and decreased left ventricular afterload can have both positive 

and negative effects is carefully explained.

Truwit JD, Marini JJ. Evaluation of thoracic mechanics in the ventilated pa-

tient. Part I. Primary measurements. J Crit Care. 1988;3:133–150; Part II. 

Applied mechanics. J Crit Care. 1988;3:192–213.

This two-part report comprehensively reviews all aspects of respiratory system 

mechanics as they apply to mechanical ventilation. Both theory and practical 

applicability are provided.
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Duration of RRT
Intermittent hemodialysis (IHD) is a very efficient dialysis technique 

performed during a 3- to 4-hour period; continuous renal replacement 

therapy (CRRT) is less efficient, but done 24 hours a day; and hybrid 

techniques, alternatively termed sustained low-efficiency daily dialysis 

or extended daily dialysis (SLEDD or EDD), have intermediate efficacy 

and are used 6–12 hours per day.6,7

Intermittent and hybrid therapies will be performed with the use of 

dialysis machines that are also used for chronic dialysis patients. These 

monitors typically have more complicated interfaces and are therefore 

often managed by dialysis nurses. CRRT is most often performed with 

specifically designed monitors with a relatively easy interface and are 

managed by ICU nurses. Some centers also use these RRT machines for 

hybrid therapy.

Specifics Aspects of a CRRT Circuit
Fig. 38.2 shows the different aspects of CRRT performed as continuous 

venovenous hemofiltration (CVVH), continuous venovenous hemodi-

alysis (CVVHD), and continuous venovenous hemodiafiltration  

(CVVHDF).

Dose of RRT
The dose of CRRT is by convention expressed as the clearance of urea, 

a small molecule that both in hemodialysis and hemofiltration is not 

retained by the membrane. The effluent rate—the volume of fluid 

produced by hemofiltration and/or hemodialysis—therefore equals 

the clearance of urea, and when corrected for body weight, can be 

used to express the dose of CRRT: dose of CRRT 5 effluent rate per 

hour per kg body weight (mL/kg/h). For a desired dose of 25 mL/kg/h 

for a 60-kg patient, the effluent rate will be 25 3 60 5 1500 mL/h. 

This effluent needs to be partly or completely replaced by a replace-

ment fluid; otherwise, fluid losses will be too high. The amount of 

effluent that is replaced will determine the fluid balance of the patient. 

This replacement fluid can be given prefilter (predilution), postfilter 

(postdilution), or in a combination of both. When given in postdilu-

tion mode, blood will concentrate while passing through the capillar-

ies of the hemofilter. This may lead to clogging (partial clotting) and 

clotting of the capillaries, leading to decreased efficacy because fewer 

capillaries are available. To prevent this, a filtration fraction—the 

proportion of effluent over plasma flow—of less than 25% is advised. 

The filtration fraction is indicated on the dashboard of present-day 

CRRT machines.

In CRRT, the delivered dose should be 20–25 mL/kg/h of effluent. 

Two large prospective randomized studies compared this dose to a 

higher dose and found that outcomes were similar.8,9 Treatment inter-

ruptions often lead to a lower delivered dialysis dose. Therefore it is 

advised to prescribe a dose of 25–30 mL/kg/h.10

Acute kidney injury (AKI) is a common complication in critically ill 

patients admitted to the intensive care unit (ICU).1–3 Epidemiologic 

data suggest that over 50% of ICU patients suffer from AKI, and up to 

13.5% will be treated with renal replacement therapy (RRT).1–3 Change 

in patient characteristics, with admission of older patients with more 

comorbidities such as diabetes, cardiovascular disease, and hyperten-

sion, resulted over the last decade in a marked increase of the propor-

tion of patients treated with RRT.4,5 RRT has therefore become an es-

sential and often used treatment option for ICU patients, involving a 

spectrum of treatment modalities, with various advantages and disad-

vantages depending on the situation. RRT is most often delivered via 

extracorporeal techniques, but the COVID-19 pandemic caused re-

newed interest in peritoneal dialysis (PD), a technique using the peri-

toneum of the patient as a semipermeable exchange membrane.

TECHNICAL ASPECTS OF RRT

Extracorporeal techniques can be done with different modalities  

(Table 38.1). These are named according to the duration of RRT and 

the technique used for exchange of solutes and water: diffusion or 

convection.

Diffusion and Convection
Exchange of waste products over the semipermeable membrane can be 

via diffusion (hemodialysis) or convection (hemofiltration) (Fig. 38.1). 

In diffusion, blood and dialysate flow countercurrent on both sides of 

the semipermeable membrane of the hemofilter. The driving force that 

moves solutes over the semipermeable membrane is the solute concen-

tration gradient. Uremic toxins such as blood urea nitrogen and cre-

atinine will have high blood concentrations and are absent in the  

dialysate. Other factors that determine the movement of solutes from 

blood to dialysate are the diffusion coefficient of the membrane, its 

thickness, and its surface area. Diffusion is very efficient in the removal 

of small molecules such as potassium, ammonium, and creatinine 

(,500 Da); it is less efficient in the removal of larger solutes.

In hemofiltration, solutes and water are transported over the mem-

brane by a difference in pressure between both sides of the membrane. 

Water and solutes are pressed from the blood compartment to the so-

called effluent. The permeability coefficient of the membrane and the 

difference in pressure between both sides of the membrane determine 

the amount of fluid and solutes transported over the membrane. The 

effluent rate is controlled by a pump. Hemofiltration is more efficient 

for removal of larger molecules. In hemodiafiltration, both convection 

and diffusion are combined.

There are currently no data to suggest the superiority of diffusion 

over convection.
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Modality Abbreviation

Treatment Duration  

(per day)

Blood Flow 

(mL/h)

Dialysate Flow 

(mL/min)

Intermittent hemodialysis IHD 2–4 h 200–450

Hybrid techniques

• Slow low-efficiency daily dialysis

• Extended daily dialysis

• Prolonged intermittent renal replacement therapy

SLEDD

EDD

PIRRT

6–12 h 150–200 One and a half times 

blood flow

Continuous renal replacement therapy

• Continuous venovenous hemofiltration

• Continuous venovenous hemodialysis

• Continuous venovenous hemodiafiltration

CRRT

CVVH

CVVHD

CVVHDF

24 h 100–250

Peritoneal dialysis

• Manual exchanges

• Automated PD (cycler)

PD

CAPD

APD

Solution: dextrose 1.5% or glucose 1.36% to start, higher glucose concentra-

tion according to ultrafiltration needs

Fill volume 1500–2000 mL

Dwell time per exchange: 2 h, consider change to 4 h once acidosis, pulmo-

nary edema, and hyperkalemia are resolved

TABLE 38.1 Renal Replacement Therapy Modalities

Hemofiltration

Hemodiafiltration

Hemodialysis

DialysateDialysate
and

Ultrafiltrate

R

VV

Ultrafiltrate

R

VV

Dialysate

VV

Fig. 38.1 Diffusion (as in hemodialysis) and convection (as in hemofil-

tration). R, Replacement fluid; V, venous blood prefilter and postfilter.

In intermittent RRT, the minimum delivered dose of dialysis 

should be three sessions of at least 3 hours per week, with a blood flow 

of .200 mL/min and a dialysate flow of .500 mL.11

Anticoagulation
During RRT, the patient’s blood is purified by circulating it through an 

extracorporeal circuit containing a hemodialyzer, consisting of about 

10,000 semipermeable capillary fibers. Disordered blood flow and 

contact of the blood with the bioincompatible material of the fibers 

activate the coagulation cascade, leading to clotting and subsequent 

blocking of the capillary fibers. This results in a reduction of the effi-

ciency of the dialysis procedure, as fewer fibers remain available for 

solute exchange. When more pronounced, coagulation can even cause 

loss of extracorporeal blood volume by complete clotting of the extra-

corporeal circuit, so blood can no longer be returned to the patient.12 

Anticoagulation for RRT should be tailored according to patient char-

acteristics and the modality chosen. Capturing the end result of the 

rebalanced hemostatic system in ICU patients with AKI is challenging, 

but new laboratory testing methods, including thromboelastography/ 

rotational thromboelastometry (TEG/ROTEM) and thrombin genera-

tion assays, potentially yield vital information. The first technique as-

sesses development, strength, and dissolution of clots by viscoelastic 

testing and does not take long before providing results. It offers infor-

mation on the contribution of both enzymatic and cellular components 

in whole blood. Thromboelastometry analysis progressively finds ac-

ceptance in the care of patients undergoing high-risk surgery.13 The 

second, thrombin generation (TG), mirrors a significant part of the 

overall hemostatic system, reflecting contributions of natural procoag-

ulants and anticoagulants to hemostasis and the effect of drugs. Many 

semiautomated and fully automated assays are on the market today, 

although regrettably still lacking interlaboratory standardization.14

Special attention is required for nonanticoagulant strategies to avoid 

coagulation of the circuit. Patients with a high hematocrit are at higher 

risk for clotting of the extracorporeal/dialysis circuit because of the 

higher viscosity of the blood. Blood products should be administered 

separate from RRT as much as possible. Prompt reaction to pump 

alarms is important, avoiding interruption of the blood flow. In this re-

gard, well-functioning vascular access is fundamental. Circuits with a lot 

of blood-air contact because of the use of drip chambers are especially 

prone to clotting. There is no evidence pointing towards the efficacy of 

intermittently rinsing the circuit with saline flushes to prevent clotting.15

No Anticoagulation Strategy

Several authors described large series of patients treated without any 

form of anticoagulation during RRT for AKI (in up to 50%–60%).8,9 

Especially in patients with coagulopathy, an acceptable treatment 

length can be reached even without anticoagulant.16 Risking circuit 

clotting—in the worst case implying the loss of approximately 200 mL 
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of extracorporeal blood and eventually also the venous access—may be 

defensible in patients with high bleeding risk. Neither the effect of 

clogging on filter performance nor the consumption of coagulation 

factors in RRT without anticoagulation are well studied.

Unfractionated Heparin (UFH)

Current guidelines suggest using UFH for intermittent RRT in patients 

without increased bleeding risk and in the case of contraindications for 

citrate in continuous RRT. It has a half-life between 0.5 and 3.0 hours in 

patients receiving dialysis.17 It has a rapid action time of approximately 

3–5 minutes. UFH acts by potentiating thrombin and inhibiting acti-

vated factor Xa. A variety of infusion schemas exists, including single 

dose, repeated bolus, or continuous infusion. An example of a standard 

dosing regimen is a bolus of 500–1000 units at the start of treatment, 

followed by 500–750 units/h. Other authors suggest adapting the dose to 

the body weight, starting with a bolus of 10–20 units/kg/h, followed by 

a maintenance infusion of 10–20 units/kg/h that typically would be 

stopped 30 minutes before the end of treatment. UFH treatment needs 

to be individualized according to the clinical setting. It can be monitored 

with routine laboratory tests as activated partial thromboplastin time 

(aPTT) or activated coagulation time (ACT), but many centers move to 

anti–factor Xa assays for monitoring UFH because it reflects the antico-

agulant activity more adequately, especially during inflammatory condi-

tions.18,19 Anti–factor Xa level–guided anticoagulation protocols yield 

important potential in decreasing filter clotting.20 If routine laboratory 

tests are used, typical anticoagulation targets in ICU patients are 1.5–2 

times prolongation of the aPTT and 40% increase of ACT. If needed, 

UFH can be reversed with protamine. Heparin failure, resulting in clot-

ting of the circuit, can be the result of antithrombin deficiency or UFH 

neutralization by binding to plasma proteins. During treatment, the 

thrombocyte count should be monitored, allowing timely detection of 

heparin-induced thrombocytopenia (HIT).

Low-Molecular-Weight Heparin (LMWH)

Low-molecular-weight heparins are effective and can safely be used for 

anticoagulation during RRT in critically ill patients.21 LMWHs are 

mostly administered as a single bolus in the beginning of the dialysis, 

immediately after the start in the case of postfilter administration, or 

prefilter after 5 minutes.22 They have a weight-based dosing and are 

frequently used without therapeutic monitoring in case of short treat-

ment sessions, but especially in the setting of prolonged daily use, pe-

riodic measurement of anti–factor Xa levels is mandatory, because 

LMWHs are only partially cleared during hemodialysis (especially 

with high-flux membranes).

Citrate

The 2012 Kidney Disease Improving Global Outcomes (KDIGO) 

Clinical Practice Guidelines for Acute Kidney Injury have recom-

mended regional citrate anticoagulation as the preferred anticoagula-

tion modality for CRRT in critically ill patients for whom it is not 

contraindicated.10 Citrate chelates calcium, an essential cofactor of 

many steps of the coagulation cascade. A whole range of protocols ex-

ist, applying various dialysate/replacement fluids for different RRT 

modalities. Prefilter infusion of citrate, either as a separate trisodium 

citrate solution or added to a calcium-free predilution replacement 

fluid, lowers the ionized calcium levels in the extracorporeal circuit to 

a level that achieves full blood anticoagulation (i.e., 0.3–0.4 mmol/L). 

In most of the protocols, the citrate dose is adapted according to the 

result of postfilter circuit ionized calcium measurements, although 

there is some concern about the reliability of blood gas analyzers at the 

point of care for this purpose.23 Having a low molecular weight (198 

and 258, respectively) and high sieving coefficient, citrate and citrate 

complexes are partially removed in the effluent. Citrate clearance is 

higher with dialysis than with CVVH, with extraction ratios from 20% 

to 60% depending on the modality and dose of the RRT. In most of the 

treatment protocols calcium infusion is needed to replace calcium 

losses and maintain systemic ionized calcium levels within the normal 

range. Remaining citrate is metabolized in the liver, muscle, and kid-

ney, producing bicarbonate and eventually leading to metabolic alka-

losis; therefore most of the commercially available replacement fluids 

contain a lowered bicarbonate concentration. In patients with im-

paired citrate metabolism, acidosis can ensue. Other potential  

Fig. 38.2 Schematic representation and definitions of the different continuous renal replacement therapies 

according to standard nomenclature. Functional capabilities are described. A, Artery; D, dialysate; K, clear-

ance; Pf, plasma filtration rate; Qb, arterial flow; Qd, dialysate flow; Qf, ultrafiltration rate; UF, ultrafiltrate; 

UFc, ultrafiltrate control pump; V, vein.

SCUF—Slow continuous ultrafiltration (AV or VV)

D

R

VV

CVVH—Continuous venovenous hemofiltration 

CVVHD—Continuous venovenous hemodialysis

UF

V

V

Technique used for fluid control only
Convective mechanism
Ultrafiltrate iso-osmotic to blood
Used in arteriovenous or venovenous 
   mode
Qb = 50–100 mL/min  
Ultrafiltration rate controlled

Convective blood purification through
   high-permeability membrane
Ultrafiltration rate controlled 
Ultrafiltrate replaced by replacement 
   solution
Qf = 50–200 mL/min  Qf = 8–25 mL/min
K = 12–36 L/24 h
Can be used in arteriovenous mode

Diffusive blood purification through low
   permeability dialyser
Dialysate solution in countercurrent flow
No replacement fluid used
Qb = 50–200 mL/min Qf = 2–4 mL/min
Qd = 10–20 mL/min  K = 14–36 L/24 h
Small molecule clearance only
Can be used in arteriovenous mode

A

UF

VA/V

B

Diffusive and convective blood purification 
Countercurrent dialysate flow
High-permeability membrane utilized; thus
   small and middle molecules removed
Qb = 50–200 mL/min Qf = 8–12 mL/min
Qd =10–20 mL/min  K = 20–40 L/24 h

Diffusive and convective blood purification
   through a highly permeable membrane
Back diffusion occurs in membrane
Dialysate in countercurrent flow
Accessory pumps to control ultrafiltration
Replacement not required since fine
   regulation of filtration and backfiltration
Qb = 50–200 mL/min Qf = 2–8 mL/min
Qd = 50–200 mL/min  K = 40–60 L/24 h

A highly permeable plasmafilter filters
Fluid plasma allowing it to pass through a bed
   of adsorbent material (carbon or resins)
Fluid balance maintained
Can be coupled with CVVH or CVVHD/F
Qb = 50–200 mL/min Pf =  20–30 mL/min

R

UF+D D

VV

CVVHDF—Continuous veno- 
venous hemodiafiltration

D

V

UFc

Plasmafilter

Adsorbent

V

CVVHFD—Continuous high-flux dialysis 

V

V

CPFA—Continuous plasmafiltration adsorption
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metabolic derangements include hypernatremia (metabolization of 

trisodium citrate), hypomagnesaemia (effluent losses in the form of 

citrate complexes), and hypocalcemia. Citrate accumulation can occur 

in patients with a profound shock or severe liver failure, although stud-

ies argued that citrate can be used safely in patients with liver dysfunc-

tion.24 In case of citrate accumulation, there is a simultaneous increase 

of the total calcium and fall of the ionized calcium. The total calcium 

to ionized calcium ratio is the best marker for citrate intoxication. 

When this ratio exceeds 2.5, citrate administration must be stopped. 

Unintended rapid infusion of a hypertonic citrate solution, causing 

life-threatening hypocalcemia, is the main risk of citrate anticoagula-

tion. In this case, it is recommended to stop the citrate infusion while 

continuing dialysis with a calcium-containing dialysate. In experienced 

hands, severe hypocalcemia-related complications seldom occur, and 

regional citrate anticoagulation has been shown to be safe. Treatment 

protocols should describe how to adjust flows under different condi-

tions to prevent metabolic derangements. Compared with heparin,  

citrate is associated with lower risk of circuit loss, lower incidences of 

filter failure, less bleeding, and lower transfusion rates. Furthermore, 

citrate is a source of energy and has potential antiinflammatory effects.

UFH and Protamine

Regional anticoagulation can also be accomplished by the combina-

tion of UFH and protamine. Its use has decreased in parallel with the 

increasing popularity of citrate. Protamine has several side effects such 

as anaphylaxis, hypotension, cardiac depression, leukopenia, and 

thrombocytopenia. Further, there may be a risk for a rebound antico-

agulant effect because of the shorter half-life of protamine compared 

with heparin. Regional anticoagulation with heparin-protamine is 

therefore no longer recommended.10,25,26

Platelet-Inhibiting Agents

Prostacyclin (PGI2) and its analogue (nafamostat) inhibit platelet ag-

gregation and adhesion. They have been used alone or in combination 

with heparin to improve filter survival, but several guidance docu-

ments do not recommend their use in RRT. In addition, these drugs are 

expensive, and there are safety concerns over hemodynamic stability 

with the use of prostacyclin, and anaphylaxis, agranulocytosis, and 

hyperkalemia with the use of nafamostat.

Dialysis Access
Central venous access is with a double-lumen catheter, preferably in 

the right jugular vein or a femoral vein. Use of the subclavian vein is 

not recommended, because contact of the catheter with the vessel wall 

may lead to thrombosis and ensuing stenosis, jeopardizing the possi-

bility for an arteriovenous fistula in case there is no recovery of kidney 

function and the patient remains dialysis dependent. This will more 

likely occur when the catheter has a trajectory with angulations, such 

as when inserted in the left jugular vein or the subclavian veins.

For optimal blood flow rates, the tip of the catheter should be lo-

cated in a large vein (i.e., the inferior or superior vena cava). For an 

adult, the optimal length of a catheter in the right jugular vein is there-

fore 12–15 cm; the left jugular vein 15–20 cm; and for the femoral 

approach, this is 19–24 cm. There are several different designs of dialy-

sis catheters. At present it is not clear which design is preferable. The 

outer diameters of catheters vary between 11 and 14 French; larger 

catheter diameters will result in better blood flow rates.27

Temporary, noncuffed, nontunneled dialysis catheters are preferred 

in case of sepsis, lack of image guidance, and uncorrectable coagulopa-

thy. However, in the absence of these contraindications, placement  

of a cuffed tunneled catheter may be considered immediately or after 

2 weeks of using a temporary catheter.28,29

Like hemodialysis catheters, the insertion of Tenckhoff catheters for 

peritoneal dialysis can be done bedside using a Seldinger technique. In 

challenging cases, ultrasound or fluoroscopic guidance may be of 

added value. In patients with previous midline surgical scars or suspi-

cion of intraabdominal adhesions, a surgical approach (laparoscopy or 

laparotomy) that offers direct vision is preferred. In experienced teams, 

start of peritoneal dialysis within 24–48 hours of catheter placement 

comes with low rates of PD fluid leaks, and rapid escalation in dwell 

volumes is possible. Tenckhoff catheters placed using the percutaneous 

technique or surgically with a purse-string suture can be removed eas-

ily, or might serve as a long-term access in case patients fail to recover 

from the AKI episode.

INITIATION OF RRT

The kidneys are crucial for removal of water and homeostasis of elec-

trolytes and acid-base. Volume overload in an anuric patient and se-

vere electrolyte and acid-base abnormalities are therefore absolute 

criteria for initiation of RRT (Table 38.2).30,31 Unlike HD or CRRT, 

ultrafiltration and clearance cannot be exactly predicted in PD treat-

ment. High-glucose-containing PD solutions can remove up to 1 L of 

fluid in 4 hours. Standard PD solutions do not contain potassium, but 

because solute removal is slower during PD, it may take a one day of 

high-volume PD to achieve serum potassium control, and later on the 

treatment potassium administration (intravenous or via the PD solu-

tion) may be necessary.

The exact timing of initiation of RRT in ICU patients has been the 

topic of fierce debates for decades. If exposure to RRT was without 

risks, we would not wait until occurrence of absolute criteria. But very 

Indication Characteristic

ABSOLUTE CRITERIA

Metabolic  

abnormality

BUN .100 mg/dL (35.7 mmol/L)

Hyperkalemia .6 mmol/L with ECG abnormalities

Hypermagnesemia .8 mEq/L (4 mmol/L) with anuria 

and absence of deep tendon reflexes

Acidosis pH ,7.15

Lactic acidosis related to metformin use

Fluid overload Diuretic resistant

RELATIVE CRITERIA

Metabolic  

abnormality

BUN .76 mg/dL (27 mmol/L)

Hyperkalemia .6 mmol/L

Dysnatremia

Hypermagnesemia .8 mEq/L (4 mmol/L)

Acidosis pH .7.15

Anuria/oliguria AKI stage 1

AKI stage 2

AKI stage 3

Fluid overload Diuretic sensitive

TABLE 38.2 Criteria for Initiation of RRT 
for AKI

Modified from Gibney N, Hoste E, Burdmann EA, et al. Timing of initi-

ation and discontinuation of renal replacement therapy in AKI: unan-

swered key questions. Clin J Am Soc Nephrol. 2008;3:876–880.

AKI, Acute kidney injury; BUN, blood urea nitrogen; ECG, electrocar-

diogram.
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early initiation of RRT in patients will expose these patients to potential 

hazards associated with insertion of the catheter (blood loss, thrombo-

sis, catheter infection) and exposure to the extracorporeal circuit (air 

embolism, hypotension, etc.).32 If RRT offers support in patients with 

only mild or moderate AKI, early initiation may be beneficial. However, 

available data suggest no benefit in, for instance, modulation of the in-

flammatory response,33,34 and one study even showed harm when RRT 

was started very early in patients with severe sepsis or septic shock.35

Cohort studies on timing of RRT showed a benefit for early initia-

tion of RRT.36,37 However, the few small prospective randomized stud-

ies that evaluated early initiation of RRT could not show a benefit for 

early initiation of RRT.31,38,39 On the other hand, cohort studies also 

showed that late initiation is associated with worse outcomes.40–42 Re-

cently, four large prospective randomized studies have addressed this 

in different types of cohorts. Of these, the ELAIN study, a single-center 

study in predominantly surgical ICU patients, found initiation at AKI 

KDIGO stage 2 led to reduced 90-day mortality when compared with 

initiating CRRT at AKI KDIGO stage 3.43 The three other studies in 

general ICU and septic ICU patients could not show a mortality differ-

ence between early or accelerated initiation at KDIGO stage 2 or 3 

compared with standard of care.44–46 Moreover, they noticed that ap-

proximately 40% of patients in the standard group were not treated 

with RRT. Finally, the largest of the three studies, the STARRT-AKI 

study that included 3019 patients, found that accelerated initiation was 

associated with a higher proportion of patients dependent on RRT at 

90 days.46 A meta-analysis in which all prospective studies except 

STARRT-AKI were included showed that there is no benefit for an ac-

celerated initiation of RRT when there are no urgent indications for 

RRT, and this strategy may lead to less use of RRT and thus costs.47

The decision to initiate RRT is therefore based on clinical criteria. 

These should incorporate the “demand” for RRT, which includes over-

load of fluid and solutes, but also severity of acute disease and chronic 

comorbidities.48 Knowledge on the deterioration or recovery of kidney 

function within a certain period would help us in the timing of RRT, 

especially when there are only relative criteria for initiation of RRT 

(see Table 38.2). A clinical risk assessment may identify patients at 

greater risk for further deterioration of kidney function. This may take 

into account risk factors such as age, chronic kidney disease, and sever-

ity of illness of the patient. Other tools that have been explored are 

measurement of specific kidney biomarkers49 such as C-C motif che-

mokine ligand 14 (CCL14)50 and the furosemide stress test51

CHOICE OF RRT MODALITY

Since the introduction of CRRT in the mid-1980s, there has been de-

bate on the optimal modality of RRT. Several relatively small studies 

and meta-analyses showed that CRRT and IHD are associated with 

similar patient outcomes.52,53 However, the number of patients in-

cluded in individual studies was relatively low, the baseline character-

istics of patients were different, and the techniques used (modalities, 

dose, initiation criteria) varied between studies, making comparisons 

difficult. Renal outcomes may, however, be better when CRRT is used. 

Cohort studies and also comparison of the large prospective random-

ized studies on dose—the ATN and RENAL studies—suggest that 

CRRT is associated with better renal recovery and less end-stage kid-

ney disease in survivors.8,9,54–56

CRRT is performed with a lower extracorporeal blood flow and allows 

removal of fluid over a longer time and a lower ultrafiltration rate, char-

acteristics that enhance the hemodynamic tolerability of this technique. 

Hence, CRRT is often recommended for hemodynamically unstable pa-

tients,10 although studies in specialized centers could not demonstrate 

that IHD was tolerated worse compared with CRRT in shock patients.57

Intermittent techniques, however, use fewer resources because they 

allow for several treatments with one machine per day, and dialysate 

and replacement fluid is produced by the dialysis machines instead of 

having to buy these special solutions for CRRT. It will depend on the 

specific setting on whether the cost of CRRT is greater than that of 

IHD or vice versa.58,59 An important argument in favor of IHD and 

hybrid therapy is that these modalities will allow for mobilization of 

the patient during the off period. A recent meta-analysis suggests that 

hybrid therapies are associated with the same outcomes as CRRT, sug-

gesting that increasing the length of intermittent treatment may com-

bine the best of IHD and CRRT.60 However, these data were compiled 

on a limited number of patients and most in cohort studies, making 

this conclusion prone to bias.

SPECIAL INDICATIONS

Heparin-Induced Thrombocytopenia
Up to 3% of heparin-exposed patients develop antibodies directed 

against the complex of heparin and platelet factor 4, resulting in 

thrombocytopenia with or without thrombosis. If HIT is likely, all 

heparin administration, including LMWHs, heparin-coated dialyzer 

membranes, and catheter locks containing heparin, must be stopped. 

Guidance documents recommend various options for anticoagulation 

during RRT in this circumstance: regional citrate anticoagulation or 

the use of direct thrombin inhibitors (such as argatroban or bivaliru-

din) or factor Xa inhibitors (such as fondaparinux).10 Argatroban has 

a rapid onset of action and an elimination half-life of less than 1 hour. 

Its clearance is mainly hepatic (it is contraindicated in cases of severe 

liver failure) and independent of kidney function. Bivalirudin is re-

nally cleared to a small extent (20%) and partially (25%) removed by 

dialysis.61 Fondaparinux is excreted exclusively by the kidney61 and can 

be removed using high-flux dialysis membranes.62

Patients with High Serum Urea Concentration
When applying acute RRT to a highly uremic patient (typically .175 

mg/dL), precautions should be taken to prevent disequilibrium syn-

drome. This neurologic condition is characterized by nausea, vomit-

ing, restlessness, and headache and may occasionally progress to sei-

zures, coma, or death. The syndrome is believed to be primarily related 

to the decreasing osmolarity of the blood after the initiation of RRT, 

creating an osmotic gradient between the blood and the brain, which 

is compensated for by an influx of water into the brain compartment. 

To avoid brain edema caused by large variations in osmolality, several 

preventive measures can be taken, targeting a reduction in the plasma 

urea nitrogen of, at most, 40%. The dialysis dose can be reduced by 

lowering blood flow and dialysate flow, using a small dialyzer, and 

limiting the length of the treatment. The use of a sodium-enriched 

dialysate may further reduce the risk.63

Patients with Intracranial Hypertension or 
Cerebral Edema
In patients with acute brain injury, AKI requiring RRT may worsen 

the neurologic status in several ways. The accumulated urea and sol-

utes diffuse from the blood compartment to the brain cells, thereby 

increasing water uptake by the brain cells. Dysfunction in the blood-

brain barrier reinforces this process. The shift of water into brain  

tissue as a result of lowered tonicity of plasma with respect to  

the brain cells (as described in disequilibrium syndrome) may lead  

to increased intracranial pressure causing cerebral hypoperfusion. 

This is pronounced by the decreased or absent autoregulation of  

the cerebral blood flow and eventual hypotension during RRT. Both 
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hypotension and disequilibrium can be avoided by the slow progres-

sive removal of fluids and solutes during CRRT, which in this setting 

is preferred over intermittent RRT. If the patient is also at increased 

risk for intracranial bleeding, locoregional citrate anticoagulation is 

recommended.26 Gradual solute removal during peritoneal dialysis 

lowers the potential for disequilibrium syndrome and intracranial 

fluid shifts, making this a treatment modality to consider in patients 

with increased intracranial pressure. In case of cerebral edema because 

of an acute rise of ammonia, prompt RRT is mandatory. In adults, 

hyperammonemia is defined as a serum concentration above 50 

mmol/L or 85 mg/dL, and RRT is generally indicated at ammonia levels 

exceeding 150 mmol/L or 255 mg/dL. When rapid ammonia clearance 

is needed, HD or high-dose CRRT are the preferred treatment mo-

dalities; PD is less efficient.64,65

Patients with Hyponatremia
If patients with severe chronic hyponatremia are treated with conven-

tional RRT, the serum sodium concentration can be expected to in-

crease rapidly, exposing patients to the risk of developing osmotic de-

myelination. High serum urea concentration may protect the brain 

against this.66,67 To avoid osmotic demyelination in patients with 

chronic hyponatremia, the treatment during a single dialysis session 

has to be adjusted to provide a rate of correction that does not exceed 

the generally recommended rate. The easiest way to do this is to choos-

ing low-efficiency RRT such as CVVH and to maintain sodium con-

centration of the replacement fluid slightly higher than the serum so-

dium concentration. In the routinely available dialysate/replacement 

solutions, the variability in sodium content is limited. Adapting the 

sodium concentration can be established by adding sterile water to the 

replacement fluid bag. Diluting replacement fluid will also result in 

decreased potassium and bicarbonate concentrations, and therefore 

may induce hypokalemia and acidosis. When applying HD treatment, 

one can make use of the lowest-available sodium setting (130 mmol/L), 

reduce the blood flow rate markedly (to 2 mL/kg/min), and shorten 

the dialysis time.68

Prevention of Contrast-Induced Nephropathy
A single dialysis session removes 60%–90% of contrast media from the 

blood,69,70 and one study argued that periprocedural CRRT may be 

beneficial in patients with chronic kidney disease.71 However, meta-

analyses including studies in patients without severe chronic kidney 

disease, could not show a benefit for this strategy.69,72 Considering the 

possible complications, cost, logistical difficulties, and uncertain ben-

efit, several guidelines do not recommend RRT for the prevention of 

contrast-induced nephropathy.10,73,74

Patients with Severe Hemodynamic Instability
CVVHD, sustained low-efficiency daily dialysis, or continuous 

HD10,26,73–76 seem to be equivalent treatment strategies in terms of 

mortality, kidney recovery, and fluid removal for hemodynamically 

unstable patients.75–78 Treating those patients requires some precau-

tions: less-aggressive ultrafiltration; increasing dialysate sodium and 

calcium concentrations to 145 mmol/L and 1.5 mmol/L, respectively; 

adapting the dialysate temperature to obtain isothermal dialysis; con-

necting afferent and efferent bloodlines simultaneously at the start of 

the procedure; and raising the blood flow slowly.

Patients with Severe Lactate Acidosis
The key issue in the management of lactic acidosis is to treat the un-

derlying cause. CRRT can be performed in critically ill patients with 

severe lactic acidosis and AKI.79 Using continuous hemodialysis with 

bicarbonate dialysate, lactate concentrations can be lowered and the 

pH can be corrected. However, no adequately powered randomized 

clinical trial with clinical outcome endpoints has yet evaluated RRT in 

this setting.80 Severe lactate acidosis may preclude PD with lactate-

buffered solutions.81

CONCLUSION

RRT for AKI is used in up to 10%–15% of ICU patients. Urgent indica-

tions include severe hyperkalemia and fluid overload not responsive to 

diuretic therapy. In the absence of urgent indications, initiation of RRT 

should be based on clinical judgment, which should include the de-

mand for RRT and the capacity of the kidneys. Early initiation of RRT 

at AKI stage 2 or 3 does not offer a survival benefit. The modality of 

RRT chosen will be determined by the availability of modalities, the 

expertise of the team in handling these, and patient characteristics that 

may change during the course of illness. Continuous therapies are the 

most used modality in many ICUs. Intermittent hemodialysis can 

cause hemodynamic instability and is so preferably used in hemody-

namically stable patients. Specialized units also use intermittent hemo-

dialysis and hybrid therapies for hemodynamically unstable patients. 

PD is used in low- and middle-income countries as a first-choice 

therapy but can be used also in specific patients in case of a capacity 

surge, such as during the COVID-19 pandemic. Extracorporeal thera-

pies can be performed without anticoagulation. Anticoagulation strate-

gies most often used are regional citrate anticoagulation, UFH, and 

LMWHs. For continuous RRT a delivered dose of 20–25 mL/kg/h is 

recommended. To account for downtime, a prescribed dose of 25–30 

mL/kg/h is advised.

KEY POINTS

• Urgent indications for initiation of RRT for AKI include severe hyperkalemia 

and fluid overload not responsive on diuretic therapy.

• In the absence of urgent indications, early initiation of RRT does not offer 

a survival benefit.

• In the absence of urgent indications, RRT is started on clinical judgment 

and the balance between the capacity of the kidneys to remove fluid and 

metabolites and the demand of the patient, which includes comorbidi-

ties, severity of acute illness, and retention of fluid and metabolites.

• The choice of the modality of RRT will be determined by the availability of 

modalities, the familiarity of the team to handle these, and patient charac-

teristics. In hemodynamically unstable patients, continuous therapies will 

be used more often.

• RRT can be performed without anticoagulation in patients with impaired 

coagulation or increased bleeding risk. Citrate, UFH, and LMWHs are the 

most often used anticoagulation strategies.

 References for this chapter can be found at expertconsult.com.
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Hoste EA, Bagshaw SM, Bellomo R, et al. Epidemiology of acute kidney injury 
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Med. 2015;41(8):1411-1423.
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Timing of initiation of renal-replacement therapy in acute kidney injury. N 
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The largest prospective randomized study on RRT in ICU patients with AKI 

at present. This study showed that in patients where clinicians had clinical 

equipoise for initiation of RRT, accelerated initiation at time of AKI KDIGO 

stage 2 did not offer a benefit on 90-day survival, and in fact was associated 

with less recovery of RRT at day 90.

KDOQ Initiative. KDIGO clinical practice guidelines for acute kidney injury. 

Kidney Int Suppl. 2012;2:1-138.
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tion and classification of AKI.

Ostermann M, Joannidis M, Pani A, et al. Patient selection and timing of con-

tinuous renal replacement therapy. Blood Purif. 2016;42(3):224-237.

An ADQI consensus paper in which all aspects pertaining to initiation of 

RRT are discussed. Here the balance between kidney capacity and demand 
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Target Temperature Management in Critically 
Ill Patients

Filippo Annoni, Lorenzo Peluso, and Fabio Silvio Taccone

DEFINITIONS

Hypothermia is defined as a core body temperature lower than 36°C, 

regardless of the cause.1 Within hypothermia we can still distinguish 

mild (i.e., between 35°C and 32°C), moderate (i.e., between 32°C and 

28°C), severe (i.e., between 28°C and 24°C), and profound (i.e., 

,24°C) hypothermia.2

The concept of target temperature management (TTM) includes 

the use of induced hypothermia (i.e., cooling procedures initiated to 

provide brain and/or organ protection in different clinical scenarios), 

followed by or combined with an active control of temperature (i.e., 

normothermia and avoidance of fever) after hypothermia over a de-

fined period.3

PHYSIOLOGY AND PATHOPHYSIOLOGY

Hypothermia has been considered over decades as a potential thera-

peutic strategy for different purposes, including pain management, 

hemorrhagic control, tetanus treatment, and neuroprotection; how-

ever, its applicability remained limited by the difficulties in achieving 

and maintaining a given temperature threshold (in particular for non-

sedated patients) and in managing related adverse effects. As a matter 

of fact, only “moderate hypothermia” was initially considered to be 

effective4; nevertheless, in the last few decades, the report of beneficial 

effects of “mild hypothermia” in some clinical settings, together with 

the advances in medical technologies providing adequate temperature 

management, has significantly contributed to spread the research and 

implementation of TTM worldwide.

Most studies have focused on the effects of hypothermia/TTM on 

the brain, considering its high sensitivity to ischemic injury. When the 

brain temperature is reduced, its metabolic rate slows down by 6%–

10% for each degree, thereby diminishing oxygen consumption and 

carbon dioxide (CO2) production and the reperfusion injury.5 Indeed, 

after a period of blood flow reduction, a complex cascade of events 

triggered by the reperfusion starts within minutes and can persist up 

to 72 hours, increasing the degree of ischemic injury.6 These mecha-

nisms include (1) an increase of the inflammatory response accompa-

nied by increased cerebral blood flow (hyperemic phase); (2) an  

increase in cellular Ca21 influx that is responsible, along with the cel-

lular metabolic failure, for mitochondrial dysfunction; (3) a decrease 

in intracellular pH; (4) the release of glutamate in the extracellular 

space in the brain, determining a state of persistent neuronal hyper-

excitability; (5) blood-brain barrier disruption with augmented per-

meability; (6) augmented production of free radicals; and (7) increase 

in programmed cell death (apoptosis).4 Moreover, hyperthermia, 

which is either caused by the inflammation after reperfusion or by di-

rect hypothalamic damage, which is involved in the tight temperature 

regulation in humans, occurs frequently in the postreperfusion phase; 

as hyperthermia is independently associated with worse outcome7 

and can also exacerbate the magnitude of the secondary brain dam-

age,8,9 it sounds logical to control body and brain temperature in 

brain-injured patients.

In particular, hypothermia can mitigate several of these phenom-

ena, thus limiting the installation of a vicious circle by which the organ 

damage can further progress despite optimal medical treatment. In 

particular, in the acute phase (i.e., first minutes to hours), hypothermia 

would contribute to reducing reperfusion injuries by reducing the ce-

rebral metabolic rate10 and the release of excitatory amino acids,11 de-

creasing free radical production5 and inflammation,12 and attenuating 

pro-apoptotic signals.13 Subsequently, in the subacute phase, hypo-

thermia can counteract the occurrence of brain edema14 (i.e., hours to 

days), and it can favor neuronal repair15 (i.e., following days and 

weeks). As body temperature is a major determinant of all biochemical 

reactions and interactions in the human organism, inducing hypother-

mia modifies the entirety of the biologic processes thorough the body 

(Table 39.1).

The first effect triggered by the temperature drop is the appearance 

of shivering, which generally manifests as the core temperature be-

comes lower than 35.5°C4: that is, one degree below the vasoconstric-

tion threshold.16 Shivering is the physiologic attempt to restore core 

temperature by causing an increase in heat production by involuntary 

movements, but also determines increase in work of breathing, heart 

rate, and myocardial oxygen consumption.17 These effects could com-

plicate the induction phase of hypothermia (i.e., prolonged time to 

target temperature) and should be treated promptly to avoid an unde-

sired increase in the metabolic rate in injured organs.5 Several options 

could be considered, including pharmacologic therapy and direct sur-

face counter-warming,18 as summarized in Table 39.2.

The induction of hypothermia can induce some cardiovascular al-

terations, including an increase in cardiac systolic function associated 

with a mild impairment in diastolic function despite a reduction in 

heart rate.19 However, the cardiovascular effects of hypothermia could 

be different in critical illness: In survivors after cardiac arrest, cooling 

to 33°C has been shown to increase contractility20 and improve recov-

ery from cardiac arrest–related dysfunction when applied for more 

than 48 hours.21 Pulmonary effects of TTM are tightly related to the 

decrease in oxygen demand and CO2 production by the entire body. 

These variations must be taken into account to adequately adjust ven-

tilatory parameters in order to avoid deleterious shifts in arterial par-

tial pressure of CO2 (PCO2) or pH.5 Several aspects of the immuno-

logic response are also modified by hypothermia, raising concerns 

about a higher incidence of infections.22 Fortunately, large trials using 

mild TTM did not show any difference in the rate of infections.23–25 

Nevertheless, perioperative hypothermia has been associated with an 

increased risk for surgical wound infection when compared with nor-

mothermia.26 Also, platelet count and function appear to be decreased 
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Physiologic Variables Observed Effect

Cerebral metabolism Decreased

Cerebral blood flow Decreased

Fat metabolism Increased

Lactate production Increased

Oxygen consumption and carbon dioxide production Decreased

Insulin secretion and sensitivity Decreased

Inflammatory response Decreased

Shivering Increased

Cutaneous vasoconstriction Increased

Renal electrolyte excretion (Mg, K, P) Increased

Heart rate (if euvolemia) Decreased

Myocardial contractility Increased

Myocardial sensitivity to mechanical manipulation Increased

Response to antiarrhythmic drugs Decreased

Platelet function Decreased

Drug clearance Decreased

Bowel function Decreased

TABLE 39.1 Main Physiologic Effects of 
Mild Hypothermia

Drug or Strategy Pros Cons

Passive cutaneous counter-warming

(i.e., blanket, room temperature)

Inexpensive, widely available Unprecise, might require time to be effective

Active cutaneous counter-warming

(i.e., heated forced-air blanket)

Relatively cheap, fast, evidence supported Requires specific material

Selected cutaneous counter-warming

(i.e., face, hands)

Fast; the patient remains accessible all the time Unprecise, may be less effective than full-body  

surface counter-warming

Acetaminophen Well tolerated, widely available Liver toxicity; might mask fever  

Limited usefulness to treat shivering

Magnesium sulfate (IV) Well tolerated, efficient with surface cooling technique Risks of hypermagnesemia

Serotonin modulators

(i.e., buspirone, ondansetron)

Effective for shivering prevention Often ineffective for moderate and severe shivering

Opioids 

(i.e., morphine, sufentanil, meperidine)

Widely available, often already part of the treatment in patients  

requiring TTM

Might increase the risk of seizures, respiratory  

depression, dependency

Alpha-agonists

(i.e., dexmedetomidine, clonidine)

Fast acting, widely available, effective for mild and intermittent 

shivering

Bradycardia, hypotension

Ketamine Effective as bolus to prevent and treat shivering Hypertension, lack of evidence for continuous infusion, 

hallucinations

Sedatives

(i.e., propofol, midazolam, thiopental)

Widely available, often part of the treatment in patients requiring 

TTM

Risk of hypotension and propofol-related infusion  

syndrome

Increased delirium incidence (midazolam)

Long-lasting sedation (thiopental, midazolam)

Neuromuscular blockers Effective for moderate and severe shivering, widely available Increase necessity for sedation, prolonged ICU stay 

Increase risk of ventilator-associated pneumonia

TABLE 39.2 Therapeutic Options to Treat Shivering During Hypothermia (Not Exhaustive)

when core temperature decreases below 35°C, whereas coagulation ap-

pears to be affected significantly only for temperatures below 33°C.5,27 

Reassuringly, despite these alterations no significant increase in spon-

taneous bleeding or hemorrhage rate has been found in large trials on 

the use of mild TTM in comatose survivors after cardiac arrest23 or 

after traumatic brain injury (TBI).28,29 Hypothermia can induce elec-

trolyte abnormalities and increase the sensitivity to them. Specifically, 

potassium, magnesium, and phosphate depletion could cause serious 

adverse effects, including life-threatening arrhythmias, both during the 

induction and the rewarming phase and must then be monitored 

closely.30 Hyperglycemia, caused by decreased insulin sensitivity occur-

ring during hypothermia, is common particularly in the induction 

phase and is associated with poor neurologic outcome,31 whereas hy-

poglycemia caused by increased insulin sensitivity may occur during 

the rewarming phase, especially if the rewarming rate is too fast.5 The 

overall changes in enzymatic (i.e., liver) and tubular (i.e., kidney) func-

tionality can reduce the blood clearance of several medications during 

hypothermia32; thus when TTM is applied, possible alteration in drug 

pharmacodynamics must be taken into account. Lastly, TTM can slow 

bowel and gastric function, promoting ileus and delayed gastric emp-

tying,33 which in turn must not be considered a contraindication to 

nasogastric feeding when indicated.

CLINICAL APPLICATION OF HYPOTHERMIA/TTM  
IN CARDIAC ARREST

Experimental Evidence
Experimental evidence in different animal models has shown that 

body temperature may play a critical role in determining the extent of 

brain injuries after transient global ischemia.34–36 Specifically, induced 

hypothermia was associated with a protective effect on brain damage, 

whereas hyperthermia or fever was associated with a deleterious ef-

fect.35,37,38 In a recent comprehensive systematic review and meta-

analysis of TTM in animal cardiac arrest models, TTM was found to 

be beneficial in most experimental conditions for all outcomes, despite 

the fact that the majority of the studies were conducted in small  

ICU, Intensive care unit;

 

IV, intravenous;

 

TTM, target temperature management.

  

 



242 PART II Common Approaches for Organ Support, Diagnosis, and Monitoring

animals (i.e., rodents) and not entirely replicated in all species, were 

profoundly heterogeneous (i.e., intra-arrest cooling vs. early/delayed 

cooling), and many were biased by small cohorts or not clinically rel-

evant outcomes (i.e., histologic effects on dying neurons or apoptosis, 

circulating biomarkers of brain injury, short-term survival).39 The dif-

ficulty in translating experimental results into clinical practice is com-

mon to other fields of research and is further increased by the pro-

found differences in etiology, comorbidities, and recovery capacities 

along different life periods in humans, requiring an even greater 

amount of scientific evidence.

Newborns
Neonatal encephalopathy (NE) is a clinically defined syndrome of 

impaired neurologic function in the earliest hours/days of life in in-

fants born at or beyond the 35th week of gestation.40 Among different 

causes of NE, hypoxic ischemic encephalopathy (HIE) is a subtype 

caused by the limitation of oxygen delivery in the newborn and is 

responsible for high mortality and neurodevelopmental impair-

ment.41,42 It remains challenging for the clinician to diagnose and 

classify the severity of NE in newborns43,44; the Sarnat staging system 

(and its modified version, excluding heart rate) is a neurologic physi-

cal examination–based tool useful to classify newborns with sus-

pected HIE into three categories of severity (i.e., mild, moderate, and 

severe).45 In moderate and severe HIE, therapeutic hypothermia ad-

ministered for 72 hours at a core temperature of 33°C–34°C was as-

sociated with reduced brain injury and improved survival in several 

clinical trials,46–50 providing clear long-term neurocognitive benefit.51 

Time to initiation of TTM in newborns appears to be of critical im-

portance, meaning the highest benefit is to be expected with the earli-

est initiation.52 Whether the treatment should be applied also to neo-

nates of more than 6 hours of age remains disputable.53,54 Given the 

large amount of evidence available, TTM at 33°C–34°C initiated 

within 6 hours of age and continued for 72 hours is now considered 

the standard of care for moderate to severe HIE in newborns with at 

least 36 weeks of gestation, but it remains controversial in more pre-

mature infants or in mild HIE.

Pediatric
Evidence extrapolated from neonatal HIE or adult studies may not fit 

with the heterogeneous pediatric population. Peculiar characteristics 

such as the respiratory rather than the etiology of cardiac arrest in 

children and the different comorbidities might shift the balance of ap-

plying TTM after global ischemic brain injury to harm, and hence it 

needs to be studied in a specific manner.55,56 Recently, two large ran-

domized controlled trials (RCTs) addressing both the population of 

out-of-hospital cardiac arrest (OHCA) and in-hospital cardiac arrest 

(IHCA) did not find a benefit in survival with good neurologic out-

come at 1 year between TTM maintained for 48 hours at 33°C com-

pared with therapeutic normothermia (i.e., 36.5°C target temperature) 

in children of age between 2 days and 18 years.57,58 In a recent meta-

analysis evaluating available evidence for TTM 32°C–36°C compared 

with no target or other different temperature targets in comatose chil-

dren after the return of spontaneous circulation (ROSC) including 

eight observational cohort studies and one pilot study, no clear benefit 

or harm could be identified.59 The evidence to support the use of TTM 

in comatose children after ROSC remains inconclusive, and its applica-

tion remains largely derived from adult evidence.

Adults
Mild hypothermia (i.e., 32°C–34°C) was implemented globally follow-

ing the publication of two RCTs regarding OHCA comatose survivors 

of presumed cardiac origin with initial shockable rhythm conducted in 

Australia and Europe, which showed significant benefit on survival 

and neurologic outcome when TTM was continued for 12–24 

hours,60,61 when compared with standard of care. In 2013 the TTM 

trial showed that two different “doses” of TTM (i.e., 33°C or 36°C for 

24 hours) resulted in similar mortality and neurologic outcome when 

applied to comatose survivors resuscitated from OHCA of presumed 

cardiac origin, irrespective of the initial rhythm.23 Since then, several 

centers around the globe have adopted 36°C as the target core tem-

perature in the postresuscitation phase; however, this shift from mild 

hypothermia to controlled normothermia has often produced greater 

difficulties in maintaining optimal target temperature, resulting in a 

higher incidence of early fever and potentially in a reduced probability 

of good neurologic recovery.62,63

Recently, in a mixed population of OHCA and IHCA patients with 

an initial nonshockable rhythm and mainly hypoxic causes of arrest, 

mild hypothermia at 33°C was found to significantly increase the 

number of patients with favorable neurologic outcome when com-

pared with normothermia at 36.5°C–37.5°C,25 in particular within the 

IHCA group. However, a large randomized trial involving more than 

1800 patients reported that hypothermia at 33°C for 24 hours did not 

result in improved survival or neurologic outcome when compared 

with normothermia (i.e., 37.5°C), although half of normothermic pa-

tients required a specific device to actively maintain body temperature 

within this value.64

All these results suggest the following statements: (1) TTM is not 

effective in all comatose survivors after cardiac arrest; (2) TTM at 33°C 

might be used in nonshockable rhythms, in particular in the presence 

of “respiratory” causes or occurring in the hospital; and (3) subgroup 

analyses to understand which patients might benefit from this inter-

vention are necessary.

Moreover, because animal experiments showed an even greater 

benefit of TTM when it was started during resuscitation maneuvers, 

intra-arrest cooling was studied with large amounts of cold fluid and 

failed to provide any additional benefits in humans, while decreasing 

the ROSC rate in patients with initial shockable rhythm.65 Conversely, 

transnasal evaporative intra-arrest cooling appeared to be feasible and 

safe and was associated with a positive trend of increased favorable 

neurologic outcome in OHCA with initial shockable rhythm.66 More 

studies are necessary to demonstrate the effectiveness of this approach 

in large patient cohorts.

OTHER CLINICAL APPLICATIONS OF 
HYPOTHERMIA/TTM IN BRAIN INJURY

Traumatic Brain Injury
Increased intracranial pressure (ICP) is a common complication of 

TBI because of the mass effect of the hemorrhage), the inflammatory 

edema accompanying the blood-brain barrier disruption, and the dis-

turbed cerebrospinal fluid drainage. A rise in ICP often results in a 

decrease in cerebral perfusion pressure, coupled with the disturbed 

autoregulation of the cerebrovascular system, and this can lead to sec-

ondary ischemic damage and thus worsen prognosis.67

One large study evaluated the use of TTM as first-line treatment 

for elevated ICP (i.e., vs. osmotic therapy) and found a higher mortal-

ity rate and worse neurologic outcome than in the control group; 

hence the study was prematurely stopped.28 Another recently pub-

lished RCT investigated the use of early prophylactic TTM for  

72 hours at 33°C in association with slow rewarming and did not find 

any difference in favorable neurologic outcomes.29 At this stage, the 

widespread use of TTM is not indicated in the early phases of severe 

TBI, but can remain effective to reduce ICP in case of refractory  
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intracranial hypertension.68 Of note, the control group in all these 

studies was kept at “strict normothermia” (i.e., 37°C), which should 

be therefore considered “standard of care” in this setting.

Intracerebral Hemorrhage and Subarachnoid 
Hemorrhage
In patients suffering from intracerebral hemorrhage (ICH), increased 

ICP caused by cerebral edema and hematoma expansion can represent 

a life-threatening complication; in addition, early brain edema or de-

layed cerebral ischemia after subarachnoid hemorrhage (SAH) might 

result in secondary ischemic brain damage. In a series of patients with 

large intracerebral hemorrhage (.25 mL), long-lasting mild TTM 

(35°C for up to 10 days) has shown promising results in terms of neu-

rologic outcome and decrease in peri-hemorrhagic edema when com-

pared with an historical cohort.69 Similar results were observed with 

hypothermia in a series of 100 patients with persistently elevated ICP 

after ICH.70 More recently, excellent outcome was described in a small 

case series of patients with severe vasospasm and elevated ICP treated 

with TTM after SAH, although there was no control group.71 Hence, 

TTM should only be considered an adjunct therapy in cases of refrac-

tory ICP in this setting and should be further evaluated in clinical tri-

als. Although unproven, “strict normothermia” (i.e., 37°C) should be 

considered the standard of care in ICH and SAH patients with severe 

neurologic impairment and/or elevated ICP.

Ischemic Stroke
Ideally, the neuroprotective role of TTM could limit the extension of 

the core ischemic area after an acute ischemic stroke and therefore 

limit the burden of neurologic disability. Evidence to support the use 

of TTM is based on relatively small and heterogeneous trials with dif-

ferent TTM strategies, indications, and outcome assessment.72 One 

large randomized ongoing trial, the IcTUS2/3 trial (NCT01123161), is 

actually investigating whether the combination of thrombolysis and 

TTM is superior to thrombolysis alone. However, the EuroHYP-1 trial, 

which enrolled 98 patients, showed no benefit from mild TTM plus 

medical treatment on the functional outcomes of ischemic stroke pa-

tients treated with the best-available medical care.73

OTHER POTENTIAL APPLICATIONS

In acute myocardial infarction, therapeutic hypothermia has been in-

vestigated in both experimental and clinical settings with the purpose 

to limit ischemia reperfusion injuries and thereby reduce the infarct 

size.74 No consistent findings were found in a series of small random-

ized trials and their pooled data analysis, despite a promising possible 

application of TTM for infarction with a large myocardium at risk and 

localized within the anterior wall of the left ventricle.75

In spinal cord injury, TTM has been not studied by any RCTs yet, 

despite some experimental evidence and some clinical reports of pos-

sible beneficial effects.76

In the context of hepatic liver failure and hepatic encephalopathy, 

TTM was used as an adjunctive therapy in the case of increased ICP for 

patients who were subsequently transplanted, with beneficial effects on 

both hemodynamic variables and ammonia levels77; however, because of 

the weak evidence available, it is not considered yet the standard of care.

In mechanically ventilated patients with septic shock, induced hy-

pothermia (target 32°C–34°C for 24 hours) followed by 48 hours of 

normothermia (i.e., 36°C–38°C) resulted in a similar overall mortality 

rate than a control normothermic group; moreover, in the hypother-

mia group, 30-day mortality was higher (44.2% vs. 35.8%) than the 

normothermic group.78 Hence, induced hypothermia should not be 

used in patients with septic shock. Whether normothermia might im-

prove hemodynamics and outcome in these patients when compared 

with no fever control remains to be evaluated.79

PRACTICAL ASPECTS

Three different phases can be identified in the process of applying 

TTM (induction, maintenance, and rewarming), during which several 

“phase-specific” physiologic phenomena could be observed in re-

sponse to a decrease in body temperature. A practical algorithm for the 

application of TTM is provided in Fig. 39.1. Ideally a rapid induction, 

a precise target temperature during maintenance, and a slow and con-

stant rewarming should be achieved to provide the most effective 

treatment and avoid side effects at best.80

ROSC

after CA
Complications?

Yes

Yes

No

No

Yes

Consider TTM

at 33°C

Consider rewarming

(to 36°C?)

Rewarming (0.25–0.5°C/h)

Avoid fever for 72 hours

Continue for at

least 24 hours

Maintain normothermia (37.5°C) with active temperature management

• Nonshockable rhythm
• Respiratory causes

• In-hospital CA

48 hours

Cooling Rewarming/normothermia

Sedatives; consider muscle paralyzers After 37° disc. sedatives

24 hours

Fig. 39.1 Example of TTM Algorithm in Cardiac Arrest Patients. Consider TTM at 33°C if the arrest is associ-

ated with nonshockable rhythm, in particular for respiratory causes and if developed in hospital. CA, Cardiac arrest; 

ROSC, return of spontaneous circulation; TTM, target temperature management.

  

 



244 PART II Common Approaches for Organ Support, Diagnosis, and Monitoring

Drug or Strategy Pros Cons

IV fluids Easily feasible in  

different locations

Not expensive

Low workload for  

healthcare providers

Difficult to maintain con-

stant temperature

Not specific to brain cooling

Slow induction

No feedback control

Risk of fluid overload

Surface devices  

without temperature 

feedback

Easily feasible in  

different locations

Difficult to maintain  

temperature

Not specific to brain  

cooling

Slow induction

No feedback control

Risk of skin lesions

Expensive

Surface devices  

with temperature  

feedback

Precise temperature  

induction and  

maintenance

Fast induction

Presence of feedback  

control

Low workload for  

healthcare providers

Only feasible in ICU setting

Not specific to brain cooling

Risk of skin lesions

Expensive

IVC Precise temperature  

induction and  

maintenance

Fast induction

Presence of feedback  

control

Low workload for  

healthcare providers

Only feasible in ICU setting

Not specific to brain cooling

Risk of infections and/or 

thrombosis

Expensive

TNEC Easily feasible in  

different locations

Specific to brain cooling

Very few side effects

Difficult to maintain  

temperature

Slow induction

No feedback control

Risk of fluid overload

TABLE 39.3 Different Cooling Methods

ICU, Intensive care unit; IV, intravenous; IVC, intravascular catheter; 

TNEC, transnasal evaporative cooling.

Initiation of TTM should be started as soon as possible, in particu-

lar after cardiac arrest, and maintained for a minimum period of 24 

hours or longer, according to the underlying disease. As soon as the 

decision to apply TTM is made, a continuous measurement of the core 

temperature by an intravascular, bladder, or esophageal probe should 

be started to ensure an optimal temperature management. The appro-

priate device to induce and maintain the selected temperature is also 

of importance: several methods exist, including ice packs, cold fluids, 

cold blankets, automated skin pad systems, intravascular devices, and 

intranasal gas cooling devices; consistent differences exist among 

them, which are outlined in Table 39.3. Moreover, automated tempera-

ture feedback systems, both intravascular and external, were associated 

with better neurologic outcomes81 and should therefore be considered, 

at least for cardiac arrest patients. Adverse secondary effects, including 

shivering, electrolyte disorders, ventilatory adjustments, and the pres-

ence of life-threatening hemorrhage, should be promptly recognized 

and treated.

The subsequent rewarming phase should be slow (0.15°C–

0.25°C/h) to minimize adverse events and potentially minimize the 

KEY POINTS

• TTM has been shown to minimize or reduce the severity of cerebral damage 

in different models of experimental brain injury, in particular of anoxic  

origin.

• When hypothermia is used, several side effects, including shivering, altered 

diastolic ventricular function, moderate immunosuppression, reduced  

platelet function, electrolyte imbalance, and hyperglycemia, may occur. All 

these phenomena should be adequately monitored and treated whenever 

necessary.

• In newborns suffering from HIE, the use of TTM at 33°C for 72 hours is 

recommended as the standard of care in the management of such patients.

• In cardiac arrest in pediatric patients, there is no evidence for a beneficial 

effect of TTM.

• In adult victims of cardiac arrest, the use of TTM remains extremely contro-

versial; if the application of hypothermia at 33°C should not be considered 

standard of care any more in such patients, there are some patients (i.e., 

nonshockable rhythms, in particular if of respiratory origin and/or occurring 

in hospital) who might still benefit from such intervention.

• In traumatic brain-injured patients, hypothermia at 33°C should be avoided 

as first-line therapy; its role as “salvage therapy” in the case of refractory 

intracranial hypertension is still accepted in current recommendations.

• In other forms of brain injury, the benefits of TTM remain poorly demon-

strated; however, in severe patients, aiming at normothermia appears the 

most widely used approach.

• There is no indication for regular use of hypothermia or strict normothermia 

in other critically ill patients

 References for this chapter can be found at expertconsult.com.

burden of secondary brain damage.82,83 Sedation must be titrated 

wisely according to the comfort of patients, their hemodynamic status, 

and the need to perform a comprehensive neurologic assessment.

CONCLUSIONS

The application of TTM during critical illness remains controversial 

and still associated with unanswered issues, such as which patient 

populations might benefit the most. Clinically relevant effects of hypo-

thermia have been observed in newborns suffering from HIW and in 

some—at the moment poorly characterized—adult cardiac arrest sur-

vivors. Future research is needed to clarify the exact role of TTM after 

cardiac arrest and other critical illnesses.

ANNOTATED REFERENCES

Andrews PJD, Sinclair L, Rodriguez A, et al. Hypothermia for intracranial hy-

pertension after traumatic brain injury. N Engl J Med. 2015;373(25):2403–

2412.

Randomized trial showing that prolonged hypothermia initiated because of 

elevated intracranial pressure was associated with a significant increase in 

mortality when compared with normothermia in severe traumatic brain  

injury patients.

Dankiewicz J, Cronberg T, Lilja G, et al. Hypothermia versus normothermia 

after out-of-hospital cardiac arrest. N Engl J Med. 2021;384(24):

2283–2294.

Randomized controlled trial showing that hypothermia at 33°C did not im-

prove survival or neurologic outcome when compared with normothermia in 

out-of-hospital cardiac arrest patients.
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Lascarrou JB, Merdji H, Le Gouge A, et al. Target temperature management for 

cardiac arrest with no shockable rhythm. N Engl J Med. 2019;381(24):

2327–2337.

Randomized trial showing that hypothermia at 33°C improved neurologic 

outcome when compared with normothermia in cardiac arrest patients with 

an initial nonshockable rhythm.

Nielsen N, Watterslev J, Cronberg T, et al. Target temperature management  

at 33°C versus 36°C after cardiac arrest. N Engl J Med. 2013;369:

2197–2206.

Randomized trial showing that hypothermia at 33°C did not provide any 

benefit on survival and neurologic outcome when compared with hypother-

mia at 36°C in out-of-hospital cardiac arrest patients.
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studies that have adequately researched this. Some neonatal centers 

advocate placement of a distal jugular bulb drainage cannula (also 

known as a cephalad cannula), which is then Y’ed into the ECMO 

venous drainage line to increase venous flow and decrease intracranial 

venous pressure. This technique, however, is rarely described in adult 

care.4 If the femoral artery is used, a reperfusion cannula may need to 

be employed to provide adequate perfusion distal to the cannula site 

and thereby mitigate limb ischemia.5 Continuous noninvasive moni-

toring by pulse oximetry or near-infrared spectroscopy on lower ex-

tremities during femoral VA access may help with earlier identifica-

tion of limb ischemia if changes in blood flow and oxygenation 

develop post-cannulation.5–7 A side-graft on the femoral artery can 

also be placed that does not totally occlude distal blood flow, but this 

process cannot be accomplished via a percutaneous approach and 

requires surgical intervention. Other arterial access possibilities in-

clude cannulation of the subclavian and innominate vessels, facili-

tated by advances in cannula technology and growing experience. If 

these arteries are cannulated, care must be taken to avoid either hy-

peremia of the distal limb (which may require a ligature to restrict 

distal blood flow) or ischemia that develops after occlusion of distal 

flow. Side grafts have also been used in subclavian arterial access.

Hypoxemia Differential
In patients with severe respiratory failure who are cannulated via the 

femoral artery, development of differential oxygen saturation of the 

upper and lower extremities can occur because of competing native 

cardiac output and returning ECMO circuit flow directed retrograde 

up the aorta. Where the native cardiac output, which is likely desatu-

rated in patients with severe pulmonary gas exchange problems, meets 

the oxygenated ECMO return flow is often termed the “mixing zone.” 

Higher native cardiac output and lower ECMO return will move the 

mixing zone more distal in the aorta, whereas increased ECMO flow 

may push oxygenated blood farther up the aorta. If desaturated blood 

from the left heart is primarily perfusing the upper body, including the 

brain and coronaries, this results in a cyanotic upper body with a well-

perfused lower body, a condition for which the terms “harlequin” or 

“north-south” syndrome is used. Methods to improve upper body oxy-

genation include placing another venous cannula into the right atrium 

(RA) which is Y’ed into the arterial ECMO return to direct some oxy-

genated blood to the RA and improve cardiac oxygen delivery. Care 

must be taken to ensure that both ECMO return cannulas—especially 

the femoral cannula—achieve adequate flow to prevent stasis and 

thrombosis.

INTRODUCTION

Use of extracorporeal life support (ECLS) for respiratory and/or cardiac 

failure continues to increase, with almost 500 Extracorporeal Life Sup-

port Organization (ELSO) centers worldwide and almost 100,000 pa-

tients now added to the ELSO registry.1 In actuality, ECLS use is likely 

much higher, as many centers do not report data to ELSO or any other 

international registry. The survival rate for ECLS varies significantly by 

indication for support and age.2 Table 40.1 lists the survival rates re-

ported to ELSO for neonates, pediatric, and adult patients. ECLS com-

plications continue to be common and are most frequently the result of 

bleeding or clotting. As ECLS technology improves and global experi-

ence increases, the indications for ECLS continue to expand.

MODES OF ECMO

Extracorporeal membrane oxygenation (ECMO) modes are conven-

tionally named for the sites from which the blood is drained and re-

turned. Fig. 40.1 depicts typical cannula placement for neonates, pedi-

atric, and adult patients. There are two major technical types of ECLS: 

venoarterial (VA) and venovenous (VV). Hybrid modes that incorpo-

rate VA and VV together are also used in specific circumstances.

Venoarterial Cannulation
In the VA mode, deoxygenated blood is removed from the venous 

system and pumped to a membrane lung, which removes carbon diox-

ide and adds oxygen. Oxygenated blood is then returned to the patient 

via the arterial system. Use of the venous and arterial vessels depends 

on the patient size and condition and is divided into peripheral and 

central cannulation.

Venous drainage in older children and adults is either from the 

internal jugular or femoral vein. As femoral vessel size limits the ad-

equacy of venous and arterial cannulation in neonates and small 

children, usually up to the age of 2 years, the right or left internal 

jugular vein is most commonly accessed. Oxygenated blood is usually 

returned to the patient via the carotid or femoral artery. The femoral 

artery is the preferred method in adolescents and adults to prevent 

need to repair or sacrifice the carotid artery at the time of decannula-

tion. An increase in adverse neurologic events resulting from re-

stricted cerebral blood flow secondary to loss of the right carotid ar-

tery and from emboli returning from the ECMO circuit to the left 

carotid are also reasons why carotid access is often avoided.3 Cerebral 

venous congestion from internal jugular cannulas is also theorized to 

add to the risk of neurologic events, although there are no definitive 
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 Total Runs

Survival to 

Decannulation, 

N (%)

Survival to Hospital 

Discharge or  

Transfer, N (%)

NEONATAL

Respiratory 32,634 28,627 (87) 23,860 (73)

Cardiac 8993 6216 (69) 3899 (43)

ECPR 2080 1463 (70) 883 (42)

PEDIATRIC

Respiratory 10,549 7636 (72) 6347 (60)

Cardiac 12,836 9271 (72) 6854 (53)

ECPR 5086 3032 (59) 2159 (42)

ADULT

Respiratory 25,631 17,832 (69) 15,741 (60)

Cardiac 27,004 16,117 (59) 11,891 (44)

ECPR 8558 3582 (41) 2549 (29)

TABLE 40.1 Survival to Decannulation and 
Discharge or Transfer for Neonatal, Pediatric, 
and Adult Extracorporeal Membrane 
Oxygenation (ECMO)

ECPR, Extracorporeal pulmonary resuscitation. Data from the ELSO 

International Registry Report, July 2020.

Fig. 40.1 Schematic of possible 

venoarterial (A–C) and venove-

nous (D, E) ECMO circuit con-

figuration. (A) VA, peripheral, 

femorofemoral. (B) VA, periph-

eral, femoro-axillary cannula-

tion. (C) VA, central cannulation. 

(D) VV, single, double-lumen 

cannula. (E) VV, two single-

lumen cannulas. ECMO, Extra-

corporeal life support; VA, veno-

arterial; VV, venovenous. 

 (Adapted from Sangalli F, Pa-

troniti N, Pesenti A. ECMO—Ex-

tracorporeal Life Support in 

Adults. New York: Springer; 

2014: Figs. 3-9 and 6-6.)

For patients cannulated via the femoral artery, use of pulse oxime-

try or arterial blood gas data from the right hand or use of cerebral 

near-infrared spectroscopy (NIRS) may help follow oxygen saturation 

levels. Although there is controversy as to when adequate oxygen is 

reaching the upper body and brain, most centers use as guidelines the 

achieving of arterial saturations .80% (sometimes lower) or, con-

versely, avoidance of signs of inadequate oxygenation, such as mental 

confusion, electrocardiogram (ECG) changes of ischemia, or high 

blood lactate levels. These help to determine whether the cannulation 

strategy needs to be altered to improve upper body oxygenation. If 

unable to adequately provide respiratory and cardiac support with this 

configuration, movement of the femoral artery cannula to an upper 

body site or central cannulation should be established.

Central Cannulation
Central cannulation is accomplished via a median sternotomy with 

cannulation of the RA as the venous drainage and ascending aorta as 

the arterial return. Advantages of central VA-ECMO include in-

creased venous drainage and antegrade return of oxygenated blood 

flow to the proximal aorta. Central cannulation is most commonly 

used for postcardiotomy patients but may benefit septic shock pa-

tients when higher flow is required. Disadvantages to central cannu-

lation include increased risk of bleeding and infection and decreased 

patient mobility.
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Venovenous Cannulation
In the VV mode, deoxygenated blood is removed from the venous 

system and sent via an external pump to the membrane lung where 

oxygen is added and carbon dioxide removed. Oxygenated blood is 

then returned to the venous system. As the native heart must deliver 

oxygenated ECMO flow to the systemic circulation, VV requires ade-

quate cardiac function. Venous blood is externally diverted from the 

patient, commonly by the inferior vena cava (IVC) and usually via the 

femoral vein, and then reinfused to the RA after gas exchange via the 

internal jugular vein. The drainage cannula is optimally placed in the 

hepatic IVC/RA region, as the largest volume of flowing blood for 

drainage exists here, and this vessel is less prone to collapse than those 

farther down in the abdomen. The internal jugular reinfusion cannula 

should be placed in the RA. The two cannulas should be separated by 

a few centimeters to reduce recirculation of ECMO return being 

drained back into the ECMO intake circuit without traversing the 

systemic circulation. Dual-lumen cannulas now exist that drain both 

the IVC and superior vena cava (SVC) and reinfuse oxygenated blood 

into the RA. When placed properly, these catheters direct oxygenated 

return through the tricuspid valve and into the right ventricle, thus 

reducing recirculation. As it is somewhat difficult to achieve proper 

placement of the dual-lumen cannula, placement under fluoroscopic 

or echocardiographic guidance is recommended. Unfortunately, dual-

lumen cannulas appropriate for neonates are not readily available; 

those that are available have concerns regarding cardiac perforation or 

placement, which limit their use.8

In patients cannulated for respiratory failure via VV-ECMO, sud-

den right ventricular failure can occur, often after days to a week on 

ECMO support. Although causation of such events is unclear, etiolo-

gies may include development of progressive pulmonary fibrosis and 

associated increased pulmonary vascular resistance, pulmonary em-

boli, fluid overload, or failure of the right ventricle from constant ex-

posure to the relatively high-pressure jet returning from the ECMO 

circuit. Deterioration can occur rapidly, and if not medically managed 

successfully or the patient is not transitioned to VA support, right 

ventricular failure may lead to cardiac arrest.9 Periodic echocardio-

graphic evaluation of right ventricular function coupled with clinical 

examination aimed at detecting venous distention or other evidence of 

right heart failure are advisable.

PHYSICAL SYSTEMS FOR ECMO

The ECLS circuity is composed of cannulas, a pump, an oxygenator 

(which is also referred to as the membrane lung), and tubing. Several 

technologic changes have been made to the ECLS circuit, including 

creation of centrifugal pumps with streamlined circuity and decreased 

priming volume; advancements in artificial membrane technology; 

and integrated systems that allow for ongoing assessment of venous 

saturations, blood gas values, temperature, hemoglobin, ECMO flow, 

ECMO pressures, and alarms. Newer systems also have enhanced por-

tability and improved safety.10,11

Two pump types exist for ECLS: centrifugal and roller-head. With 

the advent of newer centrifugal systems that are not associated with the 

severe hemolysis and plasma leakage issues of the past, most centers 

now use centrifugal pump and hollow-fiber/polymethlypentene mem-

brane lung systems. Roller-pump devices generate high return pressure 

that poses justified concern for circuit rupture. Given this hazard and 

their dependence on gravity for venous drainage, many centers now 

have abandoned them. Centrifugal systems are also easier to set up, re-

quire less priming volume, may be safer, are easier to move, and facili-

tate patient mobility. In addition, centrifugal systems tend to require 

less immediate bedside technician monitoring, which reduces staffing 

needs and costs.11–13 Moreover, newer systems are thought to minimize 

the hemolysis encountered with earlier versions of centrifugal pumps.14 

At this writing, newer centrifugal and membrane lung systems are ap-

pearing on the market, each with potential advantages and more min-

iaturization; however, whether these innovations truly affect outcome is 

yet unknown. Of interest, use of roller-pump devices continues in the 

United States for neonatal patients, whereas the rest of the world has 

changed to centrifugal setups. Several reports of an increase in hemoly-

sis, hyperbilirubinemia, renal injury, and a decrease in survival in chil-

dren with centrifugal pumps compared with roller devices have ap-

peared, although whether these events are related to lack of experience 

with centrifugal systems or to other factors is unclear.15–17

Much like the pumps, oxygenator technology has improved over 

time. Use of the silicone membrane lung, the workhorse for ECMO for 

many years, provided good gas exchange but was cumbersome to 

prime, stimulated a large inflammatory response because of its large 

surface area, and promoted thrombosis which required replacement. 

Its use has almost disappeared, and most centers have transitioned to 

microporous hollow-fiber oxygenators that employ polymethylpen-

tene fiber technology. Hollow-fiber oxygenators are also advantageous 

because of their lower priming volume, smaller surface area, and im-

proved gas exchange. These devices now exist in a variety of sizes, 

which makes them applicable to patients of varying size—neonates 

through adults.

Most ECMO systems also incorporate measurement of flow, revo-

lutions per minute, pressure and alarm limits, and a variety of other 

indicators. Devices to measure flow, blood gases, and other parameters 

can also be placed on the circuit noninvasively. These even afford re-

mote monitoring and adjustments in flow, which may allow multiple 

patients to be managed at distant sites. One new recently Food and 

Drug Administration (FDA)–approved system by Abiomed provides 

an oxygen concentrator, which obviates need for an external oxygen 

source, and a battery life of 3 hours, which may allow ambulation and 

facilitate care of patients outside the intensive care environment.

MANAGEMENT OF ANTICOAGULATION  
AND BLOOD TRANSFUSION

During ECMO initiation, a massive inflammatory response occurs 

because of contact of patient blood with the foreign ECMO circuit, 

upregulating the coagulation system. Both activation and consump-

tion of platelets occur, which induce changes in the coagulation cas-

cade and promote a prothrombotic state.18–20 Anticoagulation is ad-

ministered during cannulation and is continued throughout the 

ECMO run to mitigate the risk of thrombosis in both the circuit and 

the patient. Unfractionated heparin (UFH) remains the standard anti-

coagulant for ECLS patients, although newer anticoagulants, including 

direct thrombin inhibitors such as bivalirudin and argatroban, have 

been used successfully as well. No randomized trial exists currently to 

compare UFH with these newer anticoagulants to demonstrate if the 

anticoagulants are equivalent or if one approach is better than another. 

In a pilot single-center adult study, use of an algorithm-based heparin 

titration based on activated partial thromboplastin time (aPTT) was 

compared with a weight-dosed arm of 10 units/kg/hour with no titra-

tion for 10 patients on VV-ECMO. No differences were noted in need 

for circuit exchange, bleeding events, or amount of transfused blood.21 

Other case series in patients with high risk for bleeding, including 

trauma or postcardiotomy, have shown that low-dose or no heparin 

during ECMO may be safe, but continuous monitoring of the circuit 

for thrombus formation is warranted.22 Other means of reducing 

platelet activation, aggregation, and circuit thrombosis such as surface 

coatings on the ECMO tubing, administering nitric oxide across the 
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membrane lung, and use of antiplatelet agents, are areas of clinical and 

bench research.

Laboratory monitoring for UFH on ECLS varies among centers, and 

no single test or combination of tests has been found to be superior to 

another regarding bleeding or thrombosis. Although much effort and 

research have occurred and continue to try to define the optimal anti-

coagulation testing regimen for patients receiving ECLS, the answer is 

not currently known. Activated clotting time (ACT) is historically the 

most common laboratory test for monitoring UFH, but other tests, 

such as anti–factor Xa and viscoelastic assays, are being employed at 

many ECLS institutions. ACT is a whole-blood test that measures the 

time of whole blood to form a fibrin clot. It can be performed at the 

bedside and is simple to do, but its accuracy is affected by several fac-

tors, including thrombocytopenia, platelet dysfunction, hemodilution, 

hypofibrinogenemia, temperature, and technical factors. Anti–factor Xa 

assay is a chromogenic assay that measures the UFH inhibition of the 

factor Xa activity, and thus should be a better test for providing infor-

mation specific to heparin effect. Viscoelastic testing methods such as 

thromboelastography (TEG) and rotational thromboelastometry 

(ROTEM) are whole-blood tests that measure the viscoelastic proper-

ties of a clot, including time to initiate clot formation, extent of fibrin 

formation, clot strength, and clot lysis. Although viscoelastic tests seem 

to provide a more comprehensive view of the quantity and function of 

coagulation factors, platelets, and fibrinogen, there currently are mini-

mal data to support their use in ECLS, although more data are emerg-

ing. Bedside viscoelastic testing is now available at many centers, but it 

is currently unknown if it will improve anticoagulation management or 

if it will decrease the incidence of thrombotic or bleeding events. An 

understanding of what each anticoagulant test measures and its limita-

tions is crucial to manage ECMO anticoagulation. Many studies suggest 

that a combination of probes, including a clotting time test such as ACT 

or TEG/ROTEM, plus a plasma-based test such as anti–factor Xa or 

aPTT, present a more comprehensive picture of the coagulation status 

and anticoagulant effect in ECLS patients.23

Blood product transfusion thresholds vary based on patient age 

and type of ECLS (VV versus VA). Table 40.2 displays common trans-

fusion thresholds recommended by ELSO. Other more detailed man-

uscripts on this topic are included in the references.24,25 Adult patients 

tend to have lower hemoglobin goals than children, although reasons 

for this are unclear. Red blood cells are transfused with the primary 

goal to increase oxygen-carrying capacity and augment tissue oxygen-

ation, but study results vary as to whether increasing hemoglobin 

improves clinical status or if the potential adverse effects of transfu-

sion outweigh any potential benefit.26–31 Similar issues with adverse 

effects of platelet transfusion to achieve goal platelet count have been 

documented in ECMO patients.28,32,33 One common agreement 

 Adult Pediatric

Hemoglobin 7 g/dL 8–10* g/dL

Platelet Nonbleeding patients: 

.50–100,000 cells/mm3

Bleeding patients .100,000 

cells/mm3

Nonbleeding patients: 

.50–100,000 cells/mm3

Bleeding patients 

.100,000 cells/mm3

FFP .1.5–2.0 if bleeding .1.5–2.0 if bleeding

Fibrinogen ,100–150 mg/dL ,100–150 mg/dL

TABLE 40.2 Transfusion Thresholds for 
Blood Products in Adults and Children

FFP: Fresh frozen plasma.

*Consider higher hemoglobin goal for cyanotic congenital heart disease.

 Adult (%) Neonatal (%) Pediatric (%)

Mechanical pump mal-

function

1.5 1.6 2.2

Mechanical oxygenator 

failure

9.1 5.7 10.6

Cerebral infarct 2 6.8 4.2

Intracranial hemorrhage 3.9 7.6 6.4

Pulmonary hemorrhage 6.1 4.5 8.1

Cannula site bleeding 13.2 7.9 18.3

Surgical site bleeding 10.5 6.3 12.6

Infection 17.5 5.8 16.8

TABLE 40.3 Common Complications for 
Adult and Pediatric Patients Placed on ECMO 
for Primary Respiratory Indication

Adapted from the 2016 ELSO Registry International Report.

regards the mandate to maintain normal fibrinogen levels during 

ECMO.

COMPLICATIONS

Among the most common complications for ECLS patients are hem-

orrhage and thrombosis. A summary of the most frequent complica-

tions reported to the ELSO registry are listed in Tables 40.3 and 40.4. 

Development of secondary infection while being supported by ECMO, 

need for a long duration of support, mediastinal cannulation, lack of 

correction in lactate or pH over the first 24 hours of support, and 

quantity of administered blood products are all factors that have been 

associated with outcome.34,35

Several neurologic complications, including seizures, ischemic 

stroke, intracranial hemorrhage, and brain death, may occur during 

ECMO.36,37 The cause of neurologic injury during ECMO is complex 

and likely multifactorial. Predispositions include patient pre-ECMO 

factors such as hypoxia, acidosis, low cardiac output, impaired cerebral 

autoregulation, and alterations in cerebral blood flow.38 Cannulation 

site can increase the risk of neurologic complications; ligation of the 

carotid artery is associated with the highest risk of injury.39 Noninva-

 Adult (%) Neonatal (%) Pediatric (%)

Mechanical pump  

malfunction

0.8 1.5 1.8

Mechanical oxygenator 

failure

6.6 6.1 7.2

Cerebral infarct 3.8 3.4 5.0

Intracranial hemorrhage 2.2 11.3 5.3

Pulmonary hemorrhage 3.1 5.2 5.3

Cannula site bleeding 18.5 10.7 15.6

Surgical site bleeding 20.2 29.3 28.9

Infection 13.0 7.1 11.0

TABLE 40.4 Common Complications for 
Adult and Pediatric Patients Placed on ECMO 
for Primary Cardiac Indication

Adapted from the 2016 ELSO Registry International Report.
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sive monitoring, including NIRS, transcranial Doppler, and electroen-

cephalogram (EEG), may help detect acute brain injury.40–42 Initial 

studies employing multimodal neurologic monitoring are promising, 

but further study and standardization are needed.43,44

Vascular complications are also common and occurred in 29% of 

patients in a systematic review of 6583 adult ECMO patients.45 Access 

of the femoral artery for VA-ECMO can lead to lower extremity isch-

emia, pseudoaneurysm formation, dissection, and retroperitoneal 

bleeding. As mentioned previously, a distal perfusion cannula can be 

placed to mitigate limb ischemia. In addition, at the time of decannu-

lation, a repair of the femoral artery can be performed to prevent arte-

rial stenosis.46 Dissection and retroperitoneal hematoma may occur 

during cannulation, but the risk can be minimized by using ultrasound 

guidance during percutaneous access of the femoral vessels. Thrombo-

embolism and pseudoaneurysm are usually late vascular complica-

tions that occur in approximately 6% and 1.3% of patients, respec-

tively.45 Pseudoaneurysms present with a pulsatile, palpable bulge and 

if small generally can be managed with injection of thrombin. If large 

or rapidly expanding, however, these defects will usually require surgi-

cal intervention.47 Because injury to the right ventricle, coronary sinus, 

and hepatic vein can occur during placement of dual-lumen VV-

ECMO cannulas, their placement under fluoroscopy is recommended.

Although pump or circuit failure is an uncommon event, sudden 

deterioration of performance can result in lack of adequate patient 

support, leading to adverse events or fatality. Air embolus in centrifu-

gal pumps can also occur, and centers transitioning from roller-head 

to centrifugal systems often see a rise in air events, as the “suction” 

provided by the centrifugal pump can rapidly pull air from any open 

stopcock. For this reason, most centers limit any access on the “nega-

tive” or prepump head side of the ECMO circuit, and systems that can 

stop forward flow of air bubbles are often employed. Centrifugal 

pumps require a thorough understanding of how patient physiology 

affects them, as they are very sensitive to “preload” (adequate venous 

drainage) and “afterload” that may impede forward ECMO flow from 

the pump.

ECMO FOR RESPIRATORY FAILURE

Use of ECLS for respiratory failure is supported by the rationale that 

ECLS provides time for lung recovery while simultaneously allowing 

implementation of effective lung protective ventilation. The ELSO 

guidelines for acute respiratory failure consider ECLS as a rescue 

therapy for hypoxic respiratory failure with high mortality risk, hyper-

carbia despite plateau pressures .30 cm H2O, severe air leak syn-

drome, need for intubation for a patient on a lung transplant list, or 

immediate cardiac or respiratory collapse.48 Each center may develop 

their own criteria, but these general rules exist. Use of scoring systems 

to predict ECMO outcome or candidacy are appearing but require 

further refinement. Descriptions of these scores, including PRESET, 

PRESERVE, and RESP, can be found in the references.49–52 Table 40.5 

lists the most common adult respiratory indications for ECLS.

ARDS
Severe acute respiratory distress syndrome (ARDS) continues to have a 

high associated mortality rate, in spite of the use of lung protective 

strategies that include ventilation with relatively low tidal volumes and 

pressures.53–55 Per ELSO guidelines, ECLS should be considered for 

patients in hypoxic respiratory failure if the mortality risk exceeds 50%, 

and ECLS is indicated if risk of death is 80% or greater.48 Mortality of 

50% is associated with a PaO2/FiO2 ,150 mm Hg on FiO2 of 90% and/

or a Murray score of 2 to 3. Mortality rates of ,80% are associated with 

a PaO2/FiO2 ,100 on FiO2 .90% and/or a Murray score of 3 to 4.

Two recent randomized controlled trials that evaluated ECLS in 

adult ARDS patients are CESAR and EOLIA. In the CESAR trial, 180 

adult patients with refractory ARDS were randomized 1:1 to transfer 

to a ECMO center for VV-ECMO consideration versus conventional 

care using a lung protective strategy.56 Respiratory support of patients 

in the conventional arm who were not transferred to the ECMO center 

was suggested to follow general lung protective guidelines, but specific 

ventilator management was not mandated. Of the 90 patients trans-

ferred to the ECMO center, 68 (75%) received ECMO and 57 (63%) 

survived to 6 months without disability, compared with the 41 (47%) 

patients who survived to 6 months and received conventional manage-

ment. Although these results seem to demonstrate the efficacy of 

ECMO, limitations to data interpretation include the fact that 22 of the 

patients randomized for transfer to the ECMO center did not receive 

ECMO and 5 patients died during transport.57 Critics of the study 

noted that the major finding was that care in an ECMO-capable center 

was associated with improved outcome, not necessarily the use of 

ECMO. The EOLIA trial was undertaken to overcome some limita-

tions noted in the CESAR trial. This randomized controlled trial  

 N (%)

ADULT*

Viral pneumonia 926 (17)

Bacterial pneumonia 1362 (24)

ARDS 1298 (23)

ARF, non-ARDS 1984 (36)

NEONATAL#

CDH 1851 (32)

MAS 1393 (24)

PPHN 1233 (21)

Respiratory distress syndrome 71 (1)

Sepsis 256 (4)

Other 1035 (18)

PEDIATRIC#

Acute respiratory failure 730 (22)

Chronic lung disease 98 (3)

Sepsis 281 (3)

Congenital heart disease 152 (5)

Bronchiolitis 329 (10)

Pneumonia (viral, bacterial, aspiration, and other) 652 (17)

Pertussis 69 (2)

Asthma 91 (3)

Other 910 (27)

TABLE 40.5 Adult, Neonatal, and Pediatric 
Respiratory Failure Indications From the 
ELSO International Registry

Adapted from the Pediatric ELSO Registry Report 2016 and Extracor-

poreal Life Support Organization Registry International Report 2016.

ARDS, Acute respiratory distress syndrome; ARF, acute respiratory 

failure; CDH, congenital diaphragmatic hernia; MAS meconium aspira-

tion PPHN persistent pulmonary hypertension.

*Adult patients include total patients reported to the ELSO registry 

from 1989 to 2016.
#Neonatal and pediatric include total patients reported to the ELSO 

registry from 2009 to 2015.
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included 240 adult patients randomized by center and length of me-

chanical ventilation to VV-ECMO or conventional ventilator treat-

ment according to the published Express trial of positive end-expira-

tory pressure (PEEP) that used a tidal volume of 6 mL/kg and PEEP set 

so as to not exceed a plateau pressure of 28–30 cm H2O.58 Early use of 

neuromuscular blocking agents and prone positioning were also rec-

ommended. The primary endpoint was 60-day mortality. Although 

there was no significant difference in mortality rate between groups 

(35% in the ECMO groups versus 46% in the control group, P 5 .09), 

patients in the most severe group of respiratory failure based on PaO2/

FiO2 did experience benefit from ECMO. Further, if data of patients 

who suffered a sudden cardiac arrest that necessitated the VA-ECMO 

were excluded from the analysis, ECMO also appeared to confer ben-

efit. Last, the study was powered to see a reduction of 20% in mortality 

in the ECMO group. As mortality in the control group was less than 

expected, this may have contributed to the inability to detect a statisti-

cally significant difference between groups. Despite not having defini-

tive evidence favoring ECMO for acute respiratory failure, it should be 

considered for severe ARDS patients but requires judicious patient 

selection, early initiation of ECLS, and use of lung protective strategies 

while on ECMO.

ECMO Use in Lung Transplantation
The number of lung transplants in the United States per year is in-

creasing. In 2018 2562 lung transplants were performed in the United 

States. However, despite this increase, 365 adult lung transplant candi-

dates remained who died or became too sick to undergo transplant.59 

The mortality rate for waitlisted patients with acute end-stage exacer-

bations persists as high as 50%. If patients do not require support for 

oxygenation but do need decarboxylation, extracorporeal carbon diox-

ide removal (ECCO2R) can be employed. In one report of 121 patients 

who underwent ECMO (VA, VV, and central ECMO) as a bridge to 

lung transplant, 70 (59%) received a transplant and 64 (91%)) sur-

vived  to discharge. One predictor of successful bridge to transplant 

was the ability to rehabilitate to ambulation (odds ratio, 7.579; 95% 

confidence interval, 2.158–26.615; P 5 .002).60 As a result of ECMO 

support, 82 (68%) patients were able to achieve ambulation. Therefore 

any lung transplant candidate who requires so much support that it 

interferes with rehabilitation, such as prone positioning or paralysis, 

should be considered for ECMO as a bridge to transplant. Contraindi-

cations to ECMO as a bridge to transplant include severe second organ 

dysfunction, sepsis, and removal from transplant listing.

For patients with primary graft dysfunction (PGD) after transplan-

tation, ECMO can be used to support patients until lung recovery.61 

Although survival is improved by ECMO, the long-term graft out-

comes may be negatively affected, as patients with PGD who require 

ECMO have been found to have impaired maximum allograft function 

compared with those who do not require ECMO.62

ECMO Use in Refractory Hypercapnia
For patients with severe hypercapnia with obstructive lung disease, in-

cluding asthma and chronic obstructive pulmonary disease (COPD), 

ECLS and a similar technique that is directed at mainly carbon dioxide 

removal (ECCO2R) may be considered. Although ECLS and ECCO2R 

are applied to patients on conventional mechanical ventilation with hy-

percarbia, they may simultaneously offer advantages over unassisted 

mechanical ventilation by reducing ventilator-associated lung injury 

risk, including oxygen toxicity and hyperinflation. As membrane lungs 

are highly efficient at removing carbon dioxide, much less flow is needed 

to achieve decarboxylation than is required for oxygenation. This allows 

for use of smaller drainage cannulas, single dual-lumen cannulas, and 

even systems where the patient’s own cardiac output provides flow with-

out need for an ECMO pump in the system. During ECCO2R, blood is 

removed from a venous drainage cannula and pumped via an ECMO 

pump or the patient’s own cardiac output through a membrane lung 

where carbon dioxide is removed via diffusion and then returned to the 

body. Employing either ECCO2R or ECMO can rapidly reverse acidosis 

related to acute hypercapnia. If acidosis is detrimental to cardiac or neu-

rologic performance, ECMO or ECCO2R can reduce risk of death. As 

many acutely hypercapnic states (such as severe asthma) are self-limited, 

providing support may require very short ECMO/ECCO2R runs. Use of 

these techniques has also been employed before intubation as a means of 

avoiding intubation and sedation.

A systematic review of 142 adult ECCO2R patients from six studies 

demonstrated a reduced need for endotracheal intubation but no im-

provement on outcomes, including duration of mechanical ventila-

tion, intensive care unit (ICU) length of stay, and mortality.63 Several 

trials are currently ongoing to further evaluate ECCO2R in adult respi-

ratory failure, and new devices that require flow rates of ,500 mL/min 

are also in clinical trials.

ECLS IN HEART FAILURE

The use of VA extracorporeal support for heart failure has increased, 

motivated by the ongoing improvements in technology and manage-

ment. The reversibility of the etiology of heart failure is key to survival, 

unless the patient is under consideration for destination therapy, 

short-term ventricular assist device (VAD) placement, or transplant. 

Commonly held contraindications for VA-ECMO in heart failure in-

clude uncontrollable bleeding, irreversible neurologic or end-organ 

impairment, incurable malignancy, and end-stage cardiac disease 

when not a candidate for transplant or destination therapy of VAD. 

VA-ECMO can be considered for a variety of cardiogenic shock states, 

some of which are highlighted here. Table 40.6 demonstrates the most 

common adult cardiac indications for ECLS.

Postoperative Cardiogenic Shock
ECMO may be considered postoperatively as a temporary support for 

patients unable to wean from cardiopulmonary bypass. Whereas ap-

proximately 50% of postoperative cardiogenic shock patients can be 

weaned off of ECMO, survival to hospital discharge only approximates 

30%. Predictors of adverse outcome associated with mortality include 

advanced age (.70 years old), prolonged ECMO support, renal failure, 

high EuroSCORE, diabetes mellitus, obesity, and lack of improvement 

of lactate while receiving ECMO assistance.64 Duration of ECMO sup-

port compared with other ECMO indications is generally shorter, and 

if cardiac recovery has not occurred within 48–72 hours, some institu-

tions recommended transition to more durable assist devices.65 Early 

evaluation of residual repairable lesions should be undertaken by 

means of ECG or cardiac catheterization laboratory investigation.

Acute Myocardial Infarction
Although implementation of ECMO after acute myocardial infarction 

(AMI) is rare, its use has increased significantly over the last two de-

cades.66 VA-ECMO may benefit patients with AMI with refractory 

cardiogenic shock in order to prevent further end-organ injury and 

potentially facilitate percutaneous coronary intervention. Patients with 

severely depressed left ventricular function should also undergo con-

tinuous evaluation for need for venting or unloading of the left ven-

tricle (LV). Many centers have developed “shock teams” to identify 

patients in a timely fashion who require device or interventional pro-

cedures, often using algorithms for the deployment of ECMO, stents, 

intraaortic balloon pump (IABP), Impella, and other aspects of care to 

aid in rapid decision making.67,68
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Acute Fulminant Myocarditis
Acute fulminant myocarditis (AFM) is characterized by a refractory 

and rapid onset of severe hemodynamic compromise and usually is 

secondary to a viral illness. Patients with AFM require aggressive phar-

macologic therapy and often mechanical circulatory support until 

native cardiac function recovers. Although transplant or VAD may be 

required, myocarditis is one cardiac entity in which recovery with 

ECMO may occur even after several weeks. In a multiinstitutional re-

view of 57 adult patients with AFM, 43 (75%) patients recovered func-

tion in 9 days (standard deviation [SD] ± 10.6) and 41 (72%) patients 

survived to discharge.69

LEFT VENTRICULAR UNLOADING

Because of the higher risk of bleeding and infectious complications 

with open surgical access, percutaneous cannulation is preferred for 

VA-ECMO. As mentioned previously, the most common cannulation 

method remains femoral access, which introduces retrograde flow to 

the aorta. The presence of retrograde flow introduces variable after-

load that can potentially impair recovery of the LV. In the absence of 

LV recovery, rising left atrial pressures may result in pulmonary vascu-

lar congestion and pulmonary hemorrhage. Impaired oxygenation by 

the native lung may then result in ejection of hypoxemic blood into  

the aortic root and arch, resulting in coronary ischemia and cerebral 

ischemia, respectively. These events increase the risk of death. Al-

though universal agreement on when to employ ventricular offloading 

does not exist, most centers use a pulse pressure of ,10 mm Hg, de-

velopment of pulmonary edema, and echocardiographic evaluation of 

aortic outflow as markers for intervention. Pulmonary artery catheter 

data, which are infrequently available these days, may be informative. 

Although low-dose inotropes or afterload reduction can sometimes be 

helpful, the impact of increasing calciotropic support on a failing isch-

emic heart may accentuate harm. An akinetic or hypokinetic heart in 

the presence of high afterload can produce inadequate ventricular 

contraction with a relatively immobile aortic valve. Thrombi mat, then 

form above the valve or within the LV, despite therapeutic anticoagula-

tion. Upon recovery of cardiac function, this can place the patient at 

risk for coronary or cerebral infarction. Similarly, in patients with a 

mechanical mitral valve, the presence of low flow and pressure can 

potentiate clot formation. This vicious cycle places the heart at risk of 

impaired recovery, remodeling, and progressive heart failure.

Several observational studies have demonstrated decreased mortal-

ity with LV unloading in patients on VA-ECMO for cardiogenic 

shock.70 LV unloading options currently consist of surgical techniques 

(surgical LV vent), transaortic LV unloading (cannula or peripheral 

VAD such as Impella), transseptal venting (atrial septostomy or percu-

taneous transseptal atrial vent), indirect LV unloading (via IABP), and 

use of positive inotropic agents. The decision for mode of LV unload-

ing requires understanding of the myocardial physiology, valvular 

function, and potential for recovery. Because of the dynamic environ-

ment and potential implications on recovery, constant assessment and 

evaluation are required to determine the optimal method and timing 

of initiating LV unloading.

ECPR

Extracorporeal pulmonary resuscitation (ECPR) continues to be a 

rescue therapy for cardiac arrest refractory to conventional cardiopul-

monary resuscitation (CPR). A review of over 1700 adult patients who 

had received ECPR from 2003 to 2014 in the ELSO registry found that 

the survival to hospital discharge had remained stagnant over the 12-

year period at 27%–30%.71 The use of ECPR during that same period 

significantly increased from 35 to over 400 cases per year. Although 

survival had not significantly improved, the same review found that 

ECLS-related complications, including acute renal failure, pulmonary 

hemorrhage, surgical site bleeding, and nosocomial infections, have 

decreased over time. Neurologic complications continue to be com-

mon, but in comparison with conventional CPR, ECPR has a higher 

favorable neurologic outcome.72–74

Most studies have found that a longer interval from CPR onset to 

establishment of ECLS is associated with poorer results, including 

unfavorable neurologic outcomes. Delay varies with location (out-of-

hospital versus in-hospital arrest), age, adequacy of CPR, and etiology 

of arrest.75–79 In a single-center review of 55 out-of-hospital-cardiac-

arrest (OHCA) patients with coronary artery disease and an initial 

rhythm of ventricular fibrillation or ventricular tachycardia, a proto-

colized resuscitation strategy including mechanical CPR, initiation of 

ECLS upon arrival to hospital followed by coronary angiography, and 

percutaneous coronary intervention (if appropriate) demonstrated 

survival to discharge with good neurologic outcome in 36 (42%) pa-

tients, compared with 26 (15%) in a historical control group.80 This 

review highlights both the importance of the initial rhythm on sur-

vival outcome and need for a dedicated multiprofessional team of  

first responders, ECLS, and interventional cardiologists. The CHEER 

study, a single-center prospective observational study of 26 OHCA  

and in-hospital-cardiac arrest (IHCA) adult patients, employed a  

 N (%)

ADULT*

Shock 2083 (61)

Cardiomyopathy 704 (21)

Myocarditis 227 (7)

Congenital defect 420 (12)

NEONATAL#

Congenital heart disease 2301 (81)

Cardiac arrest 41 (1)

Cardiogenic shock 57 (2)

Cardiomyopathy 44 (2)

Myocarditis 38 (1)

Other 368 (13)

PEDIATRIC#

Congenital heart disease 2010 (52)

Cardiac arrest 128 (3)

Cardiogenic shock 175 (5)

Cardiomyopathy 317 (8)

Myocarditis 204 (5)

Other 1016 (26)

TABLE 40.6 Adult, Neonatal, and Pediatric 
Cardiac Failure Indications From the ELSO 
International Registry

Adapted from the Pediatric ELSO Registry Report 2016 and Extracor-

poreal Life Support Organization Registry International Report 2016.

*Adult patients include total patients reported to the ELSO registry 

from 1989 to 2016.
#Neonatal and pediatric include total patients reported to the ELSO 

registry from 2009 to 2015.

  

 



253CHAPTER 40 Extracorporeal Membrane Oxygenation

multipronged resuscitation protocol using a mechanical CPR device, 

therapeutic hypothermia, and two-physician percutaneous femoral 

vein and artery cannulation.81 Time from cardiac arrest to ECMO 

initiation was notably quick, with a median time of 56 minutes for all 

patients and 40 minutes for survivors. Nonsurvivors had a longer time 

to ECMO initiation, with a median time of 70 minutes, highlighting 

the importance of decreasing time to ECMO initiation. Fifty-four 

percent of patients survived to hospital discharge, with all survivors 

having good neurologic outcomes. A recent study, ARREST, random-

ized 30 adults with OHCA and refractory ventricular fibrillation to 

standard ACLS treatment or ECMO. The phase II open-label, single-

center trial found that 6 of the 14 patients (43%) treated with ECMO 

survived to discharge, compared with only 1 of 15 (7%) patients 

treated with standard ACLS.82 However, whether ECPR should be em-

ployed for all OHCA patients is still controversial, given the significant 

barriers to out-of-hospital ECPR implementation that include cost 

and resource availability. A recent large registry study showed that 

ECPR did not improve mortality or outcome.83 ECPR may be more 

successful in OHCA for patients with a shockable rhythm, who receive 

immediate bystander CPR, and have a CPR duration less than 60–90 

minutes. Improving center outcomes for all ECPR patients should fo-

cus on appropriate patient selection and quality of CPR and team 

training (including simulation if able), with the primary goal of mini-

mizing time to cannulation.84,85

NEW INDICATIONS

The emergence of the COVID-19 pandemic created a new indication 

for respiratory ECLS in the setting of overwhelmed ICUs and dimin-

ishing supply of protective personal equipment. As the knowledge of 

the respiratory virus continues to evolve, recommendations were cre-

ated by ELSO to help guide decision making for provision and clinical 

management of COVID-19 ECLS patients. Data from the ELSO CO-

VID dashboard currently show 3668 adult COVID-19 patients treated 

with ECMO from January to November 2020, with a mortality rate of 

45% for patients with a final disposition of hospital discharge or death.

A disturbance in the coagulation pathway for COVID-19 patients 

has now been well described in the literature that is characterized by 

increased risk of arterial and venous thromboembolism. Consequently, 

higher levels of anticoagulation may be required.86 However, some 

ECMO patients may have an increased risk of bleeding later in the 

ECMO course because of transition from a procoagulant state to an 

anticoagulant state secondary to a disseminated intravascular coagula-

tion (DIC)–like picture, decreased platelet adhesion, and hyperfibri-

nolysis.87 The increased rate of thrombosis but a concomitant in-

creased potential for later bleeding adds to the general confusion 

regarding anticoagulation during ECMO. Use of viscoelastic testing in 

this population may be especially useful. One intriguing new finding 

from the international COVID Consortium noted that use of prone 

positioning during ECMO in COVID patients was associated with 

improved outcome. More study in this area is clearly required.

WEANING FROM ECMO

Weaning from ECLS depends on the mode. For VV mode, the extra-

corporeal gas flow should be reduced stepwise to zero and then gas 

flow clamped off from the membrane lung with close monitoring of 

the patient’s arterial oxygenation and carbon dioxide levels. Initially, 

circuit flow is continued. The patient is generally monitored for several 

hours to a few days while monitoring hemodynamic parameters and 

signs of adequate tissue oxygenation such as lactate. Ventilator support 

may need to be increased while still keeping below injurious setting 

guidelines that address tidal volume, airway pressures, ventilation fre-

quency rate, and fraction of inspired oxygen. Note that many patients 

with respiratory failure will have return of adequate oxygenation be-

fore the ability to maintain adequate ventilation. Monitoring of respi-

ratory rate and work of breathing during the trial off ECMO are im-

portant aspects. In patients who remain intubated, use of end-tidal 

CO2 monitoring may identify rapid increases in PaCO2 during wean-

ing or trial off support. Although reduction of blood flow is not man-

datory during VV ECMO weaning as blood is leaving and entering the 

same side of the heart, most centers do reduce blood flow to 1–2 L/min 

before decannulation.

For VA patients, the ECMO blood flow is reduced either over a 

predetermined time frame set by the clinical team or fairly rapidly with 

echocardiographic guidance at the bedside. Often referred to as a 

“ramp trial,” reduction of flow is lowered to 1 L/min or 40–50 cc/kg in 

pediatric patients and cardiac patients while performance is assessed 

via hemodynamics, gas exchange, and echocardiographic evaluation. 

Length of time spent at low flow should be carefully considered, be-

cause of the risk of thrombus formation. If the patient tolerates lower 

flow, assessed by stable hemodynamics with minimal need to increase 

vasoactive support and maintenance of stable oxygenation and ventila-

tion, then consideration for decannulation may be appropriate. Espe-

cially in infants and children, even the low flow provided during this 

phase may be enough to maintain clinical stability; when all support is 

removed, however, some patients rapidly fail. Thus to adequately assess 

if the patient can tolerate the absence of ECMO support, clamping of 

both circuit cannulas is required. To prevent clotting from stasis in the 

cannulas, they should be opened and flushed every 10–15 minutes. 

Adult patients may not require total clamping of the circuit if they 

exhibit good performance at low flow. Alternatively, patients who are 

recovering but not yet able to independently maintain adequate unas-

sisted hemodynamic support may be transitioned to other devices 

such as Impella until full recovery occurs.

PEDIATRIC ECMO

According to the most recent ELSO registry report from July 2020, the 

number of neonatal and pediatric patients in the registry who received 

ECLS is 72,178, with an overall survival rate to hospital discharge of 

61%.88 Historically, ECLS was used mainly as a rescue therapy for neo-

natal respiratory and cardiac failure. As the indications for ECLS have 

expanded in older groups, an increase in pediatric cases, especially 

cardiac, has simultaneously occurred. Improvements in perinatal and 

neonatal care have reduced the need for ECMO in the newborn.

The most common indication for neonatal respiratory ECLS is 

congenital diaphragmatic hernia, which also has the lowest associated 

rate of survival. Infectious lung disease, including bronchiolitis, pneu-

monia, and pertussis, is the most common etiology for pediatric respi-

ratory failure89 (see Table 40.5). VV cannulation use had increased 

substantially over the last decade. However, given current lack of ap-

propriate VV cannulas for neonates, there has been a relative recent 

decline in VV-ECMO.

Table 40.6 lists the most common cardiac etiologies for neonates 

and pediatric patients. A recent review from the Pediatric Cardiac 

Critical Care Consortium (PC4) registry described the epidemiology 

and outcomes for pediatric ECLS cardiac patients.90 That review of 

over 14,000 hospitalizations found that pediatric cardiac ECLS was 

used most often for systemic circulatory failure and cardiac arrest. 

Surgical patients were more likely to need ECMO postoperatively if 

they were younger, had been sicker preoperatively, had longer opera-

tive bypass time, or required more complex repairs. Surgical patients 

had a slightly lower in-hospital mortality rate of 49% compared with 
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63% for medical patients. Mortality rate for patients who received 

ECPR was 83% for medical patients and compared with a mortality 

rate of 50% for medical patients.

The most common complications for neonatal and pediatric ECLS 

stem from mechanical issues or bleeding and thrombotic events. Neu-

rologic complications continue to contribute to significant morbidity 

and mortality, with 5%–11% of neonatal and pediatric patients suffer-

ing from an intracranial hemorrhage. Many recent reviews of neonatal 

and pediatric ECLS have highlighted the importance of long-term 

follow-up after hospital discharge with neurodevelopmental screening 

to assess for any neuropsychologic deficiencies that may impair learn-

ing, communication, and behavior.91

Similar to adult ECMO, scoring systems have been developed to 

predict mortality for pediatric ECLS patients. Several scores composed 

of different variables have been created for neonatal and pediatric re-

spiratory patients. A score system by Barbaro and colleagues based on 

ELSO registry data divides patients into neonatal (neo-RESCUERS) 

and pediatric (ped-RESCUERS).92,93 Maul and colleagues developed 

the neonatal respiratory score PIPER (Pittsburgh Index for Pre-ECMO 

Risk), as a tool to compare neonatal VA respiratory patients.94 Lastly, 

the P-PREP score for patients aged 7 days to less than 18 years with 

respiratory failure by Bailly and colleagues was also derived from the 

ELSO registry and then externally validated.95 These scores should not 

be used as selection tools to deny ECLS to individual patients or for 

management, but rather to help counsel families of the possible mor-

tality risks and for research and quality improvement.96 Further refine-

ment and validation of these scores are needed. Detailed pediatric 

ECMO information is also provided within the references.

ETHICAL CONSIDERATIONS

As the number of centers that provide ECLS and the indications for 

ECLS continue to increase, there are several ethical considerations 

confronting its use. The final goal for any ECLS patient should be re-

covery or transplantation, for which ECLS serves as a temporizing 

bridge. For some patients, recovery or transplant prove not achievable, 

requiring withdrawal or limitation of ECLS support. Clear communi-

cation before initiation of ECLS regarding risk of complications, pos-

sible failure, overall goals of care, and limitations of ECLS can help 

mitigate some of the family distress in the event that withdrawal is 

deemed necessary by the caregivers. Palliative care teams can help with 

these difficult conversations, facilitating alignment of goals of the fam-

ily and care team. In times of pandemic situations such as COVID-19, 

lack of available staff, equipment, and hospital beds and lack of in-

person family discussions also raise new ethical concerns of how best 

to triage patients, provide ECMO care, establish appropriate informed 

consent when emergent discussions are held over the phone, and pro-

vide understanding of the patient’s clinical course without family 

bedside presence. The ability to maintain ECMO over months with 

newer technology also raises issues of when to withdraw or limit care. 

All these challenges will require careful conversation and thought as 

the field moves forward.

FUTURE CONSIDERATIONS

Given the rapid extension of ECMO to many clinical settings previ-

ously excluded or unexplored, it is likely that the use of this modality 

will continue to rise. How, when, and where to offer it to well-qualified 

patients will remain key issues to resolve. How to assure access to such 

care is also problematic, especially in resource-poor environments or 

in regions with no nearby ECMO center. Guidelines for credentialing 

for ECMO centers and providers also need further discussion. Use of  

telemedicine or remote monitoring systems to augment patient man-

agement may assist in care. The continued evaluation of quality of life 

after ECMO, risk/benefit, and healthcare expenditures are also areas of 

mandatory research. With recent reports that ECMO techniques may 

improve outcome in cardiac arrest and can be effectively applied out-

side the hospital environment, the question of how this innovation will 

affect emergency care is another discussion likely to become a focal point 

in the near future. Only with well-intentioned collaboration among cli-

nicians, researchers, and administrators will we improve ECMO out-

comes at the center, regional, national, and international levels.

KEY POINTS

• There are two modes of ECMO: venovenous and venoarterial. Venovenous 

ECMO is used for isolated respiratory failure, whereas venoarterial ECMO 

provides both respiratory and cardiovascular support.

• Venovenous ECMO is used for diverse pediatric and adult indications, in-

cluding severe ARDS, refractory hypercapnia, bridging to lung transplanta-

tion, and severe PGD after lung transplant.

• Venoarterial ECMO is used for certain cardiogenic shock states, including 

postoperative cardiogenic shock, AMI, and acute myocarditis. This method-

ology also serves as a bridge to deploying a VAD or heart transplantation.

• ECPR can be used for refractory cardiac arrest, but high rates of morbidity 

and mortality in this setting continue to require judicious patient selection.

• Anticoagulation is necessary during most ECMO runs to prevent patient and 

circuit clotting. Management of anticoagulation continues to be challeng-

ing, and more research is needed to define optimal laboratory testing and 

anticoagulation strategies.

• Complications occur commonly during ECMO and include infection, bleed-

ing, clotting, and cerebrovascular events such as ischemic stroke and 

hemorrhage.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Brunetti MA, Gaynor JW, Retzloff LB, et al. Characteristics, risk factors, and 

outcomes of extracorporeal membrane oxygenation use in pediatric car-

diac ICUs: a report from the Pediatric Cardiac Critical Care Consortium 

Registry. Pediatr Crit Care Med. 2018;19:544–552.

This review is the first multicenter study describing outcomes of pediatric car-

diac patients requiring ECMO. Data were obtained from the Pediatric Car-

diac Critical Care Consortium (PC4) registry. Of 449 ECMO runs, the mor-

tality rate was 49% in the surgical group and 63% in the medical group. 

High-risk subgroups were identified among both medical and surgical cohorts 

to create or improve quality initiatives that affect patient outcome.

Combes A, Hajage D, Capellier G, et al. Extracorporeal membrane oxygen-

ation for severe acute respiratory distress syndrome. N Engl J Med. 

2018;378:1965–1975.

The EOLIA trial followed the CESAR trial and attempted to determine if 

early initiation of ECMO for severe ARDS patients reduced 60-day mortality. 

No statistical difference in mortality was seen between the control group who 

received conventional mechanical ventilation and the ECMO group. The 

power calculation was based on a high expected mortality of 60%, which was 

a major critique of the study.

Lorusso R, Gelsomino S, Parise O, et al. Neurologic injury in adults supported 

with veno-venous extracorporeal membrane oxygenation for respiratory 

failure: findings from the Extracorporeal Life Support Organization Data-

base. Crit Care Med. 2017;45:1389–1397.

This observational study of 4988 VV-ECMO adult patients describes the neu-

rologic complications reported to ELSO from approximately 350 centers. 

  

 

http://expertconsult.com
http://expertconsult.com
http://expertconsult.com


255CHAPTER 40 Extracorporeal Membrane Oxygenation

Neurologic complications occurred in 7% of the patients, with intracranial 

events being the most common (181 of the 426 complications, 42.5%). This 

review emphasizes that the mortality rate for patients with neurologic com-

plications was high, with 76% of patients dying compared with 38% of pa-

tients who did not have neurologic complications.

Nasr VG, Raman L, Barbaro RP, et al. Highlights from the Extracorporeal Life 

Support Organization Registry: 2006-2017. ASAIO J. 2019;65:

537–544.

This report published on behalf the ELSO Registry Scientific Oversight Com-

mittee gives a brief summary of 16 articles that were picked by the committee 

to have a potential important impact on clinical ECMO practice. Included in 

this report are two reviews of adult and pediatric ECPR, outcome data of 

prolonged ECMO for adult respiratory failure, validation of ped- 

RESCUERS, and a retrospective study highlighting bleeding and thrombosis 

associated with complications and affecting survival.

Oliver WC. Anticoagulation and coagulation management for ECMO. Semin 

Cardiothorac Vasc Anesth. 2009;13:154–175.

This review describes the normal coagulation process and how the extracor-

poreal circuit disturbs the hemostatic balance, leading to contact activation 

and consumption of procoagulant and anticoagulant components. The role of 

anticoagulation and a description of common laboratory tests used to man-

age anticoagulation are also discussed.
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Nutritional Support

Arthur R.H. van Zanten

It is characterized by low concentrations of predominantly intra-

cellular ions: phosphate, magnesium, and potassium, in addition to 

abnormalities in glucose metabolism, sodium levels, and water balance 

associated with morbidity and mortality.13 Thiamine deficiency can 

also occur.14

The incidence of refeeding syndrome can be up to one-third of pa-

tients in longer-ventilated ICU patients when a nutrition-induced drop 

in plasma phosphate levels ,0.65 mmol/L is used as the definition.15 

Plasma electrolytes—in particular phosphate—and glucose should be 

measured before feeding and any deficiencies corrected during feeding. 

Whenever marked hypophosphatemia occurs after the start of feeding, 

intake should be reduced to 500 kcal per day for 48 hours.16,17

ENTERAL NUTRITION

Tube feeding, or enteral nutrition (EN), is administered as a special 

liquid food mixture containing proteins, carbohydrates, fats, vitamins, 

and minerals through a tube into the stomach or small bowel.

Feeding Tubes
Nasogastric or nasoenteral tubes are placed into the stomach or bowel 

through the nose. To prevent sinusitis or nasal decubital ulceration, 

orogastric and oroenteral tubes are also used. A tube placed directly 

through the skin into the stomach or bowel is called a gastrostomy or 

jejunostomy.

Nasogastric tubes may be used depending on composition: polyvi-

nyl chloride (PVC) tubes up to 10 days, polyurethane (PUR) up to 6–8 

weeks, and silicone tubes for 6 weeks to 3 months.

Blenderized Tube Feeds
Low-cost blenderized tube feeds (“home brew”) are used in some parts 

of the world. Macronutrient content is usually highly variable, often 

conflicting with daily recommendations.18 Moreover, there is a high 

contamination risk, physical and chemical instability, and high osmo-

larity and viscosity, potentially enhancing intolerance.

Commercially Available Tube Feeds
Tube feeds are available as canned powder to dissolve, liquid-contain-

ing glass bottles, or self-collapsible packages. Closed feeding systems 

involve the use of sterile feeding containers that are spiked with feeding 

sets. Closed feeding systems use connectors that prevent a connection 

to intravenous lines and reduce the contamination risk, and the hang-

ing time can be increased up to 24 hours. Higher contract price and 

increased waste of closed systems lead to higher daily costs. However, 

after adjusting for nursing time and feed contamination costs, the total 

costs are lower.19

Critically ill patients typically have anorexia and are frequently unable 

to take oral diets. Therefore micronutrients and macronutrients should 

be prescribed as enteral or parenteral nutrition.1

The catabolic response of critical illness is characterized by inflam-

matory and endocrine stress responses that may induce variations in 

resting energy expenditure (REE) and urinary nitrogen excretion.2

Nutritional intake may be insufficient and lead to accumulated 

energy and protein deficits. This can result in a reduction of the lean 

body mass (LBM) to an extent of 1 kg per day.3 Low-admission LBM, 

severe skeletal muscle wasting, and intensive care unit (ICU)–acquired 

weakness are all associated with a prolonged need for mechanical ven-

tilation and increased infectious morbidity and mortality rates.4,5

Anorexia is likely a temporary adaptive response, as animal and 

human studies have shown trophic effects of enteral nutrients on gut 

mucosa integrity and improved outcomes.6

Nutritional support for adult ICU patients aims at reducing energy 

and protein deficits without inducing overfeeding, providing sufficient 

micronutrient intake, and preserving gut integrity. Several large nutri-

tion trials with high-quality data have led to some consensus. However, 

many controversies persist.6,7

NUTRITIONAL RISK ASSESSMENT

Most nutritional assessment instruments, such as the MNA, SGA, 

SNAQ, NRS-2002, and MUST scores, have not been developed for ICU 

patients and rarely have been specifically validated.8

The (modified) NUTrition Risk in the Critically ill (mNUTRIC 

score) has been made available.9 A conceptual model links starvation, 

inflammation, nutritional status, and outcomes. Low scores (0–4) pre-

dict a low malnutrition risk, and high scores (5–9) identify patients 

with increased ventilation duration and mortality that are most likely 

to benefit from nutrition therapy (Table 41.1).

Patients with a higher body mass index (BMI; kg/m2) demonstrate 

better ICU and hospital survival because of poorly understood mecha-

nisms.10 Low skeletal muscle area, as assessed by computed tomogra-

phy (CT) scan, is a risk factor for mortality in ventilated patients inde-

pendent of gender and APACHE-II score. Moreover, muscle mass was 

a primary predictor of mortality, whereas BMI was not.11 Preserving 

LBM is a primary target of nutritional therapy.

REFEEDING SYNDROME

Refeeding syndrome refers to biochemical and clinical symptoms, in 

addition to metabolic abnormalities caused by shifts in electrolytes 

and fluid imbalance in malnourished patients undergoing refeeding by 

oral, enteral, and/or parenteral feeding.12
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In patients with chyle leakage, low-fat or medium-chain triglycer-

ides (MCTs) or enriched feeds are recommended. MCTs do not require 

lymphatic transport.

Overall, for all disease-specific feeding formulas, strong evidence to 

improve outcome is lacking.22

Allergies
The majority of adverse reactions to foods are nonimmunologic in 

origin, with lactose intolerance being the most common. Documented 

food allergies in adults are likely lower than 8%–10%, and most enteral 

feeds are gluten-free. For specific allergies, soy-free, casein-free, whey-

free, and egg-free feeds are available.

Contraindications to Enteral Nutrition
In general, EN is safe when contraindications are carefully reviewed 

(Table 41.2). They are related to obstruction, bowel perforation, and 

ischemia. Many critically ill patients are at risk of splanchnic hypo-

perfusion caused by circulatory redistribution. It is essential to pro-

vide adequate fluid therapy before commencing EN. There is no 

definition of hemodynamic stability associated with safe enteral 

feeding. Retrospective data show that early EN in patients on vaso-

pressor treatment is safe and improves outcome.23 However, aggres-

sive feeding up to target in the phase of shock resuscitation induces 

bowel ischemia.24 Patients should have stable blood pressures with-

out the need to increase vasopressors, with acceptable central venous 

oxygen saturation (ScVO2) and/or plasma lactate levels or other in-

dicators of adequate blood flow. For most patients this will be within 

12–24 hours after admission, still meeting the window of early EN 

(24–28 hours).

Timing of Initiation
By definition, early EN is initiated within the first 24–48 hours after 

hospital admission. Admission is considered to be the starting moment 

for ICU patients. Observational studies show that early EN is superior 

to late initiation (.48 hours) and is therefore recommended in the 

guidelines.25 The practical inability to initiate early EN may reflect the 

severity of illness.

Trophic or Permissive Underfeeding Versus Full Enteral 
Nutrition
The optimal dose of nutritional support is heavily debated. Permissive 

underfeeding, trophic, trickle, and hypocaloric feeding are frequently 

used and confusing.

Permissive underfeeding suggests a lower nutritional intake (e.g., 

calories, proteins, and micronutrients) is acceptable. Hypocaloric feed-

ing implies that only energy intake is lower. Trophic feeding has no 

clear definition, although it is accepted to represent an enteral intake 

of 10–20 mL/h or 500–1000 kcal/day.

Recent trials on trophic, permissive underfeeding and full nutri-

tional support did not demonstrate benefits of either strategy, sug-

gesting that trophic feeding or permissive underfeeding (PERMIT 

trial)could be sufficient; however, gastrointestinal tolerance was better 

in the trophic feeding arm in the EDEN trial.26–28 Most studies in-

cluded relatively young, well-nourished (high BMI) patients with low 

nutritional risk (NUTRIC score ,5). In the only trial with a higher 

nutritional risk, trophic feeding was associated with more infections. 

Functional outcomes in all studies were not investigated, although 

long-term outcomes have been shown to be associated with feeding 

adequacy.29

Energy-Dense Versus Routine Enteral Nutrition
In 3957 patients undergoing mechanical ventilation, the rate of sur-

vival at 90 days associated with the use of an energy-dense formulation 

Compositions of Tube Feeding
Nutrient concentrations of formulas vary from 1.0 to 2.0 kcal/mL. 

Calorically dense formulas are used in patients requiring fluid restric-

tion. Polymeric high-protein formulas have higher protein to nonpro-

tein energy ratios and aid in achieving protein requirements in obese 

patients while preventing energy overfeeding. There is no evidence 

that hydrolyzed protein (peptide-based) formulas are superior with 

respect to tolerance, absorption, or outcome.20

Fibers
There are feeds with and without fibers. Sources of fiber in EN include 

soluble and insoluble fibers. Soluble fibers (e.g., pectin and guar) are 

fermented by colonic bacteria and enhance colonic sodium and water 

absorption to treat EN-associated diarrhea. Insoluble fibers (e.g., soy 

polysaccharide) increase fecal weight and peristalsis and decrease the 

fecal transit time.21 Frequently, mixtures of fibers are used.

Disease-Specific Feeding Formulas
Renal formulas have lower protein concentrations and lower potassium 

and phosphate levels. Hepatic formulas have increased amounts of 

branched-chain amino acids (e.g., valine, leucine, and isoleucine) and re-

duced amounts of aromatic amino acids (e.g., phenylalanine, tyrosine, and 

tryptophan). Diabetic formulas have lower carbohydrate, higher fat con-

tent, and variable types of carbohydrates (e.g., oligosaccharides, fructose, 

cornstarch, and fiber). In pulmonary formulas, some carbohydrate calo-

ries are substituted with fat calories to limit carbon dioxide (CO2) produc-

tion and improve ventilation. Acute respiratory distress syndrome (ARDS) 

formulas combine antioxidants with borage and fish oils to supplement 

gamma-linoleic acid (GLA), and eicosapentaenoic acid (EPA).

The NUTRIC score is designed to quantify the risk of critically ill patients  

developing adverse events that may be modified by aggressive nutrition  

therapy. The score of 1–9 is based on five variables that are explained here.

Variable Range Points

Age (years) ,50 0

50 to ,75 1

.75 2

APACHE-II score (points) ,15 0

15 to ,20 1

20 to 28 2

.28 3

SOFA score (points) ,6 0

6 to ,10 1

.10 2

Number of comorbidities 0 to 1 0

.2 1

Days from hospital to ICU admission 0 to ,1 0

.1 1

TABLE 41.1 Modified* NUTRIC Score 
Variables

From Heyland DK, Dhaliwal R, Jiang X, et al. Identifying critically ill pa-

tients who benefit the most from nutrition therapy: The development 

and initial validation of a novel risk assessment tool. Crit Care. 

2011;15(6):R268.

*Interleukin-6 (IL-6) was part of the original scoring system (acute in-

flammation); however, it was often not routinely available, as it contrib-

uted very little to the overall prediction of the NUTRIC score. The mod-

ified score is depicted.
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(1.5 kcal/mL) for enteral delivery of nutrition was not higher than that 

with routine EN (1.0 kcal/mL). Higher calorie delivery did not affect 

survival time, receipt of organ support, number of days alive and out 

of the ICU and hospital or free of organ support, or the incidence of 

infective complications or adverse events.30

Stoppages
Interruptions in enteral feeding for various reasons are frequent, re-

sulting in intakes less than the prescribed amounts. Administering 

target volumes over 20 hours to circumvent this problem or to increase 

the infusion rate after stoppages can be recommended.31

Gastric Residual Volume
The increased gastric residual volume (GRV) amount aspirated from 

the stomach after administration of feed represents feeding intoler-

ance. Risk factors for delayed gastric emptying include gastroparesis, 

diabetes mellitus, gastric outlet obstruction, (postoperative) ileus, 

trauma, or sepsis, and medications affecting gastric motor function 

(e.g., opioids). Aspiration of gastric contents should be prevented, al-

though the GRV thresholds are non–evidence based. Recommenda-

tions have gradually increased up to 500 mL in 6 hours and GRV can 

be reinfused or discarded. Discarded GRV reduces feeding efficacy.

Proton pump inhibitors reduce gastric secretions.32 Prokinetic 

medications are used to improve gastric emptying, such as metoclo-

pramide (e.g., 4 3 10 mg and erythromycin 2 3 200 mg) either alone 

or combined. They are safe when QTC intervals are monitored and 

used for up to 7 days, and tachyphylaxis is common.33 Two trials dem-

onstrated that the omission of GRV measurement does not increase 

the aspiration incidence. Moreover, allowing a large GRV increases the 

amount of feeding administered. To abandon the GRV measurement 

is debated, and if all strategies fail, a postpyloric feeding tube can be 

inserted as often as small intestinal functions are normal.34

Postpyloric Feeding
Immediate postpyloric feeding may facilitate the early increase of EN, 

although evidence of superiority is lacking. However, reduced aspiration 

risk has been clearly demonstrated.35 Postpyloric tubes are placed by 

duodenal endoscopy or disposable tubes with fish-eye lenses, using elec-

tromagnetic tube placement or self-advancing nasal-jejunal devices. Se-

lection of modality, timing, and success of positioning are related to 

patient factors, operator experience, and logistics. Criteria to monitor 

postpyloric feeding are provided (Box 41.1), as monitoring jejunal feed-

ing is complex.

Complications of Enteral Nutrition
Most complications associated with EN are minor, but some can be 

serious. Complications can be categorized into problems encountered 

during the placement of tubes (e.g., tracheal/pulmonary misplacement 

and epistaxis) and during delivery: clinical and metabolic problems 

(e.g., refeeding syndrome, high GRV, vomiting, aspiration, diarrhea, 

azotemia, hypernatremia, and dehydration or hyperglycemia), and nu-

tritional problems (e.g., tube obstruction and bacterial contamination).

Aspiration

There is no consistent relationship between GRVs and aspiration. As-

piration may occur with low GRV; it occurs significantly more often 

when the volumes are high.36 Head-of-bed elevation can be recom-

mended, although whether 45 degrees head-of-bed elevation is supe-

rior to 25 to 30 degrees elevation remains unproven.

Routine GRV monitoring in ventilated patients to prevent aspira-

tion is debatable, as omitting measurements does not transfer into 

higher ventilator-associated pneumonia rates.37

Diarrhea

Critically ill patients may develop diarrhea for various reasons (Box 

41.2). During the first 14 ICU days, at least 1 day of diarrhea was ob-

served in 14% of patients. Delivering .60% of the energy target by EN, 

antibiotics, and antifungal drugs are risk factors.38 Of the diarrhea epi-

sodes, 89% last 4 days or less. EN per se was not a risk factor, although 

anecdotal improvements have been reported when using fiber-enriched 

nutrition or hydrolyzed protein formulas.39

Constipation

The prevalence of lower gastrointestinal tract paralysis leads to an in-

creased fecal transit time; .5 days is common, and in some series up 

to 90% is seen. Opioid administration is associated with delayed def-

ecation. Prophylactic or therapeutic laxatives and/or fiber-enriched EN 

(prebiotics) is recommended. Both lactulose and polyethylene glycol 

are more effective in promoting defecation than the placebo. Early 

defecation is associated with a shorter length of stay.40

Recommendations Rationale

Recommendation 1: Start early enteral nutrition in all critically ill patients within 

48 hours, preferably within 24 hours when there is no reason to delay enteral 

nutrition (see the following recommendations).

Early enteral nutrition is associated with lower risk of infections and preserves 

the gut function, immunity, and absorptive capacity.

Recommendation 2: Delay early enteral nutrition in case of enteral obstruction. Feeding proximal of an obstruction will lead to blow-out or perforation.

Recommendation 3: Delay early enteral nutrition in case of compromised  

splanchnic circulation such as uncontrolled shock, overt bowel ischemia,  

abdominal compartment syndrome, and during intraabdominal hypertension 

when feeding increases abdominal pressures.

Absorption of nutrients demands energy and oxygen. In states of low flow or 

ischemia, forcing feeding into the ischemic gut may aggravate ischemia and 

lead to necrosis or perforation.

Recommendation 4: Delay early enteral nutrition in case of high-output fistula 

that cannot be bypassed.

Enteral feeding will be spilled into the peritoneal space or increase the fistula 

production.

Recommendation 5: Delay early enteral nutrition in case of active gastrointestinal 

bleeding.

Enteral feeding will limit the visualization of the upper gastrointestinal tract  

during endoscopy.

Recommendation 6: Delay early enteral nutrition in case of high gastrointestinal 

residual volume (> 500 mL in 6 hours).

This threshold is associated with poor gastric emptying and may increase the  

risk of aspiration. Prokinetics and postpyloric feeding can circumvent this  

problem.

TABLE 41.2 Recommendations to Start and Delay Early Enteral Nutrition

From Van Zanten ARH, De Waele E, Wischmeyer PE. Nutrition therapy and critical illness: Practical guidance for the ICU, post-ICU, and long-term 

convalescence phases. Crit Care. 2019;23(1):368.
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BOX 41.2 Common Causes of Diarrhea in 
Critically Ill Patients

Medication

Antibiotics

H2-recepter antagonists, antacids

Drugs: significant amounts of sorbitol, magnesium, or hypertonic  

medications

Laxative use (unintended)

Gastrointestinal Dysfunction

Gastric or small bowel resection

Inflammatory bowel disease

Pancreatic insufficiency

Radiation enteritis

Sprue

Protein-losing gastroenteropathies

Bowel impaction (paradoxical)

Malnutrition

Hypoproteinemia

Micronutrient deficiencies

Enteral Nutrition–Associated

Excessive feeding rate, concentration, volume, or osmolality

Adaptation in malnourished patients or those whose gastrointestinal tract has 

not been used recently

Intolerance or allergy to feeding formula

Infection

Clostridium difficile enterocolitis

Opportunistic gastrointestinal infection

Significant amounts of contaminated feeding formula

Altered gastrointestinal flora

Endocrine Dysfunction

Diabetes mellitus

Hyperthyroidism

Hypocortisolism

Protocols
Evidence-based nutrition protocols designed to improve enteral feed-

ing have been shown to improve feeding adequacy and outcome.41,42 

Developing a protocol is recommended (Fig. 41.1).

PARENTERAL NUTRITION

Total parenteral nutrition (TPN) supplies all daily nutritional require-

ments by the parenteral route (via a central venous catheter or venous 

peripherally inserted central catheter [PICC] line). Partial or supple-

mental parenteral nutrition (SPN) aims to close the gap in the intake 

when EN does not reach the targets.

Composition
The optimal PN composition depends on the clinical situation, energy, 

and protein needs, in addition to electrolyte abnormalities and the risk 

of fluid overload.

The liquid food mixture of standard PN comprises amino acids 

(apart from glutamine for reasons of stability), carbohydrates (e.g., dex-

trose/glucose), and lipid emulsions (e.g., soybean oil–, olive oil–, or fish 

oil–based) and is infused from multichamber or single-chamber sterile 

infusion bags.43 Trace elements are added to meet daily recommended 

allowances. In the absence of EN, vitamin K supplementation, among 

other vitamins, is important. In the case of hepatic complications (hy-

perbilirubinemia) interruption of lipid emulsion is recommended, and 

the optimal lipid emulsion still is debated. The omega-3 fatty acids in 

fish oil have antiinflammatory effects, omega-9 fatty acids in olive oil 

have neutral immune effects, and omega-6 fatty acids in soybean oil are 

proinflammatory. Soybean-based emulsions should be avoided.6

Timing of SPN Initiation
Nutrition guidelines present divergent advice regarding the timing of 

SPN, ranging from early SPN (,48 hours after admission) to postpon-

ing SPN until day 8 after ICU admission. Others have studied starting 

SPN after 3 days (timely; Fig. 41.2).

One randomized controlled trial (RCT) found a higher percentage 

of living ICU discharge at day 8 in the late SPN group, but there were 

no differences in ICU and in-hospital mortality. No other RCT found 

differences in ICU or in-hospital mortality rates. Contradicting results 

were found for ICU and hospital length of stay, infection rates, nutri-

tion targets, duration of ventilation, glucose control, duration of renal 

replacement therapy, muscle wasting, and fat loss.

It is reasonable to assume that there are no clinically relevant ben-

efits of early SPN. Considering infectious morbidity and potential 

slower organ failure resolution and higher acquisition costs, the early 

administration of SPN cannot be recommended.44

In severely malnourished patients, early SPN should be considered, 

and initiation can be delayed for 5–8 days in others.25,45

Complications
Several complications are related to PN use (Box 41.3), and most can 

be prevented by catheter sepsis prevention and the close monitoring of 

glucose and electrolytes, fluid status, triglycerides, and liver and renal 

laboratory tests.46

Parenteral Nutrition Versus Enteral Nutrition

EN was considered to be superior to PN. The CALORIES trial that 

compared 2400 patients randomized into EN or PN changed this as-

sumption.47 No differences in infections and mortality were found, 

and less vomiting and hypoglycemia were observed during PN. No 

differences in caloric intake were found to be the result of the 

Box 41.1 Monitoring Postpyloric Feeding*

Monitor

GRV volume and aspect

Abdominal distention

Fecal transit time

Intraabdominal pressure (optional)

Criteria to Stop Postpyloric Feeding

Major feeding admixture in gastric aspirate suggesting backflow (NB: gastric 

aspirate without tube feed admixture is not a reason to stop irrespective of 

volume)

Major abdominal distention

Uncontrolled vomiting

Obstruction ileus

Intraabdominal pressure .20 cm H2O

Severe diarrhea

GRV, Gastric residual volume.
*Before starting postpyloric feeding, check for general recommenda-

tions to delay enteral nutrition (see Table 41.2).
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Fig. 41.1 Nutritional support flow chart. BMI, Body mass index; GRV, gastric residual volume; ICU, intensive care unit.

buildup of parenteral intake. Possibly because of better glucose con-

trol, preventing overfeeding, and better central catheter care, compli-

cations were similar to EN. EN remains a first-line therapy, but in 

cases where targets cannot be reached, it is safe to commence PN.

CALORIC REQUIREMENTS

Energy requirements in critical illness are unknown. Underfeeding 

(,80% of energy target) and cumulative energy deficit and overfeeding 

(.110% of target) are associated with increased morbidity (e.g., infec-

tions) and mortality. An optimum energy intake is estimated at 70%–

85% of the REE target.25,48 This lower optimum may result from endog-

enous energy production that cannot be abolished by providing energy.

Formulas to Estimate Energy Expenditure
Energy requirements are estimated based on patient characteristics be-

fore admission. However, requirements differ for each patient and day 

and should be preferably adjusted according to indirect calorimetry, 
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Guideline Recommendations for Daily Energy Intake
International societies have recommended intakes ranging from 20 to 

25 kcal/kg per day in the acute phase and from 25 to 30 kcal/kg in the 

recovery phase. Additionally, it was suggested to prescribe hypocaloric 

feeding in critically ill obese (BMI .30 kg/m2) patients, 60%–70% of 

the target energy requirements, or 11–14 kcal/kg of the actual body 

weight or 22–25 kcal/kg of the ideal body weight.1,25,50

Indirect Calorimetry
Using a metabolic cart, REE can be measured with indirect calorimetry 

by measuring oxygen consumption (VO2) and carbon dioxide produc-

tion (VCO2). Every liter of oxygen consumed is equivalent to 5 kcal. 

Weir introduced an equation to calculate REE:

REE =[VO (3.941)+ VCO (1.11)]1440 min/day2 2

REE provides better energy targets than formulas, and the respira-

tory quotient (RQ) (CO2 production/O2 consumption) is indicative of 

substrate use. RQ is 1.0 when the fuel is a carbohydrate, 0.8 for protein, 

and 0.7 for fat; normal RQ is 0.80–0.85. RQ .1.0 may indicate over-

feeding. Inaccuracies can arise from air leaks (e.g., circuit or pneumo-

thorax). As O2 sensors are inaccurate at the higher fraction of inspired 

oxygen (FiO2) levels (.0.6–0.7), application in pulmonary failure is 

limited. Additionally, high positive end-expiratory pressure (PEEP) 

levels of circuit compressibility cause volume changes and measure-

ment errors.

The evidence that strategies of energy provision based on indirect 

calorimetry results in improved outcomes is limited.50 However, the 

application of indirect calorimetry is now recommended.25

Nonnutritional Calories
Typically, nutritional calories are evaluated; however, some calories 

may go unnoticed. Glucose- and dextrose-containing infusions and 

drugs, propofol (lipid-based), and trisodium citrate used for extracor-

poreal circuit anticoagulation during renal replacement therapy pro-

vide nonnutritional caloric intake, potentially inducing overfeeding.51

PROTEIN REQUIREMENTS

Critical illness causes increased protein turnover and the loss of LBM. 

There is growing evidence demonstrating the importance of protein 

and amino acid provisions, and it is likely that nutritional proteins 

have an impact on the preservation of muscle mass, resulting in better 

patient outcomes.48

Guideline Recommendations for Daily Protein Intake
Several nutritional societies provide slightly different recommendations; 

however, they can be summarized as to provide at least 1.3 g/kg per day 

or 1.2–2.0 g protein/kg if the BMI is ,30 kg/m2, 2.0 g/kg ideal body 

weight if the BMI is 30–40 kg/m2, and 2.5 g/kg ideal body weight if the 

BMI is .40 kg/m2.1,21,25 Recent studies have suggested that early (day 

1–3) very high protein administration may confer harm.52,53 Therefore 

gradual progression to protein targets is recommended over 3–4 days.25,54

RECOMMENDATIONS FOR CALORIES AND 
PROTEINS DURING DISEASE AND RECOVERY 
PHASES

In the early phase, gradual progression of calories and proteins to tar-

get is recommended while monitoring phosphate for refeeding hypo-

phosphatemia.54 During the further patient journey, more calories and 

BOX 41.3 Complications of Parenteral 
Nutrition

Catheter-Related

Bleeding

Pneumothorax

Central line–associated bloodstream infection

Obstruction

Thrombosis, embolism

Metabolic

Refeeding syndrome

Overfeeding

Glucose abnormalities (hyperglycemia or hypoglycemia)

Hyperlipidemia (hypertriglyceridemia)

Liver dysfunction (increased transaminases, bilirubin, and alkaline  

phosphatase)

Hepatomegaly

Hyperammonemia

Abnormalities of serum electrolytes and minerals

Vitamin and mineral deficiencies

Elevated BUN

Circulatory

Volume overload

Adverse Reactions

Dyspnea

Cutaneous allergic reactions

Nausea

Headache

Back pain

Sweating

Dizziness

Gallbladder-Associated

Cholelithiasis

Gallbladder sludge

Cholecystitis (acalculous)

BUN, Blood urea nitrogen.

80% target

Feeding
target

Late SPNTimely SPNEarly SPN

60% target

ICU
admission

ICU 
discharge

d8d7d6d5d4d3d2d1

Enteral nutrition

Feeding
deficit

Fig. 41.2 Timing of supplemental parenteral nutrition (SPN) to pre-

vent feeding deficit in the intensive care unit (ICU).

although not widely available and often technically difficult or impos-

sible to apply. Data from 160 variations of 13 predictive equations 

compared with indirect calorimetry measurements demonstrated 38% 

underestimated and 12% overestimated energy expenditure (.10%). 

Differences from 243% to 66% above indirect calorimetry values in 

individual patients were observed.49
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proteins should be prescribed (Fig. 41.3). Even after ICU and hospital 

discharge, increased levels of calories and proteins are necessary to 

recover, probably for prolonged periods.54

SPECIFIC MACRONUTRIENTS

Enriched or supplemented (par)enteral nutrition with supposed im-

mune-modulating macronutrients (e.g., glutamine, arginine, and fish 

oil) have frequently been studied.37 Pharmaconutrition suggests that 

specific nutritional components may exert pharmacologic effects to 

modulate the immune response.

Contrasting earlier international recommendations, the MetaPlus 

trial demonstrated no effect of a cocktail of macronutrients (e.g., glu-

tamine and fish oil) and micronutrients (e.g., selenium, vitamins C 

and E, and zinc) on the primary endpoint of infections.53 Moreover, 

increased long-term mortality among medical patients was observed. 

Acute phase
Day1–4

Progressive feeding
(Prevent overfeeding)

Recommendations

Monitoring

Day 1
25%

Day 2
50%

Day 3
75%

Day 4 - 100%

Post ICU target

ICU discharge

Convalescence target

Target 1

Target 2

Target 3

Early mobilization

Set at 70% of predictive
equations or 100% of
indirect calorimetry

Increase to 125% of
predictive equations or 125%
of indirect calorimetry or
30 kcal/kg/day

Increase to 150% of
predictive equations or 150%
of indirect calorimetry or
35 kcal/kg/day

Calories
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ri
e
s
 (

k
c
a
l/
d
a
y
)

Proteins

Calories

Minimum protein intake of
1.3 g/kg/day. NB: During
enteral nutrition target
achieved is lower (80%–85%)
consider 1.5 g/kg/day

Increase protein intake to
1.5–2.0 g/kg/day. Consider
prolonged enteral nutrition,
oral nutrition supplements or
protein supplements

Increase to 2.0–2.5 g/kg/day.
Consider prolonged enteral
nutrition, oral nutrition
supplements or protein
supplements

Proteins

P
ro

te
in

s
 (

g
/k

g
/d

a
y
)

Exercise Rehabilitation

Post acute ICU phase
> Day 5

Post ICU
phase

Post hospital
discharge

Adjust caloric intake for
nonnutritional calories from
glucose, propofol, and citrate

Monitor phosphate. Stay at
25% of caloric for 48 h when
phosphate drops

Prevent very early high 
protein intake

Consider to monitor nitrogen 
balance

Consider use of muscle
ultrasound, BIA, DEXA or 
CT for body composition

Consider functional muscle
tests and follow-up of body
composition

Indirect calorimetry (every
48 h) and adjust target
accordingly

Monitor oral intake; do not
remove feeding tube early

Monitor oral intake and oral
nutrition supplement intake

When feeding is reduced to
prevent overfeeding due to
nonnutritional calories, use
very-high protein feeds or
protein supplements

Patients are at risk for
reductions in protein intake
after cessation of enteral
nutrition and feeding tube
removal

Patients are at risk for
prolonged reduced protein
intake; consider the use of 
oral nutrition supplements

Patients are at risk for
reductions in caloric intake
after cessation of enteral
nutrition

Patients are at risk for
prolonged reduced caloric
intake; consider the use of 
oral nutrition supplements

Fig. 41.3 Practical Approach to Provide Proteins and Calories During the Phases of Critical Illness and 

Convalescence. During the first 3 days, calories and proteins are gradually progressed to target 1 on day 4 in 

steps of 25% daily increase. Target 1 is 1.3 g/kg/day for proteins and for calories, 70% of calculated targets, or 

100% of the target when measured by indirect calorimetry. Target 2 should be met during chronic critical illness 

and after intensive care unit (ICU) discharge on general wards. For target 2, calories are increased to 125% of 

predictive equations or indirect calorimetry, or 30 kcal/kg/day, and for proteins 1.5–2.0 g/kg/day should be tar-

geted. After hospital discharge, target 3 recommends a higher caloric target (150% of predictive equations or 

35 kcal/kg/day) and a higher protein intake of 2.0–2.5 g/kg/day. BIA, Bioelectrical impedance analysis; CT, com-

puted tomography; DEXA, dual-energy x-ray absorptiometry; g/kg/day, grams of proteins per kilogram per day; 

kcal/day, total kilocalories per day. (From Van Zanten ARH, De Waele E, Wischmeyer PE. Nutrition therapy and 

critical illness: Practical guidance for the ICU, post-ICU, and long-term convalescence phases. Crit Care. 

2019;23[1]:368.)
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In the REDOXS trial, no clinical benefit of glutamine and antioxidants 

was found and a trend toward increased mortality at 28 days, in addi-

tion to significant increases in in-hospital and 6-month mortality in 

glutamine-supplemented patients, were found.55

Since then, the safety of immune-modulating ingredients has been 

questioned. Benefits are limited or absent, and potential harm is in-

volved. Use of unbalanced compositions is not recommended.56

Glutamine
Glutamine is the most abundant plasma amino acid. In critical illness, 

plasma levels can be low. However, this is not always the case. Nones-

sential amino acids can be synthesized from other amino acids. Low 

levels in ICU patients are considered to be conditionally deficient, too 

low for the actual condition or disease state. As low-admission plasma 

glutamine was associated with increased mortality, supplementation 

was considered.

Positive effects are based on results from older, smaller, and mainly 

single-center studies. Recent studies have challenged the conditional 

deficiency hypothesis, both in mechanistic studies and in recent ran-

domized trials (MetaPlus and REDOXS). Low levels could potentially 

reflect an adaptive response. Glutamine supplementation may only be 

considered while monitoring plasma levels and should be avoided, as 

serious safety issues are involved.57

Arginine
Another amino acid considered to be conditionally deficient is argi-

nine. Data from 30 trials in 3000 patients after major surgery exhibited 

reduced infectious morbidity of arginine supplementation and a re-

duced length of stay. Before surgery, 5–7 days of arginine (12–15 g/day) 

may be beneficial. However, harm was observed in severe sepsis pa-

tients. Excessive nitric oxide production increasing mortality risk was 

the suggested mechanism. For sepsis patients, arginine-supplemented 

EN should be avoided.39

Fish Oil
There is a lack of studies showing associations of low baseline EPA and 

docosahexaenoic acid (DHA) levels and outcome. Smaller studies 

combined borage and fish oils (GLA/EPA) with antioxidants in ARDS, 

suggesting a benefit.22 The large OMEGA-EN trial (e.g., omega-3 fatty 

acids, EPA, DHA, GLA, and antioxidants) in ARDS patients was pre-

maturely terminated for not reducing ventilator-free days and a higher 

60-day in-hospital mortality trend (P 5 .054).58 At present, based on a 

meta-analysis, the effect of fish oil seems limited or absent.59

SPECIFIC MICRONUTRIENTS

The exact recommended daily allowances (RDAs) for antioxidants, 

trace elements, and vitamins in ICU patients are not known. Many 

patients have low admission plasma levels. During the ICU stay, this 

may worsen, as RDAs are only available in 1500 mL (or 1500 kcal) of 

EN, and many patients have lower intakes. In PN, trace elements and 

vitamins must be added. However, whether supraphysiologic dosages 

should be prescribed is inconclusive.

Antioxidants and Trace Elements
A meta-analysis of 21 RCTs on combined antioxidant supplementa-

tion showed significant reductions in mortality, ventilation duration, 

and a trend toward reduction in infections with no effect on ICU or 

hospital length of stay. Most of the included RCTs were small studies 

(,100 patients), which were inadequate to detect important effects on 

mortality. The positive signal emerges only after statistically aggregat-

ing these smaller trials.60

Vitamins
Few data are available via vitamin supplementation in ICU patients; 

however, whether low plasma levels reflect deficiency is not known. 

Hyperlactatemia may reflect thiamine deficiency, and supplementa-

tion is recommended.57 Supplementation may also be indicated in case 

of history of alcohol abuse, severe malnutrition, or refeeding hypo-

phosphatemia.

Although initial studies on high-dose supplementation with vita-

mins C, D, and B1 (and steroids) were promising, recent RCTs were 

unable to show benefits concerning relevant clinical endpoints.61–65

There is a lack of dose-finding studies for most vitamins in criti-

cally ill patients. Moreover, we do not know whether normalizing 

plasma levels translates into a better outcome.57

PREBIOTICS AND PROBIOTICS

The World Health Organization has defined probiotics as “live micro-

organisms, which confer a health benefit on the host.”66 Prebiotics (fi-

bers) are food for probiotics that are nondigestible by humans. Prebi-

otics stimulate the growth of beneficial bacteria. Symbiotic supplements 

contain both probiotics and prebiotics.

Critical illness leads to alterations of the gut microbiota, leading to 

a loss of commensal flora and the overgrowth of potentially patho-

genic bacteria. Probiotics restore the microbiota bacterial balance and 

improve the immune function, in addition to the gastrointestinal 

structure and function.67

Bacterial translocation of probiotics has been reported anecdotally. 

Since the PROPATRIA trial,68 which showed increased mortality 

among probiotic-treated pancreatitis patients because of gut ischemia, 

safety concerns have been expressed.

A meta-analysis of 13 RCTs did not demonstrate a reduction in the 

ventilation duration or lower ICU or hospital mortality rates. How-

ever, a reduced incidence of ICU-acquired pneumonia and ICU length 

of stay was found.69 In a recent Cochrane analysis, the effect on pneu-

monia was questioned because of the low-quality studies that were 

included.70 Identification of which ICU patients could benefit from 

probiotics is unclear.

SPECIAL PEDIATRIC CONSIDERATIONS

This chapter has been written from the perspective of the adult ICU 

patient. However, with respect to many aspects, considerations for 

children are similar. Clinical nutritional support in children must 

minimize tissue loss, optimize tissue repair, and minimize metabolic 

overloading. Patients in the pediatric intensive care unit (PICU) 

should undergo detailed nutrition assessment within 48 hours of ad-

mission. Furthermore, as patients are at risk of nutrition deterioration 

during hospitalization, which can adversely affect clinical outcomes, it 

has been suggested that the nutrition status of patients be reevaluated 

at least weekly throughout hospitalization.71,72

Pushing nutritional intake beyond recommended levels may create 

additional metabolic stress. Also for children, indirect calorimetry is 

recommended to target the energy settings, as predictive equations 

have been shown to be unreliable. Overall, the pediatric critical care 

population is heterogeneous, and a nuanced approach to individual-

izing nutrition support with the aim of improving clinical outcomes is 

necessary. On the basis of evidence from RCTs and as supported by 

observational cohort studies, a minimum protein intake of 1.5 g/kg per 

day is recommended.71,72

EN support is generally considered the preferred route for nutrition; 

however, parenteral nutrition may be necessary to meet the needs of 

some critically ill children. Based on large cohort studies, early initiation 
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of EN (within 24–48 hours of PICU admission) and achievement of up 

to two-thirds of the nutrient goal in the first week of critical illness have 

been associated with improved clinical outcomes.71,72

In the recent PEPANIC trial it was clearly demonstrated that early 

SPN may induce harm in children. Early parenteral nutrition should 

be avoided in the early phase (first week) of critical illness unless the 

enteral route cannot be used.73 The complexity of pediatric disease and 

the wide range of ages and body conditions, in addition to the multiple 

options for nutrient delivery, necessitate close collaboration between 

physicians and pediatric dietitians who are familiar with children’s 

nutrition requirements during critical illness. In children, immunonu-

trition is not recommended.

KEY POINTS

• ICU admission LBM and cumulative protein and energy deficit are associ-

ated with outcome.

• Refeeding syndrome, as identified by hypophosphatemia occurring after 

resuming nutrition, should lead to caloric restriction for 2 days and gradual 

introduction of calories, while supplementing electrolytes and thiamine.

• Enteral feeding is preferred over parenteral nutrition and should be initiated 

early (24–48 hours after ICU admission) to preserve gut condition.

• Absolute contraindications for EN are intestinal obstruction, perforation, 

and ischemia.

• Hemodynamic instability is only a temporary contraindication for enteral 

feeding; feeding can commence when stable vasopressor infusion is 

achieved.

• In well-nourished patients, trophic feeding or permissive underfeeding is 

associated with similar outcomes as full nutritional support.

• Higher calorie delivery by energy-dense feeding is associated with similar 

outcomes as routine enteral feeding.

• Measuring GRV reduces feeding efficiency; therefore it should be aban-

doned, or high GRV up to 500 mL in 6 hours should be accepted.

• Critical care nutrition protocols improve feeding adequacy.

• Gastrointestinal symptoms such as diarrhea are common during an ICU 

stay; however, they are frequently the result of causes other than enteral 

feeding.

• There are no clear benefits of SPN within 5 days of ICU admission.

• Formulae to estimate energy expenditure are inaccurate; therefore indirect 

calorimetry is recommended.

• Caloric overfeeding should be prevented; therefore nonnutritional calories 

from propofol, dextrose, and citrate infusion should be considered as an 

energy source.

• Protein intake should be at least 1.3 g/kg per day (1.5 g/kg per day in chil-

dren), with higher recommendations in patients with greater BMI and pro-

tein loss resulting from renal replacement therapy. Gradual progression to 

target over several days is recommended.

• Based on contradictory results from clinical trials, pharmaconutrition with 

glutamine, arginine, and fish oil cannot be recommended.

• RDAs for vitamins and trace elements in critical illness are unknown; how-

ever, supplementation should be considered in patients on parenteral nutri-

tion or EN intake below 1500 kcal/day.

• High-dose supplementation of vitamins B1, C, and D has not improved out-

comes of critical illness.

• Although prebiotics and probiotics seem to be safe in most ICU patients, 

proven benefits in targeting gut microbiota with these strategies are lack-

ing.

 References for this chapter can be found at expertconsult.com.
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Along with neurologic examination, information about vital signs 

and key laboratory values should be immediately available in a  

24-hour record sheet or electronic medical record. Assessment of pain 

and sedation can be challenging in the context of brain injury.  

Evidence recommends the use of validated and reliable scales such as 

the Sedation-Agitation Scale (SAS) and Richmond Agitation-Sedation 

Scale (RASS),11 as these provide workable solutions in some patients.

“Wake-up tests” in patients with intracranial hypertension pose 

significant risks12 and show no proven benefits in terms of duration of 

mechanical ventilation, length of intensive care unit (ICU) and hospi-

tal stay, or mortality rate in patients with neurologic disorders.

The Glasgow Outcome Scale (GOS) has been the standard outcome 

tool for neurocritical care. However, other tools, such as the Neurological 

Outcome Scale for TBI (NOS-TBI), have been adapted for traumatic brain 

injury (TBI) patients from the National Institutes of Health Stroke Scale 

(NIHSS).13 This scale has demonstrated adequate predictive validity and 

sensitivity to change compared with gold-standard outcome measures and 

may enhance the prediction of outcome in clinical practice and research.14

INTRACRANIAL PRESSURE AND CEREBRAL 

PERFUSION PRESSURE

The threshold that defines normal or raised intracranial pressure (ICP) 

is uncertain, but normal resting ICP in an adult is considered to be less 

than 15 mm Hg, and a sustained ICP .20 mm Hg is considered patho-

logic.3,15 In the 2016 Guidelines for the Management of Severe TBI, an 

ICP threshold .22 mm Hg was adopted as a level IIb recommendation 

to initiate treatment to reduce ICP in order to reduce mortality.16 The 

necessity of ICP monitoring was questioned by the BEST-TRIP trial17: 

the researchers found no significant difference in outcome when man-

agement of patients with severe TBI was guided by either (1) ICP 

monitoring or (2) neurologic examination and imaging. However, the 

results of this trial are research oriented and highlight the necessity for 

further studies and may not be generalizable to other populations. First, 

the study was conducted on two developing countries where prehospital 

resuscitation might be less developed, resulting in higher episodes of 

secondary insults such as hypotension and hypoxia, and severely injured 

patients may not survive long enough to reach the hospital. Thus the 

study population may have had less severe brain injury than comparable 

ICUs in developed countries. Finally, 6-month survival was confounded 

by increased mortality after ICU discharge, possibly related to limited 

resources to receive rehabilitation and prolonged medical care.18 In the 

most current Brain Trauma Foundation Guidelines (BTFG) for severe 

INTRODUCTION

Little can be done to reverse the primary brain damage caused by an  

insult; however, one of the major factors influencing outcome in patients 

with acute brain injury is the additional brain damage that occurs from 

secondary brain  injury processes.1 These secondary insult processes entail 

a combination of inflammatory, biochemical, and excitotoxic changes,1,2 

making it challenging for the clinician to detect which processes are most 

important to monitor in order to obtain the most favorable outcome.3 In 

addition, secondary ischemic insults of extracerebral origin (e.g., arterial 

hypotension, hypoxemia) can be prevented or treated before they become 

severe enough.4 The main purpose of advanced monitoring of the brain 

in the intensive care unit (ICU) is to detect these secondary insults,  

allowing for a more informed, individualized approach to treatment.3–5

MONITORING NEUROLOGIC STATUS

The clinical approach to a patient with a neurologic problem requires the 

physician to have a specialized anatomic and physiologic knowledge of  

the nervous system. Daily evaluation of neurologic and mental status 

should be included in the neuromonitoring protocol. Neuromonitoring 

should include the Glasgow Coma Scale (GCS) score, function of pyrami-

dal and extrapyramidal systems, status of cranial nerves, function of the 

cerebellum and spinal cord whenever possible, and any changing trend in 

the neurologic status. In critically ill patients, such a complete neurologic 

evaluation can sometimes be unreliable or impossible because of the use of 

sedatives and the need for intubation and ventilatory support as part of  

the medical treatment of the neurologic problem. However, in the nonse-

dated patient, the Full Outline of UnResponsiveness (FOUR) score, which 

measures ocular and limb responses to commands and pain, pupillary  

responses, and respiratory pattern,6 may provide a more complete assess-

ment of brainstem function. The FOUR score has been shown to perform 

equally well as the GCS in critically ill patients after brain injury,7 possessing 

a similarly predictive power of outcome and the capability of being assessed 

in intubated patients.8,9 Current evidence suggests that both the GCS 

and FOUR score provide useful and reproducible measures of neurologic 

state and can be routinely used to chart trends in clinical evaluation.

Pupillary evaluation is a strong predictor of outcome that must be 

integrated into the daily GCS evaluation. However, poor interrater reli-

ability exists among practitioners when it comes to pupillary assessment. 

Devices like the handheld pupillometer provide objective measurement 

of pupillary response and diameter, but more clinical experience is 

needed to determine if they should be included as a standard of care.10
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TBI, monitoring of ICP is recommended in the management of severe 

TBI patients to reduce in-hospital and 2-week postinjury mortality, and 

the previous 2007 BTFG recommendations are no longer valid because 

of lack of supporting evidence.16 Moreover, the Milan consensus does 

not recommend ICP monitoring in a comatose patient in the setting of 

normal imaging.19 Treatment of ICP is important, and in circumstances 

where adequate resources are available, such treatment is advised.

Cerebral perfusion pressure (CPP) is the difference between the 

mean arterial blood pressure (MAP) and ICP. Under normal physio-

logic conditions, a MAP of 80–100 mm Hg and an ICP of 5–10 mm 

Hg generate a CPP of 70–85 mm Hg.20 Cerebral blood flow (CBF) is 

determined by both CPP and cerebrovascular resistance (CVR) ac-

cording to the formula CBF 5 CPP / CVR.

Under normal circumstances, the brain is able to maintain a relatively 

constant CBF of approximately 50 mL per 100 g/min over a wide range 

of CPP (60–150 mm Hg).21 After injury, the ability of the brain to pres-

sure autoregulate can be impaired, and CBF is often dependent on CPP.

The recommendations for an adequate CPP have changed over 

time and may in part be associated with the variability in how MAP is 

measured22 and the autoregulatory function status. The 2007 BTFGs 

recommend targeting CPP values within the range of 60–70 mm Hg.16 

CPP values ,60 mm Hg increase the risk of cerebral ischemia and 

hypoperfusion, whereas therapies required to maintain CPP .70 mm 

Hg such as intravenous fluids administration have been associated 

with an increased risk of acute respiratory failure.16

INTRACRANIAL PRESSURE MONITORING DEVICES

The current gold standard for ICP monitoring is the ventriculostomy cath-

eter, or external ventricular drain (EVD), which is a catheter inserted in a 

lateral ventricle, usually via a small right frontal burr hole. This ventricular 

catheter is connected to a standard pressure transducer that must be main-

tained at a specific level. The reference point for ICP is the foramen of 

Monro, although in practical terms, the external auditory meatus is often 

used as a landmark.23 Advantages of EVDs include the ability to measure 

global ICP and to perform periodic in vivo external calibration and thera-

peutic cerebrospinal fluid (CSF) drainage and sampling. However, intraven-

tricular catheters are also associated with the highest rate of infection among 

the ICP monitors.1 Several microtransducer-tipped ICP monitors are avail-

able for clinical use (e.g., Camino ICP monitor, Codman microsensor, 

Hummingbird ICP, and Neurovent-P ICP monitor). These catheter-based 

transducers can measure pressure directly in the brain parenchyma. Al-

though there are fewer risks of infection and intracranial hemorrhage with 

these catheters,1 the main disadvantage of these probes is that they cannot 

be calibrated in vivo. Also, after preinsertion calibration, they may exhibit 

zero drift (degree of difference relative to zero atmospheres) over time.24

Noninvasive ICP monitoring devices have been developed to reduce 

the risk associated with invasive monitors. Such technologies include 

displacement of the tympanic membrane,25 optical detection of cerebral 

edema,26 transcranial Doppler pulsatility index, and magnetic resonance 

of the optic nerve sheath, among others.23 So far, none of these methods 

has provided sufficient accuracy to replace invasive monitors.

ICP WAVEFORMS

The normal ICP waveform consists of three arterial components super-

imposed on the respiratory rhythm. The first arterial wave is the per-

cussion wave, which reflects the ejection of blood from the heart trans-

mitted through the choroid plexus in the ventricles. The second wave is 

the tidal wave, which reflects brain compliance, and the third wave is 

the dicrotic wave that reflects aortic valve closure. Under physiologic 

conditions, the percussion wave is the tallest, with the tidal and dicrotic 

waves having progressively smaller amplitudes. When intracranial  

hypertension is present, cerebral compliance is diminished. This rela-

tionship is reflected by an increase in the peak of the tidal and dicrotic 

waves exceeding that of the percussion wave (Fig. 42.1).

COMPLICATIONS

Among the complications related to ICP monitoring, intracranial 

hemorrhage and infections are the most common.1,23 Less frequent 

complications are malfunction, malposition, and obstruction.  

Although these complications generally do not produce long-term 

morbidity in patients, they can cause inaccurate ICP readings and may 

increase hospitalization costs by requiring replacement of the monitor.

The incidence of infection is reported to range from 0% to 22%,27 

depending on the type of device. Several other factors have been iden-

tified that may affect the risk of EVD infection: the use of prophylactic 

parenteral antibiotics, the presence of other concurrent systemic infec-

tions, the presence of intraventricular or subarachnoid hemorrhage 

(SAH), duration of monitoring, open skull fracture (including basilar 

skull fractures with CSF leak), leakage around the ventriculostomy 

catheter, and repeated flushing of the EVD.28 Prophylactic antibiotic-

impregnated catheters may be used in order to reduce EVD-associated 

infections; however, more trials should be conducted to evaluate the 

beneficial effect on clinical outcome. Placement of ICP monitors 

should be done under the most sterile possible conditions, minimizing 

excessive manipulation and flushing. The second most common com-

plication related to ICP monitoring is postprocedural intracerebral 

hemorrhage (,1%).27

JUGULAR VENOUS OXYGEN SATURATION

Placement of a jugular venous oxygen saturation (SjvO2) catheter in-

volves retrograde insertion into the internal jugular vein of a catheter 

equipped with an oxygen sensor at the tip. The catheter is similar to the 

type used for CVP monitoring but is directed cephalad into the jugular 

bulb.29 The tip of the catheter must be placed above the C1–C2 verte-

bral bodies to avoid contamination with blood coming from the facial 

vein. Correct positioning of the catheter can be confirmed with a lat-

eral skull x-ray (Fig. 42.2). The incidence of complications related to 

the SjvO2 catheter is low but includes carotid artery puncture, hema-

toma formation, infection, thrombosis, and increased ICP that may 

arise during catheter insertion or with prolonged monitoring.

SIDE OF JUGULAR CATHETERIZATION

The International Consensus on Multimodal Monitoring in Neuro-

critical Care recommends that the catheter site placement be based on 

the diagnosis, the type and location of brain lesions, and technical 

Fig. 42.1 (Upper tracing) Normal intracranial pressure (ICP) waveform 

and its components: W1 (percussion wave), W2 (tidal wave), and W3 

(dicrotic wave). (Bottom tracing) As ICP increases, distinctive waveform 

changes occur (e.g., elevation of the second pulse wave and “round-

ing” in the ICP waveform).
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feasibility.30 If the strategy is to use SjvO2 as a monitor of global oxy-

genation, then cannulating the dominant jugular vein is logical be-

cause it is most representative of the whole brain. The dominant inter-

nal jugular vein is the larger of the two internal jugular veins, as 

determined by ultrasound imaging.

NORMAL JUGULAR VENOUS OXYGEN SATURATION

SjvO2 reflects the global balance between cerebral oxygen delivery (sup-

ply) and the cerebral metabolic rate of oxygen (demand). When arterial 

oxygen saturation, hemoglobin concentration, and the hemoglobin dis-

sociation curve remain stable, SjvO2 generally parallels changes in CBF. 

Normal SjvO2 values range from 55% to 75%,31 and jugular venous 

desaturation has been associated with worse outcomes post-TBI.1 Cur-

rent guidelines recommend maintaining SjvO2 .50% in order to im-

prove outcomes in the TBI population (level III recommendation),16 

acknowledging the fact that SjvO2 .75% has also been associated with 

poor neurologic outcomes.1,31 SjvO2 provides only information of a 

global state of cerebral oxygenation, and focal ischemic areas are not 

evaluated with this technique. Multiple pathologic clinical scenarios 

may cause an increase or decrease in SjvO2 values (Table 42.1).

TRANSCRANIAL DOPPLER FLOW VELOCITY AND 

FLOW VOLUME

Transcranial Doppler (TCD) ultrasonography is a noninvasive moni-

toring technique that measures blood flow velocity in one of the major 

arteries at the base of the brain. A 2-MHz pulsed ultrasound signal is 

transmitted through the skull (usually through the temporal bone) 

and, using the shift principle, measures red cell flow velocity. Flow 

volume is directly proportional to flow velocity and can be calculated 

by multiplying the velocity by the cross-sectional area of the vessel 

insonated. Cerebral vasospasm after aneurysmal SAH and traumatic 

SAH is a major cause of disability, with a similar incidence among both 

groups.32 Angiography remains the gold standard for diagnosing post-

traumatic vasospasm,33 but TCD ultrasonography gives a noninvasive 

alternative for daily bedside monitoring of the CBF dynamics. Current 

literature suggests a high level of suspicion for posttraumatic vaso-

spasm when velocities are above 200 cm/sec per TCD examination.33 

The Lindegaard ratio (middle cerebral artery–to–extracranial internal 

carotid artery flow velocity ratio) helps in differentiating vasospasm 

from hyperemia; vasospasm is considered to be present if the Linde-

gaard ratio index is greater than 3, and severe vasospasm when it is 

greater than 6.34 In hyperemia, the flow velocity for both intracranial 

and extracranial vessels increases, whereas in vasospasm, high-flow 

velocity is seen only in intracranial vessels, resulting in a high ratio.

Vasospasm after TBI or SAH has an impact on morbidity and mor-

tality. Frequently, the first clinical sign is a deterioration in the neuro-

logic examination, which occurs too late to reverse the process. TCD 

ultrasonography may identify changes in flow velocity that can precede 

these clinical findings and may lead to further diagnostic assessment 

and therapy. The major drawback of TCD ultrasonography is that it is 

operator dependent, though color-coded TCD provides improved ac-

curacy of measurement.

TCD studies have high specificity as a supporting tool for the diag-

nosis of brain death.35 Brief systolic forward-flow spikes with reversed 

or absent diastolic flow found bilaterally or in three different arteries 

are accepted TCD criteria to support the diagnosis of brain death. TCD 

should not be used as a sole brain death diagnostic tool.36

BRAIN TISSUE OXYGEN PARTIAL PRESSURE

A major limitation of SjvO2 technology is that regional ischemia can-

not be identified. After TBI, regional differences in CBF are commonly 

seen. Brain tissue oxygen partial pressure (PbtO2) is a tool that mea-

sures local brain oxygen partial pressure levels. It has proven to be the 

most reliable cerebral oxygenation monitoring technique to date.1

PbtO2 is measured using a polarographic Clark-type electrode at the 

tip of a catheter placed in the brain parenchyma. The Clark electrode 

polarographic probe has a semipermeable membrane covering two 

Fig. 42.2 A, Lateral skull x-ray confirming adequate Sjvo2 catheter placement at the C1–C2 level. B, Head 

computed tomography scan showing the catheter tip correctly placed at the jugular venous bulb level.

A B

Increased SjvO2 Restricted oxygen diffusion or extraction resulting from 

neuronal infarction or inflammation

Decreased cerebral metabolism

Hyperemia

Decreased SjvO2 Local or systemic hypoperfusion (e.g., intracranial hy-

pertension, shock or prolonged hypotension, vaso-

spasm)

Decreased systemic oxygen supply (e.g., low PaO2)

Increased cerebral metabolism or oxygen extraction 

(e.g., seizures, fever)

Anemia

TABLE 42.1 Clinical Conditions Associated 
With Alterations in SjvO2 Values
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electrodes. In the presence of dissolved oxygen crossing the membrane, 

an electric current is generated and then transferred to a monitor for 

interpretation. Temperature is also needed to calculate the oxygen ten-

sion—brain temperature rather than core temperature is preferred for 

this purpose, as a sensor is incorporated into the PbtO2 catheter.37

Normal values for PbtO2 range from 20 to 40 mm Hg1,5,30,38; levels 

below 20 mm Hg are indicative of compromised brain oxygen, and 

intervention should be considered. The likelihood of poor outcome 

after severe TBI increases with long periods of PbtO2 below 20 mm Hg. 

It has been reported that low PbtO2 values after a severe TBI are pres-

ent within the first few days postinjury in up to 70% of patients.38

Correct probe placement and depth into the region of interest are 

key for successful monitoring of PbtO2. Two general strategies have 

been used for placement of this probe. Some recommend placement 

of the probe into relatively normal brain tissue so that the PO2 values 

reflect global brain oxygenation.5 Changes in PbtO2 correlate well 

with changes in SjvO2 when the sensor is inserted into noncontused 

areas of the brain. Others recommend placement of the probe into 

penumbra tissue so that PO2 values reflect oxygenation in the most 

vulnerable areas of the brain.1 Regardless of the strategy used, the 

PbtO2 values must be interpreted with the understanding that the 

values measure only the local tissue surrounding the catheter. PbtO2 

monitoring is safe and provides accurate data for up to 10 days and 

can be used to guide pharmacologic, hemodynamic, or respiratory 

therapy.30 Along with ICP monitoring, PbtO2 assessment has been 

incorporated into an overall management strategy of patients suffer-

ing from severe TBI. A recently completed two-arm, single-blind, 

prospective, randomized controlled multicenter phase II trial 

(BOOST-II) showed that ICP 1 PbtO2–guided management in severe 

TBI compared with ICP alone was associated with reduced mortality 

and improved outcomes 6 months postinjury.38 BOOST-II demon-

strated that ICP 1 PbtO2–guided management is not only safe 

but nonfutile, laying the foundation for BOOST-3, which is a phase 

III trial that will assess the impact of ICP 1 PbtO2–guided manage-

ment in severe TBI on neurologic outcome.

Treatment for a reduced PbtO2 should be first directed at any un-

derlying causes of inadequate cerebral oxygen delivery. Such correc-

tions might include increasing CPP (reducing ICP, increasing MAP), 

improving arterial oxygenation, transfusions for a low hemoglobin 

concentration,1,5 reducing fever, or treating subclinical seizures. If an 

underlying cause for the low PbtO2 is not found, or if PbtO2 remains 

low after optimizing oxygen delivery, obtaining a follow-up computed 

tomography (CT) scan of the head might be considered to assess 

whether a delayed hematoma or hemorrhagic contusion has devel-

oped. A sustained (.30 min) PbtO2 of 0 mm Hg and no response to 

oxygen challenge are consistent with brain death,39 although care re-

lated to interpretation in this regard is needed, depending on the loca-

tion of the probe or potential probe malfunction.40

NEAR-INFRARED SPECTROSCOPY

Near-infrared spectroscopy (NIRS) is based on the fact that light in 

the near-infrared range (700–1000 nm) can pass through skin, bone, 

and other tissues with relative ease. After the light has penetrated, it 

will either be scattered or absorbed. Tissues such as bone and skin 

will scatter the light, whereas oxygenated and deoxygenated hemo-

globin, possessing a different absorption spectra, will mostly absorb 

it and have a lower scattering effect.41 Changes in the absorbance of 

near-infrared light as it passes through these compounds can be 

quantified using a modified Beer-Lambert law, which describes  

optical attenuation. The main advantage of NIRS is that it is a  

noninvasive method for estimating regional changes in cerebral  

oxygenation.1 Some studies have reported its potential utility in the 

prehospital management of severe TBI.42 However, its clinical use is 

limited by an inability to differentiate between intracranial and ex-

tracranial changes in blood flow and oxygenation; lack of standard-

ization between commercial devices; and confounded saturation 

signals because of the presence of epidural, subdural, or intracranial 

hematomas.42 Given the latter limitation, Brogan and colleagues 

conducted a systematic review and meta-analysis on the use of NIRS 

as a possible diagnostic tool to detect traumatic intracranial hemato-

mas. The authors found NIRS to have a low cross-study sensitivity 

and negative predictive value (NPV) for intracranial hematomas, 

making it inadequate for use as a diagnostic tool.41 Currently, there 

are no studies providing evidence that NIRS use alone can influence 

outcomes in adult neurocritical care.

ELECTROENCEPHALOGRAM

An electroencephalogram (EEG) depicts the spontaneous electrical 

activity of the cerebral cortex and is generated mainly by the summa-

tion of excitatory and inhibitory postsynaptic potentials of cortical 

neurons. It does not reflect activity in subcortical levels, cranial nerves, 

or the spinal cord. The electrical signal is amplified, filtered, and then 

displayed as either 8 or 16 channels (8 channels per hemisphere) to 

give an accurate representation of electrical activity throughout the 

cortex. EEG activity is usually interpreted in terms of frequency, am-

plitude, and location (focal or generalized activity).

EEG is the most frequently used electrophysiologic technique in the 

ICU. It offers information about brain electrical activity and is essen-

tial to detect clinical and subclinical seizures. The presence of seizures, 

including duration and response to therapy, may predict outcome after 

coma, with or without known acute brain injury in the ICU setting.30 

After TBI, a cascade of neurometabolic disruptions (i.e., release of ex-

citatory neurotransmitters, neuroinflammation) unfold, adversely af-

fecting cerebral physiology and leading to posttraumatic seizures 

(PTSs) and secondary brain injury.5,43 PTSs can occur in up to 40% of 

TBI patients, with the vast majority of these being nonconvulsive sei-

zures (NCSs) or nonconvulsive status epilepticus (NCSE).43 Continu-

ous EEG (cEEG) in comatose TBI patients admitted to the ICU has 

been recommended in order to monitor subclinical seizures, as routine 

noncontinuous EEG could not capture these events.44

A low threshold for obtaining a continuous EEG must be consid-

ered in patients with acute brain injury and unexplained alteration of 

consciousness. It is also urgently needed in patients with convulsive 

status epilepticus who remain unresponsive after 1 hour of administer-

ing adequate antiepileptic treatment.30,44 cEEG is strongly recom-

mended in patients undergoing therapeutic hypothermia and within 

24 hours of rewarming to exclude NCS in all comatose patients after 

cardiac arrest.45

In recent years, a more invasive form of cerebral electrical activity 

monitoring has been studied in humans: intracranial EEG using either 

subdural strip electrodes or intracortical depth electrodes.1,46 This in-

vasive form of EEG has been shown to be superior at identifying cer-

tain forms of seizures not detected by standard scalp EEG, in addition 

to slowing potential changes that move across the cortex, called cortical 

spreading depolarizations (CSDs).46,47 CSDs (or just spreading depres-

sions) have been described in animal models by Leão since the 1940s.48 

CSDs have been identified in up to 70% of TBI patients through intra-

cranial EEG and are associated with secondary insults and worsening 

of clinical outcomes.1,47,49,50 Currently, observational studies are under-

way to better elucidate the application and effect of CSD monitoring on 

TBI patients, such as the “Spreading Depolarizations in Traumatic 

Brain Injury” trial, a substudy of the TRACK-TBI consortium.
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MICRODIALYSIS

Microdialysis is a technique used to sample the extracellular fluid of 

cerebral tissue. This method is based on the diffusion of water-soluble 

substances through a semipermeable membrane, which can sample 

small molecules (,20 kDa) such as glucose, glycerol, glutamate, lac-

tate, and pyruvate and larger ones (.100 kDa) such as cytokines. The 

degree of permeability of the membrane determines the molecular 

weight of the substances that can cross it. Although the recovery of 

larger molecules has been better studied in the past decade, 100-kDa 

catheters are not yet Food and Drug Administration (FDA) approved 

as of the time this manuscript was created.51

The concentration of substances in the dialysate depends on the 

flow rate and chemical composition of the perfusate, the length of the 

dialysis membrane, the type of dialysis membrane, and the diffusion 

coefficient of the tissue. The recovery of a particular substance is de-

fined as the concentration in the dialysate divided by the concentration 

in the interstitial fluid. If the membrane is long enough and the flow 

slow enough, the concentration in the perfusate will be the same as 

that in the interstitial fluid (i.e., 100%).

The technique of cerebral microdialysis allows continuous and 

online monitoring of changes in brain tissue chemistry. As with brain 

tissue oxygenation monitoring, microdialysis also involves inserting a 

fine catheter (diameter 0.62 mm) into the brain. Catheter location will 

vary depending on the site and type of injury and the goals of treat-

ment.51 The dialysate, which is collected in vials that are exchanged 

every 10–60 minutes, is then analyzed using sensitive assays.

The key substances measured by microdialysis that have proven to 

be clinically significant because of their representation of brain chem-

istry are glucose, lactate, pyruvate, glutamate, and glycerol.1,51 The 

clinical value of these substances can be described in a tiered fashion 

(with tier 1 being the most clinically significant) as follows:

Tier 1: Lactate:pyruvate (LP) ratio and glucose

Tier 2: Glutamate

Tier 3: Glycerol

Lactate:Pyruvate Ratio

An elevated LP ratio has been associated with worse outcomes. If the 

LP ratio is elevated in the presence of low pyruvate, it signifies isch-

emia. If, however, the LP ratio is elevated in the presence of normal or 

high pyruvate, it indicates mitochondrial dysfunction.

Glucose

Studies have shown that both low brain glucose (,0.8 mM) and high 

brain glucose are associated with worse outcomes; however, a definitive 

normal range has not been established yet.

Glutamate

Glutamate is an excitatory neurotransmitter that is released during 

seizures and ischemia; it is also associated with worse outcomes after 

TBI.

Glycerol

Glycerol, a marker of oxidative stress, has limited specificity for brain 

injury and/or ischemia; it is influenced by systemic concentrations, 

and no association with outcomes after TBI has been found yet.

Metabolite variations over time can help with clinical management 

and are not limited to identification of ischemia, but allow monitoring 

of energy metabolism in the brain as well.

Cerebral microdialysis has a very low complication rate; nonethe-

less, there are a number of limitations regarding its clinical use, includ-

ing its focal measurement and the fact that it discloses different  

metabolite concentrations when inserted into pathologic versus pre-

served brain areas. Consequently, microdialysis results should be inter-

preted based on the location of catheter insertion, confirmed by postin-

sertion CT.30

Microdialysis, when used with multimodality monitoring, may 

enhance the understanding of cerebral physiology and pathophysiol-

ogy and guide management and individualized therapy.51,52 Future 

research studies should focus on assessing the effectiveness of microdi-

alysis-guided management as part of a multimodal monitoring ap-

proach in acute brain injury.

KEY POINTS

• Evaluation of neurologic and mental status should be included in the moni-

toring protocol whenever possible.

• The ventriculostomy catheter remains the preferred device for monitoring 

ICP and is the standard against which all new monitors are compared.

• The two major complications of ICP monitoring are ventriculitis and ICH.

• The simplest measure of cerebral perfusion is CPP. For equivalent levels of 

CPP, cerebral perfusion is impaired more by decreases in blood pressure 

than by increases in ICP.

• TCD ultrasonography is a noninvasive monitor that provides indirect infor-

mation about CBF in one of the major arteries at the base of the brain. In 

the absence of vessel stenosis, vasospasm, or changes in arterial blood 

pressure or blood rheology, pulsatility reflects the distal cerebrovascular 

resistance.

• The Lindegaard (hemispheric) index is the ratio of flow velocity in the middle 

cerebral artery and the internal carotid artery. The mean hemispheric index 

in normal individuals is 1.76 6 0.1, and pathologic values suggestive of 

vasospasm are generally above 3.

• Normal values for PbtO2 are 20–40 mm Hg, and critical reductions are be-

low 20 mm Hg.

• The use of EEGs in the ICU to detect early subclinical seizures may help 

reduce mortality and morbidity in status epilepticus. Invasive EEG has been 

proven to be the only monitoring modality in detecting spreading depolar-

izations, which have been associated with worse outcomes after TBI.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Carney N, Totten AM, O’Reilly C, et al. Guidelines for the management of se-

vere traumatic brain injury, fourth edition. Neurosurgery. 2017;80(1):6–15.

This article discusses the most current evidence-based recommendations in 

the management of severe TBI.

Chesnut RM, Temkin N, Carney N, et al. A trial of intracranial-pressure moni-

toring in traumatic brain injury. N Engl J Med. 2012;367(26):2471–2481.

The conventional ICP-guided TBI management was challenged in this ran-

domized clinical trial that has become a landmark in the study of severe TBI.

Hutchinson PJ, Jalloh I, Helmy A, et al. Consensus statement from the 2014 In-

ternational Microdialysis Forum. Intensive Care Med. 2015;41(9):1517–1528.

This consensus is a great reference source for current recommendations in 

management and interpretation of microdialysis technology.

Lazaridis C, Robertson CS. The role of multimodal invasive monitoring in 

acute traumatic brain injury. Neurosurg Clin North Am. 2016;27(4):

509–517.

This is an excellent, easy-to-read review on the role of neuromonitoring in 

the management of acute traumatic brain injury.

Okonkwo DO, Shutter LA, Moore C, et al. Brain oxygen optimization in se-

vere traumatic brain injury phase-ii: a phase ii randomized trial. Crit Care 

Med. 2017;45(11):1907–1914.

This article discusses the importance of PbtO2-guided TBI management.
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Coma

Melissa B. Pergakis and Wan-Tsu W. Chang

Mental Disorders, 5th edn (DSM-V) is defined as altered consciousness 

with shifting attention or inability to focus and fluctuating course.5

As one can imagine, these terms can be nebulous, oftentimes over-

lap, and are not always used in the appropriate clinical context to ac-

curately describe a patient’s level of consciousness. Consequently, 

standardized scales have been developed to aid providers in measuring 

level of consciousness in patients. These scales serve as important tools 

when communicating with other healthcare providers. The scale most 

often used is the Glasgow Coma Scale (GCS)6 (Table 43.1), which was 

initially used in trauma patients. The GCS measures three different 

criteria—eye opening, motor response, and verbal response—with 

lower scores indicating a poor examination. Typically, a score of 8 or 

below is indicative of coma.6 It is important to note that it is not pos-

sible to assess verbal response in intubated patients. Brainstem reflexes, 

an essential aspect of the examination in a comatose patient, are also 

not accounted for in GCS. With these shortcomings in mind, Wijdicks 

and colleagues developed the Full Outline of UnResponsiveness 

(FOUR) score (Table 43.2).7 This scale includes eye response, motor 

response, brainstem reflexes, and respiratory patterns. The FOUR 

score provides more specific neurologic subtleties and consequently 

allows the clinician to differentiate between stages of herniation.7

DIFFERENTIAL DIAGNOSIS

Though the etiology of coma encompasses a wide range of causes, the 

differential diagnosis of coma is, in contrast, quite limited. Differenti-

ating between coma and the following diagnoses requires an eloquent 

understanding of neuroanatomy in addition to precise and careful 

neurologic examination, differentiating between disorders of con-

sciousness, and an appropriate time course for the specified disease 

process.

Locked-in syndrome results from damage to the ventral pons and 

the corticobulbar, corticospinal, and corticopontine tracts. The clinical 

presentation includes quadriplegia and anarthria with retained level of 

consciousness. Locked-in syndrome at times mimics as coma if a fo-

cused but thorough neurologic examination is not performed. In this 

case, careful inspection of the eye movements would reveal preserva-

tion of vertical eye movements when asking the patient to “look up.” 

However, failure to do so may result in an inaccurate diagnosis of 

coma. The causes of locked-in syndrome are numerous, including 

ischemic, hemorrhagic, traumatic, neoplastic, metabolic (central pon-

tine myelinolysis), demyelinating (multiple sclerosis), and infectious; 

consequently, appropriate and swift diagnosis allows for timely thera-

peutic intervention if possible.8

Persistent vegetative state refers to patients who have had a pro-

longed disorder of consciousness for longer than 1 month. Over time, 

patients may appear to have their eyes open, but remain unresponsive 

and unaware of external stimuli. The term persistent vegetative state, 

COMA

Disorders of altered consciousness present a diagnostic dilemma to the 

clinician in the critical care setting. They represent a wide of range of 

pathology that can be systemic in nature or the result of structural or 

nonstructural intracranial pathology. Immediate evaluation and ac-

curate diagnosis leading to lifesaving interventions are of paramount 

importance, as some causes of coma are irreversible. However, this can 

be a difficult task in critically ill patients. As such, the clinician must 

have an understanding of underlying disorders of consciousness and 

coma, the anatomy and pathophysiology leading to this disease state, a 

systemic approach in history taking and examination, and a rapid ap-

proach to workup and early therapeutic interventions.

DEFINING DISORDERS OF CONSCIOUSNESS

Consciousness is defined as a state of full awareness of one’s self and 

relationship to the environment and is composed of content and 

arousal.1,2 Whereas arousal is akin to one’s wakefulness and alertness, 

content of consciousness includes higher cerebral functional activity 

and awareness of one’s relationship to self and environment. As one 

might expect, content of consciousness is not possible without a cer-

tain level of arousal.1

Coma is defined as a state of unresponsiveness. The patient lies in 

the bed with eyes closed without any purposeful response to external 

stimuli.1 Motor responses to deep painful stimuli may include flexor or 

extensor posturing, but comatose patients will not have any meaning-

ful or purposeful movements, including localization.

Several other pathologic states of consciousness often referred to in 

the critical care setting demonstrate variable levels of arousal and 

awareness. These include lethargy, obtundation, stupor, clouding of con-

sciousness, and delirium. Lethargic patients are severely somnolent, al-

though they can be awoken by minimal stimuli; however, they will drift 

off to a state of drowsiness when continuous stimuli are not applied. 

Obtunded patients are similar to lethargic patients but have even less 

interest in their surroundings and slower responses to any sort of 

stimulation. These patients often exhibit more somnolence than lethar-

gic patients. Stuporous patients require vigorous stimulation to be kept 

awake and if not stimulated will quickly fall into a state of unrespon-

siveness, and thus represent a state between awareness and coma.1,3,4

In contrast to patients requiring minimal or more extreme forms of 

stimuli for wakefulness, patients can also have clouding of conscious-

ness, confusional state, and delirium. Clouding of consciousness refers to 

an altered state of consciousness that is defined by inattention and  

reduced wakefulness, whereas a confusional state tends to be more ex-

treme and includes disorientation and inability to follow commands. 

Delirium and confusional state are often used interchangeably; how-

ever, delirium, by definition of the Diagnostic and Statistical Manual of 
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which can be pejorative, has been replaced by unresponsive wakefulness 

syndrome,9 which more specifically describes the patient’s clinical pre-

sentation. Typically, these patients have widespread cerebral structural 

injury and will have significant cerebral atrophy over time.10

Akinetic mutism was first described by Cairns and colleagues in the 

1940s as a state in which the patient does not move or speak; in the first 

case report, it was the result of an epidermoid cyst in the third ventri-

cle.11 Since that time, akinetic mutism has been reported in bifrontal 

dysfunction or mesencephalic damage. Akinetic mutism is also associ-

ated with Creutzfeldt-Jakob disease and is one of the diagnostic crite-

ria.12 In contrast to coma, patients with akinetic mutism are in fact 

aware and alert but are apathetic.

Brain death is death because of irreversible damage of the brain.13 

Coma is one of the prerequisites for brain death, and neuroimaging 

must be consistent with irreversible brain injury. Additionally, all other 

confounding factors must be eliminated, including medication side 

effects, electrolyte imbalances, acid-base disturbance, endocrine ab-

normalities, hypothermia, and hypotension.14 Given that coma and 

brain death are intimately intertwined, it is essential to know when the 

comatose patient meets the prerequisites and criteria for brain death. 

In addition to the aforementioned prerequisites, the patient must have 

an examination consistent with brain death, including absent brain-

stem reflexes and absent motor response in all four limbs to noxious 

stimuli. Apnea testing must also be done. In certain circumstances, 

ancillary testing may be needed if components of the clinical examina-

tion or apnea testing cannot be performed, such as with massive facial 

trauma or hemodynamic instability. Ancillary testing includes four-

vessel cerebral angiography, nuclear brain perfusion scan, electroen-

cephalogram (EEG), and transcranial Doppler.14

Psychogenic unresponsiveness or functional coma is a diagnosis of 

exclusion and is described as a state of unresponsiveness with preser-

vation of brainstem reflexes. It can present in patients who have a his-

tory of depression, factitious disorders, or conversion disorders. 

Though a diagnosis of exclusion, the neurologic examination may alert 

the clinician to the fact that coma may not be organic in nature. 

Physical signs include resistance to eyelid opening and looking to the 

ground when turned on one side, termed “eye gaze sign.”15 Patients 

may not appear to have a normal vestibulo-ocular reflex (VOR), as 

they are able to fixate on a particular point with head turn. However, 

caloric stimulation with the instillation of cold water in the ear of a 

patient with psychogenic coma would cause eye deviation to the ipsi-

lateral ear with contralateral horizontal nystagmus. This examination 

finding would be in contrast to organic coma, in which the VOR would 

be abnormal. Typically in psychogenic coma, EEG frequencies are 

consistent with patients in the awake state.

ANATOMY AND PHYSIOLOGY

Discussion regarding the anatomy of consciousness would be remiss 

without briefly delving into the pivotal experiments of the 1930s and 

1940s that helped synthesize understanding of the anatomic basis of 

consciousness. Constantin Von Economo studied patients during the 

epidemic of encephalitis lethargica and suggested that the upper brain-

stem and posterior hypothalamus controlled arousal.16 Bremer, while 

transecting the brains of cats, showed that transection through the 

midbrain caused a state of persistent sleep and EEG findings consistent 

with slow wave sleep; conversely, transection at the level of the cervi-

comedullary junction did not have any effect on arousal or sleep/wake 

cycles.17 Moruzzi and Magoun extrapolated on this premise further by 

showing that stimulating cholinergic neurons in the pontine tegmen-

tum caused a state of arousal that was independent of the sensory 

pathways, including the medial lemniscus and spinothalamic tract. 

Eye Opening Response

Spontaneous 4

To verbal stimuli 3

To pain only 2

No response 1

Verbal Response

Oriented 5

Confused, but able to answer questions 4

Inappropriate words 3

Incomprehensible speech 2

No response 1

Motor Response

Obeys commands 6

Purposeful movement to noxious stimuli 5

Withdrawal to noxious stimuli 4

Flexion to noxious stimuli 3

Extension to noxious stimuli 2

No response 1

Total Score 3–15

TABLE 43.1 Glasgow Coma Scale6

Eye Response

Eyes open, tracking, or blinking to command 4

Eyes open but not tracking 3

Eyes closed but open to loud voice 2

Eyes closed but open to pain 1

Eyes remain closed with pain 0

Motor Response (Upper Extremities)

Thumbs-up, fist, or two fingers 4

Localizing to pain 3

Flexion in response to pain 2

Extension in response to pain 1

No response to pain or generalized myoclonus status 0

Brainstem Reflexes

Pupil and corneal reflexes present 4

One pupil wide and fixed 3

Pupil or corneal reflexes absent or fixed 2

Pupil and corneal reflexes absent 1

Absent pupil, corneal, and cough reflexes 0

Respiration Pattern

Not intubated, regular breathing pattern 4

Not intubated, Cheyne-Stokes breathing pattern 3

Not intubated, irregular breathing 2

Breathes above ventilatory rate 1

Breathes at ventilator rate or apnea 0

Total Score 0–16

TABLE 43.2 Full Outline of Unresponsiveness 
Score7
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Destruction of the lesions in the reticular formation did not disrupt 

sensory pathways; disruption of sensory pathways did not cause a state 

of unarousal.18

As such, the idea arose that two separate ascending pathways ex-

isted: ascending sensory pathways and an ascending reticular activat-

ing system (ARAS). Though the ascending sensory pathways and the 

ARAS terminate in the cerebral cortex (more specifically, in the pri-

mary sensory cortex and diffusely throughout the cortex, respectively), 

these ascending pathways synapse in different thalamic nuclei.2 The 

long ascending pathways synapse in the ventral posteromedial and 

ventral posterolateral nuclei, whereas the ARAS synapses in the intra-

laminar, midline, and reticular thalamic nuclei, also known as the 

nonspecific thalamic nuclei.19–21 As evidenced earlier, the ARAS either 

communicates or is located at multiple levels of the neuroaxis, includ-

ing the afferent sensory pathways, the reticular formation in the brain-

stem, the thalamus, and the cerebral cortex. Pathology anywhere along 

this neuroaxis could contribute to alterations of consciousness.

Though underlying physiology is not entirely understood, neurons 

in the rostral pons and caudal midbrain have been implicated as major 

contributors to the pathways of the ARAS. Cholinergic nuclei in the 

pontine-midbrain junction that project to the thalamocortical neu-

rons also modulate wakefulness. Additionally, norepinephrine in the 

locus coeruleus and serotonin in the raphe nuclei contribute to in-

creasing levels of arousal.22,23 These neurotransmitters of wakefulness 

and arousal are modulated by GABAergic and galaninergic inputs 

from the ventrolateral preoptic nucleus of the hypothalamus promot-

ing onset of sleep.24,25

ETIOLOGY

With a more thorough understanding of the anatomic basis of coma, 

it is clear that coma arises from dysfunction of the bilateral cerebral 

hemispheres, the diencephalon, or the brainstem. Taking this into ac-

count, there are both nonstructural and structural causes of coma. 

Swift and accurate diagnosis allows for timely management that in fact 

may be vastly different. Therapeutic interventions can range from 

neurosurgical intervention to correction of electrolyte abnormalities 

in order to reverse the cause of coma or mitigate downstream injury.26

Nonstructural

Nonstructural causes of coma comprise about two-thirds of unre-

sponsive patients presenting to the emergency department.27 Non-

structural causes include systemic disease states causing diffuse neuro-

nal dysfunction, including toxic, metabolic, endocrine, or nutritional 

etiology. Toxic causes include barbiturate, alcohol, or opioid overdose 

and carbon monoxide poisoning. Metabolic causes include hyponatre-

mia and hypocalcemia in addition to renal failure, hepatic failure, hy-

perammonemia, or acidosis. Case reports of D-lactic acidosis seen af-

ter small bowel resection or intestinal bypass can also progress to 

severe encephalopathy and eventually coma.28 Hypoglycemia, Addison 

disease, or myxedema coma constitute endocrine causes of coma.29 

Nutritional deficiency such as niacin deficiency30 or, more specifically, 

Wernicke encephalopathy, usually presenting with ataxia, ophthalmo-

plegia, nystagmus, and encephalopathy, can rarely present as coma.31 

Vitamin B12 deficiency typically presents with subacute combined de-

generation of the spinal cord, and dementia can also present with en-

cephalopathy that can progress to coma.32 Hypothermia often presents 

as coma and even mimics brain death at times.33

In the case of nonstructural causes of coma, onset is not typically 

abrupt but may fluctuate and evolve, with depressed level of mentation 

worsening over time. This is not always the case, especially in toxic 

ingestion or overdose, where conversely onset may be abrupt. Given 

that the underlying pathophysiology includes bi-hemispheric cerebral 

and/or brainstem depression because of toxic or metabolic causes, the 

neurologic examination should be grossly nonlateralizing. A focal 

neurologic deficit should alert the clinician to initiate search for an 

underlying structural cause of coma.

Structural

In contrast to nonstructural causes of coma, structural lesions account 

for about one-third of patients presenting with altered mental status to 

the emergency department.27 The brain sits within an enclosed space 

in the skull along with cerebrospinal fluid (CSF) and blood, all of 

which has a fixed volume. Mass effect from abscess, tumor, meningitis, 

cerebral or cerebellar edema from stroke, obstruction of CSF flow, or 

disruption of venous drainage from a venous sinus thrombosis can 

cause compression by displacement of structures, specifically the 

ARAS, bilateral thalamus, or bilateral cerebral hemispheres, and subse-

quently cause coma.

Structural lesions are either supratentorial or infratentorial and as-

sociated with herniation syndromes, with accompanying clinical find-

ings (Table 43.3). Central or transtentorial herniation is a type of supra-

tentorial herniation in which the diencephalon and midbrain herniate 

through the tentorium. There are four stages of herniation. In the di-

encephalic state, pupils are small and sluggish. Gaze is conjugate or 

minimally skewed with impaired upgaze. Motor examination may be 

within normal limits, though extensor toes, or Babinski sign, may be 

seen. Cheyne-Stokes respirations are seen, or there may only be sighing 

or yawning. If central herniation is not reversed at this point, the  

midbrain–upper pontine stage occurs next. Pupils are midline, dilated 

or irregular in shape, and fixed. Gaze is typically disconjugate, and the 

oculocephalic reflex (OCR) is impaired. Motor response is decerebrate, 

which is extension of all four limbs and the trunk. Cheyne-Stokes 

respirations or hyperventilation is seen. It will then progress to the 

lower pontine stage where pupils remain midline, fixed, and dilated 

with absent OCR and a flaccid motor examination. Tachypnea and 

shallow breathing mark this stage. At this point, the prognosis is usu-

ally irreversible. The final stage is the medullary stage in which pupils 

are fully dilated and fixed, respirations are ataxic, pulse is irregular, and 

the patient is hypotensive. This stage is fatal.

The second supratentorial herniation syndrome is uncal herniation, 

which is medial displacement of the uncus and hippocampal gyrus 

across the edge of the tentorium cerebelli compressing the third cranial 

nerve and midbrain. Given the anatomic landmark of the medial tem-

poral lobe, an expanding or edematous tumor or stroke within that 

region should alert the clinician that uncal herniation syndrome may 

be imminent. As with central herniation, uncal herniation also has 

four stages as the third cranial nerve (CN III) and brainstem become 

compressed over time in a rostral–caudal progression. The first stage is 

the early CN III stage in which the pupil may be dilated or sluggish 

ipsilateral to the lesion, with or without ptosis. Gaze is variable, either 

normal or disconjugate. Motor examination may not show any abnor-

mality. Next is the late CN III stage where the ipsilateral pupil is widely 

dilated and fixed with ptosis. Usually at this stage, OCRs of the ipsilat-

eral eye are impaired. Motor examination shows weakness ipsilateral to 

the intracranial lesion. This is due to the Kernohan notch phenome-

non, where the contralateral cerebral peduncle of the midbrain com-

presses against the tentorium. In the midbrain–upper pontine stage, 

both pupils become fixed and dilated with extensor posturing. The fi-

nal stage is the same as the aforementioned medullary stage in central 

herniation, which is terminal.

Infratentorial lesions tend to develop rapidly. The stages seen in 

supratentorial herniation are typically not seen in infratentorial her-

niation. Infratentorial herniation is typically the result of tonsillar 
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Herniation  

Syndrome Etiology Mechanism Clinical Findings

Supratentorial
Transtentorial  

or central  

herniation

Frontal, parietal,  

occipital lobe lesions; 

seen with diffuse  

brain swelling

Downward displacement of the brainstem from supratentorial structures

Diencephalic stage: preservation of 

red nuclei; loss of sympathetic output 

from hypothalamus

Pupils are pinpoint, roving eye movements; conjugate or mildly skewed gaze; 

motor examination may be normal or may have hemiplegia contralateral to 

the lesion with ipsilateral paratonia; bilateral hyperreflexia or Babinski 

sign; Cheyne-Stokes breathing pattern, or sighing and yawning

Midbrain–upper pontine stage: red 

nucleus becomes affected with  

preservation of the reticulospinal  

nucleus of rostral pons

Pupils are midline and dilated, but can be irregularly shaped; gaze is discon-

jugate; oculocephalic reflex (OCR) is impaired; extensor posturing is seen; 

Cheyne-Stokes respirations or hyperventilation

Lower pontine stage Pupils remain dilated, fixed, and midline; OCRs and oculovestibular reflexes 

are impaired; motor examination is flaccid; bilateral Babinski sign; tachy-

pnea

Medullary stage Pupils fixed and dilated; ataxic respirations, irregular pulse, hypotension; ap-

nea; finally, death

Uncal  

herniation

Supratentorial lesions, 

but specifically  

those of the temporal 

lobe

Medial displacement of the uncus and hippocampal gyrus across the edge of the tentorium cerebelli causing compres-

sion of midbrain and third cranial nerve (CN III)

Early CN III stage: medial temporal 

lobe begins to exert pressure  

on CN III

Pupil may be dilated or sluggish ipsilateral to the lesion with or without pto-

sis; gaze is variable but can be disconjugate; motor examination does not 

show any abnormality

Late CN III stage: midbrain becomes 

further compressed with compression 

of the contralateral cerebral  

peduncle against the tentorium

Ipsilateral pupil is widely dilated and fixed with ptosis; OCRs may be im-

paired; weakness ipsilateral to side of lesions because of Kernohan notch 

phenomenon

Midbrain–upper pontine stage Both pupils become fixed and dilated with extensor posturing

Lower pontine–medullary stage Pupils fixed and dilated; ataxic respirations, irregular pulse, hypotension; ap-

nea; finally, death

Infratentorial

Tonsillar  

herniation

Posterior fossa mass  

or lesion

Cerebellar tonsils herniate through the foramen magnum

Medullary compression; increased  

pressure and tension from dura  

around cerebellar pressure cone

Stiff neck/nuchal rigidity

Compression of bilateral corticospinal 

tracts

Flaccid quadriplegia

Compression of medulla Cardiovascular and respiratory collapse

Cerebellar/upward 

herniation

Posterior fossa lesions  

or ventriculostomy

Cerebellum and mesencephalon travel up through the tentorium

Posterior fossa becomes displaced 

across tentorium into the middle  

cranial fossa; compresses midbrain, 

thalami, and bilateral superior  

cerebellar arteries

Rapid decline in mentation and progression to comatose state; apnea

Third ventricle enlargement with  

obstruction of cerebral aqueduct

Parinaud syndrome (impaired upgaze, convergence-retraction nystagmus, 

eyelid retraction, impaired pupillary light reflex with intact accommoda-

tion); diabetes insipidus because of damage on pituitary stalk

TABLE 43.3 Herniation Syndromes

herniation, cerebellar herniation, or midbrain–pontine reticular for-

mation compression. In tonsillar herniation, the cerebellar tonsils her-

niate through the foramen magnum, marking a fatal descent as the 

patient suffers from cardiovascular and respiratory failure. Cerebellar 

herniation is an upward herniation syndrome in which the cerebellum 

and mesencephalon travel up through the tentorium. Coma results 

from increased intracranial pressure because of venous congestion or 

noncommunicating hydrocephalus.

The clinical presentation of comatose patients presenting with non-

structural causes of coma because of global cerebral neuronal dysfunc-

tion can vary greatly from comatose patients with a structural lesion 

who often have a lateralizing examination. Parsing out supratentorial 

from infratentorial lesions may be slightly more nuanced and challeng-

ing in the critical care setting, where many patients may have both 

systemic and structural causes at play, but the earlier framework lends 

several neuroanatomic clues to aid in diagnosis.
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APPROACH TO A PATIENT WITH COMA

History

The history may be the first piece of information that alerts the clini-

cian to the underlying cause of coma. A bystander who witnessed the 

event is an extremely useful asset. Additionally, friends, family mem-

bers, emergency service personnel, and first responders to the scene 

may provide the most substantial information. Once the patient has 

arrived at the hospital, use of the electronic medical record also pro-

vides vital information. If the patient is already admitted to the hospi-

tal, the hospital course and complications up to that point provide 

invaluable information.

A report of sudden onset of loss of consciousness would be ex-

pected in a massive intracranial hemorrhage either from a ruptured 

cerebral aneurysm causing subarachnoid hemorrhage or parenchymal 

hemorrhage. Ischemic brainstem stroke from basilar artery occlusion 

would also likely be sudden in onset. Conversely, altered sensorium 

over a period of hours to days suggests an underlying toxic-metabolic 

cause of coma. Trauma may be observed by a bystander. Bystanders 

may be able to give information regarding toxic exposures such as 

herbicides or intoxication resulting from opioids, inhalants, MDMA 

(ecstasy), or other dissociative agents.34

The patient’s past medical history is also important in considering 

underlying causes of coma. Patients with diabetes mellitus may be 

hypoglycemic or hyperglycemic and in diabetic ketoacidosis or hyper-

osmolar hyperglycemic state (HHS). HHS more often causes mental 

status changes, given that serum osmolality has the most effect on 

mental status.35 A history of epilepsy may suggest seizure. A recent 

diagnosis of brain tumor could suggest hemorrhage secondary to tu-

mor, tumor expansion, or worsening edema, though the time course of 

these three entities may be quite different. If the patient is on antico-

agulation, one should consider coagulopathic intracranial hemorrhage 

or other bleeding diathesis causing hypotension or shock. If the patient 

is immunosuppressed, one should consider infectious etiology, either 

the result of meningitis, encephalitis, or systemic infection as causes of 

septic shock. Additionally, knowledge of the patient’s medication list 

could assist if there are concerns for neuroleptic malignant syndrome 

or serotonin syndrome.

When gathering the clinical history, the clinician should take care 

not to prematurely close the diagnosis. Some disease states may coex-

ist, and as such, the clinician should not become anchored on one di-

agnosis. For example, in ethanol intoxication, subdural hemorrhage 

and hypoglycemia can occur together.36 Reconsidering one’s initial 

hypothesis as to the underlying cause of coma may change over the 

course of the patient’s evaluation as new data become available.

Physical Examination

Physical examination should start with a general systemic examination 

to assess for clues suggestive of an underlying etiology. Hypertension 

may indicate hyperadrenergic response from intracranial hemorrhage, 

whereas hypotension may indicate septic or cardiogenic shock. Hypo-

thermia or hyperthermia suggests underlying infection. Hypothermia 

could also be seen in an endocrine abnormality such as hypothyroid-

ism or Addison disease. Hyperthermia could additionally suggest 

neuroleptic malignant or serotonin syndrome. Hypertension and hy-

perthermia may be seen in a variety of drug intoxications, including 

cocaine, amphetamines, or phencyclidine. A thorough examination of 

the skin may show a rash suggestive of meningitis, cutaneous findings 

of endocarditis, or hematomas suggestive of coagulopathic state. Cuta-

neous bullae are often seen in barbiturate poisoning. Periorbital ec-

chymosis, or “raccoon eyes,” or postauricular bleeding (“Battle sign”) 

may be seen on inspection of the head, indicating basilar skull fracture. 

Fundoscopic examination can show papilledema suggesting increased 

intracranial pressure because of a multitude of causes. Point-of-care 

ultrasound can be used to assess optic nerve sheath diameter, which 

has been found to correlate with intracranial pressure.37 Nuchal rigid-

ity is seen in meningoencephalitis or subarachnoid hemorrhage. Jaun-

dice and ascites suggest underlying liver disease and possible hepatic 

encephalopathy or, more worrisome, cerebral edema because of liver 

failure. Finally, the breath may be fruity in ketoacidosis, musty in acute 

hepatic failure, smell like onion in paraldehyde toxicity, or like garlic in 

organophosphate toxicity.38

The neurologic examination, though limited, serves as an impor-

tant indicator for localization of intracranial pathology as the underly-

ing cause of coma. The clinician is also able to follow the neurologic 

examination over time to detect signs of improvement or deteriora-

tion. As previously mentioned, the important aspects of the neurologic 

examination in coma include motor response, pupillary response, eye 

movements, and respiratory patterns in assisting with localization. 

Motor response is one of the measured examination findings in both 

the GCS and FOUR score. Flexor or decorticate posturing localizes to 

the bilateral cerebral hemispheres or thalamic dysfunction. Extensor or 

decerebrate posturing localizes to the red nucleus in the midbrain. As 

mentioned, asymmetric motor examination suggests focal intracranial 

pathology. Abnormal movements such as asterixis may be seen in 

toxic-metabolic encephalopathy, whereas a combination of asterixis 

and myoclonus can be seen in uremic encephalopathy. Severe myoclo-

nus is often seen after cardiac arrest and in lithium intoxication, 

cephalosporin intoxication, or with pesticides.38 It is important to 

distinguish between myoclonus and shivering or rigor, which may lead 

the clinician to a separate underlying cause entirely. Movements that 

are rhythmic in nature can indicate seizure and warrant further inves-

tigation.

Pupillary response in toxic-metabolic coma may be small and slug-

gish without any other brainstem reflex abnormalities. Unilateral or 

bilateral dilated and fixed pupils should alert the physician to a struc-

tural cause of coma and compression of the brainstem. The detailed 

discussion earlier regarding herniation syndromes outlines the pupil-

lary abnormalities found in these syndromes.

Oculomotor findings, though often confusing, can be helpful in 

localization of coma, as they are located in the brainstem where the 

centers for arousal are located. When the ocular reflex is present in a 

comatose patient, it indicates preserved function of the brainstem. 

Posterior fossa and brainstem lesions cause skew deviation. Forced 

gaze deviation of the eyes to one side suggests a lesion or seizure in the 

frontal eye fields or a lesion in the parapontine reticular formation. In 

the case of a stroke in the frontal eye field, one would expect that the 

gaze deviation would be toward the stroke and away from the side of 

hemiparesis. Gaze deviation in seizure is opposite of this, as the frontal 

eye fields drive gaze away from the area of epileptic activity. Gaze de-

viation toward the side of hemiplegia is seen in a pontine stroke or 

lesion. Pontine lesions can also cause ocular bobbing, which is a rapid 

downward jerk of the eyes.39 Roving eye movements are typically seen 

in toxic-metabolic coma or bi-hemispheric coma. Ping-pong gaze and 

ocular dipping can be seen in bi-hemispheric dysfunction.38 Ping-

pong gaze is conjugate horizontal eye movements that move from one 

extreme to the other at 2–4 Hz.40 Ocular dipping constitutes a slow 

downward phase followed by rapid upward movement.41

Respiratory patterns can often be difficult to interpret if not as-

sessed in the context of the entire clinical picture. For example, 

Cheyne-Stokes breathing can be seen in patients with congestive heart 

failure, elderly patients, or patients with bi-hemispheric lesions.27 The 

Cheyne-Stokes respiratory pattern is defined by periods of apnea  

with increasing and subsequent decreasing of tidal volumes.42 Ataxic 
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respirations may be seen in patients with medullary dysfunction. 

Tachypnea can be seen in patients with severe acidosis, whereas brady-

pnea is seen in opioid intoxication. It is important to take caution  

that many of these breathing patterns can be masked by mechanical 

ventilation.

DIAGNOSTIC EVALUATION

Laboratory testing likely ensues in the midst of the first few minutes of 

initial encounter and should include a basic set of tests, including 

complete blood count, chemistry panel, finger stick blood glucose, 

coagulation panel, liver function panel, ammonia, thyroid function 

tests, arterial blood gas, and serum osmolality. In cases of suspected 

intoxication, a drug screen should be sent along with any specific toxi-

cology testing. If the patient is febrile, an infectious evaluation should 

be initiated. Calculation of the anion gap in metabolic acidosis would 

account for methanol, salicylates, ethanol, or paraldehyde ingestion. 

An increased osmol gap would be seen with atypical alcohols.

In regard to neuroimaging, patients who rapidly improve with 

treatment of underlying hypoglycemia or other measures are unlikely 

to need neuroimaging. Any patients with suspected traumatic brain 

injury (TBI) or a localizing neurologic examination should have a 

noncontrast computed tomography (CT) of the brain as the initial 

test. CT of the brain will show intracranial hemorrhage such as epidu-

ral, subdural, intraparenchymal, or subarachnoid hemorrhage or gross 

abnormalities such as infarct or mass. In the case of trauma with sus-

pected vascular injury, CT angiography should also be obtained if it is 

readily available. Additionally, in patients with a normal noncontrast 

CT of the brain in whom basilar artery occlusion is suspected, CT 

angiography should also be obtained. Suspicion of cerebral venous si-

nus thrombosis as a cause of intracranial hypertension necessitates a 

venogram. Brain magnetic resonance imaging (MRI) shows greater 

anatomic detail of the cortical and subcortical structures of the brain. 

In cases of suspected posterior fossa stroke and impending obstructive 

hydrocephalus, brain MRI should be obtained to further visualize 

these structures, given that brain CT is poor at visualizing structures of 

the posterior fossa. MRI is also a particularly useful tool in assessment 

of hypoxic-ischemic injury and to aid in prognostication after cardiac 

arrest.

EEG is a useful diagnostic tool for convulsive or nonconvulsive 

status epilepticus. However, more often than not in patients with dif-

fuse cerebral dysfunction, diffuse slowing or triphasic waves are seen. 

It is important to note that even patients with structural injury can 

have an EEG that appears slow or have triphasics. As such, the clinician 

should not rely heavily on the EEG, and caution should be taken in 

these cases.

Lumbar puncture (LP) should be performed to rule out central 

nervous system (CNS) infections. In a comatose patient, noncontrast 

brain CT is done before LP. Opening pressure should be measured. 

Studies sent from the CSF should include cell count, protein, glucose, 

differential, CSF culture, cryptococcal antigen, and viral polymerase 

chain reaction (PCR). The clinician should note appearance of the 

CSF, whether it is clear, cloudy, xanthochromic, or bloody.

MANAGEMENT

The recommendations that follow should be completed within the first 

hour of a patient presenting with altered consciousness.38 As with any 

patient on initial evaluation, the airway should be secured and attention 

to breathing and circulation addressed at first encounter in order to  

ensure adequate oxygenation and ventilation. In cases of severe facial 

trauma, intubation is indicated for airway protection. Intravenous (IV) 

or central access should be established as indicated for suspected  

underlying cause. If the patient is hypotensive and not responsive to 

fluid resuscitation, start vasopressors to avoid cerebral hypoperfusion. In 

cases of trauma, the cervical spine should be immobilized until it can be 

cleared.

If the patient is hypertensive, consider beta-blockers and cal-

cium channel blockers such as nicardipine or clevidipine for strict 

blood pressure control, especially in intracranial hemorrhage or 

acute ischemic stroke. Avoid sodium nitroprusside and nitroglyc-

erin if there is clinical suspicion for raised intracranial pressure 

because of the risk of worsening intracranial pressure through 

cerebral vasodilation. If the patient had a cardiac arrest, therapeu-

tic hypothermia should be initiated, regardless of whether the pa-

tient had a shockable or nonshockable rhythm.43 In cases of hypo-

thermia, warm the patient with a warming blanket, and, conversely, 

hyperthermic patients should be placed on cooling blankets. Some 

have suggested the use of a “coma cocktail” consisting of IV thia-

mine, glucose, naloxone, flumazenil, or physostigmine; however, it 

is safer to take a more targeted approach in management.34,44 Use 

of flumazenil is controversial, as it can precipitate seizures in pa-

tients with underlying seizure disorder or who also present with 

tricyclic antidepressant intoxication.38 The risk of seizure out-

weighs its empirical use for suspected benzodiazepine overdose 

and limits it to a highly select population of patients presenting 

with coma.45 Acute hyponatremia should be treated with 3% hy-

pertonic saline. Emergent hemodialysis may be needed for toxin 

removal, and bicarbonate may be used to alter pH for salicylate or 

tricyclic antidepressant overdoses. Endocrine emergencies, includ-

ing myxedema coma, should be treated with thyroid hormone and 

supportive measures to correct hypothermia and hyponatremia29; 

and diabetic ketoacidosis (DKA) with fluids, electrolyte repletion, 

and insulin.46 Finally, if infectious etiology is suspected, broad 

coverage with antibiotics is recommended. If there is suspicion  

for meningoencephalitis, empiric treatment should be started at 

dosing adequate for CNS penetration with concomitant adminis-

tration of dexamethasone.

In the event of structural brain injury because of intracranial 

hemorrhage or mass, neurosurgery should be consulted for appro-

priate interventions, including ventriculostomy or surgery if neces-

sitated. Emergent treatment for intracranial hypertension, if sus-

pected, should be initiated by raising the head of the bed at or 

above 45 degrees, maintaining the head midline and in a neutral 

position to facilitate intracranial venous drainage, avoiding hy-

poxia, and maintaining normotension and normothermia. If 

needed, 0.5-1 g/kg of 20% mannitol or 2.5-5 mL/kg of 3% hyper-

tonic saline may be given as IV bolus over 15-20 minutes. Hyper-

ventilation for a goal partial pressure of carbon dioxide (PaCO2) of 

30–35 mm Hg should only be used as a bridging measure to de-

finitive therapies. If basilar artery occlusion is identified on CT 

angiogram, stroke and neurointerventional specialists should be 

consulted immediately for possible IV tissue plasminogen activator 

and/or mechanical thrombectomy.

PROGNOSIS

Prognosis of coma is dependent on the underlying etiology. Most pa-

tients with coma regain consciousness, and very few persist into a 

prolonged minimally conscious state.47 In general, several overarching 

principles portend a poor prognosis. Any injury that causes massive 

hemispheric swelling, a clinically deteriorating examination with loss 

of brainstem reflexes, basilar artery occlusion without recanalization 

of the vessel, TBI with corpus callosum and brainstem injury, and 
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pontine hemorrhage with thalamic extension are all likely to have a 

poor prognosis.47

Regarding TBI, as a general principle most patients who are elderly 

tend to have a worse prognosis. Young patients who have TBI can have 

a variable outcome.47 Otherwise, the structures involved, concomitant 

association with cerebral edema, and time to treatment have impor-

tant prognostic influence on outcome. Use of biomarkers as both diag-

nostic and prognostic tools is on the forefront in the hopes that these 

biomarkers are used in the development of therapy.48 Likewise, the 

prognosis after stroke reaches beyond the scope of this chapter and is 

in part determined by a myriad of factors, including hemorrhagic 

versus ischemic stroke, the size of the infarct, patient characteristics 

and comorbidities, intervention performed, time to intervention, and 

a variety of other factors.

Perhaps the best prognostication studies for coma come from 

patients suffering from cardiac arrest. Before the era of targeted 

temperature management, Levy and colleagues49 found that patients 

with postanoxic encephalopathy had several clinical examination 

findings portending poor outcome. Poor outcomes were associated 

with absent pupillary response and absent corneal reflexes. Addi-

tionally, no movement or extensor posturing to noxious stimuli 

predicted poor outcome.49 With the advent of therapeutic hypother-

mia, these prognostic predictors have not held up, likely because of 

different reasons, including prolonged effects of sedating medica-

tions and paralytics used during targeted temperature management. 

More recent data have shown that pupillary reactivity continues to 

be a robust predictor of outcome, though corneal reflexes and motor 

response have fallen out of favor.50 Other promising tools include 

EEG to assess for patterns of reactivity, somatosensory-evoked  

potentials, and neuroimaging.51 Though prospective studies are 

needed to help guide the prognostic utility of these tools, likely a 

multimodal approach is best. As a general rule, the clinician should 

wait at a minimum 72 hours before withdrawal of any life-sustain-

ing measures, except if the patient is brain dead, and in some cases 

it may take even longer for drug clearance in the age of therapeutic 

hypothermia.50

In cases of meningitis, patients who present with a low GCS or 

FOUR score are likely to have a poor outcome.47,52 In a study by Lucas 

and colleagues on patients presenting with bacterial meningitis, ap-

proximately 3% presented with a GCS of 3. The GCS could in part be 

explained by hydrocephalus, seizures, or cerebral edema.52 Thus poor 

prognosis in meningitis usually is the result of intracranial and sys-

temic complications of the disease.

CONCLUSION

Coma is often seen in the critical care setting because of a variety of 

underlying pathologies. Accurate and timely diagnosis allows for rapid 

medical or surgical decision making regarding therapeutic interven-

tion and management. Ultimately, treatment and prognosis are disease 

specific.

KEY POINTS

• Coma is a state of unconsciousness in which patients do not respond to any 

external stimuli. Scales to measure coma include GCS and FOUR score.

• Coma arises from dysfunction of the bilateral cerebral hemispheres, the 

diencephalon, or the brainstem.

• Nonstructural causes of coma include toxic-metabolic disorders, endocrine 

disorders, and nutritional deficiencies and comprise about two-thirds of 

patients presenting with coma to the emergency department. The other 

one-third of patients are found to have structural lesions, which are classi-

fied as supratentorial or infratentorial.

• The neurologic and physical examination helps the clinician differentiate 

the stages of herniation syndromes and identify any lateralizing deficit.

• The management of nonstructural and structural causes of coma is vastly 

different, but both require timely recognition and swift treatment.

• The mainstay of initial evaluation includes airway, breathing, and circula-

tion.

• A detailed and thorough history may give the clinician important clues to 

the underlying cause of coma, and details should be obtained from family, 

friends, and bystanders.

• Noncontrast CT of the brain is readily available and thus is the initial diag-

nostic test of choice for suspicion of structural intracranial lesions. Addi-

tionally, CT angiogram and CT venogram can be obtained for evaluation of 

vessel abnormality such as thrombus.

• Prognostication in coma is dependent on the underlying cause of coma, 

though most patients regain consciousness, with few progressing to a 

persistent vegetative state.

• In cases of cardiac arrest, withdrawal of any life-sustaining measures 

should not be done before 72 hours, especially in the age of therapeutic 

hypothermia.

 References for this chapter can be found at expertconsult.com.
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have great utility in TBI specifically. Alpha-II spectrin protein and its 
breakdown products (SBDPs) are potential biomarkers of necrosis and 
apoptosis after TBI. The cleaved form of the axonally located microtu-
bule binding protein tau (c-tau) has been identified as a new biomarker 
in mouse and rat TBI models. In addition, inflammation markers such 
as neurofilament-H are promising axonal injury biomarkers of various 
forms of acute brain damage in experimental TBI models.

Proteomics is the large-scale study of proteins, particularly their 
structures and functions. This field includes the study of changes in 
protein expression patterns as related to diseases and environmental 
conditions. The search for biomarkers of TBI has been approached by 
integrating biofluid and tissue information. This new approach takes 
advantage of functional synergy between certain biofluids and tissues 
with the potential for clinically significant findings. Using differential 
neuroproteomic methods, a systematic assessment has successfully 
identified additional protein biomarkers for TBI, such as ubiquitin C-
terminal hydrolase-L1 (UCH-L1) and microtubule-associated protein 
2 (MAP2), with relevant animal models.3

The application of basic scientific discoveries to the clinical setting 
remains a challenge. Systems biology (the computational and mathe-
matical modeling of complex biologic systems) is an approach to 
building a holistic, systematic, and unbiased understanding of the 
structural and behavioral elements of biologic networks. Translating 
these findings into the clinical, data-driven development cycle and 
data-mining steps for discovery, qualification, verification, and clinical 
validation are needed. Data mining techniques used in this field extend 
beyond the level of data collection to an integrated scheme of animal 
modeling, instrumentation, and functional data analysis. In the con-
text of TBI proteomics, systems biology tools can be incorporated in 
several ways to overcome many of the limitations of simple pro-
teomics.4

CURRENT BIOMARKER CANDIDATES  

AND THEIR PROPERTIES

Although neurobiomarkers are not yet Food and Drug Administra-
tion (FDA) approved for clinical use, considerable research into pro-
tein biomarkers for TBI has produced several putative diagnostic and 
prognostic markers. Table 44.1 describes the most studied potential 
TBI biomarkers and reflects the current state of the art. Other possible 
markers include neurofilament proteins MAP2 (2A, 2B), fatty acid 
binding protein-H (H-FABP), brain-derived neurotropic factor 
(BDNF), and autoantibodies to brain antigens. But more studies are 
required for further clinical utility verification and biomarker charac-
terization.

Brain injury represents a constellation of both well- and ill-defined 
neurologic conditions that are the sequelae of both traumatic and 
nontraumatic illness, including stroke, anoxic-ischemic events, and 
sepsis. Traditionally, computed tomography (CT), magnetic resonance 
imaging (MRI), and electroencephalography (EEG) have been the di-
agnostic standards for differentiating brain injury from other forms of 
encephalopathy. In addition, these studies have been used as adjuncts 
to the clinical assessment in order to monitor progression, response, 
and resolution of neurologic disease. However, these modalities pres-
ent both diagnostic and logistical challenges. In cases of clinical insta-
bility, transportation of patients to facilitate these diagnostic studies 
may be delayed by hours or days. Moreover, imaging and EEG may lack 
sensitivity in mild cases of brain injury that manifest more subtly.

The emergence of biologic fluid–based biomarkers of brain injury 
has great potential for aiding in diagnostics, monitoring disease, and 
providing therapeutic applications in neurointensive care. Specifically, 
brain injury biomarkers such as neuron-specific enolase (NSE) have 
already demonstrated some prognostic utility in patients after cardiac 
arrest and have potential uses in a variety of intensive care unit (ICU)–
relevant central nervous system (CNS) insults such as traumatic brain 
injury (TBI) and stroke.1 In this chapter, we use TBI as a prototype 
disease to demonstrate how brain injury biomarkers could complement 
conventional diagnostic and monitoring tools in ICU management.

BIOFLUID-BASED BIOMARKERS FOR DETECTING 

BRAIN INJURY IN THE ICU

A biomarker is defined as a “biologically based parameter that is objec-
tively measured and evaluated as an indicator of normal biological 
processes, pathogenic processes, or pharmacologic responses to a 
therapeutic intervention.”2 During brain injury, a variety of cellular 
changes can occur, including degeneration, protease activation, oxida-
tive stress, and metabolic disturbances. These changes result in the 
shedding of specific proteins into the cerebrospinal fluid (CSF) or se-
rum that can be identified and studied for their association with dis-
ease presence, outcome, and progression. These biofluid-based bio-
markers reflect the earliest changes that occur in the cells before the 
evidence of injury appears on images. Therefore the use of biomarkers 
could offer a rapid, noninvasive, and cost-effective tool for the diagno-
sis of brain injury and determination of the subsequent need for ad-
ditional diagnostic testing, monitoring, or therapeutic intervention.

Most biofluid-based markers of CNS injury to date are proteins or 
protein fragments. In the context of basic research, several brain injury 
biomarkers, including NSE, glial protein S-100B, glial fibrillary acidic 
protein (GFAP), and myelin basic protein (MBP), have been shown to 
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The first listed biomarker is GFAP. It is an astrocyte-specific inter-
mediate filament protein known as a marker of astrocyte activation. 
Eight different isoforms of this protein are expressed across numerous 
subsets of astrocytes. Measurements of GFAP and its breakdown prod-
ucts have provided promising data on injury pathways, focal versus 
diffuse injuries, and prediction of morbidity and mortality. It has also 
been studied in both CSF and serum of patients with severe TBI.5–10 
Serum GFAP levels in severe and moderate TBI with Glasgow Coma 
Score (GCS) ,12 are associated with unfavorable outcome at 
6 months.11 New enzyme-linked immunosorbent assay (ELISA) for 
GFAP and its breakdown products detected both mild-to-moderate 
TBI12 and the full spectrum of TBI (TRACK-TBI cohort)13 in two in-
dependent studies. Similarly, Metting and colleagues demonstrated 
that serum GFAP was increased in patients with an abnormal CT after 
mild TBI.14 Another follow-up study using the TRACK-TBI cohort 
demonstrated that the combination of UCH-L1 with GFAP/BDP fur-
ther improves its diagnostic utility.15 A recent paper also found that a 
caspase-6–generated form of GFAP is elevated at 72 hours after cardiac 
arrest, but did not predict outcome.16

UCH-L1 is a deubiquitinating enzyme highly expressed in neuronal 
cells. It is one of the few markers identified using proteomic methods. 
In addition, its high brain specificity and abundance in brain tissue 
make it an attractive candidate marker. CSF and serum UCH-L1 levels 
were found to be elevated in patients with severe TBI, correlating with 
the severity and outcome of injury.17,18 Increased levels of UCH-L1 
post-TBI are proposed to be secondary to blood-brain barrier (BBB) 
dysfunction.19 Several other studies also report the detectability of 
UCH-L1 in blood after mild TBI and with UCH-L1 levels correlating 
with traditional clinical assessments.12,20 However, the utility of UCH-
L1 in mild TBI with respect to its sensitivity and specificity requires 
further clinical assessment.

In the ALERT-TBI trial (1959 participants), UCH-L1 and GFAP 
assays in combination were found to discriminate those with CT ab-
normalities defined clinically with mild to moderate TBI when mea-
sured within 4 hours postinjury.21 These findings in part led to US 
FDA clearance for testing of this combination among the mild TBI 
cohort.22

Tau is an intracellular MAP with a molecular mass of 48–67 kDa 
that is highly enriched in axons. TBI was found to cause the cleavage 
of tau protein, with elevated levels of c-tau in CSF and serum. c-tau 
possesses many desirable characteristics of a biochemical marker and 
is associated with both disruption of the BBB and postinjury cleavage 
of tau protein.23 Other studies from two groups have demonstrated the 

significance of tau/c-tau in predicting outcome in severe TBI pa-
tients.24,25 Similarly, several studies report the utility of tau or c-tau in 
the prediction of outcome in mild TBI.26,27 However, other studies 
have reported the poor ability of tau protein to predict outcome and 
postconcussion syndrome in mild TBI.28 Recently, two ultrasensitive 
assay platforms were developed to enable the robust detection of tau 
(and a phosphorylated form of tau) in serum from acute-phase TBI 
patients with various levels of TBI severity.29

S100B is a glia-specific calcium-binding protein. Elevated S100B 

levels accurately reflect the presence of neuropathologic conditions, 
including TBI or neurodegenerative diseases linked to astroglial injury. 
More importantly, S100B levels are reported to rise before any detect-
able changes in intracranial pressure, neuroimaging, or neurologic 
examination findings. S100B is considered a prognostic biomarker of 
BBB permeability and CNS injury. Several studies have reported that 
S100B protein might detect brain death after severe TBI.30,31 Another 
study showed that serum and urine levels of S100B after TBIs have 
prognostic significance for survival and disability.32 A similar study on 
serum S100B measured 24 hours after injury reported that it predicts 
unfavorable outcome (i.e., Glasgow Outcome Scale [GOS] score ,4 or 
death at 3 months after injury in severe TBI patients).33 S100B eleva-
tion has also been found after mild TBI.34 Although S100B remains 
promising as an adjunctive marker, the main limitation toward its use 
is the lack of specificity for brain trauma; this is likely, given that S100B 
can be released by cells other than astrocytes.

aII-spectrin is a cytoskeletal protein enriched in neuronal axons 
and presynaptic terminals. SBDPs are produced by the breakdown of 
aII-spectrin by calpain and caspase, which are activated in the brain 
after TBI. SBDPs thus reflect axonal damage. SBDP150 and SBDP145 
are indicative of calpain activation, often associated with acute ne-
crotic neuronal cell death, and SBDP120 is generated by the action of 
caspase-3 and is associated with delayed apoptotic neuronal death. 
aII-spectrin has been studied primarily in the context of severe TBI. 
Elevation of SBDP150 and/or SBDP145 levels in CSF was reported as 
a possible outcome predictor in patients with severe TBI versus initial 
CT diagnosis with Marshall grade. SBDPs, especially CSF SBDP150, 
may be useful as a differential diagnostic biomarker for its ability to 
distinguish between focal and diffuse injury in the acute phase of 
TBI.35,36 Whereas aII-spectrin is present in various nucleated cells and 
most tissues, its high abundance and enrichment in brain and the fact 
that SBDPs are injury generated make SBDPs potentially useful TBI 
biomarkers, especially in combination with other more brain-specific 
markers.

TBI Protein  

Biomarker Full Protein Name Origin

Human  

Severe TBI Data

Human Moderate-to-Mild 

TBI or Concussion Data

GFAP (and BDPs) Glial fibrillary acidic protein (and its 

breakdown products)

Astroglial injury Yes Yes

UCH-L1 Ubiquitin C-terminal hydrolase-L1 Neural cell body injury Yes Yes

Tau (P-tau) Microtubule-associated tau protein (phos-

phorylated tau protein)

Axonal injury; neuro-

degeneration

Yes Yes

S100B S100B protein Astroglia/BBB Yes Yes

SBDPs

(SBDP150, 145, and 120)

aII-spectrin breakdown products of 150, 

145, and 120 kDa

Axonal injury; brain cell 

necrosis-apoptosis

Yes ?

MBP Myelin basic protein Demyelination Yes —

NSE Neuron-specific enolase Neural cell body injury Yes —

NF-L, NF-H Neurofilament protein-light and -heavy Axonal injury Yes —

TABLE 44.1 Potential TBI Protein Biomarkers That Could Have Critical Care Utility

TBI, Traumatic brain injury.
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MBP is one of the most abundant proteins in white matter, com-
posing 30% of the myelin protein. It is important in the myelination 
of nerves. As a constituent of the sheath, MBP is essential for normal 
myelination and axonal signal conduction. Several studies on severe 
TBI patients have reported that MBP levels could track the occurrence 
of post-TBI hypoxia, predict the outcome, and prompt adequate treat-
ment.8,37 Serum MBP is elevated in the majority of children with acute 
TBI, including well-appearing children with TBI from child abuse in 
whom the diagnosis might otherwise have been missed.38 Most re-
cently, a review by Kochanek and colleagues suggests that MBP is a 
potential biomarker for pediatric TBI.39 Because MBP lacks clinical 
sensitivity, the interest in MBP as a biomarker for TBI is lower than 
that of S100B, NSE, and GFAP. One possible explanation for this lack 
of sensitivity is that MBP undergoes extensive fragmentation/degrada-
tion after TBI, thus complicating its robust detection by traditional 
sandwich ELISA.

NSE is a glycolytic enzyme that is present in central and peripheral 
neurons and neuroendocrine cells, with serum levels rising after cell 
injury. NSE is passively released into the extracellular space only under 
pathologic conditions during cell destruction. Acute post-TBI levels of 
NSE and MBP were correlated with outcome in children, particularly 
those under 4 years of age.40,41 In the setting of diffuse axonal injury in 
severe TBI, levels of NSE at 72 hours after injury have shown an asso-
ciation with unfavorable outcome.42 However, in very early studies, 
serum or CSF NSE was considered of limited utility as a marker of 
neuronal damage.43,44 A limitation of NSE is the occurrence of false-
positive results that occur because NSE is also present at high levels in 
red blood cells.

Neurofilament (NF) proteins are the key intermediate filaments in 
neurons and a major component of the axonal cytoskeleton. The ma-
jor neuronal filaments in the CNS are those assembled from NF triplet 
proteins: neurofilament light (NF-L; 61 kDa), medium (NF-M; 90 
kDa), and heavy (NF-H; 115 kDa). After TBI, calcium influx into the 
cell contributes to a cascade of events that activates calcineurin, a  
calcium-dependent phosphatase that dephosphorylates neurofilament 
side-arms, presumably contributing to axonal injury. Phosphorylated 
NF-H (pNF-H) was found to be elevated in the CSF of adult patients 
with severe TBI compared with controls.45 Similarly, hyperphosphory-
lated NF-H has also been shown to significantly correlate with neuro-
logic deficit in severe TBI children.46 More recently, phosphorylated 
NF-H was shown to stratify lower grades of injury, with significant 
rises in pNF-H seen up to 3 days after mild TBI. pNF-H levels in CSF 
are also elevated in amateur boxers. Although pNF-H is showing 
promise as both a sensitive and specific marker of axonal injury after 
TBI, consideration of other NF isoforms is needed to stratify injury 
severity in TBI patients. For example, amateur boxers also have ele-
vated CSF levels of NF-L.27

TBI is a complex injury: primary injury occurs at the moment of 
trauma, when tissues and blood vessels are stretched, compressed, and 
torn; secondary injury then follows. Secondary injury events include 
damage to the BBB, release of factors that cause inflammation, free 
radical overload, excessive release of the neurotransmitter glutamate 
(excitotoxicity), influx of calcium and sodium ions into neurons, and 
dysfunction of mitochondria. We thus anticipate a growing list of pu-
tative TBI biomarkers with different cell or subcellular origins and 
different diagnostic and prognostic properties. Such findings are also 
very likely for other relevant CNS insults in neurointensive care. Pre-
clinical and clinical studies suggest the potential alteration of the fol-
lowing proteins in some cases of TBI: neurite degeneration markers, 
MAP2, amyloid b peptide (Ab1-40, Ab1-42), neuroinflammatory 
markers (microglial ionized calcium-binding adapter molecule 1, in-
flammasome proteins-caspase-1, Nacht leucine-rich-repeat protein-1 

(NALP-1), apoptosis-associated speck-like protein containing a cas-
pase recruitment domain (ACS),47,48 biofluid levels of neurotropic 
markers (BDNF, nerve and growth factor, and heart-type fatty acid—
binding protein).49–51 Last, autoimmune markers (autoantibodies to 
brain antigens such as GFAP) have also been reported as potential 
biomarkers for subacute or chronic phases of TBI.52 However, future 
work is required for their clinical utility verification and biomarker 
characterization.

POTENTIAL USES OF BRAIN BIOMARKERS  

FOR TBI PATIENT MANAGEMENT

Severe TBI

TBI severity is assessed immediately upon presentation and subse-
quently monitored serially using clinical examination, GCS, and  
cranial imaging. CT scans are useful for identifying hemorrhage, swell-
ing, or skull fracture and direct localization information that guides 
possible surgical intervention. Lesions contributing to increased intra-
cranial pressure (ICP) or intracranial hemorrhage frequently require 
decompressive craniectomy, ventriculostomy, or treatment to increase 
cerebral perfusion pressure with the objective of restoring energy and 
oxygen supply. During the acute phase of severe TBI, protein biomark-
ers are thought to be released into the CSF and/or into the circulation 
by passing through the disrupted BBB. These body fluid–based bio-
markers represent the extent of damage to neurons or astrocytes and 
reflect a great diversity in outcomes, ranging from immediate death to 
full recovery. Thus far, no single protein biomarker can describe the 
complete profile of TBI pathology, which involves a complex cascade 
of pathophysiologic events, subsequent degeneration of various brain 
cell types (neurons, glia, oligodendrocytes), and deterioration of brain 
micro- and macrostructures and functions. Brain function relies not 
only on intact neurons and astrocytes but also on intact network  
connectivity. Thus ideally, we should use a combination of comple-
mentary TBI biomarkers that originate from different cell types or 
subcellular structures that are vulnerable to TBI (see Table 44.1). This 
approach will likely allow us to assess the extent of cellular and struc-
tural damage and, eventually, the recovery process of the brain as a 
whole at different stages after the initial TBI event (Fig. 44.1). Thus by 
serial monitoring of biofluid levels (CSF, blood) for a panel of protein 
biomarkers, we can gain information regarding the severity of the in-
jury, the progression of the injury, possible occurrence of secondary 
insult, and prognosis of TBI patients, and may even be able to formu-
late personalized therapeutic strategies (Fig. 44.2).

In conclusion, we have described the importance of biofluid-based 
protein biomarker detection after severe TBI germane to neurointensive 
care. We also propose a possible logistic workflow where the use of TBI 
biomarker assays may be integrated into clinical practice for acute TBI 
patients in the critical care setting. We described several TBI protein 
biomarkers with potential utility in the diagnostic and management ap-
proach of TBI. A limitation at present is the lack of real-world utility, as 
these tests are not universally available. Establishing a point-of-care de-
vice (POC platform) that can readily provide biomarker results within 
minutes would serve as a potential adjunct for prompt bedside evalua-
tion in hemodynamically unstable or critical patients. Another challenge 
is to determine whether we already have the optimal biomarkers for 
formulating the best possible biomarker panel for TBI or if we need to 
continue to search for more ideal candidates. The next 5–10 years prom-
ise to be an exciting time for witnessing how the implementation of TBI 
biomarker–based diagnostics will change medical practice regarding 
critical care TBI patient management and, ultimately, for the full spec-
trum of patients in the neurointensive care setting.
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Fig. 44.2 Envisioned uses of brain biomarkers for mild-to-moderate traumatic brain injury (TBI) 

patient management. CT, Computed tomography; ED, emergency department; GCS, Glasgow Coma 

Scale; POC, point-of-care.
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Fig. 44.1 Envisioned uses of brain biomarkers for severe traumatic brain injury (TBI) patient manage-
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KEY POINTS

• Serum biomarkers of brain injury are being developed for multiple purposes 

and applications in a wide variety of patients in the neurointensive care 

setting, including (1) prognostication, (2) injury severity stratification, (3) 

detection in occult presentations of brain injury in ICU patients, and (4) to 

monitor treatment effects.

• GFAP is a marker of brain injury derived from astrocytes and is showing 

promise for clinical translation.

• Two neuronal markers, namely UCH-L1 and NSE, also have potential to 

identify brain injury. NSE is currently used in some centers for prognostica-

tion after cardiac arrest.

• MBP is an emerging marker of white matter damage that is being assessed 

in clinical studies.

• The MAP tau is an emerging biomarker that is implicated as an initiator of 

chronic neurodegenerative disease, including chronic traumatic encepha-

lopathy.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Diaz R, Wang KK, Papa L, et al. Acute biomarkers of traumatic brain injury: 
Relationship between plasma levels of ubiquitin C-terminal hydrolase-L1 
and glial fibrillary acidic protein. J Neurotrauma. 2014;31(1):19–25.
In a multicenter observational study 206 patients with traumatic brain in-

jury combining serum levels of UCH-L1 and GFAP rendered superior sensi-

tivity and specificity (area under the curve [AUC] 0.94) for diagnosing TBI 

than when evaluated in isolation (AUC 0.87 and 0.91 for UCH-L1 and 

GFAP, respectively).

Goyal A, Failla MD, Niyonkuru C, et al. S100b as a prognostic biomarker in 
outcome prediction for patients with severe traumatic brain injury. J 
Neurotrauma. 2013;30(11):946–957.
In a study of injured patients with severe TBI, researchers evaluated the  

temporal profile of S100B as a prognostic biomarker in both CSF (n 5 138 

subjects) and serum (n 5 80 subjects) samples across a 6-day time course. 

Whereas serum S100B levels were increased post-TBI in the first 6 days, the 

correlation of CSF and serum levels diminished over time.

Papa L, Lewis LM, Falk JL, et al. Elevated levels of serum glial fibrillary acidic 
protein breakdown products in mild and moderate traumatic brain injury 
are associated with intracranial lesions and neurosurgical intervention. 
Ann Emerg Med. 2012;59(6):471–483.
In this prospective study of brain-injured patients presenting with Glasgow 

Coma Scale of 9–15, GFAP-BDP was detectable in serum within an hour of 

injury and was associated with injury severity, GCS score, CT lesions, and in 

predicting a neurosurgical intervention.

Wijdicks EF, Hijdra A, Young GB, et al. Quality Standards Subcommittee of 
the American Academy of Neurology. Practice parameter: Prediction of 
outcome in comatose survivors after cardiopulmonary resuscitation  
(an evidence-based review): Report of the Quality Standards Subcom-
mittee of the American Academy of Neurology. Neurology. 2006;67(2):
203–210.
This is a systematic review of several studies of comatose patients after car-

diac arrest Among other clinical and diagnostic study findings, serum neu-

ron-specific enolase higher than 33 µg/L predicted poor outcome.

Yan EB, Satgunaseelan L, Paul E, et al. Hypoxia is associated with prolonged 
cerebral cytokine production, higher serum biomarker levels, and poor 
outcome in patients with severe traumatic brain injury. J Neurotrauma. 
2014;31(7):618–629.
In a study of TBI patients, eight cytokines were measured in the CSF and  

serum over 6 days and classified as hypoxic and normoxic. Patients were  

divided into Hx (n 5 22) and Nx (n 5 20) groups. Markers of neuroinflam-

mation, including granulocyte macrophage-colony stimulating factor 

(GM-CSF), interferon (IFN)-g, and tumor necrosis factor (TNF), were 

prolonged in the CSF of hypoxic patients 4–5 days post-TBI. In addition, 

S100B, MBP, and NSE were significantly higher in Hx patients with unfavor-

able Glasgow Outcome Scale Extended, suggesting these markers could be 

used in the acute setting to detect the occurrence of post-TBI hypoxia.
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arrest outside a hospital affects blacks and Latinos more than Cauca-
sians or Asians,10,12,18 and rates are higher in neighborhoods composed 
of minority and lower-socioeconomic-status populations. These 
groups are also more likely to have a cardiac arrest, less likely to have 
bystander cardiopulmonary resuscitation (CPR), and less likely to 
survive.19,20 Although sudden death can affect patients of all ages, the 
mean age for sudden cardiac arrest is between 65 and 70 years in most 
studies.10,11,14

Most mortality after cardiac arrest is attributable to cardiopulmo-
nary collapse or brain injury. Only one-third to one-half of patients 
who collapse outside a hospital and only 44% of patients who collapse 
in a hospital have restoration of circulation long enough to be admit-
ted to the ICU.14 Approximately two-thirds of patients who are admit-
ted to a hospital after an out-of-hospital collapse21 and 60% of patients 
who are resuscitated from cardiac arrest in a hospital14 die before dis-
charge from the hospital. Variation around this estimate differs be-
tween academic medical centers and tends to be higher in hospitals 
with higher case volume, higher surgical volume, and greater avail-
ability of invasive cardiac services.8 Postischemic brain injury is the 
most common reason for in-hospital death after out-of-hospital car-
diac arrest,14,22 whereas multiple organ failure is more common after 
in-hospital cardiac arrest.23 Failure to awaken contributes to with-
drawal of life-sustaining treatment for about 61% of out-of-hospital 
cardiac arrest patients.

RESTORING CIRCULATION

Acute treatment of cardiac arrest consists of two concurrent, goal-di-
rected activities: (1) artificial circulation of oxygenated blood to the 
heart and brain and (2) electric shock to terminate ventricular fibrilla-
tion (VF) and other unstable tachydysrhythmias (Fig. 45.1). Continu-
ous, uninterrupted, high-quality chest compressions are the corner-
stone of resuscitation,24 whereas electrical rescue shocks are used only 
when appropriate.25 The organization of an electrocardiogram (ECG) 
and the presence of a pulse will prompt appropriate selection of ther-
apy. The recommended division of time and prioritization of activities 
to accomplish these goals is depicted in Fig. 45.2. All other treatments, 
including medications and advanced airway maneuvers, are designed 
to supplement these two core activities, and their optimization neces-
sitates minimal interruption. Focused bedside ultrasound evaluation 
can aid in the assessment of critically ill patients and identify reversible 
causes only if performed without interrupting resuscitation.26 The 
American Heart Association and European Resuscitation Council  
provide consensus scientific statements about the acute management 
of cardiac arrest, including a detailed review of specific drugs and 
procedures.27 The following sections provide an overview of airway 
management, circulation support, rescue shock for defibrillation, and 
drug therapy.

Cardiopulmonary arrest occurs as the endpoint or consequence of 
many diseases. The mechanism is often unknown when treatment is 
initiated, and an algorithmic approach titrated to real-time monitor-
ing is used. When the cause is known or suspected, individualized 
therapy can be directed at that cause. In all cases, management has two 
priorities: (1) rapid restoration of cardiopulmonary function and (2) 
minimization of ischemic damage to end organs, especially the brain. 
Restoration of circulation is composed largely of mechanical, pharma-
cologic, and electrical treatment. In contrast, treatment of brain and 
other organ injury primarily involves prevention of reperfusion-medi-
ated and secondary cellular and molecular events using specific and 
detailed intensive care. Meaningful survival is unlikely without de-
tailed attention to the longitudinal scope of this disease.

From the first introduction of closed-chest compressions until 
2000, there was little change in long-term survival after cardiac ar-
rest.1,2 However, subsequent regional efforts to improve resuscitation 
practices at multiple levels, including emergency response and post–
cardiac arrest care, have yielded significant improvements in meaning-
ful survival.3,4 Specific patterns of physiologic changes after cardiac 
arrest have been described, and there is accumulating evidence about 
which aspects of post–cardiac arrest management influence final out-
comes.5–7 Improving outcomes further requires an integrated ap-
proach to immediate resuscitation, subsequent intensive care manage-
ment, and post–intensive care recovery. This chapter reviews the 
epidemiology of cardiac arrest, the initial approach for reversing car-
diopulmonary arrest, modifications of this approach appropriate for 
specific disease states, and post–cardiac arrest intensive care oriented 
around minimizing secondary brain injury.

EPIDEMIOLOGY

In industrialized countries, heart disease is the overall leading cause of 
death, with an incidence of cardiopulmonary arrest outside the hospital 
ranging from 55 to 120 events per 100,000 people per year.8–11 Median 
survival after out-of-hospital cardiac arrest is estimated at 10.6%,8 but 
the range varies regionally from less than 2%12,13 to 16% in certain ex-
emplary systems.11 The incidence of cardiac arrest in hospitals is about 
0.17 events per hospital bed per year.14 For inpatients experiencing 
cardiac arrest, median survival to hospital discharge is about 20%.15 
Almost half of in-hospital cardiac arrests occur in an intensive care unit 
(ICU) setting, where survival is higher than that in an unmonitored 
unit.15 Respiratory insufficiency is the most common preexisting condi-
tion for in-hospital cardiac arrest,15 and as many as 17% of episodes of 
respiratory compromise in hospitals progress to cardiac arrest.16

Although out-of-hospital cardiac arrest is more common in men 
than in women, both outside10 and inside hospitals,14 the incidence of 
cardiac arrest is higher in women (6%) than in men (4.4%) who are 
admitted to a hospital for acute myocardial infarction (MI).17 Cardiac 
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Fig. 45.1 Continuous reassessment of the patient during cardiac resuscitation relies on an electrocardio-

gram (ECG) and on the presence of cardiac mechanical activity (pulses). If an organized ECG is not present, 

interventions should be undertaken to restore an organized ECG. If mechanical cardiac activity is not present, 

interventions should be undertaken to improve mechanical cardiac activity. Achieving both goals results in return 

of circulation.
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Fig. 45.2 Prioritization of activities must occur during cardiac resuscitation. Central circle emphasizes 

that core activity of chest compression should be interrupted only to provide rescue shocks when appropriate 

or when restoration of circulation occurs. All drugs, airway devices, and other interventions are designed to 

augment either artificial circulation or defibrillation. None of these adjuncts should interrupt or detract from 

providing artificial circulation. VF, Ventricular fibrillation.
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Airway and Gas Exchange
Obstruction of the airway occurs in patients with impaired conscious-
ness, including cardiac arrest, preventing oxygenation and ventila-
tion.28 Agonal respiration occurs after acute cardiac arrest for an ad-
ditional 1–2 minutes,29 which may confuse lay people and delay the 
recognition of cardiac arrest. Although associated with survival, it is 
unclear whether agonal respiration generates sufficient ventilation to 
support life.30 Regardless, artificial ventilation is required for patients 
requiring more than momentary resuscitation efforts.

Simple maneuvers to open the airway include extension of the neck 
(head tilt) and forward displacement of the mandible (chin lift or jaw 
thrust). Insertion of an oropharyngeal or nasopharyngeal airway can 
displace the tongue from the posterior pharynx. Positive-pressure ven-
tilation using mouth-to-mouth or bag-valve-mask (BVM) ventilation 
with as little as 400 mL in adults (6–7 mL/kg) delivered over 2–3 sec-
onds will cause the chest to rise.31 Minute ventilations smaller than 
those required for long-term support probably provide adequate gas 
exchange during cardiac arrest. Conversely, hyperventilation or hyper-
expansion of the chest can impair venous return and decrease circula-
tion during resuscitation.32

The need for gas exchange must be balanced against the fact that 
even brief interruptions in chest compressions reduce coronary perfu-
sion pressure (CPP) (Fig. 45.3).33 In swine, comparison of different 
chest compressions to ventilation ratios suggests that two breaths per 
50 or more chest compressions are optimal for resuscitation.34 One 

innovative practice to reduce interruptions in compressions is to pro-
vide chest compressions without any artificial ventilation35 or with 
passive insufflation of oxygen.36 Accounting for anatomic dead space, 
chest compressions alone probably do not generate significant ventila-
tion in humans.28,37 As a compromise, some systems deliver uninter-
rupted chest compressions and asynchronous positive-pressure 
breaths. A large, randomized trial comparing continuous compres-
sions with positive-pressure ventilation to interrupted compressions at 
a ratio of 30 compressions per two ventilations found no meaningful 
difference in survival or short-term favorable neurologic recovery.38 
Regardless of ratio, the duration of any pause to deliver breaths must 
be minimized.

Waveform capnography can confirm ventilation and monitor ade-
quacy of circulation. During cardiac arrest, end-tidal CO2 is related to 
cardiac output and pulmonary blood flow.39 Therefore CO2 levels may 
be very low (,10 mm Hg) at the onset of resuscitation. Adequate ar-
tificial circulation will cause CO2 levels to increase, and these levels 
may be used as a feedback to improve or modify chest compressions. 
An end-tidal CO2 level greater than 15–16 mm Hg is associated with 
successful cardiac resuscitation.40,41 Conversely, end-tidal CO2 less than 
10 mm Hg after 20 minutes of resuscitative efforts can confirm failure 
of resuscitation.42 Common resuscitation drugs disrupt the association 
between capnography readings and pulmonary blood flow: epineph-
rine infusion reduces CO2 levels, and sodium bicarbonate infusion 
produces a transient elevation of CO2 levels. An abrupt increase in 
end-tidal CO2 levels, usually to levels over 35 mm Hg, may be useful in 
recognizing the return of circulation, without interrupting chest com-
pressions for pulse checks (Fig. 45.4).

Airway Devices

The most common ventilation device used by rescue personnel, para-
medics, and other healthcare providers is a self-inflating bag attached 
to a face mask (BVM), which requires adequate training and practice 
for ventilation success by a single provider. Two providers achieve 
more reliable airway management. BVM ventilation also pushes air 
into the stomach,43 which can promote emesis and abdominal disten-
tion, impair venous return, and reduce lung compliance.44 Normal 
esophageal resistance to air entry into the stomach (15–20 cm H2O)45 
declines with loss of muscle tone during cardiac arrest (5–8 cm H2O).46

Tracheal intubation with a cuffed tracheal tube secures the airway 
definitively and protects from emesis. However, laryngoscopy typically 
requires an interruption in chest compressions. Observational studies 
found extremely long interruptions in chest compressions during “un-
complicated” tracheal intubation.47 Conversely, supraglottic airway ad-
juncts such as laryngeal tubes (e.g., King LT) or laryngeal mask airways 
can temporarily secure the airway during resuscitation.48,49 These de-
vices have the advantage of blind insertion within seconds without la-
ryngoscopy or associated interruptions in chest compressions.43

Three randomized trials of out-of-hospital cardiac arrest subjects 
conducted in different emergency response systems with ranges of in-
tubation success (52%–98%) compared various advanced airway strat-
egies with BVM.50–52 Subjects randomized to BVM were subject to 
variable durations of BVM while preparing for device insertion. One 
trial explicitly allowed crossover between interventions at the discre-
tion of providers. Even in settings with high tracheal intubation suc-
cess rates, an advanced airway (supraglottic airway or tracheal intuba-
tion) did not improve survival or neurologic outcome compared with 
BVM. The rationale for transitioning from BVM to advanced airways 
is contingent on clinical context, patient anatomy, aspiration risk, and 
oxygenation and ventilation success. If an advanced airway is required, 
providers should select a device (supraglottic airway or tracheal  
intubation) based on the clinical context and their individual skill set. 
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Fig. 45.3 Chest compressions provide coronary perfusion by creat-

ing a pressure gradient between the aorta (Ao) and the inside of 

ventricles (approximated by the right atrium [RA]). The gradient 

between sites is the coronary perfusion pressure (CPP). During chest 

compression, pressure increases in both Ao and RA. During relaxation, 

pressure persists in Ao more than in RA. Thus myocardial blood flow is 

most related to CPP during the relaxation phase of chest compressions. 

Note that CPP declines within 1–2 seconds when compressions pause 

for ventilation. (Unpublished laboratory data.)
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Ultimately, resuscitated patients with coma or continued respiratory 
failure will require tracheal intubation.

Artificial Circulation
In patients without a pulse, compression of the heart and chest by re-
petitive depression and release of the sternum circulates blood. The 
critical parameter for restoring myocardial energy stores, and thus 
spontaneous circulation, is the development of adequate CPP. CPP is 
the pressure gradient between the aorta and the inside of the ventricles 
at the end of diastole or during the relaxation phase of chest compres-
sions. Most blood flows through the ventricular walls during diastole 
or during the relaxation phase of chest compressions, when ventricular 
pressure is the lowest (see Fig. 45.3). CPP is highly correlated with 
myocardial perfusion and consequently with the likelihood of resusci-
tation.53 In humans, return of circulation requires that the developed 
CPP exceeds 15–20 mm Hg.53

Peak arterial pressure or palpable pulses measured during chest 
compressions do not necessarily represent CPP because ventricular 
pressures are simultaneously elevated. Consequently, palpation of 
pulses and systolic pressures developed by chest compressions may be 
misleading. It is most useful to follow the “diastolic” or relaxation-
phase arterial pressure. If unable to follow any of these pressures, the 
clinician must rely on indirect evidence of myocardial perfusion, such 
as improved electrical and mechanical activity or increased pulmonary 
CO2 excretion.

Even brief interruptions in chest compressions decrease CPP, and 
interruptions are inversely associated with restoring circulation and 
survival.24 When chest compressions are measured during actual re-
suscitations by paramedics or hospital providers, interruptions and 
pauses are frequent.54,55 Some monitor-defibrillators now have fea-
tures to measure and record chest compressions and to provide real-
time feedback about depth and rate to providers.56 These features 
have no detectable effect on survival.57 The chest compression frac-
tion is one metric of compression continuity that is emphasized as a 
component of high-quality resuscitation24 (Fig. 45.5), and many cli-
nicians feel that the real-time and automated feedback is a useful 
safety and quality improvement mechanism to enhance total system 
performance.

Until the 1960s, thoracotomy was the standard approach for treat-
ment of sudden cardiac arrest, but this procedure has now been sup-
planted by closed-chest compressions. Direct cardiac compression is 
more effective than external chest compressions, producing roughly a 
threefold increase in CPP.58–60 This approach also allows recognition of 
cardiac tamponade, treatment by pericardiotomy, direct visualization 
of mechanical activity and fibrillation, and direct electrical defibrilla-
tion or pacing. In the setting of cardiopulmonary collapse resulting 
from exsanguination, thoracotomy also allows for aortic compression 
to shunt blood to the heart and brain and to direct control of intratho-
racic bleeding. It should be considered in specific clinical circum-
stances, such as patients with traumatic cardiac arrest or recovering 
from recent cardiac surgery.

To improve delivery of uninterrupted chest compressions, a variety 
of mechanical devices have been developed.24,33,61–63 Some of these 
devices exploit circumferential compression or active compression/
decompression of the chest. A Cochrane review of mechanical versus 
manual chest compressions for cardiac arrest found no evidence of 
benefit of mechanical compressions in the return of spontaneous cir-
culation or survival to hospital admission, and a subsequent pragmatic 
randomized trial found no improvement in 30-day survival.63,64 Al-
though no current device is superior to well-conducted manual com-
pressions, these devices may play a role in providing chest compres-
sions in settings where manual compressions are difficult or impossible 
(e.g., during ambulance transport, under the fluoroscopy arm, or 
when multiple providers are not available) or as a bridge to recovery 
and/or definitive treatment of the suspected etiology (e.g., extracorpo-
real circulatory support, percutaneous coronary revascularization, fi-
brinolysis of massive pulmonary embolism).

Extracorporeal Circulation
Extracorporeal perfusion for restoration of circulation (ECPR) can be 
used to resuscitate subjects for whom chest compressions have 
failed.65–67 However, this approach requires specialized technical skill, 
system commitment, and increased costs and risks. Logistical issues 
include limited availability of perfusion equipment, setup time for 
circuit priming, and delays in establishing adequate venous and arte-
rial access. Portable cardiopulmonary bypass devices that can be 
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Fig. 45.4 End-tidal CO2 changes during resuscitation. Tracings from monitor-defibrillator with an acceler-

ometer to measure chest compression depth (top trace) and waveform capnography to measure exhaled CO2 

(bottom trace). Exhaled CO2 confirms correct placement of an advanced airway. Note frequent interruptions 

in chest compressions before placing an advanced airway. More continuous chest compressions are followed 

by an abrupt rise in exhaled CO2, corresponding to a return of circulation, including pulmonary circulation. 

Chest compressions continue for 2–3 minutes until providers detect a palpable pulse.
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primed quickly, along with improved techniques for rapid vascular 
access, have broadened the use of ECPR.

Multiple observational studies demonstrate the operational feasi-
bility of ECPR and suggest the possibility of improved clinical out-
comes, but it remains critical that ECPR be used for appropriately se-
lected patients.68 The ideal candidate is young with a witnessed cardiac 
arrest from a shockable rhythm, with a presumed cardiac (or other 

reversible) etiology, who receives immediate CPR and who has a brief 
interval until successful cannulation and commencement of extracor-
poreal resuscitation.69 Examples of selection criteria from three centers 
are given in Table 45.1.

The timing of ECPR is equally important because irreversible myo-
cardial and neurologic injury can preclude survival despite mechani-
cally restoring circulation. Conventional resuscitation is clearly  
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Fig. 45.5 Chest compression fraction (CCF) describes the continuity of chest compressions during re-

suscitation. Tracings of chest compressions detected by the accelerometer of a monitor-defibrillator can be 

used to calculate the proportion of time when chest compressions are occurring. In the top tracing, there are 

few pauses, and CCF is 0.90. In the lower tracing, frequent interruptions for breaths or procedures result in 

a CCF of 0.60.

 

Surugadai Nihon University  

Hospital Tokyo, Japan

Sharp Memorial Hospital San  

Diego, California

Alfred Hospital Melbourne,  

Victoria, Australia

Inclusion  

criteria

Age 18–74 Persistent cardiac arrest Age 18–65

Witnessed cardiac arrest Shock refractory to standard therapies Suspected cardiac etiology

Presumed cardiac etiology Any CPR within 10 minutes of collapse

EMS arrival #15 minutes Initial rhythm of ventricular fibrillation

Defibrillation by AED or EMS personnel 30 minutes of persistent cardiac arrest

Persistent cardiac arrest on arrival to ED

Exclusion criteria Presumed noncardiac etiology Initial rhythm of asystole Known preexisting significant neurologic  

disability

Successful ROSC #10 minutes of arrival 

to ED

Any CPR not initiated #10 minutes of cardiac 

arrest

Known significant end-stage comorbidities

Core body temperature ,30°C on arrival to ED Estimated EMS transport time .10 minutes Terminal illness because of malignancy

Pregnancy Total arrest time .60 minutes

Suspicion of sepsis or hemorrhage

Preexisting severe neurologic disease

TABLE 45.1 Sample Selection Criteria for Extracorporeal Perfusion for Restoration of 
Circulation (ECPR)

 

Sample selection criteria for extracorporeal life support (ECLS) in out-of-hospital cardiac arrest (OHCA).

AED,

 

Automatic external defibrillator;

 

CPR, cardiopulmonary resuscitation;

 

ED,

 

emergency department;

 

EMS, emergency medical services;

 

ROSC,

return of spontaneous circulation.
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preferred when patients have early recognition, early high-quality 
chest compressions, and early defibrillation. However, increasing the 
duration of treated cardiac arrest decreases the odds of functionally 
favorable survival (as low as 1%–15%, depending on case features, 
initial cardiac rhythm, witnessed collapse, and bystander CPR).70 Ob-
servational data of ECPR candidates treated with traditional resuscita-
tion suggest the therapeutic window for conversion to ECPR occurs 
after 10–20 minutes of professional resuscitation.71 Several random-
ized trials of ECPR are in progress.

Electrocardiogram Monitoring
Continuous three-lead ECG monitoring is essential for guiding resus-
citation. A practical approach is to divide rhythms into organized and 
nonorganized. Organized rhythms include supraventricular rhythms 
or ventricular tachycardia (VT). Nonorganized rhythms include VF 
and asystole. Nonorganized rhythms cannot support cardiac output, 
regardless of volume status, cardiac muscle state, or vascular integrity. 
Therefore restoring cardiac electrical activity to an organized rhythm 
is an essential step in resuscitation. Organized rhythms can support 
cardiac output unless they are too slow (,30–40 complexes/min) or 
too fast (.170–180 complexes/min). An organized rhythm in the ab-
sence of a palpable pulse is termed pulseless electrical activity (PEA).

As the incidence of PEA as the initial cardiac rhythm increases, with 
a relative decrease in the incidence of VF,10,72–74 PEA is an area of in-
creased study and focus. Point-of-care echocardiography during resus-
citation allows for more nuanced assessment of PEA. PEA may be 
subdivided into an organized rhythm in the absence of palpable pulse 
with or without echocardiographic motion (“true PEA” vs. “pseudo-
PEA”). In cases of pseudo-PEA, pausing compressions and administer-
ing vasopressors may aid in restoring circulation.75 Alternatively, cases 
of pseudo-PEA with insufficient cardiac output from a tachydysrhyth-
mia and dwindling preload should be corrected by rescue shock.

The absence of perfusion with slow organized electrical activity may 
result from primary myocardial injury (e.g., massive MI) or from uncou-
pling of electrical and mechanical activity (e.g., prolonged circulatory 
arrest). The rate of complexes may be used to monitor resuscitation ef-
forts. With increasing ischemia, energy depletion will occur in the electri-
cal system and the rate of PEA will slow down. If resuscitation improves 
the energy state of the heart, the rate of PEA will accelerate. Narrow com-
plexes reaching rates of 80–100 beats per minute often herald the return 
of a pulse. Falling rates reflect unsuccessful resuscitation efforts.

VF and asystole lie along a continuum of not-organized ECG. Ar-
bitrary peak-to-peak amplitude of the ECG is usually used to distin-
guish asystole (amplitude ,0.1–0.2 mV) from VF (amplitude .0.2 
mV).76 However, VF also exhibits temporal structures that may be ab-
sent in asystole.77 VF is a chaotic electrical activity formed by multiple 
interacting waves of activation within the heart.78 VF emerges from 
broken wavefronts that result from areas of ischemia (e.g., MI), areas 
of prolonged refractoriness (e.g., drug-induced or inherited prolonged 
QT intervals), or too-rapid succession of activation potentials (e.g., 
tachycardia or an “R on T” premature beat). As the organization and 
amplitude of these waves decline because of ischemia or hypoxemia, 
the amplitude of the ECG also declines. Reperfusion of the heart in 
asystole may restore VF. Furthermore, the amplitude and organization 
of the VF increases with reperfusion, providing a marker of adequate 
artificial perfusion.

Rational Use of Rescue Shocks for Defibrillation
Delivery of immediate transthoracic electric rescue shocks to patients 
in VF can convert VF into an organized cardiac rhythm. Rescue shocks 
are highly effective when VF is for a very brief duration (,1–2 min-
utes). These shocks may work by depolarizing the heart, canceling the 

original wavefronts, or prolonging the refractory periods.78 Although 
rescue shocks can successfully restore an organized rhythm, repeated 
shocks may directly damage the myocardium.79 Optimal therapy 
should provide rescue shocks at the lowest effective energy while 
minimizing the number of unsuccessful rescue shocks.

In the out-of-hospital setting when the collapse is not witnessed by 
paramedics, only 9%–12% of rescue shocks restore an organized 
ECG,80,81 and most shocks convert VF into asystole.82 Even after suc-
cessful defibrillation, VF may recur because of incomplete depolariza-
tion by the shock, heterogeneous areas of refractoriness, or persistent 
foci of chaotic activity.83 Multiphasic shock waveforms are more effec-
tive for depolarization of individual myocytes and require less energy 
than monophasic waveforms.78 Consequently, most available defibril-
lators deliver biphasic waveforms. Increasing pressure of paddles from 
0.5 kg to 8 kg on the chest decreases transthoracic impedance by as 
much as 14% and increases delivery of current to the heart.84,85 This 
advantage of paddles must be weighed against the increased safety 
and convenience afforded by hands-free self-adhesive defibrillation 
pads, which are now used in most settings. In the past, multiple 
shocks would be delivered in rapid succession to decrease chest im-
pedance. However, repetitive shocks decrease chest impedance by 
about 8% or less in actual patients,84,86,87 which does not justify the 
interruption of artificial circulation to deliver “stacked” shocks. Re-
ducing the interruption in chest compressions before and after a res-
cue shock is associated with greater resuscitation success,88 which led 
to the coining of the term perishock pause. Duration of the perishock 
pause is inversely associated with survival to hospital discharge.89 
Specific techniques to reduce the perishock pause include continuing 
chest compressions while the defibrillator is charging, only stopping 
at the last moment before shock, and eliminating the postshock pulse 
check. Alternatively, manual compressions may be continued during 
rescue shocks if the rescuer is using Class 1 electrical insulating gloves 
complying with International Electrotechnical Commission (IEC) 
standards and modern self-adhesive defibrillation pads. In this sce-
nario, the risk of shock to rescuers from touching a patient during 
defibrillation is small.25

For VF that has lasted more than 3–4 minutes, preclinical data sug-
gest that delaying rescue shocks until after a few minutes of chest 
compressions will improve success.90–93 To date, two clinical studies in 
out-of-hospital cardiac arrest patients have found that either 90 sec-
onds or 3 minutes of chest compressions before delivery of the initial 
rescue shock improved resuscitation rates for subjects with VF outside 
a hospital, particularly when rescuer response intervals were longer 
than 4 minutes.2,94 However, a third study found no difference in out-
come with 5 minutes of chest compressions before shock,95 and a 
fourth study found no difference in outcome with 3 minutes of chest 
compressions before shock.96 Finally, a large multicenter trial compar-
ing immediate rescue shock to 3 minutes of chest compressions before 
rescue shock stopped enrollment, finding no difference between 
groups.97 Taken together, the clinical data suggest that the first rescue 
shock for VF should be delivered as soon as possible within 3–5 min-
utes as long as chest compressions are started immediately but that 
there is no reason to intentionally delay the rescue shock.

Quantitative analysis of the VF waveform can distinguish early VF 
from late VF and may be useful in estimating the likelihood of rescue 
shock success.98 Larger amplitude of VF99 in addition to frequency-
based measures and nonlinear dynamic measures of VF organiza-
tion100–103 are associated with a higher probability of rescue shock 
success. Future generations of defibrillators may provide real-time, 
semiquantitative estimates of the probability that a rescue shock will 
succeed in restoring an organized rhythm. It is unknown if these quan-
titative measures will be clinically useful for titrating resuscitation.
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Beta-blockade with a short-acting agent such as esmolol represents 
another therapeutic option for VF. Beta-activation (e.g., systemic epi-
nephrine) increases myocardial oxygen requirements, worsens isch-
emic injury, lowers the VF threshold, and worsens postresuscitation 
myocardial function.104–106 Blocking beta-receptors may terminate the 
electrical storm responsible for refractory VF.104–108 Esmolol is a favor-
able agent given its ultra-short half-life.109 Low-certainty observational 
evidence suggests that beta-blockade is associated with improved 
clinical outcomes, primarily restoration of circulation, and short-term 
survival.110

Drug Therapy
Drug therapy in cardiac arrest can be divided into three categories: 
pressors, antidysrhythmics, and metabolic drugs. Pressors are used 
during resuscitation and include epinephrine and vasopressin. Both of 
these drugs can increase CPP via the alpha-adrenergic (epinephrine) 
or vasopressin receptors (Fig. 45.6).111,112 Epinephrine is usually ad-
ministered in 1-mg (,0.015 mg/kg) increments. In laboratory studies, 
the pressor effects of epinephrine during cardiac arrest were brief (,5 
minutes). Vasopressin is administered as 40-unit boluses (,0.5 units/
kg) and produces a longer-lasting increase in CPP (,10 minutes).

Epinephrine consistently improves return of circulation and sur-
vival, but its effects on neurologic recovery are less certain. Older 
clinical trials testing moderate (7 mg vs. 1 mg) and higher (15 mg vs. 1 
mg) initial boluses of epinephrine found higher rates of pulse restora-
tion and admission to hospital, but overall survival was not signifi-
cantly different. 113–115 Accumulated beta-adrenergic toxicity likely in-
creases myocardial oxygen consumption, ectopic ventricular 
arrhythmias, hypoxemia from pulmonary arteriovenous shunting, and 

postarrest myocardial dysfunction.116 However, higher doses of epi-
nephrine may impair cerebral circulation, a detrimental effect that 
may offset any benefit from increasing rates of restoration of circula-
tion.117,118 A massive, population-based, matched cohort study found 
that prehospital epinephrine was associated with restoration of circu-
lation but with lower probability of 1-month survival and favorable 
functional outcome.119 Taken together, these data raised the worrisome 
possibilities that when epinephrine is required to restore cardiac activ-
ity, severe brain injury has already occurred or that it contributes to 
brain injury.117 Two randomized trials comparing epinephrine with 
placebo in out-of-hospital cardiac arrest consistently demonstrated 
superior return of circulation, survival to hospital admission, and sur-
vival to hospital discharge.120,121 One trial noted additional survivors 
with worse neurologic outcome at hospital discharge in the epinephrine 
arm, but also improved survival to 3 months without statistical differ-
ence in favorable or unfavorable neurologic outcomes.121 The net in-
crease in survivors constituted those with both favorable and unfavor-
able neurologic outcomes. Of note, neurologic status of initially 
comatose cardiac arrest survivors can improve for up to 6 months.122

The optimal dosing and timing of epinephrine remain an active 
area of investigation. Both drugs should ideally be titrated to improve-
ment in clinical indicators (ECG waveform, mechanical activity, 
changes in end-tidal CO2 or diastolic arterial pressure as a surrogate 
for CPP). Rote, repeated administration is unlikely to result in mean-
ingful outcome improvements. Titrated epinephrine infusions may 
balance the positive and negative physiologic effects, but this approach 
has not yet been explored clinically. The concept of goal-directed car-
diac arrest resuscitation is an emerging paradigm within resuscitation 
science supported by preclinical and preliminary clinical work.123,124
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Fig. 45.6 Administration of a vasoactive drug can increase coronary perfusion pressure (CPP) pro-

duced by chest compressions. Note that CPP generated by chest compressions alone is below the 15–20 

mm Hg believed necessary for restoration of circulation. However, aortic pressure (Ao) and thus CPP increase 

above this threshold 40–60 seconds after drug administration (arrow), whereas right atrial (RA) pressure re-

mains unchanged. When treating cardiac arrest, it is reasonable to expect the vasoactive drug will act after 

60 more seconds of chest compressions. (Unpublished laboratory data.)
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 Vasopressin can increase CPP without complicating beta-adrener-
gic effects. Resuscitation rates and survival are identical for patients 
resuscitated with vasopressin and standard doses of epinephrine after 
in-hospital125 or out-of-hospital cardiac arrest.126 Some post hoc 
analyses suggest vasopressin may be superior for resuscitation and 
survival of patients whose first ECG rhythm is asystole and for those 
subjects requiring multiple doses of vasopressors.126 Subsequent trials 
of the combination of epinephrine with vasopressin versus epineph-
rine alone found no difference in outcome with the different combina-
tions of drugs.127,128 Given its lack of clear advantage over epinephrine, 
vasopressin is typically excluded from treatment guidelines and algo-
rithms in the interests of simplification.

The role of antidysrhythmic drugs during cardiac arrest is equivo-
cal.129,130 Atropine may relieve bradycardia when it is vagally mediated. 
However, nervous system influences on the heart are largely eliminated 
after more than 1–2 minutes of circulatory arrest. Therefore there is 
little expectation that atropine will improve resuscitation from asystole 
or PEA. Lidocaine, procainamide, and bretylium have a long history of 
use in the treatment of VF. Once VF is established, lidocaine can in-
crease the electrical energy required to defibrillate by more than 
50%.131 Other classes of antidysrhythmics without sodium channel 
blockade do not alter defibrillation energy requirements. For example, 
amiodarone (5 mg/kg) is superior to placebo132 and to lidocaine133 in 
terms of restoring the pulse in out-of-hospital patients with VF that is 
not terminated by three rescue shocks. A large clinical trial comparing 
amiodarone, lidocaine, or placebo for shock-refractory VF found no 
overall difference in survival.134 However, both lidocaine and amioda-
rone were superior to placebo in the subgroup of witnessed VF.

Empiric treatments of metabolic disturbances with bicarbonate or 
other buffers may improve acidemia resulting from ischemia, but do not 
necessarily translate into improved clinical outcomes.135,136 Originally 
proposed as an antagonist of adenosine released during ischemia, two 
prospective studies of aminophylline in subjects with PEA or asystole 
found no improvement in resuscitation.137,138 Use of dextrose-contain-
ing fluids versus dextrose-free fluids did not alter outcome for out-of-
hospital cardiac arrest patients.139 Other metabolic therapies, including 
calcium and magnesium, also lack supporting data.140,141 However, it is 
appropriate to consider specific use of these agents to correct known 
abnormalities that are contributing to cardiac arrest, such as hyperkale-
mia, calcium channel blocker overdose, torsades, or hypomagnesemia.

Taken together, the data support a simple pharmacologic approach 
to the treatment of cardiac arrest: epinephrine can augment CPP gen-
erated during chest compressions, antidysrhythmic drugs may be use-
ful for maintaining organized rhythms in witnessed shock-refractory 
VF, and all other drug therapies should be based on the clinical situa-
tion and the response of the patient.

ASPECTS OF CARDIAC ARREST IN SPECIFIC 
SITUATIONS

If the original etiology of cardiac arrest is available, treatment and 
prognosis can be individualized to the specific patient. Among out-of-
hospital patients, as many as 66% have primary cardiac distur-
bances.142 For in-hospital patients experiencing cardiac arrest, dys-
rhythmia and cardiac ischemia account for 59% of events.14 This 
section reviews unique features of cardiac arrest resulting from both 
cardiac and noncardiac causes.

Primary Cardiac Events
Primary dysrhythmia or cardiogenic shock is the most common 
proximate cause of cardiac arrest.142,143 Patients undergoing angio-
plasty have a 1.3% incidence of cardiac arrest, and survival in these 

patients resembles survival in other populations.144 Among patients 
admitted to a hospital with acute MI, cardiac arrest occurs in 4.8%.17 
Dysrhythmias are common during the hours after reperfusion ther-
apy,144 although reperfusion therapy reduces the overall risk of cardiac 
arrest.145 During acute MI, cardiac arrest is most likely to occur in pa-
tients with lower serum potassium levels, more than 20 mm of total ST 
elevation, and a prolonged QTc interval during the first 2 hours of 
their event.145 Some 3.3% of subjects surviving acute MI suffered sud-
den cardiac death.146 Abnormalities of the heart are present in most 
cases of cardiac arrest, with coronary artery disease present in at least 
65% of autopsies.147 Taken together, these data suggest that most pa-
tients with cardiac arrest will have contributing cardiovascular disease.

When angiography was performed on consecutive patients resusci-
tated from cardiac arrest, acute coronary artery occlusion was identi-
fied in 48%–58% of the patients.148,149 Similarly, 51% of initially resus-
citated outpatients exhibited an elevation in cardiac enzymes or ECG 
evidence of acute MI.150 In one series, troponin T was elevated in 40% 
of out-of-hospital patients undergoing CPR.151 The direct myocardial 
injury from defibrillation and CPR may cause spurious elevations of 
creatine kinase that are unrelated to cardiovascular disease.152 How-
ever, elevation in cardiac troponin levels are believed to reflect acute 
MI rather than injury from electric shocks.153 Thus the 40% of subjects 
undergoing CPR with elevated troponin probably suffered myocardial 
injury before collapse. Unless a clearly noncardiac etiology for cardiac 
arrest is evident, acute coronary angiography may reveal an indication 
for angioplasty, thrombolysis, or other reperfusion therapy. Primary 
revascularization is safe in comatose patients undergoing hypothermia 
treatment.154,155

Primary ventricular tachydysrhythmias are rapidly reversible and 
are the initially recorded rhythm in 23%–41% of out-of-hospital car-
diac arrest patients10,11,156 and in 25% of in-hospital cardiac arrest 
patients.14 Long-term antidysrhythmia treatment should be considered 
for patients who survive sudden cardiac arrest. At a minimum, treat-
ment should be considered for patients with depressed left ventricular 
function or primary dysrhythmia without a reversible etiology.157 Im-
portantly, subjects surviving a life-threatening ventricular dysrhythmia 
have a 15%–20% risk of death during a mean of 16 months of follow-
up, even when a reversible cause of the dysrhythmia such as electrolyte 
disturbance or hypoxia is identified.158 Implantable defibrillators are 
superior to antidysrhythmic drugs for reducing the risk of subsequent 
death.159 This benefit is primarily in subjects with a left ventricular ejec-
tion fraction (LVEF) less than 35%.160 Implantable defibrillators were 
not better than antidysrhythmic drugs in a European trial that enrolled 
subjects resuscitated from cardiac arrest secondary to ventricular dys-
rhythmia without regard to LVEF.161 Nevertheless, these devices offer 
significant hope of preventing sudden cardiac death, and identification 
of patients that they may benefit is an active area of research. At present, 
implantable defibrillators should be discussed for patients who recover 
from coma with LVEF less than 0.35 or who survive a ventricular ar-
rhythmia in the absence of clearly reversible causes.

Asphyxia
Asphyxia causes transient tachycardia and hypertension, followed by 
bradycardia and hypotension, progressing to PEA or asystole. This pe-
riod of blood flow with severe hypoxemia before cardiac arrest may 
worsen central venous hypoxemia and subsequent oxygen debt, render-
ing asphyxiation a more severe injury than VF or other rapid causes of 
circulatory arrest.162 Brain edema is more common on computed to-
mography (CT) scans after resuscitation when cardiac arrest is caused 
by pulmonary rather than cardiac etiologies.163 During cardiac arrest, 
pulmonary edema develops from redistribution of blood into the pul-
monary vasculature,164 worsening oxygenation in the asphyxiated 
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patient. Attention to the primary cause of asphyxia, in addition to ma-
neuvers that will increase oxygenation, may be necessary.

Pulmonary Embolism
Pulmonary emboli may occur in postsurgical patients and in medical 
patients with impaired mobility.165 In two series, pulmonary emboli 
were present in 10% of both in-hospital deaths166 and out-of-hospital 
deaths.167 Pulmonary emboli can result in rapid cardiopulmonary col-
lapse and should be considered as a possible etiology of cardiac arrest 
in the proper clinical setting or when collapse is preceded by sudden 
shortness of breath, hypoxemia, and/or pleuritic chest pain.

Pulmonary emboli cause cardiac arrest from hypoxemia or when a 
large thrombus obstructs right ventricular outflow into the pulmonary 
arteries. This situation results in a dilated, distended right ventricle and 
an empty left ventricle, which can be seen on a transthoracic echocar-
diogram. Circulation cannot be restored unless this obstruction is re-
lieved. Because the primary disturbance is hypoxemia and decreased 
cardiac output, cardiac arrest from pulmonary embolism often pres-
ents with an initial rhythm of PEA or asystole.

Administration of a bolus of fibrinolytic drugs such as tenecteplase 
has been used with reported success in nonrandomized trials during 
resuscitation of undifferentiated patients,168 but failed to demonstrate 
benefit in a larger randomized trial of undifferentiated patients in 
cardiac arrest.169 Likewise, a randomized trial of tissue plasminogen 
activator to undifferentiated patients with out-of-hospital cardiac ar-
rest and an initial rhythm of PEA failed to demonstrate any benefit.170 
Observational studies and subgroup analyses from randomized data 
report varying degrees of association between intra-arrest systemic fi-
brinolysis and survival. The potential effects on longer-term outcomes 
are unknown. Low-certainty evidence suggests that this treatment in-
creases overall risk of bleeding (including any intracranial hemor-
rhage), but not necessarily risk of major bleeding (including symp-
tomatic or major intracranial hemorrhage).27 Case series report the 
feasibility of surgical embolectomy and percutaneous mechanical 
thrombectomy.171–173 When logistically feasible, ECPR is a reasonable 
bridge to recovery or definitive therapy in cases of cardiac arrest from 
known or highly suspected massive pulmonary embolism.

Electrolyte Disturbances
Potassium disturbance is the most likely electrolyte disturbance to re-
sult in cardiac arrest. In cardiac patients, hypokalemia has been linked 
to the incidence of VF after MI.174,175 Hypokalemia may also account 
for the increased incidence of sudden death in patients taking large 
doses of diuretics. VF is rare in patients where serum potassium is 
maintained over 4.5 mEq/L. Conversely, hyperkalemia can prolong 
repolarization, increasing the likelihood of VF initiation. Hyperkale-
mia may also suppress automaticity in the myocardial electrical sys-
tem, leading to bradycardic PEA or asystole. Interestingly, cardiac ar-
rest occurring during hemodialysis is not associated with high or low 
potassium levels but is more common after patients are dialyzed 
against a low (0 or 1 mEq/L) potassium dialysate.175 These data suggest 
that rapid changes in potassium rather than the absolute value are 
important triggers of cardiac arrest in this population. Derangements 
of calcium and magnesium may produce similar or synergistic changes 
in cardiac conduction.

The clinical setting of cardiac arrest or widened ventricular com-
plexes with repolarization abnormalities on ECG may suggest a primary 
electrolyte disturbance. If hyperkalemia is suspected, the usual acute 
resuscitation maneuvers can be supplemented by a bolus injection of 
calcium carbonate (1 g), bicarbonate (1 mEq/kg), and perhaps insulin 
(0.1 units/kg) with glucose (0.5–1 g/kg). These drugs may improve car-
diac electrical stability, facilitating restoration of circulation.

Poisoning
Cardiac arrest can result from drug overdose. Therapy does not change 
except when specific antidotes or countermeasures to the poison are 
available. For example, calcium channel blocker overdose may be 
countered by administration of intravenous (IV) calcium.176 Beta-
blocker toxicity may require large doses of inotropic agents177 or may 
respond to glucagon.178 Digoxin overdose may respond to digoxin-
binding antibodies.179 In the case of narcotic-induced respiratory de-
pression, subsequent cardiac arrest is usually a specific case of asphyxia 
rather than specific cardiotoxic effects. Intravenous lipid emulsion is 
typically recommended to treated life-threatening local anesthetic 
toxicity (including cardiac arrest) and has been used for other lipid-
soluble poisonings.180,181 In cases of refractory cardiac arrest, both IV 
lipid emulsion and ECPR are reasonable therapeutic consider-
ations.182,183 Poisoned patients are often younger, with few comorbidi-
ties, and may recover well once the poison is eliminated. This potential 
for a better outcome may justify longer and more aggressive efforts at 
resuscitation. A cohort study of recreational drug overdose-related 
cardiac arrest found that overdose-related patients who survived to 
hospital discharge were more likely than other cardiac arrest patients 
to have a favorable discharge disposition.184

Sepsis
Cardiac arrest developing from sepsis may involve direct myocardial 
depression from humoral factors.185,186 Vasodilation also results in ap-
parent hypovolemia. Finally, impaired oxygen extraction, shunting, 
and mitochondrial depression can produce cellular hypoxia. Because 
pump and vascular failure are the principal physiologic derangements, 
the most common initial ECG rhythm would be expected to be a rapid 
PEA that slows to asystole with ischemia. Large doses of inotropes, 
vasoconstrictors, and volume may be needed to restore circulation. 
Acute volume resuscitation may require 100 mL/kg of isotonic fluids 
or more and must be titrated to physiologic endpoints (for example, 
central venous oxygen saturation, CVP, or urine output). Because the 
underlying sepsis physiology will still be present when the pulse is re-
stored, these patients may prove exceedingly unstable during the sub-
acute recovery period and have a reduced chance of survival.30,187–189

Trauma/Hemorrhage
Hypovolemic cardiac arrest occurs after severe trauma, gastrointestinal 
hemorrhage, or other blood loss. Absence of venous return results in 
an empty heart that cannot produce cardiac output despite a normal 
inotropic state and vascular tone. As with sepsis, this situation would 
most likely present with a rapid PEA that slows to asystole, but VF can 
develop in response to global ischemia. Because cardiac function and 
vascular function are initially normal, inotropes and vasoconstrictors 
are unlikely to benefit hypovolemic cardiac arrest. Likewise, during 
hypovolemic cardiac arrest, the empty cardiac ventricles render exter-
nal chest compressions ineffective. As such, there is no physiologic 
justification to employ the same resuscitation measures that are used 
for more traditional cases of cardiac arrest. Instead, attention should 
be turned toward emergent procedures to control hemorrhage, intra-
vascular volume expansion with crystalloid fluids or blood prod-
ucts,190 and mobilization toward definite surgical repair. After restora-
tion of circulation, patients with hemorrhagic cardiac arrest are likely 
to develop multisystem organ failure.190

If blood loss is ongoing or if massive volume replacement cannot 
be rapidly instituted, thoracotomy allows clamping or compression of 
the aorta, perhaps retaining sufficient blood in the proximal aorta to 
perfuse the coronary and cerebral arteries. This procedure has re-
ported success in the treatment of penetrating traumatic injuries191 but 
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not in blunt trauma.192 Survival is better if thoracotomy occurs in the 
operating room after a brief loss of pulse and best if the penetrating 
injury has created a cardiac tamponade that is directly relieved by 
pericardiotomy. Clearly, restoration of circulation must be accompa-
nied by repair of the site of hemorrhage.

Hypothermia
Hypothermia represents an important situation where prolonged re-
suscitative efforts are justified by the greater tolerance of the cold heart 
and brain to ischemia. Survival with favorable neurologic recovery has 
been reported after cold water submersion or exposure, with cardiac 
arrest, and resuscitation efforts lasting several hours.193,194 Subjects in 
whom circulatory arrest occurs because of hypothermia appear to be 
more salvageable than subjects who asphyxiate or have circulatory ar-
rest before becoming cold.195

Treatment should be based upon the initial temperature of the pa-
tient. For temperatures between 32°C and 37°C, no change in drug or 
electrical treatment is required, and this level of hypothermia may be 
beneficial for resuscitation of both brain and heart.196,197 For tempera-
tures between 29°C and 32°C, cardiac activity may be preserved, and 
external warming (warm air, heating lights, warm blankets) and warm 
IV fluids should accompany the usual resuscitation efforts. The likeli-
hood of generating sufficient perfusion to rewarm the body declines as 
temperatures decrease from 32°C to 29°C, and more invasive warming 
should be considered if external warming fails to elicit a rapid re-
sponse. Mechanical and electrical activity of the heart is disrupted at 
temperatures below 28°C, and patients may exhibit PEA, VF that is 
refractory to defibrillation attempts, or asystole. Repetitive rescue 
shocks in such patients are not justified and may be detrimental; in-
stead, rescue shocks should be reserved until the patient has been re-
warmed in the setting of ongoing circulatory support. The efficacy of 
most resuscitation drugs may be impaired.

Active rewarming during resuscitation of victims of severe hypo-
thermia can include arterial and venous access for partial or complete 
cardiopulmonary bypass. Extracorporeal circulation is particularly 
useful because it can provide artificial circulation and warming, simul-
taneously.195,198,199 Another option is the placement of thoracostomy 
tubes and lavage of the chest with warm fluids.200 Thoracostomy is 
intuitively preferable to peritoneal lavage because the heart is directly 
warmed. Warm air forced over the body surface provides the least heat 
exchange.201 In any case, it is difficult to determine whether circulation 
can be reestablished in profoundly hypothermic patients until near-
physiologic core temperatures (32°C–36°C) are restored.

Other Medical Conditions
Comorbidities have a tremendous influence on the outcome of patients 
with cardiac arrest.143,202,203 In some cases, cardiac arrest may be an ex-
pected progression of the patient’s disease. For example, no survivors 
were reported among cancer patients with expected cardiac arrest.203 
Therefore it may be appropriate to set limits on resuscitation efforts in 
certain medical conditions before cardiopulmonary collapse. Ideally, 
discussion about the expectations for resuscitative efforts should be held 
with the patient, his or her family, or the patient’s representatives before 
cardiac arrest. If those discussions did not occur before the first cardiac 
arrest, they should promptly follow any initially successful resuscitation.

POST–CARDIAC ARREST CARE TO MINIMIZE 
BRAIN INJURY

Post–cardiac arrest syndrome is a defined clinical entity, consisting of 
brain injury, myocardial dysfunction, systemic ischemia/reperfusion, 
and the persistent precipitating pathology that caused the cardiac  

arrest.7 Management of this syndrome in patients after restoration of 
circulation directly affects their ultimate outcome. For example, sur-
vival varies for comparable patients treated by a single ambulance 
service who are delivered to different hospitals with institutional dif-
ferences in in-hospital management.5,6 The American Heart Associa-
tion and European Resuscitation Council now incorporate guidelines 
for the treatment of post–cardiac arrest syndrome into their consensus 
scientific statement.27 This section will highlight a bundled post–car-
diac arrest care package, designed to mitigate primary injury and pre-
vent secondary brain injury.

Brain injury after ischemia is an active process that develops in suc-
cessive phases (e.g., ischemic injury, reperfusion injury, and secondary 
injury) over hours to days after resuscitation.204 Multiple cellular and 
molecular mechanisms contribute to this brain injury.204–210 Protein 
synthesis is inhibited at the level of translation initiation for several 
hours.208 Ischemic injury is characterized by energy failure, anoxic de-
polarization, loss of ion gradients, dysregulation of calcium and gluta-
mate, and disruption of the blood–brain barrier. Reperfusion injury is 
characterized by release of excitatory amino acids, generation of free 
radicals and reactive oxygen species, reactive hyperthermia, no-reflow 
phenomenon, and cerebral edema.209 Secondary injury is characterized 
by failure of autoregulation, cerebral hypoperfusion, ongoing cerebral 
ischemia, additional oxidative injury, cerebral edema, seizure, and hy-
perpyrexia. Ultimately, activation of specific proteases between 24 and 
72 hours after reperfusion is associated with the appearance of histo-
logic signs of neuronal death.210 Despite detailed knowledge of the 
mechanisms involved with brain ischemia, no monotherapy drug to 
date has demonstrated a clear benefit in human trials. Randomized tri-
als have examined thiopental, the calcium channel blocker lidoflazine, 
magnesium, and diazepam.211–213 One explanation for this failure is that 
multiple mechanisms contribute simultaneously to the process of isch-
emic neuronal death. Antagonizing one pathway leading to neuronal 
death may leave other backup mechanisms unaffected. Less specific 
therapies, such as reducing brain temperature with or without general 
anesthesia, may prove more effective. For example, multiple prospective 
randomized clinical trials found that controlling body temperature for 
12–24 hours after resuscitation improved survival and neurologic re-
covery.196,214,215 Preliminary clinical trials suggest that inhaled xenon 
combined with induced mild hypothermia mitigates neuronal white 
matter injury and myocardial injury.216,217 Confirmatory randomized 
trials are in progress. Whether temperature reduction itself confers 
benefit or merely served to prevent deleterious hyperthermia, it is im-
portant to note the success of this type of systemic therapy.

Opportunities to mitigate secondary brain injury require attention 
to other organ systems and physiologic processes. Observational data 
also support coronary revascularization and meticulous avoidance of 
hyperthermia, hypotension, hypocarbia, hypoxia, and hyperglyce-
mia.5,218–220 Taken together, systematic brain-oriented intensive care is 
more likely to improve outcome rather than a single therapeutic drug 
or intervention (Table 45.2).

Coronary Revascularization
Given the prevalence of acute coronary occlusions and high-risk coro-
nary artery disease in this population, appropriate treatment of ST 
elevation MI (STEMI) should be promptly initiated, regardless of ini-
tial level of consciousness.221 Historically, this has been extrapolated to 
patients without STEMI because acute coronary ischemia is such a 
common precipitant of cardiac arrest. Repeated observational studies 
have highlighted immediate coronary angiography with concomitant 
coronary intervention as an independent predictor of survival and fa-
vorable neurologic outcome, irrespective of the presence or absence of 
STEMI on the initial ECG.221 But this evidence base was subject to a 

  

 



292 PART III Central Nervous System

high degree of selection bias that likely favored treating patients with a 
presumed better prognosis. Factors typically associated with a higher 
probability of emergency cardiac catheterization include male sex, 
younger age, shockable initial cardiac rhythms, witnessed collapse, and 
bystander CPR.221

Although emergency cardiac catheterization is still recommended 
for patients with STEMI, the requisite timing of cardiac catheteriza-
tion for those with suspected acute coronary syndrome, but without 

STEMI, is an active area of clinical investigation. The first trial to ran-
domize patients after out-of-hospital cardiac arrest from an initially 
shockable rhythm without STEMI or ongoing shock to coronary angi-
ography performed immediately or in a delayed fashion after neuro-
logic recovery was neutral for survival and neurologic recovery.222 This 
neutral finding may be from the mitigation of selection bias or differ-
ing patient populations. Although nearly two-thirds of patients en-
rolled had coronary artery disease, the vast majority constituted stable 
lesions, and few patients had unstable lesions or thrombotic occlu-
sions. Of note, half of the patients in the delayed angiography group 
with acute thrombotic occlusions manifested cardiac deterioration 
and crossed over to receive urgent intervention. A second trial ran-
domizing out-of-hospital cardiac arrest patients without STEMI to 
immediate coronary angiography or intensive care with potential for 
delayed coronary angiography reported preliminary pilot data that did 
not detect prohibitive concerns with feasibility or safety.223 A culprit 
lesion was identified and revascularized in approximately one-third of 
subjects randomized to immediate coronary angiography, and 15% of 
subjects randomized to intensive care crossed over to early coronary 
angiography for subsequent manifestations of ischemia. Multiple ad-
ditional randomized trials are in progress.

Further complicating the interpretation of available data, the ma-
jority of nonsurvivors after resuscitation from cardiac arrest die from 
neurologic complications or iatrogenic withdrawal of life-sustaining 
therapies because of perceived poor neurologic prognosis. Even among 
randomized trials of coronary angiography, death from neurologic 
injury was three times as frequent as death from a cardiac etiology. 
Multiple scores and rubrics have been developed to risk stratify pa-
tients with respect to death from neurologic injury when selecting 
patients for coronary angiography, but none has been rigorously tested 
in a prospective fashion.

Until additional randomized data are available, a reasonable ap-
proach is to pursue emergency coronary angiography and revascular-
ization for patients resuscitated from cardiac arrest with STEMI re-
gardless of initial level of consciousness. Patients without STEMI but 
suspected of acute coronary syndrome fall along a continuum of risk. 
Those with an initial shockable rhythm or ongoing hemodynamic or 
electrical instability are at higher risk for acute coronary lesions and 
are more likely to benefit from definition of coronary artery anatomy, 
revascularization, or percutaneous mechanical circulatory support, all 
of which can be facilitated by left heart catheterization. Whereas for 
patients without these “STEMI-equivalents,” it may be reasonable to 
delay coronary angiography in lieu of optimizing other aspects of 
critical care and estimating the trajectory of neurologic recovery.

Targeted Temperature Management
Meticulous temperature control is important during the first 24–48 
hours after ischemic brain injury. Bacteremia and spontaneous fever 
are common in resuscitated patients, making active prevention of hy-
perthermia mandatory.224,225 Fever prevention is beneficial to the in-
jured brain after traumatic brain injury, stroke, and cardiac ar-
rest.218,226,227 Mechanistically, temperature probably affects more than 
the brain metabolic rate (manipulations of temperature that improve 
neurologic recovery in laboratory studies produce no effect on jugular 
venous lactate or oxygen uptake).228 Instead, a variety of signaling 
pathways and cellular responses are sensitive to relatively small (1°C–
2°C) changes in brain temperature.211,212 Also, lowering brain tempera-
ture can reduce intracranial pressure229 and vulnerability to seizures.230

For nearly 20 years, mild induced hypothermia (32°C–34°C) for 12 
or 24 hours has been the cornerstone of post–cardiac arrest intensive 
care. Two randomized trials published in 2002 found a 24%–30% re-
duction in relative risk for death or poor neurologic outcome231 and 

Temperature Targeted temperature management 33°C–36°C for at least 

24 hours

Rewarm slowly (,0.25°C/h)

Avoid fever for 72 hours or until awake

Cardiovascular Mean arterial pressure .80 mm Hg during the first day 

(inotropic and vasopressor support as needed; invasive 

monitoring as needed)

Reperfusion therapy for STEMI, regardless of concurrent 

coma or treatment with hypothermia

Reperfusion therapy for acute coronary syndromes without 

STEMI if hemodynamically or electrically unstable

Medical management for acute coronary syndromes (anti-

platelet drugs, anticoagulation)

Pulmonary Avoid hyperventilation

Avoid hypoxia or unnecessary hyperoxia

Pneumonitis is common

Gastrointestinal Usual care

Consider early refeeding (after hypothermia) to reduce 

translocation

Fluids/ 

Electrolytes

Monitor CVP and urine output with hypothermia/rewarming

Monitor potassium/electrolytes during temperature 

changes

Keep potassium $3.5 mEq/L

Monitor glucose frequently, normal treatment of hypergly-

cemia .180 mg/dL

Infection Pneumonia is common

Prophylactic antibiotics are of unproven benefit

Treat infections as they are identified

Antipyretics are reasonable

Neurologic CT scan to exclude intracranial lesions

Sedation and muscle relaxation as needed for targeted 

temperature management

Monitor for seizures with continuous EEG

Suppress malignant EEG patterns with antiepileptic therapy

Serial clinical examinations for prognosis

Examinations may change dramatically over first 72 hours 

(or longer with hypothermia treatment)

EEG, SSEP, and MRI with DWI can supplement clinical ex-

amination for prognosis

Consider pharmacologic stimulation in patients with intact 

SSEP but persistent coma

TABLE 45.2 Post–Cardiac Arrest Intensive 
Care

CT, Computed tomography; CVP, central venous pressure; DWI, diffu-

sion-weighted imaging; EEG, electroencephalogram; MRI, magnetic 

resonance imaging; SSEP, somatosensory evoked potential; STEMI, 

ST elevation myocardial infarction.
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significant improvement in the odds of survival and good neurologic 
outcome for subjects resuscitated from VF cardiac arrests.196,214 A sub-
sequent large, prospective, randomized trial comparing a targeted 
temperature of 33°C with 36°C found that both groups had similar 
mortality and neurologic outcome at 180 days.215 The most notable 
difference between the 2002 trials compared with the subsequent trial 
was that the earlier studies did not adequately control temperature in 
the control arm. Temperatures greater than 37°C commonly occurred 
in subjects for both control groups, whereas tight control at 36°C was 
followed in the subsequent trial. Additionally, the subsequent trial used 
a blinded neurologic assessment along with regimented decisions 
about prognosis. Finally, patients in the 33°C versus 36°C trial had very 
high rates of witnessed cardiac arrest, bystander CPR, initial shockable 
rhythm, and very brief intervals from collapse until start of basic life 
support.215 It is possible that subgroups of patients with greater post–
cardiac arrest illness severity may benefit from a specific target tem-
perature or from titrated use of temperature.

Current recommendations are to keep all comatose post–cardiac 
arrest patients at a constant target temperature ranging between 32°C 
and 36°C. This differs from reactive treatment of fever, which is an ac-
tive area of investigation in an ongoing randomized trial. It is errone-
ous to assume that selection of 36°C as a target temperature is synony-
mous with not managing temperature or fever prevention without 
active controls. Active measures require thermostatically controlled 
devices, of which there are many. Importantly, there is no clinical situ-
ation where, at minimum, active control of temperature at 36°C is 
contraindicated.

There is no biologic basis to believe that the neurologic benefit of 
temperature management is specific to patients with one type of 
cardiac rhythm. Patients with all rhythms were included in the larg-
est clinical trial.215 Multiple case series report successful application 
of induced hypothermia for patients after out-of-hospital and in-
hospital cardiac arrest with all initial rhythms.3,232,233 One random-
ized trial specifically comparing a targeted temperature of 33°C with 
37°C in comatose patients resuscitated from cardiac arrest with 
nonshockable rhythms found a 5% absolute increase in 90-day fa-
vorable neurologic outcome.234 At the time of resuscitation, most 
patients are already mildly hypothermic, with core temperatures 
between 35°C and 35.5°C.197,214,215 This spontaneous cooling results 
from mixing of core and peripheral blood compartments during 
circulatory arrest, but patients typically rewarm within a few hours 
after restoration of circulation unless specific interventions are  
instituted.215,235

The maximum delay in achieving target temperature has been 
tested in several randomized trials of prehospital induction of tem-
perature management with both rapid infusion of cold crystalloid 
fluid after return of spontaneous circulation and transnasal evapora-
tive cooling with perfluorocarbons before return of spontaneous cir-
culation.236–240 Although subgroups treated with transnasal evapora-
tive cooling suggest potential for efficacy, these trials have been mostly 
neutral. Of note, more instances of re-arrest and pulmonary edema 
requiring diuresis were observed after undifferentiated prehospital 
administration of cold IV fluid boluses.236–238 This intervention is 
likely best used in a hospital-based critical care setting with adequate 
monitoring and resources.

The optimal duration of temperature management is an active area 
of investigation. Laboratory studies suggest that secondary brain in-
jury occurs for several days after restoration of circulation, manifesting 
as cerebral energy failure, metabolic stress, edema, and seizures.241 Al-
though statistically neutral, one trial randomizing patients to a target 
temperature of 33°C for 24 or 48 hours suggests the potential for im-
proved survival and neurologic recovery with longer durations of 

lower temperature. A subsequent trial testing assorted durations of 
targeting 33°C between 6 and 72 hours is in progress.

Laboratory studies suggest that rewarming should be performed 
slowly (,0.25°C/h). Until additional data are available, a regimen 
similar to the largest clinical trial (at least 24 hours of temperature 
management targeting 33°C–36°C, followed by meticulous fever sup-
pression for at least 3 days) is reasonable.215

After cardiac arrest, temperature management can be achieved by a 
variety of techniques, including surface cooling with ice packs, cooling 
blankets, or endovascular devices.242–251 Initial studies using surface 
cooling alone suggested that it is slow and may require 4–6 hours to 
reach 34°C.243–246 However, neuromuscular blockade and sedation to 
prevent shivering greatly accelerate surface cooling.246 There are few 
direct comparisons of surface cooling and endovascular cooling; how-
ever, endovascular catheters may provide more stable control of tem-
perature over time.246,247 Local cooling of the head is unlikely to pro-
duce brain hypothermia when there is adequate perfusion by warm 
core blood,248 although the head can be an effective site for removing 
heat from the body.251

Rapid infusion of 30 mL/kg cold (4°C) crystalloid fluid produces a 
rapid decrease in core temperature in post–cardiac arrest patients.249,250 
Cold fluid boluses must be administered quickly into the central circu-
lation (via a central line or under pressure infusion via a peripheral 
line). The volume required may limit this intervention in some pa-
tients. Cold IV fluids only produce a transient decrease in core tem-
perature, requiring that a maintenance technique (endovascular or 
surface cooling device) be in place after the infusion.242,251

Induction of cooling can result in peripheral vasoconstriction, with 
an apparent reduction in vascular volume, rise in CVP, and diure-
sis.252,253 Rewarming causes vessels to dilate, CVP to fall, and the patient 
to appear relatively hypovolemic. Inattention to these fluid shifts was 
cited as a pitfall in trials of therapeutic hypothermia for traumatic brain 
injury.254 Hypokalemia, hypophosphatemia, and hypomagnesemia also 
occur during cooling, followed by hyperkalemia during rewarming.255,256 
Frequent monitoring and correction of electrolytes are warranted.

Primary angioplasty is safe in patients undergoing hypothermia 
treatement.154,155 Mild hypothermia greater than 30°C does not inter-
fere with defibrillation. Cooling from 37°C to 31°C has a positive ino-
tropic effect, increasing stroke volume to a greater extent than it de-
creases heart rate.252 Clinical data report a transient 18% decline in 
cardiac index with cooling to 33°C.253

Although mild hypothermia can inhibit platelet function and coagu-
lation,257 these changes are of a small magnitude, leading to few bleeding 
complications, even in subjects with concurrent trauma or administra-
tion of heparinoids and glycoprotein IIb/IIIa inhibitors.197,226 Bleeding 
after hypothermia and cardiac catheterization was reported in 6.2% of 
post–cardiac arrest patients.258 However, mild hypothermia may inhibit 
antiplatelet medications (ticagrelor, prasugrel, and clopidogrel). Early 
studies of post–cardiac arrest patients treated with mild hypothermia 
and percutaneous coronary intervention found a high incidence of stent 
thrombosis (11%–31%), but it was impossible to distinguish between 
the relative contributions of post–cardiac arrest syndrome and iatro-
genic mild hypothermia.259 Subsequent large observational studies com-
paring post–cardiac arrest subjects with and without mild hypothermia 
found no difference in stent thrombosis (~4%).260 Mild hypothermia 
seems to disproportionately affect platelet inhibition by clopidogrel 
compared with other antiplatelet medications, and more stent thrombo-
sis has been observed in patients treated with clopidogrel compared with 
ticagrelor.261,262

Infections may become more common when patients are cooled for 
24 hours or longer.214,263 Elevation in pancreatic enzymes has been re-
ported in cooled patients, but these changes resolve with rewarming.214 
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Creatinine clearance and platelet count may fall during cooling, but 
both parameters normalize with rewarming.214

Hemodynamic Management
Myocardial function declines transiently after cardiac arrest.264 Oxida-
tive stress or other triggers can lead to myocyte damage after reperfu-
sion.265 Clinically, some vasoactive and/or inotropic drug support is 
necessary in most patients resuscitated from cardiac arrest, with ex-
pected hemodynamic recovery over the subsequent 24–48 hours.

During the first day after resuscitation from cardiac arrest, patients 
exhibit increased cerebral vascular resistance266 and absent or right-
shifted cerebral autoregulation, such that brain perfusion declines 
when mean arterial pressure (MAP) declines below 80–120 mm 
Hg.267,268 When blood pressure is maintained, clinical positron emis-
sion tomography (PET) studies suggest that regional perfusion re-
mains matched to metabolic activity after cardiac arrest,269,270 yet mi-
crovascular dysfunction can still lead to regions of no-reflow. The 
brain is particularly sensitive to hypotension and may require a higher 
MAP than normal during the first hours to days after cardiac arrest. 
Periods of hypotension after circulation is restored add further sec-
ondary ischemic brain injury and are associated with death and poor 
neurologic recovery.219,271 Higher MAP is associated with survival and 
better neurologic recovery.272,273 Conversely, broad indiscriminate ap-
plication of higher MAP targets may worsen vasogenic edema or oxi-
dative injury in the subset of patients with intact autoregulation. Inva-
sive monitoring of cerebral oxygenation and blood flow to titrate 
hemodynamic parameters to patient-specific optimal cerebral perfu-
sion pressure is an active area of investigation.204

For most patients, relative hypertension (MAP of 80–100 mm Hg), 
if tolerated by the heart, should be considered using inotropes and/or 
pressors to prevent brain hypoperfusion. Hemodynamic management 
strategies are not well defined in most post–arrest care implementa-
tion studies,274 and no specific choice of pressors has been demon-
strated to be superior. Dopamine (5–20 mg/kg/min), norepinephrine 
(0.01–1 mg/kg/min), and/or epinephrine (0.01–1 mg/min) are all 
potential agents. Dopamine has the disadvantage of inducing tachy-
dysrhythmias. Epinephrine has more positive inotropy than norepi-
nephrine but can prolong lactic acidosis. Thus norepinephrine is a 
common first-line agent. Additional inotropic support (dobutamine 
2–15 mg/kg/min; milrinone 50 mg/kg/min loading dose followed by 
0.375–0.75 mg/kg/min infusion) may be necessary in cases of ongoing 
shock despite adequate MAP and hemoglobin (as assessed by severe 
hypokinesis, low venous oxygen saturation [SvO2], oliguria, and/or 
failure to clear serum lactate). Ultimately, the choice and doses of these 
agents must be titrated to individual patients.

Mechanical circulatory support should be strongly considered for 
patients with persistent shock despite optimization of medical man-
agement. Historically, the intraaortic balloon pump was frequently 
used for hemodynamic support, but multicenter randomized trials 
have failed to demonstrate a mortality reduction in patients with 
STEMI and cardiogenic shock.275 An alternative approach is utilization 
of a temporary left ventricular assist device that augments left ventri-
cle-to-aorta blood flow via an axial pump.276 It provides up to 3.5 L/
min of blood flow when placed percutaneously and up to 5 L/min of 
blood flow when placed surgically.277 Extracorporeal circulatory sup-
port with a venous-to-arterial circuit may be preferred in patients with 
ongoing cardiopulmonary resuscitation, right heart failure, or those 
without sufficient gas exchange. Ultimately, the means of mechanical 
support selected depends on the patient’s hemodynamics, the expected 
hemodynamic impact of the device, the ease and rapidity of insertion, 
underlying comorbidities or contraindications, and the ultimate goals 
of support.

Oxygenation and Ventilation
Oxygenation must be balanced to avoid both cerebral hypoxemia and 
additional oxidative stress. Multiple observational studies note that 
post–cardiac arrest hyperoxia (partial pressure of oxygen [PaO2] $300 
mm Hg) is associated with higher inpatient mortality than nor-
moxia.278,279 These studies speculate that high oxygen concentration 
increases oxidative free radical damage. One multicenter cohort study 
found a linear, dose-dependent relationship between levels of oxygen 
tension and inpatient mortality but could not identify a single thresh-
old for harm.280 Few randomized data are available, and several large 
prospective randomized trials testing different oxygen titration strate-
gies are in progress.281 In the absence of evidence to support a specific 
FiO2 goal for patients, it is reasonable to titrate fraction of inspired 
oxygen (FiO2) to the lowest values sufficient to maintain a normal ar-
terial oxyhemoglobin saturation (94%–98%).

Although cerebral autoregulation is frequently impaired, carbon 
dioxide (partial pressure of carbon dioxide [PaCO2]) remains a major 
regulator of cerebral blood flow.268 Observational studies note that 
both hypocapnia (PaCO2 #30 mm Hg) and hypercapnia (PaCO2 $50 
mm Hg) are independently associated with poor neurologic out-
come.282 Few randomized data are available, and large prospective 
randomized trials are in progress.281 In the absence of evidence to sup-
port a specific PaCO2 goal for patients, extrapolating from traumatic 
brain injury suggests it is best to ventilate with a goal of normocarbia 
(PaCO2 35–45 mm Hg).

Glucose Control
Elevated serum glucose is common after cardiac arrest and is associated 
with poor outcome,139,283 but hyperglycemia may simply be a marker of 
greater illness severity. Both epinephrine and physiologic stress can el-
evate serum glucose, and mild hypothermia may reduce insulin sensi-
tivity.284 However, multivariate models that account for resuscitation 
time and medication usage show an effect of serum glucose on admis-
sion and the first 48 hours of intensive care on long-term outcome.5,285 
Monitoring of glucose and treatment of hyperglycemia are reasonable.

Intensive glycemic control with a low target range (72–108 mg/dL, 
4–6 mmol/L) has not proven beneficial outside of the surgical population 
where it was first studied286 and may be harmful in medical intensive 
care.287,288 After cardiac arrest, there was no difference in outcome when 
a moderate glucose range was targeted (108–144 mg/dL; 6–8 mmol/L) 
versus a strict lower range (72–108 mg/dL; 4–6 mmol/L).289 However, the 
incidence of hypoglycemic events was higher in the strict versus moderate 
control group (18% vs. 2% of patients). Given the available data, treat-
ment of glucose levels above 180 mg/dL (10 mmol/L) is reasonable.

Hematologic Changes
Cardiac arrest is associated with activation of coagulation that is not 
balanced by fibrinolysis and is perhaps related to ischemic injury to the 
endothelium. This hematologic profile is reminiscent of disseminated 
intravascular coagulation and may contribute to subsequent end- 
organ dysfunction via the no-reflow phenomenon.290 Markers of 
thrombogenesis that have been reported include increased thrombin–
antithrombin complexes and fibrinopeptide A.290,291 These increases 
are not balanced by fibrinolytic factors for at least 24 hours.

At present, use of anticoagulation is variable, and there are no pro-
spective trials evaluating the effect of empiric anticoagulation after 
resuscitation. Anticoagulation and even fibrinolytic drugs are safe after 
CPR.169,292–294 A retrospective series noted a univariate relationship 
between anticoagulation and 6-month survival that was not significant 
in a multivariate model.285 Given the hematologic evidence of active 
thrombogenesis, anticoagulation should be considered whenever there 
is a possibility of a thrombotic etiology.
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Infection
Both ischemia-triggered systemic inflammatory responses and infec-
tions are common after cardiac arrest.263 Pneumonia, bloodstream 
infections, and catheter-related infections are the most common infec-
tious complications.263,295 Pneumonia, especially, is associated with the 
duration of mechanical ventilation and length of ICU stay but does 
not appear to have an impact on mortality or neurologic out-
come.263,295,296 Bacteremia occurs in 39% of patients during the first 12 
hours after resuscitation.224 The accurate diagnosis of post–cardiac ar-
rest infections is hampered by an associated increase in inflammatory 
markers297,298 and body temperature control.

Observational studies suggest that antibiotic prophylaxis is not as-
sociated with a reduction in the incidence of pneumonia or improved 
clinical outcomes. Subsequent randomized trials of antibiotic prophy-
laxis compared with placebo in mechanically ventilated adults resusci-
tated from cardiac arrest found a lower incidence of early ventilator-
associated pneumonia (VAP), but no statistical change in other 
intermediate outcomes or clinical outcomes.299 Institutional VAP pre-
vention bundles are appropriate, but the clinical value of prophylactic 
antibiotics does not appear to outweigh the associated costs and ad-
verse effects.299 Otherwise, selective treatment of identified infections 
is reasonable and appropriate.

Predicting Neurologic Recovery
The goal of clinical practice is always to restore the patient to full con-
sciousness and function.300 Nearly all patients with circulatory arrest of 
more than 1 or 2 minutes will be comatose at initial presentation, but 
some of these patients can recover and awaken. Therefore signs of neu-
rologic activity immediately after restoration of circulation are encour-
aging, but their absence does not preclude eventual recovery. Unfortu-
nately, many cardiac arrest survivors fail to completely awaken and may 
meet criteria for a persistent vegetative state.301,302 The status of patients 
who do not quite meet these criteria but are not awake has been de-
scribed as a minimally conscious state.303 Less than 10% of patients who 
are hospitalized after cardiac arrest progress to formal brain death.23

Determining the neurologic prognosis of patients resuscitated 
from cardiac arrest has been the subject of multiple reviews and guide-
line statements304–307 before and after the setting of modern ICU care. 
Some of the traditional findings associated with poor outcome308–310 
are no longer valid in the setting of modern ICU care and targeted 
temperature management. In fact, good survival has been reported 
after some situations previously believed to have universally poor out-
comes such as post–cardiac arrest status myoclonus and seizures311,312 
or the absence of cortical responses on evoked potentials.313 Neuro-
logic recovery continues over a longer period than the 3 days recom-
mended in historical publications.304,305 Therefore longer periods of 
support and observation are appropriate for many patients. Further-
more, a multimodal approach that includes physical examination, 
imaging, and neurophysiologic studies is essential to determine prog-
nosis.311 No examination finding or test should be used in isolation to 
finalize neurologic prognosis. In a practical approach, the clinician can 
make an initial estimate of the probability of recovery based on clinical 
examination. As more information becomes available from clinical 
progression, imaging studies, and neurophysiologic studies, this esti-
mate is revised in order to advise families and proxy decision makers. 
Daily reevaluations are required to decide if ongoing therapy is consis-
tent with the patient’s goals in light of the best estimate of the proba-
bility of various outcomes.

Baseline Probability of Recovery
In cohorts of patients admitted to a hospital after in-hospital and 
out-of-hospital cardiac arrest, approximately 31%–33% of patients 

recovered to a favorable functional status.22,23 Although clinicians 
could start with an estimate that all patients have about 30% chance 
of good recovery, it is obvious that some patients have much greater 
illness severity than others at admission. The initial expectation of 
survival should be revised based on this fact. Various prognostic tools 
or scores can refine the estimated odds of recovery based on initial 
physiologic status or case features.314,315 One simple score is the Pitts-
burgh Cardiac Arrest Category (PCAC) (Box 45.1). This score di-
vides patients into four categories based on initial coma examination 
and degree of cardiopulmonary failure.316 Probability of survival, 
good functional recovery, and risk of multiple organ failure vary by 
category. This particular score offers the advantages of being fast, 
easy to communicate, and validated in prospective cohorts.317

Clinical Examination
Pupillary reflexes, corneal reflexes, and motor activity can change over 
the first 72 hours after resuscitation and should not be used to defini-
tively prognosticate during these initial 3 days.310 The false-positive 
rate ([FPR] percentage where tests predict a poor outcome but patients 
have a good outcome) for absent pupillary light reflexes is much lower 
after 72 hours or more (FPR 0%–10%) compared with less than 72 
hours (FPR 8%–52%). Likewise, absent corneal reflexes after 72 hours 
or more (FPR 0%–11%) are more informative compared with less 
than 72 hours (FPR 11%–75%).27 Motor response less than flexion at 
3 days has an FPR of 8%–14%.27 The presence of myoclonus is less 
precise for predicting poor outcome (FPR 3%–12%) and must be dis-
tinguished from status myoclonus (persistent, repetitive myoclonus). 
Status myoclonus within 72 hours is associated with death or vegeta-
tive state (FPR 0%–3%).27 Regardless of the clinical examination 

BOX 45.1 Post–Cardiac Arrest Category

The category of a patient can be assessed quickly on arrival to better stratify 

the initial probability of survival and risk of different complications. Precise 

research definitions of the categories use scoring systems assessed within 6 

hours of return of pulses,316 but clinical examination can usually sort patients 

into categories. Neurologic examination cannot be assessed if drugs or para-

lytics are confounding.

Category 1—Awake (Follows Commands)

80% chance of survival; 60% chance of good functional recovery

,5% chance of multiple organ failure

Category 2—Coma With Preserved Brainstem Reflexes*

60% chance of survival; 40% chance of good functional recovery

20% chance of multiple organ failure

Category 3—Coma With Preserved Brainstem Reflexes and 

Severe Cardiopulmonary Failure**

40% chance of survival; 20% chance of good functional recovery

40% chance of multiple organ failure

Category 4—Coma With Loss of Brainstem Reflexes

10% chance of survival; 7% chance of good functional recovery

35% chance of multiple organ failure

* Coma with preserved brainstem reflexes 5 FOUR score Motor 1 

Brainstem scale $4; typically present with pupillary light reflex, cor-

neal reflex, and some movement of extremities (at least posturing)
** Severe cardiopulmonary failure 5 SOFA score cardiac 1 respiratory 

subscales $4; typically more than one pressor drug, norepinephrine, 

or equivalent at rates .0.1 mg/kg/min and/or ventilator settings with 

PaO2/FiO2 ratio ,100.
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finding in question, subjects with lower body temperature require 
longer periods of observation to clear potentially confounding factors 
introduced by sedation.318

Physiologic response to targeted temperature management pro-
vides another avenue for insight into the potential for neurologic  
recovery. The presence of shivering,319 the amount of patient heat 
generation (derived from the inverse average water temperature of 
cooling devices),320 and the presence of bradycardia (,60 beats/min)321 
during the induction and maintenance of temperature management are 
each associated with favorable neurologic outcome.

Imaging Studies
Imaging of the brain is important to exclude injury incurred at the 
time of collapse and to exclude intracranial causes of collapse. A non-
contrast cranial CT scan to exclude hemorrhage is prudent in coma-
tose patients after cardiac arrest and before anticoagulation or fibrino-
lytic therapy.322,323 In general, noncontrast CT scan is insufficiently 
sensitive to determine prognosis after cardiac arrest unless severe 
changes are present, such as generalized edema that is often associated 
with loss of brainstem reflexes and may progress to herniation and 
brain death (Fig. 45.7). The amount of brain edema can be quantified 
with a ratio of attenuation (Hounsfield units) in select regions of gray 
matter and white matter. This “gray-to-white ratio” (GWR) is directly 
associated with survival and functional outcome.324,325 Very low GWR 
values averaged throughout the brain within 6 hours after restoration 
of circulation are associated with poor outcome (FPR 0%–15%). 
Whether treatment of cerebral edema is worthwhile or futile has not 
yet been studied.

Magnetic resonance imaging (MRI) can visualize subtler changes 
in the brain after cardiac arrest via increased cortical signals on diffu-
sion-weighted images (DWI) or apparent diffusion coefficient (ADC) 
maps.326–328 For patients who remain comatose for several days and in 
whom clinical or electrophysiologic testing is indeterminate, MRI pro-
vides additional information about the extent of brain injury. Expecta-
tions and enthusiasm for long-term support may be reduced if exten-
sive cortical lesions are present, whereas persistence may be justified if 
the anatomic extent of injury appears limited. An important caveat 

with the interpretation of all brain imaging after global ischemia is  
the differing clinical impact of lesions in different brain regions. The 
anatomic complexity of the brain precludes any simple quantitative 
relationship between the number or size of lesions and outcome. Iso-
lated DWI abnormalities or low ADC values in single anatomic loca-
tions are not specific for poor neurologic outcome.329 Furthermore, 
the existing literature about MRI is limited by indication bias: only a 
select subgroup of patients who are not improving clinically have this 
test, potentially inflating the prognostic significance of any findings. 
Long-term cognitive deficits are associated with global brain volume 
loss after cardiac arrest.330 MRI should be used as an adjunct for assess-
ing post–cardiac arrest brain damage in centers with neurologic or 
neuroradiologic expertise for interpreting these tests.

Neurophysiology
Electroencephalogram (EEG) patterns after resuscitation change over 
time.331,332 The primary utility of an EEG is to diagnose seizures and 
exclude nonconvulsive seizures as an etiology of unresponsiveness. 
Seizures are diagnosed clinically in 5%–20% of comatose patients after 
cardiac arrest,312 and the true incidence of nonconvulsive electro-
graphic seizures may be higher. Termination of seizures, if possible, is 
essential to allow untainted assessment of the neurologic examination 
(Fig. 45.8). EEG abnormalities occur over a spectrum of severity 
(nothing epileptiform, nonperiodic epileptiform discharges, periodic 
discharges, and polyspike-wave discharges) directly associated with 
subsequent likelihood of poor outcome.333 Generalized suppression 
(,20 mV), burst-suppression pattern associated with generalized epi-
leptic activity, or diffuse periodic complexes on a flat background dur-
ing the first week after resuscitation are associated with poor neuro-
logic outcome.308 Likewise, refractoriness of epileptiform patterns to 
antiepileptic therapy, as estimated by the number of antiepileptic 
drugs administered, also portends worse outcomes.333 The presence of 
malignant EEG patterns provides information that is additive with 
clinical evaluation.334 Thus EEG should not be used by itself to deter-
mine prognosis, but the information provided by EEG can exclude 
confounders (seizures) and be integrated into the total clinical picture 
used to assess prognosis.

A B C D

Fig. 45.7 Imaging of the brain after cardiac arrest. A, Severe cerebral ischemia appears as sulcal effacement, 

with loss of contrast between gray matter and white matter. Congestion of blood in meninges (pseudosubarach-

noid hemorrhage [arrow]) sometimes is evident. This pattern on early computed tomography (CT) scan often 

progresses to herniation and brain death. B, Less severe early changes show edema (hypodensity) restricted to 

the basal ganglia (arrow), with sparing of the cortex. C, Increased magnetic resonance imaging (MRI) signal from 

extensive areas of cortex on diffusion-weighted images (DWI) of this patient correspond to devastating brain 

injury with persistent coma. This patient showed no improvement in coma. D, DWI for same patient in B illus-

trates high-intensity signal from damaged subcortical areas. In this case, the cortex and other structures are 

normal. After 5 days of coma, this patient awoke, completed rehabilitation, and recovered completely.
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Electrophysiologic response to stimuli can also be used to assess 
whether cortical regions are intact. Recovery of longer latency event-
related potentials are associated with awakening.335–337 Conversely, 
absence of short latency (N20) cortical response to somatosensory 
evoked potentials (SSEPs) is very specific for poor neurologic outcome 
(FPR 0%; 95% confidence interval [CI], 0%–2%).305–307 Like EEG, 
SSEP responses vary with the elapsed time since resuscitation.331 Re-
cent data suggest that the use of therapeutic hypothermia may increase 

the time-dependent changes in SSEP. One case series reported two 
patients treated with hypothermia who had absent N20 responses at 3 
days after cardiac arrest but recovered cognition.312 Therefore it may be 
reasonable to repeat SSEPs that show absent N20s several days apart in 
order to avoid false-negative tests.

Blood Markers
Several peptides appear in the blood after brain injury, including neu-
ron-specific enolase (NSE) and the glia-derived protein S-100B. After 
cardiac arrest, NSE reaches a maximum level in serum at 72 hours. High 
NSE levels at 48–72 hours or NSE levels that continue to rise over the 
first 72 hours after resuscitation are associated with poor outcome.337–339 
In contrast to NSE, peak levels of S-100B in serum occur during the first 
24 hours after resuscitation, and higher S-100B levels are associated with 
poor neurologic outcome.338,340 Hypothermia treatment appears to alter 
serum NSE levels.341 Use of NSE or S-100B to determine prognosis is 
limited by the absence of a clear cutoff value that is unsurvivable and the 
lack of a universal standard for laboratory assays. NSE can also be re-
leased by injury from nonbrain organs.342 These neuronal markers may 
be considered a tool for following brain injury longitudinally, analogous 
to troponin levels for following myocardial injury. Additional biomark-
ers under investigation include glial fibrillary acidic protein, serum tau 
protein, and serum neurofilament light chain.

In summary, the determination of neurologic prognosis after car-
diac arrest varies from patient to patient. Changes in clinical examina-
tion are the cornerstone of prognostication. While the patient is recov-
ering, hypothermia and supportive care may increase the likelihood of 
recovery. However, electrophysiologic and imaging techniques add 
further useful information to help guide clinicians and families. The 
approximate timing for each of these studies is depicted in Fig. 45.9. 
Prognostication guidelines from the European Resuscitation Council 
and European Society of Intensive Care Medicine343 emphasize the 
bilateral absence of pupillary and corneal reflexes or N20 wave of 

Epileptiform EEG rhythm

nAcute suppression with propofol infusio
or benzodiazepine boluses

Load antiepileptic drug (AED)
(e.g., valproic acid)

If malignant rhythm not suppressed in 1–2 hours

If malignant rhythm not suppressed in 1–2 hours

If malignant rhythm not suppressed in 1–2 hours

Increase benzodiazepine or propofol
Repeat first AED bolus

Add second AED (e.g., levetiracetam)

Add third AED (e.g., fosphenytoin)

Increase doses of AED
Consider barbiturate or anesthetic

Fig. 45.8 Electroencephalogram (EEG) and antiepileptic drug (AED) 
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Fig. 45.9 Rational approach to neurologic treatment, monitoring, and testing after cardiac arrest. For 

patients remaining in a coma, hypothermia treatment followed by therapy and stimulation may improve re-

covery. Early electroencephalogram (EEG) monitoring is recommended to allow detection and treatment of 

seizures and to supplement estimations of prognosis. Absence of cortical response on somatosensory 

evoked potential (SSEP) or malignant EEG patterns after hypothermia treatment help identify subsets of pa-

tients unlikely to ever show improvement. When those tests are indeterminate and there is no sign of clinical 

improvement, magnetic resonance imaging (MRI) of the brain helps quantify the extent and location of injury, 

which in turn assists in decisions about continuing long-term support in light of patient and surrogate wishes. 

Most tests are not required when patients exhibit clear clinical improvement. Conversely, patients who prog-

ress to brain death should undergo formal brain death testing once sedative confounders, metabolic abnor-

malities, and shock have been corrected.
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SSEPs as the most robust predictors of poor outcome irrespective of 
body temperature. Early myoclonus, elevated values of NSE at 48–72 
hours from cardiac arrest, unreactive malignant EEG patterns after 
rewarming, and diffuse signs of anoxic injury on CT or MRI are useful 
but less robust predictors. Prolonged observation should be considered 
when the results of these initial assessments are inconclusive.

REHABILITATION

The role of rehabilitation or other therapy in recovery from neurologic 
impairment after cardiac arrest is an active area of investigation. It is 
clear that both patients and their caregivers have complex needs if 
neurologic injury is severe.344 Rehabilitation after global brain isch-
emia can produce similar improvements to those after traumatic brain 
injury.345,346 Early utilization of basic rehabilitative services, including 
physical therapy and occupational therapy, may help promote recov-
ery, just as in acute stroke.347 When arousal or level of consciousness is 
impaired after traumatic brain injury, stimulants such as methylpheni-
date or amantadine have been employed with reduction in total ICU 
stay or improved final status.348,349 Although these data are few and 
indirect, addition of stimulants for post–cardiac arrest patients who 
linger in intermediate coma might be considered, if medically toler-
ated.350 Functional and cognitive recovery in survivors who were ini-
tially comatose occurs over at least 6 months.122 Global measures of 
outcome such as cerebral performance category (CPC) and modified 
Rankin scale (mRS) do not fully characterize the nuanced patterns of 
disability, which tend to center around memory, attention, executive 
function, mood, fatigue, and participation.351,352

WITHDRAWAL OF LIFE-SUSTAINING TREATMENT

For adults who are neurologically devastated after cardiac arrest in 
North America, it is more common to die in a hospital than to receive 
long-term care. An estimated 44% of patients who are initially resusci-
tated from cardiac arrest in a hospital have withdrawal of care later in 
their hospitalization.14 For patients resuscitated from out-of-hospital 
cardiac arrest, 61% die after withdrawal of life-sustaining treatments 
because of predicted neurologic prognosis.23 Because these decisions 
are often based on the neurologic prognosis of the patient, withdrawal 
of life-sustaining treatment limits the number of neurologically im-
paired individuals who are discharged from the hospital. Conse-
quently, quality of life for those patients who do leave the hospital is 
generally high.21,353,354 Popular reports of awakening after long coma 
may cause inappropriate optimism for families of patients or surrogate 
decision makers. Partial awakening of patients into a persistent vegeta-
tive state or minimally conscious state can further confuse their expec-
tations. Decision makers should receive information about these  
syndromes, realistic expectations of recovery, and any specific consid-
erations for the individual patient. Religious, cultural, and personal 
beliefs will contribute to decisions, and appropriate social service and 
pastoral support should be provided. Finally, for patients who survive 
cardiac arrest but who later progress to death or brain death, it is rea-
sonable to evaluate their candidacy to become organ donors: outcomes 
for transplanted organs from this population are comparable to all 
other donors.355

SUMMARY

Improvement in outcome after cardiac arrest will require attention both to 
the reversal of cardiopulmonary arrest and to restoration of conscious-
ness. Isolated attention to only the heart or only the brain is unlikely to 
improve outcomes for many patients. Appropriate prioritization of the 

various tools for cardiac resuscitation, along with emphasis on the basic 
mechanics of artificial circulation, may increase the number of individuals 
reaching the ICU. Induction of mild hypothermia, correction of hemody-
namic and metabolic perturbations, along with proper treatment of the 
root cause of the cardiac arrest may increase the number of initially coma-
tose patients who awaken. Constant reassessment of the likelihood of 
meaningful recovery, based on clinical examination and ancillary testing, 
can guarantee that continued care and interventions are appropriate.

KEY POINTS

• Improvement in outcome after cardiac arrest requires attention both to im-

mediate reversal of cardiopulmonary arrest and promoting recovery of brain 

function through subsequent ICU interventions. Isolated attention to only 

the heart or only the brain is unlikely to improve outcomes for many patients 

(see Fig. 45.8).

• Increased emphasis on the basic mechanics of artificial circulation, specifi-

cally uninterrupted vigorous chest compressions, may increase the number 

of individuals reaching the ICU.

• It is necessary to prioritize the various adjunct tools for cardiac resuscitation. 

For example, time devoted to tracheal intubation may delay drug therapy and 

interrupt chest compressions without altering overall hemodynamics.

• The cornerstone of drug therapy during resuscitation attempts is the selec-

tive administration of vasoactive drugs that will increase CPP developed by 

chest compressions. Rote, repeated administration is unlikely to result in 

favorable neurologic outcome.

• Induction of targeted temperature management, correction of hemodynamic 

and metabolic perturbations, and proper treatment of the root cause of the 

cardiac arrest may increase the number of initially comatose patients who 

awaken.

• Neurologic prognosis is determined using serial clinical examinations sup-

plemented by neurophysiologic or imaging tests. Clinical examination con-

tinues to change for many days after cardiac arrest, and even longer periods 

of observation are required for patients with lower body temperature. Con-

stant reassessment of the likelihood of meaningful recovery can guarantee 

that continued care and interventions are appropriate.

 References for this chapter can be found at expertconsult.com.
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therapies are available to the patient. For patients developing focal 

neurologic symptoms while already hospitalized in an intensive care 

unit (ICU) or other hospital floor, the algorithm should be identical.

Ischemic strokes generally are classified as large artery atherosclero-

sis, small vessel occlusion, cardioembolism, stroke of other determined 

etiology, or stroke of undetermined etiology.7 In the first few minutes 

to hours after ischemic stroke, identification of stroke mechanisms 

may be difficult or impossible. Emergent diagnosis is greatly enhanced 

by imaging modalities and should include both parenchymal and ves-

sel imaging, such as computed tomography (CT) and magnetic reso-

nance imaging (MRI)8 with angiography.

IMAGING OF ACUTE STROKE

Differentiating ischemic from hemorrhagic stroke is necessary before 

deciding on thrombolytic administration, and imaging obviously plays 

a key role in this regard. However, imaging may provide much more 

information. At most stroke centers, time from symptom onset (i.e., 

time when patient was last confirmed to be seen at normal baseline) is 

a major determining factor in whether a patient is a candidate for in-

travenous thrombolysis (up to 3 hours) or intraarterial therapy (up to 

24 hours). An emerging concept is that physiology rather than time 

should be used to decide on treatment eligibility.9 For example, some 

patients within the 3-hour time window may already have established 

infarction that would not reverse with thrombolysis and may result in 

hemorrhage owing to reperfusion of infarcted brain. Conversely, some 

patients may have salvageable brain tissue despite presentation well 

after the 3-hour time window.10,11 A physiologic estimate of tissue vi-

ability would be preferable to a fixed time interval if a study were 

found that reliably predicted viability of brain after stroke. CT and 

MRI have the potential to provide this measurement.12

Computed Tomography
A noncontrast head CT is the initial imaging modality of choice for 

patients with suspected stroke. The foremost reason is that CT scans 

can be readily and quickly obtained because of the widespread avail-

ability of CT scanners; the second reason is the ability of CT to exclude 

intracranial hemorrhage. In addition to differentiating ischemic stroke 

from hemorrhage, CT may demonstrate subtle parenchymal abnor-

malities indicative of early edema or infarction. Previously, it was be-

lieved that these changes did not occur on CT for at least 6 hours after 

ischemic stroke. More recent studies indicate, however, that early 

changes of ischemia frequently occur within a few hours of stroke 

onset and have been seen as soon as 1 hour after stroke.13 These 

changes include reduced attenuation in the basal ganglia2; loss of gray-

white differentiation, particularly in the insular region14; low density in 

the cortex and subcortical white matter; and loss of sulcal markings, 

suggesting early mass effect and edema (Fig. 46.1A and B).15

Stroke is currently recognized as the fifth most common cause of death 

and the leading cause of permanent disability in the United States, af-

fecting nearly 795,000 people annually.1 Acute ischemic stroke is a true 

medical emergency and must be treated with a swift yet pragmatic ap-

proach. The rationale for acute ischemic stroke treatment is based on 

the concept of the ischemic penumbra. When arterial occlusion occurs, 

an area of irreversibly infarcted brain (i.e., core infarct) is surrounded 

by a region that has reduced blood flow that impairs function (i.e., 

ischemic penumbra), although not of sufficient severity to result in 

irreversible infarction. If adequate blood flow can be restored within a 

critical time frame, this area of at-risk tissue may be salvageable and 

return to normal function. The relationship between blood flow levels 

and duration for human stroke is still being elucidated, but based on 

laboratory studies, the more quickly restoration of blood flow occurs, 

the greater the probability that the salvageable tissue will be spared 

from permanent damage.2,3

In 1995 the National Institute of Neurological Disorders and Stroke 

(NINDS) rt-PA Stroke Study Group showed for the first time an im-

provement in ischemic stroke outcome with acute treatment.4 At pres-

ent, intravenous tissue plasminogen activator (tPA) is the only treat-

ment that has been approved by the Food and Drug Administration 

(FDA) for acute ischemic stroke patients presenting within 3 hours of 

symptom onset. Intraarterial therapy with stent retriever thrombec-

tomy should be considered in patients presenting with acute ischemic 

stroke within 24 hours of symptom onset.5,6 Other treatments for 

acute ischemic stroke, such as neuroprotective agents and cell replace-

ment therapy, continue to be investigated.

EMERGENT STROKE EVALUATION

For patients in the field who develop symptoms concerning for acute 

ischemic stroke, once emergency medical services (EMS) are activated, 

a rapid neurologic assessment is performed using one of several pre-

hospital stroke scales. These quick screening tools allow uniformity in 

assessing stroke deficits that clarify communication of the patient’s 

status to the receiving emergency department. It is helpful if prehospi-

tal personnel are able to firmly establish with family or bystanders who 

witnessed the patient’s symptom onset the precise time at which the 

patient last appeared normal. Upon arrival, or more ideally, before ar-

rival at the emergency department, a “brain attack code” or “stroke 

code” is disseminated to members of the stroke team.

A stroke team typically consists of individuals from multiple disci-

plines with specialized knowledge and interest in acute stroke care and 

often includes a vascular neurologist, nursing coordinator, and where 

available, a neurointerventionalist. A neurologist performs a National 

Institutes of Health Stroke Scale (NIHSS) (Table 46.1) assessment as 

an additional rapid neurologic assessment tool to better localize and 

ascertain the degree of clinical deficit, as the score may affect which 
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1A. Level of Consciousness (LOC) 1B. LOC Questions 1C. LOC Commands

0 5 Alert

1 5 Not alert, but arousable

2 5 Not alert, obtunded

3 5 Coma

Ask the month and his or her age.

0 5 Answers both correctly

1 5 Answers one correctly

2 5 Answers neither correctly

Open and close the eyes.

Open and close the nonparetic hand.

0 5 Performs both tasks correctly

1 5 Performs one task correctly

2 5 Performs neither task correctly

2. Best Gaze (Horizontal) 3. Visual Fields 4. Facial Palsy

0 5 Normal

1 5 Partial gaze palsy

2 5 Forced deviation or total gaze paresis

0 5 No visual loss

1 5 Partial hemianopia

2 5 Complete hemianopia

3 5 Bilateral hemianopia

0 5 Normal

1 5 Minor paralysis

2 5 Partial paralysis (total or near-total paralysis of lower face)

3 5 Complete paralysis of upper and lower face

5. Motor Arm 6. Motor Leg 7. Limb Ataxia

Right

Arm extended with palms down 90 degrees (if 

sitting) or 45 degrees (if supine) for 10 seconds

0 5 No drift

1 5 Drift; limb drifts down from position and 

does not hit bed or support in 10 seconds

2 5 Some effort against gravity

3 5 No effort against gravity

4 5 No movement

Left

Right

Leg extended at 30 degrees, always tested 

supine for 5 seconds

0 5 No drift

1 5 Drift; limb drifts down from position and 

does not hit bed or support in 5 seconds

2 5 Some effort against gravity

3 5 No effort against gravity

4 5 No movement

Left

The finger-nose-finger and heel-shin tests

0 5 Absent

1 5 Present in one limb

2 5 Present in two limbs

8. Sensory 9. Best Language 10. Dysarthria

To Pinprick or Noxious Stimuli

0 5 Normal

1 5 Mild to moderate sensory loss

2 5 Severe to total sensory loss

0 5 No aphasia, normal

1 5 Mild to moderate aphasia

2 5 Severe aphasia

3 5 Mute, global aphasia, coma

0 5 Normal

1 5 Mild to moderate

2 5 Severe (including mute/anarthric because of aphasia); do 

not score if intubated

11. Extinction and Inattention  Total Score:

0 5 No abnormality

1 5 Present

2 5 Profound (two modalities)

TABLE 46.1 National Institutes of Health Stroke Scale

B C DA

Fig. 46.1  A, Normal computed tomography (CT) scan of brain 2 hours after onset of aphasia and left hemi-

paresis. B, Repeat CT scan at 5 hours after stroke onset shows early CT changes, including basal ganglia 

hypodensity, loss of the insular ribbon, and slight effacement of the sulci on the left. C, CT angiogram at 5 

hours after stroke onset shows complete occlusion of the left middle cerebral artery (MCA). D, Rapid recon-

struction of the CT angiogram again shows occlusion of the left MCA.

A hyperdense middle cerebral artery (MCA) occurs in 20%–37% of 

cases,16 indicating acute thrombus within the artery. This condition 

rarely occurs without at least one other early CT abnormality. Hyper-

density in the basilar artery associated with thrombosis also has been 

reported.17 In 100 patients studied within 14 hours (mean 6.4 hours) 

of stroke onset, multiple early CT abnormalities correlated with the 

size of the subsequent infarct and poor outcome.16 In the ECASS I trial 

of tPA for acute stroke, early CT changes correlated with larger subse-

quent infarct volume and a greater likelihood of hemorrhagic conver-

sion after tPA.18 Quantitative assessment of CT changes using the 
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all patients, and the percentage of MCA territory in the penumbral 

range (CBF 8–20 mL/100 g/min) remained relatively constant across 

the group. In contrast, the percentage of MCA territory with CBF val-

ues representing infarcted tissue (CBF ,8 mL/100 g/min) varied 

greatly. Outcome correlated highly with the area of infarcted MCA ter-

ritory, not the amount of ischemic penumbra. Thus after the first few 

hours, the size of the core infarcted tissue, not the amount of penum-

bral tissue, may be the most important imaging parameter to deter-

mine suitability for acute stroke therapy.31

Magnetic Resonance Imaging
Compared with CT modalities, MRI is advantageous because it is more 

sensitive to cerebral infarction, especially in the brainstem and deep 

white matter. Typical sequences included in an MRI stroke protocol 

include diffusion-weighted imaging (DWI) and apparent diffusion 

coefficient (ADC) to evaluate for potential acute ischemia, multiplanar 

gradient-recalled (MPGR) or gradient-recalled echo (GRE) to evaluate 

for hemorrhage, and fluid-attenuated inversion recovery (FLAIR) to 

evaluate for important signs in both hyperacute and acute stages of 

stroke (i.e., assessment for absence of flow void in major cerebral arter-

ies, suggesting occlusion or slow flow in that artery). Perfusion-

weighted imaging (PWI) is often used to determine abnormal tissue 

perfusion based on transit times for contrast material through brain 

parenchyma (Fig. 46.4).

DWI shows parenchymal abnormalities earlier than conventional 

T2-weighted images in patients with acute stroke.32 It detects the dif-

fusion of water in the brain and shows hyperintensity in areas of re-

duced diffusion (see Fig. 46.4). As water moves from the extracellular 

to the intracellular space, there is less movement of water and loss of 

signal, resulting in hyperintensity.33 Early detection of lesions by DWI 

helps differentiate cerebral ischemia from other conditions that mimic 

stroke, such as seizures or toxic-metabolic states. Additionally, com-

bining DWI with PWI may identify reversibly ischemic tissue. If there 

is a large area of PWI abnormality indicating reduced CBF but limited 

established infarction, as evidenced by DWI abnormality, penumbral 

tissue is likely present, indicating areas at risk of undergoing infarction.

In stroke patients, the size of the DWI lesion and the growth of 

these abnormal DWI regions are strong predictors of outcome. In 

acute stroke, a marker of tissue viability is needed, and some investiga-

tors have suggested that the extent of mismatch between lesions on 

DWI and PWI could serve as this marker. The concept of DWI/PWI 

Alberta Stroke Program Early CT Score (ASPECTS) scale in patients 

treated with intravenous tPA also showed a relationship between early 

CT hypodensity (ASPECTS ,8) and hemorrhage.19,20 Thus some ex-

perts recommend withholding thrombolytic therapy in patients with 

extensive early CT changes, particularly in those later in the thrombo-

lytic time window,21 although this practice is controversial. For exam-

ple, subsequent analysis of the NINDS rt-PA trial data revealed that 

early ischemic changes did not predict symptomatic hemorrhage or 

response to treatment,22 and more recent evidence reports no associa-

tion between early ischemic CT changes and outcome.23

Computed Tomography Angiography
CT angiography (CTA) can be performed using spiral CT, allowing for 

imaging of the intracranial and extracranial circulation. Optimally, 

CTA of the neck should also include visualization of the aortic arch. 

The typical single bolus of iodine contrast material is about 70 cc. This 

injection limits the use of CTA in patients with renal failure or contrast 

hypersensitivity. In acute stroke, CTA of the head and neck is highly 

reliable for diagnosis of intracranial occlusions and correlates with 

other imaging modalities.24,25 Three-dimensional reconstruction im-

ages can also be created, providing additional views and information 

about the carotid bifurcation and carotid lesions, revealing eccentric 

lesions and ulceration (see Fig. 46.1C and D).

Computed Tomography Perfusion
In addition to imaging the brain parenchyma with a noncontrast head 

CT and the cerebral vasculature with CTA, CT perfusion (CTP) adds 

assessment of cerebral blood volume (CBV) and cerebral blood flow 

(CBF) (Fig. 46.2). In patients with acute stroke, CTP has been corre-

lated with final infarct size and outcome, particularly after recanaliza-

tion.26 CTP maps combining CBV and CBF identify brain tissue that 

progresses to infarction if not reperfused, consistent with ischemic 

penumbra.27 Recent evidence suggests that the inclusion of CTP in a 

stroke imaging protocol increases diagnostic performance.26,28,29

Whereas CTP serves as a qualitative measure of CBF, there have 

been investigations into using xenon CT to measure CBF quantita-

tively.30 Stable xenon is an inert gas inhaled as a mixture of 27% xenon 

and 73% oxygen. During inhalation over a few minutes, rapid scan-

ning is performed, and pixel-by-pixel blood flow values are calculated 

at different brain levels (Fig. 46.3). In a series of patients with MCA 

occlusion studied with xenon CT, areas of penumbra were present in 

A B C

 Fig. 46.2

 

Computed Tomography Brain Perfusion Scan with Sequencing Maps.

 

A,

 

Cerebral blood vol-

 

ume (CBV) showing no clear evidence of core infarct.

 

B,

 

Cerebral blood flow (CBF) showing a decrease in the

 

right middle cerebral artery (MCA) territory.

 

C,

 

Mean transit time (MTT) showing delayed perfusion in the right

 

MCA territory. These sequences together indicate a large ischemic penumbra in the right MCA territory.
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Fig. 46.3  Xenon Computed Tomography Blood flow Study from a Patient with a Large Left Hemi-

sphere Stroke 3 Hours after Onset of Symptoms. Flow is nearly absent throughout the middle cerebral 

artery territory on the left.

A B

Fig. 46.4 Magnetic Resonance Imaging of the Same Patient in Fig. 46.2. A, Diffusion-weighted imaging 

(DWI) showing right basal ganglia stroke. B, Perfusion-weighted imaging (PWI) showing enhanced mean time 

to enhancement. These sequences together suggest a large ischemic penumbra in the right middle cerebral 

artery (MCA) territory.

mismatch has been used as an inclusion criterion in several studies 

(DIAS, DIAS-2, among others) assessing thrombolytic agents and is 

being employed more frequently to select patients who may benefit 

from reperfusion therapy.34–41 Patients11 with mismatch might be more 

likely to respond to reperfusion therapy.42 Patients with large areas of 

DWI abnormality or large severe PWI abnormalities may be at greater 

risk for hemorrhage if reperfusion therapy is pursued.10,43

Magnetic Resonance Angiography
Magnetic resonance angiography (MRA) of the head and neck offers a 

noninvasive method of imaging the intracranial and extracranial vascu-

lature. MRA typically uses gadolinium contrast in appropriate patients, 

but important information can be obtained based on time-of-flight 

techniques not using contrast.44,45 Detection of dissection or occlusion 

in the circle of Willis and the extracranial vertebral and carotid arteries 

can be examined with MRA, but occlusions of small peripheral branch 

arteries may not be detected. Artifacts may also obscure proper identi-

fication of arterial pathology. Signal dropout may occur at the site of 

arterial stenosis owing to the effects of turbulent flow. If an artery is 

tortuous, it may extend out of the imaging section and appear oc-

cluded. MRI tends to overestimate the severity of stenosis, and evidence 

of severe stenosis should be confirmed with another modality. MRA is 

better for localizing the site of stenotic lesions than determining sever-

ity of stenosis. Similarly, differentiation between severe stenosis and 

occlusion is unreliable with MRI, and apparent occlusions by MRA 

should also be confirmed with angiography.

Digital Subtraction Angiography
Catheter-based digital subtraction angiography (DSA) remains the gold 

standard for determining the degree of vessel stenosis and understanding 
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the collateral circulation. The high quality of anatomic delineation allows 

for precise determination of carotid stenosis as with CTA, whereas MRA 

and carotid Dopplers can misclassify stenosis. Historically, the procedure 

has been associated with a high risk of complications, although more 

modern experience estimates a much lower risk of stroke (0.3%) at expe-

rienced centers.46,47 The technique requires specialized personnel and 

equipment and may not be readily available at all centers.

TREATMENT OF ACUTE STROKE

Intravenous Thrombolysis
Acute stroke trials using intravenous thrombolytic agents date back to 

the early 1960s, with the use of streptokinase,48 fibrinolysin,49 and 

urokinase50 showing either no benefit or a higher mortality in patients 

treated with thrombolysis. These studies preceded CT imaging, and 

thus patients with hemorrhage were not excluded. The discouraging 

results hindered the development of more acute stroke trials until the 

1980s, when several case reports showed favorable outcomes with in-

traarterial thrombolytic therapy within a few hours of stroke onset.51,52 

These reports resulted in small randomized trials and feasibility stud-

ies of intravenous thrombolytics53,54 that ultimately gave rise to the 

pivotal NINDS rt-PA trial that showed a beneficial effect of thrombo-

lytic therapy for acute stroke treatment when administered within  

3 hours of symptom onset.4

Tissue Plasminogen Activator Within 3 Hours

The NINDS trial included more than 600 patients with acute ischemic 

stroke. All patients were treated within 3 hours, and half of the patients 

were treated within 90 minutes. Patients were randomly assigned to 

receive either intravenous tPA at a dose of 0.9 mg/kg to a maximum of 

90 mg or intravenous placebo. Primary outcome measures were favor-

able outcomes at 90 days measured by the NIHSS, Barthel Index, 

Glasgow Outcome Scale, and modified Rankin Scale (mRS). By all four 

measures, significantly more patients had a favorable outcome at 90 

days in the tPA group compared with placebo. Treatment with tPA 

resulted in an 11%–13% absolute increase in good outcomes and a 

minor, nonsignificant decrease in mortality at 3 months. The benefit 

was sustained at 12 months.55 Intracerebral hemorrhage with clinical 

deterioration occurred in 6.4% of patients treated with tPA versus only 

0.6% of placebo patients. Despite the increased hemorrhage rate, there 

was no significant increase in mortality or severe disability in the tPA 

group versus placebo. All subtypes of strokes had more favorable out-

comes with tPA. There were no clear factors that predicted response to 

tPA.56 Patients with large strokes as measured by NIHSS score .20 and 

evidence of early low density or edema on CT had a higher rate of 

hemorrhage after tPA.57

Based on these results, the FDA approved intravenous tPA for treat-

ment of stroke within 3 hours of onset in June 1996. This result was 

supported by the results of an analysis of patients treated within 3 

hours of onset in the ATLANTIS trial.58 A subsequent pooled analysis 

of NINDS rt-PA, ECASS, and ATLANTIS data showed that clinical 

benefit with tPA is greatest when given early, especially if started within 

90 minutes (Table 46.2).59 Not all patients recanalize with intravenous 

tPA. In a dose escalation trial of intravenous tPA, angiography was 

performed before thrombolysis in all patients documenting the site of 

arterial occlusion and was repeated 2 hours later. Proximal occlusions 

in the MCA opened less frequently than distal branch occlusions, and 

only 8% of carotid occlusions recanalized.60

Given the importance of early drug administration, much attention 

has been placed on improving systems of care to deliver the drug early 

and often. The use of telemedicine has played a great and expanding 

role in allowing patients presenting to stroke-ready hospitals without 

in-house vascular neurology expertise to receive remote clinical ex-

amination and imaging review via video streaming. Within our stroke 

network at the University of Pittsburgh, the implementation of tele-

medicine at 12 neighboring hospitals increased the use of intravenous 

thrombolysis from 2.8% to 6.8%, with a lower incidence of symptom-

atic hemorrhage.61 Similar experiences have been reported across the 

country. Emphasis has also been placed on minimizing additional tests 

(i.e., coagulation profile or platelet count) in selected patients and 

prioritizing imaging and early stroke team activation. Campaigns to 

improve times have driven door-to-needle times down to 22 minutes 

at some centers.

Tissue Plasminogen Activator Beyond 3 Hours

Several subsequent tPA trials attempted to extend the window for 

treatment beyond 3 hours. The ECASS I and II trials and the ATLAN-

TIS trial treated patients with intravenous tPA up to 6 hours after 

stroke onset but failed to show benefit versus placebo.62–64 Pooled 

analysis of NINDS rt-PA, ECASS, and ATLANTIS data suggested a 

potential benefit beyond 3 hours. The ECASS III trial recently revealed 

that intravenous alteplase administered between 3 and 4.5 hours after 

symptom onset significantly improved clinical outcomes in patients 

with acute ischemic stroke, thereby potentially extending the therapeu-

tic window in which patients may receive intravenous tPA. In addition 

to standard intravenous tPA exclusion criteria (Table 46.3), ECASS III 

exclusion criteria include the combination of previous stroke and dia-

betes, an NIHSS score .25, oral anticoagulant treatment, or age .80 

years.65 Whether patients in this time window with these exclusions 

also benefit from intravenous tPA is unknown.

IST-3 is a clinical trial that randomized 3035 patients with ischemic 

stroke within 6 hours of symptom onset to intravenous alteplase (0.9 

mg/kg; n 5 1515) plus standard care or standard care alone (control; 

n 5 1520). Although the primary endpoint of good outcome was no 

different between groups, the study did show improved outcomes in 

patients presenting within early time windows and enrolled a high 

percentage of elderly patients (age .80), thus establishing the efficacy 

of intravenous tissue plasminogen activator (IV tPA) in this popula-

tion. Several ongoing trials are investigating a role for IV tPA in pa-

tients presenting at late time windows with favorable imaging profiles 

(i.e., small core and large penumbra or DWI/FLAIR mismatch).

Mild and Rapidly Improving Symptoms

Whereas the original NINDS study considered mild or rapidly im-

proving symptoms as a relative contraindication for IV thrombolysis, 

subsequent retrospective analysis of this population has revealed poor 

Time N Odds Ratio 95% CI

0–90 311 2.83 1.77, 4.53

91–180 618 1.53 1.11, 2.11

181–270 801 1.40 1.06, 1.85

271–360 1046 1.16 0.91, 1.49

TABLE 46.2 Odds Ratios for Modified 
Rankin Score 0–1 in the Combined tPA 
Analysis

CI, Confidence interval; tPA, tissue plasminogen activator.

Data from The ATLANTIS, ECASS, and NINDS rt-PA Study Group  

Investigators. Association of outcome with early stroke treatment: 

Pooled analysis of ATLANTIS, ECASS and NINDS rt-PA stroke trials. 

Lancet. 2004;363(9411):768–774.
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outcomes, with up to 30%–40% of patients requiring inpatient reha-

bilitation at discharge and a subset suffering further neurologic de-

cline. Although the natural history in this population may not be as 

benign as previously perceived, the benefit of intravenous thromboly-

sis remains to be proven. A review of patients within the SPOTRIAS 

database revealed practice variation across centers with a range of 

2.7%–18% of mild stroke patients receiving IV tPA. Furthermore, the 

proportion of patients with mild NIHSS increased from 4.8% in 2005 

to 10.7% in 2009 (P 5 .001). The PRISMS trial did not demonstrate 

any additional of alteplase versus aspirin in patients with acute onset 

of nondisabling mild symptoms.

Tenecteplase

Tenecteplase is a modified form of human tPA designed to achieve 

more effective thrombolysis. The half-life of tenecteplase is longer, al-

lowing administration as a single bolus. Tenecteplase has greater fibrin 

specificity and less fibrinogen depletion than tPA.66 A phase IIb study 

randomly assigned 75 patients to receive alteplase (0.9 mg per kilo-

gram of body weight) or tenecteplase (0.1 mg per kilogram or 0.25 mg 

per kilogram) less than 6 hours after the onset of ischemic stroke. The 

two tenecteplase groups had greater reperfusion (P 5 .004) and clini-

cal improvement (P ,.001) at 24 hours than the alteplase group, with 

no differences in intracranial bleeding or serious adverse events. The 

higher dose of tenecteplase (0.25 mg per kilogram) was superior to the 

lower dose and to alteplase for all efficacy outcomes, including absence 

of serious disability at 90 days. The NOR-TEST phase III trial com-

pared intravenous tenecteplase to intravenous alteplase in patients 

presenting within 4.5 hours of symptom onset who met intravenous 

r-tPA criteria. The primary endpoint of mRS 0–1 was comparable in 

both groups with similar safety profiles. The EXTEND-TNK trial com-

pared intravenous tenecteplase with intravenous alteplase in patients 

presenting within 4.5 hours of symptoms onset in the setting of a large 

vessel occlusion. The primary outcome of reperfusion of greater than 

50% of the target lesion territory was met in 22% of the tenecteplase 

cohort compared with 10% of the alteplase cohort. Several trials are 

now underway to test the efficacy of tenecteplase versus alteplase in the 

early time window in addition to tenecteplase in the late time window.

Intravenous tPA Beyond 4.5 Hours

A pooled analysis of IV tPA trials indicated a declining benefit of treat-

ment with increasing time from stroke onset reaching unity at ap-

proximately 4.5 hours. However, there is growing recognition that in 

some patients, particularly those with good collateral, reversibility 

might extend well beyond the perceived time limits. Imaging software 

now enables identification of patients with large territories at risk and 

small established infarcts likely to benefit from reperfusion therapy. In 

addition, those who awaken with deficits or with undetermined time 

of onset who have similar favorable physiology can now be identified 

with imaging tools. Two recent trials demonstrated benefit of IV tPA 

treatment beyond the 4.5-hour time window in patients selected using 

imaging.

In the WAKE-UP trial10 503 patients with unknown time of onset 

but greater than 4.5 hours underwent MRI. If a diffusion abnormality 

was present without a corresponding hyperintensity on FLAIR imag-

ing, they were randomized to standard-dose IV tPA or placebo. The 

mismatch between DWI and FLAIR imaging suggests the true time 

from stroke onset was within 3 hours. Favorable outcomes at 90 days 

were 11.5% greater in the tPA group (53.3% vs. 41.8%, odds ratio [OR] 

1.61 P 5 .02). The study did not reach planned completion because of 

lack of funding, and the difference in favorable outcome did not cor-

respond to a difference in final infarct volume.

The EXTEND trial11 tested the hypothesis that advanced imaging 

could identify patients beyond 4.5 hours likely to benefit from IV tPA. 

The study enrolled 225 patients but was terminated early because of 

publication of the WAKE-UP trial results. Patients were randomized to 

IV tPA or placebo if they were 4.5–9 hours since last seen well and if 

there was a mismatch between the ratio of perfusion abnormality and 

core infarct volume of at least 1.2 using CT or MR perfusion using 

RAPID automated software. Favorable outcome (mRS 0–1) occurred 

in 35.4% of the tPA group and 29.5% of the placebo group (P 5 .05) 

at 90 days. In both trials there was an increase in hemorrhages in the 

tPA group.

These studies suggest treatment with IV tPA is reasonable to con-

sider in patients waking up with stroke deficits or with unknown time 

from onset and last-known well time between 4.5 and at least 9 hours 

using imaging to select those with favorable physiology.

Intraarterial Therapy
Intraarterial Thrombolysis
An alternative approach to intravenous thrombolysis is direct delivery 

of thrombolytic agents by a microcatheter embedded in the clot (Fig. 

46.5). The advantage of the intraarterial approach is direct visualiza-

tion of the occluded artery and knowledge of the recanalization status 

as thrombolysis proceeds. Theoretically, delivery of the thrombolytic 

agent to the site of the clot should be more effective than intravenous 

infusion. The disadvantage is the additional time needed to bring the 

patient to the angiography suite, prepare the groin, catheterize the 

femoral artery, and guide the catheter from the femoral artery to the 

intracranial circulation before the thrombolytic agent can be adminis-

tered.

Urokinase was used in early studies of intraarterial thrombolysis 

but is no longer available.67 Recombinant prourokinase was evaluated 

formally in clinical trials,68–70 and the PROACT II study was the first 

acute stroke trial to show a significant improvement in outcome when 

administered within 6 hours of stroke symptom onset. The median 

time to treatment was 5.5 hours, and most patients were treated after 

TEN REGIONS OF INTEREST*

At the Level of the Basal 

Ganglia and Thalamus

At the Level Just Rostral to 

Deep Nuclei

Anterior middle cerebral artery 

(MCA) cortex

Superior to anterior MCA cortex

MCA cortex lateral to insula Superior to MCA cortex lateral to  

insula

Posterior MCA cortex Superior to posterior MCA cortex

Caudate

Lentiform nucleus

Internal capsule

Insular ribbon

TABLE 46.3 ASPECTS Measurement Tool 
for Early Changes on Computed Tomography

*One point is subtracted for each defined area of early ischemic 

change, such as focal swelling or parenchymal hypoattenuation. Score 

varies from 0 to 10.

Adapted from Pexman JH, Barber PA, Hill MD, et al. Use of the  

Alberta Stroke Program Early CT Score (ASPECTS) for assessing CT 

scans in patients with acute stroke. AJNR Am J Neuroradiol. 

2001;22(8):1534–1542.
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5 hours.69 The clinical benefit was apparent despite this late time to 

treatment; a greater benefit may have been found had patients been 

treated earlier or mechanical manipulation also been allowed. Symp-

tomatic hemorrhage occurred in 10% of patients treated with recom-

binant prourokinase and in 2% of controls. Although the hemorrhage 

rate was higher than previous intravenous thrombolytic studies, the 

median NIHSS score of 17 indicates that the patients in the PROACT 

II study had more severe strokes treated at a later time interval. A 

higher hemorrhage rate would be expected in these scenarios. There 

was also no differential effect of recombinant prourokinase across risk 

strata, indicating that all patients, regardless of risk, benefit equally 

from recombinant prourokinase.70 Nevertheless, prourokinase has not 

been FDA approved to date, and tPA tends to be more often used in 

cases of intraarterial thrombolysis. The exact dose, efficacy, and safety 

profile of intraarterial tPA is limited, but recent studies have suggested 

doses up to 40 mg are reasonably safe for use.71

First-Generation Mechanical Devices

Although most thrombolytic studies concentrate on time to treatment, 

the most important factor for clinical outcome is probably time to re-

canalization of an occluded vessel. When infusion of thrombolytic 

agents often requires 1–2 hours for complete thrombus dissolution, 

time to recanalization can be quite long. Mechanical devices offer the 

possibility of considerably shortening time to recanalization. Devices 

may be able to clear thrombi from large arteries within a few minutes. 

The use of thrombolytic agents may not be necessary, possibly reduc-

ing the rate of intracranial hemorrhage.

The revolutionary Merci Retriever clot retrieval device (Concentric 

Medical, Inc., Mountain View, CA) received FDA approval for the re-

moval of blood clots from the brain in patients experiencing ischemic 

stroke after it was shown to be effective in restoring vascular patency 

in patients within 8 hours of symptom onset and could serve as an 

alternative therapy for patients who are otherwise ineligible for throm-

bolytic drug administration.72 The Merci device is a flexible nickel ti-

tanium (i.e., nitinol) wire that assumes a helical shape once it is passed 

through the tip of the guidance catheter. In practice, the catheter/wire 

is passed distal to the thrombus, the catheter is removed, and a helical 

configuration is assumed by the wire. The clot is then trapped in the 

helix and withdrawn from the vasculature. Second-generation Merci 

devices (e.g., L5 Retriever) have been developed and their use shown 

to be associated with higher rates of recanalization, although these dif-

ferences did not achieve statistical significance. They also produced 

lower mortality and a higher proportion of good clinical outcomes.73 

Mechanical embolectomy using an aspiration platform was the basis 

for the creation of the Penumbra System (Penumbra, Inc., Alameda, 

CA), which uses a microcatheter and separator-based debulking ap-

proach that allows for continuous aspiration of thrombus. A recent 

trial found that the Penumbra System resulted in safe and effective 

revascularization in patients who present with large vessel occlusive 

disease within 8 hours of stroke onset, as 81.6% of patients achieved a 

Thrombolysis In Myocardial Infarction (TIMI) grade of 2 or 3.74

First-Generation Randomized Trials of Intraarterial Therapy

Three clinical trials investigated the role of intraarterial therapy as an 

alternative or adjunctive treatment to standard medical therapy. The 

SYNTHESIS trial compared intravenous thrombolysis alone with in-

traarterial therapy alone and showed comparable outcomes in both 

cohorts despite an hour delay in initiating intraarterial therapy.75 Al-

though the trial did not observe improved outcomes in the intraarte-

rial therapy group, it did not require documentation of a large vessel 

occlusion before initiation of treatment; 92 patients were treated with 

intraarterial therapy outside the context of the trial, further diluting 

the study population of patients likely to benefit from intraarterial 

therapy. The MR RESCUE trial implemented a penumbral imaging-

based paradigm in which patients were randomized to medical or in-

traarterial therapy.76 There was no difference between groups. Finally, 

IMS 3 compared the additional benefit of mechanical thrombectomy 

in patients receiving IV tPA.77 Once again, intraarterial therapy proved 

to be safe but no more efficacious than medical therapy. However, it is 

likely that a high percentage of patients had little or no chance of ben-

efit.78 Time to treatment was prolonged, as the mean IV tPA start to 

groin puncture time was 81 ± 27 minutes and the mean groin to IA 

start time was 41 ± 21 minutes, with a greater than 2-hour delay  

between CT head and groin puncture.79

Stent Retrievers and Recent Trials
These three first-generation trials highlighted an important concept in 

revascularization—namely, that treatment likely favors patients with a 

Fig. 46.5 A, Right carotid angiogram from a patient with embolic occlusion of the right middle cerebral artery 

(MCA) 4 hours after onset of symptoms. B, Angiogram from the same patient after placement of a micro-

catheter into the MCA clot and infusion of 120,000 U of urokinase. There is no recanalization. C, Angiogram 

after infusion of 1 million U of urokinase directly into the clot, showing complete recanalization of the MCA.

A CBA
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large clinical deficit in the setting of a small core on presentation who 

undergo early and effective recanalization. In 2012 the FDA approved 

two new devices for the indication of thrombus removal in acute 

stroke: SOLITAIRE and TREVO. Both devices are in the stent retriever 

class of mechanism and consist of intracranial stents that can be deliv-

ered across the thrombus with the dual benefit of achieving a tempo-

rary endovascular bypass and trapping the clot within the struts of the 

stent. The stent retriever is subsequently recovered along with the 

thrombus. In comparison to the Merci device, stent retrievers yield 

higher rates of high-quality recanalization (86%–89% vs. 60%–

66%).80,81 Several randomized clinical trials have now tested the hy-

pothesis that intraarterial therapy may be superior to medical manage-

ment if revascularization is achieved implementing this new 

technology.82–86 The first trial to be completed was MR CLEAN, which 

demonstrated an adjusted common OR of 1.67 in favor of interven-

tion and an absolute difference of 13.5% in the rate of functional in-

dependence. These results prompted several ongoing trials to review 

their outcomes, and a similar benefit was seen across studies (Tables 

46.4–46.6).

Most of these trials focused on patients presenting within early time 

windows and predominantly used CT imaging to determine patient 

selection. The role of intraarterial therapy beyond 6 hours was studied 

 Age Time IV tPA NIHSS LVO Imaging Criteria

MR CLEAN (n 5 500) $18 6 hr ~90% .2 ICA M1, M2, ACA A2 “Gray area principle”

EXTEND-IA (n 5 70) $18 6 hr 100% None ICA M1, M2 Rapid imaging:

Core ,70 cc

Penumbra .10 cc

Mismatch ratio .1.2

SWIFT PRIME (n 5 196) 18–80 6 hr 100% .7 ICA M1 ASPECT .6

Rapid imaging encouraged (81%)

ESCAPE (n 5 314) $18 12 hr ~75% .5 ICA M1 ASPECT .5

Moderate or good collateral circulation

REVASCAT (n 5 206) 18–85 8 hr ~70% .5 ICA M1 ASPECT .6

DWI ASPECT 0.5

TABLE 46.4 Summary of Trial Design in Mechanical Thrombectomy Trials

 Age (yr) Time (min) NIHSS LVO Baseline Imaging

MR CLEAN (n 5 500) 65.8

(55–76)

260*

(210–313)

17

(14–21)

ICA 25%

M1 66%

M2 8%

ASPECTS: 9 (7–10)

EXTEND-IA (n 5 70) 68.6  12 248

(204–277)

17

(13–20)

ICA 31%

M1 57%

M2 11%

Core: 12.3 cc (4–32)

Penumbra: 106 cc (76–137)

REVASCAT (n 5 206) 65.7  11 355

(269–430)

17

(14–20)

ICA 26%

M1 64%

M2 10%

ASPECTS: 7 (6–9)

ESCAPE (n 5 314) 71

(60–81)

341

(176–359)

16

(13–20)

ICA 28%

M1 68%

M2 4%

ASPECTS: 9 (8–10)

Collaterals: 94% moderate to 

good

SWIFT PRIME (n 5 196) 66.3  11 252

(190–300)

17

(13–19)

ICA 16%

M1 77%

M2 6%

ASPECTS: 9 (8–10)

TABLE 46.5 Summary of Patient Population in Mechanical Thrombectomy Trials

in the DAWN87,88 and DEFUSE-3 trials. Both trials used advanced im-

aging to identify patients with large vessel occlusion (M1 or ICA loca-

tion) in the setting of a small core that was disproportionate to the 

clinical deficit (clinical-core mismatch in the DAWN trial) or perfusion 

deficit (perfusion-core mismatch in the DEFUSE-3 trial). In both trials, 

endovascular therapy was associated with significantly higher rates of 

functional independence (see Tables 46.4–46.6).

Intraarterial therapy trials predominantly focused on patients with 

anterior circulation occlusions in the setting of small core and high 

NIHSS. The subject on future and ongoing trials includes patients with 

large core (TENSION, TESLA, and IN EXTREMIS-LASTE) and low 

NIHSS (ENDO-LOW, IN EXTREMIS-MOSTE). Many practitioners 

favor revascularization for patients with basilar artery occlusive disease, 

given the high rate of mortality in this stroke subtype.89 The recently 

completed BEST trial randomized patients presenting with basilar ar-

tery occlusions within 8 hours of symptom onset to endovascular 

therapy versus medical therapy90. There was no difference in favorable 

outcomes between the two groups; however, there were high rates of 

crossovers because of lack of equipoise. Secondary prespecified analyses 

of the primary outcome showed higher rates of mRS 0–3 at 90 days in 

patients who actually received the intervention compared with those 

who received standard medical therapy alone. The ongoing BAOCHE 
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trial is comparing the benefit of endovascular therapy versus medical 

therapy in patients presenting with basilar artery occlusion between 8 

and 24 hours of symptoms.

Surgical Options
Cerebral edema and herniation are frequent causes of death from 

stroke in the first few days after massive infarction. Edema gradually 

increases and peaks 2–3 days after stroke onset. Steroids do not effec-

tively reduce edema caused by stroke, and antiedema measures such as 

mannitol or hyperventilation are of limited benefit. Control of intra-

cranial pressure (ICP) is associated with improved outcome, but 

whether ICP monitoring is helpful to guide therapy remains unclear. 

Surgical decompression of large hemispheric infarcts causing edema 

and increased ICP is logical because the edema is usually self-limited. 

If herniation can be avoided, recovery may occur similar to stroke 

without severe edema. Several different approaches to decompression 

have been proposed.

Hemicraniectomy is the first and most commonly performed pro-

cedure. It involves removal of a generous bone flap ipsilateral to the 

side of the infarction. Often, a durotomy is performed to allow out-

ward herniation of the brain to decrease ICP and prevent downward 

herniation. For large MCA infarctions, timing of surgery, side of lesion, 

presence of signs of herniation before surgery, and involvement of 

other vascular territories do not significantly affect outcome.91 This 

analysis was obtained from uncontrolled, retrospective data; thus no 

meta-analysis could be completed.

The optimal timing of hemicraniectomy in patients with malignant 

MCA infarction is unclear. If herniation is in progress, irreversible 

brainstem damage may occur, thereby limiting the benefit of the op-

eration. More recent evidence suggests that surgical intervention 

should occur early regardless of whether signs of herniation are pres-

ent. Three concurrent European trials (i.e., DECIMAL, DESTINY, 

HAMLET) including patients undergoing hemicraniectomy for malig-

nant MCA infarction were combined in a pooled analysis.92–94 In this 

analysis, thresholds were established for 45 hours to randomization 

and 48 hours to surgery from stroke onset. The combined results 

showed that decompressive surgery undertaken within 48 hours of 

stroke onset decreased mortality and increased the number of patients 

with a favorable functional outcome.95

Surgical decompression for hemispheric infarction should be con-

sidered for younger patients with a greater potential for recovery from 

massive stroke. The role of surgical decompression of extensive MCA 

stroke in patients greater than 60 years of age remains controversial. A 

comparison of medical management versus early decompression in 

patients greater than 60 years of age in the DESTINY 2 trial did show 

improved survival in the surgical group, although a majority of the 

survivors required assistance for most daily activities. Cerebellar in-

farction is a special case that requires urgent surgical intervention.96 

Compression of the brainstem and fourth ventricle leading to hydro-

cephalus or severe pontomedullary compromise can be reversed by 

rapid surgical decompression of the infarcted cerebellum.

Other Medical Therapies
Anticoagulation
The use of anticoagulants in acute stroke is controversial, although 

several randomized clinical trials provide information regarding its 

efficacy. Retrospective data previously suggested a significant incidence 

of early recurrences after ischemic stroke, with reported rates of 20%. 

These studies also suggested that anticoagulation with heparin reduced 

recurrences. Hemorrhagic complications were acceptably low, particu-

larly when patients with large strokes and uncontrolled hypertension 

were excluded from treatment. The results of recent randomized clini-

cal trials have challenged these findings and call into question the value 

of anticoagulation for treatment of acute stroke.97 However, more re-

cent studies indicate that for cardioembolic stroke, warfarin can be 

safely started shortly after stroke without bridging therapy with hepa-

rin or enoxaparin.98

The studies do not support a reduced recurrence rate or improved 

outcome with anticoagulation when given within 24–48 hours of 

stroke onset. Hemorrhage rates ranged from 1% to 2.5%. The results 

suggest that there is little value in anticoagulation for all patients with 

acute stroke, but it remains possible that some subgroups benefit. The 

TOAST study suggested that patients with large vessel disease may 

achieve better functional outcome with anticoagulation.99 The rela-

tively high hemorrhage rate in some studies also may have obscured 

some benefit. In the International Stroke Trial (IST), a significant re-

duction in recurrent strokes from 3.8% in the control group to 2.9% 

in patients treated with subcutaneous heparin (P ,.01) was offset by 

an increase in hemorrhagic stroke from 0.4% in controls to 1.2% in 

patients receiving heparin (P ,.0001).100 Even in patients with atrial 

fibrillation, the value of early anticoagulation is uncertain, with some 

studies showing benefit and others showing lack of benefit in reducing 

recurrent stroke.97 If anticoagulation is started, it should only be given 

more than 24 hours after intravenous thrombolysis and after imaging 

confirmation that no hemorrhagic transformation has occurred. The 

roles of newer anticoagulant drugs such as rivaroxaban, apixaban, and 

dabigatran in the acute stroke setting remain unclear, although similar 

to warfarin, acute administration of these medications is likely safe if 

Trial Pts

% Reperfusion  

IAT/Medical

mRS 0–2  

IAT/Medical

sICH  

IAT/Medical

Mortality  

IAT/Medical

ESCAPE 238 72.4%TICI 2b/3 53%/29.3% 3.6% 10.4%

32.2% mAOL 2–3 53%/29.3% 2.7% 19%

EXTEND-IA 70 89% mTICI 2b/3 71%/40% 0% 9%

34% mAOL 2–3 71%/40% 6% 20%

MR CLEAN 500 58.7% mTICI 2b/3 32.6%/19.1% 7.7% 21%

57.5 mAOL 2–3 32.6%/19.1% 6.4% 22%

REVASCAT 206 65.7% mTICI 2b/3 43.7%/28.2% 1.9% 18.4%

NA 43.7%/28.2% 1.9% 115.5%

SWIFT-PRIME 196 82.8% mTICI 2b/3 60.2%/35.5% 1.0% 9.2%

40.4% mAOL 2–3 60.2%/35.5% 3.1% 12.4%

TABLE 46.6 Summary of Outcomes in Mechanical Thrombectomy Trials
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the stroke burden is small. These medications have the added benefit 

of not requiring bridging therapy, as therapeutic dosage is reached 

early after administration.

Antiplatelet Therapy

There is less uncertainty about the benefit of aspirin in acute stroke. 

Two large randomized controlled trials, CAST101 and IST,100 showed a 

small but significant improvement in outcome in patients treated with 

aspirin. In IST, patients received 300 mg of aspirin daily for 14 days. 

There was a significant reduction in stroke recurrence within 14 days 

in the aspirin group (2.8%) versus nonaspirin groups (3.9%) and a 

significant decrease in the risk of death or nonfatal recurrent stroke in 

the aspirin group (11.3%) versus nonaspirin group (12.4%). In CAST, 

160 mg of aspirin was given per day for 4 weeks or until hospital dis-

charge. In the aspirin group, there was a significant reduction in death 

within 4 weeks (3.3%) versus placebo (3.9%) and a significant reduc-

tion in death or nonfatal stroke during hospitalization. There also was 

a significant reduction in recurrent ischemic strokes in the aspirin 

group (1.6%) versus placebo (2.1%), which was offset only by a trend 

of excess hemorrhagic strokes (aspirin 1.1% versus placebo 0.9%).

CAST and IST were designed to be considered together and in-

cluded more than 40,000 patients. Combining the results of both stud-

ies shows a significant reduction in recurrent stroke of 7 per 1000  

(P ,.000001) and reduction of death or dependency of 12 per 1000 

(P 5 .01).102 The risk of aspirin in the absence of thrombolytics is 

minimal, and the small but significant benefit argues in favor of rou-

tine treatment, but only after 24 hours if intravenous thrombolysis has 

been used and absence of hemorrhagic transformation is confirmed.

The initiation of dual antiplatelets (aspirin and clopidogrel) was 

shown to reduce recurrent ischemic events in patients with transient 

ischemic attack (TIA) or mild strokes in the CHANCE trial. The gen-

eralizability of this study across populations is unclear, as the trial was 

conducted in China, where there is a higher incidence of intracranial 

atherosclerotic disease compared with the US population, and so the 

treatment effect may reflect a particular benefit of dual antiplatelets in 

this stroke subtype. Furthermore, the metabolism of the prodrug 

clopidogrel into the active form is dependent on several P-450 en-

zymes, with highly variable degrees of active drug across individuals 

depending on particular genetic variants of the enzyme.

The POINT trial was conducted in North America, Europe, Aus-

tralia, and New Zealand and randomized a TIA and mild stroke 

population in double-blind fashion to receive aspirin alone versus 

dual antiplatelets for 90 days. Dual therapy was associated with lower 

risk of major ischemic events, but there was a higher risk of hemor-

rhage at 90 days compared with the aspirin monotherapy group. A 

pooled individual patient-level data analysis of the POINT and 

CHANCE trials revealed that the clopidogrel-aspirin group had re-

duced risk of major ischemic events at 90 days when treatment was 

confined to the first 21 days.

Statin Therapy

Statins reduce the incidence of strokes among patients who are at in-

creased risk for cardiovascular disease. However, whether statins reduce 

the risk of stroke after a recent stroke or TIA was established by the 

SPARCL trial. In SPARCL, patients who had a stroke or TIA within 1–6 

months before randomization, had a low-density cholesterol (LDL) of 

100–190, and had no known coronary artery disease were randomized 

to receive 80 mg of atorvastatin or placebo. The primary endpoint was 

a first nonfatal or fatal stroke. In the cohort receiving high-dose ator-

vastatin, the overall incidence of strokes and cardiovascular events was 

reduced. High-dose atorvastatin should thus be administered in the 

setting of acute ischemic stroke, although there may be a higher risk of 

hemorrhagic stroke.103

Special ICU Management Considerations
General Assessment
In patients with acute stroke, initial concerns include assessment of 

respiratory function, cardiovascular stability, and level of conscious-

ness. An adequate airway must be established to ensure proper ventila-

tion, particularly in obtunded or comatose patients. Aspiration is a 

serious concern that often results in pneumonia and serves as a major 

cause of morbidity and mortality during hospitalization. Supplemental 

oxygen is often administered, but the benefit is uncertain when oxy-

genation is already adequate. Hypoxemia should be corrected immedi-

ately, however, and its source aggressively investigated. Arrhythmias are 

common in acute stroke, as bradycardia may signal underlying in-

creased ICP or cardiac ischemia. Atrial fibrillation associated with 

rapid ventricular response often impairs cardiac output requiring im-

mediate treatment and may also be an embolic source of stroke. Ven-

tricular tachycardia or fibrillation rarely occurs with stroke; when 

present, it usually is the result of coexistent myocardial infarction. Hy-

potension should be corrected with intravenous fluids. Seizures should 

be controlled with anticonvulsants. Fever should be treated aggressively 

with antipyretics.

Blood Pressure

Hypertension often accompanies ischemic stroke, and in most cases 

abrupt lowering of blood pressure is not advised because of the risk of 

further impairing perfusion in the ischemic region.104 In the presence 

of a systemic or cardiac reason for reducing blood pressure, such as 

aortic dissection or acute myocardial infarction, the relative impor-

tance of the systemic and neurologic issues must be considered. Hy-

pertensive encephalopathy is a syndrome of extreme hypertension, 

papilledema, altered mental status, microangiopathic hemolytic ane-

mia, and renal insufficiency that responds to the lowering of blood 

pressure. In the absence of papilledema or systemic features, it is un-

likely that acute neurologic deficits are caused by hypertensive en-

cephalopathy, and acute lowering of blood pressure will more likely 

worsen than improve deficits.

When thrombolytic therapy is considered, reducing blood pressure 

within the prescribed limits is necessary. Before thrombolytic therapy 

is given, systolic blood pressure should be less than 185 mm Hg and 

diastolic less than 110 mm Hg.21 Labetalol typically is administered in 

increasing doses every 5–10 minutes to control blood pressure. Enala-

pril is a reasonable alternative. Sublingual nifedipine should be avoided 

because of its potential to lower blood pressure precipitously. If these 

agents do not provide adequate control, a nicardipine drip could be 

considered, although such patients may not be good candidates for 

thrombolysis. After thrombolysis, blood pressure should be aggres-

sively controlled, keeping systolic blood pressure below 185 mm Hg 

and diastolic pressure below 110 mm Hg for the first 24 hours.

Fluids

Most patients with acute stroke are volume-depleted, and intravenous 

fluids should be replete with either normal saline or lactated Ringer’s 

solution. In patients with large strokes in danger of developing brain 

edema, fluid administration should be titrated carefully, and free water 

should be limited. Mild hyponatremia need not be treated acutely, but 

more severe hyponatremia should be corrected slowly and usually re-

verses with infusion of normal saline.

The role of hypertonic saline (3%–23%) in the treatment of acute 

ischemic stroke and its ability to minimize cerebral edema remains 
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controversial. Those who oppose its use cite that it can lead to rebound 

parenchymal swelling once it is weaned off. Proponents will usually 

use a goal serum sodium range of 145–150 mEq/L and a serum osmo-

lality goal of 315–320 mOsm/L. Sodium and serum osmolality levels 

are usually checked every 6 hours.105,106

Glucose

Evidence from animal models of stroke suggests that hyperglycemia 

increases the severity of ischemic injury.107 Increased glucose concen-

tration in the area of ischemia causes higher lactate concentrations and 

local acidosis, which increases free radical formation and thus damages 

neurons. Hyperglycemia also may increase ischemic edema, release 

excitatory amino acid neurotransmitters, and weaken blood vessels in 

the ischemic area. Studies of stroke in humans show an inconsistent 

association between outcome and initial blood glucose; however, ad-

mission glucose concentration correlates with initial stroke severity. 

Initial hyperglycemia also has been associated with higher mortality 

rates after stroke.108 Some suggest that hyperglycemia in acute stroke is 

a stress reaction, but the relationship between initial blood glucose 

concentration and outcome is independent of initial stroke severity, 

arguing against a stress phenomenon.

The GIST-UK trial investigated whether treatment with a glucose-

potassium-insulin (GKI) infusion to maintain euglycemia immedi-

ately after the acute stroke event had an impact on mortality at 90 days. 

This trial was stopped because of slow enrollment but concluded that 

whereas GKI infusions reduced plasma glucose concentrations and 

blood pressure, treatment was not associated with clinical benefit. The 

study was underpowered, and alternative results should not be dis-

missed.109 The GRASP pilot trial found that insulin infusion for pa-

tients with acute ischemic stroke is feasible and safe. Three treatment 

arms were used, employing controls that were tight (70–110 mg/dL), 

loose (70–200 mg/dL), and usual (70–300 mg/dL).110 More recently, 

the SHINE trial randomized acute ischemic strokes to intensive (80–

130 mg/dL) versus standard (80–179 mg/dL) glucose control for up to 

72 hours after presentation. Intensive insulin treatment compared with 

standard treatment did not lead to better functional outcomes. An 

important limitation of the SHINE trial was that recanalization data 

were not captured.

SUMMARY

The availability of effective treatments to alter outcome within the first 

few hours after stroke onset is rapidly evolving. Patients with symp-

toms suggesting cerebral ischemia must be treated emergently, and 

imaging must be performed rapidly and in a high-quality manner. 

Therapy for acute stroke includes much more than thrombolysis, and 

understanding the benefits and hazards of thrombolysis continues to 

evolve with greater experience and additional clinical trials. Newer 

generations of mechanical devices are being developed, and neuropro-

tection and neurorestoration hold great promise as synergistic com-

plements to stroke reperfusion therapies. Appropriate management of 

blood pressure, glucose, and intravenous fluids all contribute to the 

overall outcome from acute stroke. At present, only a small fraction of 

patients with stroke (less than 5%) arrive at an emergency department 

in time for acute stroke therapy. Development of new acute stroke 

therapies and expected improvements in outcome with lower hemor-

rhage rates should encourage the medical system to further support 

the framework for a seamless and integrated stroke system of care. 

Such efforts should ensure that all stroke patients receive the optimal 

available therapy in the shortest time possible.

KEY POINTS

• When an arterial occlusion occurs, an area of irreversibly infarcted brain 

(core infarct) is surrounded by a region of reduced blood flow impairing 

function (ischemic penumbra) that is not yet severe enough to result in ir-

reversible infarction. If adequate blood flow can be restored within a critical 

time frame, this area of at-risk tissue may be salvageable and return to 

normal function.

• Acute ischemic stroke imaging ideally involves some combination of a 

noncontrast head CT, CA of the head and neck, CT brain perfusion, MRI 

brain, MRA of the head and neck, or MR brain perfusion.

• The only FDA-approved therapy for acute ischemic stroke presenting within 

3 hours of symptom onset is IV tPA.

• Evidence from the ECASS III trial indicates that the therapeutic window for 

IV tPA may be extended to 4.5 hours in select patients.

• Several studies (MR CLEAN, EXTEND-IA, ESCAPE, SWIFT PRIME, and RE-

VASCAT) have demonstrated improved outcomes in select patients under-

going intraarterial therapy with a stent retriever device within 6–12 hours 

of symptom onset.

• Intraarterial therapy for acute ischemic stroke presenting beyond 6 hours is 

superior to medical management in appropriately selected patients (DAWN 

and DEFUSE-3 trials).

• Surgical decompression for large infarctions is recommended to be com-

pleted within 48 hours from symptom onset in appropriately selected pa-

tients.

• In patients receiving intravenous thrombolysis, no anticoagulation or anti-

platelet agents should be administered in the first 24 hours until hemor-

rhagic transformation can be excluded. After that time, anticoagulation can 

be started in appropriate patients. If anticoagulation is not used, antiplate-

let agents should always be started.

• High-dose statin therapy can be administered acutely after ischemic stroke 

in patients with previous stroke or TIA and without history of coronary ar-

tery disease.

• Patients presenting with TIA or mild stroke may be at high risk for recurrent 

events. A short course of dual antiplatelets (21 days) reduces the likelihood 

of recurrent ischemic events in patients. Longer periods of dual antiplate-

lets may lead to higher risk of hemorrhage.

• Although hyperglycemia has been associated with higher mortality in acute 

ischemic stroke patients there are no current data to suggest improved 

outcomes with intensive glucose control.

 References for this chapter can be found at expertconsult.com.
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important cause of ICH. Apolipoprotein E e2 and e4 genotypes are as-
sociated with an earlier age at onset of first hemorrhage and a higher risk 
of early recurrence.23,24 The presence of multiple or recurrent lobar ICH 
in individuals 55 years or older without other known causes of hemor-
rhage strongly suggests this etiology.25

Antithrombotic Therapy

Antithrombotics include anticoagulants, antiplatelets, and thrombo-
lytic agents, which increase the risk of spontaneous ICH. The inci-
dence of oral anticoagulant–associated ICH has been increasing in 
parallel with the rising use of the anticoagulants. Warfarin increases 
the risk of ICH by twofold. Although the risk of ICH is greater with a 
supratherapeutic international normalized ratio (INR), a significant 
number of hemorrhages occur when the INR is therapeutic.26 Hema-
toma expansion among warfarin users may be more common and 
occur over a longer time frame, contributing to a higher mortality rate 
versus spontaneous ICH.27 The novel anticoagulants (NOACs), which 
act by inhibition of thrombin or factor Xa, may have a lower risk of 
ICH than warfarin.28–31

Most studies suggest that antiplatelet use at ICH onset is not associ-
ated with larger hematoma size, hematoma growth, or poor clinical 
outcome.32 Platelet dysfunction is associated with hematoma expan-
sion and worse outcome,33 but to date, platelet transfusion has not 
provided a mortality benefit or improved functional outcome.34

Alteplase administered intravenously for the treatment of acute 
ischemic stroke (presenting within the time window) increases the risk 
of spontaneous ICH 5%–7%.35,36

Other Causes

Hemorrhage from an underlying neoplasm is rare but occasionally occurs 
with malignant primary central nervous system (CNS) tumors such as 
glioblastoma multiforme and lymphoma and with metastatic tumors.37

ICH may also occur in association with infection,38,39 vasculitis,40 
venous sinus occlusion,41 after head trauma,42 after reperfusion,43 and 
with the use of various drugs, particularly sympathomimetics.44 Some 
degree of hemorrhagic transformation of acute cerebral infarcts is 
common,45 although symptomatic ICH in this setting is rare in the 
absence of anticoagulation or thrombolytic therapy.

Systemic diseases (e.g., thrombocytopenia, leukemia, and hepatic 
and renal failure) and congenital or acquired clotting factor deficien-
cies also increase the risk for spontaneous ICH.

Pathophysiology
Several mechanisms account for brain injury in ICH. Primary brain in-
jury occurs secondary to local tissue destruction from initial vessel  

HEMORRHAGE

Epidemiology
Intracerebral hemorrhage (ICH) is the second most common type of 
stroke, following only ischemic stroke in frequency. Spontaneous, non-
traumatic ICH accounts for approximately 9%–27% of all strokes glob-
ally.1,2 The incidence doubles every decade after age 35.3,4 Outcomes are 
typically poor, with a mortality of 50% at 30 days.5 A systematic review 
in 2013 found that the burden of death and disability is greatest with 
ICH, although the incidence of ischemic stroke is far greater.6

Causes and Risk Factors
The major risk factor for ICH, accounting for over 50% of cases, is 
hypertension.7 Old age, anticoagulant use, and cerebral amyloid angi-
opathy (CAA) are other important risk factors. The impact of smok-
ing,8 alcohol abuse,9,10 and diabetes mellitus11,12 on the risk of ICH is 
disputed.

Hypertension

The most common etiology of ICH is hypertension. Hypertension 
more than doubles the risk of ICH.13–16 Hypertensive ICH predomi-
nantly occurs deep in the cerebral hemispheres, most often in the puta-
men,17 thalamus, lobar white matter, cerebellum, and pons (Fig. 47.1). 
The link between these sites is the supply of small penetrating arter-
ies18—that is, perpendicular branches directly off major arteries that 
are subject to high shear stress and have no collaterals.

Intracranial Aneurysms and Vascular Malformations

Although aneurysmal rupture is most commonly associated with hem-
orrhage in the subarachnoid space, blood may also be directed into the 
parenchyma of the brain. Aneurysms located at the middle cerebral 
artery bifurcation can produce hemorrhages into the basal ganglia 
similar to hypertensive hemorrhage, and anterior communicating ar-
tery aneurysms can produce flame-shaped hemorrhages at the base of 
the frontal lobes. About half of adults with intracranial arteriovenous 
malformations (AVMs) present with ICH.19 In 60% of cases, the hem-
orrhage is parenchymal, involving virtually any location of the brain.20 
Hemorrhage resulting from AVM occurs more frequently in a younger 
population than that resulting from aneurysms or hypertension.

Cerebral Amyloid Angiopathy

CAA is an important cause of primarily lobar, often recurrent, ICH in 
the elderly. The prevalence of amyloid deposition in cerebral vessels in-
creases dramatically with age21,22 and may contribute to the exponential 
rise in the risk of ICH with age. Although CAA is asymptomatic, it is an 
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rupture. Further bleeding into the hematoma cavity results in hematoma 
enlargement,46 producing further tissue distortion and mass effect.

Secondary brain injury is believed to occur after the bleeding stops. 
Proposed mechanisms include ischemia, perilesional edema, and toxic 
effects of parenchymal blood. Although each of these can be detected 
in animal models, their clinical importance remains unsettled. Con-
trast enhancement seen in the peri-hematomal area on computed to-
mography (CT) or magnetic resonance imaging (MRI) represents 
blood–brain barrier disruption.47,48

Despite experimental models of ICH49,50 and studies in human 
patients51–53 consistently demonstrating reduced blood flow around 
the hematoma, this does not appear to represent ischemia.54,55 Positron 
emission tomography (PET) and MRI studies in humans indicate that 
the peri-hematomal cerebral metabolism is reduced to a greater degree 
than local cerebral blood flow (CBF).56 These findings suggest that 
hypoperfusion reflects reduced metabolic demand of the tissue sur-
rounding the hematoma rather than ischemia.55,57

Cerebral edema occurs within hours of ICH and may result from 
the toxic effects of blood-derived enzymes, increased osmotic pressure 
exerted by clot-derived serum proteins, or ischemia.58 The cause, time 
course, and importance of edema formation in humans are debated, 
and the best predictor of edema volume is the size of the hematoma. 
Early edema does not appear to contribute to increases in mass effect,59 
worsened functional outcome, or increased mortality.60

Clinical Features
The clinical presentation of ICH is often indistinguishable from that of 
ischemic stroke; however, ICH more commonly presents with an al-
tered level of consciousness, headache, and vomiting.17 Signs and 
symptoms usually correspond to the location of ICH. Blood pressure 
is elevated in the majority of patients. Seizures may occur at onset or 
in the first few days in approximately 15% of patients,61–63 particularly 
in those with lobar hemorrhages or underlying vascular or neoplastic 
lesions.64 Symptoms may be maximal at onset or evolve over minutes 

A B

C D

Fig. 47.1. CT Scans Showing Common Locations of Spontaneous Hypertensive Intracranial Hemor-

rhage. A, Thalamus, B, caudate/putamen, C, pons, and D, cerebellum.
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to hours. Neurologic deterioration within 48 hours after hospital ad-
mission has been reported to occur in 20% of patients.65 A majority are 
related to hematoma expansion, but, for some, the cause is not always 
evident. Some patients may be obtunded or comatose on presentation.

Diagnostic Studies
Noncontrast CT scan is the gold standard for the diagnosis of acute 
ICH. The typical CT appearance of an acute hematoma consists of a 
well-defined, hyperdense area surrounded by a rim of hypodensity. 
Over time, the borders of both the high- and low-attenuation regions 
become increasingly indistinct such that the hematoma is isodense 
with adjacent brain parenchyma by 2–6 weeks.66 Termed the swirl sign, 

these hypodense or isodense foci represent fresh, unclotted blood of 
lower attenuation signifying acute extravasation of blood into a hyper-
dense hematoma.67,68 Although MRI also has high sensitivity and 
specificity for the diagnosis of acute ICH,69–71 it is less accessible and 
more time consuming.72 The benefits of MRI over CT are accuracy in 
determining the approximate age of a hematoma73 and its ability to 
detect evidence of previous asymptomatic hemorrhages.74

CT angiography (CTA) is a noninvasive imaging modality useful in 
evaluating the cause of ICH if an underlying aneurysm or vascular 
malformation is suspected. It has a sensitivity of 96% and a specificity 
of 99%–100%.75,76 The yield is higher in younger patients, those with-
out hypertension or impaired coagulation, and those with lobar or 
infratentorial ICH.75 CTA can identify active contrast extravasation 
into the hematoma, an indicator of active hemorrhage. The spot sign is 
a foci of intralesional contrast enhancement seen in up to one-third of 
patients with acute ICH.77 Swirl sign on a CT is analogous to spot sign 

on a CTA. They are independent predictors of hematoma expansion, 
in-hospital mortality, and poor outcome in survivors.67,78–80

Diagnostic cerebral angiography is an invasive diagnostic study 
useful in evaluating the cause of ICH if the suspicion for underlying 
aneurysm or vascular malformation remains high despite a negative 
CTA. Conventional angiography is able to identify aneurysms smaller 
than 3 mm in size that can be missed on CTA.81 The yield is extremely 
low when patients have hypertension and the ICH is in a typical site 
associated with hypertensive hemorrhage.82

Treatment
Initial Stabilization
Acute ICH is a medical emergency requiring careful attention to air-
way, blood pressure, and correction of underlying coagulopathy. Mul-
tidisciplinary teams with expertise in emergency medicine, neurology, 
and neurosurgery should evaluate and manage ICH patients in a 
dedicated neurocritical care unit. Acute-phase care may require me-
chanical ventilation, blood pressure control, reversal of coagulopathy, 
ventriculostomy, treatment of intracranial hypertension and seizures, 
and surgical evacuation. Blood pressure is often elevated at presenta-
tion, sometimes markedly so, and early control is an important com-
ponent of initial stabilization.

Airway and Respiratory Management

As many as half of all patients with ICH require mechanical ventila-
tion.83 With decreased level of consciousness, the pharyngeal and 
tongue musculature relax and cough and gag reflexes are inhibited, 
leading to airway compromise. Additionally, if the hemorrhage is in 
the brainstem or cerebellum, there may be complete loss of pharyngeal 
tone and early airway obstruction.

Initial airway management includes proper positioning,84 frequent 
suctioning, and placement of an oral or nasal airway to maintain pa-
tency. If snoring respiration, inability to clear oral secretions, or de-
creased oxygen saturation does not improve, intubation is warranted. 

A rapid-sequence intubation is necessary for patients showing signs of 
herniation, apneic breathing, Glasgow Coma Scale (GCS) score ,8, or 
soiled airway. In the absence of these findings, a semi-elective protec-
tive intubation is recommended to avoid the harmful consequences of 
hypotension, exaggerated sympathetic reflex from stimulation during 
laryngoscopy, and worsening of intracranial hypertension.85 Perform a 
complete neurologic examination if time permits.

Premedication should be administered to produce adequate seda-
tion and jaw relaxation and to prevent elevation of intracranial pres-
sure (ICP). Short-acting intravenous (IV) anesthetic agents (e.g., 
etomidate or thiopental) block this response86 and additionally sup-
press brain metabolic rate.87 Etomidate is generally preferred over 
thiopental because it is less likely to lower blood pressure. IV lidocaine 
(1–1.5 mg/kg) has been recommended to block this response,88 al-
though data supporting its use are lacking.89 Paralytic agents are usu-
ally unnecessary, but if needed, short-acting agents should be used.

Hemodynamics

Arterial blood pressure is often elevated on admission in the majority 
of patients with ICH, even in the absence of a history of hyperten-
sion.17,90 Although this acute increase in blood pressure is often impli-
cated as the cause of the hemorrhage, it more likely reflects the brain’s 
attempt to maintain cerebral perfusion pressure (CPP) in response to 
the sudden increase in ICP, pain, anxiety, and sympathetic activation. 
Even without treatment, blood pressure tends to decline to premorbid 
levels within a week of ICH.91

There has been substantial controversy over if and when to lower 
elevated blood pressure after acute ICH.92 Proponents of rapid treat-
ment of acute hypertension argue that high blood pressure may make 
the hematoma prone to enlargement and exacerbate vasogenic edema. 
Another compelling reason to lower blood pressure in ICH patients 
with moderate to severe hypertension is the potential for end-organ 
damage, including myocardial ischemia, congestive heart failure, and 
acute renal failure.

The major argument against the treatment of elevated blood pres-
sure is reduction of CBF and exacerbation of ischemia surrounding the 
hematoma.93 Because chronic hypertension shifts the cerebral auto-
regulatory curve to the right, a higher CPP may be required to main-
tain adequate CBF.94,95 Lowering the blood pressure to “normal” levels 
might thus lead to ischemic damage. Similarly, lowering blood pres-
sure may critically reduce CPP in patients in whom ICP is elevated.

Several studies have addressed this issue in patients with mean arte-
rial pressure (MAP) more than 130–140 mm Hg.96–98 These studies 
demonstrate that regional and global CBF are preserved when MAP is 
lowered to 110 mm Hg or 80% of the admission MAP.

These observations set the stage for the INTERACT trial,99 a pro-
spective trial of blood pressure management beginning within 6 hours 
of symptom onset. Patients were randomized to either an early, inten-
sive blood pressure–lowering group (systolic blood pressure [SBP] 
,140 mm Hg) or a control group (SBP ,180 mm Hg). After adjusting 
for initial hematoma volume and time from onset to CT, median he-
matoma growth at 24 hours differed by 1.7 mL. Intensive blood pres-
sure lowering did not increase the risk of adverse events or improve 
90-day clinical outcome. This was followed by the much larger INTER-
ACT2, which used the identical protocol and enrolled almost 3000 
patients.100 Again there was a very small, if any, impact on hematoma 
expansion, although the hematoma sizes of those enrolled were fairly 
small. Although the study did not reach its primary endpoint, an ordi-
nal analysis of modified Rankin scores (mRS) indicated improved 
functional outcomes with intensive lowering of blood pressure. Based 
on this study, many clinicians are now more aggressive in treating early 
hypertension in these patients. For patients presenting with SBP  
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between 150 and 220 mm Hg, lowering of SBP to 140 mm Hg is gener-
ally safe. In patients presenting with SBP .220 mm Hg, the optimal 
target is unknown, and targeting SBP between 140 and 160 mm Hg is 
reasonable.61 In the ATTACH-2 trial, the group with intense lowering 
of SBP to ,140 mm Hg (110–139 mm Hg) was found to have more 
adverse renal events compared with less intense SBP lowering from 140 
to 179 mm Hg.101

In the setting of ICH, the ideal antihypertensive agent would be 
easily titrated, have minimal cerebral hemodynamic effects, and not be 
prone to sudden, large reductions in blood pressure. Vasodilators, es-
pecially venodilators, can raise ICP by increasing cerebral blood vol-
ume and should be avoided. Sodium nitroprusside102 and nitroglyc-
erin103 increase ICP and lower CBF in patients with reduced intracranial 
compliance and should not be used. Calcium channel blockers, beta-
blockers, and angiotensin-converting enzyme inhibitors have minimal 
effect on CBF within the autoregulatory range of MAP and do not alter 
ICP. Therefore popular treatment options in the setting of acute ICH 
include intermittent boluses of labetalol,84,104 enalapril,84 and/or hy-
dralazine84 or continuous infusion of nicardipine104 or clevidipine.

Prevention of Hemorrhage Extension and Reversal of 

Anticoagulation

Abrupt discontinuation of all antithrombotic therapy is imperative. 
Hemorrhage expansion occurs within the first few hours after symp-
tom onset in about one-third of patients; therefore it is reasonable to 
correct any existing coagulopathy as rapidly as possible. Patients taking 
warfarin should receive IV vitamin K and replacement clotting factors. 
Until recently, fresh frozen plasma (FFP) was used for this purpose, but 
it can precipitate congestive heart failure, transfusion-related acute 
lung injury, and transfusion-associated circulatory overload. Four-
factor prothrombin complex concentrate (PCC) is an effective alterna-
tive that can be administered much more quickly without these risks 
and is now primarily recommended for reversal.105

Management of hemorrhage in patients taking thrombin and fac-
tor Xa inhibitors is more difficult. Recently, the Food and Drug Ad-
ministration (FDA) has approved the antidotes idarucizumab106 and 
andexanet alfa107 for agent-specific reversal.

Symptomatic ICH occurs after thrombolytic treatment of acute 
ischemic stroke in about 6% of patients.108 No reliable data are avail-
able to guide correction of the thrombolytic effect of tissue plasmino-
gen activator (tPA). Current practice is highly variable and may in-
clude administration of FFP, PCC, cryoprecipitate, platelets, and 
antifibrinolytic agents.

Even in those patients without coagulopathy, promoting early he-
mostasis might limit ongoing bleeding and decrease hematoma vol-
ume. Factor VIIa is a coagulation factor that interacts with tissue factor 
to initiate platelet aggregation and accelerate formation of a fibrin clot. 
Although earlier studies suggested a decrease in the hematoma expan-
sion with its use, there was no significant difference in clinical out-
comes.109 Therefore routine use of factor VIIa is not recommended.110

Intraventricular Hemorrhage and Hydrocephalus

Intraventricular hemorrhage (IVH) (Fig. 47.2) complicates about 40%–
60% cases of ICH.111,112 It is independently associated with death and 
poor outcome, especially when it occurs late in the course.113–115 IVH 
may present with an abrupt headache, nausea, vomiting, and worsening 
of neurologic status that may partly be attributed to a sudden rise in ICP. 
Hydrocephalus may develop because of obstruction of the cerebrospinal 
fluid (CSF) flow in the ventricles in association with IVH or because of 
direct mass effect on a ventricle. CT scan is the imaging modality of 
choice to diagnose IVH. External ventricular drainage (EVD) is often 
used to treat hydrocephalus and IVH. Ventriculostomy in the setting of 

Fig. 47.2. CT Scan Showing Associated Intraventricular Hemor-

rhage in the Setting of Acute Thalamic Intracranial Hemorrhage.

IVH is difficult to manage because of catheter obstruction from throm-
bus, interrupting drainage and raising ICP. Flushing the system helps 
remove thrombus but increases the risk of ventriculitis. A multicenter 
randomized study of Clot Lysis Evaluation of Accelerated Resolution 
(CLEAR-III) of IVH compared the use of ventriculostomy with intra-
ventricular alteplase to ventriculostomy with saline. At 180 days, the 
treatment group had lower case fatality versus placebo but functional 
outcomes were no different. Ventriculitis was less in the treatment group, 
whereas the rate of symptomatic bleeding was similar in both groups.116

Intracranial Hypertension

Factors contributing to intracranial hypertension in ICH include he-
matoma size, minimal degree of underlying cerebral atrophy, hydro-
cephalus, and cytotoxic edema. The true incidence of intracranial hy-
pertension is unclear, as routine ICP monitoring is not performed. 
Because the hematoma is localized, increases in volume can be com-
pensated for to some degree by reduction in the size of the ventricles 
and subarachnoid space—a global increase in ICP may not be seen 
unless the hemorrhage is large or associated with marked hydrocepha-
lus. However, mass effect from the hematoma and local tissue shifts 
can compress the brainstem and result in herniation in the absence of 
a global increase in ICP.117,118 Thus the utility of ICP monitoring is not 
clear. In some cases, EVD placement is considered to manage hydro-
cephalus or IVH.

Acutely elevated ICP, edema, and tissue shifts are often treated with 
osmotic agents. There are only a few small clinical trials of osmotic 
agents in ICH, which do not provide sufficient data to support their 
routine use.119 Furthermore, corticosteroids in ICH or IVH do not 
provide benefit. Their use is not routinely recommended, as they in-
crease comorbidities.120

Management of Seizures

Risk of seizures in patients with acute spontaneous ICH is approximately 
15%.61–63 They are more common in patients with lobar hemorrhage 
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compared with cerebellar or deep ICH. Seizures may be convulsive or 
nonconvulsive; thus the true frequency depends at least partly on the ex-
tent of monitoring. Although seizures may theoretically exacerbate ICH, 
they have not been shown to alter outcome. The 2015 American Heart 
Association/American Society of Anesthesiologists (AHA/ASA) guidelines 
recommended against antiseizure prophylaxis.61 A 2019 systematic review 
and meta-analysis evaluating antiseizure prophylaxis found no reduction 
in incident seizures, disability, or mortality in patients with spontaneous 
ICH.121 Any seizure should be treated to prevent recurrent seizures. 
Treatment of clinical seizures typically begins with an IV benzodiazepine 
followed by an IV antiepileptic depending on individual circumstances 
and contraindications. The use of phenytoin is discouraged based on the 
poor outcomes associated in observational studies.61

Surgical Evacuation

The role of surgery in hematoma evacuation is controversial and lacks 
well-defined indications. The rationale for surgical evacuation is re-
ducing mass effect and removing neurotoxic clot constituents to mini-
mize injury to adjacent brain tissue, decrease the risk for herniation, 
improve ICP, and hence improve outcome. Early randomized con-
trolled trials of surgery for supratentorial ICH, however, failed to show 
a benefit.122–125 A meta-analysis of three of these trials reported that 
patients undergoing surgical evacuation via open craniotomy had a 
higher rate of death or dependency at 6 months compared with those 
managed medically.126 Criticisms of these trials are that outdated sur-
gical techniques were used, patient selection was inadequate, and sur-
gery was delayed. Because open craniotomy is complicated by tissue 
damage sustained during the approach to the hematoma, a variety of 
new techniques for clot removal have been proposed, including an 
ultrasonic aspiration and endoscopic approach. However, the recur-
rence of bleeding because of the loss of tamponade effect on adjacent 
tissue remains a concern. In addition, because the newer techniques 
involve limited surgical exposure, concern exists that rebleeding will be 
more difficult to control than with open craniotomy.

A lack of benefit of surgery in ICH was also shown in the STICH 
trial, a multicenter study in which 1033 patients were randomized 
within 72 hours of ICH onset to surgical hematoma evacuation or ini-
tial conservative management. Outcome did not differ between groups. 
Subgroup analysis, however, suggested a possible benefit of surgery in 
patients with superficial hematomas.127 Subsequently, the STICH II 
trial enrolled conscious patients with superficial lobar ICH of 10–100 
mL and no intraventricular hemorrhage within 48 hours of ictus. There 
was a trend toward better survival in the surgical group.128 In the Mini-
mally Invasive Surgery with Thrombolysis in Intracerebral hemorrhage 
Evacuation (MISTIE) phase III trial, 516 patients with supratentorial 
ICH $30 mL were randomized to stereotaxic placement of a catheter 
in the hematoma and instillation of tPA for up to 72 hours or medical 
management. The number of patients with a good functional outcome, 
defined by a mRS of 0–3, was similar for both groups at 365 days, al-
though mortality was lower in the surgical group.129

Because of the high risk of brainstem compression and hydro-
cephalus, cerebellar hemorrhages were excluded from the randomized 
trials of surgery. Case series report good outcomes for surgically 
treated patients with cerebellar hemorrhages that are large, associated 
with brainstem compression, or obstruct the fourth ventricle. Recom-
mended criteria for evacuation of a cerebellar hematoma have thus 
included diminished level of consciousness, large size of the hematoma 
(.3 cm in diameter), midline location, compression of basal cisterns 
and/or brainstem, and presence of hydrocephalus.130–132 Patient selec-
tion is important, as many patients with smaller hemorrhages do well 
with medical management.133 A recent 2019 individual participant 
data meta-analysis of four observational ICH studies concluded that 

surgical hematoma evacuation in cerebellar hemorrhages compared 
with conservative medical management did not improve functional 
outcome.134

Supportive Care

Patients with ICH are prone to the same medical complications seen in 
patients with ischemic stroke, including fever, deep venous thrombosis 
(DVT), pulmonary embolism, myocardial infarction, dysphagia, gas-
trointestinal bleeding, and pneumonia.135,136 Given the association be-
tween fever and worsened outcome in experimental models of brain 
injury, it is reasonable for antipyretic medications to be administered in 
febrile patients with ICH. A meta-analysis found that fever was signifi-
cantly associated with higher rates of mortality, disability, dependency, 
worse functional outcome, higher severity, and longer intensive care 
unit (ICU) stays.137 The randomized trials Clots in Legs Or sTockings 
after Stroke (CLOTS) 1, 2, and 3 assessed different treatment modalities 
for the prevention of DVT.138–141 In the CLOTS 1 trial, the use of thigh-
high compression stockings did not reduce DVT, pulmonary embolism 
(PE), or death.139 In the CLOTS 2 trial, the incidence of DVT was higher 
in patients who had below-knee graduated compression stockings com-
pared with thigh-high graduated compression stockings.138 In the 
CLOTS 3 trial, intermittent pneumatic compression reduced the occur-
rence of proximal DVT, with the effect being particularly prominent in 
patients with hemorrhagic stroke.140 Subcutaneous heparin at a dose of 
5000 units three times daily when initiated on day 2 after hemorrhage 
has been shown to significantly reduce the frequency of DVT relative to 
treatment begun on day 4 or 10, with no concomitant increase in  
hematoma expansion.142 In another study, subcutaneous enoxaparin 
(40 mg daily) initiated at 48 hours after ICH was also safe.143 A meta-
analysis of thromboprophylaxis assessing the early use of subcutaneous 
enoxaparin or heparin (from 1 to 6 days after admission) observed a 
significant reduction in PE, a nonsignificant mortality reduction, and 
no difference in DVT or hematoma enlargement.144

  Similar to patients with ischemic stroke, ICH patients should not 
be fed orally until swallowing is evaluated. Dysphagia is a common 
complication after ICH and a cause for aspiration pneumonia.145 Pa-
tients should consistently be monitored for signs of aspiration pneu-
monia. Early mobilization and rehabilitation are generally recom-
mended for clinically stable patients with ICH.

Prognostic Factors and Causes of Mortality

Thirty-day mortality after ICH is high (35%–52%),146–152 with over 
half of the deaths occurring in the first 48 hours.149,153,154 Overall mor-
tality from ICH has been decreasing because of advances in treatment, 
whereas a majority of ICH survivors have significant residual disabil-
ity.5,155–157 Predictors of poor outcome are impaired level of conscious-
ness, hematoma size, hematoma expansion, associated IVH, age, ante-
cedent antithrombotic use, uncontrolled hypertension, history of 
diabetes, male gender, and elevated troponin level. Predictive radio-
graphic features of poor prognosis include deep or infratentorial he-
matoma location, IVH, midline shift, hydrocephalus, hematoma 
growth, and the presence of the spot or swirl sign on CTA.77–80,113–115 A 
number of prognostic models have been developed to allow risk 
stratification upon presentation with ICH. The ICH score (Table 47.1), 
which is based on point assignments for GCS, ICH volume, presence 
of IVH, infratentorial location, and patient age, has been validated to 
accurately predict 30-day mortality.158

Concern has been raised, however, that withdrawal of life-sustain-
ing interventions, including early use of do not resuscitate (DNR) or-
ders in ICH patients, is likely to have a poor outcome bias on predictive 
models and invalidates the predictive value of other variables.159–164 
Thus the most frequent cause of death after ICH is withdrawal of care, 
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followed by early (within 48 hours) transtentorial herniation with 
progression to brain death. Medical complications of immobility ac-
count for most of the subsequent deaths.156

SUBARACHNOID HEMORRHAGE

Epidemiology
Subarachnoid hemorrhage (SAH) is a sudden, dramatic event that has 
multisystem consequences. Hemorrhagic strokes account for approxi-
mately 20% of strokes, of which SAH accounts for 10%. In the United 
States, SAH accounts for approximately 3% of all strokes.165 Approxi-
mately 80% of nontraumatic SAHs are caused by ruptured intracranial 
aneurysms. In 2019, a systematic review and meta-analysis concluded 
that the overall global incidence of aneurysmal was 7.9 per 100,000 
person-years.166 The incidence of aneurysmal SAH varies by geo-
graphic location.166 In 2010, the incidence in North America was 6.9 
per 100,000 person-years, whereas it was 28 in Japan and 5.1 for Cen-
tral and South America regions.166 Approximately 15%–20% of pa-
tients with SAH do not have a vascular lesion on initial cerebral angi-
ography, referred to as nonaneurysmal SAH.167 One-quarter of patients 
presenting with SAH die before reaching medical attention,168 and 
because of secondary insults (rebleeding, hydrocephalus, and delayed 
ischemia), more than half of those who reach medical attention either 
die or are left with significant neurologic deficits.

Causes and Risk Factors
Rupture of saccular aneurysms is the most common cause of spontane-
ous SAH. Cigarette smoking and hypertension are the most common 
modifiable risk factors associated with aneurysmal formation.169,170 
Genetic conditions susceptible to developing aneurysms include poly-
cystic kidney disease and connective tissue disorders. In some patient 
populations, genetic factors play a role in aneurysm formation without 
other associated conditions.171 Some environmental factors have been 
implicated in increasing the susceptibility in the familial form.172,173 
Other types of aneurysms that less commonly cause SAH include ath-
erosclerotic, mycotic, and traumatic aneurysms. Trauma is the most 
common cause of nonaneurysmal SAH. AVMs, stimulant abuse, neo-
plasia, and vasculitis account for the bulk of the remainder of cases. 
SAH may accompany ICH, particularly in the setting of CAA. In 
10%–15% of cases of SAH, no source of bleeding is identified.

Pathophysiology
In SAH, the primary site of bleeding is the subarachnoid space, but it 
may also involve hemorrhage into the brain parenchyma, ventricular 
system, or subdural space.174,175 Aneurysm rupture causes local tissue 
damage because of the jet of blood under arterial pressure, in addition 
to a transient increase in ICP to match arterial pressure. Saccular, or 
berry, aneurysms are small, rounded protrusions of the arterial wall 
occurring predominantly at bifurcations of the large arteries of the 
circle of Willis at the base of the brain. About 20% of patients have 
multiple aneurysms.

Most aneurysms rupture at the dome, where the wall may be as thin 
as 0.3 mm. Tension on the aneurysm wall is determined by the radius 
of the aneurysm and the pressure gradient across the wall. The prob-
ability of rupture is related to location and size. The most common 
sites of ruptured aneurysms are the distal internal carotid artery and 
its posterior communicating artery junction (41%), anterior commu-
nicating artery/anterior cerebral artery (34%), middle cerebral artery 
(20%), and vertebrobasilar arteries (4%).176 Aneurysms less than 5 
millimeters in diameter have a very low rate of rupture, and the aneu-
rysm–to–vessel size ratio may help predict the risk of rupture.177

Clinical Features
Presentation
The most common initial symptom of SAH, occurring in over 90% of 
patients, is a sudden and severe thunderclap headache.178 Less severe 
warning or sentinel headaches may precede the presenting event in as 
many as half of patients and are thought to represent minor aneurys-
mal leaks.179 In about half of patients, loss of consciousness accompa-
nies the headache because of either the sudden surge in ICP at the 
moment of hemorrhage or cardiac arrhythmias.180,181 Vomiting can be 
a prominent symptom. Seizures may be reported,182 but it is unclear 
whether this represents true epileptic seizures or reflex posturing. Fo-
cal deficits at the onset of hemorrhage occur in less than 10% of cases. 
Meningismus, characterized by a stiff neck, can develop after a few 
hours, reflecting meningeal inflammation induced by the presence of 
blood in the subarachnoid space.183

Complications

Neurologic and medical complications are common after SAH and 
contribute significantly to morbidity and mortality.184 A worsening of 
neurologic status often indicates one of the four major complications 
of SAH: rebleeding, hydrocephalus, vasospasm, or delayed cerebral 
ischemia (DCI). An understanding of the timing and nature of the 
deterioration facilitates rapid diagnosis and treatment. It must be em-
phasized that systemic perturbations such as infection, hyponatremia, 
fever, hypoxia, and hypotension may produce similar symptoms and 
should be sought out and corrected as part of the evaluation process.

Rebleeding. Rebleeding is heralded by a sudden worsening of 
headache, vomiting, blood pressure elevation, development of a new 
neurologic deficit, or arrhythmia. It occurs in up to one-third of pa-
tients and has a mortality rate of up to 70%. The risk of rebleeding is 
greatest during the first 24 hours (4%–14%),185 declining rapidly over 
the next 2 weeks. Rates of rebleeding are highest in patients with sei-
zure or loss of consciousness at onset, previous sentinel headaches, 
large aneurysm size, those who are a poor clinical grade, those who 
have hypertension, and longer time to aneurysm treatment.185,186 Re-
rupture is associated with a significantly high mortality.187

Hydrocephalus. Hydrocephalus occurs in approximately 20%–30% 
individuals after SAH because of disturbances of CSF flow or reab-
sorption. Acute hydrocephalus can develop within the first few min-
utes to hours of SAH,188 often in the absence of intraventricular blood. 
It usually manifests as a gradual decline in the level of consciousness 

Component Score

GCS 13–15 0

5–12 1

3–4 2

Age ,80 years 0

$80 years 1

ICH volume ,30 mL 0

$30 mL 1

ICH location Supratentorial 0

Infratentorial 1

IVH No 0

Yes 1

TOTAL ICH SCORE 0–6

TABLE 47.1 ICH Score

GCS, Glasgow Coma Scale; ICH, intracerebral hemorrhage; IVH, intra-

ventricular hemorrhage.

  

 



318 PART III Central Nervous System

and can easily be treated by placement of an EVD. In many, but not all, 
patients, ocular signs of elevated ICP (miosis, downward-eye devia-
tion, or restricted upgaze) occur. Delayed hydrocephalus may also de-
velop gradually days to weeks later. If acute hydrocephalus is untreated, 
about one-third of patients progress, one-third spontaneously im-
prove, and one-third remain static.189

Vasospasm and delayed cerebral ischemia. The term vasospasm 
refers to complex changes in intracerebral vessels, with segmental or dif-
fuse narrowing of the lumen secondary to spasmogenic substances 
generated from lysed blood clots. If the reduction in flow is severe 
enough, ischemia and infarction typically follow. The term DCI de-
scribes the clinical scenario where vasospasm, impaired autoregulation, 
hypovolemia, spreading cortical depression, and microthrombosis com-
bine to produce ischemia.190 Arterial narrowing can be detected angio-
graphically in up to 70% of patients,191 of whom almost half will have 
symptoms. The onset of vasospasm is delayed, most commonly develop-
ing 5–10 days after initial hemorrhage, and may persist for up to 3 weeks. 
The strongest predictors of vasospasm are clinical condition on presen-
tation and the amount of subarachnoid blood on the initial CT scan.192–

194 The highest risk is in those who have thick subarachnoid clots and 
intraventricular blood (graded using a modified Fisher Scale; Table 
47.2).192,193 Focal neurologic deficits resulting from vasospasm may ap-
pear abruptly or gradually and may fluctuate, exacerbated by hypovole-
mia, hypotension, or fever. If untreated, cerebral infarction may occur.

Hypertension. Blood pressure is often elevated after SAH and is as-
sociated with a greater risk of rebleeding, vasospasm, and mortality. 
Multiple factors may underlie the rise in blood pressure, including 
increased sympathetic outflow, agitation, and pain. Early on, blood 
pressure management focuses on treating hypertension to help prevent 
re-rupture of the aneurysm. After repair of the aneurysm, the risk of 
rebleeding is decreased, and spontaneous elevations in blood pressure 
should be allowed to occur without intervention, because the risk of 
vasospasm becomes the primary concern in management.

Hyponatremia and hypernatremia.  Disturbances in sodium and 
water balance occur in about one-third of patients, and hyponatremia 
and volume depletion after SAH are correlated with an increased risk 
of symptomatic vasospasm and poor outcome.195–197 Although hypo-
natremia was previously attributed to syndrome of inappropriate an-
tidiuretic hormone (SIADH), later evidence suggests that both sodium 
and water are lost because of cerebral salt wasting (CSW).198 SIADH is 
a state of euvolemia or hypervolemia, whereas CSW is a hypovolemic 
state.198 In fact, when administered normal, maintenance volumes of 
fluid (2–3 L/day), as many as half of patients develop intravascular 
volume contraction.199

Cardiopulmonary. Cardiac abnormalities are common in the first 
48 hours after SAH. Electrocardiographic (ECG) changes, including 
peaked T waves (cerebral T waves), diffuse T-wave inversion, ST-seg-
ment depression, and prolonged QT segments,200,201 occur frequently 
and are linked to elevated levels of circulating catecholamines. These 
changes usually do not represent myocardial ischemia, as the myocar-
dial lesions reported are pathologically distinct from ischemia. Cardiac 
enzymes may be mildly elevated.202 Cardiac rhythm disturbances oc-
cur in about 30%–40% of patients, especially on the day of hemor-
rhage or in the postoperative period.203,204 In rare cases, a stunned 
myocardium, referred to as Takotsubo cardiomyopathy, may occur, with 
impairment of myocardial contractility leading to a fall in cardiac 
output, hypotension, and pulmonary edema.205 Apical ballooning is a 
common echocardiographic finding. This can be dramatic but is tran-
sient, usually lasting 2–3 days, after which cardiac function recovers.206 
Management is the same as with other causes of cardiogenic shock.207 
During hemodynamic treatment for vasospasm, pulmonary edema 
may occur in up to one-quarter of patients,208 although its incidence is 
now lower with careful monitoring.209

Diagnostic Studies
CT is the imaging modality of choice in screening for SAH.210 Blood ap-
pears as high attenuation within the basal cisterns, Sylvian fissure, and 
sulci (Fig. 47.3). CT may fail to demonstrate SAH if the volume of blood 
is very small, if the hemorrhage occurred several days before the CT scan, 
or if the hematocrit is extremely low.211 Lumbar puncture for CSF analy-
sis is indicated if the CT is negative and clinical suspicion is high. Red 
blood cells in the CSF are indicative of SAH but can also be seen with 
traumatic puncture. The common technique of comparing cell counts in 
the first and last tubes collected is not reliable; however, the presence of 
yellow pigment (xanthochromia), resulting from red cell breakdown, can 
help distinguish between the two.212 Xanthochromia develops 6 hours 
after hemorrhage and persists for 1–4 weeks.213

 1. No blood detected

 2. Diffuse or vertical layers ,1 mm thick

 3. Localized subarachnoid clot and/or vertical layers $1 mm thick

 4. Intraparenchymal or intraventricular clot with diffuse or no SAH

Modified Fisher CT Rating Scale

 1. Minimal or diffuse thin SAH without IVH

 2. Minimal or thin SAH with IVH

 3. Thick cisternal clot without IVH

 4. Thick cisternal clot with IVH

TABLE 47.2 Fisher Grade of Subarachnoid 
Hemorrhage on Initial CT Scan

CT, Computed tomography; IVH, intraventricular hemorrhage; SAH, 

subarachnoid hemorrhage.

Fig. 47.3. Characteristic CT Scan Showing Acute Aneurysmal Sub-

arachnoid Hemorrhage with Blood in the Perimesencephalic  

Cisterns and Sylvian Fissures.
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Once the diagnosis of SAH is established, the etiology must be de-
termined. With its wide availability, ease of use, and safety profile, CTA 
is increasingly being used as the initial diagnostic tool. Overall sensitiv-
ity is more than 90% compared with conventional angiography but is 
notably lower for aneurysms smaller than 5 mm214; thus a negative 
CTA should be followed by conventional catheter angiography.215 
Magnetic resonance angiography (MRA) has good sensitivity for de-
tecting medium and large aneurysms, but sensitivity falls to less than 
40% for small aneurysms. MRA and CTA may also be of assistance in 
planning surgical or endovascular approaches to treatment.

Angiography fails to identify a source of bleeding in 10%–15% of 
patients with nontraumatic SAH. Repeat angiography in about 1 week 
is thus recommended.216 There are a subset of patients in whom the 
blood on CT is localized to the perimesencephalic cisterns. In these 
cases, angiography is usually negative, and the bleeding is thought to 
be venous in origin; the prognosis is typically excellent, and repeat 
angiography is almost always negative.215

Treatment
In 2011, the Neurocritical Care Society (NCS) held an international 
consensus conference on the critical care management of patients with 
SAH, and evidence-based recommendations were developed.217

Initial Stabilization

The initial steps in the evaluation of a patient with suspected SAH 
should include assessment of airway, hemodynamic status, and the 
level of neurologic function. The Hunt and Hess Scale218 and the World 
Federation of Neurological Surgeons Scale219 provide standardized 
measures of the patient’s clinical condition (Tables 47.3 and 47.4). 
These scales should be scored after the patient is stabilized, including 
treatment of seizures and hydrocephalus if indicated. If the patient is 
lethargic or agitated, elective intubation should be considered before 
angiography, as sedation is often necessary. Indications for endotra-
cheal intubation include a GCS #8, elevated ICP, poor oxygenation or 

hypoventilation, hemodynamic instability, and requirement of heavy 
sedation or paralysis.

Admit or Transfer to an Expert Center

Early, aggressive, and expert care can dramatically affect outcomes in 
SAH. Dedicated neurocritical care units and expert staff, including neu-
rocritical care intensivists, neurosurgeons, and neurovascular surgeons, 
play a critical role in providing appropriate care of SAH patients.220–224

Routine Care and Monitoring

The routine monitoring of all patients with acute SAH should include 
serial neurologic examinations; continuous ECG monitoring; and 
frequent determinations of blood pressure, electrolytes, body weight, 
and fluid balance.

Antithrombotic Reversal

Initial management should include discontinuation of all antithrom-
botic therapy. The 2015 NCS and Society of Critical Care Medicine 
(SCCM) guidelines recommend reversal of antithrombotics until the 
aneurysm is secured. For patients on antiplatelet therapy deemed to be 
candidates for neurosurgical procedures, a single IV dose of desmo-
pressin and platelet transfusion are reasonable after platelet function 
testing demonstrates decreased function.225

Seizure Prophylaxis

Use of prophylactic anticonvulsants is controversial but may be rea-
sonable in the immediate posthemorrhagic period in patients with 
unsecured aneurysm, poor neurologic grade, and associated ICH; 
however, the duration of administration should be limited to several 
days.185,226 Recent retrospective studies have suggested that routine use 
of anticonvulsants for a longer duration is associated with worse neu-
rologic outcome.227,228

Fluid Management

A stable intravascular volume should be maintained by hydration with 
crystalloids or colloids.185 The goal of IV fluids is to achieve and main-
tain euvolemia, a counterbalance to vasospasm.229 Combining multi-
ple clinical indicators of volume status such as daily monitoring of 
fluid balance, body weight, hematocrit, central venous pressure, and 
replacing urine output is needed.185,230

Sodium Homeostasis

Hyponatremia in SAH can be either from SIADH or CSW.198 SIADH 
is often managed with restriction of free water, which is not desirable 
in SAH patients. Thus hypertonic fluids should be used to treat hypo-
natremia associated with SIADH. There may be a role for antidiuretic 
hormone (ADH) antagonists such as conivaptan, but because they 
increase urine volume, extreme caution must be exercised to avoid 
hypovolemia.231 In CSW, excessive secretion of natriuretic peptides 
leads to hypovolemia and hyponatremia. Aggressive fluid resuscitation 
with isotonic or hypertonic fluids is required to prevent intravascular 
volume contraction.232,233 Fludrocortisone may be helpful in treating 
salt wasting and hypovolemia198,199,234,235

Hypertension

Optimal management of blood pressure is not well defined in SAH  
patients. SBP ,140 mm Hg or MAP ,100 mm Hg is a reasonable goal 
in patients with unsecured aneurysm.185,217 Initial attempts to treat 
hypertension should include analgesics and nimodipine; other antihy-
pertensive agents should follow if needed. Useful medications include 
intermittent doses of beta-blockers and vasodilators. If a continuous 
infusion is needed, nicardipine or clevidipine are effective.185 When 

Grade Neurologic Status

I Asymptomatic or mild headache and neck stiffness

II Moderate to severe headache and neck stiffness ± cranial 

nerve palsy

III Mild focal deficit, lethargy, or confusion

IV Stupor, moderate to severe hemiparesis

V Deep coma, extensor posturing

TABLE 47.3 Hunt and Hess Clinical 
Classification of Subarachnoid Hemorrhage

Grade Glasgow Coma Scale Motor Deficits

I 15 Absent

II 13–14 Absent

III 13–14 Present

IV 7–12 Present or absent

V 3–6 Present or absent

TABLE 47.4 World Federation of 
Neurological Surgeons Clinical Classification  
of Subarachnoid Hemorrhage
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significant hydrocephalus is present, hypertension should not be treated 
until after the hydrocephalus is addressed, as the hypertension may be 
acting to maintain adequate cerebral perfusion in the face of elevated ICP.

DVT Prophylaxis

Intermittent pneumatic compression devices should be started on ad-
mission even before the definitive treatment of aneurysm,176 with 
subcutaneous heparin started after securing the aneurysm.

Magnesium Sulfate

Magnesium antagonizes calcium and thus can potentially reduce vaso-
spasm, but recent meta-analysis and systematic review found no sup-
port for its use.236,237

Statins

Statins are not routinely recommended in the treatment of SAH pa-
tients.238 A multicenter phase III trial of simvastatin 40 mg or placebo 
found no short- or long-term benefit of the drug.239

Aneurysm Treatment

Surgical and endovascular methods are available to secure the rup-
tured aneurysm. Surgical management involves placing a clip across 
the neck of the aneurysm. Advancement of microsurgical techniques 
has made clipping a safe and effective method. Endovascular tech-
niques such as electrolytically detachable platinum coils, stent-assisted 
coiling, and balloon-assisted coiling are routinely used to repair rup-
tured aneurysms.185

Management of Secondary Complications

Rebleeding.

Multiple clinical trials have demonstrated that antifibrinolytic agents 
such as aminocaproic acid and tranexamic acid (TXA) reduce the risk 
of rebleeding, but this benefit is offset by an increased incidence of 
vasospasm and hydrocephalus.240,241 With the advent of early interven-
tion, the use of these agents has declined dramatically. More recently, 
there has been interest in a shorter course of antifibrinolytic therapy 
while awaiting surgery or endovascular treatment in the absence of 
medical contraindications.185 TXA begun immediately upon SAH di-
agnosis and continued until the aneurysm was secured (within 72 
hours) reduced the risk of rebleeding from 10.8% to 2.4% and did not 
increase the risk of DCI.242

Other measures directed at prevention of rebleeding include avoid-
ing situations that produce sudden changes in the transmural pressure 
across the wall of the aneurysm. Patients are placed on bed rest and 
stimulation minimized. Agitated patients should be carefully sedated 
and long-acting agents avoided. Measures should be taken to minimize 
cough and Valsalva maneuvers. Stool softeners are administered to 
avoid straining. The definitive way to prevent rebleeding is to repair 
the aneurysm243 by surgical or endovascular means as early as possible, 
preferably within 24 hours.

Hydrocephalus

The decision to treat hydrocephalus is usually based on the CT appear-
ance of enlarging ventricles in a patient whose level of consciousness is 
deteriorating. During placement of an EVD, the CSF pressure must be 
reduced slowly to lessen the risk of aneurysmal re-rupture. CSF drain-
age may be needed for many days to clear intraventricular blood before 
it can be determined if a permanent shunt is required. Approximately 
14%–40% of patients with acute hydrocephalus develop shunt-depen-
dent chronic hydrocephalus. The need for a shunt is evaluated in the 
subacute period with weaning of the EVD and subsequent clamping 
trial.228,244–246

Delayed Cerebral Ischemia

Approximately 30% of cases of SAH are complicated by DCI, which 
typically occurs between 3 and 14 days after symptom onset.247,248 It con-
tributes significantly to morbidity and mortality.185 Vasospasm is pre-
sumed to be the most common cause of DCI.249 Monitoring for DCI 
involves serial neurologic examinations, serial transcranial Doppler 
(TCD),250,251 and catheter angiography. Neurologic signs may be vague, 
such as a global decline in responsiveness, or may include focal deficits. 
Symptoms may wax and wane, being exacerbated by hypovolemia or 
hypotension. Daily TCD recordings provide a window of opportunity for 
vasospasm treatment before neurologic decline. Vasospasm can be identi-
fied on TCD by an increase in linear blood flow velocity, defined as mild 
(.120 cm/sec), moderate (.160 cm/sec), or severe (.200 cm/sec).252 
Alternatively, the rate of rise in the Lindegaard Ratio, calculated as mean 
velocity in the middle cerebral artery (MCA) / mean velocity in ipsilateral 
extracranial internal carotid artery, is used to define the onset of vaso-
spasm. The sensitivity of TCD in detecting vasospasm is about 80% when 
compared with angiography, at least partly because TCD samples only a 
small segment of the vasculature.253 Noninvasive techniques such as CTA 
and CT perfusion (CTP) can be used to confirm DCI on TCD.185 Digital 
subtraction angiography (DSA) is recommended in patients with symp-
tomatic vasospasm who might benefit from intervention.

When making a clinical diagnosis of DCI, alternative causes of 
neurologic changes such as sedatives, rebleeding, hydrocephalus, cere-
bral edema, seizures, metabolic derangements, and infections should 
be promptly excluded. Detection of clinical signs of DCI is particularly 
difficult in poor-grade patients because of the limited examination 
that is possible.

Prevention. Routine measures taken to reduce the risk of DCI in-
clude mechanical removal of subarachnoid blood at the time of aneu-
rysm surgery or by CSF drainage, administration of the centrally acting 
calcium channel antagonist nimodipine, and avoidance of intravascular 
volume contraction or hypotension. Nimodipine for 3 weeks after SAH 
is the standard of care and improves functional outcomes.254–256 Its 
beneficial effect may be the result of action on the cerebral vessels or by 
preventing calcium influx into ischemic neurons. Any hypotension de-
veloping with nimodipine can usually be managed with fluids or by 
adjusting the dosage schedule. If the impact of nimodipine on blood 
pressure cannot be overcome in patients with DCI, it may have to be 
discontinued and reevaluated when hemodynamically stable.

Although there is general agreement that hypovolemia must be 
avoided, the use of prophylactic hypervolemia is more controver-
sial.185,257–259 In a prospective controlled study, prophylactic volume ex-
pansion with albumin failed to reduce the incidence of clinical or TCD-
defined vasospasm and had no effect on outcome.260 Costs and 
complications may be higher with the use of prophylactic hypervolemia.

Prophylactic use of transluminal balloon angioplasty was evaluated 
in a prospective, randomized controlled trial.261 Although it reduced 
the need for therapeutic angioplasty and reduced ischemic deficits, 
these benefits were offset by procedure-related vessel complications.

Treatment of DCI
The trigger for instituting more aggressive interventions varies widely. 
Some centers actively intervene in the setting of rising TCD veloci-
ties262 or angiographic vasospasm in asymptomatic patients,263 whereas 
others institute aggressive measures in the setting of clinical deteriora-
tion. Aggressive measures include both hemodynamic and endovascu-
lar manipulations.264–266 The goal is to improve CBF in ischemic re-
gions. Hemodilution, hypervolemia, and induced hypertension (triple 

H therapy) was previously employed to achieve an increase in CBF, but 
accumulating evidence has shown that maintaining euvolemia and 
only inducing hypertension during vasospasm are beneficial.229,267,268
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Induced Hypertension

Blood pressure augmentation is considered the first-line therapy for 
DCI in euvolemic patients and can be achieved with vasopressor agents, 
although the optimal target is not well defined.229 Goals for blood pres-
sure should be defined as a percent change from baseline (beginning 
with an approximately 15% change) rather than prespecified levels.

The presence of other small, untreated aneurysms does not exclude 
use of this therapy. The degree of blood pressure augmentation should 
be titrated continuously to the patient’s neurologic status; thus if a goal 
is reached but there is no neurologic improvement, the goal should be 
modified. Once the optimal goals have been reached, they are usually 
maintained for 2–3 days and then gradually weaned. Risks associated 
with this therapy include volume overload, pulmonary edema, heart 
failure, and cerebral edema.

Anemia is common after SAH and may contribute to DCI by com-
promising brain oxygen delivery.185,269 Although transfusion can have 
beneficial effects on brain physiology, it may be associated with medical 
complications, infection, vasospasm, and poor outcome after SAH. Still, 
given the high risk of ongoing cerebral ischemia, the results of the 
Transfusion Requirements in Critical Care Trial and subsequent obser-
vational studies on red blood cell transfusion in general critical care 
should not be applied to SAH patients.270,271 Practice surveys indicate 
that transfusion thresholds of 8–10 g/dL are commonly used, with the 
higher range reserved for patients with DCI. Current recommendations 
are to maintain hemoglobin closer to 10 g/dL in patients at risk of isch-
emia rather than use the standard transfusion threshold of 7 g/dL.272

Endovascular Treatments

The endovascular approach to vasospasm involves treatment of con-
stricted vessels with either balloon angioplasty or intraarterial infusion 
of vasodilating agents.230,273 Angioplasty on the proximal segments of 
vasospastic cerebral vessels yields impressive sustained angiographic 
changes.274,275 Vasoconstriction in more distal vessels usually cannot be 
reached by angioplasty catheters and can be treated with intraarterial 
infusion of vasodilators. Intraarterial papaverine rapidly dilates the 
entire cerebral vasculature, but reversal of clinical deficits is inconsis-
tent.276–278 Its use has largely been abandoned because of its short-lived 
effect and complications, including increased ICP, apnea, worsening of 
vasospasm, neurologic deterioration, and seizures.279 It has been re-
placed by nicardipine, verapamil, nimodipine, and milrinone.280–282

The timing of when to initiate endovascular therapy is debated. It 
is generally used if, after a few hours, the response to hemodynamic 
augmentation is inadequate, but it may be the initial therapy in pa-
tients with poor cardiac function who are at high risk of complications 
of hemodynamic manipulation.283

Endothelin-1 Antagonists

Endothelin-1 (ET-1) is a 21–amino acid peptide that mediates vaso-
constriction. In early studies, an endothelin antagonist, clazosentan, 
reduced angiographic vasospasm284,285 and tended to reduce vaso-
spasm-related morbidity/mortality. Subsequently, two very large ran-
domized controlled trials confirmed the reduction in angiographic 
vasospasm, but clazosentan did not change clinical outcome.286

Fever

 After SAH, fever develops in well over half of patients and is associated 
with increased length of stay, worse outcome, and higher mortal-
ity.287–290 Early in the disease course, most fevers are central in origin. 
Antipyretics are effective in a minority of patients, although IV forms 
may be more effective. Surface and intravascular cooling devices are 
much more effective, but benefits from cooling may be offset by nega-
tive consequences from shivering.291

Prognostic Factors and Causes of Mortality
Untreated aneurysmal SAH carries a poor prognosis, with an esti-
mated mortality rate of about 50%.292,293 Of those who make it to 
medical attention, mortality is 20%–40%. Causes of death are about 
equally distributed among direct effects of the initial hemorrhage, re-
bleeding, vasospasm, and medical complications. Overall, less than 
one-third of patients achieve good neurologic recovery. Predictors of 
poor prognosis include loss of consciousness or poor neurologic con-
dition on admission, older age, hypertension, preexisting medical ill-
ness, $1 mm thickness of subarachnoid blood on CT, seizures, cere-
bral edema, aneurysm location in the basilar artery, and symptomatic 
vasospasm.294–298 Scales quantifying the degree of physiologic illness 
are also predictive of outcome in patients with SAH.299 Long-term 
survivors of the initial hemorrhage continue to suffer a 3% annual risk 
of re-hemorrhage unless the aneurysm is repaired. Advancements in 
diagnostic and therapeutic options in neurocritical care are plausible 
explanations for improved prognosis in patients with SAH.300

KEY POINTS

• Major risk factors for primary ICH include hypertension and CAA, which 

account for nearly 80% of all cases.

• Initial management and stabilization of ICH should include aggressive blood 

pressure reduction with IV medications to a target blood pressure less than 

160 mm Hg and, with caution, to less than 140 mm Hg.

• Prognostic factors in ICH associated with poor outcomes include low CGS 

on admission, IVH, advanced age, large hematoma size, and infratentorial 

location of the hemorrhage.

• Abrupt discontinuation and reversal of anticoagulation with ICH are impera-

tive to decrease the risk of hematoma expansion and rebleeding.

• Patients presenting to a tertiary care center with either intracerebral or 

subarachnoid hemorrhage should be urgently triaged to a neurocritical care 

intensive care unit based upon evidence of improved outcomes.

• SAH is classified as either nonaneurysmal or aneurysmal, with the latter 

accounting for 80% of all hemorrhages.

• Early complications such as rebleeding and late complications such as va-

sospasm and DCI occur in aneurysmal SAH.

• The use of nimodipine in SAH has been shown to improve neurologic out-

comes, but not reduce the prevalence of vasospasm.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Connolly SJ, Crowther M, Eikelboom JW, et al. Full study report of andexanet 
alfa for bleeding associated with factor Xa inhibitors. N Engl J Med. 
2019;380(14):1326–1335.
A prospective randomized trial of andexanet alfa for reversal of factor Xa in-

hibitors in acute ICH. The study found an effective hemostasis rate of 80%, 

although patients included had a mean GCS of 14 and ICH volume ,10 cc.

Diringer MN, Bleck TP, Claude Hemphill J III, et al. Critical care management 
of patients following aneurysmal subarachnoid hemorrhage: recommen-
dations from the Neurocritical Care Society’s Multidisciplinary Consensus 
Conference. Neurocrit Care. 2011;15:211–240.
A summary of the consensus guidelines developed by the Neurocritical Care So-

ciety for the critical care management of early and late complication from SAH.

Martini SR, Flaherty ML, Brown WM, et al. Risk factors for intracerebral 
hemorrhage differ according to hemorrhage location. Neurology. 
2012;79(23):2275–2282.
A summary of the risk factors for ICH based upon parenchymal location. 

Specific etiologies include hypertension, CAA, and vascular malformations.
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Qureshi AI, Palesch YY, Barsan WG, et al. Intensive blood-pressure lowering in 
patients with acute cerebral hemorrhage. N Engl J Med. 
2016;375(11):1033–1043.
A prospective randomized trial of intensive versus standard blood pressure re-

ductions in acute ICH using intravenous antihypertensives. The study con-

cludes that reduction to less than 140 mm Hg is probably safe, though com-

plications such as acute kidney injury may occur.

Rabinstein AA, Friedman JA, Weigand SD, et al. Predictors of cerebral in-
farction in aneurysmal subarachnoid hemorrhage. Stroke. 
2004;35(8):1862–1866.
A summary of the clinical and radiologic predictors of cerebral infarction oc-

currence and location after aneurysmal SAH. The study found that evidence 

of vasospasm on TCDs and angiograms is predictive. They also found that in-

farction location cannot be predicted in nearly one-third of the patients.
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team is crucial to offer the patient timely therapy that significantly  

affects outcome.6

EPIDEMIOLOGY

Limited data are available on the epidemiology of seizures in the ICU. 

A 10-year retrospective study of all ICU patients with seizures revealed 

that 7 patients had seizures per 1000 ICU admissions.10 A 2-year pro-

spective study of medical ICU patients identified 35 with seizures per 

1000 admissions.11 In a retrospective analysis of 570 patients undergo-

ing cEEG monitoring, seizures were detected in 110 patients (19%). Of 

those patients with seizures, the majority were in ICUs at the time of 

the EEG (n 5 101; 89%). In this series, 92% of the recorded seizures 

were nonconvulsive, requiring EEG for the diagnosis.12 Up to 34% of 

hospital inpatients experiencing a seizure die during their hospitaliza-

tion.11 In a study of medical ICU patients, having even one seizure 

while in the ICU for a nonneurologic reason doubled in-hospital mor-

tality.11 Incidence estimates for status epilepticus in the United States 

and Europe vary from 10.3 to 41/100,000.3,13–15 The incidence has a 

bimodal distribution, peaking in young children and in the elderly.13,16

Mortality estimates vary widely, but data suggest that prolonged 

seizure duration is a negative prognostic factor. For patients whose 

generalized convulsive status epilepticus (GCSE) resolves within 30–59 

minutes, the reported mortality is 2.7%, whereas patients seizing for 

more than 60 minutes have a mortality of 32%.17 If GCSE develops de 

novo in hospitalized patients, the mortality is 61%.18 For patients in 

NCSE, the mortality has been reported as high as 57%6 and correlates 

with the underlying cause, severe impairment of mental status, and 

development of complications, especially respiratory failure and infec-

tion.19 Determining the contribution of status epilepticus to mortality 

is challenging because of the large impact of the underlying etiology 

on outcomes.

Table 48.1 summarizes the most common causes of status epilepti-

cus in adults in the community. Almost 50% of the cases were attrib-

uted to cerebral vascular disease.20 Antiseizure medication nonadher-

ence is the main cause of status epilepticus in patients with a previous 

history of epilepsy; CNS infection, stroke, and metabolic disturbances 

predominate in patients without previous seizures.7

Limited data are available concerning the functional abilities of 

GCSE survivors, and no data reliably permit distinction between the 

effects of status epilepticus and the effects of its causes. GCSE has the 

worst prognosis for neurologic recovery. Causes associated with in-

creased mortality include anoxia, intracranial hemorrhages, tumors, 

infections, and trauma. In addition, intellectual ability declines as a 

consequence of status epilepticus.21 Survivors of status epilepticus of-

ten have memory and behavioral disorders out of proportion to the 

structural damage produced by the cause of their seizures. Case reports 

INTRODUCTION

The routine use of continuous electroencephalographic (cEEG) re-

cordings in intensive care demonstrates that clinical seizures in criti-

cally ill patients, both with neurologic and nonneurologic conditions, 

are the tip of the iceberg regarding seizure frequency in this vulnerable 

population. Nonconvulsive seizures are detected in 10%–30% of criti-

cally ill patients with altered mental status and in up to 60% of criti-

cally ill patients who have been witnessed to have prolonged clinical 

seizures earlier during their hospital stay.1 The presence of seizures in 

this population is associated with worse functional outcome at dis-

charge,2 multiple markers of disease severity,3 and long-term neuro-

logic injury.4 The routine use of cEEG monitoring and quantitative 

EEG (qEEG) analysis leads to the diagnosis of electrographic seizures 

and timely modification of treatment,5 which may affect early and 

long-term disability and mortality. The use of cEEG has become stan-

dard care in the intensive care unit (ICU). Its use is strongly recom-

mended in cases of recent status epilepticus, unexplained coma, altered 

mental status, and behavioral changes and also in most patients with 

intracranial hemorrhage, as these cases are more likely to be associated 

with subclinical seizures.1

Among patients without primarily neurologic conditions, the pres-

ence of a seizure may be the first indication of a central nervous system 

(CNS) complication; delay in recognition and treatment of seizures is 

associated with an increased risk of mortality.6 Thus rapid diagnosis, 

treatment, and follow-up of epileptic activity and seizures are crucial. 

In addition, because epilepsy affects around 2% of the population, 

patients with a predisposition to seizures may enter the ICU for treat-

ment of other systemic problems. These patients are at high risk for 

developing seizures and status epilepticus in the context of acute or 

severe illness.7 Patients developing status epilepticus often require 

critical care management as treatment escalates to include multiple 

antiseizure medications and sedatives that require airway protection, 

hemodynamic support, and close monitoring.

Status epilepticus refers to prolonged seizure activity beyond the 

usual duration of a self-limited, isolated seizure; it may be the primary 

indication for admission to the ICU, or it may occur in ICU patients. 

Seizures that persist longer than 5 minutes or recurrent seizures with-

out recovery to the patient’s neurologic baseline between seizures 

should be considered and treated as status epilepticus.8 Status epilepti-

cus can also be subclinical, with little or no overt signs of seizures. Of 

patients monitored with EEG as part of a coma evaluation, 8%–10% 

were reported to be in nonconvulsive status epilepticus (NCSE).9 Rec-

ognizing the risk factors, clinical presentation, diagnosis, and manage-

ment of clinical and subclinical seizures in the ICU is a frequent task 

for the intensivist. Recent technologic advances enormously facilitate 

the diagnosis and follow-up of these patients in real time. Communi-

cation between the ICU team and the neurology/neurophysiology 
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Previous Seizures No Previous Seizures

Common
Subtherapeutic antiseizure medication Ethanol-related

Ethanol-related Drug toxicity

Intractable epilepsy CNS infection

Head trauma

CNS tumor

Less Common
CNS infection Metabolic aberration

Metabolic aberration Stroke

Drug toxicity

Stroke

CNS tumor

Head trauma

TABLE 48.1 Causes of Status Epilepticus 
in Adults Presenting From the Community

of severe memory deficits after prolonged focal status epilepticus with 

impairment of consciousness have been published.22 Conversely, one 

prospective study of 180 children with febrile status epilepticus re-

ported no deaths or new cognitive or motor disability.23 Experimental 

animal24 and human25 epidemiologic studies suggest that status epilep-

ticus may be a risk factor in the development of future seizures. 

Whether treatment of prolonged seizures reduces the risk of subse-

quently developing epilepsy remains uncertain.

CLASSIFICATION

Seizures are the clinical manifestation of the underlying predisposition 

for abnormal excessive and synchronous brain activity that defines 

epilepsy. Seizures can affect all measurable brain functions and follow 

a predictable clinical presentation largely related to the site of origin of 

the epileptic activity and the pattern of propagation.

The most recent revision of the terminology and classification of 

seizures and epilepsy from the International League Against Epilepsy 

(ILAE) was published in 2017 (Table 48.2).26–29 Seizures are initially 

divided into focal- versus generalized-onset or unknown-onset sei-

zures. Focal seizures are then further subdivided into focal-aware or 

focal-impaired awareness seizures. Additional classifiers for motor 

onset and nonmotor onset may be added. The motor classifiers include 

automatisms, atonic, clonic, epileptic spasms, hyperkinetic, myoclonic, 

and tonic, whereas nonmotor classifiers are autonomic, behavior ar-

rest, cognitive, emotional, and sensory. Similarly, generalized-onset 

seizures are classified based on motor (e.g., tonic-clonic, myoclonic, 

atonic, and others) or nonmotor (i.e., typical absence, atypical ab-

sence, myoclonic) features.26,27,29

The ILAE terminology classifies epilepsy types based on varying 

levels of diagnosis: seizure type, epilepsy type, and epilepsy syn-

drome. Based on the three seizure types (focal, generalized, or un-

known), the epilepsy type is determined as either focal, generalized, 

combined generalized and focal, or unknown. Potential etiologies 

should be considered, which include structural, genetic, infectious, 

metabolic, immune, or unknown etiologies. Epilepsy syndromes 

such as juvenile myoclonic epilepsy or childhood absence epilepsy 

refer to a cluster of features (seizure type, EEG, and imaging find-

ings) that typically occur together.28 Determining the epilepsy type 

may aid in the selection of treatment options and prognosis. Careful 

Focal-Onset Seizures
Aware versus Impaired Awareness

Motor onset:

Automatisms

Atonic

Clonic

Epileptic spasms

Hyperkinetic

Myoclonic

Tonic

Nonmotor onset:

Autonomic

Behavioral arrest

Cognitive

Emotional

Sensory

Generalized-Onset Seizures

Motor:

Tonic-clonic

Clonic

Tonic

Myoclonic

Myoclonic-tonic-clonic

Myoclonic-atonic

Atonic

Epileptic spasms

Nonmotor (absence):

Typical

Atypical

Myoclonic

Eyelid myoclonia

Unknown Onset

Motor

Tonic-clonic

Epileptic spasms

Nonmotor

Behavior arrest

Unclassified

Insufficient information or not fitting into any of the other categories

TABLE 48.2 2017 ILAE Classification of 
Seizure Types – Expanded Version26,27,29

description of the phenomenology of seizures, etiology, and localiza-

tion continues to be an important part of the patient’s care. The 

identification of clinical features of seizures can be challenging in the 

ICU, except for observation of motor manifestations. ICU patients 

often have altered awareness caused by medications, hypotension, 

sepsis, or intracranial lesions; thus the presentation of focal seizures 

may be difficult to establish by observation alone, and EEG monitor-

ing is often the only way to determine if a patient is seizing.

An ICU patient who has continuous, regular repetitive contractions 

in a stable muscle group in the right arm while awake and responsive 

can be classified as having focal right arm clonic status epilepticus 

without impairment of consciousness or awareness. Epilepsia partialis 

continua, a special form of focal status epilepticus in which repetitive 

movements of epileptic origin affect a small area of the body, can 

sometimes continue relentlessly for months or years and is notoriously 

refractory to treatment. The ILAE continues to work toward revising 

CNS, Central nervous system.

ILEA, International League Against Epilepsy.
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and updating the current classification system. For the most recent 

information, refer to www.ilae.org.30

PATHOGENESIS AND PATHOPHYSIOLOGY

The causes and effects of status epilepticus at the cellular, brain, and 

systemic levels are interrelated, but their individual analysis is useful 

for understanding them and their therapeutic implications. The ionic 

events of a seizure follow the opening of ion channels coupled to ex-

citatory amino acid receptors. From the standpoint of the intensivist, 

three channels are important, as their activation may raise intracellular 

free calcium to toxic levels: alpha-amino-3-hydroxy-5-methyl-4-isoxa-

zole propionic acid receptor (AMPAR), N-methyl-d-aspartate receptor 

(NMDAR), and metabotropic channels. These excitatory amino acid 

systems are crucial for learning and memory. Counterregulatory ionic 

events are triggered by the epileptiform discharge as well, such as the 

activation of inhibitory interneurons suppressing excitatory neurons 

via ionotropic gamma-aminobutyric acid (GABAA) synapses.

The cellular effects of excessive excitatory amino acid channel  

activity include the following: (1) generation of toxic levels of intra-

cellular free calcium; (2) activation of autolytic enzyme systems; (3) 

production of oxygen free radicals; (4) generation of nitric oxide, 

which both enhances subsequent excitation and serves as a toxin; (5) 

phosphorylation of enzyme and receptor systems, making seizures 

more likely; and (6) an increase in intracellular osmolality, producing 

neuronal swelling. If adenosine triphosphate production fails, mem-

brane ion exchange ceases, and neurons swell further. These events 

produce the neuronal damage associated with status epilepticus. Lon-

ger status epilepticus duration produces profound alterations and an 

increasing likelihood of becoming refractory to treatment.31 Many 

other biophysical and biochemical alterations occur during and after 

status epilepticus. The mechanisms by which status epilepticus dam-

ages the nervous system have been reviewed.32,33 Absence status 

epilepticus is an exception; it consists of rhythmically increased inhi-

bition and does not appear to produce clinical or pathologic abnor-

malities.34

The electrical phenomena of status epilepticus seen in the scalp 

EEG reflects the seizure type (e.g., absence status epilepticus begins 

with a 3-Hz spike-and-wave pattern). The sustained depolarizations 

that characterize status epilepticus alter the extracellular milieu, rais-

ing extracellular potassium, which subsequently exceeds the buffering 

ability of astrocytes.

The increased cellular activity of status epilepticus increases oxygen 

and glucose demands, and cerebral blood flow initially increases. After 

about 20 minutes, however, energy supplies are exhausted, causing lo-

cal catabolism to support ion pumps, which is thought to be a major 

cause of epileptic brain damage. GCSE also produces life-threatening 

systemic effects.35 Excess secretion of epinephrine and cortisol causes 

systemic and pulmonary arterial pressures to rise dramatically at sei-

zure onset and produce hyperglycemia. Muscular work accelerates heat 

production, increases core body temperature, and raises blood lactate 

levels. Airway obstruction and abnormal diaphragmatic contractions 

impair respiration. Carbon dioxide production increases markedly 

while excretion falls. The combined respiratory and metabolic acidosis 

frequently reduces the arterial blood pH to 6.9 or lower. The associated 

hyperkalemia has deleterious effects on cardiac electrophysiology and 

may propagate seizure activity. Coupled with hypoxemia and the ele-

vation of circulating catecholamine levels, these conditions can pro-

duce cardiac arrest. Neurogenic pulmonary edema is the likely cause of 

death in many cases. Rapid termination of seizure activity is the most 

appropriate treatment; the restitution of ventilation and the metabo-

lism of lactate quickly restore a normal pH.

After about 30 minutes of continuous convulsions, motor activity 

may diminish while electrographic seizures persist. Hypotension and 

hyperthermia ensue, and gluconeogenesis can fail, resulting in hypo-

glycemia. GCSE patients often aspirate oral or gastric contents,  

producing chemical pneumonitis or bacterial pneumonia. Rhabdomy-

olysis is common and may lead to renal failure. Compression fractures, 

joint dislocations, and tendon avulsions are other serious sequelae.

The mechanisms that terminate seizure activity are poorly under-

stood. Leading candidates are inhibitory mechanisms, primarily GABA-

ergic interneurons and inhibitory thalamic neurons.

CLINICAL MANIFESTATIONS

The ICU environment poses a challenge to early seizure recognition 

because of multiple factors: (1) the occurrence of nonconvulsive sei-

zures in patients with impaired awareness, (2) the occurrence of sei-

zures in patients receiving neuromuscular blockade and/or sedation, 

and (3) misinterpretation of nonepileptic abnormal movements and 

behaviors as seizures. The most common symptom of nonconvulsive 

status epilepticus is altered mental status. Although other symptoms 

such as speech disturbances, myoclonias, bizarre behaviors, and others 

do occur, they are far less frequent.36 ICU patients often have depressed 

consciousness in the absence of seizures owing to their disease, its 

complications (such as hepatic37 or septic38 encephalopathy), or drug 

administration. A further decline in alertness may reflect a seizure, but 

unless actions are taken to make this diagnosis, seizures and even sta-

tus epilepticus may go unrecognized.

Patients receiving neuromuscular blocking agents do not manifest 

motor signs of seizures. Patients with increased intracranial pressure 

(ICP) from primary brain injury, hepatic encephalopathy, or other 

critical illnesses may be both paralyzed and sedated, making identifica-

tion of seizures challenging in the absence of EEG monitoring. Tachy-

cardia, tachypnea, and hypertension are signs of seizures that can be 

misinterpreted as evidence of inadequate sedation or primary cardio-

respiratory conditions.

Seizures are the second most frequent neurologic complication af-

ter encephalopathy in critically ill patients with primarily nonneuro-

logic conditions,11 making it imperative for ICU providers to be able 

to identify and suspect the presence of seizures in all patients with al-

tered awareness in the ICU setting.

Generalized motor seizures and convulsive status epilepticus are 

more common in patients with a prior history of epilepsy in relation 

to acute illness or medication nonadherence. However, even among 

patients without a history of epilepsy, subtle clinical seizures and 

NCSE are increasingly recognized in the context of systemic illness  

or acute brain injury. Nonconvulsive seizures and NCSE occur in  

10%–30% of patients with altered mental status in the ICU. Risk fac-

tors include the presence of CNS infection (meningitis or encephalitis) 

and focal lesions such as a brain tumor or an area of encephalomalacia. 

Seizures in the ICU are often subtle and may be related to the anatomic 

location of the brain lesion. Minor twitching of the face or extremities, 

fluctuating levels of awareness or level of interaction, nystagmus or eye 

deviation, abnormal orofacial movements, and repetitive blinking are 

more commonly seen than generalized tonic-clonic events. cEEG 

monitoring is warranted in this population if seizures are suspected, 

because a delay in the diagnosis and treatment of NCSE likely leads to 

worse functional prognosis at discharge and increased mortality.39

Patients with metabolic disturbances, anoxia, and other types of 

CNS injuries may demonstrate abnormal movements that can be mis-

taken for a seizure. Asterixis is a brief asynchronous loss of tone at the 

wrist or hip joints that can appear in the setting of metabolic encepha-

lopathy. Stimulus-sensitive massive myoclonus after anoxia can be 

  

 

http://www.ilae.org
http://www.ilae.org


326 PART III Central Nervous System

dramatic but usually self-abates in a few days. Controversy exists as to 

the epileptic origin of this disorder, and post–anoxic myoclonus has 

been reported in the presence of almost total cortical suppression.40 

Brain-injured patients may manifest paroxysmal sympathetic hyperac-

tivity and associated rigidity or extensor posturing.41 Patients with 

tetanus are awake during their spasms and flex rather than extend their 

arms as seizure patients do. Psychiatric disturbances in the ICU occa-

sionally manifest as psychogenic nonepileptic events. As these events 

tend to cluster and manifest as dramatic convulsive episodes, they are 

often treated in the emergency department as refractory status epilep-

ticus, which may prompt ICU admission. The clinical manifestations 

of seizures and status epilepticus depend on the type and the cortical 

area of abnormality. Table 48.2 presents the classification of epileptic 

seizures recognized by the ILAE; all of these may be seen in the ICU.

Convulsive seizures or status epilepticus are described when the 

main characteristics of the seizures are generalized tonic-clonic move-

ments. During the tonic phase, there is a sustained muscle contraction 

of a group of muscles in a regional or generalized distribution. During 

the clonic phase, there are regular, predictable, rhythmic, and repetitive 

contractions of a muscle group. Myoclonic seizures are brief, involun-

tary muscle contractions; they are unpredictable and irregular. Motor 

seizures can manifest in any combination of the described motor phe-

nomena and in any order; they can involve the axial muscles and ex-

tremities from the beginning of the seizure without warning, or they 

can start regionally in one body part and progress into a generalized 

motor seizure.

When a patient with GCSE is treated with antiseizure medications 

in inadequate doses, visible convulsive activity can stop, but the elec-

trographic seizure may continue. A prospective evaluation of 164 pa-

tients showed that nearly half manifested persistent electrographic 

seizures in the 24 hours after clinical control of convulsive status epi-

lepticus.42 Thus EEG monitoring after control of convulsive status 

epilepticus is essential in directing therapy.43

Patients typically begin to awaken within 15–20 minutes after the 

successful termination of status epilepticus; many regain conscious-

ness much faster. Patients who do not start to awaken after 20 minutes 

should be assumed to have entered NCSE. Careful observation may 

disclose slight motor activity as described earlier. However, patients 

may present in NCSE without an inciting episode of GCSE. Failure to 

recognize NCSE is common in patients presenting with nonspecific 

neurobehavioral abnormalities such as delirium, lethargy, bizarre be-

haviors, cataplexy, or mutism.44 A high suspicion of this disorder 

should be maintained in ICU patients with unexplained alteration of 

consciousness or cognition.

DIAGNOSTIC APPROACH

Observation is very important when a patient has a single clinical sei-

zure, as this is the time to collect evidence of a focal onset suggestive of 

a structural brain lesion. The postictal examination is similarly valu-

able; language, motor, sensory, or reflex abnormalities after an appar-

ently generalized seizure may uncover evidence of focal pathology.

Seizures in ICU patients have several potential causes that must be 

investigated. Drugs are a major cause of ICU seizures, especially in the 

setting of diminished renal or hepatic function or when the blood-

brain barrier is breached. Imipenem-cilastatin45 and fluoroquino-

lones46 can lower the seizure threshold, especially in patients with renal 

dysfunction. However, they should be avoided in patients at risk for 

seizures. Other antibiotics, especially beta-lactams, are also impli-

cated.47 Sevoflurane, a volatile anesthetic agent, is dose-dependently 

epileptogenic in patients with no predisposition to seizures.48

Recreational drugs are overlooked offenders in patients presenting 

to the ICU. Acute cocaine or methamphetamine intoxication is char-

acterized by a state of hypersympathetic activity followed by seizures.49 

Although ethanol withdrawal is a common cause of seizures, discon-

tinuing any hypnosedative agent may prompt convulsions 1–3 days 

later. Narcotic withdrawal may produce seizures in the critically ill.11 In 

the absence of a structural etiology for the seizure, complete toxico-

logic, infectious, and metabolic screening should be performed.

Serum glucose, electrolyte concentrations, and serum osmolality 

should be measured. Nonketotic hyperglycemia50,51 and hyponatremia 

can precipitate both focal and generalized seizures. Seizure activity 

may infrequently be the first presenting sign of diabetes mellitus. Hy-

pocalcemia rarely causes seizures beyond the neonatal period, and its 

identification on analysis must not signal the end of the diagnostic 

work-up. Hypomagnesemia has an equally unwarranted reputation as 

the cause of seizures in malnourished alcoholic patients.

The physical examination should emphasize assessment for both 

global and focal abnormalities of the CNS. Evidence of cardiovascular 

disease or systemic infection should be sought, and the skin and fundi 

examined closely. The need for imaging studies should be addressed as 

soon as the clinical seizure is controlled. The management of epileptic 

seizures and convulsive status epilepticus should not be delayed by the 

need to obtain images or neurophysiologic data. If possible, treatment 

and diagnostic strategies should be instituted simultaneously. A pro-

spective study in medical ICU patients determined that 38 of 61 pa-

tients (62%) had a vascular, infectious, or neoplastic explanation for 

their seizures.11 Magnetic resonance imaging (MRI) should be per-

formed on all ICU patients with new-onset seizures. Many ICP moni-

tors are compatible with MRI. Patients who need cerebrospinal fluid 

analysis always require imaging of the brain first. When CNS infection 

is suspected, empiric antibiotic treatment should be started while these 

studies are being performed.

EEG is a vital diagnostic tool for evaluating patients with diagnosed 

or suspected seizures. Focal seizures usually show EEG abnormalities 

that begin in the region of cortex that produces seizures. Primary gen-

eralized seizures show bilateral hemispheric involvement from the 

onset. Postictal slowing or an asymmetric EEG amplitude provides 

clues as to the focal cause of the seizures, and epileptiform activity 

helps classify the type and origin of epileptic activity and may guide 

treatment. An emergency EEG is necessary to exclude NCSE soon after 

clinical seizures have apparently been controlled (Fig. 48.1).

cEEG can help establish the diagnosis, frequency, localization, and 

duration of seizures. It also aids in the evaluation of the response to 

treatment and degree of encephalopathy. It offers continuous and of-

ten long-term data and real-time feedback that can be lifesaving in the 

ICU, with few added risks or costs to the patient.52 Given the high 

prevalence of NCSE in this patient population and the low relative 

risks associated with cEEG, a low level of suspicion should trigger such 

evaluation. The advent of modern techniques of EEG analysis and 

trend analysis, as in qEEG, are invaluable in the ICU, as they allow the 

reviewer to identify trends of electrographic activity over longer peri-

ods, identify subtle asymmetries, and aid in the identification and 

quantification of EEG seizures. The use of this technology has gained 

recent attention and interest from the EEG and the ICU community. 

Indications for cEEG include patients with altered mental status and 

history of epilepsy, fluctuating level of consciousness, acute brain injury, 

after convulsive status epilepticus, and abnormal stereotypical move-

ments or behaviors. Other indications include assessing the level of seda-

tion, vasospasm monitoring, and monitoring the response to antiseizure 

medications or sedative weaning.53,54 In the context of hypothermia after 

cardiac arrest, cEEG may provide prognostic information55 and should 
(Text continued on page 331)
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A1

A2

Fig. 48.1 A, Electroencephalographic (EEG) recordings during status epilepticus in an 18-year-old comatose 

patient with autoimmune encephalitis. Panels illustrate onset (A1), evolution (A2–A6), and subsequent 

offset (A7) of a seizure. B, Quantitative EEG display demonstrating recurrent nonconvulsive seizures in the 

same patient.
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Fig. 48.1, cont’d 

A4

A3
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A5

A6

Fig. 48.1, cont’d 
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B

A7

Fig. 48.1, cont’d 
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be used throughout the cooling protocol and until rewarming has been 

completed. The value of cEEG in the long-term evaluation of severe 

anoxic encephalopathy with or without myoclonus remains to be  

determined.

The interpretation of EEG findings seen in the ICU is challenging 

for neurophysiologists and clinicians alike. Many EEG patterns, in 

particular rhythmic and periodic patterns, are of uncertain clinical 

significance. In an effort to standardize terminology and to aid in fu-

ture research of EEG patterns encountered in critically ill patients, a 

subcommittee of the American Clinical Neurophysiology Society 

(ACNS) proposed a classification system in 2005.56 The classification 

system has been revised several times, most recently in 2021.57 All 

terms consist of two main terms with numerous modifiers that can be 

added to the descriptions. The use of this system has been validated 

with good interrater reliability. Details of the terminology for these 

rhythmic and periodic patterns are outlined in Table 48.3.

A routine EEG may miss the chance to diagnose seizures in criti-

cally ill patients, and cEEG recording is generally recommended in this 

setting. The presence of NCSE, lateralized periodic discharges, general-

ized periodic discharges, and an abnormal EEG background are associ-

ated with worse outcomes.2 More than half of the seizures diagnosed 

in ICU patients with EEG monitoring are detected within the first  

30 minutes of recording; a third of these patients are found to have 

interictal epileptiform discharges within the same period. The risk of 

seizures diminishes if no epileptiform abnormalities are seen within  

2 hours.58 A quick but accurate seizure risk assessment tool is the 

2HELPS2B score, which assigns points to six clinical and EEG vari-

ables: 2 points for brief (ictal) rhythmic discharges; 1 point for the 

presence of lateralized periodic discharges, lateralized rhythmic delta 

activity, or bilateral independent periodic discharges; 1 point for a 

prior seizure; 1 point for sporadic epileptiform discharges; 1 point for 

periodic/rhythmic patterns at .2.0 Hz; and 1 point for the presence of 

“plus” features according to ACNS terminology. A score of 0 portends 

a seizure risk of only 5%, whereas a score of 6 or 7 indicates a seizure 

risk .95%.59

The diagnosis of NCSE can be challenging. A unified terminology 

and classification system for NCSE was proposed at the Fourth Lon-

don-Innsbruck Colloquium on status epilepticus in Salzburg, which 

has become known as the Salzburg criteria. Clinical signs and symp-

toms have to be present for at least 10 minutes, and concordant clinical 

data are essential in establishing the diagnosis of NCSE. EEG findings 

compatible with NCSE include epileptiform discharges at 2.5 Hz or 

faster, or at less than 2.5 Hz, if secondary criteria are fulfilled. These 

include typical spatiotemporal evolution, subtle clinical phenomena 

associated with the discharges, or EEG and clinical improvement with 

the administration of an antiseizure drug. Similarly, continuous rhyth-

mic or quasi-rhythmic delta-theta activity faster than 0.5 Hz may also 

indicate NCSE, if secondary criteria are fulfilled. These criteria have 

been validated with high diagnostic accuracy and excellent interrater 

agreement and are deemed suitable for clinical practice.60–62

MANAGEMENT APPROACH

Treating Isolated Seizures
Administering antiseizure medications to an ICU patient experiencing 

one or a few seizures in the absence of structural CNS lesions requires 

consideration of a provisional cause, estimation of the likelihood of 

recurrence, and recognition of the utility and limitations of antiseizure 

medications. For example, the occurrence of seizures during ethanol 

withdrawal does not necessarily indicate the need for chronic treat-

ment. The patient may need prophylaxis against delirium tremens, but 

the few seizures themselves seldom require treatment. Patients with 

convulsions during barbiturate or benzodiazepine withdrawal, in con-

trast, should receive short-term treatment with a benzodiazepine to 

prevent status epilepticus. Prolonged or frequent seizures caused by 

metabolic disturbances can be treated temporarily with benzodiaze-

pines while the abnormality is being corrected. For example, treatment 

of patients with focal seizures related to nonketotic hyperglycemia 

should be directed at correction of the hyperglycemia and hypovole-

mia rather than antiseizure medications.51 On the other hand, ICU 

patients with CNS disease who have even one seizure should be given 

chronic antiseizure medication. Initiating this treatment after the first 

unprovoked seizure may help prevent subsequent epilepsy,63 although 

there is considerable difference of opinion regarding this concept.64 If 

a critically ill patient’s clinical condition would be seriously compli-

cated by a convulsion, antiseizure medication even after the first sei-

zure may be vitally important.

In general, intravenous (IV) formulations are preferred for critically ill 

patients to avoid variability in drug absorption and metabolism. In the 

United States, IV formulations of levetiracetam, brivaracetam, lacosamide, 

phenytoin/fosphenytoin, valproate, and phenobarbital are available.

Levetiracetam is a newer antiseizure medication that is being used 

increasingly in ICUs for seizure treatment and prophylaxis.65 The 

Main Term #1 

Localization

Main Term #2 

Type of Activity Main Modifiers Minor Modifiers

Generalized

Lateralized

Bilateral Independent

Unilateral Independent

Multifocal

Periodic discharges

Rhythmic delta activity

Spike-and-wave or sharp-and-wave

Prevalence

Duration

Frequency

Number of phases

Sharpness

Voltage

Stimulus-induced or stimulus-terminated

Evolution

Plus modifiers:

1F – fast activity

1R – rhythmic delta

1S – sharp waves, spikes, or sharply contoured morphology

Sudden onset versus gradual  

onset

Triphasic morphology

Anterior-posterior or posterior-

anterior lag

Polarity

TABLE 48.3 ACNS Terminology for Rhythmic or Periodic EEG Patterns57

ACNS,

 

American Clinical Neurophysiology Society.

Adapted from Hirsch et al. American Clinical Neurophysiology Society’s Standardized Critical Care EEG Terminology: 2021 Version (J Clin Neuro-

 

physiol

 

2021;38:1–29).
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recommended initial dose is 500–1000 mg per day every 12 hours. 

Monitoring of serum concentrations is not indicated. Levetiracetam 

is efficacious against a wide variety of seizure types, is generally well 

tolerated, has minimal drug-drug interactions, and is not metabolized 

by the liver. Renal failure requires dose adjustments, and supplemen-

tary doses should be given after hemodialysis.

Lacosamide was approved as adjunctive therapy for focal-onset 

seizures in adults in 2008 and is commonly used in ICUs given its ef-

ficacy and favorable side-effect profile. It has a novel mechanism of 

action and has been studied for use in status epilepticus. The initial 

dose is 100 mg twice a day, to be increased based on response and 

tolerability to a recommended dose of 150–200 mg twice a day. No 

target serum concentration has been established. It has no known 

drug-drug interactions, but dose adjustments for renal and hepatic 

impairment are recommended. It has not been studied in severe he-

patic failure. The most common side effects include PR prolongation 

and hypotension.

Despite growing evidence of deleterious adverse effects on cogni-

tion, fever, and increased risk of poor outcome,66,67 phenytoin is still 

frequently selected for prophylaxis or treatment of seizures. It is indi-

cated for all seizure types at a dose of 100 mg two to four times  

per day, with target serum levels of 10–20 mg/mL. Hypotension and 

arrhythmias may complicate IV administration. Because of the rare 

occurrence of third-degree atrioventricular block, an external cardiac 

pacemaker should be available when patients with known conduction 

abnormalities receive IV phenytoin. Phenytoin requires propylene 

glycol as a solvent, is highly protein bound, and free serum levels  

can vary widely depending on nutritional status. The phenytoin  

prodrug fosphenytoin is water soluble; local adverse effects are less 

common with fosphenytoin than with IV administration of phenyt-

oin, although cardiovascular complications are just as frequent.68,69 

Fosphenytoin is dosed by phenytoin-equivalent units, and no dosage 

adjustments are needed when converting patients from phenytoin to 

fosphenytoin. It is rapidly converted to phenytoin in vivo, and free 

phenytoin levels after fosphenytoin administration do not differ 

markedly from those of phenytoin. If seizures recur despite a serum 

phenytoin level of 10–20 mg/mL (corresponding to an unbound con-

centration of about 1–2 m/mL if the albumin is normal), a second agent 

is typically required. Both renal and hepatic dysfunction interfere 

with metabolism and excretion of phenytoin; serum levels should  

be monitored closely. Adverse reactions to phenytoin and other anti-

seizure medications have been reviewed elsewhere.70 Because of its 

efficacy for generalized seizures, valproate may be the agent of choice 

for patients with a history of primary generalized epilepsy presenting 

with seizures. Caution is advised in patients with traumatic brain  

injury, as a trend toward higher mortality rates was seen in a trial  

of valproate versus phenytoin for the prevention of posttraumatic 

seizures.71 The recommended starting dose is 10–15 mg/kg/day, 

targeting total serum concentrations of 50–100 mg/mL. Valproate is 

80%–90% protein bound and does not require dose adjustment in 

renal impairment. Lower doses should be used in hepatic impairment, 

and it is contraindicated in severe hepatic impairment. Side effects of 

chronic valproate therapy are numerous, including hyperammone-

mia, thrombocytopenia, hepatotoxicity, and pancreatitis, in addition 

to many drug-drug interactions.

Phenobarbital remains a useful antiseizure medication for patients 

who continue to have seizures or are intolerant of other antiseizure 

medications. Initial dose recommendations are 1–3 mg/kg/day in one 

to two doses, with a target serum concentration of 20–40 mg/mL. He-

patic and renal dysfunction alter phenobarbital metabolism and re-

quire close monitoring of serum levels. Sedation is the major adverse 

effect; allergy to the drug occurs rarely.

TREATING STATUS EPILEPTICUS

The definition of status epilepticus has evolved over time. Historically, 

seizures lasting less than 5 minutes are considered brief, seizures lasting 

5–30 minutes are prolonged, and seizures lasting more than  

30 minutes are considered status epilepticus. However, there is evi-

dence that permanent neuronal injury may occur before this cutoff, 

and seizures lasting more than 5 minutes often do not stop spontane-

ously. Therefore treatment algorithms typically start earlier in the 

course of status epilepticus, with the aim to prevent seizures from 

reaching 30 minutes.72 The Neurocritical Care Society Guidelines from 

2012 defined status epilepticus as continuous electroclinical or electro-

graphic seizures lasting for 5 minutes or more, or recurrent seizures 

without recovery to the patient’s neurologic baseline between sei-

zures.1 The 2021 version of the ACNS’s Standardized Critical Care EEG 

Terminology defines electroclinical status epilepticus as an electro-

clinical seizure lasting continuously for 10 minutes or more, or for a 

total duration of 20% or more of any 60-minute period of recording. 

Of note, ongoing seizures with bilateral tonic-clonic motor activity 

only require 5 minutes of continuous seizure activity to qualify as 

status epilepticus. The definition of electrographic status epilepticus 

includes the same time cutoffs of an electrographic seizure lasting  

10 minutes or more, or 20% or more of any 60-minute period.57

Both GCSE and NCSE have been associated with increased mor-

bidity and mortality and should be approached as neurologic emer-

gencies. Fig. 48.2 shows a management algorithm for status epilepticus, 

and Table 48.4 summarizes the management approach, including 

details on drug administration.1 The treatment approach is generally 

subdivided into stages. Traditionally, these have been termed first-, 

second-, third-, and fourth-line treatments, but this may not necessar-

ily reflect the emergent need for control of status epilepticus. The NCS 

guidelines use the terms emergent initial therapy, urgent control therapy, 

and treatment of refractory status epilepticus.1 The American Epilepsy 

Society’s guidelines for convulsive status epilepticus refer to these 

stages as stabilization phase, initial therapy phase, second, and third 

therapy phase.72 Immediate considerations to stabilize the patient in-

clude airway protection, rapid correction of metabolic abnormalities 

(in particular, hypoglycemia), obtaining IV access, and ensuring he-

modynamic stability. Antiseizure medications should be initiated as 

soon as the diagnosis of status epilepticus has been established. The 

goal is termination of clinical and electrographic seizure activity as 

soon as possible.

Emergent initial therapy or initial therapy phase refers to the ad-

ministration of first-line agents for termination of seizure activity. 

There is consensus that benzodiazepines are the agents of choice for 

initial therapy. A large multicenter clinical trial compared multiple 

first-line regimens and found that the highest success rate was achieved 

with lorazepam.74 Preferred administration routes include IV and in-

tramuscular (IM) injection, but buccal, nasal, or rectal routes are pos-

sible. Lorazepam is the agent of choice if IV access is available; mid-

azolam is preferred for the IM route.75 Diazepam is commonly used for 

rectal administration. A randomized controlled trial showed that pa-

tients treated with lorazepam had lower rates of respiratory or circula-

tory complications compared with placebo, alleviating concerns of 

potential respiratory depression with benzodiazepines.76 The initial 

dosing for lorazepam is 0.1 mg/kg IV, up to 4 mg per dose, which may 

be repeated after 5 to 10 minutes. Midazolam is given at a dose of  

0.2 mg/kg IM up to a maximum of 10 mg. Some advocate even higher 

doses for either of these benzodiazepines. In Europe, an IV formula-

tion of clonazepam is available and has been used as emergent initial 

therapy. From a pharmacokinetic perspective, benzodiazepines are 

rapidly redistributed, resulting in a short duration of action. Hence, 
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Patient in GCSE or NCSE
(if suspicion is high, assume patient is

in NCSE until ruled out by EEG)

Critical care/stabilization
Diagnostic evaluation

Seizures stop Seizures persist

Seizures stop

Seizures stop

Seizures persist

Seizures persist
Observe patient
Prevent recurrence of status epilepticus
Management of underlying causes

Emergent/initial therapy phase
Lorazepam 0.1 mg/kg IV, may repeat once
Midazolam 10 mg IM (if >40 kg)
Diazepam 0.15–0.2 mg/kg, may repeat once

Refractory/third therapy phase
Midazolam 0.2 mg/kg IV, then 0.05–2 mg/kg/h CIV
Propofol 1–2 mg/kg IV, then 20 �g/kg/min CIV,
 titrate to 30–200 �g/kg/min
Pentobarbital 5–15 mg/kg IV bolus, then
 0.5–5 mg/kg/h CIV

ory status epilepticusSuper-refract
Consider alternative CIV (including ketamine
 0.5–3 mg/kg IV bolus, then 1–10 mg/kg/h)

ne antiseizure medicatioTrial alternativ
native therapies:Consider alter

 diet• Ketogenic
 • Neurosurgical resection of seizure focus
 • Steroids/plasmapheresis/IVIG
 lacementp• VNS/DBS
 ulsive therapyv• Electrocon
 al magnetic stimulation• Transcrani

Urgent control/second therapy phase
Fosphenytoin/phenytoin 20 mg PE/kg IV, or
Valproic acid 40 mg/kg IV, max 3000 mg/dose, or
Levetiracetam 60 mg/kg, max 4500 mg/dose, or
Phenobarbital 15 mg/kg IV, or
Lacosamide 200–400 mg IV, or
Midazolam 0.2 mg/kg IV bolus, then 0.05–2 mg/kg/h CIV

Wean CIV after 24–48
hours seizure freedom

Fig. 48.2 Suggested management algorithm for status epilepticus. CIV, Continuous intravenous infusion; 

DBS, deep brain stimulation; EEG, electroencephalogram; GCSE, generalized convulsive status epilepticus, 

IM, intramuscular; IV, intravenous; IVIG, intravenous immune globulin; NCSE, nonconvulsive status epilepti-

cus; VNS, vagus nerve stimulation.1,72,73

Appropriate critical care treatment should be provided as soon as possible and 

simultaneously with emergent initial therapy for seizures. Treatment should 

be escalated quickly until seizures are controlled.

 1a. Critical care treatment (dictated by clinical circumstances):

 a. Intubation for airway protection and mechanical ventilation

 b. Vital sign monitoring

 c. Peripheral IV access

 d. Treatment of hypotension with vasopressors

 e. Finger stick blood glucose

 f. Nutrient resuscitation (thiamine before dextrose)

 g. Hypertension may be related to ongoing seizure activity, and termination 

of status epilepticus often substantially corrects it. Additionally, many 

agents used to terminate status epilepticus can produce hypotension.

 1b. Emergent initial therapy with benzodiazepines:

 a. Lorazepam 0.1 mg/kg IV, up to 4 mg per dose, may repeat once after 

5–10 min

 b. Midazolam 10 mg IM if body weight .40 kg, 5 mg if body weight 

13–40 kg

 c. Diazepam 0.15–0.2 mg/kg, up to 10 mg per dose, may repeat once af-

ter 5 min

 2. Urgent control therapy—antiseizure medications available in IV formulations

 a. Fosphenytoin/phenytoin 20 mg PE/kg IV, up to 1500 mg PE/dose

 b. Valproic acid 40 mg/kg IV, up to 3000 mg/dose

 c. Levetiracetam 60 mg/kg, up to 4500 mg/dose

 d. Phenobarbital 15 mg/kg IV

 e. Lacosamide 200–400 mg IV

 f. Midazolam 0.2 mg/kg IV bolus, followed by 0.05–2 mg/kg/h continu-

ous infusion

 3. Refractory therapy—continuous infusion of antiseizure medications, titrated to 

either seizure cessation, suppression-burst, or complete suppression on cEEG

 a. Midazolam 0.2 mg/kg IV bolus, followed by 0.05–2 mg/kg/h continuous 

infusion

 b. Propofol 1–2 mg/kg IV bolus, followed by 20 µg/kg/min continuous infusion, 

titrate up to 30–200 µg/kg/min

 c. Pentobarbital 5–15 mg/kg IV bolus, may repeat 5–10 mg/kg IV bolus, 

followed by 0.5–5 mg/kg/h continuous infusion

 4. Treat complications

Complications of status epilepticus are numerous and can involve multiple 

organ systems. In particular, convulsive status epilepticus is associated 

with cardiac complications such as hypertension and tachycardia, as well 

as rhabdomyolysis and hyperthermia. Respiratory complications, including 

respiratory failure, hypoxia, and neurogenic pulmonary edema, may be 

seen. Status epilepticus is associated with neuronal damage and cerebral 

edema with increased intracranial pressure, which may require intracranial 

pressure monitoring and aggressive treatment with hypertonic agents.

TABLE 48.4 Treatment Approach to Status Epilepticus1,72

cEEG, Continuous electroencephalogram; IM, intramuscular; IV, intravenous; PE, phenytoin-equivalent units.
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emergent initial therapy should be seamlessly followed by urgent con-

trol therapy (or second therapy phase) that targets rapid attainment of 

therapeutic levels of conventional antiseizure medications. If benzodi-

azepines fail to control seizures, the goal of urgent control therapy is 

seizure termination. If seizures are controlled by benzodiazepines, ur-

gent control therapy targets prevention of seizure recurrence.

As with the treatment of isolated seizures in the ICU, the IV formu-

lation is preferred, especially because therapeutic drug levels can be 

achieved significantly faster. Phenytoin/fosphenytoin, valproate, leveti-

racetam, phenobarbital, and continuous infusion of midazolam have 

all been studied for urgent treatment, and there is no evidence-based 

preferred agent of choice. A pivotal trial of three antiseizure medica-

tions for benzodiazepine-refractory convulsive status epilepticus 

found that levetiracetam, fosphenytoin, and valproate were each effec-

tive and led to seizure cessation and improved alertness in about half 

of patients with a similar rate of adverse events.77 Additionally, lacos-

amide has emerged as an option to treat status epilepticus but has 

mostly been investigated in refractory status epilepticus.78,79 Dosing of 

these drugs in status epilepticus is outlined in Table 48.4.

Refractory status epilepticus refers to status epilepticus that does 

not respond to a standard treatment regimen. There is controversy 

regarding this definition, but most experts agree that treatment has 

failed if seizures persist or recur after adequate doses of an initial ben-

zodiazepine followed by one conventional antiseizure medication.1 

cEEG monitoring is typically required to exclude ongoing electro-

graphic seizure activity. It may be reasonable to attempt management 

of recurrent seizures with additional intermittent boluses of an alter-

native antiseizure medication, provided the patient is clinically stable 

and has not required intubation for airway protection. Once it has 

been determined that intermittent bolus therapy has failed, treatment 

should be quickly escalated to a continuous infusion to induce a thera-

peutic coma. Patients who require any of these treatments will typically 

require intubation, mechanical ventilation, and close cardiovascular 

monitoring. The most commonly used drugs for this purpose are  

midazolam, propofol, pentobarbital, and thiopental. Dosing recommen-

dations are listed in Table 48.4. There is insufficient evidence to recom-

mend any agents over another. Midazolam is the preferred agent at our 

institution because of its high efficacy in adults and children,80,81 its 

water solubility, and the lower incidence of cardiovascular adverse effects 

compared with pentobarbital or propofol. However, terminal half-lives 

of three to eight times normal have been reported with extended admin-

istration.82 Propofol is reported to be effective in refractory status epilep-

ticus, but comparisons with other agents have shown mixed results.83,84 

Especially in younger patients, the risk of propofol-related infusion syn-

drome needs to be considered, particularly if high doses are required for 

a prolonged period to control seizures. Severe hypotension is the most 

frequent side effect of pentobarbital therapy and is associated with in-

creased mortality.85 Increases in nosocomial respiratory tract infection 

have been reported in patients treated with pentobarbital infusion.86

The optimal duration of therapeutic coma remains to be deter-

mined. Customarily, 24–48 hours of seizure control has been used,1 

but shorter durations with a deeper therapeutic coma have been sug-

gested.87 Once clinical or nonconvulsive seizures have been controlled 

for a certain period, a gradual withdrawal of the continuous infusion 

should be initiated. If seizures recur upon withdrawal, a diagnosis of 

super-refractory status epilepticus is made and the continuous infu-

sion should be resumed until seizures are controlled. The addition of 

other antiseizure medications or other therapies such as hypothermia, 

immunomodulation, or neurosurgical resection of the seizure focus 

may be considered at that point. Ketamine can be efficacious for super-

refractory status epilepticus and is associated with lower vasopressor 

requirement. There is literature noting a concern that ketamine  

increases ICP, leading many practitioners to avoid this drug in patients 

with intracranial lesions at risk for elevated ICP. However, there is  

evidence that ketamine does not affect ICP in patients with super- 

refractory status epilepticus,88 and it may be considered in patients 

who fail to respond to other refractory status epilepticus treatment 

options.1

KEY POINTS

• Seizures and status epilepticus are common in ICU patients and are associ-

ated with high morbidity and mortality.

• Observation is crucial when a patient has a single seizure. Postictal lan-

guage, motor, sensory, or reflex abnormalities after a generalized seizure 

indicate focal pathology.

• Seizures persisting longer than 5 minutes or two or more discrete seizures 

without neurologic recovery in between should be treated as status epilep-

ticus. Patients who do not regain consciousness within 20 minutes after 

clinical seizure cessation should be considered to have entered NCSE, and 

cEEG monitoring is essential in directing the course of treatment.

• The ICU patient with CNS disease who has even one seizure should be 

given chronic antiseizure medication. This therapy should be reviewed be-

fore discharge.

• Emergent initial therapy for treatment of status epilepticus is benzodiaze-

pines (lorazepam, midazolam, diazepam) followed by urgent control therapy 

with IV formulations of levetiracetam, valproate, phenytoin/fosphenytoin, 

phenobarbital, or lacosamide. Status epilepticus refractory to an initial 

benzodiazepine and an appropriately chosen and dosed conventional anti-

seizure medication should be treated with continuous infusion of mid-

azolam, barbiturates, or propofol.

 References for this chapter can be found at expertconsult.com.
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 3. Expiratory muscles: internal intercostal muscles (except for para-

sternals) and abdominal muscles

The upper airway muscles receive their innervation from the lower 

cranial nerves. Sternomastoid innervation arrives predominantly from 

cranial nerve XI, with a small contribution from C2. The phrenic nerve 

originates from cell bodies located between C3 and C5, with a maximum 

contribution from C4, and innervates the diaphragm. Innervation to the 

scalenes arises from C4 to C8, whereas that of the parasternal intercostals 

is from T1 to T7. The other intercostal muscles receive innervation from 

T1 to T12, and the abdominal musculature receives it from T7 to L1.

Clinical Presentation of Neuromuscular  
Respiratory Failure
Patients experiencing respiratory dysfunction as a result of neuromus-

cular disease typically present with a combination of upper airway 

dysfunction and diminished tidal volume (VT). Upper airway muscle 

weakness typically presents with difficulty swallowing liquids, includ-

ing respiratory secretions, along with a hoarse or nasal voice. In  

addition to the risk of aspiration, these patients have difficulty with 

negative-pressure ventilation because the weakened muscles cannot 

keep the airway open as the pressure falls.

Loss of VT occurs secondary to weakness of the inspiratory muscles. 

In addition to diaphragmatic weakness, which may present with para-

doxical abdominal movement, parasternal intercostal muscle weakness 

also causes diminished VT by preventing the chest wall from expanding 

against negative intrapleural pressure. Thus lower cervical spinal cord 

injuries may induce respiratory failure despite preserved phrenic nerve 

function. The patient often attempts to maintain VT by contraction of 

accessory muscles such as the sternomastoids. As parasternal intercos-

tal muscles develop spasticity over weeks, respiratory function of this 

type typically improves and may permit weaning from mechanical 

ventilatory support, at least during the daytime.

Patients with progressive generalized weakness (e.g., Guillain-Barré 

syndrome) commonly begin to lose VT before developing upper airway 

weakness. To maintain minute ventilation and carbon dioxide excre-

tion, a patient’s respiratory rate increases. Respiratory rate is thus one 

of the most important clinical parameters to monitor. As the vital ca-

pacity falls from the norm of about 65 mL/kg to 30 mL/kg, a patient’s 

cough weakens, and clearing secretions becomes difficult. A further 

decrease in the vital capacity to 20 mL/kg to 25 mL/kg results in an 

impaired ability to sigh, resulting in progressive atelectasis. At this 

point, hypoxemia may be present because of ventilation-perfusion 

mismatching, and an increasing percentage of VT is used to ventilate 

dead space. Respiratory failure is imminent, and ICU admission is 

recommended for all patients with a vital capacity ,20 mL/kg. The 

precise point at which mechanical ventilation is necessary varies with 

the patient, the underlying condition, and especially the likelihood of 

a rapid response to treatment.

Abnormal neuromuscular function may precipitate a patient’s admis-

sion to an intensive care unit (ICU) or it may develop because of an-

other critical illness and its treatment. This chapter focuses primarily 

on respiratory failure caused by neuromuscular disease but also ad-

dresses autonomic dysfunction that occurs in this setting. A brief  

review of the motor unit and its physiology is provided to facilitate 

understanding of the concepts involved, along with consideration of 

the specific muscles critical to ventilation.

THE MOTOR UNIT AND ITS PHYSIOLOGY

Central nervous system (CNS) activity for motor output is ultimately 

conducted by the lower motor neurons, also known as alpha motor 

neurons. A motor unit is composed of a lower motor neuron and its 

distal ramifications, its neuromuscular junctions, and the muscle fibers 

it innervates. The cell bodies of the lower motor neurons are located in 

the brainstem for cranial musculature and the anterior horn of the 

spinal cord for somatic muscles. Motor axons project through the 

subarachnoid space and penetrate the dura mater as nerve roots. They 

may join with other motor axons and with sensory and autonomic fi-

bers in a plexus and then travel via the peripheral nerves to the muscles 

they innervate. Alpha motor neurons are myelinated, a feature that 

accelerates nerve impulse propagation. The multiple terminal ramifi-

cations of the motor neuron synapse on individual muscle fibers.

The motor axon communicates with muscle via a specialized area 

termed the neuromuscular junction. On the presynaptic side of the neuro-

muscular junction, the neurotransmitter acetylcholine is synthesized, 

packaged in vesicles, and stored for release. Depolarization of the axon 

opens the presynaptic voltage-gated calcium channels, which activate the 

molecular machinery responsible for drawing the vesicles to the presynap-

tic membrane. The vesicles then fuse with the membrane and release 

acetylcholine into the synaptic cleft. Acetylcholine molecules bind to re-

ceptors on the postsynaptic membrane and cause an influx of sodium, 

which in turn increases the muscle endplate potential. When the endplate 

potential exceeds the threshold level, the muscle membrane becomes de-

polarized. This depolarization releases calcium ions from the sarcoplasmic 

reticulum, and muscle contraction occurs through a process known as 

excitation-contraction coupling. After activating the acetylcholine recep-

tor complex, the acetylcholine molecule is degraded by cholinesterase, and 

the presynaptic neuron then recycles the choline released by this reaction.

MUSCLES OF RESPIRATION

Three muscle groups may be defined based on their importance for 

respiration (Fig. 49.1)1:

 1. Upper airway muscles: palatal, pharyngeal, laryngeal, and lingual

 2. Inspiratory muscles: sternomastoid, diaphragm, scalenes, and para-

sternal intercostals
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Regardless of the vital capacity, indications for intubation and me-

chanical ventilation include evidence of fatigue, hypoxemia despite 

supplemental oxygen administration, difficulty with secretions, and a 

rising arterial partial pressure of carbon dioxide (PaCO2). In the ab-

sence of hypercapnia, occasional patients (e.g., those with myasthenia 

gravis) can be managed with very close observation in an ICU with less 

invasive techniques (e.g., bilevel positive airway pressure [BiPAP]).2

In addition to vital capacity, trended measurements of the maxi-

mum inspiratory pressure (PImax, also called negative inspiratory force 

[NIF]), are useful indicators of ventilatory capacity. The inability to 

maintain a PImax greater than 20–25 cm H2O usually indicates a need 

for mechanical ventilation. Although the maximum expiratory pressure 

(PEmax) is a more sensitive indicator of weakness, it has not proven to 

be as useful as an indicator of the need for mechanical ventilation.

Because a patient with neuromuscular respiratory failure has an 

intact ventilatory drive,3 the fall in VT is initially matched by an increase 

in respiratory rate, keeping the PaCO2 normal or low until the vital 

capacity becomes dangerously reduced. Many patients initially main-

tain their PaCO2 in the range of 35 mm Hg because of either (1) a 

subjective sense of dyspnea at low VT or (2) hypoxia from atelectasis 

and increasing dead space. When the PaCO2 begins to rise in these 

circumstances, abrupt respiratory failure may be imminent, as CO2 

displaces more oxygen from the alveolar gas. The modest degree of 

hypoxia in most of these patients therefore worsens when the PaCO2 

begins to rise. Moreover, aspiration pneumonia and pulmonary embo-

lism are also frequent causes of hypoxemia in these patients. To determine 

the relative contributions of these conditions to a patient’s hypoxemia, 

one can use a simplified version of the alveolar gas equation:

PAO2 5 PiO2 2 (PaCO2/R)

where PaO2 is the alveolar partial pressure of oxygen, PiO2 is the par-

tial pressure of the inspired oxygen (in room air, 150 mm Hg), and R 

is the respiratory quotient (on most diets, about 0.8). This allows for 

the estimation of the alveolar-arterial oxygen difference (PaO2 2 

PaO2). Under ideal circumstances in young people breathing room air, 

this value is about 10 mm Hg, but it rises to about 100 mm Hg when 

the fraction of inspired oxygen (FiO2) is 1.0. The alveolar air equation 

allows one to assess the contribution of hypercarbia to the decrease  

in arterial partial pressure of oxygen (PaO2); it determines whether 

there is a cause of significant hypoxemia in addition to the displace-

ment of oxygen by carbon dioxide.

Physicians must observe patients for rapid, shallow breathing9; 

recruitment of accessory muscles; and paradoxical movement of the 

abdomen during the respiratory cycle. Direct observation is particularly 

important, as patients may have orbicularis oris weakness, causing  

an artificially low vital capacity and NIF measurements because they 

cannot form a tight seal around the spirometer mouthpiece. In addition 

to physical examination findings, fluoroscopy of the diaphragm is  

occasionally valuable for the diagnosis of diaphragmatic dysfunction.

Autonomic dysfunction commonly accompanies some of the neu-

romuscular disorders requiring critical care, such as Guillain-Barré 

syndrome, botulism, and porphyria (Table 49.1). In Guillain-Barré 

syndrome (vide infra), dysautonomia is common and may arise in 

parallel with weakness or may follow the onset of the motor disorder 

after one or more weeks.

NEUROMUSCULAR DISORDERS

Many chronic neuromuscular disorders and other CNS conditions af-

fecting the suprasegmental innervation and control of respiratory 

muscles eventually compromise ventilation. In this chapter, we empha-

size the more common acute and subacute neuromuscular disorders 

that precipitate or prolong critical illness caused by ventilatory failure 

and autonomic dysfunction. A complete listing of neuromuscular dis-

eases appears in Table 49.1; reviews of this subject6 and Table 49.1 de-

tail the rarer disorders. Some of the diseases listed (e.g., Lambert-Eaton 

myasthenic syndrome) rarely cause respiratory failure in isolation but 

may be contributing causes in the presence of other conditions,7 such 

as a neuromuscular junction blockade intended only for the duration 

of a surgical procedure.

Fig. 49.1 Major respiratory muscles. Inspiratory muscles are indicated on the left, and expiratory muscles 

are indicated on the right. (From Garrity ER. Respiratory failure due to disorders of the chest wall and respira-

tory muscles. In: KF McDonnell, PJ Fahey, MS Segal, eds. Respiratory Intensive Care. Boston, MA: Little, 

Brown; 1987:313.)
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Location Disorder Associated Autonomic Dysfunction?

Spinal cord Tetanus4 Frequent

Anterior horn cell Amyotrophic lateral sclerosis No

Poliomyelitis No

Rabies Frequent

West Nile virus flaccid paralysis No

Peripheral nerve Guillain-Barré syndrome Frequent

Critical illness polyneuropathy No

Diphtheria No, but cardiomyopathy and arrhythmias may occur

Porphyria Occasional

Ciguatoxin (ciguatera poisoning) Occasional

Saxitoxin (paralytic shellfish poisoning) No

Tetrodotoxin (pufferfish poisoning) No

Thallium intoxication No

Arsenic intoxication No

Lead intoxication No

Buckthorn neuropathy No

Neuromuscular junction Myasthenia gravis No

Botulism5 Frequent

Lambert-Eaton myasthenic syndrome Yes, frequent dry mouth and postural hypotension

Hypermagnesemia No

Organophosphate poisoning No

Tick paralysis No

Snake bite No

Muscle Polymyositis/dermatomyositis No

Acute quadriplegic myopathy No

Eosinophilia-myalgia syndrome No

Muscular dystrophies No, but cardiac rhythm disturbances may occur

Carnitine palmitoyl transferase deficiency No

Nemaline myopathy No

Acid maltase deficiency No

Mitochondrial myopathy No

Acute hypokalemic paralysis No

Stonefish myotoxin poisoning No

Rhabdomyolysis No

Hypophosphatemia No

TABLE 49.1 Neuromuscular Causes of Acute Respiratory Failure

Neuromuscular Diseases Precipitating Critical Illness
Guillain-Barré Syndrome
Guillain-Barré syndrome, or acute inflammatory demyelinating poly-

radiculoneuropathy, is typically a motor greater than peripheral sen-

sory neuropathy with subacute onset, monophasic course, and nadir 

within 4 weeks. Although the precise etiology is unknown, it is im-

mune mediated and related to antibodies directed against peripheral 

nerve components. About 1.7 cases occur per 100,000 population an-

nually. Most patients suffer from a demyelinating neuropathy, but in 

about 5% of cases, the condition is a primary axonopathy. Numerous 

antecedents have been implicated, the most common of which are 

listed in Box 49.1. The association with antecedent infections suggests 

that certain agents may provoke the production of antibodies that 

cross-react with peripheral nerve gangliosides. Ganglioside antibodies 

have been found in Guillain-Barré syndrome after Campylobacter je-

juni infections, such as GM1 antibodies in axonal forms and GQ1b an-

tibodies in the Miller-Fisher variant.8 Immune checkpoint inhibitors 

have rarely been associated with the development of Guillain-Barré 

syndrome, although no autoantibody association has been established 

to date.9 The association of vaccine administration with the syndrome 

remains uncertain, with the possible exception of the 1976 influenza 

vaccine. Patients who have recovered from Guillain-Barré syndrome 

should not be denied the protective effect of vaccines.10

The initial findings of patients with Guillain-Barré syndrome are a 

subacute and progressive weakness, usually most marked in the legs, 

associated with sensory complaints but without objective signs of sen-

sory dysfunction. Deep tendon reflexes are often reduced or absent at 

presentation, though this finding may take several days to develop. The 
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cerebrospinal fluid (CSF) typically reveals an albumin-cytologic dis-

sociation (elevated protein concentration without pleocytosis); how-

ever, this may not develop until the second week of illness. The major 

reason to examine the CSF is to preclude other diagnoses. Although 

mild CSF lymphocytic pleocytosis (10–20 cells/mm3) may suggest the 

possibility of associated human immunodeficiency virus (HIV) infec-

tion, in most patients, the nucleated cell count is ,10 cells/mm3.11 

Although they may be normal initially, results of electrodiagnostic 

studies (motor and sensory nerve conduction studies and needle elec-

tromyography) often reflect segmental nerve demyelination with mul-

tifocal conduction blocks, temporally dispersed compound muscle 

action potentials, slowed conduction velocity, and prolonged or absent 

F waves. Diagnostic considerations for patients with suspected  

Guillain-Barré syndrome are primarily those listed in the Peripheral 

Nerve section of Table 49.1.

The components of treatment for patients with Guillain-Barré 

syndrome are as follows:

• Managementofventilatoryfailure
• Managementofautonomicdysfunction
• Meticulousnursingcare
• Psychologicalsupport
• Physicalandoccupationaltherapy
• Preventionofdeepvenousthrombosis
• Nutritionalsupport
• Earlyplanningforrehabilitation
• Immunotherapyfortheunderlyingautoimmunecondition

Patients with Guillain-Barré syndrome with evolving respiratory 

failure should be intubated when the vital capacity falls to about  

15 mL/kg or when difficulty with secretions begins because the re-

sponse to treatment is slow. If a patient has been immobile for several 

days before intubation and a neuromuscular junction blockade is 

needed, a nondepolarizing agent should be used to avoid transient 

hyperkalemia. Oral intubation is preferable to the nasal route because 

the tracheal tube is frequently required for a week or longer, raising the 

risk of sinusitis.

Many patients are too weak to trigger the ventilator, and in such 

cases, the assist/control or intermittent mandatory ventilation mode is 

initiated. Weaning patients with Guillain-Barré syndrome from me-

chanical ventilation must wait for an adequate improvement in 

strength reflected by a vital capacity of greater than 15 mL/kg and NIF 

greater than 25 cm H2O. However, a formula using a combination of 

ventilatory and gas exchange variables may allow for a more accurate 

determination of a patient’s ability to be weaned. Although pressure 

support ventilation is often used for weaning, evidence of its superior-

ity over intermittent mandatory ventilation or synchronized intermit-

tent mandatory ventilation modes is anecdotal. Most patients require 

mechanical ventilation for more than 4 weeks; however, as many as 

one-fifth need at least 2 months of support before they can breathe 

without assistance. Autonomic dysfunction typically presents as a  

hypersympathetic state and is often heralded by unexplained sinus 

tachycardia. The blood pressure may fluctuate wildly. Patients can also 

experience bradycardic episodes, which may require temporary pac-

ing. Autonomic surges during tracheal suctioning or because of a  

distended viscus may be very dramatic and should be minimized. Au-

tonomic failure and pulmonary embolism are now the major causes of 

mortality in Guillain-Barré syndrome.

Nursing care for patients with Guillain-Barré syndrome is similar 

to that for other paralyzed and mechanically ventilated patients, but 

special care must be taken to remember that patients are completely 

lucid. In addition to explaining any procedures carefully, arranging for 

distractions during the daytime (e.g., television, movies, conversation, 

or visitors) and adequate sleep at night are very important. For the 

most severely affected patients, sedation should be considered. In con-

cert with physical and occupational therapists, passive exercise should 

frequently be performed throughout the day.

Deep venous thrombosis is a significant danger. An episodic arterial 

desaturation is a common event, presumably owing to transient mu-

cus plugging; therefore submassive pulmonary emboli may be over-

looked. Adjusted-dose heparin (to slightly prolong the partial throm-

boplastin time) should be given, and sequential compression devices 

should be used on the legs. Moreover, therapeutic anticoagulation may 

be considered. The risk of fatal pulmonary embolism extends through 

the initial period of improvement until the patients are ambulatory.

Nutritional support should begin as soon as a patient is admitted, 

with appropriate concern for the risk of aspiration. Most mechanically 

ventilated patients with Guillain-Barré syndrome can be fed via soft, 

small-caliber feeding tubes; autonomic dysfunction affecting the gut 

occasionally requires total parenteral nutrition.

Immunotherapy for Guillain-Barré syndrome includes the removal 

of autoantibodies with plasma exchange or immune modulation with 

a high dose of intravenous immunoglobulin (IVIg). The efficacy of the 

plasma exchange has been evaluated in a Cochrane systematic review 

of six class II trials comparing plasma exchange alone with supportive 

care.12 Most of the trials employed up to five plasma exchanges of 

50 mL/kg over 2 weeks. In a large North American trial, the time needed 

to improve one clinical grade (i.e., being weaned from the ventilator or 

being able to walk) was reduced by 50% in the plasma exchange group 

compared with the control group. There was no significant benefit 

when the plasma exchange commenced later than 2 weeks after the 

onset of symptoms. A meta-analysis revealed more rapid recovery in 

Box 49.1 Major Antecedents of Guillain-Barré 
Syndrome

Frequent

Upper respiratory tract infections

Campylobacter jejuni enteritis

Cytomegalovirus (CMV) infection

Epstein-Barr virus (EBV) infection

Hepatitis A infection

Hepatitis B infection

Hepatitis C infection

Human immunodeficiency virus (HIV) infection

Infrequent

Mycoplasma pneumoniae infection

Haemophilus influenzae infection

Leptospira icterohaemorrhagiae infection

Salmonellosis

Rabies vaccine

Tetanus toxoid

Bacille Calmette-Guérin immunization

Sarcoidosis

Systemic lupus erythematosus

Lymphoma

Trauma

Surgery

Questionable

Hepatitis B vaccine

Influenza vaccine

Hyperthermia

Epidural anesthesia
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ventilated patients treated with a plasma exchange within 4 weeks of 

onset. The optimal number of plasma exchanges has been assessed in 

patients with mild (unable to run), moderate (unable to stand without 

assistance), and severe (requiring mechanical ventilation) Guillain-

Barré syndrome by the French Cooperative Group.13 On the basis of 

this trial, two exchanges are better than none in mild Guillain-Barré 

syndrome, four are better than two in moderate Guillain-Barré syn-

drome, and six are no better than four in severe Guillain-Barré syn-

drome. Albumin is the preferred replacement solution.14 Treatment 

with IVIg for Guillain-Barré syndrome has also been examined in a 

Cochrane systematic review. Five randomized controlled trials in 

adults showed that IVIg (0.4–0.5 g/kg over 4–5 days) is as effective as 

plasma exchange in Guillain-Barré syndrome patients with impaired 

walking.15 IVIg is also more likely to be completed than plasma ex-

change, although the adverse events were not different. A large inter-

national multicenter randomized trial compared plasma exchange  

(50 mL/kg 3 5 exchanges over 8–13 days), IVIg (0.4 g/kg 3 5 days), 

and plasma exchange followed by IVIg.16 No significant outcome dif-

ferences between these therapies were found with respect to functional 

improvement at 4 or 48 weeks. The lack of benefit of a second course 

of IVIg in a group of patients expected to have a poor prognosis was 

recently demonstrated in a double-blind, randomized trial.17 In this 

trial, serious adverse events were significantly more common in the 

group receiving the second course.

Evidence-based guidelines for Guillain-Barré syndrome immuno-

therapy have been published by the Quality Standards Subcommittee 

of the American Academy of Neurology.18 Plasma exchange is recom-

mended for adult patients who cannot walk within 4 weeks of symp-

tom onset. IVIg is recommended in these patients within 2 or possibly 

4 weeks of symptom onset. Both treatments are deemed equivalent in 

efficacy, and combining treatment with plasma exchange and IVIg 

confers no additional benefit. In light of their therapeutic equivalence, 

the decision whether to employ plasma exchange or IVIg in treating 

acute Guillain-Barré syndrome may be determined by resource avail-

ability and by avoiding potential side effects related to a patient’s 

medical comorbidities. Patients with heart disease, renal insufficiency 

or failure, hyperviscosity, or IgA deficiency may be more susceptible to 

complications of treatment with IVIg, whereas plasma exchange may 

be complicated in patients with labile blood pressure, septicemia, and 

significant venous access problems.

Despite the autoimmune pathophysiology of Guillain-Barré syn-

drome and the efficacy of corticosteroids in more chronic forms of 

inflammatory neuropathy, corticosteroids have not shown effective-

ness in Guillain-Barré syndrome and are therefore not recommended.18 

A large multicenter trial failed to demonstrate efficacy of high-dose 

intravenous methylprednisolone, and another large multicenter trial 

reported no added clinical benefit with the combined treatment of 

IVIg and methylprednisolone.19

West Nile Virus Acute Flaccid Paralysis Syndrome

The large outbreak of West Nile virus encephalitis in the summer of 

1999 in New York City marked the emergence of a relatively new cause 

of neuromuscular weakness with the potential for neuromuscular re-

spiratory compromise. West Nile virus is a flavivirus transmitted by 

birds and mosquitoes. Humans may acquire West Nile virus from the 

bite of an infected Culex species mosquito, and a corresponding peak in 

human disease occurs in the late summer and fall. West Nile virus may 

also be transmitted to humans by organ transplantation,20 blood and 

blood product transfusion,21 transplacental exposure,22 breastfeeding,23 

and percutaneous laboratory injuries.24 About 20% of humans experi-

ence a mild flulike illness lasting 3–6 days, and about 1 in 150 develops 

CNS disease, which usually presents as meningoencephalitis.25

In the initial North American outbreak of West Nile virus, about 

10% of infected patients experienced flaccid weakness with clinical 

features resembling Guillain-Barré syndrome.26 Although patients 

with West Nile virus infection exhibit a spectrum of clinical weak-

ness,27,28 the most prominent and distinctive syndrome documented in 

several subsequent reports is an acute “poliomyelitis-like” or acute flac-

cid paralysis syndrome with pathology localized to the ventral horns of 

the spinal cord and/or ventral roots.29–35 These relatively younger pa-

tients developed acute, asymmetric, flaccid weakness in the absence of 

sensory abnormalities, diffuse areflexia, or bowel/bladder dysfunc-

tion.36 Some of the patients experienced concurrent meningoencepha-

litis, and a few required mechanical ventilation.28,30

Electrodiagnostic studies in patients with West Nile virus acute 

flaccid paralysis syndrome exhibit normal sensory potentials, and the 

absence of findings suggests segmental demyelination (e.g., motor 

conduction block, reduced conduction velocities, prolonged distal, 

and F-wave latencies), low-amplitude compound muscle action poten-

tials in the affected regions, and marked denervation changes in the 

affected limbs and in corresponding paraspinal muscles on needle 

electromyography. Corresponding magnetic resonance imaging (MRI) 

findings are sometimes observed and include an abnormal signal in 

the spinal cord on T2-weighted images34,35 and abnormal enhance-

ment of the nerve roots and cauda equina.32,33 CSF analysis usually 

reveals mild pleocytosis with lymphocytic predominance and a mild to 

moderate protein elevation and normal glucose.37 Prognosis for the 

recovery of strength in these patients appears to be poor.38

West Nile virus infection may be diagnosed by demonstrating  

West Nile virus RNA in the serum, CSF, or other tissues by reverse-

transcriptase polymerase chain reaction, although this test is not 

highly sensitive.39 More commonly, a diagnosis is made by the demon-

stration of West Nile virus immunoglobulin M (IgM) in CSF or serum 

by antibody-capture enzyme-linked immunosorbent assay (ELISA). 

When serum West Nile virus IgM is present, diagnosis is confirmed  

by a fourfold increase in West Nile virus immunoglobulin G (IgG)  

titers between acute and convalescent sera obtained 4 weeks apart. 

Positive IgM and IgG antibody titers should be confirmed by a plaque-

reduction viral neutralization assay to exclude false-positive results 

related to other flaviviral infections, such as St. Louis encephalitis.  

Serology may not become positive until 8 days after symptom onset.25

Particularly in the absence of a more typical encephalitic presenta-

tion of West Nile virus infection, a high index of clinical suspicion is 

needed to make a diagnosis and to distinguish such cases from Guil-

lain-Barré syndrome in patients presenting with acute weakness in the 

late summer or fall. Electrodiagnostic studies may help localize the 

pathology to the ventral horns of the spinal cord or ventral roots in 

West Nile virus cases and to exclude findings of segmental demyelin-

ation suggesting Guillain-Barré syndrome. CSF evaluation can help 

discriminate between the albumin-cytologic dissociation of Guillain-

Barré syndrome and the lymphocytic pleocytosis in a West Nile virus 

infection.

There is no specific treatment for West Nile virus. A multicenter 

study to evaluate the efficacy of Israeli IVIg (containing high levels of 

West Nile virus antibodies) in patients with West Nile virus meningo-

encephalitis or weakness was terminated early because of lower-than-

expected enrollment, expiration of the study product, and insufficient 

quantities of control IVIg.40 Two candidate vaccines against West Nile 

virus are currently being evaluated.41,42

Myasthenia Gravis

Myasthenia gravis is a consequence of the autoimmune attack on the 

acetylcholine receptor complex at the postsynaptic membrane of the 

neuromuscular junction. This process results in clinical weakness with 
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a fluctuating pattern that is most marked after prolonged muscle exer-

tion. Myasthenia gravis occurs at a higher rate in early adulthood in 

women, but in later life, the incidence rates for men and women be-

come nearly equal. The reported prevalence is 14.2 cases per 100,000 

population. Myasthenia gravis typically involves ocular muscle weak-

ness producing ptosis and diplopia, in addition to bulbar muscle weak-

ness resulting in dysphagia and dysarthria. A clinical diagnosis of  

myasthenia gravis may be supported by electrophysiologic studies, in-

cluding repetitive nerve stimulation studies and single-fiber electro-

myography, and by acetylcholine receptor and muscle-specific receptor 

tyrosine kinase (MuSK) antibody testing.43

Approximately 20% of patients with myasthenia gravis develop 

myasthenic crisis with respiratory failure requiring mechanical ventila-

tion. The most common precipitating factors include bronchopulmo-

nary infections (29%) and aspiration (10%).44 Other precipitating 

factors include sepsis, surgical procedures, rapid tapering of immune 

modulation, beginning treatment with corticosteroids, pregnancy, and 

exposure to drugs that may increase myasthenic weakness (Box 49.2).44 

Patients with myasthenia gravis are exceptionally sensitive to nonde-

polarizing neuromuscular blocking agents but are resistant to depolar-

izing agents. Thymomas are associated with more fulminant disease 

and identified in about one-third of patients in a myasthenic crisis.

Upper airway muscle weakness is a common mechanism leading to 

the myasthenic crisis.45 Oropharyngeal and laryngeal muscle weakness 

may result in upper airway collapse with obstruction. Dysphagia  

further contributes to the obstruction and aspiration of secretions. 

Because a direct assessment of oropharyngeal muscle strength is im-

practical, a focused history and examination to assess surrogate mus-

cles in the head and neck region are important. Findings of bulbar 

myasthenia associated with upper airway compromise include flaccid 

dysarthria with hypernasal, staccato, or hoarse speech; dysphagia 

(sometimes associated with nasal regurgitation); and chewing fatigue. 

Patients may exhibit facial weakness with difficulty holding air within 

the cheeks. Jaw closure is often weak and cannot be maintained against 

resistance. Patients with myasthenic tongue weakness may be unable to 

protrude the tongue into either cheek. Although neck flexors are often 

weaker, a dropped head syndrome because of neck extensor weakness 

may occur. Vocal cord abductor paralysis may produce laryngeal ob-

struction with associated stridor.46

Patients with features of impending myasthenic crisis, including se-

vere bulbar weakness, marginal vital capacity (less than 20–25 mL/kg), 

weak cough with difficulty clearing secretions from the airway, or 

paradoxical breathing while supine should be admitted to an ICU and 

made nothing by mouth (NPO) to prevent aspiration. Serial vital ca-

pacity and NIF measurements may be used to monitor ventilatory 

function in an impending myasthenic crisis. However, with significant 

bulbar weakness, these measurements are often inaccurate if the pa-

tient has difficulty sealing the lips around the spirometer mouthpiece 

or is unable to seal the nasopharynx. Vital capacity measurements may 

not reliably predict respiratory failure in myasthenia gravis, owing to 

the fluctuating nature of the myasthenic weakness.47 The criteria for 

intubation and mechanical ventilation are similar to those for Guil-

lain-Barré syndrome. If the upper airway is competent and there is no 

difficulty handling secretions or gross hypercapnia (PaCO2 .50 mm 

Hg), intermittent nasal BiPAP may be a useful temporizing measure.2 

Most patients who develop hypercapnia in myasthenic crisis require 

intubation, as do those who are becoming fatigued.

Plasma exchange is an effective short-term immunomodulating 

treatment for myasthenic crisis and surgical preparation in symptom-

atic myasthenic patients. Significant strength improvement in myas-

thenic crisis is well documented in several series, although there have 

been no controlled trials. We perform a series of five to six exchanges 

of 2–3 L every other day. The onset of improved strength is variable 

but occurs after two to three exchanges.

IVIg may represent an alternative short-term treatment for myas-

thenic exacerbations or crises in patients who are poor candidates for 

plasma exchange because of difficult vascular access or septicemia. 

Comparable efficacy for plasma exchange and IVIg was demonstrated 

in myasthenic exacerbations and crises in a relatively small random-

ized controlled trial of IVIg at 1.2 and 2 g/kg over 2–5 days.48 However, 

in a retrospective multicenter study of myasthenic crisis, plasma ex-

change proved more effective than IVIg in the ability to extubate at  

2 weeks and in the 1-month functional outcome. Treatment failures to 

IVIg subsequently responding to plasma exchange have also been re-

ported.49 Experience with preoperative IVIg for thymectomy in myas-

thenia gravis suggests that the time course of the maximal response 

may be considerably delayed in some patients.

Corticosteroids (e.g., prednisone 1 mg/kg/day) are occasionally 

used in prolonged myasthenic crises that fail to respond to plasma 

exchange or IVIg. If begun early in the course of the myasthenic crisis, 

the transient increase in myasthenic weakness associated with  

initiating corticosteroids may prolong mechanical ventilation. When 

preceded by an unequivocal improvement in strength after plasma 

exchange or IVIg treatment, long-term treatment with corticosteroids 

may begin, with a reduced risk for corticosteroid-related exacerba-

tions. Treatments with monoclonal antibodies appear promising in 

clinical trials.

In the context of myasthenic crisis, excessive dosing of cholinester-

ase inhibitors may superimpose a cholinergic crisis caused by depolar-

ization blockade and result in increased weakness. Other symptoms of 

cholinergic crisis include muscle fasciculations and prominent musca-

rinic symptoms, including miosis, excessive lacrimation and salivation, 

abdominal cramping, nausea, vomiting, diarrhea, thick bronchial se-

cretions, diaphoresis, and bradycardia. Cholinergic crisis is rare in 

contemporary series of myasthenic crisis, and it is now common prac-

tice to avoid repeated dose escalations of cholinesterase inhibitors in 

an impending myasthenic crisis and to discontinue the use of cholin-

esterase inhibitors after intubation to reduce muscarinic complica-

tions. When there is a question of cholinergic excess contributing to 

respiratory insufficiency, it is prudent to discontinue all cholinesterase 

inhibitors, protect the airway, and support respiration as necessary.

Thymectomy may result in the long-term improvement of patients 

with a suspected thymoma or with a life expectancy of more than 10 years. 

Box 49.2 Drugs That May Increase 
Weakness in Myasthenia Gravis

Neuromuscular blocking agents

Selected antibiotics

Aminoglycosides, particularly gentamicin

Macrolides, particularly erythromycin and azithromycin

Selected cardiovascular agents

Beta-blockers

Calcium channel blockers

Procainamide

Quinidine

Quinine

Corticosteroids

Magnesium salts

Antacids, laxatives, intravenous tocolytics

Iodinated contrast agents

d-Penicillamine
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However, a patient in acute respiratory failure is considered a poor opera-

tive risk, and thymectomy is delayed until the patient’s condition has 

improved.50 Post-thymectomy pain control and ventilatory function 

may be improved by the postoperative administration of epidural 

morphine.

Neuromuscular Diseases Secondary to Critical  
Illness and Its Treatment
Critical Illness Polyneuropathy and Myopathy
Critical illness polyneuropathy is a widespread axonal peripheral neu-

ropathy that develops in the context of multiple organ failure and 

sepsis. In a prospective series of 43 patients with sepsis and multiorgan 

failure, 70% developed electrophysiologic evidence of a sensorimotor 

axonal neuropathy, and 15 patients developed difficulty weaning from 

mechanical ventilation as a consequence of the neuropathy.51 Critical 

illness polyneuropathy is possibly the most common neuromuscular 

cause of prolonged ventilator dependency in patients without prior 

known neuromuscular disease. Given the limitations to the detailed 

clinical motor and sensory examinations in the setting of critical ill-

ness, the clinical features of critical illness polyneuropathy (extremity 

muscle weakness and wasting, distal sensory loss, and paresthesias) 

may not be recognized. Deep tendon reflexes are reduced or absent in 

the setting of superimposed CNS insult with pyramidal tract dysfunc-

tion; however, deep tendon reflexes may be normal or increased.

Electrodiagnostic studies are important in establishing a diagnosis 

of critical illness polyneuropathy because the clinical findings may be 

unobtainable or indeterminate in this setting. Nerve conduction find-

ings include normal or near-normal conduction velocity and latency 

values and significantly reduced compound muscle action potential 

and sensory nerve action potential amplitudes. Needle electrode ex-

amination reveals denervation changes that are the most marked in the 

distal muscles, including fibrillation potentials, positive sharp waves, 

and reduced recruitment of motor unit potentials. With recovery over 

time, the denervation potentials abate, and the motor unit potentials 

become polyphasic and enlarged. Peripheral nerve histopathology has 

revealed widespread primary axonal degeneration in distal motor and 

sensory fibers, and skeletal muscle has exhibited fiber-type grouping.

Although the clinical history is usually adequate to distinguish be-

tween critical illness polyneuropathy and Guillain-Barré syndrome, the 

latter can develop in the context of recent surgery complicated by infec-

tion. However, Guillain-Barré syndrome is commonly associated with 

facial and oropharyngeal weakness, which is rarely seen in critical illness 

polyneuropathy. Furthermore, dysautonomia and occasionally external 

ophthalmoplegia is also observed in Guillain-Barré syndrome but has 

virtually never been attributed to critical illness polyneuropathy.

Electrophysiologic findings are also helpful in distinguishing be-

tween these two disorders. Features of segmental demyelination may be 

observed in Guillain-Barré syndrome on nerve conduction studies (e.g., 

reduced conduction velocity, prolonged distal and F-wave latencies, 

conduction block, and temporal dispersion of compound muscle  

action potentials); these findings are not observed in critical illness 

polyneuropathy. Needle electromyographic findings may differ in that 

relatively less spontaneous activity is observed in clinically weak mus-

cles within the first few days in patients with Guillain-Barré syndrome. 

Although electrophysiologic studies are quite helpful in demonstrating 

the classic demyelinating form of Guillain-Barré syndrome, an electro-

physiologic distinction between the axonal forms of Guillain-Barré 

syndrome and critical illness polyneuropathy may not be reliable. The 

mean CSF protein level in Guillain-Barré syndrome is significantly 

higher than in critical illness polyneuropathy, although there is overlap 

between these populations. Peripheral nerve histopathology may also 

distinguish between these two groups because segmental demyelination 

and inflammatory changes may be observed in Guillain-Barré syn-

drome and are not observed in critical illness polyneuropathy.

Although the overall prognosis in critical illness polyneuropathy is 

dependent on recovery from the underlying critical illness, most  

patients who survive experience a functional recovery from the neu-

ropathy within several months. Critical illness polyneuropathy may 

prolong ventilator dependence, but it does not worsen the long-term 

prognosis. Proper positioning and padding are important to prevent 

compression neuropathies because the prognosis from superimposed 

compression neuropathies in the context of critical illness polyneu-

ropathy is less favorable.

The pathophysiology of critical illness polyneuropathy is unknown. 

No clear metabolic, drug, nutritional, or toxic factors have been identi-

fied, although the severity of critical illness polyneuropathy has been 

correlated with the amount of time in the ICU, the number of invasive 

procedures, increased glucose concentrations, a reduced albumin con-

centration, and the severity of multiple organ failure. Given the com-

mon antecedents of multiple organ failure and sepsis in which release 

of cytokines occurs, increased microvascular permeability has been 

postulated to produce axonal hypoxia and degeneration as a conse-

quence of endoneurial edema.52

Critical illness neuromyopathy, with evidence of myonecrosis, is 

the co-occurrence of neuropathy and myopathy; the latter is discussed 

later under Acute Quadriplegic Myopathy. The diagnosis requires  

electrophysiologic studies and may be confirmed with muscle biopsy, 

although the latter is rarely performed.53

Prolonged Effects of Neuromuscular Blocking Agents

A prolonged neuromuscular blockade may occur with most depolar-

izing and nondepolarizing agents, particularly when the hepatic or 

renal function is impaired.54 In one study, the administration of ve-

curonium for 2 or more consecutive days resulted in prolonged neuro-

muscular blockade and paralysis lasting from 6 hours to 7 days.55 

Although vecuronium is hepatically metabolized, patients with renal 

failure were susceptible to prolonged effects because of delayed excre-

tion of the active 3-desacetyl metabolite. Acidosis and elevated serum 

magnesium levels were also associated with prolonged paralytic effects 

of vecuronium. A peripheral nerve stimulator may be used to monitor 

muscle twitch responses to a train-of-four stimulus during the use of 

neuromuscular blocking agents. Drug dosage should be titrated to 

preserve one or two twitches to avoid overdosing. Two- to three-Hz  

repetitive nerve stimulation studies may also be used to confirm neu-

romuscular blockade when it is suspected. Because atracurium and 

cisatracurium do not require organ metabolism for clearance, they are 

rarely associated with this problem.

Acute Quadriplegic Myopathy

The syndrome, known as acute quadriplegic myopathy or acute myopa-

thy of intensive care, was originally described in 1977 by a young 

woman who developed severe myopathy after treatment of status asth-

maticus with high doses of corticosteroids and pancuronium.56 Subse-

quently, there have been many citations of an acute myopathy develop-

ing in critically ill patients without preexisting neuromuscular disease. 

Acute quadriplegic myopathy has developed most frequently in the 

setting of severe pulmonary disorders in which neuromuscular block-

ade is used to facilitate mechanical ventilation, and high doses of cor-

ticosteroids are concurrently administered. In most reported cases, 

myopathy developed when nondepolarizing neuromuscular blocking 

agents were used for more than 2 days.56 The development of acute 

necrotizing myopathy with myosin loss also occurs in patients receiv-

ing high doses of corticosteroids and hypnotic doses of propofol and 

benzodiazepines to induce paralysis.57 This observation highlights the 
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significance of high-dose corticosteroid exposure in the development 

of this syndrome and suggests that the paralyzed muscles may be sus-

ceptible to the toxic effects of corticosteroids. The mechanism of this 

myosin abnormality appears to lie at the level of transcriptional regu-

lation of protein synthesis. The occurrence of acute quadriplegic my-

opathy after organ transplantation may be caused by the use of high 

doses of corticosteroids to prevent graft rejection, along with periop-

erative exposure to neuromuscular blocking agents.58 Although most 

cases of acute quadriplegic myopathy have been associated with critical 

illness and high doses of corticosteroids and paralytic agents, acute 

quadriplegic myopathy has developed after isolated corticosteroid ex-

posure,59 isolated nondepolarizing neuromuscular blocking agent use, 

or neither. Factors that may impair neuromuscular transmission (e.g., 

hypermagnesemia and aminoglycoside exposure), factors that may 

slow the elimination of nondepolarizing neuromuscular blocking 

agents (e.g., hepatic or renal failure), and factors associated with criti-

cal illness (e.g., sepsis and acidosis) are also associated with acute 

quadriplegic myopathy.

In typical cases, a diffuse flaccid quadriparesis with the involvement 

of respiratory muscles and muscle wasting evolves after several days of 

induced paralysis. External ophthalmoparesis has rarely been noted. 

Sensation remains intact, but deep tendon reflexes are reduced or ab-

sent. The creatine kinase level is commonly elevated, but this may not 

be observed if creatine kinase is measured well after the myopathy has 

developed. Although the paralysis may be quite severe and necessitate 

or prolong mechanical ventilation, the prognosis for the myopathy is 

good, with functional recovery over several weeks to months. Electro-

myographic findings include reduced amplitude of compound motor 

action potentials with normal sensory nerve action potentials and 

normal nerve conduction velocities. M-wave amplitude improvement 

accompanies clinical recovery. Repetitive nerve stimulation studies 

may yield decremental responses, while the residual effects of nonde-

polarizing neuromuscular blocking agents or their active metabolites 

persist. Needle electromyography often reveals small, low-amplitude, 

polyphasic motor unit potentials exhibiting early recruitment, along 

with positive sharp waves and fibrillation potentials. A spectrum of 

muscle histologic changes may be observed, ranging from type II fiber 

atrophy and the loss of adenosine triphosphatase (ATPase) reactivity 

in atrophic fibers to fiber necrosis in severe cases. However, the distinc-

tive findings in most cases is an extensive loss of thick filaments cor-

responding to myosin loss.59 This finding may be demonstrated by 

immunohistochemical staining or electron microscopy. The increased 

expression of steroid receptors in denervated and immobilized muscle 

may render these muscles susceptible to toxic catabolic effects of ste-

roids. Given the growing recognition of acute quadriplegic myopathy, 

the use of high doses of corticosteroids should be avoided if possible 

when neuromuscular blockade or induced paralysis is required. One 

should exclude nutritional causes of muscle breakdown, along with 

drug toxicity (e.g., because of statins).

However, in a Cochrane review of interventions for preventing 

critical illness polyneuropathy and critical illness myopathy,60 a ran-

domized controlled trial of 180 patients with acute respiratory dis-

tress syndrome comparing corticosteroids with placebo that found 

no effect of treatment on critical illness polyneuropathy/myopathy61 

was cited as moderate-quality evidence. Additional results from the 

review found moderate-quality evidence for intensive insulin  

therapy in reducing polyneuropathy/myopathy at the expense of in-

creased hypoglycemia62,63 and for a potential benefit for early reha-

bilitation.64 Larger randomized controlled trials of early rehabilitation 

and electrical muscle stimulation are needed to explore the value of 

these therapies.
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KEY POINTS

• Respiratory dysfunction resulting from neuromuscular disease typically 

presents with a combination of upper airway dysfunction and diminished 

tidal volume (VT).

• Along with vital capacity, trended measurement of the maximum inspiratory 

pressure (PImax or NIF) is a useful index of ventilatory capacity. Inability to 

maintain a PImax greater than 20–25 cm H2O usually indicates a need for 

mechanical ventilatory assistance.

• Autonomic failure and pulmonary embolism are now the major causes of 

mortality in Guillain-Barré syndrome.

• Evidence-based guidelines for Guillain-Barré syndrome immunotherapy have 

been published by the Quality Standards Subcommittee of the American 

Academy of Neurology. Plasma exchange is recommended for adult patients 

who cannot walk within 4 weeks of symptom onset. IVIg is recommended in 

these patients within 2 or possibly 4 weeks of symptom onset. Plasma  

exchange and IVIg are considered equivalent in efficacy, and no additional 

benefit is conferred by combining these treatments. In light of the therapeu-

tic equivalence, the decision whether to employ plasma exchange or IVIg in 

treating acute Guillain-Barré syndrome may be determined by resource 

availability and by avoiding potential side effects related to a patient’s 

medical comorbidities.

• In the initial North American outbreak of West Nile virus, about 10% of 

infected patients experienced flaccid weakness with clinical features re-

sembling Guillain-Barré syndrome.

• Approximately 20% of patients with myasthenia gravis develop myasthenic 

crisis with respiratory failure requiring mechanical ventilation.

• Critical illness polyneuropathy is a widespread, axonal peripheral neuropa-

thy that develops in the context of multiple-organ failure and sepsis. Critical 

illness polyneuropathy is possibly the most common neuromuscular cause 

of prolonged ventilator dependency in patients without prior known neuro-

muscular disease.

• Acute quadriplegic myopathy has developed most frequently in the setting 

of severe pulmonary disorders in which neuromuscular blockade is used to 

facilitate mechanical ventilation, and high-dose corticosteroids are concur-

rently administered.

 References for this chapter can be found at expertconsult.com.
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These two papers provide a comprehensive summary of the electrodiagnostic 

criteria of these vexing conditions.
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drome of irreversible flaccid paralysis.
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transfusion. If blood products are unavailable, isotonic crystalloid 

should be infused, targeting normotension.

In all cases of suspected TBI, patients should be treated as if they 

have a spinal fracture until an adequate examination of the spine 

proves otherwise. Among those who survive long enough to reach the 

emergency department, the likelihood of a cervical spine fracture is 

2%–7%. More troubling, however, is that an estimated 10%–25% of all 

posttraumatic cervical spinal cord injuries are iatrogenic because of 

improper cervical spine manipulation occurring during transport to 

the hospital in the setting of cervical spine fracture.8 Spinal immobili-

zation should occur immediately by placing the patient in a neutral 

position on a flat, hard surface. A rigid cervical spine collar should be 

placed, followed by immobilization on a long spine board.

It is important for prehospital providers to monitor patients for the 

“Cushing reflex.” This phenomenon often signals impending brain-

stem herniation and is identified by hypertension, bradycardia, and 

abnormal breathing rhythm.9 These patients need immediate neuro-

surgical evaluation with neuroimaging and may benefit from tempo-

rary hyperventilation.

PATHOPHYSIOLOGY

Under normal conditions, the total volume within the skull remains 

constant and is determined by the sum of the cerebrospinal fluid 

(CSF), blood, and brain tissue compartments.4 This relationship is 

known as the Monro–Kellie hypothesis. CBF remains constant under 

normal conditions over a range of blood pressures via cerebral auto-

regulation. When one compartment is increased, such as in the setting 

of hematoma, there must be a compensatory decrease in another com-

partment in order to prevent intracranial hypertension.3 A large pro-

portion of TBI management is spent attempting to maintain homeo-

stasis by controlling ICP, mean arterial pressure (MAP), and cerebral 

perfusion, and preventing cerebral edema.

FORMS OF PRIMARY BRAIN INJURY

Epidural Hematoma
Epidural hematomas (EDHs) develop between the inner table of the 

skull and the dura and are seen on computed tomography (CT) as a 

lens-shaped hyperdensity (Fig. 50.1). They are most commonly caused 

by disruption of the middle meningeal artery or one of its branches by 

a skull fracture. Classically, patients have a brief loss of consciousness 

followed by a “lucid interval” of normal mentation and then suffer an 

abrupt loss of consciousness. EDHs occur in 8%–10% of those ren-

dered comatose by TBI.10

The majority of epidural hematomas are located in the temporal or 

parietal regions, but they can also occur over the frontal or occipital 

lobes and (rarely) in the posterior fossa. Their spread is limited by the 

INTRODUCTION

Traumatic brain injury (TBI) is a medical and social problem world-

wide, with an estimated 10 million cases leading to hospitalization or 

death each year.1 Most TBIs are mild, and the incidence of TBI varies 

widely by ages and between countries.2 In the United States, trauma is 

the leading cause of death in individuals aged 1–45 years old, and TBI 

accounts for the majority of these, with over 50,000 deaths per year.3

Traditionally, TBI has been classified based on mechanism (closed 

vs. penetrating), clinical severity (by Glasgow Coma Scale), and assess-

ment of structural damage (by neuroimaging). TBI is a constellation 

of cellular responses that result from a primary and secondary injury. 

Primary brain injury results from external forces to the brain via vari-

ous mechanisms. This can occur as a consequence of direct impact, 

rapid acceleration or deceleration, penetrating objects (e.g., gunshot), 

or blast waves from an explosion.4 Secondary brain injury occurs from 

physiologic derangements that occur after the initial insult.5

PREHOSPITAL CARE

Care of the patient with TBI begins immediately in the prehospital 

setting. Proper field triage is critical, as the acutely injured brain is im-

mediately vulnerable to secondary injury from physiologic derange-

ments such as hypotension, hypercarbia, and hypoxemia. Care of the 

TBI victim always should begin with evaluating and securing a patent 

airway and restoring normal breathing and circulation, as such treat-

ment has been shown to reduce mortality after severe TBI.6 The airway 

can be quickly and safely secured by orotracheal intubation, but in 

patients with concomitant maxillofacial trauma, a surgical airway (cri-

cothyroidotomy) should be performed if other attempts to secure an 

airway have failed. Rapid-sequence intubation is recommended to 

prevent transient hypertension, tachycardia, increased intracranial 

pressure (ICP), and agitation that can interfere with the procedure. 

Avoid inadvertent hyperventilation. Ventilatory rates of 10–12 breaths 

per minute for adults, 20 breaths per minute for children, and 25 

breaths per minute for infants should supply adequate oxygenation. 

Therapeutic hyperventilation is inadvisable unless neurologic deterio-

ration is clearly evident during evaluation and transport. Aggressive 

hyperventilation can cause cerebral vasoconstriction, reducing already 

low cerebral blood flow (CBF) and potentially causing or exacerbating 

cerebral ischemia.7

Another critical component of prehospital care for TBI patients is 

avoidance of hypotension. Rapid resuscitation and restoration of a 

normal blood pressure are critical, as hypotension has been associated 

with doubling of the mortality rate after severe TBI. In multisystem 

trauma, the most likely cause of hypotension is hemorrhage, usually in 

the abdomen or chest. Hypovolemia should be assumed to be hemor-

rhagic, and therefore these patients are ideally treated with blood 
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suture lines of the skull, where the dura is very adherent. EDHs are 

uncommon in infants and toddlers, presumably because their skulls 

are more deformable and less likely to fracture, and in TBI victims 

older than 60 years of age, because the dura is extremely adherent to 

the skull.

Subdural Hematoma
Subdural hematomas (SDHs) develop between the surface of the brain 

and the inner surface of the dura and are seen on CT as a crescent-

shaped hyperdensity (Fig. 50.2). They are believed to result from the 

tearing of bridging veins over the cortical surface or from disruption of 

major venous sinuses or their tributaries. The hematoma is limited to a 

single hemisphere by the falx cerebri and therefore does not cross hemi-

spheres. SDHs are seen in 20%–25% of all comatose victims of TBI.10

SDHs are classified as acute, subacute, or chronic, each having a 

characteristic appearance on noncontrasted CT. Acute hematomas are 

bright white, subacute lesions; they are isodense with brain tissue and 

are therefore often overlooked. Chronic hematomas are hypodense 

relative to the brain.11 Patients with SDH have a worse prognosis than 

patients with EDH because of the concomitant damage to neural tissue 

more commonly seen with traumatic SDH. Underlying cerebral con-

tusions were found in 67% of patients with SDHs in one series.12

Subarachnoid Hemorrhage
Subarachnoid hemorrhage (SAH) is bleeding in the subarachnoid 

space, which lies between the arachnoid and pia mater (Fig. 50.3). This 

injury results from disruption of the parenchyma and subarachnoid 

vasculature. Trauma is the most common cause of SAH, but 80% of 

nontraumatic SAHs are the result of aneurysmal rupture.13

Traumatic SAH can sometimes be differentiated from nontrau-

matic SAH with noncontrasted CT, as traumatic SAH are typically lo-

cated in a peripheral distribution and nontraumatic SAH are more 

likely to be central. CT angiogram (CTA) is the most sensitive and can 

identify nontraumatic SAH from a ruptured aneurysm. Traumatic 

SAH seen in the setting of moderate and severe TBI is a poor prognos-

tic indicator and is associated with increased morbidity and up to 

twofold increase in mortality.10,14 These patients may present with 

headache, meningeal signs, and photophobia.13

Diffuse Axonal Injury
Diffuse axonal injury (DAI) refers to lacerations or punctate contu-

sions at the interface between the gray and white matter. Such punctate 

contusions are thought to result from the disparate densities of the 

gray and white matter and the consequent difference in centripetal 

force associated with a rotational vector of injury.15 DAI was once 

thought to result solely from mechanical disruption at the time of 

Fig. 50.1 Epidural hematomas have a lens shape and smooth inner 

border because they strip the dura from the inner table of the skull as 

they enlarge (axial computed tomography scan).

Fig. 50.2 Acute subdural hematomas (SDHs) typically spread over the 

entire surface of the hemisphere. Occasionally, mixed-density SDH is 

seen, indicative of injuries occurring at different times.

Fig. 50.3 Subarachnoid hemorrhage (SAH) is bleeding in the subarach-

noid space, which lies between the arachnoid and pia mater.
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impact; however, more recent research has identified cases in which the 

histologic footprints of DAI, such as fragmentation of axons and axo-

nal swelling, do not appear until 24–48 hours after the incident, sug-

gesting that some cases are a secondary manifestation of trauma.15 The 

gold standard for radiographic diagnosis of DAI is magnetic resonance 

imaging (MRI) of the brain. DAI is present in almost half of all pa-

tients with severe TBI and in a third of those who die, and it is a com-

mon cause of persistent vegetative or minimally conscious state.16

Cerebral Contusion
Contusions are heterogeneous lesions comprising punctate hemor-

rhage, edema, and necrosis and are often associated with other intra-

cranial lesions (Fig. 50.4). One or more contusions occur in 20%–25% 

of patients with severe TBI. Because they evolve over time, contusions 

may not be evident on the initial CT scan or may appear as small areas 

of punctate hyperdensities (hemorrhages) with surrounding hypoden-

sity (edema). Local neuronal damage and hemorrhage lead to edema 

that may expand over the next 24–48 hours. With time, contusions 

may coalesce and look more like intracerebral hematomas. Depending 

on their size and location, they may cause significant mass effect, re-

sulting in midline shift, subfalcine herniation, or transtentorial hernia-

tion. Contusions are most common in the inferior frontal cortex and 

the anterior temporal lobes,17 where the surface of the inner table of 

the skull is very irregular. Direct blunt-force trauma to the head can 

produce a contusion in the tissue underlying the point of impact (coup 

contusion). If the head was in motion upon collision with a rigid sur-

face, a contusion may occur in the brain contralateral to the point of 

impact (contrecoup contusion).

Skull Fracture
Skull fracture results from a contact force to the head that is usually 

severe enough to cause at least a brief loss of consciousness. Linear 

fractures are the most common type of skull fracture and typically oc-

cur over the lateral convexities of the skull. A depressed skull fracture, 

in which skull fragments are pushed into the cranial vault, usually  

results from blunt force by an object with a relatively small surface area, 

such as a hammer. Basilar skull fractures are most common in the an-

terior skull base and often involve the cribriform plate, disrupting the 

olfactory nerves and resulting in olfactory deficits (Fig. 50.5). Posterior 

basilar skull fractures may extend through the petrous bone and inter-

nal auditory canal, thereby damaging the acoustic and facial nerves.

Skull fractures are markers of significant force to the head and are 

normally associated with underlying injuries. Skull fractures that in-

volve the squamous portion of the temporal bone are frequently ac-

companied by a tear of the middle meningeal artery, causing an epidu-

ral hematoma. They can also cause facial nerve injury, exhibited as 

facial asymmetry that can present immediately or in a delayed fashion. 

Depressed skull fractures are often associated with contusions of the 

underlying brain tissue, and a scalp laceration overlying a depressed 

skull fragment can contaminate the fragment with bacteria from the 

scalp and hair. With a basilar skull fracture, the dura underlying the 

fracture is often disrupted, resulting in a CSF fistula and leakage of  

CSF from the nose or ear. Such fistulas may allow bacteria to enter  

the intracranial space from the normally colonized nose, paranasal  

sinuses, or external auditory canal.

CHARACTERIZATION AND MANAGEMENT

Glasgow Coma Scale
Patients with TBI are assessed with the Glasgow Coma Scale (GCS). This 

scoring system was originally developed in the United Kingdom in 1974 

for patients with altered levels of consciousness.18 It is now the corner-

stone for assessing and comparing patients with TBI (Table 50.1). The 

GCS provides a common language to describe these patients, which then 

drives treatment decisions, allows for classification, and improves the 

quality of research on these patients.19 Patients with TBI should be 

assessed for GCS in a prehospital setting, reassessed at hospital arrival, 

and continually reassessed throughout the course of their stay to moni-

tor for changes.

Fig. 50.4 Contusions are most common in the inferior temporal and 

frontal lobes. In the first few hours after injury, they appear only as areas 

of hemorrhage mixed with edematous brain. Within 24–48 hours after 

injury, further hemorrhage may occur, causing significant enlargement of 

the contusion and hematoma (axial computed tomography scan).

Fig. 50.5 Basilar skull fractures through the anterior skull base typically 

cause rhinorrhea and tears in adjacent dura. Computed tomography 

(CT) scans through the base of the skull may not show the fracture it-

self, but often show fluid in the sphenoid sinus or other paranasal si-

nuses (axial CT scan, bone window).
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The GCS is a sum of three component scores assigned for eye, ver-

bal, and motor response. The score ranges from 3 to 15, and it is im-

portant to report the individual scores in addition to the total score. 

Up to 4 points are scored for the best eye-opening response, up to 5 

points for the best verbal response, and up to 6 points for the best mo-

tor response.18 The motor score provides the most points and has the 

most relevance to long-term prognosis. It is important to point out 

that in addition to brain injury, scores can be influenced by multiple 

other factors such as alcohol, drugs, and shock.19

Finally, the GCS score allows us to define severity for head injuries, 

which provides useful prognostic information. A GCS score 13–15 re-

flects a mild TBI, GCS 9–12 a moderate TBI, and GCS less than 9 a 

severe TBI.20

Goal-Directed TBI Management
In the acute phase after injury, a patient with TBI is best treated with 

goal-directed therapy in an attempt to minimize the physiologic de-

rangements that create secondary brain injury (Table 50.2). These pa-

rameters encompass multiple body systems with potential for multiple 

interactions.

Neurologic Goal-Directed Therapy
The guiding principle for maintaining homeostasis is the desire to 

maintain cerebral perfusion pressure (CPP). Goal CPP is $60 mm Hg. 

This is thesd within the brain and is not directly measured, but calcu-

lated by the following equation:

Cerebral perfusion pressure (Mean arteria � ll pressure)

(Intracranial pressure)� 

CPP is worsened (lowered) by systemic hypotension and/or by in-

creasing ICP. Intracranial hypertension is defined as sustained ICP 

greater than 20 mm Hg. Several clinical studies have found that mor-

bidity and mortality increase significantly when the ICP persistently 

remains above this threshold.21 Based on this association and the 

widely accepted premise that elevated ICP can compromise cerebral 

perfusion and cause ischemia, the aggressive treatment of intracranial 

hypertension is almost uniformly endorsed. Seizures, fever, jugular 

venous outflow obstruction (e.g., poorly fitting cervical collars), and 

agitation can cause or exacerbate intracranial hypertension.

Seizures have been shown to be detrimental to the injured brain. For 

this reason, patients with moderate and severe TBI should be main-

tained on an antiepileptic medication for 7 days postinjury. Addition-

ally, fevers can lower the seizure threshold and should be prevented 

with scheduled antipyretics and aggressive treatment of infections.

Paroxysmal sympathetic hyperactivity, also known as sympathetic 

storming, may become evident when sedation weaning begins in up to 

30% of patients. Hallmarks of storming include periodic episodes of 

seemingly unprovoked hypertension, tachycardia, tachypnea, diapho-

resis, and hyperthermia.22 Spontaneous posturing or dystonia may also 

be present during these episodes. Recognition of these symptom com-

plexes as being neurologic in origin is key to avoiding treatment delays 

and unnecessary diagnostic testing. Treatment protocols are individu-

alized, with most patients requiring various combinations of pain 

management, sedation, and reduced stimulation.

Respiratory Goal-Directed Therapy
Patients with GCS less than 8 should undergo intubation. This is in 

part because of a desire to avoid hypercapnia and hypoxia, which 

worsen long-term outcomes. These patients should be maintained at 

normocapnia (partial pressure of carbon dioxide [PaCO2] 35–45 mm 

Hg). Hyperventilation is to be avoided, as it can cause cerebral vaso-

constriction and should only briefly be performed in the setting of 

pending herniation (Cushing triad). Additionally, these patients 

should be monitored with pulse oximetry, and hypoxia is to be 

avoided, as it can lead to a worse prognosis. Goal PaO2 should be 

greater than 100 mm Hg and pulse oximetry $95%.

Patients suffering severe TBI will require mechanical ventilation in 

an intensive care unit (ICU). If their level of consciousness remains 

persistently depressed, these patients should undergo tracheostomy, 

which should be performed within 8 days of injury.20 Benefits of per-

forming tracheostomy for patients undergoing prolonged mechanical 

ventilation include improved patient comfort because of reduced oro-

pharyngeal irritation and improved pulmonary toilet. Early tracheos-

tomy (fewer than 8 days) is associated with shorter mechanical ventila-

tion duration and shorter ICU and hospital stays. Additionally, it is 

associated with lower risks of pneumonia, deep venous thrombosis, 

and decubitus ulcers.23

Response Points

Speech

Alert, oriented, and conversant 5

Confused, disoriented, but conversant 4

Intelligible words, not conversant 3

Unintelligible sounds 2

No verbalization, even with painful stimulus 1

Eye Opening

Spontaneous 4

To verbal stimuli 3

To painful stimuli 2

None, even with painful stimuli 1

Motor

Follows commands 6

Localizes painful stimulus 5

Withdraws from painful stimulus 4

Flexor posturing with central pain 3

Extensor posturing with central pain 2

No response to painful stimulus 1

TABLE 50.1 Glasgow Coma Scale

Data from Teasdale G, Jennett B. Assessment of coma and impaired 

consciousness: a practical scale. Lancet. 1974;2:81–84.

Pulse oximetry $95% ICP 20–25 mm Hg Serum sodium 135–145 

mEq/L

PaO2 $100 mm Hg PbtO2 $15 mm Hg INR #1.4

PaCO2 35–45 mm Hg CPP $60 mm Hg* Platelets $75 3 103/mm3

SBP $100 mm Hg Temperature 36°–38°C Hemoglobin $7 g/dL

pH 7.35–7.45 Glucose 80–180 mg/dL

TABLE 50.2 Goal-Directed Parameters for 
Head Injury

CPP, Cerebral perfusion pressure; ICP, intracranial pressure; INR, inter-

national normalized ratio; PaCO2, partial pressure of carbon dioxide; 

PaO2, partial pressure of oxygen; PbtO2, brain tissue oxygen tension; 

SBP, systolic blood pressure.

*Depending on status of cerebral autoregulation.
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Hemodynamic Goal-Directed Therapy
Hypotension has been associated with a dramatic increase in mortality 

rate after severe TBI.24 Thus it is critically important to avoid hypoten-

sion with a goal systolic blood pressure (SBP) $100 mm Hg. Trauma 

patients should be transfused blood in the setting of hypotension, but 

vasopressors can be used once resuscitated to euvolemia. These pa-

tients should be monitored closely with arterial line pressure monitor-

ing and consideration given to trending central venous pressure. Ad-

ditionally, vasopressors should be used to increase MAP in an attempt 

to target goal CPP $60 mm Hg.

Electrolyte Goal-Directed Therapy
Sodium regulation disturbances are common in TBI, and goal serum 

sodium is 135–145 mEq/L.20 Hypertonic saline is used as a therapy for 

elevated ICP, as discussed in the next section, and in these patients target 

serum sodium levels are higher. Hyponatremia, defined as serum so-

dium #135 mEq/L, is the most common electrolyte abnormality en-

countered in patients with TBI and is an independent predictor of poor 

neurologic outcome.25 In the setting of TBI, hyponatremia is believed to 

worsen brain edema, increase ICP, and result in secondary brain injury. 

The most common causes for hyponatremia include cerebral salt wast-

ing (CSW), syndrome of inappropriate antidiuretic hormone (SIADH), 

hypopituitarism, and inadequate salt intake.26

Another disorder of sodium disturbance seen in TBI is diabetes 

insipidus (DI). This disorder arises from damage to the hypothalamic 

antidiuretic (ADH)-producing neurons in the posterior pituitary, 

which leads to a lack of ADH production.6 This form of DI is termed 

“central,” which delineates a neurologic etiology, in contrast to “pe-

ripheral” DI, which is a renal disorder. Central DI results in high-vol-

ume, dilute urine. This disorder is common and can be seen in up to 

≈26% of patients with TBI. It is most commonly transient, but perma-

nent DI can develop.27 Patients with TBI should be closely monitored 

for polyuria and urine evaluated for low osmolarity, and they are 

treated with DDAVP or vasopressin.28

ELEVATED INTRACRANIAL PRESSURE 
MONITORING

ICP monitoring is indicated in patients with GCS #8 and should be 

considered in patients with a GCS .8 who have structural brain dam-

age with high risk for progression.20 The preferred method for ICP 

monitoring is an external ventricular drain (EVD) because it can diag-

nostically measure ICP and therapeutically drain off CSF, but it can be 

difficult to place, particularly if there is already edema and/or distor-

tion of the brain parenchyma, and has risks of causing bleeding during 

placement. Intraparenchymal ICP monitoring is also a reliable method 

but does not allow for therapeutic CSF drainage. Finally, newer devices 

are available to measure brain tissue oxygenation (PbO2), but their ef-

fect on outcomes remains unclear.29

ELEVATED INTRACRANIAL PRESSURE 
MANAGEMENT

A stepwise tiered approach for ICP treatment is usually followed, with 

the least toxic therapies used first and more toxic therapies added only 

if the initial tier of treatment is unsuccessful.

First-Tier Treatment for Elevated ICP: Positioning and 
Sedation/Analgesia Medications
A simple noninvasive method to decrease ICP is to elevate the head of 

the bed (or reverse Trendelenburg if on spinal precautions) to improve 

cerebral venous outflow. Next, sedation and neuromuscular blockade 

are often an effective treatment, particularly if the patient is agitated or 

posturing.30 Narcotics (e.g., morphine, fentanyl), short-acting benzodi-

azepines (e.g., midazolam), or hypnotic agents such as propofol can be 

used for sedation. Narcotic-induced hypotension can be averted by us-

ing relatively low doses and ensuring the patient is normovolemic be-

fore treatment. If an EVD is present, an additional method to decrease 

ICP is to intermittently drain CSF via an EVD. If ICP remains .20 mm 

Hg despite these measures, one should move to second-tier strategies.

Second-Tier Treatment for Elevated ICP: Osmotic Agents 
and Brief Hyperventilation
Hyperosmolar therapy should be administered via intermittent bo-

luses. A bolus administration of mannitol (0.25-2g/kg every 3–4 hours 

as needed) or hypertonic saline is recommended.8,31 Mannitol exerts 

its effect through osmotic diuresis, lowering the ICP and increasing  

the CPP by expanding the blood volume, reducing the blood viscosity, 

and increasing CBF and oxygen delivery to the tissues within a few 

minutes of infusion. Its duration of effect averages 3–5 hours, but  

it should be avoided in the setting of hypotension or hemorrhagic 

shock and is therefore often avoided in multitrauma patients with 

concomitant injuries. Hypertonic saline appears to create osmotic 

mobilization of water across the blood-brain barrier without signifi-

cant diuresis and is more appropriate in the setting of hypotension. 

Concentrations ranging from 3% to 23.4% have been used to decrease 

ICP.32 The serum osmolarity and sodium level should be monitored 

frequently during the use of osmotherapy. The drugs should be dis-

continued if the serum sodium level exceeds 160 mg/dL or the serum 

osmolarity exceeds 320 mOsm in order to minimize the risk of acute 

kidney injury.33

An additional measure to lower ICP includes adjusting the ventila-

tory rate to reduce the arterial PCO2 to 30 mm Hg.7 Hyperventilation 

should be used cautiously during the first 24–48 hours after injury, 

because it will cause cerebral vasoconstriction at a time when CBF is 

already critically reduced. Evidence also suggests that even brief peri-

ods of hyperventilation can lead to secondary brain injury by causing 

an increase in extracellular lactate and glutamate levels. Its clinical use 

is therefore limited to pending herniation or as a bridge to third-tier 

treatment. Finally, if the previous measures still fail to reduce ICP, 

third-tier measures should be employed.

Third-Tier Treatment for Elevated ICP: Barbiturates, 
Cooling, and Surgical Intervention
If intracranial hypertension persists despite all these treatments, par-

ticularly if the ICP rises rapidly or if the patient’s initial CT scan 

showed a small contusion or hematoma, another CT scan should be 

obtained immediately to determine whether a new mass lesion is 

present or a preexisting lesion has enlarged. Even if the lesion has 

enlarged only slightly, an emergent craniotomy and evacuation of the 

contusion or hematoma may be the best way to reduce the ICP 

quickly and effectively.

In the absence of new or expanding mass lesions, deepening seda-

tion with high-dose barbiturates can be considered in patients with 

salvageable neurologic examinations. Pentobarbital is the most com-

monly used drug for this purpose and is administered as an intrave-

nous (IV) loading dose of 10–15 mg/kg over 1–2 hours, followed by a 

maintenance infusion of 1–2 mg/kg per hour. Continuous electroen-

cephalographic monitoring is recommended while increasing the dose 

until a burst suppression pattern is observed. Hypotension is the most 

common adverse effect of barbiturates and can usually be averted by 

ensuring a normal intravascular volume before administering the 

drug. In addition to deepening sedation, a paralytic agent should be 

considered.
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Therapeutic moderate hypothermia has been used in several clini-

cal trials over the past decade. Although some clinical trials have not 

found that this treatment improves neurologic outcome compared 

with normothermia, they have consistently shown that hypothermia 

significantly reduces ICP.34 The body temperature is lowered to 32°C–

33°C as soon as possible after injury and kept at that temperature for 

24–48 hours using surface cooling techniques.

The use of decompressive craniectomies, such as large lateral or 

bifrontal bone flaps, with or without a generous temporal or frontal 

lobectomy, can be considered for a small subset of patients. Two stud-

ies report good outcomes in 56%–58% of patients whose refractory 

intracranial hypertension was treated with decompressive craniectomy 

as a last resort,35 and another study suggested that decompressive tem-

poral lobectomy, when performed soon after injury, improves the 

outcome for young patients.36 However, others found that decompres-

sive craniectomy does not improve ICP, CPP, or mortality rates.37 Be-

cause age has such a profound impact on the likelihood of a meaning-

ful recovery, these third-tier therapies are recommended only for 

patients who are younger than 40 years old.

SPECIAL CONSIDERATIONS

Penetrating Injuries
The most common cause of penetrating TBI is gunshot wounds to 

the head, which usually cause massive destruction of brain tissue, 

severe brain swelling, and, if the trajectory is transcranial, death. The 

wounding potential of a bullet depends primarily on its velocity at 

impact and its mass, although the shape of the bullet and its lateral 

movements also play a role. The impact velocity is by far the most 

important determinant of a bullet’s wounding potential. Conse-

quently, high-velocity rifle wounds to the head are invariably fatal, 

whereas low-velocity open-chambered handgun wounds often are 

not. When a bullet enters the skull, it creates a variety of pressure 

waves within the brain, some of which can cause tissue pressures of 

nearly 100 atmospheres, resulting in further tissue injury. Bullets 

often fragment after they strike the skull, fracturing the bone into 

multiple fragments. Both the bullet and the bone fragments then 

become numerous secondary missiles that can cause additional tis-

sue damage.

Low-velocity missile wounds, such as those from knives, ice picks, 

or arrows, do not cause the massive brain injuries seen with bullets. 

Usually only the tissue in the immediate path of the missile is dam-

aged, and patients often have a complete neurologic recovery after the 

missile is surgically extracted. Nonetheless, vascular injuries are always 

possible with high- or low-velocity missile injuries to the head, espe-

cially those in or near the skull base or the sylvian fissures.

The initial assessment and resuscitation of patients with penetrat-

ing head injuries are the same as for those with closed head injuries. 

Knives or other missiles protruding from the head should never be 

removed in the field or emergency department, as they may be creating 

a tamponade effect and removal could lead to massive intracranial 

hemorrhage. When a patient has a gunshot wound to the head, the rest 

of the body should be inspected carefully for other gunshot wounds, 

because wounds to the heart or great vessels in the chest or abdomen 

may be even more life threatening. A CT scan of the head defines the 

intracranial path of the missile and related skull and tissue damage. 

More importantly, it identifies any large intracranial hematomas or 

contusions that may significantly affect outcome. If the missile trajec-

tory is in or near the skull base or sylvian fissures and the patient is 

deemed salvageable, cerebral angiography should be performed be-

cause this injury pattern is often associated with the development of 

pseudoaneurysms.21

Most patients who are expected to survive a penetrating head in-

jury require limited operative treatment. Large intracranial hemato-

mas should be evacuated promptly, and a craniotomy is required for 

low-velocity missile wounds in which the object is still protruding 

from the head. After removing a segment of skull containing the mis-

sile and a large enough area to allow for intracerebral exploration, the 

surgeon can seek and immediately repair or occlude any vascular inju-

ries caused by the missile. For gunshot wounds to the head, the sur-

geon should perform a limited debridement of the scalp and skull 

wound, removing scalp, bone, and bullet fragments penetrating the 

brain only if they lie near the surface. Easily accessible necrotic brain 

should be debrided and meticulous hemostasis achieved. Subsequent 

medical management of penetrating injuries is as described previously 

for closed head injuries. Because a penetrating TBI by definition dis-

rupts and contuses brain tissue, all patients with these injuries should 

also receive anticonvulsants for at least 7 days.32

Management Considerations for TBI in the Elderly
Elderly patients represent a special population that is at a higher risk 

of TBI than the general population and has a worse prognosis than 

younger injury-matched controls. Factors that contribute to this 

higher risk include anticoagulation for comorbidities, baseline neuro-

cognitive disorders, and higher risk of falls seen in this group.38 Neu-

rologic evaluation of the elderly patient with TBI can often be compli-

cated by preexisting dementia, cognitive decline, or hearing/vision 

deficits. Family and caregivers can be invaluable sources of informa-

tion when trying to determine a neurologic “baseline.” Elderly patients 

with mild TBI are at higher risk for intracerebral bleeding than 

younger patients, and therefore any patient age $65 years who pres-

ents with a mild head injury should undergo CT scanning.39 Addition-

ally, a multicenter study established that older patients after isolated 

TBI have poorer functional status at discharge and make less improve-

ment at 1 year compared with all other patients despite a higher initial 

GCS.40

Prognosis After TBI
Predicting outcome soon after a TBI can help guide acute and chronic 

care and help prepare family members for the typically protracted re-

covery process. Equally important is that further treatment may be 

deemed futile, and expensive critical care or surgery can be reserved 

for those who are likely to benefit. Of course, early prognostication 

must be reliable, especially when withdrawal of life support is a con-

sideration.

Several clinical and radiographic characteristics have proven useful 

for outcome prediction, but they must be used in concert.41 Moreover, 

these criteria are more reliable for predicting death or vegetative sur-

vival than for accurately predicting mild or no dysfunction and a 

complete return to normalcy. The most powerful outcome predictors 

are age, initial GCS score (particularly the motor component), pupil 

size and reaction to light, ICP, and the nature and extent of intracranial 

injuries.

Marshall and colleagues devised a CT-based classification scheme 

that proved prognostically useful when applied to the patients in the 

Traumatic Coma Data Bank study (Tables 50.3 and 50.4).42 The classifi-

cation emphasizes the mass effect of posttraumatic intracranial lesions. 

Not surprisingly, these investigators found the worst outcomes among 

patients with large intracranial mass lesions and uncal herniation.

The patient’s salvageability and prognosis after a penetrating injury 

are far clearer than for those with closed head injuries. Most victims of 

high-velocity gunshot wounds to the head die before or shortly after 

hospital arrival. A meta-analysis of recent clinical studies examining 

civilian gunshot wounds to the head and initial GCS of 3–5 found that 
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 References for this chapter can be found at expertconsult.com.

Category Definition

Diffuse injury I No visible intracranial pathology

Diffuse injury II Cisterns present, with midline shift 0–5 mm; no 

high-density lesion .25 mL

Diffuse injury III  

(swelling)

Cisterns compressed or absent, with midline shift 

0–5 mm; no high-density lesion .25 mL

Diffuse injury IV (shift) Midline shift .5 mm; no high-density 

lesion .25 mL

Evacuated mass lesion Any lesion surgically evacuated

Non-evacuated mass  

lesion

High-density lesion .25 mL; not surgically 

evacuated

TABLE 50.3 Computed Tomographic 
Classification of Traumatic Brain Injury

Data from Marshall LF, Marshall SB, Klauber MR, et al. A new classifi-

cation of head injury based on computerized tomography. J Neuro-

surg. 1991;75 (Suppl.):S14–S20.

Category

No. of  

Patients

Unfavorable 

Outcome* (%)

Favorable 

Outcome† (%)

Diffuse injury I 52 38 62

Diffuse injury II 177 65 35

Diffuse injury III 153 84 16

Diffuse injury IV 32 94 6

Evacuated mass 276 77 23

Non-evacuated mass 36 89 11

TABLE 50.4 Relationship of Computed 
Tomographic Classification to Outcome at 
Discharge

Data from Marshall LF, Marshall SB, Klauber MR, et al. A new classifi-

cation of head injury based on computerized tomography. J Neuro-

surg. 1991;75(Suppl.):S14–S20.
*Death, persistent vegetative state, or severe disability.
†Moderate disability or good recovery.

favorable outcomes occurred in only 5 of 490 patients.43 Mortality 

rates ranged from 51% to 87% for patients with scores of 8 or less. In 

contrast, those whose initial GCS scores were 13–15 all survived and 

had favorable outcomes. Other clinical signs associated with death or 

a poor outcome are fixed and dilated pupils, intracranial hypertension, 

and hypotension.

The CT-defined extent of intracranial injury caused by the missile 

also has prognostic significance. Hyperdense lesions with a volume 

greater than 15 mL, midline shift of more than 3 mm, compressed or 

absent basal cisterns, SAH, and intraventricular hemorrhage are all as-

sociated with mortality rates of 80%–90%, as is a bullet trajectory that 

traverses both hemispheres, the basal ganglia, or the posterior fossa.44
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KEY POINTS

• Severe TBIs are the leading cause of morbidity and mortality for Americans 

between the ages of 1 and 45 years.

• Outcome after TBI is determined not only by the primary injury, such as skull 

fracture and subdural hematoma, but also by secondary injuries caused by 

physiologic derangements.

• Under normal conditions, the total volume within the skull remains constant and 

is determined by the sum of the CSF, blood, and brain tissue compartments.

• Proper field triage is critical for patients with suspected TBI, as the acutely 

injured brain is immediately vulnerable to secondary injury from physiologic 

derangements such as hypotension, hypercarbia, and hypoxemia.

• In the acute phase after injury, a patient with TBI is best treated with goal-

directed therapy in an attempt to minimize the physiologic derangements 

that create secondary brain injury.

• A stepwise tiered approach for ICP treatment is usually followed, with the 

least toxic therapies used first and more toxic therapies added only if the 

initial tier of treatment is unsuccessful.
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jury specifics (epidural, subdural, subarachnoid, intracranial hemorrhage, 

and diffuse axonal injury), Abbreviated Injury Scale (AIS) score for each 

body area, Injury Severity Score (ISS), vital signs in the emergency depart-

ment, and craniectomy. Outcomes included 30-day mortality, complications, 

number of ventilation days, intensive care unit and hospital lengths of stay, 

and functional independence.

Livingston DH, Lavery RF, Mosenthal AC, et al. Recovery at one year following 

isolated traumatic brain injury: a Western Trauma Association prospective 

multicenter trial. J Trauma. 2005;59:1298–1304.

This is a prospective multicenter study performed by the Western Trauma As-

sociation to evaluate the effect of age on TBI prognosis. All patients sustaining 

isolated TBI defined as were included. Outcome data included discharge dis-

position, Glasgow Outcome Scale score, and modified Functional Indepen-

dence Measure (FIM) score at discharge and at 1 year

Spaite DW, Hu C, Bobrow BJ, et al. Mortality and prehospital blood pressure 

in major traumatic brain injury: the absence of a hypotension threshold. 

JAMA Surg. 2017;152(4):360–368.

This is a retrospective observational evaluation of a large prehospital data-

base established as a part of the Excellence in Prehospital Injury Care (EPIC) 

Traumatic Brain Injury Study (NIH/NINDS-1R01NS071049). The general-

ized additive model and logistic regression were used to determine the rela-

tionship between systolic pressure and probability of death, adjusting for sig-

nificant and important confounders
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PATHOPHYSIOLOGY

Acute SCI is the result of blunt or penetrating injury (traumatic eti-

ologies) or numerous nontraumatic etiologies that result in the dis-

ruption of normal motor, sensory, or autonomic function. Two dis-

tinct phases characterize SCI. The primary phase consists of the 

physical compression of the spinal cord because of acute fractures or 

dislocation, leading to microhemorrhage, axonal damage, and cellular 

membrane damage.3 The secondary injury is the result of cell mem-

brane permeability changes, leading to loss of membrane stability, 

apoptosis, and tissue loss.3 The degree and extent of the primary and 

secondary injuries determine the neurologic deficit.

INITIAL MANAGEMENT

If the patient might have a SCI, it is crucial to maintain a high index of 

suspicion and use spinal immobilization. These maneuvers include the 

use of in-line immobilization, maintenance of neutral position, cervi-

cal immobilization with a rigid collar, and use of backboards. From the 

field, a rigid collar immobilizes the cervical spine, and spinal precau-

tions are taken to transport the patient. Upon arrival at the emergency 

department, precautions continue until physical examination and 

imaging confirm or refute a diagnosis. Rigid backboards are removed 

to avoid pressure ulceration. A thorough history and physical exami-

nation will determine whether the injury is complete or incomplete 

(i.e., is there any function below the level of injury?). Note any risk 

factors the patient may have for SCI. The level of injury is determined 

and baseline sensory, motor, and reflex abilities are described. For sus-

pected high cervical injuries, baseline respiratory mechanic data, such 

as negative inspiratory force (NIF), force vital capacity (FVC), and 

tidal volume (TV), are useful for clinical assessment. The use of these 

data points as trends may highlight impending respiratory failure.

Resuscitation of the hypotensive patient with an SCI proceeds as 

with all trauma patients. Although upper spinal cord injuries can be 

associated with neurogenic shock, hypotension in the traumatically 

injured patient should be presumed hemorrhage until proven other-

wise and may require isotonic fluid replacement or blood transfusion. 

An additional consideration is due in the case of the concomitant head 

injury, where the goal of hemodynamic support coexists with avoiding 

cerebral edema.

Once the ABCs of advanced trauma life support (ATLS) are ad-

dressed, the diagnostic algorithm proceeds to obtain imaging, as indi-

cated. The National Emergency X-Radiography Utilization Study 

(NEXUS)4 and the Canadian C-Spine Rule (CCR)5 offer clinical guid-

ance to help decide which patients do not require cross-sectional im-

aging to rule out cervical spine injury. Table 51.2 summarizes the 

guidelines. When considering imaging, it is essential to remember the 

INTRODUCTION

Despite many advances made in its diagnosis and treatment, spinal 

cord injury (SCI) continues to present challenging critical care issues 

to be treated, both acutely and chronically. The injury undoubtedly 

results in substantial psychological and financial impact not only on 

patients and their families but also to the general society. To date, the 

basis of care for patients with SCI has primarily focused on providing 

supportive care and preventing secondary injury. However, current 

investigations will certainly expand treatment options and improve the 

quality of care provided.

 EPIDEMIOLOGY

The latest tabulations and projections provided by the National Spi-

nal Cord Injury Statistical Center report an estimated incidence of 

54 cases of patients with SCI per 1 million people living in the 

United States. More than 17,000 new patients will experience a SCI 

this year (this number does not include those with multiple trau-

matic injuries who die at the scene). The prevalence of injury is 

roughly 291,000, related mostly to improvements in critical care, and 

this number has increased steadily. The average patient is 43 years 

old, likely male, and may come from various socioeconomic and 

racial backgrounds.

 The estimated lifetime cost of caring for one patient injured at 

the age of 25 with a cervical SCI is estimated to be more than $5 mil-

lion. Acute care of patients with SCI only represents one phase of the 

rest of their lives. Seventeen percent of patients are employed 1 year 

postinjury, and this increases over time to around 30%. The combi-

nation of costly medical expenses, increasing overall survival, and 

high unemployment rates position SCI as a significant public health 

burden estimated to cost the United States at least $9.7 billion annu-

ally.1

ETIOLOGY

The causes of SCI vary widely. As of 2019, the leading cause of injury 

is still vehicular crashes, followed by falls, violence, and sports-related 

causes. Although these are among the most represented, it is essential 

to consider other nontraumatic etiologies, found in Table 51.1, as well. 

Early assessment starts with determining whether the injury is com-

plete versus incomplete. This assessment is most important for pre-

dicting neurologic prognosis. The American Spinal Injury Association 

(ASIA) provides a classification system that characterizes the severity 

of cord injury. An initial incomplete injury (ASIA B–D) predicts a 

“potentially greater improvement in functional status” compared with 

a complete injury (ASIA A).2
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limitations of each of the modalities and choose the type that is best 

suited to answer the clinical question. Computed tomography (CT) is 

the most often used modality of imaging for several reasons. First, 

imaging can be obtained rapidly and can provide swift clinical an-

swers. Second, it is available in most centers. Lastly, it can provide a 

complete assessment of other body zones that may be traumatized. 

Conversely, magnetic resonance imaging (MRI) is the preferred mo-

dality for ruling out ligamentous injury, hematoma, or disc herniation. 

Also, it provides the ability to assess the degree of cord compression.

In the case of the obtunded patient, practice guidelines from the 

Eastern Association for the Surgery of Trauma Practice Management 

Category Definition

Trauma Blunt trauma

Penetrating trauma

Central cord syndrome

Nontraumatic Ankylosing spondylitis

Spina bifida

Polio

Osteoporosis

Multiple sclerosis

Spinal stenosis

Metastatic fractures

Acute blood loss/cord ischemia

Anterior cord syndrome

TABLE 51.1 Common Etiologies of Spinal 
Cord Injury

National Emergency 

X-Radiography  

Utilization Study 

(NEXUS)4

Imaging not necessary if age ,60 1 all five of the 

following:

• Absence of posterior midline cervical tenderness

• Normal level of consciousness

• No evidence of intoxication

• No abnormal neurologic findings

• No painful distracting injuries

Canadian C-Spine 

Rule (CCR)5

Condition one (perform imaging):

• Age .65

• Dangerous mechanism

• Extremity paresthesia

Condition two (low-risk factor allowing for range- 

of-motion assessment):

• Simple rear-end motor vehicle collision

• Arriving to emergency department in sitting 

position

• Ambulatory at any time

• Delayed onset of neck pain

• Absence of midline cervical spine tenderness

Condition three (active rotation of the neck  

45 degrees to the left and right):

• Imaging not necessary in patients able to rotate 

their neck, regardless of pain

TABLE 51.2 Decision Rules Guiding the 
Radiologic Assessment of Cervical Spine Injury

Note: These rules are not applicable to patients with direct blows to 

the neck, penetrating trauma, or adults .60 years (NEXUS).

Guidelines Committee describe three options for management. These 

are leaving the cervical collar in place until a clinical examination can 

be performed, removing the collar based on a negative CT alone, or 

obtaining an MRI of the cervical spine.6 The literature lacks support 

for one method versus another. There is no guideline recommendation 

and should be at the discretion of each institution.

Finally, disposition of the patient is at the discretion of the clini-

cian, but an intensive care unit admission, especially in the case of 

cervical injuries, for respiratory monitoring is recommended.

PROGNOSTIC FACTORS FOR RECOVERY

To properly advise the patient and family on the expected outcome and 

projected clinical course, a thorough history and physical examination, 

in addition to imaging, is necessary. In general, the patient’s age, the 

involved level of injury, and the neurologic grade of injury (i.e., incom-

plete vs. complete) predict overall survival.4 Patients with SCI often 

suffer multiple traumatic injuries in addition to any medical comor-

bidities they may have. Thus these factors will augment projected 

morbidity and mortality.7 Initially, the ASIA score, mentioned earlier, 

aids not only in characterizing each injury type but also provides out-

come data for each subtype.8 A complete injury is the lack of motor or 

sensory function below the level of injury. Patients with a complete 

cervical SCI who remain neurologically deficient in the first 24 hours 

of admission are unlikely to regain significant ambulatory function.9,10 

Most patients who have an incomplete injury, however, will attain 

some degree of neurologic recovery within the first year postinjury. 

Cervical injury, when compared with thoracic or thoracolumbar inju-

ries, have a higher potential for recovery.

Although much in this chapter corresponds to the acute manage-

ment of a patient with SCI, it is worth noting that some patients may 

require the assistance of palliative care and hospice. It is of particular 

importance in the care of a patient with a remote history of SCI who 

is no longer responding to medical management of chronic complica-

tions of SCI; with progressive worsening of symptoms; those who have 

increased emergency department, inpatient, or outpatient visits related 

to complications; or those with a life-threatening complication. Fur-

ther resources to aid in discussions of prognosis and functional out-

come are located at https://pva.org/research-resources/publications/

clinical-practice-guidelines/.

PEDIATRIC SPINAL CORD INJURY

Pediatric spine trauma is relatively uncommon, representing approxi-

mately 5% of all SCIs.11 For a specific discussion of pediatric SCI, see 

published guidelines on this topic.4

THERAPEUTIC HYPOTHERMIA

 With prevention being the key to decreasing the incidence of primary 

injury, there are few options to decrease secondary injury mechanisms. 

Because the treatment of SCI has consisted mainly of high-quality 

critical care and avoidance of secondary injury, other treatment op-

tions have been sought to add to the clinical armamentarium. One 

such intervention is therapeutic hypothermia. The use of therapeutic 

hypothermia began in the 1950s with cardiac surgery, and its use ex-

panded to neurosurgery and SCI in the 1970s and 1980s with regional 

hypothermia.12,13 The degree of cooling is divided by target tempera-

ture as “profound” (below 30°C), “moderate” (30°–32°C), and “mod-

est” (32°–34°C).14 The use of modest cooling is neuroprotective and 

reduces many of the known unwanted effects of cooling: acidosis, 

myocardial contractility abnormalities, coagulopathy, decreased renal 
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and hepatic function, electrolyte disturbances, prolonged drug clear-

ance, and impaired insulin resistance.13 Several animal models using 

modest cooling support the concept that hypothermia mitigates many 

of the secondary injury mechanisms.12 The use of therapeutic hypo-

thermia was introduced in 2007 to the United States publicly after the 

high-profile SCI of a National Football League player who sustained a 

C3–C4 injury with complete motor and sensory deficits. As part of his 

treatment, he received doses of methylprednisolone per the treating 

institution’s protocol, prompt surgical decompression and fusion, and 

was cooled to 33.5°C 16 hours postoperatively. Within 2 hours, he ex-

perienced remarkable neurologic improvement that continued weeks 

into his recovery. The cause of the dramatic clinical improvement is 

likely the resolution of spinal shock and prompt repair of an incom-

plete SCI.12 This outcome has prompted further questions regarding 

the potential use of hypothermia with SCI.

The American Association of Neurological Surgeons/Congress of 

Neurological Surgeons (AANS/CNS) position regarding therapeutic 

hypothermia recognizes the lack of data and evidence for or against its 

use and finds that “modest hypothermia might be applied safely to the 

population,” but data from a multicenter, randomized controlled trial 

is needed.15,16 The Miami Project for Paralysis and the University of 

Miami are among the leading centers investigating this question with 

their Acute Rapid Cooling Therapy for Injuries of the Spinal Cord 

(ARTIC) trial that has completed phase I and is undergoing phase II/

III to evaluate the safety of different durations of hypothermia initi-

ated 6 hours postinjury.13 Without question, the findings of this study 

are necessary and highly anticipated.

MANAGEMENT IN THE INTENSIVE CARE UNIT

When admitted to the intensive care unit, patients with SCI are best 

approached with consideration of particular system issues. Knowledge 

of these critical concerns is imperative for caring for the patient and 

potentially avoiding complications that have a significant impact on 

morbidity and mortality. What follows is a systematic review of these 

critical topics.

Respiratory System
Respiratory complications are the most common cause of morbidity 

and mortality of patients with SCI. An estimated 80% of deaths in 

hospitalized patients with SCI are attributable to pulmonary causes, 

with pneumonia responsible for half of these cases.17 Multiple hypoth-

eses exist regarding the vulnerability of patients with SCI to infections. 

These include prolonged exposure to hospital pathogens, prolonged 

intubation, reduced ciliary clearance, nutritional deficiencies, and ele-

mental exposure secondary to surgical procedures.18 Additionally, the 

term acute SCI immunodeficiency has been coined to describe the im-

paired immunity that may occur secondary to the impaired gut micro-

biome.18

Besides the alteration of the patient’s immunity, neurologic deficits 

affect the risk of pulmonary complications and lead to respiratory 

failure. In general, functional impairment worsens as the level of injury 

is more cephalad. A complete SCI, defined as the absence of motor or 

sensory function below the injury (ASIA score A), yields greater im-

pairment than incomplete injuries (ASIA scores B–D).18,19

In neurologically intact patients, the diaphragm is the essential in-

spiratory muscle. It derives its innervation from the phrenic nerve 

supplied by cervical nerves three through five. Contraction of the dia-

phragm, along with the intercostal and scalene muscles, increases 

negative intrathoracic pressure and improves the efficiency of inspira-

tion by caudally displacing the abdominal contents.19 Most cervical 

spine injuries below C4 maintain diaphragm innervation. Diaphragm 

dysfunction occurs in patients with more cranially located lesions. 

Expiration, which is generally considered a passive process, requires 

the use of abdominal musculature to aid in thoracic emptying. Be-

cause the abdominal musculature receives innervation from thoracic 

and lumbar nerves, abdominal muscle function is absent in patients 

with complete injuries or injuries arising from upper thoracic levels. 

As a result, the combined clinical effect is a reduction in TV (most 

notably in the upright position versus supine), FVC, inspiratory capac-

ity, and forced expiratory volume in 1 second (FEV1).19 In general, 

patients tend to exhibit respiratory decline between 24 and 72 hours 

postinjury. Thus early recognition of dysfunction requires a high index 

of suspicion.

The most common respiratory complications are atelectasis, pneu-

monia, and acute respiratory distress syndrome (usually related to 

multitrauma etiology). Although the incidence is low, pulmonary em-

bolism is also of concern. The pathophysiology of most of the respira-

tory complications is related directly to the neurologic deficit and the 

inability for deep breathing, coughing, and clearing tracheobronchial 

secretions. Accumulation of secretions and mucous plugs may result in 

respiratory failure. Plugging can be prevented with regular pulmonary 

toilet chest physiotherapy, the use of intrapulmonary ventilation ma-

chines, bronchodilators, and mechanical ventilation.

Pulmonary infections are relatively common in patients with SCI 

for many of the reasons highlighted previously. The cause of pneumo-

nia, when recognized, should be assumed normal respiratory flora if 

present on admission. Nosocomial organisms are likely causative 

agents the longer the patient resides in the hospital.

When patients with SCI are mechanically ventilated, their weaning 

should follow medical stabilization and take into consideration the 

location of the neurologic insult and any contribution the injury may 

have for further respiratory failure (i.e., higher cervical spine injuries). 

Weaning follows the typical course as with other critically ill patients. 

Special consideration for early tracheostomy should be made for pa-

tients with injury patterns that portend a poor respiratory outcome, 

preexisting pulmonary disease, and advanced age. Studies support the 

use of early tracheostomy in patients with these risk factors and may 

help shorten the time for liberation from mechanical ventilation.20,21 

Additionally, there is support from the literature that early tracheos-

tomy, even after anterior spinal fusion, is safe and does not increase 

infectious risk.21

An estimated 40%–85% of patients with SCI will have a need for 

long-term ventilation. This need increases the higher the level of injury 

because of the loss of neural input to the diaphragm. Diaphragmatic 

pacing systems (DPSs) are used to stimulate diaphragm contraction 

and aid in ventilator liberation. Published retrospective data from one 

institution’s experience with DPS resulted in fewer days to ventilator 

liberation and shorter hospital length of stay in patients with DPS 

compared with those without.22 More investigation is needed to eluci-

date the complete benefits DPS may offer patients with SCI, but should 

be considered among the strategies for ventilator liberation.

Cardiovascular System
Spinal cord injuries above T6 disrupting sympathetic input may lead 

to neurogenic shock. Heralded by the presence of bradycardia and 

hypotension, neurogenic shock is the manifestation of unopposed va-

gal tone secondary to the disruption of sympathetic input, slowing the 

heart rate, decreasing systemic vascular resistance, and ultimately re-

quiring vasopressor support. Although this clinical entity exists in pa-

tients with SCI, hypotension in any acutely traumatized patient should 

be considered the result of hypovolemic/hemorrhagic shock until 

proven otherwise—a condition corrected only with blood replacement 

and/or surgical hemostasis.
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This clinical entity differs from the commonly confused misnomer 

of “spinal shock,” which refers to temporary disruption of sensory and 

motor abilities below the level of SCI secondary to contusion with the 

gradual recovery of reflexes. Spinal shock occurs mainly with complete 

injury and is seen clinically as a period of areflexia and flaccidity re-

placed with hypertonia and spasticity.

The hemodynamic goal for the patient with SCI is the restoration 

of normal hemodynamics. Correction of hypotension should proceed 

with periodic intravenous (IV) fluid boluses to restore intravascular 

volume and may ultimately require the use of vasopressors. In cases of 

decreased systemic vascular resistance, a peripherally acting vasocon-

strictor, such as norepinephrine, will counter the tendency for venous 

pooling and increase cardiac venous return.

Hypotension should be avoided, as decreased perfusion may ac-

centuate the blossoming secondary injury of the spinal cord. Early 

aggressive volume resuscitation and increasing a patient’s mean arte-

rial pressure (“MAP push”) is associated with enhanced neurologic 

outcome in SCI, should be considered an additional management 

tool,23 and has become an essential component of our clinical practice 

in patients with SCI. Catapano and colleagues found a positive correla-

tion between MAP $85 mm Hg and neurologic recovery in ASIA A, B, 

and C subtypes and concluded that those with initially complete inju-

ries might benefit the most from “MAP push.”24 Current management 

guidelines call for early surgical decompression and maintenance of 

MAP $85 mm Hg for 5 consecutive days.25

Gastrointestinal System
Most of the gastrointestinal complications in patients with SCI are a 

result of unopposed vagal stimulation. The goals for patients are to 

tolerate oral intake and have regular elimination of waste without diar-

rhea or constipation. Some well-recognized bowel symptoms with SCI 

are constipation and fecal incontinence. Additional symptoms of con-

cern are generalized abdominal pain and distension. Gastric distention 

may predominate upon initial management, and nasogastric tube 

placement is indicated.26

Patients with SCI are at particular risk for developing stress gastric 

or duodenal ulcers and require acid suppression prophylaxis. This risk 

increases in the case of patients receiving corticosteroids, as the risk of 

gastrointestinal bleeding in patients receiving corticosteroids (methyl-

prednisolone) in the NASCIS II trial was 1.5 times that of the control 

group.27,28

Gastric emptying may also be impaired and complicate the full re-

sumption of oral intake. Feeding access may then be required to pro-

vide adequate caloric intake. Professional swallow evaluation may be 

deemed necessary, particularly in patients with complete SCI, as im-

paired abdominal muscular innervation is associated with this injury 

type and may lead to gastrointestinal motility abnormalities.

Urinary System
Several patterns of SCI result in genitourinary system complications. 

In traumatic suprasacral injury, there is a period of spinal shock, as 

described earlier in the “Cardiovascular System” section, with resultant 

detrusor atony and areflexia.29 The bladder experiences no contrac-

tions during this time, and the return of function follows the recovery 

of skeletal muscle reflexes (typically 6–8 weeks postinjury). The blad-

der atony manifests clinically as urinary incontinence and may lead to 

autonomic dysreflexia (also discussed in the “Cardiovascular System” 

section). Patients may experience “detrusor-external sphincter dyssyn-

ergia,” where the bladder contracts but the external sphincter may not 

completely relax, leading to inefficient voiding. The result is high void-

ing pressures required for bladder emptying, hydronephrosis, and re-

nal dysfunction if not recognized in routine outpatient care of the 

patient. In SCI with sacral lesions, areflexic bladder predominates, 

where the bladder does not contract, causing an overdistended blad-

der.29

A Foley catheter is placed initially for bladder decompression and 

may be switched to intermittent catheterizations, every 4–6 hours, 4 

days postinjury to maintain bladder volumes less than 500 mL. The 

combination of bladder dysfunction, stasis, and instrumentation in-

creases the risk of urinary tract infection, and diagnosis follows the 

routine algorithm. More comprehensive urinary system management 

recommendations can be found at https://pva.org/research-resources/

publications/clinical-practice-guidelines/.

Hematologic System
Patients with SCI are at risk for venous thromboembolism (VTE) de-

spite an overall decreasing incidence of occurrence in recent years. 

These thrombi in the deep veins of the upper or lower extremity may 

propagate, leading to pulmonary emboli. The majority of these events 

occur early in the clinical course of treatment. A high index of suspi-

cion should be maintained, especially in patients of advanced age, 

those who are obese, those with complete injuries, and those with a 

history of previous thromboembolic events.30,31 Current recommen-

dations for prevention are the combined use of mechanical, pneumatic 

compression stockings and chemical prophylaxis with low-molecular-

weight heparins (LMWHs), as the duration of its half-life is longer. 

Additionally, a lower risk of hemorrhagic complications is associated 

with the use of LMWH versus other heparins, and they have a more 

predictable dose-related effect.32

Evaluation for suspected venous thromboemboli requires the use 

of Doppler ultrasound. Cross-sectional imaging with IV contrast is 

used for high-resolution imaging if pulmonary embolism is suspected. 

Heparin is used to treat identified thromboemboli, and an inferior 

vena cava (IVC) filter should be considered in cases where a contrain-

dication to anticoagulation exists. Prophylactic placement of vena cava 

filters in patients with SCI is not recommended.32–34 This recommen-

dation rests on two important findings. First, the trend of using IVC 

filters in trauma has decreased despite level three recommendation 

from the Eastern Association for the Surgery of Trauma in 2002 sug-

gesting IVC filters be placed prophylactically in “very high-risk trauma 

patients” who either cannot be anticoagulated or have an anticipated 

prolonged immobilization course. This decrease correlates with the 

findings that in some trauma patients, the use of IVC filters correlates 

with increased deep venous thrombosis (DVT) risk.34 Second, despite 

the decrease in IVC filter use, the incidence of pulmonary embolism 

has remained roughly the same. The conclusion suggests that there is 

limited utility in the use of IVC filters in trauma patients.33

Integumentary System
Pressure ulcers are the most common skin complication affecting pa-

tients with SCI. Ulcers result from contact of the skin with support 

surfaces and result in ischemic insult to microvasculature, pain, necro-

sis, and skin sloughing.35 A thorough history and physical examination 

identifies patients with skin at risk for pressure ulcers. Strategies for 

prevention include pressure offloading, daily integumentary checks, 

frequent repositioning, and proper wound care.35 Treatment of the 

wound may be nonsurgical, surgical, or a combination of both. More 

extensive information is at https://pva.org/researchresources/publica-

tions/clinical-practice-guidelines/.

PHARMACOTHERAPY

The role of corticosteroids and gangliosides in the treatment of acute SCI 

is highly debated. The proposed benefit of the use of methylprednisolone 
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sodium succinate is attributed to its antiinflammatory properties. The 

properties prevent “the loss of spinal cord neurofilament proteins, facili-

tate neuronal excitability and impulse conduction, improve blood flow, 

enhance N1/K1-ATPase activity, and preserve the cord structure by de-

creasing lipid peroxidation and preventing ischemia-induced tissue dam-

age.”3 To date, three trials have evaluated the outcomes of the use of cor-

ticosteroids in patients with SCI. Summarized in Table 51.3, the NASCIS 

trials (I–III)27,36,37 explore questions regarding the role of glucocorticoids 

in the treatment of SCI. The lack of level one, evidence-based evidence 

makes the routine use of steroids highly controversial.

The use of GM-1 gangliosides has been proposed as a potential 

treatment for SCI. These compounds are found within the cell mem-

brane of mammalian central nervous tissue and work to promote anti-

excitotoxic activity and neuritic sprouting, potentiate the effect of nerve 

growth factor, and prevent apoptosis.28 There are two studies published 

by Geisler and colleagues describing the use of the GM-1 ganglioside 

Sygen in acute SCI patients.38,39 These outcome data did not demon-

strate a significant difference in neurologic recovery between those 

receiving the drug versus placebo. Because of the limited supporting 

data, the most recent AANS/CNS guideline contains level one recom-

mendations against the use of corticosteroids and GM-1 ganglioside 

for the treatment of acute SCI.28

CHRONIC COMPLICATIONS

Because neurologic deficits experienced by patients with SCI span 

multiple organ systems, chronic complications are frequent. A listing 

of these complications is included in Table 51.4.

FUTURE INTERVENTIONS

The current treatment of SCI focuses on spinal cord stabilization and 

prevention of secondary injury. However, more potential targets for 

therapy will be identified as more is understood regarding the patho-

genesis of injury. As of this writing, there are no Food and Drug Ad-

ministration (FDA)–approved treatments available for SCI and a lim-

ited number of evidence-based support therapies for symptom and 

complication management.40 The combined effort of the National In-

stitutes of Health (NIH), societies such as the AANS/CNS, and major 

academic institutions have led to the development of new clinical trials 

that may address the dearth of information and data. A few privately 

funded institutions are also dedicated to the development of therapeu-

tics and expanding the available knowledge.

In general, the treatment arms of research can be divided broadly 

into two main categories: those that limit secondary injury and those 

that promote regeneration. Future areas of investigation will include 

pharmacologic treatments for SCI, cell-based therapies to aid in the 

modulation of the inflammatory response in secondary injury, bioma-

terials to aid in structural repair of the spinal cord, and interventions 

aimed to improve functional and rehabilitative outcomes.41

CONCLUSION

Although there have been several advancements in the acute identifica-

tion and treatment of SCIs in recent years, many questions remain 

unanswered that could guide clinical decision making acutely and aid 

in the management of chronic complications. Many of those questions 

are currently under investigation with high-quality randomized con-

trolled trials. For the time being, the most prudent strategy would be 

the provision of evidence-based strategies for high-quality critical care 

delivery and maintaining an open mind to the strategies that may be 

proposed.

Study Name Study Summary Conclusions

NASCIS I36 Low- vs. high-dose methylprednisolone (MP) for 10 days’ duration 

with acute spinal cord injury (SCI)

Patients receiving high-dose steroids had more incidence of infections.

NASCIS II27 MP vs. naloxone vs. placebo in thoracic SCI patients No difference in resulting neurologic function; post ad hoc findings showed 

a moderate motor improvement in patients receiving MP versus placebo. 

Wound infections more commonly noted in MP group.

NASCIS III37 MP 348 hours vs. MP 324 hours vs. tirilazad mesylate 348 hours No difference in outcomes in patients receiving medications within 3 hours 

of injury; MP given between 3 and 8 hours of injury associated with 

greater motor but not functional recovery. Increased incidence of sepsis 

and pneumonia in MP group.

TABLE 51.3 Summary of Key Studies of Methylprednisolone Use in Spinal Cord Injury

 Acute Chronic

Respiratory system Atelectasis

Pneumonia

Diaphragmatic paralysis

Need for tracheostomy

Atelectasis

Pneumonia

Cardiovascular  

system

Neurogenic shock

Symptomatic bradycardia

Coronary artery disease 

(chronic)

Autonomic dysreflexia

Orthostatic hypotension

Gastrointestinal  

system

Stress ulceration

Delayed gastric emptying

Chronic diarrhea or con-

stipation

SMA syndrome

Neurogenic bowel

Genitourinary  

system

Urinary tract infection

Sexual dysfunction

Urinary calculi

Hematologic  

system

Venous thromboembolism Venous thromboembolism

Integumentary/ 

musculoskeletal 

systems

Decubitus ulcers Contractures

Spasticity and pain  

syndromes

Osteoporosis and bone 

fractures

TABLE 51.4 Common System-Based 
Problems in Patients With Spinal Cord Injury 
(Acute and Chronic)

SMA, Superior mesenteric artery.
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 References for this chapter can be found at expertconsult.com.

KEY POINTS

• SCI continues to be a relevant healthcare issue.

• Most SCIs result from high-speed motor vehicle collisions.

• Outcomes of SCI are influenced by primary (occurring at the time of impact) 

and secondary (causing the progressive changes associated with SCI) injury.

• The sequelae of SCI span various organ systems.

• There are not many novel interventions for treatment; current treatment 

depends on the delivery of high-quality critical care.

Hoffman JR, Mower WR, Wolfson AB, et al. Validity of a set of clinical criteria 

to rule out injury to the cervical spine in patients with blunt trauma. N 

Engl J Med. 2000; 343:694–699.

NEXUS criteria recommendations providing a clinical framework for deciding 

which patients require advanced imaging to rule out cervical spine injury.

Lozano C, Chen K, Marks J, et al. Safety of early tracheostomy in trauma 

patients after anterior cervical fusion. J Trauma Acute Care Surg. 

2018;85(4):741–746.

Retrospective review of 39 patients who received tracheostomy within 4 days 

of anterior cervical fusion compared with 59 patients who received 

tracheostomy between postoperative days 5 and 21; no increase in infections 

was noted in the early tracheostomy group.

Stiell IG, Wells GA, Vandemheen KL, et al. The Canadian C-Spine Rule for 

radiography in alert and stable trauma patients. JAMA, 

2001;286(15):1841–1848.

CANADIAN C-Spine Rule recommendations providing a clinical framework 

for deciding which patients require advanced imaging to rule out cervical 

spine injury.

Vale FL, Burns J, Jackson AB, et al. Combined medical and surgical treatment 

after acute spinal cord injury: results of a prospective pilot study to assess 

the merits of aggressive medical resuscitation and blood pressure 

management. J Neurosurg. 1997;87(2):239–246.

Seventy-seven patients with acute SCI treated with aggressive volume re-

expansion and “MAP push”; treatment associated with favorable outcomes.

ANNOTATED REFERENCES

Gorman PH, Qadri SFA, Rao-Patel A. Prophylactic inferior vena cava (IVC) 

filter placement may increase the relative risk of deep venous thrombosis 

after acute spinal cord injury. J Trauma Inj Infect Crit Care. 

2009;66(3):707–712.

Retrospective review of 112 patients with acute SCI; 47% had prophylacti-

cally placed IVC filters and 20.7% of the cohort with DVT versus 5.2% in 

those with no filter.
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This chapter reviews available neuroimaging methods and their ap-

plication in the evaluation and management of the critically ill and 

injured.

IMAGING MODALITIES

Radiography
Plain radiography plays a minor role in evaluating the neurologically 

ill or injured patient. Radiography is not sensitive for the detection  

of intracranial pathology and is not part of the standard imaging  

approach for the evaluation of patients with such pathology.1 Conven-

tional radiography plays a role in the evaluation of suspected spinal 

pathology, particularly in the setting of traumatic spine injury and as-

sessment of spinal stability and postoperative complications.2 Plain 

radiography is also used as a screening tool to assess for metallic for-

eign bodies, particularly in the orbits and intracranial compartment, 

in patients requiring magnetic resonance imaging (MRI), as the pres-

ence of such foreign bodies may result in injury to adjacent structures 

secondary to heating and motion from the strong magnetic field.3

Computed Tomography
Computed tomography (CT) uses ionizing radiation to create ana-

tomic images on the basis of differential attenuation of photons be-

tween various tissue types. This results in an image composed of 

grayscale pixels on a spectrum ranging from dark, or hypodense, from 

tissues with low photon attenuation (air, water, fat) to bright, or hyper-

dense, from tissues with high photon attenuation (bone, metal). Soft 

tissues, such as brain parenchyma and muscle, are intermediate attenu-

ators of photons and therefore exhibit grayscale values between low 

and high attenuators.4

CT is widely available, and there are no absolute contraindications 

to CT imaging in the acute setting. Its use of ionizing radiation does 

confer minimal risk to the patient related to radiation exposure. How-

ever, in the acute setting, the risk–benefit ratio almost always points 

towards imaging to aid in timely diagnosis. Advances in CT technol-

ogy, particularly multidetector row CT (MDCT) and volumetric  

acquisition, allow for rapid imaging with high temporal and spatial 

resolution.5 MDCT also allows for thin-slice image acquisition with 

the ability to manipulate CT data in multiple planes and perform post-

processing, such as volume rendering.

Iodinated contrast may be administered intravenously to increase 

sensitivity for detection of blood–brain barrier disruption and mass 

lesions and to evaluate the cerebral vasculature with CT angiography 

(CTA) techniques. CT perfusion imaging of the brain allows for assess-

ment and quantification of brain perfusion parameters, including  

cerebral blood flow, cerebral blood volume, mean transit time, and 

time to peak enhancement. CT perfusion imaging is primarily used in 

the setting of cerebral ischemia.

Magnetic Resonance Imaging
MRI uses a strong external magnetic field and a series of radiofre-

quency pulses (nonionizing radiation) to confer energy to protons  

in tissues. Images are constructed based on the differential responses 

of these energized protons in different tissues (protons in water versus 

protons in fat). Imaging parameters are adjusted to allow for variable 

tissue weighting, thus highlighting specific tissues and pathologic  

processes.6

MRI is more sensitive than CT for detection of brain and spine 

pathology in almost all circumstances. However, longer imaging time 

precludes particularly unstable patients, given the required time away 

from the intensive care unit. Patients with certain medical devices and 

known or suspected retained ferromagnetic foreign bodies may not be 

eligible for MRI.

MRI uses nonionizing radiation. Therefore no radiation risk is 

conferred to patients. Gadolinium-based contrast media can be ad-

ministered intravenously to detect blood–brain barrier disruption, 

masses, and vascular lesions. Contrasted imaging may also be used to 

assess the cerebral vasculature and brain perfusion parameters, simi-

lar to that described with CTA and CT perfusion. Noncontrast MR 

angiography (MRA) and perfusion techniques are also available for 

patients who cannot receive gadolinium-based contrast. Gadolinium 

is now known to be retained in the brain and in other organ systems. 

There are no known clinical sequelae to date; however, many investi-

gators are studying the potential long-term effects of gadolinium  

retention.7

Several advanced MRI techniques are used in the evaluation of 

critically ill patients. Diffusion-weighted imaging (DWI) is based on 

the principle of water molecules being freely mobile and able to diffuse 

freely in all directions. Some pathologic processes, such as ischemia, 

cytotoxic edema, and abscess, restrict this free diffusion of water, which 

can be represented visually with DWI techniques. Diffusion restriction 

is also seen in pathologic processes associated with high cellularity, 

such as high-grade neoplasms. Diffusion-tensor imaging (DTI) is 

based on the same principles as DWI and allows for anatomic mapping 

of white matter tracts in the brain. This can be used to assess for  

alterations in brain connectivity in the setting of traumatic brain in-

jury and to assess the anatomic relationship of white matter tracts to 

focal brain lesions.8

Nuclear Medicine
Several nuclear medicine studies are encountered in the neurocritical 

care setting. Planar brain scans using Tc-99m–labeled radiotracers  
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assess brain perfusion and are used in the determination of brain 

death.9 Nuclear medicine cisternography is used to confirm and localize 

the site of a suspected cerebrospinal fluid (CSF) leak. Positron emission 

tomography (PET) and single-photon emission tomography (SPECT) 

play a role in the evaluation of epilepsy and seizure focus localization. 

Nuclear medicine scans using gallium-68 and radiolabeled white blood 

cells are used to localize occult infection and are useful in monitoring 

response to therapy, particularly in the skull base and spine.

BRAIN

Patterns of Disease
Cerebral Edema
Cerebral edema is a common response to brain pathology and is clas-

sified as either cytotoxic, vasogenic, or interstitial. Cytotoxic edema 

results from failure of adenosine triphosphate (ATP)–dependent 

transmembrane ion channels, leading to intracellular accumulation of 

fluid. The major causes of cytotoxic edema are ischemia and excitotox-

icity. Vasogenic edema is the result of blood–brain barrier disruption, 

resulting in extravascular extravasation of serum proteins and fluid 

into the extracellular space. Common pathologic processes that cause 

vasogenic edema include neoplasms, infection, hemorrhage, and acute 

hypertensive syndromes. Interstitial edema occurs in the setting of 

increased ventricular pressure, which results in CSF flow through the 

minor CSF drainage pathways in the periventricular white matter.  

Interstitial edema is seen in the setting of acute hydrocephalus.10 

Regardless of subtype, edema appears as areas of hypodensity on CT 

and increased intensity on T2-weighted and fluid-attenuated inversion 

recovery (FLAIR) MRI sequences.

Cytotoxic edema presents on CT as areas of hypodensity involv-

ing the cerebral cortex to a greater extent than the underlying white 

matter, resulting in loss of normal gray matter–white matter differ-

entiation. Gyri become swollen, and sulci are effaced (Fig. 52.1A). 

MRI will show increased signal, or hyperintensity, on T2-weighted 

and FLAIR sequences, which are sensitive to water. T1-weighted  

sequences will show corresponding regions of decreased signal, or 

hypointensity. DWI sequences will show hyperintensity, implying  

the presence of restricted diffusivity of water molecules within swol-

len neurons and glial cells. In contrast to cytotoxic edema, vasogenic 

edema preferentially involves white matter with relative sparing of 

gray matter. CT and fluid-sensitive MRI sequences show hypodensity 

and hyperintensity, respectively, throughout the involved white  

matter extending up to adjacent cortex and deep gray structures (see 

Fig. 52.1B). Interstitial edema presents in the setting of acute hydro-

cephalus and will show hypoattenuation on CT and increased signal 

on T2/FLAIR MRI sequences in the periventricular white matter, 

especially near the frontal and occipital horns of the lateral ventricles 

(Fig. 52.2).11

Intracranial Hemorrhage

The CT appearance of intracranial hemorrhage varies with chronic-

ity. Immediate hyperacute hemorrhage may appear isodense to 

brain parenchyma or heterogeneous with admixed areas of isoden-

sity and hyperdensity. Acute hematoma (0–3 days) develops when 

blood begins to form clots and retract, resulting in increased density 

over the ensuing hours and days. Focal areas of low density within 

an acute hematoma, particularly in a swirling pattern, may represent 

active bleeding. Acute hemorrhage reaches peak density at 3 days. 

A B

Fig. 52.1 Cytotoxic versus vasogenic edema. A, Noncontrast CT in this patient with left middle cerebral 

artery territory infarction shows cytotoxic edema as a region of hypoattenuation involving the cortex and 

adjacent white matter with effacement of the sulci. B, Vasogenic edema in a patient with metastatic disease 

presents as white matter–predominant hypoattenuation with relative sparing of the overlying cortex.
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Progressive attenuation loss occurs after day 3 during the subacute 

phase of intracranial hemorrhage, with blood products usually be-

coming isodense to brain parenchyma 1–4 weeks after the initial 

hemorrhage. Chronic hemorrhage appears hypodense to paren-

chyma and similar to that of CSF, sometimes causing a diagnostic 

dilemma when trying to differentiate chronic subdural hematoma 

from subdural hygroma (Fig. 52.3).

Evolution of intracranial blood products on MRI is more compli-

cated than on CT and is dependent on the stage of hemoglobin me-

tabolism. Acute hemorrhage is composed predominantly of red blood 

cells (RBCs) containing deoxyhemoglobin, which presents as isointen-

sity on T1-weighted images and hypointensity on T2-weighted images. 

Deoxyhemoglobin is oxidized to methemoglobin within RBCs during 

the early subacute stage, resulting in T1 hyperintensity and T2 hypoin-

tensity (Fig. 52.4A and B). The late subacute stage is characterized by 

RBC lysis, resulting in the release of methemoglobin into the extracel-

lular space, which exhibits T1 hyperintensity and T2 hyperintensity 

(see Fig. 52.4C and D). Methemoglobin is consumed by macrophages 

and converted to ferritin and hemosiderin, resulting in areas of T1 and 

T2 hypointensity at the site of prior hemorrhage, representing chronic 

blood products (Fig. 52.5).

Mass Effect and Herniation

The dural partitions within the skull—the falx cerebri and the tento-

rium cerebelli—create compartments across which the brain may her-

niate.12 The cranial vault is rigid, and therefore increased intracranial 

volume, in the form of blood, edema, or mass lesion, causes mechanical 

displacement of the brain parenchyma across dural reflections.13

Subfalcine herniation describes the herniation of the inferior por-

tion of the medial frontal and parietal lobes—the cingulate gyrus—

under the inferior margin of the falx cerebri. The ipsilateral ventricle 

*

*

Fig. 52.2 Interstitial edema. FLAIR MRI shows hyperintense fluid 

signal in the periventricular white matter adjacent to the frontal and  

occipital horns of the left lateral ventricle (red asterisks) in this patient 

with intraventricular hemorrhage and acute obstructive hydrocephalus.

*

*

*

A B

Fig. 52.3 Evolution of intracranial hemorrhage on CT. A, Acute subdural hematoma appears as a crescen-

tic extraaxial collection hyperdense to adjacent brain parenchyma (red asterisks). B, Subacute blood appears 

isodense to brain (blue arrows) and chronic blood appears hypodense to brain (red arrow) in this patient with 

mixed-age subdural hematomas.
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will appear distorted and displaced across the midline, and the midline 

structures, including the third ventricle, will be shifted to the contra-

lateral side. Severe subfalcine herniation may compress the contralat-

eral foramen of Monro, resulting in entrapment of the contralateral 

lateral ventricle. The anterior cerebral arteries (ACAs) may become 

compressed under the falx cerebri, resulting in ACA territory ischemia 

and infarction (Fig. 52.6A).14

Descending transtentorial herniation occurs when the medial 

temporal lobe is displaced medially and inferiorly over the free edge 

of the tentorium cerebelli. The herniating brain effaces the suprasel-

lar cistern and compresses the midbrain. The contralateral cerebral 

peduncle may be compressed against the contralateral tentorium, a 

phenomenon eponymously termed Kernohan notch. The ipsilateral 

posterior cerebral artery (PCA) may become compressed along the 

tentorial edge, resulting in occipital lobe ischemia and infarction (see 

Fig. 52.6B).15 Ascending transtentorial herniation occurs in the set-

ting of cerebellar pathology and is seen when the superior cerebel-

lum herniates up through the tentorial incisura. The quadrigeminal 

cistern is effaced and the tectal plate of the midbrain is compressed, 

resulting in obstruction of the cerebral aqueduct and obstructive 

hydrocephalus.16

Tonsillar herniation describes the inferior displacement of the 

cerebellar tonsils through the foramen magnum into the upper cervi-

cal canal and occurs in the setting of posterior fossa pathology. The 

*

A B

*

C D

Fig. 52.4 Evolution of intracranial hemorrhage on MRI. A and B, Early subacute blood appears hyperin-

tense on T1-weighted images (A) and hypointense on T2-weighted images (B) (red asterisks). C and D, Late 

subacute blood appears hyperintense on both T1- and T2-weighted images (blue arrows).

Fig. 52.5 Chronic blood products on susceptibility-weighted imag-

ing (SWI). SWI sequence shows peripheral hypointensity surrounding 

an evolving intraparenchymal hemorrhage, representing deposition of 

chronic blood products in the form of hemosiderin (blue arrow).
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cerebellar tonsils may compress the medulla and upper cervical spinal 

cord, resulting in severe neurologic dysfunction and cardiorespiratory 

arrest.17

Transalar herniation describes the herniation of the brain and 

middle cerebral artery (MCA) vessels across the greater wing of the 

sphenoid and may be ascending (temporal lobe and MCA vessels) or 

descending (inferior frontal lobe). The major complication is MCA 

territory ischemia and infarction.

Pathologic Conditions
Traumatic Brain Injury
Traumatic brain injury (TBI) can be divided into primary injury and 

secondary injury. Primary injuries occur at the time of initial trauma 

and include skull fractures, contusion, intracranial hemorrhage, and 

axonal shear injury. Secondary injuries occur in a delayed manner and 

include cerebral edema and the herniation syndromes. Secondary in-

juries exacerbate the damage done at the time of primary injury.18 The 

role of neuroimaging in TBI is to identify treatable primary injuries 

and to monitor for the development of secondary injuries. CT is the 

primary modality used for initial evaluation of TBI because of its wide 

availability, short image acquisition time, high sensitivity for intracra-

nial hemorrhage, and lack of absolute contraindications. MRI is used 

to answer specific clinical questions and to provide more detailed in-

formation about the extent of injury.19

Cerebral contusions involve direct injury to the cortex and subja-

cent white matter as a result of direct impact of the brain against the 

calvarium or skull base. Typical locations include the inferior frontal 

and temporal lobes because of their close proximity to the undulating 

cortex of the anterior and middle cranial fossae, respectively. Contu-

sions present as areas of hypodensity involving the cortex and white 

matter representing edema, which causes local mass effect and sulcal 

effacement. Areas of admixed hyperdensity represent petechial hemor-

rhage. Edema and hemorrhage often progress, or “bloom,” in the first 

24–48 hours resulting in increased mass effect and risk for secondary 

injury from brain compression and herniation (Fig. 52.7).20

Intracranial hemorrhage is a common sequela of TBI and may in-

volve all intracranial compartments. Epidural hematoma appears as a 

lentiform extraaxial hematoma that does not cross calvarial suture 

lines. The outer layer of dura is adherent to the suture and is not 

stripped away by the expanding hematoma. Injury to a meningeal  

artery from a skull fracture is the most common etiology, and, as such, 

rapid hematoma expansion is possible (Fig. 52.8).21 Subdural hemato-

mas are caused by torn bridging veins, which traverse the subdural 

space as they drain the cerebral cortex to the overlying dura. They ap-

pear as a crescent-shaped extraaxial hematoma that crosses calvarial 

suture lines but not dural reflections (see Fig. 52.3).22 Subarachnoid 

hemorrhage (SAH) and intraventricular hemorrhage (IVH) arise from 

injured cortical vessels and subependymal vessels, respectively. Trau-

matic SAH will present as curvilinear areas of high density within  

cerebral sulci commonly layering dependently in the posterior aspect 

of the sylvian fissure and the interpeduncular fossa of the midbrain. 

Traumatic IVH will present as high-density layering dependently in 

the occipital horns of the lateral ventricles.

Diffuse axonal injury (DAI) represents a pattern of injury involv-

ing axonal stretching and, in severe cases, shearing. It results from 

differential acceleration/deceleration forces on gray and white matter 

*

*

A B

Fig. 52.6 Subfalcine and downward transtentorial herniation. A, T1-weighted image with contrast shows 

herniation of the left cingulate gyrus (red asterisk) under the inferior margin of the falx cerebri (blue asterisk) 

in this patient with a left frontal meningioma. Note deviation of the anterior cerebral arteries to the right 

(white arrow), placing them at risk for injury. B, T1-weighted image with contrast shows downward herniation 

of the left uncus over the tentorium (blue arrow) in this patient with high-grade glioma, causing compression 

of the ipsilateral cerebral peduncle (red arrow).
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A B

Fig. 52.7 Cerebral contusion. A, Noncontrast CT shows a subtle area of cortical hypodensity and inter-

spersed hyperdensity along the inferolateral right temporal lobe in this patient with closed head injury repre-

senting a cerebral contusion. B, CT performed 24 hours later shows marked progression of the hemorrhagic 

right temporal lobe contusion.

A B

Fig. 52.8‚ Epidural hematoma. A, Noncontrast CT shows a hyperdense, lens-shaped extraaxial collection 

representing an acute epidural hematoma in this patient with closed head injury. B, Same CT viewed in bone 

windows shows a nondisplaced calvarial fracture (white arrow) associated with the epidural hematoma.
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structures and occurs at predictable locations, including the gray  

matter–white matter junction (particularly in the frontal and tempo-

ral lobes), splenium of the corpus callosum, and dorsolateral brain-

stem. CT is normal in more than half of cases but may show small, 

round areas of hypodensity in nonhemorrhagic DAI and small, round 

foci of hyperdensity in hemorrhagic DAI. MRI is more sensitive for 

detection of DAI and is the modality of choice to delineate the extent 

of injury. Susceptibility-weighted imaging (SWI) sequences will show 

foci of hypointensity corresponding to small foci of hemorrhage, and 

DWI will show round or ovoid areas of restricted diffusion (Fig. 52.9). 

Several advanced MRI techniques, including DWI and DTI, are used 

to quantitatively assess the integrity of white matter tracts and pro-

vide a more detailed assessment of axonal damage. These techniques 

are also routinely being used to monitor changes in brain connectivity 

in the months and years after TBI.23

Vascular Pathology

Ischemia and infarction. Ischemic stroke accounts for approxi-

mately 85% of strokes and can be classified chronologically as acute, 

subacute, and chronic. CT is the initial imaging modality used to 

evaluate a patient with an acute neurologic deficit and primarily serves 

to identify an alternative cause for the patient’s symptoms, such as in-

tracranial hemorrhage or tumor. Acute stroke (0–48 hours) may pres-

ent on CT as subtle loss of gray–white differentiation and parenchymal 

hypodensity representing cytotoxic edema. Thrombus within the af-

fected vessels may appear hyperdense. Gyral swelling and sulcal efface-

ment develops in 24–48 hours, representing progressive cytotoxic 

edema (see Fig. 52.1A). Subacute stroke (2–14 days) will show a 

wedge-shaped region of hypodensity with edema and mass effect 

peaking at 7–10 days. Contrast-enhanced CT will reveal a gyriform 

pattern of cortical enhancement beginning at 2 days, peaking at 2 

weeks, and resolving at 2 months. Chronic infarct will appear as an 

area of hypodense, fluid-attenuation encephalomalacia and retracted 

parenchyma with volume loss resulting in ex vacuo enlargement of 

adjacent ventricles and sulci (Fig. 52.10).24

MRI is more sensitive than CT for detecting acute ischemia, espe-

cially in the first 24 hours. Acute infarct will present on DWI as an 

area of hyperintensity with a matching region of hypointensity on the 

apparent diffusion coefficient (ADC) map. It is important to interpret 

the DWI images in context with the ADC map to exclude T2 shine-

through as the etiology for increased DWI signal (Fig. 52.11B and C). 

FLAIR shows increased signal in the affected cortex within 6 hours of 

ictus, representing developing cytotoxic edema (see Fig 52.11A). Slow 

or absent flow in leptomeningeal arteries may show increased signal 

on FLAIR images. SWI may show foci of hypointensity on the cortical 

surface corresponding to a clot within the vessel and correlating to the 

hyperdense vessel seen on CT (see Fig 52.11D). Subacute stroke is 

seen as parenchymal hyperintensity on T2 and FLAIR images involv-

ing the cortex and white matter, with mass effect and cytotoxic edema 

peaking at 7–10 days. Hemorrhagic transformation is best assessed on 

SWI, which is sensitive to even small regions of petechial hemorrhage. 

DWI will remain hyperintense, and ADC will normalize with the ad-

jacent brain parenchyma and ultimately become hyperintense as glio-

sis and encephalomalacia predominate. Chronic infarct appears as 

areas of fluid-intensity encephalomalacia and hyperintense gliotic, 

contracted brain tissue. SWI may show foci of hypointensity corre-

sponding to areas of hemosiderin deposition from chronic blood 

products.25

A B

Fig. 52.9 Diffuse axonal injury. A, Susceptibility-weighted imaging demonstrates multiple foci of hypointen-

sity centered at the gray matter–white matter junctions of both frontal lobes, representing hemorrhagic foci 

of diffuse axonal injury in a teenager with a closed head injury. B, Diffusion-weighted imaging in the same 

patient shows a large focus of restricted diffusion, representing nonhemorrhagic diffuse axonal injury cen-

tered in the splenium of the corpus callosum.
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*

*

Fig. 52.10 Chronic infarction. Noncontrast CT shows fluid-density 

encephalomalacia and volume loss in the left anterior and middle cere-

bral artery territories (asterisks) in this patient with chronic left hemi-

sphere infarctions.

A B

Fig. 52.11 MRI appearance of acute left middle cerebral artery territory infarct. A, FLAIR shows hyper-

intense cytotoxic edema involving the cortex and subjacent white matter in the left MCA territory with 

sparing of the left anterior and posterior cerebral artery territories. B, DWI shows increased signal intensity 

corresponding to the area of cytotoxic edema seen on FLAIR.  

CT and MR perfusion imaging techniques allow for qualitative and 

quantitative assessment of cerebral perfusion parameters. These tech-

niques allow for early detection of reversible and potentially treatable 

areas of ischemic penumbra and differentiation of these lesions from 

areas of irreversible ischemia (Fig. 52.12).25

Aneurysmal subarachnoid hemorrhage. Cerebral aneurysms ac-

count for 85% of spontaneous SAH. CT is the initial imaging modality 

used to assess for the presence of SAH. Lumbar puncture is often pur-

sued in patients with a compelling clinical presentation and negative 

CT to assess CSF for hemoglobin breakdown products. If CT for lum-

bar puncture is positive for SAH, then imaging with CTA or MRA is 

performed to identify the culprit aneurysm. CTA and MRA have re-

ported sensitivities of 90%–95% for the detection of cerebral aneu-

rysms (Fig. 52.13).26

Cerebral vasospasm is a complication of SAH and contributes to 

the high morbidity and mortality associated with aneurysmal hemor-

rhage. Vasospasm presents clinically 3–21 days after the ictus and can 

be detected with CTA. CT perfusion adds information regarding the 

physiologic significance of the vasospasm and guides management 

decisions. Symptomatic cerebral vasospasm can be treated endovascu-

larly with pharmacologic agents and balloon angioplasty.27

Vascular malformations. Arteriovenous malformations (AVM) are 

the most common cerebral vascular malformations and are composed 

of a compact tangle of malformed vessels (the nidus) with feeding 

arteries and a single or multiple drainage veins. AVMs commonly 

present with intracerebral hemorrhage or seizures. An unruptured 

AVM may be apparent on CT as tubular structures that enhance with 

contrast. Conventional MRI may show the abnormal vessels as tubu-

lar hypointensities related to flow void from rapid blood flow. CTA 

and MRA are used to delineate important features of the AVM, in-

cluding location, size, origin of feeding arteries, course of draining 

veins, and presence or absence of associated aneurysms (Fig. 52.14). 

AVMs may be treated endovascularly either completely or partially as 

a prelude to open surgical resection.28

Developmental venous anomalies (DVAs) are composed of a large 

draining vein surrounded by small feeding veins. The veins are typi-

cally inapparent on noncontrast-enhanced CT but enhance with con-

trast and can be seen on conventional MRI as flow voids. DVAs are 

rarely symptomatic other than when associated with a cavernous mal-

formation, and dedicated cerebrovascular imaging is recommended 
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A B

Fig. 52.12 CT angiography and perfusion imaging in acute infarction. A, Volume-rendered reconstruction 

of a CT angiogram shows absence of the cavernous and supraclinoid segments of the left internal carotid 

artery (white arrow) secondary to thrombotic occlusion. The left ACA and MCA partially fill via collateral flow 

through the anterior communicating artery. B, CT perfusion maps show increased time-to-peak enhancement 

(right) and decreased cerebral blood volume (left) in the left MCA territory consistent with core infarction and 

irreversible ischemia.

DC

C, ADC map shows correlative hypointensity in the same region, confirming the pres-

ence of true restricted diffusion, and thus confirming acute ischemia. D, SWI shows a linear focus of hy-

pointensity in the left sylvian fissure (white arrow), representing thrombus in the left middle cerebral artery.

only when an apparently simple DVA is associated with unexplained 

hemorrhage or edema.

Neoplasia

The imaging appearance of brain tumors is variable and depends on 

tumor location (extraaxial versus intraaxial), histologic subtype, and 

grade. Vasogenic edema is a common finding in brain tumors, particu-

larly high-grade gliomas and metastatic tumors, and results from dis-

ruption of the blood–brain barrier and neoangiogenesis. CT and MRI 

demonstrate vasogenic edema surrounding the lesion, which, if severe, 

results in mass effect and herniation. High-grade gliomas and metastases 

classically demonstrate peripheral ringlike enhancement after adminis-

tration of intravenous contrast, with the central nonenhancing compo-

nent representing areas of necrosis or cystic degeneration (Fig. 52.15). 

DWI may show restricted diffusion corresponding to the solid, enhanc-

ing component of the tumor, indicating high cellularity.29

Magnetic resonance spectroscopy (MRS) is a technique used to 

detect the presence and concentration of various metabolites in a re-

gion of interest and is helpful in differentiating neoplasia from other 

pathologies, such as demyelinating disease and infection. DTI and 

functional MRI allow for mapping of important white matter tracts 

and eloquent brain regions, respectively, with the aim of reducing  

the risk of neurologic impairment at the time of surgical resection 

(Fig. 52.16).30

Infection and Inflammation

Infectious and inflammatory processes can involve the meninges  

and brain parenchyma. Meningitis is diagnosed based on clinical and 

Fig. 52.11, cont‘d
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A B

Fig. 52.13 Aneurysmal subarachnoid hemorrhage. A, Noncontrast CT shows acute hyperdense subarach-

noid hemorrhage filling the perimesencephalic cisterns and extending laterally into the right sylvian fissure. 

The temporal horns of the lateral ventricles are dilated (red arrows), representing acute hydrocephalus, which 

is a common complication of aneurysmal SAH. B, CTA in the same patient viewed using a volume-rendered 

reconstruction shows a complex saccular aneurysm arising from the tip of the basilar artery.

A

B

C

Fig. 52.14 Arteriovenous malformation. A, CT with contrast shows hyperdense tubular structures in the 

right frontal lobe representing the enlarged enhancing vessels of an arteriovenous malformation. B, T2-

weighted MRI shows the vessels to be hypointense and devoid of signal. This lack of MRI signal is the result 

of rapid flow of blood. C, CTA of the head viewed as a volume-rendered reconstruction demonstrates the 

arterial feeders (white arrow), nidus (red arrow), and draining vein (blue arrow) of the arteriovenous malforma-

tion. Identification of these components is important for treatment planning and surgical approach.
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A B

Fig. 52.15 MRI appearance of high-grade glioma. A, T1-weighted MRI with contrast shows a peripherally 

enhancing intraaxial mass in the medial right occipital lobe. This mass was resected, and pathology returned 

glioblastoma (WHO grade IV). B, T2-weighted MRI shows extensive surrounding vasogenic edema. Vaso-

genic edema is commonly seen surrounding intraaxial brain tumors and results from disruption of the blood–   

brain barrier by the neoplastic process.

Fig. 52.16 MR tractography using DTI technique. DTI imaging was performed to localize the right cortico-

spinal tract in this patient with a right frontal lobe glioblastoma. This tractography data was fused to the T1-

weighted contrast-enhanced MRI to demonstrate the precise anatomic relationship of the corticospinal tract 

to the tumor.

laboratory evaluation and may be classified as infectious or noninfec-

tious. Although CT and MRI may show evidence of meningeal inflam-

mation, the role of imaging in cases of known or suspected meningitis 

is to evaluate for complications, such as hydrocephalus, abscess, and 

ischemia. The inflammatory exudate of meningitis may present as in-

creased density of the involved CSF spaces on CT. Leptomeningeal 

inflammation produces a cellular and proteinaceous exudate that is 

seen as hyperintense signal within sulci and the basal cisterns on 

FLAIR sequences where normal CSF signal should be suppressed. 

Contrast administration will show abnormal enhancement of the lep-

tomeninges on CT and MRI.31

Pyogenic infection of the brain parenchyma presents on a spec-

trum from cerebritis to abscess. Abscess presents on CT and MRI as a 

peripherally enhancing lesion with extensive surrounding vasogenic 

edema. Several findings on MRI may help distinguish abscess from 

other peripherally enhancing brain lesions such as high-grade glioma 

and metastases. Abscesses commonly show hypertense signal centrally 

on T2-weighted images and a hypointense rim, which represents the 
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fibrotic-like reaction surrounding the abscess (Fig. 52.17B and C). 

DWI classically shows restricted diffusion (hyperintensity) within the 

central portion of the abscess cavity (see Fig 52.17A).32

Encephalitis refers to an inflammatory parenchymal process that 

may be infectious or noninfectious. Herpes encephalitis results from 

infection of brain parenchyma with herpes simplex virus-1 (HSV-1), 

typically as a result of reactivation of a latent infection. HSV has a 

predilection for the limbic system (mesial temporal lobes, insula, sub-

frontal region, and cingulum) and causes a hemorrhagic necrotizing 

infection. CT and MRI may be normal early in the course of the dis-

ease. Eventually, cortical and subcortical edema will become apparent 

in the involved parenchyma, commonly in the medial temporal lobes. 

SWI sequences will show foci of hypointensity representing areas of 

hemorrhage. Postcontrast images and DWI may show patchy areas of 

enhancement and restricted diffusion, respectively.33

Miscellaneous White Matter and Metabolic Diseases
Numerous disease processes present with abnormalities in the cerebral 

white matter. Posterior reversible encephalopathy syndrome (PRES) is 

a disorder of cerebrovascular autoregulation and has many proposed 

etiologies, all with hypertension as a common component. Common 

associations include acute systemic hypertension, preeclampsia/ec-

lampsia, drug toxicity, uremia, and systemic infection.34 PRES presents 

with vasogenic edema centered in the white matter predominantly 

involving brain parenchyma perfused by the posterior circulation.  

Parietal and occipital lobe involvement is common, as is involvement 

of the cerebellum. The brainstem, particularly the pons, and basal 

ganglia may also be involved. The edema is vasogenic, not cytotoxic, 

and therefore DWI rarely shows regions of restricted diffusion. Con-

trast-enhanced imaging may show patchy areas of contrast enhance-

ment secondary to blood–brain barrier disruption.35

Disorders of metabolism often present with abnormal brain imag-

ing. Wernicke encephalopathy results from thiamin deficiency and is 

commonly seen in alcoholics. MRI shows T1 hypointensity and T2/

FLAIR hyperintensity in the medial thalami, mammillary bodies, and 

periaqueductal gray matter (Fig. 52.18). These regions also demon-

strate restricted diffusion and contrast enhancement.36

SPINE

Trauma
CT is the initial imaging modality used to assess suspected spine in-

jury. CT demonstrates exquisite detail of the osseous structures and is 

therefore the modality of choice to evaluate for spine fractures. Dis-

placement of fracture fragments and their protentional encroachment 

on the spinal canal and neural foramina are best delineated on CT. 

Alterations in vertebral alignment are also well demonstrated on CT 

and can be used to infer injury to ligamentous structures (Fig. 52.19A 

and B).

A

B

C

Fig. 52.17 Cerebral abscess. A, Diffusion-weighted image shows a round lesion in the right frontal lobe with 

central hyperintensity representing restricted diffusion. Central diffusion restriction is a classic finding in ce-

rebral abscess. B, T1-weighted MRI with contrast shows the abscess to demonstrate a pattern of peripheral 

contrast enhancement. C, T2-weighted MRI shows the characteristic hypointense rim of a cerebral abscess 

representing a fibrotic-like reaction. There is surrounding vasogenic edema related to blood–brain barrier 

disruption from the local inflammatory process.
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Fig. 52.18 Wernicke encephalopathy. FLAIR MR images show hyperintensity in the medial thalami and 

periaqueductal gray matter (white arrows) in this patient presenting with altered mental status and oculomo-

tor dysfunction.

*

A B C

Fig. 52.19 Cervical spine trauma. A and B, CT of the cervical spine viewed in coronal and sagittal recon-

structions shows an acute comminuted fracture of the C3 left articular pillar with subluxation, or perching, of 

this pillar on the C4 articular pillar (white arrows). C, Short-tau inversion recovery (STIR) MR image in the 

same patient shows a traumatic C5–C6 intervertebral disc herniation (white asterisk) and injury to the C5–C6 

interspinous ligament, as evidenced by hyperintense signal (red arrow). These soft tissue injuries were not 

suspected based on the findings of CT and demonstrate the utility of MRI for detecting additional soft tissue 

injuries.

MRI provides improved visualization of the soft tissue structures, 

including ligaments, intervertebral discs, nerve roots, and the spinal 

cord. MRI is pursued to evaluate for etiology of a neurologic deficit or 

to assess for evidence of ligamentous injury that may predispose to 

spinal instability. Findings on MRI often direct care toward surgical or 

nonsurgical pathways (see Fig. 52.19C). Acute traumatic injury to the 

spinal cord may be inferred by the presence of increased T2 signal, 

with the substance of the cord representing edema. Chronic cord  

injury shows volume loss and T2 representing axonal loss and gliosis. 

Gradient echo sequences, which are sensitive to blood products, may 

show foci of hypointensity within a region of cord injury representing 

hematomyelia.37 This portends a poor neurologic prognosis.

Infection
Spondylodiscitis is characterized by infection of the intervertebral  

disc space and adjacent vertebral bodies. Infection destroys the  
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intervertebral disc and may extend into the epidural space, placing the 

spinal cord and nerve roots at risk for injury. MRI is more sensitive 

than radiography and CT for spondylodiscitis, particularly early in the 

disease course.38 MRI shows T2 hyperintense fluid signal in the disc 

space with associated contrast enhancement in addition to marrow 

edema and enhancement in the adjacent vertebral bodies. There is disc 

space height loss, and the vertebral body endplates are irregular from 

erosions. Extension of infection into the epidural space may result in 

epidural abscess formation, which presents as a peripherally enhancing 

collection (Fig. 52.20).39

Neoplasia
Tumors of the spine can be broadly categorized anatomically as extra-

dural, intradural extrameduallary, and intradural intramedullary.  

Extradural tumors are the most common and include lesions of the 

osseous vertebral column, which is the third most common site for 

metastatic disease.

MRI is the most sensitive imaging modality for detection of vertebral 

metastases and other spinal lesions. Normal vertebral bone marrow 

should appear brighter than the adjacent intervertebral discs on T1- and 

T2-weighted sequences. Infiltration of the vertebral marrow by tumor 

will show replacement of the normal hyperintense marrow signal by 

hypointense soft tissue on T1-weighted images. Metastases will often 

demonstrate contrast enhancement. DWI is more commonly being in-

corporated into spine imaging and has proved to be of significant ben-

efit in evaluating vertebral metastatic disease and multiple myeloma.40

A B

Fig. 52.20 Spondylodiscitis of the lumbar spine. A, T1-weighted MRI of the lumbar spine with contrast 

shows abnormal contrast enhancement of the L5 and S1 vertebral bodies, representing osteomyelitis. There 

is a hypointense collection in the L5–S1 intervertebral space, which extends posteriorly into the ventral epi-

dural space, resulting in a peripherally enhancing epidural abscess. B, Short-tau inversion recovery (STIR) MR 

of the lumbar spine shows abnormal hyperintense fluid signal in the L5–S1 intervertebral disc space, repre-

senting infected material within the disc space, and hyperintensity throughout the L5 and S1 vertebral bodies, 

representing marrow edema.

KEY POINTS

• CT is fast, safe, and sensitive and serves as the imaging modality of choice 

for initial evaluation of the brain and spine in cases of suspected or known 

neurologic illness or injury. MRI is more sensitive than CT for detection and 

characterization of most neurologic pathology and is used to answer spe-

cific clinical questions.

• Cerebral edema is a common response to brain pathology. Accurate charac-

terization of the edema pattern as cytotoxic, vasogenic, or interstitial is 

useful in generating a differential diagnosis.

• Intracranial hemorrhage and cerebral ischemia evolve in a predictable man-

ner on CT and MRI. Understanding this pattern of evolution can help in de-

termining the chronicity of the underlying pathologic process.

• The role of neuroimaging in TBI is to identify treatable primary injuries and 

to monitor for the development of secondary injury.

• MRI is useful in characterizing tumors as low-grade or high-grade tumors 

and for differentiating neoplastic from infectious pathology.

• Advanced MRI techniques are more commonly being used to image neuro-

logic function and interconnectivity, which are inapparent on standard 

morphologic imaging.

• CT is useful in characterizing abnormalities of bone and alignment in sus-

pected spine pathology. MRI is the modality of choice to assess the soft 

tissue structures of the vertebral column and the neural elements within the 

spinal canal and neural foramina.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Horton KM, Sheth S, Corl F, et al. Multidetector row CT: principles and  

clinical applications. Crit Rev Comput Tomogr. 2002;43(2):143–181.

Review of technical advances in CT technology allowing for faster image  

acquisition with improved Z-axis resolution.

Koutoulidis V, Fontara S, Terpos E, et al. Quantitative diffusion-weighted  

imaging of the bone marrow: an adjunct tool for the diagnosis of a  

diffuse MR imaging pattern in patients with multiple myeloma. Radiology. 

2017;282(2):484–493.

Review of diffusion-weighted imaging in spine MRI for evluation of patients 

with multiple myeloma.

Ljungqvist J, Nilsson D, Ljungberg M, et al. Longitudinal changes in diffusion 

tensor imaging parameters of the corpus callosum between 6 and 12 

months after diffuse axonal injury. Brain Inj. 2017;31(3):344–350.

Alterations in cerebral white matter can be evaluated with advanced MRI 

techniques and are seen 6 months after traumatic brain injury with diffuse 

axonal injury.

Pullicino R, Radon M, Biswas S, et al. A review of the current evidence on 

gadolinium deposition in the brain. Clin Neuroradiol. 2018;28(2):159–169.

Review of the current knowledge base regarding gadolinium retention in the brain.

Shukla G, Alexander GS, Bakas S, et al. Advanced magnetic resonance imaging 

in glioblastoma: a review. Chin Clin Oncol. 2017;6(4):40.

Review of the use of advanced MRI techniques in evaluating glioblastoma.
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PART IV Pulmonary

INTRODUCTION

Understanding physiology underpins the logical decisions of critical 

care practice. Although facts and knowledge of literature findings and 

recommendations for specific problems clearly help inform good 

management, bedrock principles of physiology and pathophysiology 

translate across patients; awareness of them is a salient trait of the ex-

pert clinician. Providing respiratory support is among the defining 

features of intensive care, and to execute this effectively, an under-

standing of the rationale and consequences of related interventions is 

required. It follows that the fundamentals of respiratory mechanics 

and gas exchange must be mastered. Rather than detail specific respira-

tory conditions or ventilatory approaches, this chapter aims at survey-

ing the indispensable physiologic elements that are vital to making 

appropriate decisions at the bedside. Our discussion of respiratory 

physiology rests on its two pillars: mechanics and gas exchange.

RESPIRATORY MECHANICS

What are Respiratory Mechanics and  
How are They Measured?
Because the lung is a flexible but passive structure, gas flows to and 

from the alveoli driven by differences between airway and alveolar 

pressures—no matter how they are generated. The total pressure gra-

dient expanding the respiratory system is accounted for in two pri-

mary ways: (1) driving gas between the airway opening and the alveo-

lus and (2) expanding tissue against the recoil forces of the lung and 

chest wall. The pressure required for inspiratory flow dissipates against 

friction, whereas the elastic pressure that expands the respiratory 

system is stored temporarily in its tissues until dissipated in driving 

expiratory flow.

The mechanical properties of the respiratory system are those char-

acteristics that influence the energy cost of breathing. Because pressure 

provides the forces driving gas flow and counterbalancing elastic re-

coil, assessing respiratory mechanics involves the measurement of 

flows, volumes (flow integrated over time), and pressures. In simplified 

form, the expression of these relationships, the equation of motion of 

the respiratory system, can be written: P 5 RV9 1 V/C 1 Pex. In this 

equation P is the pressure applied across the entire respiratory system, 

R is inspiratory resistance to flow, C is inspiratory compliance, V9 and 

V are flow rate and the volume inspired in excess of the end-expiratory 

value, and Pex is end-expiratory alveolar pressure—applied positive 

end-expiratory pressure (PEEP) and any supplemental end-expiratory 

pressure generated as a result of the ventilatory pattern itself (auto-

PEEP, discussed later). Although regional mechanics are of unques-

tioned importance in determining ventilation, gas exchange, and tissue 

strain, the technology available at most bedsides currently limits mea-

surements and monitoring to the global properties of the integrated 

respiratory system, composed of the lungs encased by the surrounding 

chest wall. Pressure changes relevant only to the lungs must be assessed 

as the difference between the airway pressure (Paw) and the pleural 

pressure (Ppl) that surrounds them (defined as the transpulmonary 

pressure, Ptp). The esophagus provides a convenient site from which 

to measure the changes of intrapleural pressure that occur during tidal 

ventilation with a balloon-tipped catheter.1 It may also measure with 

reasonable accuracy the absolute pleural pressure across the same 

horizontal gravitational plane.2 With the airway occluded and flow 

stopped, pressure measured at the airway opening estimates gas   

pressure at the alveolar level.

Transpulmonary Pressure

For any expandable compartment, such as the chest, the absolute vol-

ume and volume change depend on its flexibility (compliance) and the 

pressure difference inside and outside the structure (Fig. 53.1). For the 

lung, this transmural pressure is Ptp 5 Paw 2 Ppl. Under passive con-

ditions the corresponding transmural pressure for the integrated respi-

ratory system is the airway pressure minus atmospheric pressure, or 

Paw. For the passive chest wall alone, transmural pressure is simply the 

average pleural pressure. Pleural pressure is not helpful in assessing 

chest wall compliance during spontaneous breathing, however, as its 

embedded musculature generates the negative pleural pressure deflec-

tions that drive tidal movement. During muscular effort, the transmu-

ral pressure acting across the lung remains the airway pressure minus 

intrapleural pressure difference; therefore the actual transstructural 

pressure to which the lung is exposed is less than the measured Paw 

under passive conditions and greater than the measured Paw during 

spontaneous or patient-assisted breathing (Fig. 53.2). Because the lungs 

are inherently passive, their mechanical properties can be assessed dur-

ing any form of spontaneous, patient-triggered but machine-assisted, 

or controlled, ventilation. The mechanical properties of the chest wall, 

in contrast, can only be directly evaluated during controlled ventilation 
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Fig. 53.1  Importance of transpulmonary pressure and compliance 

to volume of a nonrigid, expandable structure such as a lung unit 

or alveolus.
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Fig. 53.2 Equal lung unit volumes are produced by the same transpulmonary pressures. The airway 

(alveolar) pressures that are externally recorded differ remarkably, depending on the elastance of the chest 

wall (CW) and the intrapleural pressures.
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Fig. 53.3 Regional transpulmonary pressures vary with the local pleural pressures. Dependent lung 

units (D) have reduced transpulmonary pressures compared with nondependent ones (ND) and may be sub-

ject to reopening and collapse. Recruitment and overdistention of regional units contribute to the changing 

contours of the airway pressure-volume curve recorded in the external ventilator circuit.

active inflation.3 Although that statement holds approximately true for 

global transmural pressures and volume measurements made in 

healthy excised lungs, it is not precisely accurate in vivo—especially 

not for acutely injured lungs. Active contraction of the diaphragm 

decreases the local transmural pressures of nearby alveoli somewhat 

more than average, whereas the nondependent zones within a   

passive chest may be surrounded by lower pleural pressures and there-

fore experience greater resting transpulmonary pressures and lesser 

swings of transpulmonary pressure during tidal inflation.4 Such re-

gional differences are accentuated by conditions that increase lung 

weight and produce heterogeneous mechanics, such as acute respira-

tory distress syndrome (ARDS) (Fig. 53.3). Not only does regional 

expansion and distribution of volumes differ in accordance with 

modifications of effective local compliance by spontaneous breathing 

efforts, but the filling and distention of the pulmonary blood vessels 

are significantly different as well5 (Fig. 53.4). Negative pleural pressure 

swings and lower mean pleural pressures promote venous return and 

pulmonary vascular filling, whereas positive pleural swings and higher 

when the actual pleural pressure acting to distend that structure can be 

estimated by a balloon-tipped esophageal catheter.

Key Differences Between Active and Passive Breathing

It is sometimes taught that regarding the lung itself, there are few   

perceptible differences in mechanical behaviors between passive and 
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mean pressures impede venous return and pulmonary vascular filling. 

Greater vascular filling tends to reduce the compliance of the lung 

parenchyma.

Pulmonary Elastance and Compliance
In the clinical setting, the global mechanical properties of the chest are 

assessed during passive mechanical ventilation by the pressures and 

volume changes measured at the airway opening. One routinely used 

value that characterizes the capacity and stiffness of the respiratory 

system is termed compliance, the ratio of a volume change to the static 

pressure difference that caused it. Compliance, C, is the inverse of elas-

tance, E, defined as the ratio of pressure change required to produce a 

volume change.6 Because the lungs are enclosed by the chest wall, they 

share equivalent volumes. Consequently, under passive conditions the 

total positive alveolar pressure partitions itself into two components 

that expand the lungs and chest wall. The corresponding elastance com-

ponents add in series: Ers 5 El 1 Ew7 (Fig. 53.5). In contrast, compli-

ances of the lungs and chest wall add in parallel: 1/Crs 5 1/Cl 11/Cw. 

Therefore even though Crs is often used clinically to assess the elastic 

properties and capacity of the lung, the relationship of Crs to Cl is not 

entirely straightforward: Crs 5 (Cl 3 Cw) / (Cl 1 Cw). It should be 

noted here that the surface tension of the alveolar lining liquid film, 

increased by inflammation and attenuated by functional surfactant, 

may dramatically affect the lung’s flexibility.8

The Crs and Cl can be reduced by depleting the number of open 

lung units available to ventilate and by altering their individual me-

chanical properties. This dual interpretation of compliance assessed at 

the airway opening is reflected in the sigmoidal shape of the inflation 

pressure-volume curve, which becomes more pronounced in the set-

ting of acute parenchymal disorders, such as  acute respiratory distress 

syndrome (ARDS) (Fig. 53.6). Under such conditions, increases of 

airway pressure made from low values near relaxation tend to impres-

sively recruit previously collapsed alveoli, improving the Crs measured 

at the airway opening. As pressure builds to higher levels, however, this 

recruiting tendency progressively diminishes.9 At the same time, 

greater transpulmonary pressures applied to units already open may 
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Fig. 53.4  Given the same intraluminal blood pressure (15 cm H2O in this hypothetical example), the transmicro-

vascular pressures (PTV) that influence edema formation vary with the surrounding interstitial pressure that sur-

rounds them. Intrapleural pressure is often used as a measurable surrogate for the unmeasured interstitial 

pressure.
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Fig. 53.5  Partitioning of an alveolar pressure of 30 cm H2O across the lung and chest wall as a function of 

their elastance values (EL and EW). The lung and chest wall share an identical volume.
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injury (early and late acute respiratory distress syndrome [ARDS]). 
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expiratory pressure (PEEP; 1 and 10 cm H2O). Tidal volume is unchanged. (Adapted from Cortes-Puentes GA, 

Gard KE, Adams AB, et al. Value and limitations of transpulmonary pressure calculations during intra-abdom-

inal hypertension. Crit Care Med. 2013;41[8]:1870–1877.)

stretch them into a less compliant range. This trade-off between re-

cruitment in some zones (which often occurs disproportionately in the 

gravitationally dependent regions with higher surrounding pleural pres-

sures) and stretching of open units eventually favors the latter at high 

volumes, bending the pressure-volume curve of the respiratory system 

toward the airway pressure axis.

Massive obesity is a prevalent condition in well-developed, ade-

quately resourced countries. The increased body weight of such pa-

tients gives rise to a less compliant chest wall.10 Apart from the 

load imposed by the mass of soft tissue that overlies the chest, one 

important reason for this apparent noncompliance is raised intraab-

dominal pressure. Because the flexible diaphragm forms the caudal 

boundary of the chest cavity, approximately half of each increment of 

abdominal pressure that exceeds ,6 cm H2O is reflected the pleural 

space11 (Fig. 53.7). It deserves emphasis that the overall effect of mas-

sive obesity resembles that of a static load or weight, rather than a true 

increase of elastance that raises pressure in direct proportion to incre-

ments of lung volume.

Energetics of Inflation
When a pressure difference is applied to the passive respiratory system, 

that total pressure (Paw) must be accounted for by its dynamic com-

ponent that overcomes flow resistance (Pr) and its “elastic” compo-

nents that expand the chest. At end inflation, the latter is composed of 

the elastic pressure that corresponds to the tidal volume, known as the 

driving pressure (DP 5 Vt/C), and the pressure above the ambient 

baseline, known as positive end-expiratory pressure (PEEP). Expressed 

as an equation, end-inspiratory pressure is:

(Eq. 1)Paw Pr DP PEEP5 � �

The mechanical energy (or work, W) delivered to cause a volume 

change of the passive respiratory system is the product of total airway 

pressure and volume—on a two-dimensional surface, a pressure 3

volume area.12 This equivalence between energy and P 3 V area is made 

more intuitive by recalling that energy is a force-length product,   

where length is the distance moved by an unbalanced force. Pressure is 

force per unit area, and volume is the product of area and length. Con-

sequently, the P 3 V product has the dimensions of force 3 length. 

Assuming constant inspiratory flow, the individual expenditures of 
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energy against the components that make up total inflation pressure are 

therefore approximated:

W Vt(Pr) Vt(Dp/2) Vt(PEEP)5 � �

A transmural pressure 3 volume plot inscribes a tracing whose 

area quantifies the work and energy of tidal inflation (Fig. 53.8). For 

the entire passive respiratory system, this is Paw vs. V, and under condi-

tions of constant inspiratory flow, time is a linear analog of inflation 

volume. Inflation work can be further partitioned into the P 3 V areas 

that correspond to the energy required to overcome flow resistance, to 

deliver volume increments, and to offset PEEP13 (Fig. 53.9). Because 

the same total mechanical energy is required under passive and   

patient-assisted conditions for flow controlled, volume-cycled breaths, 

the area deficit between passive and active conditions reflects the en-

ergy contribution from the patient14 (Fig. 53.10). Similar principles of 

energy expenditure apply selectively to the lung when transpulmonary 

pressure (Paw 2 Ppl, rather than Paw) is substituted.

Mechanical Power

Power, a measure of the rate of energy expenditure, is defined as the 

amount of energy per unit of time of any duration. Instantaneous 

power (Pi) may vary within the span of an individual inflation half-

cycle by altering the flow profile (Fig. 53.11). Thus the intracycle 

power (ICP) being applied to the passive respiratory system at vol-

ume V above the unpressurized resting value is expressed as the 

product of airway pressure and flow: Pi 5 Paw 3 V9, or Pi 5

V9(V9R) 1 V9 ([V/VT] 3 DP) 1 V9 (PEEP).15 On a longer time 

scale, mechanical power, as the term is currently understood in the 

clinical setting, is the product of the total inflation energy per cycle 

(Paw 3 V) area and the cycling frequency.16 Defined in this way, 

power is a cumulative measure of repetitive energy pulse applications 

per minute. Experiments indicate that if the tidal strains of each infla-

tion cycle exceed a certain threshold, the amplitude and duration of 

such power exposures may be a fundamental determinant of the ex-

tent of damage that results from that ventilation pattern (ventilation-

induced lung injury [VILI]).3
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Influence of Body Position on Lung Volume
Modification of body position is too often neglected as a therapeutic 

tool. Gravitational forces exert an important influence on lung volume, 

on ventilation distribution, and on respiratory system compliance. 

Under most circumstances, more upright positioning substantially 

increases functional residual capacity (FRC). In normal subjects, re-

clining decreases FRC, primarily because of the upward pressure of the 

abdominal contents on the diaphragm and dorsal lung compression by 

the heart.17 Normally, the FRC declines by approximately 30% (or ap-

proximately 600–900 mL for healthy persons) in shifting from the sit-

ting to the horizontal supine position and by less in shifting from the 

sitting to lateral decubitus position18 (Fig. 53.12). The magnitude of 

these reductions is somewhat less in older than in younger patients. 

Raising end-expiratory pressure with PEEP or continuous positive 

airway pressure (CPAP) elevates FRC. A simple calculation based on 
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Fig. 53.12  Resting lung volume (functional residual capacity [FRC]) 

as a function of body positioning. BTPS, body temperature pressure 

saturated with water vapor.

these positional losses of volume and assuming normal supine respira-

tory system compliance (,80 mL/cm H2O) suggests that 5–8 cm H2O 

of PEEP may be necessary in healthy persons simply to offset the sit-

ting-to-supine reduction of FRC. Patients of similar age with severe 

airflow obstruction generally lose much less volume than do normal 

healthy subjects when assuming supine recumbency. In massive obe-

sity, the expiratory reserve volume (the FRC minus residual, “empty 

gas tank” volume) may nearly disappear even when fully upright. Sit-

ting-to-supine changes of end-expiratory lung volume may be mini-

mal not only for this reason but also because of positional airway clo-

sure and gas trapping.19

Recumbency redistributes lung volume because it alters the geometry 

of the thorax. When supine, the heart directly compresses the left lower 

lobe bronchi, and its weight is partially supported bilaterally by the lung 

tissues beneath. This anatomy helps account for the tendency for atelec-

tasis to develop commonly in the left lower lobe in postoperative and 

bedridden patients—especially in those with cardiomegaly.20 The pleural 

pressures in gravitationally dependent zones are less negative than at the 

apex. The vertical gradient of transpulmonary pressure (alveolar minus 

pleural pressure) is approximately 0.25 cm H2O per centimeter of vertical 

height for normal subjects in the erect position and approximately   

0.17 cm H2O per centimeter for normal subjects in recumbency; conse-

quently, local alveolar volumes are greatest in the nondependent   

regions.17 For semi-recumbent patients with edematous lungs, an intensi-

fied gravitational gradient of pleural pressure accentuates the tendency 

for dorsal and peri-diaphragmatic atelectasis and consolidation.

The gradient of pleural pressure is less in the prone than in the 

supine position, in part because of reshaping of the thoracic cavity and 

shifting of the weight of the heart and mediastinal contents.17 The sup-

porting surface compresses the anterior chest and abdomen when 

prone, causing chest wall compliance to decline. Although conversion 

from the supine to the prone position is usually accompanied by mar-

ginal net changes of resting lung volume (,15%), there is usually a 

major shift of aerated lung volume toward dorsal regions (Fig. 53.13).

The lateral decubitus position causes the upper lung to assume a 

resting volume nearly as large as it has in the sitting position, whereas 

the lower lung is compressed to a size similar to or less than in the 

supine position. Total resting lung volume is somewhat greater in the 

lateral decubitus than in the supine horizontal orientation.18
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Distribution of Ventilation. During spontaneous breathing, venti-

lation distributes preferentially to the dependent lung zones in the 

supine, prone, and lateral positions.21,22 To avert atelectasis, the healthy 

subject typically breathes with low tidal lung volumes at rest, takes 

“sigh” breaths two to four times deeper than the average tidal volume 

multiple times per hour, and postural changes are unconsciously made 

frequently. Microatelectasis and arterial O2 desaturation tend to 

develop if breathing remains shallow and uninterrupted by these   

periodic sighs or variations of position.22–24

Mechanics in Disease States
Management details regarding specific diseases are provided elsewhere 

in this volume. Yet certain basic features of mechanics for two com-

mon classes of breathing disorders are of such fundamental impor-

tance as to deserve emphasis here.

Acute Lung Injury

Acute lung injury ranks among the most challenging problems con-

fronted in intensive care practice. ARDS may arise from diverse causes, 

most of which generate inflammation and high-permeability edema 

from pneumonia or sepsis. Mechanical ventilation provides indispens-

able life support but simultaneously holds the potential to injure lung 

tissue by applying excessive forces and tidal energy. Adverse conse-

quences stem primarily from lung tissue’s vulnerability to excessive 

stretching and mechano-signaling of inflammation, amplified by topo-

graphically heterogeneous mechanical properties and forces that act 

within the injured lungs.25

Despite the regional nonuniformity of transpulmonary pressures, 

only one airway pressure and/or one flow rate and flow profile can be 

selected and monitored at the airway opening. The low measured com-

pliance that helps define ARDS was originally visualized as resulting 

from diffuse stiffening of all lung units, but now it is understood that 

compliance relates inversely to the number of units having relatively 

normal inflation properties. In other words, during the early phase of 

the process, specific compliance of each ventilated unit may be rela-

tively normal and therefore susceptible to overstretching by high 

transalveolar pressure. This low-capacity condition has become known 

as the “baby lung”26 (see Fig. 53.13). The degree to which that normal-

ity and vulnerability persists into the later stages of the ARDS process 

is not entirely clear. The gravitational gradient of transpulmonary 

pressure in ARDS is heightened by the increased weight of the lung, 

and the tendency for collapse of gravitationally dependent lung   

units is accentuated by the instability of surfactant-depleted air-liquid 

interfaces. As a consequence, sufficient PEEP is needed to generate a 

transpulmonary pressure at end expiration adequate to prevent their 

collapse. Not only does preserving alveolar patency help with gas ex-

change but also it prevents repeated tidal opening and closure of small 

airways—a process that accentuates potentially damaging stresses. 

Even when unit patency is preserved, focused stresses and high shear-

ing forces arise at the interfaces between open and nonaerated tis-

sues.27 In this “amped up” environment, the repetitive application of 

relatively high tidal transpulmonary pressures may inflict damaging 

strain. These injurious transpulmonary forces may result from vigor-

ous spontaneous efforts alone (patient self-induced lung injury [P-

SILI]), from high airway pressures alone, or from any combination of 

both.28 Even when it does not dramatically improve dorsal recruit-

ment, prone positioning is currently thought to reduce VILI risk pri-

marily by evening the distribution of transpulmonary pressures, 

thereby damping maximal tissue stresses and strains.

Acute Airflow Obstruction

Alveolar pressure at the end of passive tidal expiration may exceed set 

PEEP when the expiratory phase cannot be completed to the fully re-

laxed position of the respiratory system before the next inspiration 

begins (Fig. 53.14). The resulting pressure gradient driving end-expira-

tory flow (auto-PEEP, from the Greek word autos for “self”) persists 

until interrupted by inspiratory forces generated by the patient or 

ventilator.29 Total end-expiratory alveolar pressure (total PEEP) is the 

sum of the applied PEEP and auto-PEEP (AP). Unlike applied PEEP, 

AP local values (and therefore total PEEP) among lung units with di-

verse mechanical properties may not be the same throughout the dis-

eased lung, and regional gas trapping may occur at higher pressures 
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Fig. 53.15  A, Diverse regional values of auto-PEEP in a nonhomogeneous lung. Note that some lung units 
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(arrow), the slowly rising pressure profile at the airway opening reveals the mechanically heterogeneous lung 
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pressures by the auto-PEEP measured during end-expiratory port occlusion. Some of the most obstructed 

units seal before the end of expiration. The end-inspiratory (plateau) pressure provides a more reliable quan-

titative indicator of tidal hyperinflation. PEEP, Positive end-expiratory pressure.

than measured at the airway opening30 (Fig. 53.15A). For this reason, 

the end-inspiratory static (plateau) airway pressure is generally a better 

indicator of hyperinflation than is the end-expiratory measurement of 

AP itself. Under passive conditions the detectable presence of AP and 

end-expiratory flow is invariably linked to increased end-expiratory 

distention, usually termed dynamic hyperinflation (DH). However, 

regional compliance determines the degree of lung unit expansion that 

corresponds to AP.

Determinants of Dynamic Hyperinflation  
and Auto-PEEP
Under passive conditions, the addressable variables that tend to in-

crease DH and auto-PEEP are increased airway resistance, long inspi-

ratory duty cycles (Ti/Ttot), and high minute ventilation (VE). Among 

these targets for therapy, perhaps the most effective strategy is to   

reduce ventilation requirement.31 Lessening VE and accepting associ-

ated hypercapnia was adopted as a lifesaving approach for the treat-

ment of intubated asthmatics well before permissive hypercapnia was 

implemented for ARDS.32 Manipulation of the ventilatory pattern 

(frequency and VT combination) also influences DH, but reducing 

Ti/Ttot is generally of limited effectiveness when VE remains   

unchanged. Many who require ventilatory assistance for airflow ob-

struction have biphasic flow curves during tidal exhalation, with   

the second flow-limited phase much slower than the first.33,34 Such 

 



381CHAPTER 53 Core Principles of Respiratory Physiology and Pathophysiology in Critical Illness

biphasic deflation patterns are more often observed in chronic ob-

structive pulmonary disease (COPD) than in acute asthma, but do 

occur in both conditions.

Dynamic Hyperinflation
End-expiratory flow reliably implicates auto-PEEP during passive venti-

lation; however, the magnitude of flow bears little relation to the level of 

auto-PEEP that drives it through an undetermined upstream resis-

tance.30,31 At present, measuring static airway pressure after airway oc-

clusion timed at end exhalation remains the method most commonly 

used to quantify total PEEP and to index global DH during passive ven-

tilation. Under passive conditions, total PEEP can be measured by delay-

ing the next breath as precisely timed airway occlusion terminates flow 

at the very end of the usual expiratory period. The contour of the result-

ing occlusion pressure helps reflect the uniformity or nonuniformity of 

auto-PEEP distribution (see Fig. 53.15B). Unfortunately, this maneuver 

cannot be performed reliably when the patient controls the breathing 

rhythm because of variations in the expiratory cycle length and/or mus-

cular effort. This occlusion estimate is neither the highest nor lowest 

regional end-expiratory alveolar pressure during tidal breathing, but 

rather the measurable volume-averaged value (see Fig. 53.15C).

Consequences of Dynamic Hyperinflation  
and Auto-PEEP
Auto-PEEP associated with DH may affect hemodynamics, predispose 

to barotrauma, increase work of breathing, cause dyspnea, disrupt 

patient-ventilator synchrony, confuse monitoring of hemodynamics 

and respiratory system mechanics, and interfere with the effectiveness 

of pressure-regulated ventilation.31 Barotrauma risk and the hemody-

namic and energetic costs of auto-PEEP largely relate to any accompa-

nying expansion of lung and chest wall volumes (DH)—not to alveolar 

pressure per se. Therefore as with the end-inspiratory plateau pressure, 

AP that occurs in association with stiff lungs or chest wall is less likely 

to be consequential than the same value measured in a setting of better 

respiratory system compliance.

Practical Bedside Indicators of Respiratory Mechanics
Compliance and resistance of the respiratory system can be easily esti-

mated at the bedside under passive conditions during constant inspira-

tory flow. An end-inspiratory pause is applied to hold the inspired tidal 

volume trapped before exhalation is begun. Tidal compliance is   

the quotient of tidal volume and the difference between static   

plateau pressure (Ps) and PEEPtot, the so-called driving pressure (D) 

(see Fig. 53.8).35 This contribution to stored elastic pressure, which is 

built up during inflation, drives expiratory flow. Importantly, calcula-

tions of Ps and D are valid for any inspiratory flow profile. Unless an 

automated estimate is provided by the ventilator, constant flow condi-

tions flow conditions are required to estimate resistance, the difference 

between peak dynamic pressure (PD) and plateau pressures, divided by 

the rate of constant flow (see Fig. 53.8). The difference between PD and 

the pressure at which flow first becomes zero after the pause is applied 

(PZF) reflects the least resistance pressure because it excludes most stress 

relaxation, ventilation redistribution (pendelluft), and viscoelastic pres-

sure adjustments that naturally occur during the pause. Finally, the 

slope of the airway pressure tracing at the end of inspiration obtained 

under constant flow conditions reflects elastance of the respiratory 

system (1/CRS).

Mean Airway Pressure
Mean airway pressure is an easily observed and underused clinical tool. 

Under passive conditions, mean alveolar pressure and its only measur-

able analog, mean airway pressure (mPaw), relate intimately to the 

average forces that drive ventilation and hold the lung distended. 

When the nonelastic pressures dissipated in inspiration and expiration 

are identical, the airway pressure averaged over the entire ventilatory 

cycle should be the same everywhere, including the alveoli (mPalv) 

(Fig. 53.16). This mean pressure obtained in the absence of breathing 

effort is the pressure averaged over both phases of the tidal cycle. It 

distends the alveolus and passive chest wall and therefore correlates 

with alveolar size and with mean intrapleural pressure.4 It follows that 

changes in mean airway (mean alveolar) pressure, when measured 

without patient effort, influence lung size and arterial oxygenation in 

the setting of pulmonary edema and lung injury. As a key determinant 

of mean intrapleural pressure, it also correlates under passive condi-

tions with the “backpressure” to venous return. Mean airway pressure 

can be raised by increasing VE, by raising end-expiratory pressure, or 

by extending the inspiratory time fraction. To avoid serious and unan-

ticipated problems in the passive patient, mean airway pressure is a key 

variable to monitor when the clinician changes minute ventilation or 

alters the mode of ventilation, breathing pattern, or PEEP setting. Al-

though the relationship between mPalv and mPAW is a close one, these 

pressures are not identical.4 Any such pressure difference that generally 

Exp

Alveolus

Mean Mean

RE

R1

Paw Palv

R1

RE

Insp

Fig. 53.16 Mean pressures along the path from airway opening to alveolus. When averaged over the 

entire tidal cycle, the mean airway pressures are theoretically very similar wherever they are measured; 

therefore mean alveolar pressure may be approximated by mean airway pressure in the external circuit. Note 

that when expiratory flow resistive losses exceed inspiratory flow resistive pressure losses (not illustrated), 

mean alveolar pressure may significantly exceed mean airway pressure.
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favors a more positive Palv, may be striking in the setting of severe 

airflow obstruction that generates high levels of auto-PEEP.

Stress Index
Noticeable curvature of the inspiratory pressure tracing during   

passive inflation with constant flow suggests that disproportionate 

recruitment (concave to the time axis) or disproportionate overdis-

tention (convex to the time axis) is taking place during the tidal cycle 

(Fig. 53.17). From the standpoint of lung protection, both are unde-

sirable. During constant flow, the relationship between pressure   

and time can be expressed: PAW a (ts 1 [RV9 1 PEEPTOT]).36 In this 

expression PAW is airway pressure, t is inspiratory time since inflation 

onset (a correlate of volume), R is inspiratory resistance, and s is the 

“shaping” coefficient, or stress index (see Fig. 53.17). When s 5 1.0, 

the Paw contour is linear. When it is significantly less than 1 or greater 

than 1, the stress index suggests undesirable degrees of tidal recruit-

ment or overdistention, respectively (see Fig. 53.13). Adjustments to 

PEEP and/or VT are advisable, accordingly. Although the stress index 

is conceptually useful and often helpful, it is important to note that in 

practice its potential utility as an indicator of lung mechanics may be 

influenced strongly by the presence of a pleural effusion, abnormal 

chest wall properties, variations of auto-PEEP, and body position.37

Any inspiratory muscular effort essentially invalidates its inferences.

Assessing Mechanics During Patient Effort
Although esophageal pressure measurement is seldom undertaken in 

clinical practice and therefore cannot be considered a basic skill, it 

deserves brief mention here because it provides the only direct and 

relatively noninvasive means for tracking lung mechanics during non-

passive breaths and for separating the forces applied to the lung and 

chest wall.5 By noninvasively measuring the pressure in the pleural 

space that surrounds the lungs, the esophageal balloon catheter en-

ables estimation of the transpulmonary pressure acting on the lung 

during all patient-initiated breaths (spontaneous or machine-assisted) 

and allows partitioning of transthoracic pressure into its lung and 

chest wall components during passive inflation (Fig. 53.18). The Pes 
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Fig. 53.18  Importance of the patient’s contribution to the transpulmonary pressure under conditions of flow-

regulated, volume-controlled ventilation (left panels) versus pressure regulated inflation (right panels). Note 

the potential for unregulated and greater transpulmonary pressure (PL) during active breathing under the 

pressure assist-control condition. Paw, Airway pressure; Pes, esophageal (pleural) pressure. (From Akoumi-

anaki E, Maggiore SM, Valenza F, et al., for the PLUG Working Group [Acute Respiratory Failure Section of 

the European Society of Intensive Care Medicine] The application of esophageal pressure measurement in 

patients with respiratory failure. Am J Respir Crit Care Med. 2014;189[5]:520–531, Fig. 2.)
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Fig. 53.17 Concept of the stress index. During constant inspiratory flow, the profile of the airway opening 

pressure (Pao) versus time indicates whether net tidal recruitment (,1) or net tidal overdistension (.1) are 

occurring with that combination of tidal volume and total PEEP. Significant departures from the ideal linear 

stress index of 1.0 are concerning.
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provides a valuable indicator for detecting excessive effort, patient-

ventilator asynchrony, lung stress, and weaning tolerance.6,7,38 Having 

an intrapleural pressure permits direct calculation of lung compliance 

and airway resistance during spontaneous breathing, and Pes also can 

be used to compute the work of breathing. Finally, knowing the trans-

pulmonary lung stress applied by a given plateau pressure may help to 

prevent VILI by guiding PEEP selection and by estimating lung-

relevant transpulmonary stresses and driving pressures. Such informa-

tion may prove influential during management of the massively obese8

and during vigorous breathing.

GAS EXCHANGE

Oxygenation:

Directly Measured Variables

Partial oxygen pressure. The partial pressure of oxygen (PO2) is the 

pressure exerted by the free oxygen molecules present in a gas or a fluid 

(in the form of unbound oxygen). The equilibrium between gas and fluid 

is the condition in which an equal number of oxygen molecules flow 

from the fluid to the gas and from the gas to the fluid. This equilibrium 

between oxygen in the alveoli and the free and unbound blood oxygen is 

defined by the solubility coefficient, which is equal to 0.0031 mL/mm Hg 

of oxygen/dL of blood.

Hemoglobin oxygen saturation. The hemoglobin oxygen saturation 

represents the fraction of hemoglobin to which the oxygen is bound. 

One molecule of hemoglobin, in which four binding oxygen sites are 

present, may only have a saturation fraction of 0%, 25%, 50%, 75%, or 

100%. Therefore the clinically measured hemoglobin saturation is the 

weighted mean of the saturation of the single molecules (for example, 

if we assume that in a given patient 10% of the hemoglobin molecules 

are saturated at 50%, 20% at 75%, and 70% at 100%, the measured 

saturation will be 95%).

Indirectly Computed Variables

Alveolar PO2. The alveolar PO2 (PAO2) is a key variable in the oxy-

genation process, as all blood perfusing an alveolus with a given PAO2 

will leave the lungs with the same oxygen tension (i.e., alveolar PO2 5

pulmonary capillary PO2 [PccO2]). Establishing the value of PAO2 is a 

challenging task because of the cyclic nature of breathing and, further-

more, the values of PAO2 differ significantly in distinct regions of the 

lung. This variation precludes accurate direct measurement of PAO2 

and has led to the development of indirect techniques for PAO2 assess-

ment, or in general, the assessment of all alveolar gases, by introducing 

the concept of the “ideal gases.”9

The ideal PAO2 may then be considered the average PO2, which 

fully justifies the observed gas exchange, that is, which satisfies the fol-

lowing equation for a given respiratory quotient (RQ):

(Eq. 2)∗ ∗
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where VO2 is the oxygen consumption per minute, FiO2 the inspired 

fraction of oxygen, FAO2 the alveolar fraction of oxygen, VA the alveo-

lar ventilation, CcO2 and CvO2 the capillary and venous contents of 

oxygen, and Qc is the nonshunted perfusion of the lung. VE is the 

minute ventilation, Vd and Vt the dead space and the tidal volume, Qt 

is the total cardiac output, Qs is the shunted blood flow, and Qs/Qt the 

shunt fraction.

Equation (2) is consistent with a simple three-compartment model 

of pulmonary gas exchange: one ventilated and not perfused (Vd/Vt), 

one perfused but not ventilated (Qs/Qt), and one both perfused and 

ventilated. As illustrated by the equation, all oxygen exchange (VO2) 

occurs in the ideal compartment having both Va and Q. (The same can 

be shown for CO2 exchange.)

Although the “ideal” PAO2 may be computed in different ways, one 

of the ones most used in the daily practice of mechanical ventilation is 

the following:

(Eq. 3)∗PAO FiO P P
PACO

RQ
( )

2 B H 0

2

2 2
� � � 

where PB is barometric pressure, PH2O is water vapor pressure at 37°C, 

PACO2 is the alveolar PCO2, and RQ is the respiratory quotient.

Although Eq. 3 accounts for the RQ—that is, the difference   

between oxygen consumption (VO2) and CO2 production (VCO2)—it 

ignores the discrepancy between inspired and expired tidal volumes. 

This is evident after rearrangement of Eq. 3 into Eq. 4:

(Eq. 4)
∗

∗
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FiO FAO VA
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2 2
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The earlier alveolar-gas equation (Eq. 3) is then derived by solving 

Eq. 4 for FAO2 and expressing it as a partial pressure, according to the 

following general relationship:

(Eq. 5)∗P F P P( )p g B H 02
� �

where Pp is the partial pressure of the gas and Fg is the fraction of the 

gas in the total gas volume.

As shown, the alveolar PAO2 depends on the barometric pressure 

(PB, which changes with altitude), on the PACO2 (which depends on 

VCO2 production and ventilation), and on the RQ (in the critical care 

setting it is usually approximated as 0.8).

A word of caution, however, is mandatory when assessing the   

alveolar PAO2 in the setting of extracorporeal respiratory support; as 

an example, when using the extracorporeal CO2 removal technique, 

the RQ disproportionately eliminates CO2, causing RQ to be extraor-

dinarily low, with remarkable effects on the computed PAO2 and gas 

equilibrium.

Oxygen content. Essential information in the acutely critical pa-

tient is the blood content of oxygen, CnO2, whose defining equation 

can be applied to arterial blood, central venous blood, or mixed venous 

blood:

(Eq. 6)� �∗ ∗ ∗CnO Hb SatO PO1.39 0.0031
2 2 2

We may wonder why different coefficients are used in the litera-

ture: 1.35, 1.36, or 1.39 mL of oxygen per gram of fully saturated   

hemoglobin. The classical molecular weight of hemoglobin is   

64,500 Da (or g/mol, if expressed as molar mass); therefore because   

1 mole of fully saturated hemoglobin binds 4 moles of oxygen   

(at 760 mm Hg and 0°C) and the volume to mass relationship of ideal 

gases is 22.414 L/mol, fully saturated hemoglobin binds 4 * 22.414 5 

89.656 L/mol. The ratio between 89,656 mL/mol and 64,500 g/mol 

equals 1.39 mL/g of Hb. The correction for the body temperature 

would give a higher coefficient (1.54 mL/g of Hb), whereas the coef-

ficients used in literature are usually lower than 1.39 mL/g.

This adjustment is a result of the different molecular weights as-

sociated with the different strains of hemoglobin present within the 

erythrocytes.
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Oxygen consumption. The oxygen consumption may be computed 

through the Fick method as the product between the cardiac output 

and the arterial-venous content difference:

(Eq. 7)5 � ∗ ∗VO CaO CvO Qt( ) 10
2 2 2

Under normal conditions, the fraction of the oxygen transported 

from the arterial blood to the periphery is computed as follows:

(Eq. 8)� ∗DO Qt CaO2 2

As a consequence, the amount of oxygen returning to the right 

heart (vDO2) amounts to:

(Eq. 9)� ∗vDO Qt CvO2 2

In normal conditions, the oxygen transported to the periphery is 

approximately 20 mL/dL of blood (for 5 L/min of cardiac output, it 

would amount to 1000 mL O2 per minute). If the oxygen subtracted in 

the periphery (i.e., the oxygen consumption) is equal to 250 mL/min, 

the blood returning to the central venous compartment will be   

750 mL/min. The ratio between returned and delivered oxygen in this 

example is 0.75, the approximate saturation. This underlines the im-

portance of the mixed venous oxygen saturation, SvO2, or its surrogate, 

the central venous saturation, as a key assessment tool in intensive care 

practice. Indeed, proceeding from the concept described earlier:

(Eq. 10)SvO � �

∗ ∗
SaO

VO

Qt Hb1.39
2 2

2

As shown, SvO2 depends on arterial saturation, oxygen consump-

tion, cardiac output, and hemoglobin concentration. Hence, any 

change in SvO2 from baseline should immediately alert the intensive 

care physician that something potentially important is happening,   

either in the respiratory system (SaO2), in the metabolic status (VO2), 

in hemodynamics (Qt), or in the oxygen transporter (hemoglobin). 

Although SvO2 is an unspecific tool, a sudden change of its value 

should immediately prompt the physician to evaluate all components 

that determine it.

Oxygenation assessment. Hypoxemia is defined by an oxygen par-

tial pressure below the normal values. In subjects breathing in room air 

at normal atmospheric pressure, the PaO2 is a function of age and may 

be approximated as:

(Eq. 11)� � ∗PaO age100 0.3
2

where age is expressed in years.

As the partial pressure of a gas is equal to the total gas pressure 

times the fraction of the gas, and assuming that the oxygen exchange 

is in equilibrium between blood and alveoli, it follows that the arterial 

oxygen concentration is strongly related to (but not entirely deter-

mined by) the inspired oxygen fraction (FiO2) and the barometric 

pressure. This must be taken into account under conditions of high 

altitude, as the PB varies accordingly. The general equation to assess 

the inhaled PO2 (PiO2new) according to the external pressure is the 

following:

(Eq. 12)� ∗PiO FiO P
new Bnew2 2

where PBnew is the barometric pressure at the new altitude.

In this setting, the alveolar oxygen pressure will be the following:

(Eq. 13)PAO PiO
PACO

RQ
new2 2

247� � �( )

where 47 mm Hg represents the normal value of water vapor pressure 

at 37°C times the FAO2.

PaO2 and PaO2/FiO2 ratio. The simplest means by which to assess 

the efficacy of patient oxygenation is the direct measurement of arte-

rial PO2. However, because this value does not account for the frac-

tion of inhaled oxygen, it cannot be used to assess the lung’s oxygen 

exchanging status. The ratio between PaO2 and FiO2 was proposed 

decades ago as a tool for the assessment of the oxygenation status and 

the severity of hypoxemia; generally, mild hypoxemia is defined as a 

PaO2/FiO2 ratio of 200–300 mm Hg, mild to moderate hypoxemia as 

a PaO2/FiO2 ratio between 150 and 200 mm Hg, moderate to severe 

hypoxemia as 100–150 mm Hg, and severe hypoxemia below 100 mm 

Hg. The limitations of the PaO2/FiO2 ratio are twofold. First the 

relationship between FiO2 and PaO2 is not linear, and this nonlinear-

ity implies that for a given degree of true oxygenation impairment, 

the PaO2/FiO2 ratio may vary depending on the FiO2 at which it is 

determined. Second, a given FiO2 results in a different alveolar partial 

pressure of oxygen, depending on the barometric pressure and, more 

importantly, on the RQ. This is especially relevant in patients under 

extracorporeal support, in which the RQ may be far different from   

the usual values. To overcome the first limitation of the PaO2/FiO2

ratio, it would be appropriate to compute the PaO2/PAO2 ratio, which 

takes into account the values of PaCO2 and usually assumes an R 

equal to 0.8. The second limitation relating to distortions of RQ could 

only be overcome by measuring the actual VO2/VCO2 occurring in the 

natural lung.

Right-to-left shunt. This variable was introduced by Riley and 

colleagues in 1949 as a surrogate for directly measuring the ventila-

tion-perfusion ratio (Va/Q).9 As noted earlier, Riley and colleagues 

proposed a three-compartment model: one (ideal) ventilated and 

perfused, one (dead space) ventilated but not perfused, and one 

(right-to-left shunt, or more correctly, venous admixture) not venti-

lated but perfused.

The blood and gas leaving the ideal compartment have the same 

PaO2, PaCO2, and RQ as the body as a whole. In other words, the gas 

exchange (i.e., the oxygen transferred from the lung to the blood 

and the carbon dioxide removed by the lungs) occurs in this ideal 

compartment. In contrast, the blood leaving the right-to-left shunt 

compartment has the same PaO2 and PaCO2 of the mixed venous 

blood. The gas leaving the dead-space compartment has the same 

composition of the gas that enters it (CO2 close to zero) and no 

blood comes out. In Fig. 53.19 we reproduce the original scheme of 

Riley and colleagues.

To understand the computations relating to the shunt compartment, it 

is convenient to consider gas content instead of pressure. Indeed, the oxy-

gen content flowing per minute in the arterial blood [Qt * CaO2] is the 

sum of that coming from the ideal compartment [(Qt 2 Qs) 3 CcO2] and 

the blood [Qs] coming from the right-to-left shunt compartment:

(Eq. 14)Qt CaO Qt Qs CcO Qs CvO∗ ∗ ∗
2 2 2
� � 1( )

where Qt is the cardiac output and Qs is the shunt flow. Rearranging 

the equation by dividing the two sides of the equation by Qt leads to 

the following equation:

(Eq. 15)5 � 1








∗ ∗CaO
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Vd
Ve

VA

Qe

Ve

Qva

Qcc

Qt

Fig. 53.19 Schematic representation of ventilation and perfusion 

exchange. Upper part of the figure: The gas entering the lungs (minute 

ventilation) splits in two compartments: dead space ventilation and al-

veolar ventilation. After the gas-exchange process within the pulmonary 

capillary, the CO2-enriched alveolar gas is in part diluted, after leaving 

the perfused alveoli, by the dead space gas. Lower part of the figure: 

The blood entering the lungs (cardiac output, venous, in blue color) 

splits in two compartments: venous admixture flow (Qva) and capillary 

blood flow (Qcc). After the gas exchange the O2-enriched capillary flow 

is in part diluted, after leaving the ventilated alveolar units, by the ve-

nous admixture. Qt, Cardiac output; VA, alveolar ventilation; Vd, dead 

space; VE, minute ventilation. (Adapted from Riley RL, Cournand A. 

Ideal alveolar air and the analysis of ventilation-perfusion relationships 

in the lungs. J Appl Physiol. 11949;1[12]:825–847.)

potential boosters for VILI development and/or impaired venous 

return.

The ROX index has been recently introduced into daily clinical 

practice as an easy-to-apply tool for assessing patient oxygenation   

efficiency.11 It is calculated as follows:

(Eq. 18)5 ∗ROXi
SpO

FiO RR

12

2

where SpO2 is expressed as a percentage (0%–100%), FiO2 is expressed 

as a fraction (0–1), and RR is the respiratory rate.

The ROXi normalizes the SpO2 (using pulse oximetry as a surro-

gate of PaO2) to the inspired FiO2 and introduces the respiratory rate 

as an indicator of severity. Its advantages are ease of application, low 

cost, and potential for continuous monitoring. However, it is   

well-known how variations of temperature, pH and erythrocyte 

2.3-diphosphoglycerate, and so on, shift the oxygen-hemoglobin dis-

sociation curve, potentially leading to values of SpO2 of 100% with 

values of PaO2 ranging from 100 to 500 mm Hg. Consequently, the 

ROX index may be associated with unnecessarily high PaO2 and, 

by contrast, cannot detect PaO2 worsening until oxygen saturation 

decreases.

Clinical Applications
The arterial oxygen saturation of hemoglobin is the most widely used 

method of monitoring oxygenation, as it mirrors changes in arterial 

PaO2 values below 90–100 mm Hg. Because values of PaO2 higher than 

100 mm Hg will be associated with a hemoglobin oxygen saturation of 

100%, it is convenient to adjust FiO2 in order to obtain a baseline oxy-

gen saturation less than 100%. In doing so, any change in arterial oxy-

genation is immediately reflected by a modification in hemoglobin 

saturation. It is prudent to remember that a saturation of 50% is usu-

ally associated with a PaO2 of approximately 25 mm Hg, whereas 90% 

usually corresponds to a PaO2 of around 60 mm Hg. Within the range 

of 50% and 90%, oxygen saturation and PaO2 are almost linearly re-

lated (i.e., any point change of saturation corresponds to ~1 mm Hg of 

PaO2). Although these guidelines are obviously imprecise, they do help 

estimate blood oxygenation status.

Although the PaO2/FiO2 ratio is the most widely used indicator for 

classifying oxygenation impairment, its limits include the lack of lin-

earity between PaO2 and FiO2. This implies that the PaO2/FiO2 ratio 

may change for a given shunt fraction, depending on the FiO2 at which 

it is determined. The same occurs if the hemoglobin arterial oxygen 

saturation/FiO2 ratio is used, as shown in Fig. 53.20.

In our opinion, the venous admixture and the dead space are the 

best assessment tools to assess any impairment of gas exchange (dead 

space will be discussed in detail later in this chapter). It must be 

noted, however, that venous admixture relates strongly to the cardiac 

output: an increased cardiac output promotes right-to-left shunt, 

whereas a decrease of cardiac output may raise PaO2. This phenom-

enon becomes especially relevant when the airway pressures are high; 

indeed, an increased PaO2 in a setting of high airway pressure may 

be the result of a decrease in cardiac output rather than increased 

recruitment.39

Finally, whereas hemoglobin saturation, PaO2/FiO2 ratio, and ve-

nous admixture account for the severity of oxygenation impairment, 

the OI and the ROX index include variables that reflect the conditions 

required to obtain a specific gas-exchange level. The OI includes the 

MAP and the FiO2, and the ROX index incorporates the respiratory 

rate. Consequently, these indices are primarily indicated to help decide 

the level of intervention: extracorporeal support in the case of OI and 

tracheal intubation in the case of ROX index.

The variable of interest, the right-to-left shunt (Qs/Qt), can be then 

computed as follows:

(Eq. 16)�
�

�

Qs

Qt

CcO CaO

CcO CvO

2 2

2 2

It is noteworthy that Va/Q equal to zero is formally defined as a 

“true” right-to-left shunt. Using Riley and colleagues’ model, however, 

all blood flowing in lung regions with Va/Q values intermediate be-

tween ideal and zero is assigned in proportion to the ideal or to the 

dead-space compartments. When perfused but low Va/Q units con-

tribute to the Qs/Qt calculation, as they virtually always do to some 

extent, the appropriate terminology is “venous admixture” instead of 

right-to-left “shunt.”

Oxygenation index and ROX index. The Oxygenation Index (OI) 

was introduced several decades ago by Bartlett and colleagues10 as a 

composite measure for assessing the need of extracorporeal support in 

a pediatric population. It is calculated as follows:

(Eq. 17)5 ∗Ol FiO
MAP

2
PaO2

where MAP is the mean airway pressure The MAP under passive 

conditions correlates with average aerated lung size and with lung 

unit recruitment. (MAP is discussed in the section on mechanics in 

this chapter.) Actually, rather than the adequacy of oxygenation, the 

OI assesses the costs of compensating for impaired oxygenation. In-

deed, a high FiO2 or MAP (which includes PEEP) are well-known 
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Carbon Dioxide Removal

Directly Measured Variables

Partial pressure of PCO2. The partial pressure of carbon dioxide 

(PCO2) is the pressure exerted by the free CO2 molecules present in the 

gas or in a fluid. Carbon dioxide is characterized by a solubility coeffi-

cient of 0.0306 mmol/L*mm Hg. Note that the carbon dioxide solubility 

coefficient is measured as mmol/mm Hg per liter, whereas the oxygen 

coefficient refers to mL/mm Hg per deciliter. As 1 mmol of gas corre-

sponds to 22.4 mL, it follows that the solubility of CO2 compared with 

the oxygen is significantly higher when expressed with the same unit of 

measure: 0.0306 vs. 0.0074.

pH. The pH scale is used to assess acidity or alkalinity (basicity) of 

an aqueous solution by measuring the concentration of free H1 pro-

tons in the solution, according to the following relationship:

(Eq. 19)��
1pH Hlog[ ]

where [H1] is the concentration of protons, in mmol/L.

In blood, at pH 7.4, the concentration of H1 is 39.8 3 1029 mol/L, 

or 39.8 nanomoles per liter. Remarkably, the magnitude of hydrogen 

ion concentration is on the order of nanomoles (1029), compared with 

the mmol (1023) of the other ions. An equilibrium constant (Kw) char-

acterizes the process of water dissociation (2H2O n H3O
1 1 OH2):

(Eq. 20)�
� �∗Kw H O OH[ ] [ ]3

Accordingly, any increase or decrease of H1 corresponds to an 

equal and opposite change of OH2. For a better understanding of the 

relationship between CO2 and pH, the concept of “electrical-charge 

equilibrium” needs to be introduced: the number of positive and 

negative charges in plasma must be equal. Directly Measured and   

Indirectly Computed are subcategories under Oxygenation. Electric 

charges originate from the dissociation of different substances. A 

strong ion is a substance that is always completely dissolved in a solu-

tion: that is, it always has an electric charge (e.g., sodium, chlorine, 

potassium, and lactate). Under normal conditions, the number of 

positively charged strong ions is higher than of the negatively charged 

anions; this difference is called the strong ions difference (SID), and it 

amounts to approximately 40 mmol. As a consequence, to maintain 

the electrical neutrality, 40 mmol of negative charges must be present 

in the system.

The weak acids, or buffers, are the substances that provide such 

missing negative charges, and they are present in two forms: dissoci-

ated (electrically charged) or undissociated (electrically neutral). Buf-

fers can be conceptually divided into two groups, one represented by 

the total CO2, which may be present as HCO3
2 (dissociated) or CO2

(undissociated), and the other enclosing all the remnant weak acids, 

collectively called Atot, primarily represented by albumin and phos-

phates. Again, Atot may be either dissociated (A2) or undissociated 

(AH) (Fig. 53.21).

To maintain the electrical-charge equilibrium, CO2 and Atot must 

dissociate in a way such that the sum of their dissociated forms is equal 

to the SID (i.e., SID 5 HCO3
2 1 A2). If a negative strong ion is added 

to the system, the SID decreases and, as a consequence, the sum of 

HCO3
2 and A2 should decrease by the same amount. Part of the 

HCO3
2 will convert to carbonic acid and eventually to CO2 plus H2O, 

and part of the A2 will become AH. Therefore in a condition of meta-

bolic acidosis, the decrease of SID will lead to a decrease of HCO3
2 and 

A2. Noteworthy, other than the decrease of HCO3
2 and A2, the OH2

will decrease too, and because the product of OH2 and H1 is constant, 

any decrease in OH2 will result in an increase of free H1 (i.e., acidosis).

In respiratory acidosis the increase of pCO2 leads to a higher 

HCO3
2. Because the sum of HCO3

2 and A2 maintains the SID 
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Fig. 53.20  Left panel, partial pressure of oxygen/fraction of inspired oxygen (PaO2 /FiO2) ratio as a function 

of FiO2 at different levels of shunt fraction. As shown, the same shunt may result in sharply different 

PaO2/FiO2 ratios, depending on FiO2 at which the measurement has been performed. Right panel: SpO2 /FiO2 

as a function of FiO2. As shown, the SpO2/FiO2 ratio is even less effective in reflecting the shunt fraction than 

the PaO2/FiO2 ratio. As an example, a shunt fraction of 40% may result in an SpO2 /FiO2 ratio of 250 vs. ,150, 

depending on the FiO2 applied when making the measurement.
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50

[Na+] 142

[K+] 4.1

[Ca2+] 4.6
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Plasma electroneutrality
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[Cl–] – [XA–]

BB = SID

Fig. 53.21 Principle of plasma electroneutrality. As shown, electro-

neutrality (the height of the two columns) is reached when the   

150 mEq/L of always-positive charges (strong ions always present with 

a positive charge) are neutralized by the 150 mEq/L of ions with nega-

tive charges. Of this 150 mEq/L, 108 mEq/L are always present with 

negative charges (strong ions), whereas 42 mEq/L may lose their nega-

tive charges if other negative ions are added to the system. In this case, 

part of H2CO3
2 will become H2O 1 CO2 and part of these anions (A2) 

will become AH. Note that these “weak” ions are known as the buffer 

base (BB) and quantitatively equal the difference between strong 

positive and strong negative ions. SIS, Strong ions difference.

constant, any increase of HCO3
2 is matched by a decrease of A2, which 

is then converted to AH. Again, a fraction of OH2 decreases, produc-

ing H1 and therefore promoting respiratory acidosis.

Indirectly Measured Variables

Bicarbonates. Bicarbonate (HCO3
2) is the dissociated part of car-

bon dioxide and the main form of transporting CO2 in the blood; its 

equilibrium with the free CO2 is classically represented by the Henderson-

Hasselbalch equation:

(Eq. 21)� �

�

∗
pH pk

HCO

PCO
log

0.0306

3

2

Isolating bicarbonate on the left side of the equation results in the 

following expression:

(Eq. 22)∗ ∗HCO PCO10 0.0306
pH pk

3 2
�

� �

It is evident how any change of PCO2 is followed by a change of 

HCO3
2 in the same direction. Furthermore, the proportionality con-

stant () dictates the magnitude of this change. It should be noted that 

the algorithms used to compute bicarbonates are slightly different. 

Consequently, especially at pH values far from 7.4, the same PaCO2/pH 

couple may result in bicarbonate differences as high as approximately 

2 mmol.

Alveolar PCO2. Alveolar PCO2 (PACO2) is the partial pressure of 

CO2 in the alveolar space. Because of the complexity of alveolar gas 

assessment, it is again convenient to refer to the “ideal compartment” 

model we discussed earlier.

In a perfect gas exchanger, the alveolar PCO2 equals the PCO2 mea-

sured in the pulmonary venules and arterial blood (PcCO2 and PaCO2). 

If shunt is present, the blood coming from the ideal compartment is 

mixed with the blood coming from the shunted compartment, rela-

tively rich with PCO2. As a result, the PaCO2 is higher than the PACO2. 

On the other hand, in the perfect gas exchanger, the alveolar PCO2 is 

equal to the end-tidal PCO2 (PetCO2), which is the pressure exerted by 

CO2 within the exhaled gases. If dead space is present, the end-tidal 

PCO2 will reflect the admixture of CO2-free gas that never contacted 

blood and therefore will be lower than arterial PCO2. In the perfect gas 

exchanger the ratio between end-tidal PCO2 and PaCO2 equals 1, 

whereas it varies in the presence of shunt or alveolar dead space.

For the sake of simplicity, however, in the clinical setting the alveo-

lar PCO2 is usually considered equal to the arterial PaCO2. This differ-

ence is limited to no more than 2 mm Hg in the presence of shunt 

fraction lower than 20% and becomes more relevant at higher levels of 

shunt.

CO2 content. The CO2 content in the plasma is the sum of the dis-

solved PCO2, bicarbonate, carbonate, and carbon dioxide bound to 

plasma proteins. However, the total plasma CO2 content measured by 

blood gas-analysis machines only takes into account the sum of dis-

solved PCO2 and bicarbonate:

(Eq. 23)

PCO bicarbonate plasma CCO

PCO 0.0306 (1 10 )
pH rbc pK

2 2

2

.

� �

�
�∗ ∗

where plasmaCCO2 is the total plasma content of CO2.

It is important to realize that the CO2 content of whole blood is 

markedly different from the total CO2 content of plasma, as the pH of 

the red cells is lower than the pH of plasma, and pH influences CO2 

content. Therefore the total CO2 in blood is:

(Eq. 24)
� � 1

1
�

∗

∗ ∗

bloodCCO plasmaCCO Ht

Ht PCO

(1 )

0.0254 (1 10 )
pH rbc pK

2 2

2

.

where Ht is the hematocrit, 0.0254 is the solubility of CO2 within red 

blood cells (rbc), and pH.rbc is the intra-erythrocyte pH value.

Several formulas40,41 have been proposed to compute the total CO2

amount in the blood. However, for practical purposes, no one of these 

is really satisfactory because even a small error in the measurement of 

PCO2, pH, or hematocrit may significantly change the computation. 

What is important to underline is the relationship between PCO2, CO2

content, and pH. Indeed, as shown in Fig. 53.22, for a given CO2 con-

tent, any addition of strong ions leads to a decrease of base excess and 

pH and is eventually associated with an important rise of PCO2.

At equilibrium, a given amount of carbon dioxide is produced and 

a given amount of oxygen is consumed, their relationship being equal 

to the RQ:

(Eq. 25)� �
�

�

∗
∗

RQ
VCO

VO

Qt CvCO CaCO

Qt CaO CvO

( )

( )

2

2

2 2

2 2

where VCO2 is the production of CO2 per minute, VO2 is the minute 

oxygen consumption, Q is the cardiac output, and Cv and Ca are the 

venous and arterial contents of CO2 and O2.

In critically ill patients this ratio is usually assumed to be 0.8. If a 

strong ion (lactate or chloride) is added to the venous blood, the pH 

suddenly decreases and the CO2 content remains equal but the PCO2

increases markedly, as shown in Fig. 53.23. This is the “Coca-Cola” 
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CO2 production. Although several methods have been described to 

measure the production of CO2, the most reliable is based on the 

analysis of the exhaled gases. The carbon dioxide production (VCO2) 

equation is as follows:

(Eq. 26)5 ∗VCO VE FECO2 2

where VE is the minute ventilation and FECO2 is the fraction of ex-

pired CO2.

If CO2 pressure is measured, it can be converted in fractions 

(FCO2) according to the following formula:

(Eq. 27)FCO �

�

PCO

P 47
B

2

2

where PCO2 is the partial pressure of CO2, PB is the barometric 

pressure, and 47 mm Hg is the pressure exerted by the water vapor   

at 37°C.

Several ventilators provide the capnographic curve, so they auto-

matically measure the VCO2 value. In this setting, VCO2 is computed 

as the integral of the area below the capnographic curve. Despite being 

an extremely informative variable, VCO2 is rarely assessed in the inten-

sive care setting. It is worth noting that the level of mechanical ventila-

tion required relates strictly to the amount of CO2 to be cleared. Be-

cause a high intensity of mechanical ventilation is associated with a 

higher degree of VILI, a high VCO2 is a main trigger for lung damage 

associated with mechanical ventilation.

CO2 stores. Differently from oxygen, for which the body resources 

are limited to the oxygen dissolved in plasma and oxygen bound to 

the hemoglobin, carbon dioxide is present in large amounts in differ-

ent body compartments. Indeed, CO2 is stored in the blood, as dis-

cussed earlier, in the interstitium, where it is dissolved in the same 

form of blood, and in tissues, primarily in the bones. Here, it is ac-

cumulated in different chemical forms, on the whole bicarbonates 

and carbonates.42

The blood reserves are about 2.5%, interstitium accounts for an 

8.5%, and the remaining CO2 in the peripheral tissues amounts to 

89%.12 Traditionally, the extracellular compartment is considered 

“fast,” as its CO2 content may rapidly reduce by increasing the minute 

ventilation. Conversely, the CO2 stored in tissues constitutes the “slow” 

compartment.

When measuring CO2 production, or better, CO2 clearance, the 

presence of mobilizable stores of CO2 must be always taken into ac-

count. Indeed, the clearance of CO2 may (1) be equal to the metabolic 

production, in which case the CO2 store remains unmodified; (2) be 

increased, for example, during hyperventilation, leading to a decrease 

of the store of CO2; or (3) be decreased, for example, in hypoventila-

tion, associated with an increase of CO2 stores. It must be remembered 

that despite the fact that arterial PCO2 almost reaches the steady state 

in 5 minutes during hyperventilation and in 30 minutes during hy-

poventilation, the equilibrium, in terms of CO2 depletion, is not 

reached even after 48 hours.

CO2 assessment. The direct measurement of arterial PCO2 allows 

one to classify any patient into normocapnic (35–45 mm Hg), hypo-

capnic (,35 mm Hg), or hypercapnic (.45 mm Hg). The determi-

nants of arterial PCO2 are the following:

(Eq. 28)5
∗

PaCO
VCO

VA

863

2

2

where VCO2 and VA (alveolar ventilation) are measured in L/min; 

863 is a coefficient that converts the volume of a gas from a standard 
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Fig. 53.23 Schematic representation of the cascade of CO2. As 

shown, part of the free unbound CO2 molecules (PvCO2) leaves the 

blood phase and enters the alveoli. After CO2 is removed by ventilation, 

the alveolar PCO2 (PACO2) and the PCO2 in the pulmonary capillary leav-

ing the alveoli are the same. The capillary PCO2, however, mixes with 

the shunt flow (with higher PCO2, the PvCO2) after the venous admix-

ture, thus generating the arterial PCO2. If the shunt fraction is zero, 

PaCO2, PcCO2, and PACO2 are equivalent. The PACO2, present in the 

alveolar gases, is first diluted by the alveolar dead space, generating the 

PEtCO2, and subsequently, by the anatomic dead space (airways plus 

circuit dead space), generating the PECO2. If the alveolar dead space is 

equal to zero, the PEtCO2 and PECO2 are the same. It follows that 

PEtCO2/PECO2 are equal if both dead space and shunt fraction are zero.
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Fig. 53.22 CO2 content as a function of partial pressure of carbon 

dioxide (PCO2), according to different levels of base excess. For the 

same content of CO2, the decrease of base excess may cause a sharp 

increase in PCO2. In this case, in a closed system that contains 50 mL 

of CO2 in 1 liter, adding, as an example, 20 mmol of lactates (strong 

negative ions) will cause PCO2 to rise from 40 mm Hg to almost 

100 mm Hg.

effect, where an increased bubbling appears after squeezing a lemon 

(citric acid) into a soda. Of course, the bubbles are composed of free 

molecules of CO2. The delta pCO2 compared with the delta arterio-

venous difference is therefore a suitable indicator for a strong negative 

ion addition.
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temperature and pressure and dry (STPD) condition (0°C and 760 

mm Hg, dry) to the body temperature pressure saturated with water 

vapor (BTPS) condition. In other words, a gas volume at 0°C (standard   

temperature, Ts) and 760 mm Hg (standard pressure, Ps) must be 

converted to body temperature (Tb 5 37°C) and body pressure 

(Pb 5 713 mm Hg).

The gas volume in BPTS conditions is equal to:

(Eq. 29)V btps5
Ps Tb

Pb Ts
V stpd

mmHg

mmHg

∗
∗

∗

∗
760

713

31000

273
1 21

K

K
5 .

where body and standard temperatures are expressed in Kelvin degrees.

To convert the gas volume from STPD to BTPS, it must be multi-

plied by 1.21. Finally, to convert BTPS volume into a pressure, one 

must multiply the volume times the difference between barometric 

pressure (usually 760 mm Hg) and water vapor pressure (usually   

46 mm Hg). Briefly: 760 minus 47 equals 713; multiplying by 1.21, the 

final result is 863.

According to Eq. 28, arterial PCO2 increases either when VCO2

increases or, more frequently, it increases when alveolar ventilation 

decreases. Alveolar ventilation is equal to:

(Eq. 30)VA VE� �∗






1
Vd

Vt

where VE is the minute ventilation, and Vd/Vt is the fraction of dead 

space over tidal volume. As a consequence, any increase of dead space 

or decrease in minute ventilation leads to an increase of PCO2.

Therefore to fully understand PCO2 behavior, its three determi-

nants must be considered: carbon dioxide production, minute ventila-

tion, and the BTPS converting factor.

Dead space and PEtCO2/PaCO2 ratio. The dead space is defined as 

the proportion of each breath that fails to take part in gas exchange, 

either because it remains in the conducting airways (anatomic) or be-

cause it ventilates regions of the lung that are not perfused adequately 

(alveolar). The physiologic dead space is the sum of the anatomic and 

the alveolar dead spaces.

To estimate the physiologic dead space, one should understand the 

relationship between alveolar and minute ventilation and arterial and 

exhaled pressure of carbon dioxide:

(Eq. 31)VCO
VA PACO VA PECO

863 863
2

2 2
5 5

∗ ∗

Rearranging Eq. 31, we obtain:

(Eq. 32)
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2

2

5

where VA/VE is the fraction of the inspired air reaching the perfused 

alveoli. Noteworthy, the complement of this fraction is the dead space. 

Consequently:

(Eq. 33)DS
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where DS is the physiologic dead space.

For sake of simplicity, alveolar PCO2 is usually substituted by the 

arterial PCO2; however, in the presence of right-to-left shunt, the 

alveolar and the arterial PCO2 values are different.

The alveolar dead space is calculated as follows:

(Eq. 34)VCO PACO VA PEtCO VA VA( )perf perf unperf2 2 2
� � �∗ ∗

As shown, the alveolar ventilation was divided into the alveolar 

ventilation of the perfused and the nonperfused regions of the 

lungs. PEtCO2 is the pressure exerted by the carbon dioxide in the 

exhaled air:

(Eq. 35)
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2

2

The ratio PEtCO2/PACO2 represents the fraction of the alveolar 

ventilation that actually performs the gas exchange. Conversely, the 

fraction of alveolar dead space (DSalv) is the following:

(Eq. 36)
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Remarkably, if alveolar PCO2 is substituted with arterial PCO2, the 

alveolar dead space also includes the shunt effect, and the PEtCO2/

PaCO2 ratio becomes a measure of the adequacy of the gas exchange: 

any increase of alveolar dead space or true shunt will decrease the ratio. 

Fig. 53.24 shows the PCO2 cascade.

Most of these variables are provided by some ventilator machines: 

the anatomic dead space is derived from the analysis of the capno-

graphic curve, as described by Fowler, whereas the physiologic and   

alveolar dead spaces require the addition of the PaCO2 value.

Ventilatory ratio. The ventilatory ratio (VR) was developed as a 

surrogate for dead space.13 Ideally, it should provide the same informa-

tion as dead space without the need to measure gas PCO2. It is calcu-

lated as follows:

(Eq. 37)VR
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Fig. 53.24 Ventilatory ratio as a function of the dead space, at 

different levels of VCO2. As shown, the same dead space may be as-

sociated with markedly different values of ventilatory ratio, depending 

on the VCO2, whereas for the same VCO2, the ventilatory ratio shows a 

near-exponential trend, according to the value of dead space. VCO2, 

Production of CO2 (mL/min).
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where BW is the body weight, 100 mL is the “standard” value of venti-

lation for each kilogram of weight, and 37.5 mm Hg is the “standard” 

ideal value of arterial PCO2. The value of 37.5 is often substituted with 

40 mm Hg.

To fully understand the strengths and limitations of the VR, it is 

convenient to rearrange the defining VR equation (Eq. 37). The arterial 

PCO2 in the numerator is substituted by its determinants (Eq. 28), and 

the alveolar ventilation contained in Eq. 28 is again substituted by its 

determinants (Eq. 30). The resulting equation is the following:

(Eq. 38)
VR

VCO
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k BW

863

1

1
2

5

�

∗
∗

∗

where k is equal to 4 when ventilation is expressed in liters. Conse-

quently, the VR is directly related to the CO2 production and to the 

dead space. This is shown in Fig. 53.24, where the VR is expressed as a 

function of the dead space for a given VCO2. As shown, the VR is mark-

edly different for the same dead space if the VCO2 is different.

Clinical Applications
The immediate assessment of the CO2 clearance is best obtained by 

the direct measurement of the arterial PCO2. However, in most instances, 

the central venous PCO2 may be used as a surrogate, being usually 

3–5 mm Hg greater than the arterial PCO2. The presence of hemody-

namic impairment or sepsis, in which the metabolic acidosis may lead 

to a rise of central venous PCO2 with venous-arterial difference exceeding 

their normal range. The assessment of PaCO2 alone, however, although 

allowing the definition of normocapnia, hypocapnia, or hypercapnia, is 

of limited value if not considered together with its determinants (VCO2 

and VE) and the CO2 stores (primarily the bicarbonate levels).

When the CO2 clearance equals the metabolic CO2 production, the 

system is at steady state, and this may occur either with hypercapnia or 

hypocapnia, if the product of alveolar ventilation and the PACO2/713 

remains constant. It is important to realize if a given CO2 gas-exchange 

pattern represents a steady state or if it reflects an actual disequilib-

rium, where the cleared CO2 is lower or higher than the metabolic 

production. The first condition would be associated with a progressive 

rise of PCO2 and CO2 reserves (primarily bicarbonate), associated with 

a decrease of pH, whereas the second will be characterized by a de-

crease of CO2 reserves and increased pH. The process will continue 

until the VA and PACO2 product again equals the metabolic VCO2

production. The VCO2 changes resulting from changes of metabolism 

must be taken into account, although the primary CO2 alterations are 

caused by changes of alveolar ventilation, either the result of impair-

ment or overdrive of the respiratory centers or disruption of lung pa-

renchyma with ventilation-perfusion mismatch, in acute or chronic 

conditions. In this case, measuring and monitoring the dead space, 

particularly in critical patients under mechanical ventilation, is of 

paramount importance.

The PEtCO2/PaCO2 ratio and ventilatory ratio are also useful tools 

for the assessment of dead space. However, they are both affected by a 

significant number of variables, including VCO2, which in turn is in-

fluenced by many pulmonary and extrapulmonary conditions. Fur-

thermore, all scores or tools that are calculated as ratios are prone to 

mathematical pitfalls with the potential to distort them.

In the routine clinical practice, in our opinion, the knowledge of 

PACO2 and total ventilation is already a strong indicator of the lung 

condition if the basic principles of physiology are known. Finally, it 

should be reminded that in terms of gas exchange, 1 mm Hg change of 

PaCO2 is equivalent to approximately 10 mm Hg change of PaO2. This 

may appear surprising, but we must remember that in normal gas-

exchange conditions, 200 mL/min of oxygen consumption are associ-

ated with a PaO2 change from 40 to 100 mm Hg (normal arterial-venous 

PO2 difference), whereas the same amount of CO2 clearance is associ-

ated with an arterial-venous PCO2 difference of approximately 5 mm 

Hg (from 45 to 40 mm Hg). This underlines the importance of 

monitoring the PCO2 levels, whose modest changes as 1/2 mm Hg 

being the total ventilation unmodified are strong indicators of lung 

structural damage.14,43
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Fig. 53.25 Dissociation curve of oxygen and CO2. Because of the different solubilities and different shapes 

of oxygen and CO2 dissociation curves, the same gas transfer per liter is associated with a markedly different 

gas tension of partial pressure of oxygen (PO2) and partial pressure of carbon dioxide (PCO2). In the figure, 

5 mL/100 mL of gas volume transferred from venous to arterial sides is associated with 55 and 5 mm Hg for 

PO2 and PCO2, respectively. That is, any change of 1 mm Hg of PCO2 corresponds to the same gas-content 

change of approximately 10 mm Hg of oxygen.
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KEY POINTS

• For any expandable compartment, such as the lung, volumes depend on 

flexibility (compliance) and the pressure difference inside and outside the 

compartment—the transstructural pressure. Regional properties may vary 

considerably site to site within the chest, both for the lung and the chest 

wall.

• Because the lungs are inherently passive, their mechanical properties 

can be assessed during any form of spontaneous, patient-triggered but ma-

chine-assisted, or controlled, ventilation by the transpulmonary pressure. The 

mechanical properties of the chest wall, in contrast, can only be directly 

evaluated during controlled ventilation when the actual pleural pressure act-

ing to distend that structure can be estimated.

• The compliances of the lung and respiratory system can be reduced by de-

pleting the number of open lung units available to ventilate and by altering 

their individual mechanical properties. This dual interpretation of compli-

ance assessed at the airway opening is reflected in the sigmoidal shape of 

the inflation pressure-volume curve, which becomes more pronounced in 

the setting of acute parenchymal disorders, such as ARDS.

• When a pressure difference is applied to the passive respiratory system, that 

total airway pressure (Paw) must be accounted for by its dynamic component 

that overcomes flow resistance and its “elastic” components that expand the 

chest. At end inflation the latter comprises the elastic pressure that corre-

sponds to the tidal volume, known as the driving pressure, and the pressure 

above the ambient baseline (PEEP).

• Modification of body position is too often neglected as a therapeutic tool. 

Gravitational forces exert an important influence on lung volume, on venti-

lation distribution, and on respiratory system compliance. The gradient of 

pleural and transpulmonary pressures is lower in the prone than in the su-

pine position, in part because of reshaping of the thoracic contents by 

stiffening of the ventral chest wall surface and by the shifting weight of the 

heart and mediastinal contents. Even when it does not dramatically improve 

dorsal recruitment, prone positioning is currently thought to reduce VILI risk 

primarily by evening the distribution of transpulmonary pressures, thereby 

damping maximal tissue stresses and strains.

• Unlike PEEP that is intentionally applied, auto-PEEP (and therefore total PEEP) 

among lung units with diverse mechanical properties may not be the same 

throughout the diseased lung. The end-inspiratory static (plateau) airway 

pressure is generally a better indicator of hyperinflation risk than is the end-

expiratory measurement of total PEEP itself.

• Essential information in the acutely critical patient is the blood content of 

oxygen, which is affected by hemoglobin concentration and oxygen saturation 

percentage. The defining equation for oxygen content can be applied to arte-

rial blood, central venous blood, or mixed venous blood.

• The simplest means by which to assess the efficacy of patient oxygenation is 

the direct measurement of arterial PO2. However, because this value does not 

account for the fraction of inhaled oxygen, it cannot be used to assess the 

lung’s oxygen-exchanging status. The ratio between PaO2 and FiO2, 

although flawed, is preferable for that purpose.

• The often-neglected mixed venous oxygen saturation, SvO2, or its surrogate, 

the central venous saturation, is a key assessment tool for intensive care 

practice.

• The ROX index normalizes the SpO2 (using pulse oximetry as a surrogate of 

PaO2) to the inspired FiO2 and introduces the respiratory rate as an indicator 

of severity. Although imprecise, its advantages include ease of application, 

low cost, and potential for continuous monitoring.

• Venous admixture and dead space are valuable tools to assess impairment of 

pulmonary gas exchange. It must be noted, however, that venous admixture 

relates strongly to the cardiac output: an increased cardiac output promotes 

right-to-left shunt, whereas a decrease of cardiac output may raise PaO2. The 

ratio of end-tidal PCO2 of exhaled gas to PaCO2 (the PEtCO2/PaCO2 ratio) and 

the ventilatory ratio are readily available and useful correlates of dead space.

ANNOTATED REFERENCES

Akoumianaki E, Maggiore SM, Valenza F, et al. The application of esophageal 

pressure measurement in patients with respiratory failure. Am J Respir Crit 

Care Med. 2014;189(5):520–531.

Authoritative discussion of the value and limitation of pleural pressure esti-

mation in the clinical setting.

Bellani G, Pesenti A. Assessing effort and work of breathing. Curr Opin Crit 

Care. 2014;20(3):352–358.

Readable and informative discussion of the monitoring of patient effort.

Cortes GA, Marini JJ. Two steps forward in bedside monitoring of lung 

mechanics: Transpulmonary pressure and lung volume. Crit Care.

2013;17(2):219.

Rationale behind the need for considering the pressures and stresses actually 

applied across the lungs when the surrounding pulmonary enclosure is modi-

fied by pleural effusion, abdominal hypertension, or massive obesity.

Fumagalli J, Berra L, Zhang C, et al. Transpulmonary pressure describes lung 

morphology during decremental positive end-expiratory pressure trials in 

obesity. Crit Care Med. 2017;45(8):1374–1381.

Physiologic and evidence-based discussion that emphasizes how the variation 

of mechanics among patients with acute lung injury and ARDS should in-

form their mechanical ventilation support.

CONCLUSION
Personalized mechanical ventilation is rooted in a mastery of basic 

physiologic principles.44 As the COVID-19 pandemic has reminded us, 

this approach, rather than reliance on population- based evidence, 

 References for this chapter can be found at expertconsult.com.

guidelines, and tables, makes a lifesaving difference. Although new 

knowledge may reshape our understanding, the elements of physiol-

ogy will always be the unshakable foundation of rational and effective 

ICU management.

Giosa L, Busana M, Bonifazi M, et al. Mobilizing carbon dioxide stores. An 

experimental study. Am J Respir Crit Care Med. 2021;203(3):318–327.

Detailed experimental demonstration of CO2 kinetics and rebalancing after a 

metabolic disturbance to equilibrium.

Marini JJ, Ravenscraft SA. Mean airway pressure: Physiologic determinants 

and clinical importance—Part 2: Clinical implications. Crit Care Med.

1992;20(11):1604–1616.

Detailed rationale for paying more attention to this often neglected but uni-

versally available and highly informative variable of passive ventilation.

Marini JJ, Rocco PRM, Gattinoni L. Static and dynamic contributors to venti-

lator-induced lung injury in clinical practice. Pressure, energy, and power. 

Am J Respir Crit Care Med. 2020;201(7):767–774.

Detailed, physics-based arguments that underpin VILI and the scientific  

approach to the lung-protective ventilation of ARDS.

Mauri T, Yoshida T, Bellani G, et al. Esophageal and transpulmonary pressure 

in the clinical setting: Meaning, usefulness and perspectives. Intensive Care 

Med. 2016;42(9):1360–1373.

Comprehensive discussion of pleural pressure monitoring and its utility for 

tracking the mechanics of the lung.

Nuckton TJ, Alonso JA, Kallet RH, et al. Pulmonary dead-space fraction as a 

risk factor for death in the acute respiratory distress syndrome. N Engl J 

Med. 2002;346(17):1281–1286.
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Widely quoted documentation of the association between CO2-exchanging 

efficacy, disease severity, and outcome.

Ortiz RM, Cilley RE, Bartlett RH. Extracorporeal membrane oxygenation in 

pediatric respiratory failure. Pediatr Clin North Am. 1987;34(1):39–46.

Balanced discussion of the influence, benefits, and consequences of this  

methodology in the pediatric population.

Otis AB, Fenn WO, Rahn H. Mechanics of breathing in man. J Appl Physiol. 

1950;2:592–607.

Classical description of the interactions that serve to underpin the determi-

nants of lung mechanics.

Riley RL, Cournand A. Ideal alveolar air and the analysis of ventilation-

perfusion relationships in the lungs. J Appl Physiol. 1949;1(12):825–847.

Classical foundation of models for gas exchange.

Roca O, Caralt B, Messika J, et al. An index combining respiratory rate and 

oxygenation to predict outcome of nasal high-flow therapy. Am J Respir 

Crit Care Med. 2019;199(11):1368–1376.

Well-reasoned approach to evaluating the gas-exchanging impact of a newer, 

noninvasive methodology.

Sinha P, Fauvel NJ, Singh S, et al. Ventilatory ratio: A simple bedside measure 

of ventilation. Br J Anaesth. 2009;102(5):692–697.

One of the original descriptions of a bedside-ready method for evaluating 

CO2 exchange demands and efficiency.
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Clinical management of patients with acute respiratory failure is based 

on the concept that significant changes in respiratory mechanics, re-

spiratory muscle performance, and control of breathing are the under-

lying mechanisms responsible for acute respiratory failure.1 The effects 

of mechanical ventilation on gas exchange, respiratory muscle load, 

and dyspnea depend on the matching between the ventilator settings 

and the patient’s respiratory physiology. However, mechanical ventila-

tion is rarely optimized, which would require ventilator settings based 

on accurate and reproducible measurements of lung and chest wall 

mechanics, respiratory muscle function, and respiratory drive.2–5

RESPIRATORY PHYSIOLOGY

The goal of the intrinsic ventilatory control system is to integrate the 

timing and intensity of the phrenic nerve signal, inputs from chemo-

receptors and pulmonary stretch receptors, and variations in meta-

bolic demands. Contraction of the respiratory muscles leads to the 

generation of flow and volume to provide adequate alveolar ventila-

tion with tolerable work of breathing.6 During spontaneous breath-

ing,7 the respiratory muscles generate pressure (Pmus) to produce flow 

against the resistive properties (RRS), deliver volume against the elastic 

properties (ERS) of the respiratory system, and overcome any intrinsic 

positive end-expiratory pressure (PEEPi, known better clinically as 

auto-PEEP). Under these circumstances, the act of spontaneous 

breathing can be described at any instant as follows:

 (Equation 1)Pmus=Pres Pel PEEPi� � 

where Pres represents the resistive pressure and is a function of flow 

(Pres 5 Flow 3 RRS) and Pel represents the elastic recoil pressure gen-

erated by lung expansion and is a function of volume (Pel 5 Volume 

3 ERS). Assuming that RRS and ERS are linear, the equation becomes:

 
(Equation 2)Pmus = Flow R Volume E PEEPiRS RS� � � � ( ) ( )

In patients with acute respiratory failure requiring ventilatory sup-

port, pressure generated by the ventilator (Pappl) is added to the pres-

sure generated by the contraction of the respiratory muscles according 

to the following equation:

 (Equation 3) Pmus Pappl = Flow R

Volume E PEEPi

RS

RS

� �

� � � 

( )

( )

The complex interaction among all the variables in Equation 3 can be 

summarized by the concept of neuroventilatory coupling (Fig. 54.1).8 

Under normal conditions, as well as at the onset of acute respiratory fail-

ure before mechanical assistance is delivered, the spontaneous contraction 

of the respiratory muscles suddenly generates flow and volume; the slope 

of the relationship between effort and ventilatory output is conditioned by 

the contractile properties of the respiratory muscles and the impedance of 

the respiratory system. When positive pressure is applied to assist the ac-

tion of breathing using most modes of mechanical ventilation, the cou-

pling between effort and output may be compromised.

During volume-targeted assist-control ventilation (ACV), flow and 

tidal volume remain unaffected by muscle contraction. During pres-

sure-targeted flow-cycled (pressure support ventilation [PSV]) or 

time-cycled (assist-control pressure-targeted ventilation [AC/PCV]) 

ventilation, despite better coupling between inspiratory effort and the 

ventilator’s output, any increase in respiratory impedance decreases 

the amount of delivered flow and volume.8 During noninvasive venti-

lation (NIV), air leaks may further compromise the coupling between 

patient effort and ventilatory output.9

PATIENT AND VENTILATOR VARIABLES

Patient Variables
The patient interacts with the ventilator based on three physiologic 

variables2,10,11:

 1. Respiratory drive12

 2. Ventilatory requirements5

 3. Timing of the breathing pattern10

Ventilator Variables
The ventilator interfaces with the patient’s physiology based on three 

technologic variables:

 1. Delivery mechanism (control variable); that is, the algorithm used 

by the ventilator to assist ventilation through the delivery of flow, 

volume, or pressure13–18

 2. Inspiratory trigger (phase trigger variable), or the determinant of 

when the ventilator starts to deliver flow, volume, and pressure19,20

 3. Cycle-off criterion (phase cycling variable), or the determinant of 

when the ventilator stops assisting inspiratory effort and opens the 

circuit to allow tidal deflation16,17

Features of ventilators, such as blowers and inspiratory, expiratory, 

and positive end-expiratory pressure valves, influence the interaction 

between patient and ventilator.21–24

To unload the respiratory muscles, restore adequate gas exchange, 

and relieve the patient from dyspnea, the clinician has two options: (1) 

total ventilator-controlled mechanical support or (2) partially patient-

controlled support.

Total Ventilator-Controlled Mechanical Support

In this mode, flow, volume, and pressure are imposed by the ventilator, 

which thus totally replaces the patient’s breathing pattern. Any pressure 
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generated by the respiratory muscles is silenced or ineffectual. Although 

this passive condition can be achieved in some conscious patients (i.e., 

patients with neuromuscular diseases), it usually requires sedation and/

or paralysis. The risk of patient-ventilator asynchrony is abolished, but 

there are potential risks associated with sedation and paralysis,25 includ-

ing respiratory muscle atrophy,26 lung damage caused by overdisten-

tion,27 patient discomfort,28 retention of airway secretions, and diffi-

culty weaning after prolonged controlled mechanical ventilation.1

Partial Patient-Controlled Mechanical Support

In this other type of assistance, spontaneous breathing activity is par-

tially preserved,29 with a decreased need for sedation and paralysis.30 

The ability to restore gas exchange, unload respiratory muscles, and 

relieve dyspnea with partial patient-controlled mechanical support 

depends strongly on the absence of patient-ventilator asynchrony.31

Although often unrecognized, underestimated, and inappropriately 

treated, patient-ventilator asynchrony is a common phenomenon as-

sociated with unfavorable outcomes.3–5,18,31–39 Patient-ventilator asyn-

chrony appears whenever a mismatch between the three physiologic 

variables characterizing spontaneous breathing (ventilatory drive, ven-

tilatory requirements, and the duration and ratio of inspiratory time 

to total breath cycle duration) and the three technologic variables 

characterizing ventilator function (trigger function, the gas delivery 

algorithm [controlled variable], and cycling criterion) occurs.

RESPIRATORY DRIVE–VENTILATOR TRIGGER 
ASYNCHRONY

During partial ventilatory assistance, the inspiratory synchronization 

system (inspiratory trigger) detects the patient’s inspiratory effort and 

activates a mechanical response. Therefore inspiratory effort is tracked 

to couple the patient’s effort with the delivery of pressure, flow, or 

volume. The goal of an effective inspiratory trigger is to reduce the 

duration and intensity of the muscular effort as much as possible be-

fore the initiation of a mechanically supported breath.40 It has been 

suggested that a trigger (independent of the algorithm) must have a 

response time of less than 100 ms. However, even then the inspiratory 

effort necessary to trigger a breath may remain a significant part of the 

total inspiratory effort, representing 17% and 12% of the total inspira-

tory effort during pressure and flow triggering, respectively. 13–21,32,33 

Aslanian and coworkers found that although the time required for 

triggering was 43% shorter and the effort during the time of triggering 

was 62% less with flow triggering than with pressure triggering, effort 

for the posttriggering phase was equivalent for both these modalities.41 

Therefore the clinical benefit of flow triggering appears to be much less 

relevant than commonly stated.3

Inspiratory phase asynchrony may be correlated with respira-

tory drive. Phase lag quantifies the delay between the start of inspi-

ratory muscle activity and the beginning of mechanical inflation 

(Fig. 54.2).3,10,11 The presence of a threshold load, such as auto-

PEEP (intrinsic PEEP), may further complicate the patient-ventila-

tor interaction during the triggering phase.19 Giuliani and col-

leagues suggest that effort during triggering determines patient 

effort during the remaining portion of inspiration.42 Leung and 

coworkers demonstrated that the higher the level of ventilator-ap-

plied pressure, the lower the respiratory drive but the longer the 

time required to trigger the ventilator. As a result, respiratory 

muscles generate smaller inspiratory swings in intrathoracic pres-

sure but over a longer inspiratory time.2 Another problem is related 

to the fact that pressure is usually detected inside the ventilator, not 
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tion of respiratory muscles suddenly generates flow and volume. The 

slope of the relationship between effort and ventilatory output is condi-

tioned by the contractile properties of the respiratory muscles and im-

pedance of the respiratory system. When positive pressure is applied 

to assist the action of breathing in the most common modes of me-

chanical ventilation, the coupling between effort and output is compro-

mised. During volume-targeted assist-control ventilation (ACV), flow 

and volume remain constant despite changes in muscle contraction. 

During pressure support ventilation (PSV), despite a sort of coupling 

between inspiratory effort and ventilatory output, any increase in respi-
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inside the patient. Therefore any resistive load (e.g., endotracheal 

tube or upper airways during NIV) reduces the ventilator trigger 

sensitivity in response to patient effort.18

Auto-triggering can be defined as a mandatory breath delivered in 

the absence of a patient’s inspiratory effort.22 The number of breaths 

monitored by the ventilator are higher than those initiated by the pa-

tient. Auto-triggering can be generated by too sensitive inspiratory 

triggers, air leaks, or an external signal, such as heart rate or water in 

the respiratory circuit.

Ineffective triggering is defined as an inspiratory effort that is not 

followed by ventilator activation, caused by the inability of the latter 

to detect the patient’s “request” despite substantial inspiratory effort 

(Fig. 54.3). This asynchrony usually occurs with high levels of ventila-

tor assistance and short expiratory times. Mechanical characteristics 

that may induce ineffective triggering include low elastance, high re-

sistance, and PEEPi. Ineffective triggering is not correlated to an in-

crease in the patient’s inspiratory effort.2 The application of external 

PEEP below the level of auto-PEEP can reduce the inspiratory effort 

required to trigger the ventilator.43

Double triggering, defined as the presence of two inspiratory cycles 

separated by a very short expiratory time, may result in breath stack-

ing. Double triggering can be elicited by high patient ventilatory de-

mand that causes two breaths to be triggered with a limited expiratory 

phase caused by too short of a ventilator inspiratory time (Ti) com-

pared with the patient’s neural time. This problem can be addressed by 

increasing Ti in time-cycled mode, by adjusting the expiratory thresh-

old time in the flow-cycled mode, or by optimizing the pressure rise 

time (i.e., the time taken to reach the targeted pressure set for the ventila-

tor).44

Reverse triggering is a recently discovered form of neuromechanical 

coupling that occurs in heavily sedated patients.45,46 In this case, contrary 

to the usual triggering sequence (patient’s effort switching on the ventila-

tor-driven breath), mechanical insufflation triggers diaphragmatic muscle 

contraction. It has been conjectured that reverse triggering may be associ-

ated with an injurious inflation pattern, but this has never been confirmed. 

During reverse triggering, diaphragm contraction generates a deflection in 

pleural pressure confined to the dependent lung and draws gas from else-

where in the lung (pendelluft effect) or from the trachea and ventilator 

toward the dependent lung. This phenomenon was observed in a swine 

model to cause regional overstretching of the dependent lung.46

New triggering algorithms aim to improve the patient-ventilator 

interaction during sudden changes in flow or respiratory rate and in 

the presence of air leaks during NIV. Volume triggers, triggers linked to 

flow waveform algorithms, combining pressure and flow signals in the 

same trigger algorithm, or using both pressure and flow triggers have 

been developed. However, all inspiratory trigger drawbacks may be 

overcome by using a neural trigger obtained using a dedicated naso-

gastric tube with multiple arrays of electrodes placed in the distal 

esophageal portion.8,47,48

VENTILATORY REQUIREMENT–GAS DELIVERY 
ASYNCHRONY

Gas delivery asynchrony occurs when ventilator-delivered flow, vol-

ume, and pressure are insufficient to meet the patient’s ventilatory 

demand. Ward and coworkers confirmed the observations of Marini 

and colleagues29 demonstrating that increasing the flow rate could re-

duce the patient’s respiratory drive and active respiratory muscle 

work,13 although this may exert an excitatory effect on the respiratory 

rate and the rate of rising of inspiratory muscle activity.3,16,17,49–54 Laghi 

and coworkers demonstrated that the inspiratory time imposed during 

mechanical ventilation determined respiratory frequency, independent 

of inspiratory flow and tidal volume.16 Pressure-targeted breaths may 

more effectively match the patient’s ventilatory requirements because 

flow is the dependent (resultant) variable during constant pressure 

delivery. In addition, rapid pressurization of the airways is coupled 

with high inspiratory flow only at the beginning of inspiration, thus 

reproducing the physiologic flow profile.55 However, during a pres-

sure-targeted breath, the setting for the time of pressure increase may 

influence the patient-ventilator interaction because its modification 

determines the dependent flow output.56,57

INSPIRATORY TIMING–VENTILATOR CYCLING 
ASYNCHRONY

A breath can be pressure-, time-, volume-, or flow-cycled.57 Although 

volume and pressure cycling are no longer used, a breath is defined as 

time-cycled when it is terminated after a given preset inspiratory time 

is reached (e.g., pressure- or volume-controlled time-cycled breaths). 

The breath is flow-cycled when the generated inspiratory flow decays 

from its peak by a fixed percentage (e.g., PSV mode).

Ventilator-patient asynchrony occurs when the patient is trying to 

exhale, but the ventilator is still delivering gas.35,58,59 Parthasarathy and 

coworkers demonstrated that prolonging mechanical inflation into 

neural expiration reduces the time available for unopposed exhalation, 

resulting in the need for a greater inspiratory effort to trigger the ven-

tilator.58 Younes and colleagues showed that the delayed opening of the 

exhalation valve in ventilator-dependent patients exacerbates dynamic 

hyperinflation.60

In patients ventilated with time-cycled breaths, expiratory phase 

asynchrony occurs when the patient’s neural inspiratory time is shorter 

or longer than the ventilator inflation time. For proper cycling of the 

ventilator and optimal patient-ventilator synchrony, the patient’s in-

spiratory flow and ratio of inspiratory time–to–total breath cycle dura-

tion must be tracked.
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Fig. 54.3 Representative Tracings Show Ineffective Triggering 

Caused by the Ventilator’s Inability to Detect the Patient’s “Request” 

for an Assisted Breath. A substantial inspiratory effort (arrows) gener-

ates only a bump in the flow and pressure tracings instead of a manda-

tory assisted breath. Flow, Flow generated at airway opening; Paw, the 

pressure applied at airway opening; Pes, esophageal pressure.
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During flow-cycled breaths, as in pressure-support mode, inspira-

tory time is determined exclusively by the time taken for the exponen-

tially declining flow to reach the flow threshold value (the “off trigger” 

point for cycling between inspiration and expiration).32,61 The inspira-

tory flow threshold value, also called the expiratory trigger, thus con-

trols the inspiration-to-expiration switch in these modalities under the 

postulate that the very end of patient inspiration is tracked by inspira-

tory flow decay.56,62

The goal of these ventilatory modes is to optimize the synchroniza-

tion between spontaneous patient inspiratory time and ventilator in-

spiratory time. However, for proper cycling-off and optimal patient-

ventilator synchrony, the ventilator must always track the patient’s 

inspiratory flow.58,63,64

PATIENT-VENTILATOR ASYNCHRONY DURING 
PRESSURE SUPPORT VENTILATION

Three phases may influence patient-ventilator interaction during PSV: 

(1) the threshold value of inspiratory flow decay (expiratory trigger), 

(2) the pressure ramp (pressure slope), and (3) the level of PSV.

(1) The expiratory trigger sensitivity can be fixed (default at 25% of 

peak flow) or can vary from 1% to 90% or from 5 to 25 L/min in some 

old ventilator software (Fig. 54.4).65 It can also be linked to algorithms 

where there is a ranking logic of expiratory cycling criteria that links 

cycling to expiration. Setting the expiratory trigger at a higher percent-

age of peak inspiratory flow (i.e., 40%–70% of decay of the peak inspira-

tory flow) in patients with obstructive pulmonary disease improves pa-

tient-ventilator synchrony and reduces inspiratory muscle effort.66 In 

addition, the modification of the cycling-off criteria may have a benefi-

cial effect on reducing the dynamic hyperinflation and inspiratory effort 

in chronic obstructive pulmonary disease (COPD) patients, especially at 

low levels of pressure support.67

The proper adjustment of the expiratory trigger threshold may be 

important in improving patient-ventilator synchrony and in decreas-

ing the work of breathing during acute lung injury. Unlike in obstruc-

tive pulmonary disease, setting the threshold at 5% of the peak inspira-

tory flow might be the optimal value for patients with acute respiratory 

distress syndrome or acute lung injury.68 Indeed, Chiumello and col-

leagues found that in patients recovering from acute lung injury dur-

ing PSV at 15 cm H2O, the lowest cycling-off criteria reduced the re-

spiratory rate and increased the tidal volume without modifying the 

work of breathing.69

The expiratory sensitivity setting is crucial when ventilators are 

used to deliver NIV, because air leaks may cause an abnormal prolon-

gation of the mechanical inspiratory time at the expense of a patient’s 

expiration requirements (inspiratory hang-up) (Fig. 54.5).70–75

(2) The setting of the pressure rise time (pressure slope) can affect 

the expiratory threshold by modifying the dependent inspiratory 

flow.69,76–79 Although there is some evidence that rapid pressure rise 

times might reduce a patient’s work of breathing,77 a fast pressure in-

crease may lead to particularly high peak inspiratory flow, which may 

then cause premature termination of inspiration when the fixed per-

centage criterion for expiratory cycling is reached (Fig. 54.6).18,67,79

Prinianakis and collagues assessed the effects of varying the rate of 

pressure change during noninvasive PSV on the breathing pattern of 

patients with COPD, in addition to inspiratory effort, arterial blood 

gases, tolerance to ventilation, and the amount of air leakage. No sig-

nificant changes were observed in breathing pattern and arterial blood 

gases between the differing pressure slopes, but the pressure-time 

product of the diaphragm—an estimate of its metabolic consump-

tion—significantly decreased with increasing the rate of pressuriza-

tion. Interestingly, air leaks increased and the patients’ tolerance of 

ventilation was significantly poorer with the fastest rate of pressure 

change.80
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ratory Trigger Sensitivity on a Flow-Time Plot. Top to bottom, Expira-

tory trigger set at 25%, 50%, and 75% of peak flow. Ventilator inspira-
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Pes, esophageal pressure.
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(3) During NIV, the pressure support level affects patient-ventilator 

interactions, mainly through effects on the generation of air leaks.9,71 

Because air leaks may determine modifications in the inspiratory flow 

profile (see earlier), their reduction by lowering to a PSV level of 1 or 

2 cm H2O has been demonstrated to improve patient-ventilator asyn-

chrony.9

In conclusion, dyssynchrony at the termination of a PSV breath can 

be corrected by varying the cycling-off criteria (e.g., the expiratory 

trigger threshold) or modulating the inspiratory flow (e.g., modifying 

the pressure slope or varying the set pressure level).9 Automated modes 

designed to achieve an optimal expiratory cycling during PSV are 

available, but their added value deserves further investigation.81,82

TOTAL PATIENT-CONTROLLED MECHANICAL 
SUPPORT

Optimization of patient-ventilator interactions can be attained only by 

continuously matching the triggering, flow delivery, and cycling func-

tions of the ventilator with the patient’s ventilatory drive, spontaneous 

inspiratory flow demand, and ratio of inspiratory time to the total 

breath cycle. This implies a continuous measurement of physiologic 

variables and continuous adaptation of the ventilator to spontaneous 

variations in these variables. Future development in ventilator technol-

ogy should be oriented toward systems with the capability to auto-

matically interface between physiologic parameters and ventilator 

output. Such technology will be based on closed-loop algorithms able 

to achieve total patient-controlled mechanical support.4

The design features of an automatic control system in a mechanical 

ventilator include (1) what activates the system (the input), (2) what 

the system produces (the output), and (3) the protocol used to link 

input and output (the controlling algorithm). In a closed-loop system, 

the output will activate and condition the input. When changes in 

output are opposite to changes in input, the closed loop is said to be 

negative. The closed loop is positive when variations in output mirror 

variations in input. The most common example of a negative closed-

loop control system in a clinical setting is the ventilator humidifier. In 

this case, the input is the temperature inside the chamber, and the 

output is the temperature of the gas being delivered to the patient. The 

controlling algorithm is designed to keep the latter constantly above a 

value set by the operator. If the output (i.e., the temperature of gas 

delivered to the patient) is lower than the preset level, the algorithm 

will increase the input (i.e., the temperature in the chamber). If the 

output is higher than the preset level, the algorithm will decrease the 

input. Closed-loop systems are hence able to stabilize and limit the 

performance of a mechanical system.

In the case of acute respiratory failure, the patient is unable to pro-

vide sufficient output (i.e., minute ventilation). Therefore the ventila-

tor should be able to detect the input from the patient and continu-

ously adapt the output. If the input is increasing (i.e., ventilatory 

requirements are increasing), the ventilator will increase the output 

(i.e., apply more positive pressure). If the input is decreasing (i.e., ven-

tilatory requirements are decreasing), the ventilator will decrease the 

output (i.e., apply less positive pressure). The controlling closed loop 

eventually applied by the ventilator must be positive. Positive closed-

loop control systems are inherently unstable in the sense that they tend 

to “run away” with ventilatory assistance. If the pressure generated by 

the ventilator is higher than the pressure required to offset the passive 

properties of the respiratory system, the ventilator will continue to 

deliver flow and volume even while the patient stops his or her inspira-

tory effort and tries to initiate expiration and “extinguish” ventilatory 

assistance. If the patient does not produce any inspiratory effort, the 

ventilator will not produce any ventilatory support.

Based on closed-loop algorithms, new modes of mechanical venti-

lation have been proposed. Such approaches represent modifications 

of PSV and are characterized by the patient’s ability to control the 

amount of assistance provided by the ventilator. They are differenti-

ated by the patient-related variables used to close the loop.

PROPORTIONAL ASSISTED VENTILATION, 
PROPORTIONAL PRESSURE SUPPORT, AND 
PROPORTIONAL ASSISTED VENTILATION PLUS

During proportional assisted ventilation (PAV) and proportional pres-

sure support (PPS), the ventilator generates pressure in proportion to 

the patient-generated flow and volume83,84; the ventilator amplifies 

patient effort without imposing any ventilatory or pressure targets; 

and ventilator-generated pressure rises as long as inspiratory muscle 

effort is produced by the patient. During these modes of mechanical 

support, the clinician adjusts the percentage of flow-assisted or vol-

ume-assisted ventilation after determining the patient’s resistance and 

elastance, with the goal of reducing the load imposed by the patient’s 

inspiratory workload.85–87 Despite the exciting potential of these tech-

niques87-90 applied either invasively or noninvasively,81–99 no large-scale 

studies have demonstrated an improvement in patient outcome with 
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tory time (shaded area) is influenced by preset pressure-slope sensitivity that generates a different peak in-

spiratory flow. Flow, Flow generated at airway opening; Paw, the pressure applied at airway opening.
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PAV or PPS compared with other modes of ventilation. Several studies 

performed during invasive ventilation showed that PAV improves pa-

tient-ventilator synchrony at the start of inspiration32,92,94 but not 

necessarily at the end.84–92

Compared with PAV, proportional assisted ventilation plus (PAV+) 

provides a continuous measurement of the patient’s elastance and re-

sistance according to the method described by Younes and cowork-

ers.85–87,95–99 This option requires that the physician set only a given 

percentage of the overall pressure requirement. During invasive venti-

lation, PAV1 appears to reduce the incidence of patient-ventilator 

asynchronies considerably compared with conventional PAV100 

(Fig. 54.7). When compared with PSV, PAV1 decreases the setting 

time and responds automatically to changes in sedative doses.101

NEURALLY-ADJUSTED VENTILATORY ASSISTANCE

With neurally-adjusted ventilatory assistance (NAVA), the electrical activ-

ity of the diaphragm is measured using an electrode array inserted into a 

nasogastric tube placed in the lower esophagus; this information is then 

used to control the ventilator to generate flow, volume, and pressure by 

applying pressure in proportion to diaphragm electrical activity.8,44,45,102,103 

A representative tracing of NAVA is shown in Fig. 54.8. With NAVA, there-

fore, the patient retains full control of the breathing pattern.104 Unlike the 

proportional assist mode just described, estimates of respiratory mechan-

ics are not needed. With NAVA, the patient’s respiratory center controls the 

assisted positive breaths in all phases of the ventilation cycle, from trigger-

ing to cycling-off of inspiration. Any change in patient ventilatory output 

Flow (L/s)

PAV level 95% 50%

Time (s)

Paw (cm H2O)

Peso (cm H2O)

Pga (cm H2O)

Pdi (cm H2O)

Fig. 54.7 Representative tracing of flow (Flow L/s), airway pressure (Paw cm H2O), esophageal pressure 

(Peso cm H2O), gastric pressure (Pga cm H2O), and transdiaphragmatic pressure (Pdi cm H2O) during propor-

tional assisted ventilation plus (PAV+) ventilation. Directional arrow (bottom) going from left to right shows 

that the gain is reduced from 95% to 50% with a subsequently increased inspiratory effort. Dotted arrows 

(top) indicate the measurement of respiratory mechanics automatically computed by the ventilator.
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is matched within the breath by the ventilator, even in the presence of 

variations in respiratory mechanics.

NAVA has been shown to decrease ineffective efforts (trigger asyn-

chrony) and premature and delayed cycling (cycle asynchrony) com-

pared with pressure-controlled, flow-cycled ventilation (i.e., PSV).105–107 

Furthermore Vignaux and colleagues showed that compared with pres-

sure support via NIV, NAVA improves patient-ventilator synchrony even 

in infants and children. It does so by reducing both triggering delay and 

the number of asynchrony events.108 NAVA also appears to improve pa-

tient-ventilator synchrony during helmet ventilation.109 NAVA has one 

major advantage compared with PAV, as air leaks do not interfere with 

its correct functioning.110

Recently, it has been reported that NAVA reduced micro-asynchronies 

(inspiratory trigger delay, premature and late cycling) in tracheostomized 

patients, despite no reduction in macro-asynchronies (ineffective, double, 

and auto-triggering) when compared with PSV.111

In conclusion, recent meta-analyses reported that NAVA improves 

patient-ventilator synchrony; however, its beneficial effect on clinical 

outcomes is still uncertain, and more studies are needed.112,113

ADAPTIVE SUPPORT VENTILATION

Compared with PAV and NAVA, adaptive support ventilation is a time-

limited, pressure-targeted mode of ventilation (pressure-controlled 

ventilation) that relies on a negative closed-loop system of regulating 

ventilator settings across multiple breaths in response to changes in 

respiratory impedance (elastance and resistance), spontaneous efforts, 

and end-tidal PCO2.
114 The basic principle relies on the work of Otis 

and colleagues115 and Mead and coworkers6 demonstrating that for a 

given level of minute alveolar ventilation, there is a respiratory rate 

that is least costly regarding respiratory work. With adaptive support 

ventilation, the operator enters the patient’s body weight and sets the 

desired minute ventilation. The expiratory time constant is deter-

mined by analysis of the tidal expiratory flow-volume curve.116 Adap-

tive support ventilation adjusts for inspiratory pressure, inspiratory-

expiratory time ratio, and the mandatory respiratory rate to maintain 

the target minute ventilation and respiratory rate within a framework 

designed to avoid rapid, shallow breathing; excessive inflation vol-

umes; and dynamic hyperinflation. Spontaneous breathing triggers 

either a pressure-controlled or a spontaneous breath with inspiratory 

pressure support, the level of which is adjusted to meet the target re-

spiratory rate–tidal volume combination.
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ANNOTATED REFERENCES

Akoumianaki E, Lyazidi A, Rey N, et al. Mechanical ventilation-induced re-

verse-triggered breaths: a frequently unrecognized form of neuromechani-

cal coupling. Chest. 2013;143:927–938.

This physiologic study reported that reverse triggering is frequently present in 

deeply sedated, mechanically ventilated patients with acute respiratory dis-

tress syndrome (ARDS). It underlines this often unrecognized or overlooked 

phenomenon and its potential importance for the ventilation of ARDS pa-

tients.

Appendini L, Purro A, Gudjonsdottir M, et al. Physiologic response of ventila-

tor-dependent patients with chronic obstructive pulmonary disease to 

proportional assist ventilation and continuous positive airway pressure. 

Am J Respir Crit Care Med. 1999;159(5):1510–1517.

In difficult-to-wean patients with chronic obstructive pulmonary disease, pro-

portional assisted ventilation (PAV) appeared to improve ventilation and de-

crease inspiratory muscle effort. The study also found that the combination of 

PAV and continuous positive airway pressure can unload the inspiratory 

muscles to values close to those in normal subjects.

Beck J, Sinderby C, Lindström L. Effects of lung volume on diaphragm EMG 

signal strength during voluntary contractions. J Appl Physiol. 

1998;85(3):1123–1134.

These authors found that variations in end-expiratory lung volume between 

breaths can affect the transformation of respiratory muscle activation into 

mechanical output (neuromechanical coupling).

Calderini E, Confalonieri M, Puccio PG, et al. Patient-ventilator asynchrony 

during noninvasive ventilation: the role of the expiratory trigger. Intensive 

Care Med. 1999;25(7):662–667.

This article describes the loose patient-ventilator synchrony in the presence of 

air leaks and noninvasive pressure support ventilation.

Laghi F, Karamchandani K, Tobin MJ. Influence of ventilator settings in deter-

mining respiratory frequency during mechanical ventilation. Am J Respir 

Crit Care Med. 1999;160(5):1766–1770.

These authors reported that during the assist-control mode, ventilator inspi-

ratory time can determine respiratory frequency independently of inspiratory 

flow and tidal volume.

Leung P, Jubran A, Tobin MJ. Comparison of assisted ventilator modes on 

triggering, patients’ effort, and dyspnea. Am J Respir Crit Care Med. 

1997;155(6):1940–1948.

This study found that when receiving assist-control ventilation or high levels 

of pressure support, one-quarter to one-third of a patient’s inspiratory efforts 

may fail to open the inspiratory valve triggering the machine. The number of 

ineffective triggering attempts increases in proportion to the level of ventila-

tory assistance and is not correlated with the magnitude of inspiratory effort 

at a given level of assistance.

Parthasarathy S, Jubran A, Tobin MJ. Cycling of inspiratory and expiratory 

muscle groups with the ventilator in airflow limitation. Am J Respir Crit 

Care Med. 1998;158(5):1471–1478.

• Patient-ventilator asynchrony occurs commonly during mechanical ventila-

tory support. It is often unrecognized, underestimated, and inappropriately 

treated in a clinical setting.

• Patient-ventilator asynchrony occurs when the three physiologic variables 

of the patient’s breathing pattern, ventilatory drive, driving, and timing 

components of the breathing cycle do not match ventilator trigger, ventila-

tor-delivered flow, and ventilator cycling criteria, respectively.

KEY POINTS

• Clinical optimization of patient-ventilator interactions can be obtained only 

by continuously matching the triggering, flow delivering, and cycling func-

tions of the ventilator with the patient’s physiologic variables.

• Optimization of patient-ventilator interactions during invasive or noninva-

sive ventilation implies a continuous measurement of physiologic variables 

and continuous adaptation of the ventilator to the spontaneous variations 

in these physiologic variables.

• Future developments in ventilator technology should be oriented toward a 

system with the capability to interface automatically and seamlessly be-

tween physiologic parameters and ventilator outputs. Such technology will 

be based on closed-loop algorithms able to achieve total patient-controlled 

mechanical support.

KEY POINTS—cont’d
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The continuation of a mandatory mechanical breath into neural expiration 

was associated with a waste of inspiratory effort, defined as failure of the sub-

sequent inspiratory attempt to trigger the ventilator.

Parthasarathy S, Tobin JM. Effect of ventilator mode on sleep quality in criti-

cally ill patients. Am J Respir Crit Care Med. 2002;166(11):1423–1429.

Inspiratory assistance during pressure support causes hypocapnia, which com-

bined with a lack of a backup rate and wakefulness drive, can lead to central 

apneas and sleep fragmentation, especially in patients with heart failure. A 

backup rate, as during assist-control volume-targeted ventilation, prevents 

the development of apneas and perhaps decreases arousals.

Sinderby C, Navalesi P, Beck J, et al. Neural control of mechanical ventilation 

in respiratory failure. Nat Med. 1999;5(12):1433–1436.

This article describes a completely new mode of breathing assistance regulated 

by detecting inspiratory effort, based on the measurement of electrical activity 

of the diaphragm using an electrode array inserted into a nasogastric tube 

and placed in the lower esophagus. The output generated from the electrodes, 

filtered for sources of electrical interference, is used to control the ventilator 

that finally generates the respiratory output.

Tobert DG, Simon PM, Stroetz RW, et al. The determinants of respiratory rate 

during mechanical ventilation. Am J Respir Crit Care Med. 

1997;155(2):485–492.

The authors examined the rate response of eight normal volunteers during 

both quiet wakefulness and non–rapid eye movement (non-REM) sleep in the 

setting of mechanical ventilation through a nasal mask in an assist-control 

mode with a machine backup rate of two breaths per minute. They found 

that both tidal volume and inspiratory flow settings affect the respiratory rate 

and can affect carbon dioxide homeostasis. During non-REM sleep, hypocap-

nia resulted in wasted ventilator trigger efforts. Thus ventilator settings ap-

propriate for wakefulness may cause ventilatory instability during sleep.

Younes M, Webster K, Kun J, et al. A method for measuring passive elastance 

during proportional assist ventilation. Am J Respir Crit Care Med. 

2001;164(1):50–60.

A noninvasive method to continuously measure elastance of the respiratory 

system during proportional assisted ventilation is described.
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Noninvasive Positive-Pressure Ventilation

Anas A. Ahmed and Nicholas S. Hill

Noninvasive ventilation is defined as the provision of ventilatory assis-
tance to the lungs without an invasive artificial airway. Noninvasive 
ventilators consist of a variety of devices, including negative- and 
positive-pressure units. Until the early 1960s, negative-pressure venti-
lation in the form of tank ventilators was the most common type of 
mechanical ventilation used outside the anesthesia suite.1 However, 
during the Copenhagen polio epidemic of 1952, it was observed that 
the survival rate improved when patients with respiratory paralysis 
were treated with invasive positive-pressure anesthesia devices. Subse-
quently, invasive positive-pressure mechanical ventilation gradually 
became the preferred means of treating acute respiratory failure.2 
Negative-pressure and other so-called body ventilators remained the 
mainstay of ventilatory support for patients with chronic respiratory 
failure until the mid-1980s.1

With improving mask and ventilator technology and recognizing 
the many advantages of positive- over negative-pressure ventilation,1 
noninvasive positive-pressure ventilation (NIV) displaced negative-
pressure ventilation as the treatment of choice for chronic respiratory 
failure in patients with neuromuscular and chest wall deformities.3 
Over the past 30 years, NIV has spread from the outpatient to the in-
patient setting, where it is now used to treat certain forms of acute 
respiratory failure (ARF). Studies involving large clinical databases 
show that NIV use for patients with ARF resulting from chronic ob-
structive pulmonary disease (COPD) and non-COPD diagnoses in-
creased several-fold during the first decade of the millennium.4 A 
survey in Massachusetts found that NIV is used very frequently in the 
acute care setting, constituting up to 40% of initial ventilator starts.5 
This chapter discusses the rationale for the increased use of NIV in 
critical care, in addition to appropriate indications, practical applica-
tions, and monitoring.

RATIONALE

The most important advantage of NIV is the avoidance of complica-
tions associated with airway intubation and invasive mechanical venti-
lation. These hazards include upper airway trauma, the bypass of the 
upper airway defense mechanisms, increased risk of nosocomial pneu-
monia, and interference with upper airway functions, including the 
ability to eat and communicate normally.6 By avoiding airway intuba-
tion, NIV leaves the upper airway intact, preserves airway defenses, 
and, during breaks, allows patients to eat and vocalize normally and to 
expectorate airway secretions. Compared with invasive mechanical 
ventilation, NIV reduces infectious complications, including pneumo-
nia, sinusitis, and sepsis.7–9 Strengthening the rationale for its use is 
evidence that NIV lowers the morbidity and mortality rates of well-
selected patients with ARF and may shorten hospital length of stay or 
avoid hospitalization altogether,10 thus reducing costs.

The main indication for mechanical ventilatory assistance is to 
treat respiratory failure, either type 1 (hypoxemic), type 2 (hypercap-
nic), or both. Fig. 55.1 shows that airspace collapse, surfactant abnor-
malities, and airway narrowing and closure contribute to ventilation-
perfusion abnormalities and shunt, which cause hypoxemia. By 
opening the collapsed air spaces and narrowed airways, sustained 
positive airway pressure reduces shunt and improves ventilation-per-
fusion relationships, ameliorating hypoxemia. In addition, positive 
airway pressure can reduce the work of breathing by improving lung 
compliance as a consequence of opening collapsed air spaces. Another 
potential benefit of positive airway pressure is enhanced cardiovascu-
lar function via the afterload-reducing effect of increased intrathoracic 
pressure. Conversely, deleterious cardiovascular effects may occur if 
the preload-reducing effect outweighs the afterload-reducing effect, as 
may be observed in patients with reduced intravascular fluid volume.

MECHANISMS OF ACTION

Fig. 55.2 shows the pathophysiologic mechanisms that contribute to 
ventilatory failure. Increased airway resistance, reduced respiratory 
system compliance, and intrinsic positive end-expiratory pressure (PEEP) 
contribute to the increased work of breathing, predisposing patients to 
respiratory muscle fatigue. In patients with COPD, the increased radius 
of the diaphragmatic curvature, which increases muscle tension and 
thereby increases impedance to blood flow, exacerbates the situation. By 
counterbalancing intrinsic PEEP with extrinsic PEEP and by augmenting 
tidal volume with intermittent positive-pressure ventilation (IPPV), NIV 
reduces the work of breathing and avoids the vicious cycle leading to  
respiratory failure. Work of breathing measurements, including transdia-
phragmatic pressure, diaphragmatic pressure-time product, and dia-
phragmatic electromyographic amplitude, are all decreased when NIV  
is delivered to patients with exacerbations of COPD. In such patients, 
continuous positive airway pressure (CPAP) and pressure-support venti-
lation (PSV) both reduce the work of breathing, but the combination of 
the two (PSV 1 PEEP) is more effective than either alone.11

INDICATIONS

A number of causes of ARF are now considered appropriate for NIV 
therapy and are listed in Box 55.1. Evidence supporting these indica-
tions is rated and briefly discussed here; guidelines for patient selection 
are discussed later. The European Respiratory Society/American Tho-
racic Society (ERS/ATS) Task Force for NIV offered recommendations 
and suggestions on clinical applications of NIV in 2017,12 which are 
incorporated into the discussion that follows. At the outset, it is im-
perative to emphasize that the interface used to apply NIV may be 
crucial to its efficacy in any individual patient.
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402 PART IV Pulmonary

Fig. 55.1 Pathophysiology of acute hypercapnia and points where continuous positive airway pressure 

(CPAP), positive end-expiratory pressure (PEEP), and pressure support (PS) interrupt the process (large 

arrows). Hypercapnia (increased partial pressure of carbon dioxide in arterial blood [PaCO2]) occurs when 

respiratory muscles fail to ventilate alveoli adequately to maintain homeostasis with carbon dioxide produc-

tion. Respiratory muscle failure occurs when the work of breathing is normal (e.g., acute or chronic neuro-

muscular disease) or increased (e.g., patients with chronic obstructive pulmonary disease, asthma, or obesity 

hypoventilation syndrome), presumably because of inadequate oxygen delivery to the respiratory muscles 

(e.g., approximately one-third of patients presenting with cardiogenic pulmonary edema). Strategies to coun-

ter these pathophysiologic mechanisms include applying CPAP or PEEP to counterbalance intrinsic PEEP 

(PEEPi), increasing alveolar ventilation by augmenting tidal volume (Vt), using intermittent positive-pressure 

ventilation (IPPV), and reducing CO2 production by decreasing the work of breathing. FiO2, Fraction of inspired 

oxygen; IPAP, inspiratory positive airway pressure; LV, left ventricular.
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Low V/Q
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pressure
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Fig. 55.2 Pathophysiology of acute hypoxemic respiratory failure and points where positive-pressure and 

oxygen supplementation interrupt the process. Low ventilation-perfusion ratios, shunt, and alveolar hypoven-

tilation cause hypoxemia. Hypoxemia is treated by increasing the fraction of inspired oxygen (FiO2) (limited 

benefit with shunt) and applying positive pressure (continuous positive airway pressure [CPAP] or positive 

end-expiratory pressure [PEEP]) to increase the residual functional capacity, open collapsed alveoli and 

narrowed airways, and enhance compliance. An additional beneficial effect of CPAP may occur in patients 

with cardiogenic pulmonary edema because it reduces both venous return and left ventricular afterload, 

which may enhance cardiovascular performance in patients with dilated, hypocontractile left ventricles. IPPV, 

Intermittent positive-pressure ventilation; PaCO2, arterial partial pressure of carbon dioxide; PPPi, intrinsic 

PEEP; VCO2, production of carbon dioxide.
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Airway Obstruction
Chronic Obstructive Pulmonary Disease
Randomized controlled trials13,14 and meta-analyses15 have consis-
tently shown that compared with conventional therapy, NIV improves 
vital signs, gas exchange, and dyspnea scores; reduces the rates of intu-
bation, morbidity, and mortality; and shortens hospital length of stay 
in patients with moderate to severe exacerbations of COPD. Thus NIV 
is considered the ventilatory mode of choice in selected patients with 
acute exacerbations of COPD. Some studies suggest that the addition 
of heliox to NIV further improves the work of breathing and gas ex-
change during COPD exacerbations,16 but a subsequent multicenter 
trial found no improvement in other outcomes compared with NIV 
alone.17 The ERS/ATS Task Force gave a strong recommendation for 
use of NIV as the ventilatory modality of first choice for patients with 
hypercapnic respiratory failure caused by COPD exacerbations.12 
More recent clinical practice guidelines suggest the use of nocturnal 
NIV in the home in addition to usual care for patients with chronic 
stable hypercapnic COPD (arterial partial pressure of carbon dioxide 
[PaCO2] 52 mm Hg) given several desirable effects of NIV, including 
possible reductions in mortality and hospital admissions, improved 
quality of life (QOL), reduced dyspnea, and produced improvements 
in functional capacity, awake blood gases, and exertion tolerance.18,19

Asthma

Uncontrolled studies have reported improvements in gas exchange and 
low rates of intubation after the initiation of NIV in patients with se-
vere asthma attacks. Two controlled trials have demonstrated a more 
rapid improvement in expiratory flow rates with NIV,20,21 and one 

showed a decreased hospitalization rate in acute asthma patients 
treated with NIV compared with a sham mask.21 Neither study was 
powered adequately to assess intubation or mortality rates. Nonethe-
less, these data support a trial of NIV in asthmatics responding poorly 
to initial bronchodilator therapy. NIV can be combined with continu-
ous nebulization and heliox, although the added value of these latter 
therapies has not been established in controlled trials. In a more recent 
study using a large medical record dataset, 13,588 admissions for acute 
asthma were identified in 58 hospitals.22 Use of NIV for acute asthma 
was widely variable between hospitals, with 36% not using it at all, and 
one hospital using it in 16.3% of such patients. Overall, NIV was used 
in 4.0% of patients with acute asthma and invasive mechanical ventila-
tion (IMV) in another 5.7%. NIV failure rate was only 4.9%, and the 
case-fatality rate of patients using NIV was only 2.3%. Despite these 
low rates, use of NIV was not associated statistically with lower mortal-
ity rate than IMV after risk standardization, but hospital length of stay 
was slightly shorter. Based on the tentativeness of the evidence, the 
ERS/ATS Task Force made no recommendation regarding the use of 
NIV for acute asthma.12

Cystic Fibrosis

Uncontrolled studies indicate that NIV is useful to stabilize gas exchange 
in the treatment of acute episodes of respiratory failure in end-stage 
cystic fibrosis patients and can serve as a bridge to transplantation.23

Obesity Hypoventilation Syndrome

Acute hypercapnic respiratory failure related to obesity hypoventila-
tion (OHS) is becoming more prevalent given the high and increasing 
obesity rates in the general population. A single-center prospective 
observational study was conducted to examine the use of NIV in these 
patients. Using COPD patients with acute hypercapnic respiratory 
failure for comparison, the authors found no change in the rate of NIV 
failure between the two groups and found lower rates of late NIV fail-
ure, readmission to the intensive care unit (ICU), and ICU and hospi-
tal mortality in the OHS group. Their conclusion was that NIV can be 
used safely and efficaciously in acute hypercapnic respiratory failure 
related to OHS in the ICU.24 Furthermore, a recent systematic review 
found that hospital discharge with positive airway pressure devices 
reduces mortality risk in OHS patients admitted with acute- 
on-chronic hypercapnic respiratory failure compared with those not 
discharged on such devices.25

Upper Airway Obstruction

Anecdotally, NIV can be used effectively to treat patients with revers-
ible upper airway obstruction, such as that caused by glottic edema 
after extubation. In this situation, NIV can be combined with aerosol-
ized medications or heliox, but no controlled trials have demonstrated 
the efficacy of this approach. If therapy with NIV is considered, pa-
tients should be selected with great caution and monitored closely, 
because upper airway obstruction can lead to precipitous deteriora-
tion. The use of NIV in patients with tight, fixed upper airway obstruc-
tion is inappropriate because it delays the institution of definitive 
therapy.

Hypoxemic Respiratory Failure
Hypoxemic respiratory failure is defined as severe hypoxemia (arterial 
oxygen partial pressure to fraction of inspired oxygen (PaO2/FiO2) 
ratio less than 200) combined with an unassisted respiratory rate  
.30 breaths per minute and a non-COPD diagnosis, including acute 
pneumonia, acute lung injury (ALI), acute respiratory distress syn-
drome (ARDS), pulmonary edema, or trauma. Controlled trials of 
NIV to treat patients with acute hypoxemic respiratory failure have 

BOX 55.1 Indications for Use of 
Noninvasive Ventilation in the Acute  
Care Setting

Airway Obstruction

COPD (A)*

Asthma (B)

Cystic fibrosis (C)

Obstructive sleep apnea or obesity hypoventilation (B)

Upper airway obstruction (C)

Facilitation of weaning in COPD (A)

Extubation failure in COPD (B)

Hypoxemic Respiratory Failure

ARDS (C)

Pneumonia (C)

Trauma or burns (B)

Acute pulmonary edema (use of CPAP) (A)

Immunocompromised patients (A)

Restrictive thoracic disorders (C)

Postoperative patients (B)

Do-not-intubate patients (C)

During bronchoscopy (C)

ARDS, Acute respiratory distress syndrome; COPD, chronic obstruc-

tive pulmonary disease; CPAP, continuous positive airway pressure.

*Letters in parentheses indicate the level of evidence supporting the 

use of noninvasive ventilation: A, multiple randomized controlled trials: 

recommended; B, at least one randomized controlled trial: weaker rec-

ommendation; C, case series or reports: can be attempted, but with 

close monitoring.
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shown statistically significant reductions in the rate of intubation, 
length of hospital stay, incidence of infectious complications,8,26 and in 
one study, ICU mortality.26 However, because of the heterogeneity of 
causes, these studies fail to demonstrate that all patient subgroups with 
hypoxemic respiratory failure benefit equally from NIV. Furthermore, 
when patients are stratified according to the acuity of illness, those 
with a Simplified Acute Physiologic Score (SAPS II) less than 35 fare 
considerably better with NIV than do those with higher scores.27 Thus 
the selection of patients with less severe disease is likely to enhance the 
success of NIV in treating hypoxemic respiratory failure, and studies 
that examine individual subgroups within the larger category are likely 
to be more useful clinically.

Acute Cardiogenic Pulmonary Edema

Use of NIV to treat acute cardiogenic pulmonary edema (CPE) is the 
second main indication for NIV among causes of ARF, and the ERS/
ATS Task Force recommended its use.12 Meta-analyses of randomized 
controlled trials demonstrated that compared with oxygen therapy, 
CPAP (though not a true mode of ventilatory support) is highly effec-
tive at relieving respiratory distress, improving gas exchange, and 
averting intubation when used to treat patients with acute cardiogenic 
edema.28,29 Inspiratory assistance combined with expiratory pressure 
can reduce the work of breathing and alleviate respiratory distress 
more effectively than CPAP alone. However, several uncontrolled trials 
and two controlled trials found that NIV and CPAP were equally effec-
tive in improving vital signs and avoiding intubation. The current 
recommendation is to use CPAP alone or NIV as an initial therapy; if 
CPAP is used initially, inspiratory pressure support should be added if 
the patient has persistent hypercapnia or dyspnea.29

Pneumonia/Acute Respiratory Distress Syndrome

One controlled trial showed that NIV in patients with severe commu-
nity-acquired pneumonia lowers the rate of endotracheal intubation 
and shortens the length of ICU stay compared with conventional 
therapy; however, a subgroup analysis revealed that the benefits  
occurred only in patients with underlying COPD.30 No benefit was 
apparent in the non-COPD patients with severe pneumonia. A subse-
quent uncontrolled trial in non-COPD patients with severe pneumo-
nia found that two-thirds of such patients treated with NIV eventually 
required intubation.31 Although the latter authors deemed a trial of 
NIV in non-COPD patients with severe pneumonia to be a reasonable 
approach, controlled data to support such a recommendation are cur-
rently lacking. According to the Berlin definition,32 patients with ARDS 
have oxygenation defects, bilateral radiographic infiltrates, and no 
heart failure to explain the infiltrates. Thus many patients hospitalized 
with severe pneumonia are diagnosed with ARDS as well. Earlier stud-
ies on the use of NIV for pneumonia/ARDS patients yielded conflict-
ing findings, and meta-analyses were inconclusive.33 A prospective 
cohort study,34 using NIV as a “first-line” intervention for ARDS, 
found that ventilator-associated pneumonia and mortality were greatly 
reduced when patients succeeded rather than failed NIV, and a SAPS 
score of 34 or less and PaO2/FiO2 ratio above 175 within the first hour 
predicted the success of NIV. However, only 15% of the ARDS patients 
entered into this study actually succeeded with NIV. More recently, the 
LUNG SAFE ARDS database found that among 506 ARDS patients in 
their observational cohort treated with initial NIV,35 those with a 
PaO2/FiO2 #150 had a mortality of 36% compared with 25% in those 
treated with initial IMV, suggesting that NIV might increase the risk of 
poor outcomes in patients with more severe oxygenation defects. 
Based on the weakness of the data, the (ERS/ATS) Task Force made no 
recommendation on the use of NIV to treat pneumonia/ARDS (“de 
novo acute respiratory failure”) but did allow that a trial of NIV might 

be considered in selected patients as long as they were closely moni-
tored to avoid any delay in needed intubation.12

Coronavirus Disease-19 Pneumonia

The COVID-19 pandemic has created waves of patients entering hos-
pitals with pneumonia and acute hypoxemic respiratory failure around 
the world and generated debate about the efficacy and safety of NIV as 
an initial therapy. Given concerns about spreading disease via aerosol-
ization of virus, there was hesitancy about using NIV in this setting, 
and many centers favored early intubation to limit dispersion of aero-
sol.36,37 However, this created shortages of ICU beds, and initially 
reported outcomes of invasively managed patients were poor.38 Conse-
quently, many centers gave trials of NIV or high-flow nasal cannula 
(HFNC) to patients not needing immediate intubation to see if some 
of these patients could be managed noninvasively outside of the ICU.39 
Guidelines on how to manage patients with COVID-19 pneumonia 
varied widely,40 but most discouraged use of NIV except for patients 
with COVID-19 pneumonia complicated by COPD exacerbations or 
CPE (i.e., the usual indications). The pandemic encouraged the use  
of the helmet interface, a clear plastic hood that fits over the head, 
because of the theoretically superior containment of aerosol if the neck 
seal is tight. This became the predominant interface at some centers in 
Italy,39 but was used infrequently, if at all, at other centers in Europe 
and the United States.41 Another innovation of the pandemic was the 
use of NIV (and HFNC) in combination with awake prone positioning 
to improve oxygenation and avoid the need for intubation,42 although 
the efficacy of this approach has been questioned.43 Despite an increas-
ing number of reports on the use of noninvasive approaches for treat-
ing patients with COVID-19 pneumonia,39,41,44 NIV failure rates have 
remained high (usually .50%), and at present, the quality of the evi-
dence base remains low. It therefore remains unclear how efficacious 
or safe NIV is compared with the more aggressive approach favoring 
earlier intubation. Notably, the ERS/ATS Task Force made no recom-
mendation for use of NIV during a viral pandemic based on data  
accrued during the earlier H1N1 and SARS-CoV-1 pandemics in 
which efficacy of NIV was unclear and concerns were raised about  
viral spread.12

Immunocompromised States

The dismal prognosis of invasively ventilated immunocompromised 
patients makes NIV an appealing alternative ventilatory mode, with 
its demonstrated ability to decrease the rate of nosocomial infection.7 
In earlier studies of both solid organ transplantation45 and neutrope-
nic patients (most of whom had hematologic malignancies)46 who 
developed acute hypoxemic respiratory failure, NIV reduced the rates 
of intubation, nosocomial infection, and ICU mortality compared 
with conventional therapy. However, more recent studies suggest that 
the benefit of NIV is difficult to demonstrate, and randomized con-
trolled studies comparing NIV with conventional oxygen therapy, 
with IMV added if needed, showed no reduction in intubation, mor-
tality rate, or length of hospital stay.47,48 In immunocompromised 
patients with Pneumocystis carinii pneumonia resulting from acquired 
immunodeficiency syndrome (AIDS), NIV appears to yield benefit 
when compared with IMV in physiologically and demographically 
matched patients.49 Thus the current suggestion is to reserve NIV for 
milder cases of acute respiratory failure in immunocompromised 
patients but resort to intubation without undue delay if progressive 
deterioration occurs.50,51 The ERS/ATS Task Force gave a conditional 
recommendation for use of NIV in immunocompromised patients 
with hypoxemic respiratory failure,12 but acknowledged that accruing 
evidence suggests that HFNC may have efficacy advantages over NIV 
in this population of patients.52
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Postoperative Respiratory Failure

NIV and CPAP alone have been studied in postoperative patients who 
develop respiratory failure after various kinds of surgeries. In particu-
lar, they reduce extravascular lung water and improve lung mechanics 
and gas exchange after coronary artery bypass surgery.53 Controlled 
trials show that CPAP or NIV averts postoperative complications com-
pared with oxygen supplementation after high-risk procedures like 
thoracoabdominal aortic procedures54 or abdominal surgery.55,56 NIV 
improves oxygenation, reduces the need for reintubation, lowers the 
mortality rate after lung resectional surgery,57 and enhances pulmo-
nary function after gastroplasty.58 Thus NIV should be considered in 
selected postoperative patients at a high risk of pulmonary complica-
tions or with frank respiratory failure, especially in the setting of  
underlying COPD or pulmonary edema.

Trauma and Burns

Trauma patients develop respiratory failure for a multitude of reasons, 
but some have chest wall injuries, such as flail chest or mild ALIs that 
might respond favorably to NIV. In a retrospective survey of 46 trauma 
patients with respiratory insufficiency who had been treated with NIV, 
Beltrame and coworkers found rapid improvements in gas exchange and 
a 72% success rate; however, patients with burns responded poorly.59 
More recently, a randomized trial of NIV versus high-flow oxygen in 
thoracic trauma patients with PaO2/FiO2 ,200 was stopped early after 
the enrollment of 50 patients because of significant reductions in the 
intubation rate (12% vs. 40%) and hospital length of stay (14 vs. 21 days) 
in the NIV group.60 The (ERS/ATS) Task Force “suggested” the use of 
NIV in patients with chest trauma, especially flail chest.12

Restrictive Lung Disease

The use of NIV in patients with underlying restrictive disease and 
acute deterioration of respiratory status has not been studied exten-
sively because they constitute only a small portion of patients admitted 
to acute care hospitals. Patients with restriction related to an underly-
ing neuromuscular disease and superimposed ARF may benefit from a 
trial of NIV. Small case series have reported that using NIV in patients 
with myasthenic crises may avoid intubation.61,62

Patients with restriction caused by end-stage pulmonary fibrosis in 
respiratory extremis have been reported to respond poorly to me-
chanical ventilation.63 However, in selected patients with interstitial 
lung diseases, NIV may play a role in preventing intubation and im-
proving survival. A prospective observational study revealed that pa-
tients with APACHE II scores ,20 and mixed interstitial lung disease 
requiring noncontinuous NIV had a higher survival rate than those 
requiring continuous NIV or invasive ventilation.64 Similarly, a small 
retrospective observational study in patients with ARF secondary to 
idiopathic pulmonary fibrosis (IPF) showed a poor overall prognosis, 
but for those who survived, NIV helped to shorten the ICU stay and 
improve the 90-day survival rate.65 Interestingly, this study also found 
that patients with IPF and a higher NT-proBNP at baseline appeared 
to have a greater chance of NIV failure.

Do-Not-Intubate Patients

Although controversial, NIV may be a useful tool in patients with ARF 
who do not wish to be intubated. There are several reports of good 
outcomes (.50% survival to discharge) with NIV in this subset of 
patients, especially those with COPD, congestive heart failure,66 and 
end-stage malignancy. NIV may also be used as a palliative technique 
to reduce dyspnea, preserve patient autonomy, and provide time for 
the finalization of affairs for some terminal patients.67,68 However, 
there is concern that this may merely prolong the dying process, and 
patients and their families must be informed that NIV is being used as 

a form of life support in this setting and should be given the option to 
refuse it. By virtue of its comfort and tolerance advantages, HFNC may 
be a better choice than NIV for some patients with respiratory failure 
requiring palliation.

Facilitation of Weaning and Extubation

Patients who require IMV initially and fail to wean promptly are po-
tential candidates for NIV to facilitate extubation, thus reducing the 
complications related to prolonged intubation. Several randomized 
controlled trials and subsequent meta-analyses have demonstrated 
that transitioning to NIV may significantly shorten the duration of 
IMV, reduce the length of ICU stay, and improve survival when com-
pared with patients weaned in the routine fashion.69–71 The benefit of 
NIV in ventilator weaning seems to be highest in patients intubated for 
acute exacerbations of COPD.72,73

Another potential application of NIV in the weaning process is to 
avoid reintubation in patients with extubation failure, a complication 
of IMV associated with a high mortality rate. Data for this use of NIV 
are variable and inconclusive. Earlier studies investigating the role of 
NIV in this situation showed promise, but one randomized trial found 
that NIV may delay required intubation in this setting, resulting in an 
increased ICU mortality rate.74 More recent studies have demonstrated 
that patients at high risk of extubation failure,75 especially those with 
hypercapnia,76 have a reduced need for reintubation and mortality if 
treated with NIV as opposed to oxygen supplementation alone. Subse-
quent meta-analyses have demonstrated that NIV used prophylacti-
cally after planned extubation has decreased reintubation rates.77,78 
However, its effect on ICU and hospital mortality remains unclear. 
Thus although the use of NIV to facilitate weaning and extubation ap-
pears to benefit hypercapnic patients with COPD or congestive heart 
failure, its overzealous application could lead to delayed reintubation 
and other adverse consequences.

Bronchoscopy

Both CPAP and NIV can be used to support oxygenation and ventila-
tion during bronchoscopy in patients “at risk” for being stressed by the 
procedure, such as those with severe COPD. A specially designed open 
CPAP system has been used during bronchoscopy in patients with 
marginal oxygenation to maintain adequate gas exchange and avoid-
ance of respiratory failure.79 Also, a controlled trial demonstrated 
equivalent oxygenation and complication rates in patients undergoing 
bronchoscopy and supported with either noninvasive or invasive me-
chanical ventilation.80 Thus NIV often provides an effective means of 
providing ventilation and oxygenation support to patients undergoing 
bronchoscopy.80

ROLES OF HFNC VS. NIV

The increasing use of HFNC over the past decade throughout the 
world has raised questions about when to use HFNC vs. NIV. HFNC 
refers to the delivery of heated, humidified (to body conditions), and 
oxygenated gas via loose-fitting nasal prongs at high flow rates usually 
20 L/min up to 40–80 L/min, depending on the manufacturer. The 
interface permits unimpeded speaking and eating, and the heat and 
humidity make the high flows tolerable. Patients sense HFNC as more 
comfortable than standard mask oxygen or NIV. The heat and humid-
ity also hydrate mucus in the airways and preserve mucocililary func-
tion better than standard oxygen. Oxygenation is also better with 
HFNC than with standard oxygen delivery techniques because the 
higher flow rates reduce the entrainment of room air and promote the 
delivery of a higher FiO2 to the lungs. In addition, the higher flow rates 
flush the upper airways, lowering dead space and improving efficiency 
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of ventilation. There is also a small and unregulated positive airway 
pressure applied by HFNC, but this is less than with NIV at the usual 
settings. Consequently, on average, oxygenation with NIV is better 
than with HFNC.

The influential FLORALI study52 randomized patients with acute 
hypoxemic respiratory failure, mainly caused by pneumonia or ARDS, 
to NIV, standard oxygen, or HFNC. In patients with PaO2/FiO2 #200, 
intubations were fewer in the HFNC group compared with the other 
groups, and in the overall population, ICU and 90-day mortality rates 
were less with HFNC. A subsequent systematic review that included 
the FLORALI results found that HFNC, compared with standard oxy-
gen, slightly reduced escalation of care and intubations but could not 
substantiate its mortality benefit.81

These results and the ease of application and high tolerance  
of HFNC compared with the other modalities have made it the  
preferred initial noninvasive modality over NIV to treat hypoxemic 
respiratory failure at many centers, but as yet, the evidence base isn’t 
adequate to recommend this practice. Furthermore, with regard to 
the established indications for NIV (i.e., ARF associated with COPD 
exacerbations and CPE), NIV should still be considered the modality 
of first choice unless the respiratory failure is mild or the patient is 
intolerant of NIV. HFNC may be preferred for palliation of do not 
intubate/do not resuscitate (DNI/DNR) patients because of its supe-
rior tolerability, and the two—NIV and HFNC—may be used in 
tandem, with HFNC performing better than standard oxygen during 
breaks from NIV.82

PRACTICAL APPLICATION

Patient Selection
NIV should be viewed as a “crutch” that assists patients through a pe-
riod of ARF while reversible factors are being treated, helping them 
avoid IMV and its attendant complications. To optimize the chance of 
success, NIV should be used early, when patients first develop signs of 
incipient respiratory failure. In addition, predictors of success are use-
ful in identifying patients most likely to benefit (Box 55.2). The selec-
tion process might be viewed as taking advantage of a “window of 
opportunity”: the window opens when the patient first requires venti-
latory assistance and closes when the patient becomes too unstable.

Based on the predictors of success and criteria used in prior con-
trolled trials, we recommend the following three-step selection process: 
(1) ensure that the patient has an etiology of respiratory failure likely to 
respond favorably to NIV and (2) identify patients in need of ventila-
tory assistance by using clinical and blood gas criteria. Patients with 
mild respiratory distress and only mild gas exchange abnormalities are 
likely to do well without ventilatory assistance. Good candidates are 

those with moderate to severe dyspnea, tachypnea, and impending  
respiratory muscle fatigue, as indicated by the use of accessory muscles 
of breathing or abdominal paradox. The level of tachypnea used as a 
criterion depends on the underlying diagnosis. With COPD, candidates 
for NIV usually have respiratory rates exceeding 24 breaths per minute, 
but with hypoxemic respiratory failure, respiratory rates are usually 
higher, in the range of 30–35 breaths per minute. The third step ex-
cludes patients for whom NIV would be unsafe. If respiratory arrest is 
imminent, the patient should be promptly intubated because the suc-
cessful initiation of NIV requires some time for adaptation. Patients 
who are medically unstable with hypotensive shock, uncontrolled up-
per gastrointestinal bleeding, unstable arrhythmias, or life-threatening 
ischemia are better managed with IMV. Additionally, NIV should not be 
used for patients who are uncooperative, are unable to adequately pro-
tect their airways or clear secretions, or are intolerant of masks. The use 
of NIV merits caution after recent upper gastrointestinal or airway 
surgery.

Initiation of Noninvasive Ventilation
After identification of an appropriate candidate for NIV, a ventilator 
and interface must be chosen, initial settings must be selected, and the 
patient must be monitored closely in an appropriate location until 
stabilized. The roles of physicians, respiratory therapists, and nurses 
are of paramount importance in explaining the process and gaining 
the confidence of the patient. NIV can be initiated wherever patients 
present with acute respiratory distress, but they should be transferred 
to a location with sufficient monitoring (usually an ICU or step-down 
unit) until stabilized. During transfers, ventilatory assistance and 
monitoring should be continued.

Ventilator Selection
Selection of a ventilator is based largely on availability, practitioner 
experience, and patient comfort. Critical care ventilators with NIV 
modes and devices designed specifically for administration of NIV are 
acceptable, and the latter often have internal batteries and can be used 
for transport. Pressure-limited modes, including pressure support and 
pressure control, are available on most critical care ventilators. Pres-
sure control ventilation (PCV) delivers time-cycled, preset inspiratory 
and expiratory pressures with adjustable inspiratory/expiratory ratios 
at a controlled rate. This mode also permits patient triggering and the 
selection of a backup rate. PSV delivers preset inspiratory and expira-
tory pressures to assist spontaneous breathing efforts without a backup 
rate. Nomenclature and the specific characteristics of these modes may 
differ between ventilators, and this must be taken into account to avoid 
errors. For example, with some ventilators, pressure support is the 
amount of inspiratory assistance added to the preset expiratory pres-
sure. Others require the independent selection of inspiratory and expi-
ratory positive airway pressures, with the difference between the two 
determining the level of pressure support.

PSV is a flow-triggered and flow-cycled procedure, and patient  
effort determines tidal volume and duration of inspiration. Pressure-
support modes have the potential to match breathing pattern quite 
closely and have been rated by patients as more comfortable for  
NIV than volume-limited ventilation.83 However, leaks during NIV 
can interfere with the detection of reduced inspiratory flow at the 
termination of inspiration, causing expiratory asynchrony.

Traditional bilevel positive airway pressure (BiPAP) devices de-
signed for home use have limited pressure-generating capability 
(#30 cm H2O) and lack oxygen blenders or sophisticated alarm or 
battery backup systems and are not suitable for use in patients who 
require high oxygen concentrations or inspiratory pressures. Bilevel 
devices designed specifically for the acute setting are equipped with 

BOX 55.2 Predictors of Noninvasive 
Ventilation Success in Patients With Acute 
Respiratory Failure

Lower acuity of illness (Acute Physiology and Chronic Health Evaluation 

[APACHE] score)

Ability to cooperate; better neurologic score

Ability to coordinate breathing with ventilator

Less air leakage; intact dentition

Hypercarbia, but not too severe (PaCO2 between 45 and 92 mm Hg)

Acidemia but not too severe (pH between 7.1 and 7.35)

Improvements in gas exchange and heart and respiratory rates within the first 

2 hours

PaCO2, Arterial partial pressure of carbon dioxide.
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sophisticated alarm and monitoring capabilities, graphic displays, 
and oxygen blenders. These devices are capable of enhancing syn-
chrony by offering ways to limit the inspiratory duration and an 
adjustable “rise time”—the time to reach the targeted inspiratory 
pressure. Most critical care ventilators include an “NIV” mode that 
enhances leak compensation capabilities and silences “nuisance” 
alarms.84 If desired, volume-limited ventilation can be delivered us-
ing critical care ventilators, but a higher tidal volume than that com-
monly used for IMV is recommended to compensate for air leakage.

Initial ventilator pressure settings are usually set in low ranges to 
facilitate patient acceptance, but can be set higher if necessary to allevi-
ate respiratory distress. Typical pressures are an inspiratory positive 
airway pressure in the range of 12 cm H2O and a PEEP (or expiratory 
positive airway pressure) of 5–6 cm H2O.85 L’Her and colleagues86 
demonstrated that increases in inspiratory pressure are helpful to al-
leviate dyspnea, whereas increases in expiratory pressure are preferable 
to improve oxygenation. For volume ventilation, initial tidal volumes 
range from 6 to 7 mL/kg. The ventilator is set in a spontaneously trig-
gered mode, with or without a backup rate. Pressures commonly used 
to deliver CPAP in patients with acute respiratory distress range from 
5 to 12.5 cm H2O. CPAP can be applied using compressed air with a 
regulator system, blower-based CPAP device, bilevel device, or critical 
care ventilator.

Interfaces
The major difference between invasive and noninvasive ventilation is 
that with the latter, pressurized gas is delivered to the airway via a mask 
rather than via an invasive artificial airway. The open breathing circuit 
of NIV permits air leaks around the mask or through the mouth, ren-
dering the success of NIV dependent on ventilators designed to deal 
effectively with air leaks and to optimize patient comfort and accep-
tance. Interfaces—the devices that connect the ventilator tubing to the 
nose, mouth, or both—enable pressurized gas to enter the upper air-
way during NIV. Commonly used interfaces in the acute setting  
include nasal and full-face (or oronasal) masks.

Nasal masks are widely used for the administration of CPAP or 
NIV, particularly for chronic applications. Nasal masks are usually bet-
ter tolerated than full-face masks for long-term applications because 
they cause less claustrophobia; enhance comfort; and allow eating, 
conversation, and expectoration. The standard nasal mask is a triangu-
lar or cone-shaped clear plastic device that fits over the nose and uses 
a soft cuff that forms an air seal over the skin. The mask exerts pressure 
over the nasal bridge, often causing skin irritation and redness, and 
occasionally ulceration. Pharyngeal gas pressures may decline during 
mouth opening.

Full-face masks cover both the nose and the mouth (Fig. 55.3) and 
are preferable to nasal masks in the acute setting. The efficacy of both 
nasal and oronasal masks in lowering PaCO2 and avoiding intubation 
is similar in the acute setting, but a randomized controlled trial87 ob-
served better patient tolerance with full-face masks because of reduced 
air leakage through the mouth. More recently, “total” face masks have 
become available; they seal around the perimeter of the face and re-
semble a hockey goalie’s mask or a snorkel mask. Made of optical-
grade plastic, they are easy to apply and cause no more claustrophobia 
than standard face masks.5 Mouthpieces are seldom used to administer 
NIV in the acute setting but are occasionally used during initiation 
when the patient holds the mouthpiece in place to adapt to the sensa-
tion of positive-pressure ventilation.

Helmets are clear plastic, inverted, bucket-shaped devices that fit 
over the entire head and seal over the shoulders and neck.88 These have 
achieved popularity in some European countries and were the most 
commonly used interface for patients with hypoxemic respiratory 

failure caused by COVID-19 pneumonia at certain Italian centers dur-
ing the recent pandemic,39 but not in most other countries where 
availability and experience are less. A randomized controlled trial per-
formed before the COVID-19 pandemic at a single center in Chicago 
found a much lower need for intubation and lower mortality rate 
when patients with ARDS used the helmet as opposed to the standard 
full-face mask, but this study awaits replication.89

 Selection of a comfortable interface that fits properly is key to the 
success of NIV. With the full-face mask, which is the first choice at 
many centers, the patient should be allowed to hold the mask in place 
initially if possible. The mask straps are tightened with the least 
amount of tension necessary to avoid excessive air leakage. Excessive 
tightening causes discomfort and skin trauma and may lead to NIV 
failure. Some air leakage is acceptable, and even obligatory with bilevel 
ventilators, because of the need to flush carbon dioxide from the sin-
gle-channel ventilator circuit. However, excessive air leakage through 
the interface can lead to NIV failure with any ventilator.

Oxygenation and Humidification
Oxygen is titrated to achieve the desired oxygen saturation, usually 
greater than 90%–92%, either by using the oxygen blenders used for 
critical care applications and for most bilevel ventilators or by adjust-
ing the liter flow (up to 15 L/min) delivered via oxygen tubing con-
nected directly to the mask or ventilator circuit. Bilevel ventilators 
designed for home use have limited oxygenation capabilities (maximal 
inspired oxygen fraction, 0.45–0.5) and are not suitable for use in pa-
tients with hypoxemic respiratory failure. A heated humidifier should 
be used to prevent drying of the nasal passage and oropharynx when 
the duration of application is anticipated to be more than a few hours.

Monitoring
Once NIV is initiated, patients should be closely monitored in a critical 
care or step-down unit until they are sufficiently stable to be moved to 
a regular medical floor. The aim of monitoring is to determine whether 
the main goals are being achieved, including the relief of symptoms, 
reduced work of breathing, improved or stable gas exchange, good 

Fig. 55.3  Full-face mask with soft silicon seal to minimize pressure 

on the nasal bridge. A disposable version of this mask is widely used 

in the acute care setting.

  

 



408 PART IV Pulmonary

patient-ventilator synchrony, and patient comfort (Box 55.3). A drop 
in the respiratory rate with improved oxygen saturation or improving 
pH with a lower PaCO2 within the first 1–2 hours indicates a successful 
outcome.90 Abdominal paradox, if present initially, subsides, and the 
heart rate usually falls. The absence of these propitious signs indicates 
a poor response to NIV and the need to make further adjustments. 
Excessive leaks should be sought and corrected, and patient-ventilator 
synchrony should be optimized. Pressures may need to be adjusted 
upward to relieve respiratory distress and achieve a reduction in 
PaCO2. If these adjustments fail to improve the response within a few 
hours, NIV should be considered a failure, and the patient should be 
promptly intubated if it is still clinically indicated. Excessive delay in 
intubation may precipitate a respiratory crisis and add to the morbidity 
and mortality.

ADVERSE EFFECTS AND COMPLICATIONS

When applied by experienced caregivers to appropriately selected 
patients, NIV is usually well tolerated and associated with minimal 
complications. The most frequent adverse effects and complica-
tions are related to the mask, ventilator airflow or pressure, patient-
ventilator interaction, or airway secretions. A potentially serious 
concern raised in recent years is that of excessive tidal volumes 
generated by some patients, mainly with hypoxemic respiratory 
failure, who are breathing at excessive tidal volumes (.9.5 mL/kg) 
that have been associated with poorer outcomes.91 This is thought 
to predispose to patient self-induced lung injury (PSILI). Some 
advocate lowering NIV pressures or earlier intubation in such pa-
tients, but neither the need to do so nor the efficacy of these inter-
ventions has been tested.

Common adverse effects of NIV depend on the type of mask and 
include discomfort and erythema or skin ulcers on sealing surfaces, 
usually on the nasal bridge, related to pressure from the mask seal. 
Proper fitting and attachment, consistent use of artificial skin over 

KEY POINTS

• The use of NIV is established in patients with certain forms of ARF, including 

as a result of COPD exacerbations and acute CPE.

• For these entities, NIV delivered by nasal or oronasal masks reduces the 

need for endotracheal intubation, decreases the length of stay in the ICU 

and hospital, and reduces mortality.

• The efficacy of NIV has also been demonstrated for mild to moderate respi-

ratory failure in immunocompromised patients and to facilitate extubation 

in COPD patients.

• Patients who develop respiratory failure and who refuse intubation are po-

tentially good candidates for NIV, but all patients must be selected carefully.

• Several factors are vital to the success of NIV: careful patient selection; 

properly timed initiation; comfortable, well-fitting interface; coaching and 

encouragement; and careful monitoring.

• NIV should be used to avert endotracheal intubation rather than as an alter-

native to it. One should not persist in the use of NIV if it leads to a delay in 

necessary intubation.

• A trial of NIV should be instituted in properly selected patients with ARF be-

fore a respiratory arrest is imminent to provide ventilatory assistance while 

the factors responsible for the respiratory failure are aggressively treated.

• NIV is an important option to assist patients with ARF and, if properly ap-

plied in selected patients, improves patient outcomes in the critical care 

setting compared with conventional oxygen therapy with IMV if necessary.

• Although HFNC is often better tolerated than NIV and is favored as initial 

therapy for hypoxemic respiratory failure at many centers, NIV is still the 

favored initial choice to treat ARF caused by COPD exacerbations or cardio-

genic pulmonary edema

BOX 55.3 Monitoring of Patients Receiving 
Noninvasive Ventilation in Acute Care 
Settings

Location

Critical care or step-down unit

Medical or surgical ward if able to breathe unassisted for .20–30 min

“Eyeball” Test

Dyspnea

Comfort (mask, air pressure)

Anxiety

Asynchrony

Leaks

Vital Signs

Respiratory and heart rates

Blood pressure

Continuous electrocardiography

Gas Exchange

Continuous oximetry

Arterial blood gases (baseline, after 1–2 h, and as clinically indicated)

the nose, and newer masks with softer silicone seals help minimize 
these problems. Adverse effects related to airflow or pressure include 
conjunctival irritation caused by air leakage under the mask into the 
eyes and sinus or ear pain related to excessive pressure. Refitting the 
mask or lowering the inspiratory pressure may ameliorate these 
problems. Nasal or oral dryness caused by high airflow is usually 
indicative of air leaking through the mouth. Measures to minimize 
leakage may be useful, but nasal saline or emollients and heated 
humidifiers are often necessary to relieve these complaints. Gastric 
insufflation occurs commonly, may respond to simethicone, and is 
usually tolerated.

Patient-ventilator asynchrony is a common occurrence during NIV. 
Failure to adequately synchronize compromises the ventilator’s ability 
to reduce the work of breathing and may contribute to NIV failure. 
The asynchrony may be related to patient agitation, which can be 
treated with the judicious use of sedatives. Failure to synchronize can 
also result from inadequate ventilator triggering or the inability to 
sense the onset of patient expiration because of air leakage. This can be 
corrected by minimizing air leaks and using ventilator modes that 
permit a limitation of maximal inspiratory duration. Even with the 
best efforts to optimize settings and comfort, a minority of patients 
still fail. This may be partly because of the progression of the underly-
ing disease process or the patient’s inability to tolerate NIV, but every 
effort should be made to ascertain that it is not the result of techno-
logic problems that could be corrected by mask or ventilator adjust-
ments. Therefore intubation should not be delayed if improvement is 
not apparent within a few hours.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Antonelli M, Conti G, Esquinas A, et al. A multiple-center survey on the use in 
clinical practice of noninvasive ventilation as a first-line intervention for 
acute respiratory distress syndrome. Crit Care Med. 2007;35:18–25.
A multicenter survey of over 400 ARDS patients, two-thirds of whom were 

already intubated before they were admitted to the ICU. The remaining pa-

tients were treated with noninvasive ventilation when they reached the ICU, 

and outcomes were assessed. Intubation was avoided in 54% of these patients 

(one-sixth of the total), and outcomes of these successes were much better 

than in the failures.

Ferrer M, Sellares J, Valencia M, et al. Non-invasive ventilation after extuba-
tion in hypercapnic patients with chronic respiratory disorders: Random-
ized controlled trial. Lancet. 2009;374:1082–1088.
This randomized trial on patients with postextubation respiratory failure 

identified hypercapnic patients as those likely to benefit from noninvasive 

ventilation.

Grieco DL, Menga LS, Cesarano M, et al. Effect of helmet noninvasive ventilation 
vs high-flow nasal oxygen on days free of respiratory support in patients with 
COVID-19 and moderate to severe hypoxemic respiratory failure: The 
HENIVOT randomized clinical trial. JAMA. 2021;325(17):1731–1743.
One hundred and ten patients with COVID-19 pneumonia and moderate to 

severe hypoxemic respiratory failure were randomized to receive continuous 

helmet NIV for 48 hours followed by HFNC vs. HFNC alone. Days free of re-

spiratory support within 28 days (the major outcome variable) were 20 in the 

helmet group and 18 in the HFNC group (P 5 NS). Intubation rate was 

30% in the helmet group and 51% in the HFNC group (P 5 .03). In-

hospital mortality was 24% in the helmet group and 25% in the HFNC 

group (P 5 NS). Although the intubation rate was lower in the helmet group, 

the major outcome variable and mortality were similar between the groups.

Jaber S, Lescot T, Futier E, et al. Effect of noninvasive ventilation on tracheal 
reintubation among patients with hypoxemic respiratory failure following 
abdominal surgery: A randomized clinical trial. JAMA. 2016;315(13):
1345–1353.
Two hundred and ninety-three patients with hypoxemic respiratory failure 

after abdominal surgery were randomized to NIV or standard oxygen ther-

apy. Intubation within 7 days (the major outcome variable) was 33.3% in 

the NIV group and 45.1% in the standard oxygen group (P 5 .03). There 

were 2.2 more ventilator-free days and fewer nosocomial infections in the 

NIV group. Mortality did not differ significantly between the groups. The  

authors concluded that their results support the use of NIV “in this setting,” 

although the findings would have been more compelling had they found a 

mortality benefit.

Lindenauer PK, Stefan MS, Shieh MS, et al. Outcomes associated with invasive 
and noninvasive ventilation among patients hospitalized with exacerba-
tions of chronic obstructive pulmonary disease. JAMA Intern Med. 
2014;174(12):1982–1993.
Retrospective cohort study on 17,978 patients from 420 hospitals in the Premier 

database who were treated with initial NIV for their COPD exacerbation. In a 

propensity-matched analysis, those treated with initial NIV had lower risk of 

mortality than IMV (odds ratio [OR], 0.54) and hospital-acquired pneumonia 

(OR, 0.53), lower costs (OR, 0.68), and shorter hospital length of stay (OR, 

0.81). These results provide real-life data to substantiate what has been found 

in randomized controlled trials (RCTs) and meta-analyses.

Ozsancak Ugurlu A, Sidhom SS, Khodabandeh A, et al. Use and outcomes of 
noninvasive positive pressure ventilation in acute care hospitals in Massa-
chusetts. Chest. 2014;145(5):964–971.
This observational cohort study on the use of NIV in eight Massachusetts 

hospitals registered a large increase between 2002 and 2007, especially in 

COPD and CPE patients, amounting to nearly 40% of initial ventilator 

starts..

Patel BK, Wolfe KS, Pohlman AS, et al. Effect of noninvasive ventilation deliv-
ered by helmet vs face mask on the rate of endotracheal intubation in  
patients with acute respiratory distress syndrome: A randomized clinical 
trial. JAMA. 2016;315(22):2435–2441.
Eighty-three patients with ARDS were randomized to helmet versus face 

mask NIV. Intubation rate, the major outcome variable, was 61.5% for the 

face mask group and 18.2% for the helmet group (P ,.001), ventilator-free 

days were significantly higher in the helmet group (28 vs. 12.5, P ,.001), and 

at 90 days, mortality was 34.1% in the helmet group compared with 56.4% 

in the face mask group. The study was stopped early for efficacy. The results 

suggest that the interface is important in NIV success, but it was  

a small, single-center study that could not be blinded and needs to be  

replicated.

Weng CL, Zhao YT, Liu QH, et al. Meta-analysis: Noninvasive ventilation in 
acute cardiogenic pulmonary edema. Ann Intern Med. 2010;152:590–600.
One of a number of meta-analyses showing benefits of CPAP and noninva-

sive ventilation in patients with cardiogenic pulmonary edema. Intubation, 

mortality, and myocardial infarction rates were improved by both modalities 

but did not differ between them.
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Advanced Techniques in Mechanical Ventilation

Richard D. Branson

INTRODUCTION

Physiologic closed-loop controlled (PCLC) systems run the gamut 
from simple negative feedback controllers to fully automated control 
of airway pressure, tidal volume (VT), minute ventilation (VE), fraction 
of inspired oxygen (FiO2), and positive end-expiratory pressure 
(PEEP).1 Proposed advantages of PCLC systems include maintenance 
of evidence-based treatment, rapid response to changes in patient 
condition, reduced necessity for clinician-machine interaction, and 
less undesirable variation in clinical practice. Disadvantages include 
reduced of caregivers to clinical changes, loss of situational awareness, 
and complacency.

Definitions
Wysocki and others have classified closed-loop systems based on the level 
of sophistication into simple, physiologic signal based, and explicit com-
puterized protocols.2 Table 56.1 provides examples of closed-loop sys-
tems as described by Chatburn and colleagues.3 This classification 
method describes operation during traditional and closed-loop control 
using seven terms describing the targeting schemes for ventilator modes. 
These are set point, dual, servo, adaptive, bio-variable, optimal, and intel-
ligent.3 Aside from the added complexity, the use of engineering terms, 
although consistent with the literature, may seem to infer a value judg-
ment. For instance, “intelligent” implies a system that is perhaps superior 
to “optimal.” In some ways, however, this too is a classification system 
based on increasing sophistication. Evidence is required to conclude that 
“intelligent” is superior to “set-point” targeting. As an example, volume 
control, continuous mandatory ventilation (VC-CMV), a set-point tar-
geting scheme, is the only method to date that has been demonstrated 
unequivocally to affect clinical outcome in terms of control of VT during 
ventilatory support for acute respiratory distress syndrome (ARDS).4

ADVANCED MODES

Development of new modes of ventilation can be traced to the current 
limitations of conventional ventilation and a desire for a competitive 
edge between manufacturers. Despite marked changes in the under-
standing of mechanical ventilation in the last 20 years, improvements 
are still needed. These typically include provision of lung-protective 
ventilation by limiting driving pressure, power, airway pressures, and 
volume; encouraging safe spontaneous breathing; improving patient-
ventilator synchrony; balancing lung recruitment (avoiding collapse 
and overdistention); and limiting the hemodynamic interference.

Adaptive Pressure Ventilation: Adaptive Control
Adaptive pressure ventilation (APV) was one of the first closed-loop 
systems introduced in mechanical ventilation. Also called by various 

manufacturers by the terms pressure-regulated volume control, auto-

flow, volume support, and volume control 1, this mode provides a 
pressure-limited, time-cycled breath while constrained by a tidal vol-
ume (VT) target.5 APV is classified as an adaptive targeting scheme.

Proposed advantages of APV typically include a more consistent 
VT, lower peak airway pressure, and fewer alarms compared with vol-
ume control ventilation (VCV).6 These findings are easily explained by 
the nature of pressure-limited ventilation. The most frequent ventilator 
alarm during VCV is high pressure, which is eliminated by pressure-
regulating the breath. And although VT is the target, APV guarantees 
a minimum VT, but allows the patient to receive a larger VT than set 
during an aggressive inspiratory effort.7

Importantly, Jaber and colleagues have shown that aggressive effort 
during APV can result in an offloading of respiratory work from the 
ventilator to the patient.8 Despite automated control of VT, an increase 
in patient effort (greater Pmus) results in a reduction in set pressure, 
as the patient effort contributes to volume delivery. This has been con-
firmed by other investigators.9–11

Comparisons of APV and VCV or pressure control ventilation 
(PCV) have demonstrated some changes in physiologic parameters 
(oxygenation, lung mechanics), which may be partially explained by 
the characteristics of the control group, but these have failed to pro-
duce meaningful outcome differences, regardless of disease state.7,12–19 
APV is commonly used in many intensive care units (ICUs), as it does 
pragmatically reduce ventilator alarms and obviates the need to choose 
and modify the inspiratory flow setting during VCV. However, this 
likely results in unrecognized offloading of work to the patient, asyn-
chrony, and imprecise control of VT and may compromise the objec-
tives of a lung-protective strategy. Use of APV should accompanied by 
close monitoring of VT and patient response.

Servo Control Modes: NAVA and PAV1

Two modes of ventilation are considered “servo control” modes. Each 
allows the patient to control VT, delivers pressure in proportion to the 
patient’s effort, and requires intact respiratory drive. Both systems can 
be considered to have closed-loop characteristics, with the changes in 
output occurring within the breath. Neurally adjusted ventilatory as-
sist (NAVA) delivers inspiratory pressure in proportion to the electrical 
activity of the diaphragm (EAdi) as a surrogate for neural respiratory 
drive. EAdi is measured via a nasogastric tube constructed with an 
embedded array of electrodes.20 Proportional assist ventilation with 
load-adjustable gain factors (PAV+) delivers pressure in proportion to 
the instantaneous flow and volume generated by the patient’s inspira-
tory demand, or Pmus. PAV1 performs programmed, random mea-
surements of respiratory mechanics (elastance and resistance), solving 
the equation of motion of the respiratory system to determine the level 
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TABLE 56.1 Targeting Schemes for Mechanical Ventilation as Described by Chatburn et al.3

Name (abbreviation) Description Advantage Disadvantage Example Mode Name

Set point The operator sets all parameters 

of the pressure waveform  

(pressure control modes) or  

volume and flow waveforms 

(volume control modes).

Simplicity Changing patient conditions may 

make settings inappropriate

Volume control CMV

Dual The ventilator can automatically 

switch between volume control 

and pressure control during a 

single inspiration.

Can adjust to changing pa-

tient conditions and ensure 

either a preset VT or peak 

inspiratory pressure, 

whichever is deemed more 

important.

It may be complicated to set 

correctly and may need con-

stant readjustment if not au-

tomatically controlled by the 

ventilator.

Volume control

Servo The output of the ventilator  

automatically follows a varying 

input.

Ventilator support is propor-

tional to inspiratory effort.

Requires estimates of artificial 

airway and/or respiratory 

system mechanical properties.

PAV1, NAVA

Adaptive The ventilator automatically sets 

target(s) between breaths in  

response to varying patient  

conditions.

Maintains stability of VT deliv-

ery with pressure control for 

changing lung mechanics or 

patient inspiratory effort.

Automatic adjustment may be 

inappropriate if algorithm as-

sumptions are violated or if 

they do not match physiology.

Adaptive pressure  

ventilation, PRVC

Bio-variable The ventilator automatically  

adjusts the inspiratory pressure  

or VT randomly.

Stimulates the variability  

observed during normal 

breathing and may improve 

oxygenation or mechanics.

Manually set range of variabil-

ity may be inappropriate to 

achieve goals.

Variable pressure support

Optimal The ventilator automatically ad-

justs the targets of the ventila-

tory pattern to either minimize 

or maximize some overall per-

formance characteristic (e.g., 

work rate of breathing).

Adjusts to changing lung  

mechanics or patient inspi-

ratory effort.

Automatic adjustment may be 

inappropriate if algorithm  

assumptions are violated or if 

they do not match physiology.

ASV, AVM

Intelligent This is a targeting scheme that 

uses artificial intelligence  

programs such as fuzzy logic, 

rule-based expert systems, and 

artificial neural networks.

Adjusts to changing lung  

mechanics or patient  

inspiratory effort.

Automatic adjustment may be 

inappropriate if algorithm as-

sumptions are violated or if 

they do not match physiology.

SmartCare

Intellivent ASV

 Modified from Chatburn RL, El-Khatib M, Mireles-Cabodevila E. A taxonomy for mechanical ventilation: 10 fundamental maxims. Respir Care. 

2014;59(11):1747–1763.

of assistance.21,22 Both techniques deliver a variable pressure, and all 
breaths are patient triggered. Both are intended to speed the transition 
to spontaneous breathing and avoid the overassistance commonly en-
countered with pressure support ventilation (PSV). Importantly, nei-
ther mode regulates respiratory rate or tidal volume and as such is 
indicated only when spontaneous breathing is restored or in transition 
from controlled ventilation.23,24

There are some important distinctions between NAVA and PAV1. 
NAVA uses the EAdi signal to trigger, control, and cycle the ventilator 
breath. Inspiratory airway pressure is determined by the proportional-
ity gain (NAVA level, in cm H2O/microvolt) set by the clinician using 
the equation:

Paw 5 (NAVA level 3 EAdi) 1 PEEP

The NAVA breath is cycled when the EAdi amplitude falls to 70% 
of the peak value. NAVA triggering is independent of traditional mea-
sures of pressure and flow, therefore reducing the impact of intrinsic 
PEEP or the presence of leaks. Triggering during NAVA may also be 

accomplished by pressure or flow on a “first come first served” basis if 
EAdi thresholds are not met.20

PAV1 is triggered using a traditional flow or pressure trigger; in-
trabreath pressure is provided based on solving for the equation of 
motion, and cycling is based on flow.

Paw 5 Pmus 3 %assist / (100 2 %assist)

The machine-delivered pressure during PAV1 is a percentage of 
the total pressure, based on the gain. If the gain is set to 80%, the ven-
tilator provides 80% of the pressure required to solve the equation of 
motion, with the remainder provided by patient effort (Pmus).

The primary basis of the advantage for proportional modes is the 
variable intracycle pressure delivery, compared with a constant fixed 
pressure, as in PSV. The delivered VT during PSV is primarily a func-
tion of pressure setting and pulmonary compliance.25,26 During PSV, 
overassistance occurs commonly, often resulting in excessive VT, 
reduced diaphragm activity, hyperinflation, missed triggers, and cen-
tral apnea events during sleep.26–31 Fig. 56.1 describes the differences 

ASV, adaptive support ventilation; AVM, adaptive ventilation mode; CMV, continuous mandatory ventilation; NAVA, neurally adjusted ventilatory 

assist; PAV1, proportional assist ventilation with load-adjustable gain factors; PRVC, pressure-regulated volume control; VT, tidal volume.
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that occur in spontaneous breathing, PSV, NAVA, and PAV1 with re-
spect to changes in support level and demonstrates their impact on VT, 
level of assistance, and timing.23

Proportional modes of ventilation are overwhelmingly associated 
with improved patient-ventilator interaction and reduced asynchro-
nies compared with PSV.32–36 NAVA supports respiratory muscle un-
loading while preventing neuromuscular decoupling.29 Asynchronies 
are reduced primarily by a reduction in missed triggers, but NAVA and 
PAV1 both reduce late cycling by better matching ventilator inspira-
tory time with neural inspiratory time.31,33,37 Published studies suggest 
that preservation of diaphragmatic activity may improve distribution 
of volume to basilar lung regions, thereby improving gas exchange.38,39

Overassistance commonly observed during PSV may be linked to 
diaphragmatic injury.40 Proportional modes require maintenance of 
diaphragmatic contraction throughout inspiration, helping to reduce 
the risk of this complication. Several studies have shown that propor-
tional modes reduce the risk of overdistention.29 Leiter and Manning 
describe the impact of the Hering-Breuer reflex inflation inhibition on 
downregulation of respiratory drive to avoid hyperinflation.41 In this 
instance, Pmus and EAdi are reduced, suggesting an advantage for 
proportional modes. At increased end-expiratory lung volumes, the 
diaphragm shortens, and its disadvantaged position results in weaker 
effort. Patients receiving PAV1 at appropriate gain levels spent .95% 
of time at a driving pressure ,15 cm H2O and VT ,11 mL/kg. Higher 
driving pressures are often associated with severely reduced compli-
ance.42,43 Auto-triggering is also reduced with proportional modes, and 
in the presence of auto-triggering, delivered pressures and volumes are 
less when compared with PSV set at customary levels.44

The principle of operation of proportional modes reduces the risk 
of overinflation and ventilator-induced lung injury (VILI) while pre-
venting both disuse atrophy of the diaphragm and excess work that 
favors fatigue. Jonkman and colleagues suggest caution when using 
proportional modes in patients with excessive levels of respiratory 

drive over concern that lung-protective reflexes might be overwhelmed 
in this scenario.23 The major advantages of proportional modes are 
shown in Box 56.1.

Compared with PSV, proportional modes have been reported to 
reduce weaning duration and increase the chance of the patient con-
tinuing to require a patient-triggered mode.36,45 Faster liberation from 
mechanical ventilation with proportional modes might be facilitated 
by reduced asynchronies, improved patient comfort, and fewer sleep 
interruptions.36,46–49 Demoule and colleagues demonstrated no differ-
ences in weaning duration or other outcomes comparing NAVA  
with PSV.50 However, Kacmarek and colleagues reported a randomized 
controlled trial of patients requiring mechanical ventilation for  
.72 hours, comparing NAVA with standard lung-protective ventila-
tion. They found that ventilator free-days were increased by 4 days in 
the NAVA group (22 vs. 18 days), although no differences in mortality 
or other safety outcomes were identified.51

The shortcomings of proportional modes appear to relate to clini-
cian understanding.35 The interplay of gain and NAVA level on patient 
effort, Pmus, respiratory rate, and tidal volume is moderately complex 
are not always understood by bedside clinicians. Appropriate selection 
of both NAVA level and of gain during PAV1 likely changes with the 
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Fig. 56.1 A, The relationship between patient effort (respiratory muscle pressure, Pmus) and tidal volume (VT) 

in unassisted spontaneous breathing (dashed line), during pressure support ventilation (PSV) and proportional 

modes such as proportional assist ventilation with load-adjustable gain factors (PAV1) and neurally adjusted 

ventilatory assist (NAVA). B, Patient-ventilator interaction during PSV. Increasing the pressure support level in-

creases VT (tan line) and ventilator inspiratory time (Ti, red line), whereas patient effort (Pmus, gray dotted line) 

is downregulated. In addition, neural Ti (purple line) remains unaltered with increasing levels of assist, which 

results in late cycling. C, Patient-ventilator interaction during NAVA and PAV1. Ventilator assist is delivered 

proportional to the patient’s demand over the full inspiratory cycle (neural Ti 5 ventilator Ti, note that dashed red 

and purple lines overlap). Increasing the inspiratory assist level (NAVA level or PAV1 gain), downregulates Pmus 

(gray dotted line). Because the patient’s brain stipulates the desired VT, changing the level of assist often has 

only minimal effects on the VT, as shown by the horizontal purple line on the volume vs. level of assist curve. 

(From Jonkman AH, Rauseo M, Carteaux G, et al. Proportional modes of ventilation: Technology to assist 

physiology. Intensive Care Med. 46[12]:2301–2313.)

BOX 56.1 Potential Advantages of 
Proportional Modes Compared With PSV

Avoiding overassistance

Avoiding excessive VT and overdistention

Reducing asynchrony

Preserving breath-to-breath variability

Preserving diaphragmatic function—diaphragmatic-protective ventilation

Facilitate weaning
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progression of illness and therefore requires titration. This probably 
has reduced the adoption of these modes, despite clear advantages re-
garding synchrony. Additionally, proportional modes require an intact 
respiratory drive, and poor selection of patient candidates may result 
in dissatisfaction by clinicians. Monitoring of EAdi, separate of NAVA, 
may prove useful in titrating other modes of ventilation, a concept that 
requires further study.

CONTROL OF VENTILATION

A number of modes have been developed to maintain a desired level of 
minute ventilation and to automatically select ventilation parameters. 
These include mandatory minute volume, auto-mode, adaptive sup-
port ventilation (ASV), and adaptive ventilation mode (AVM).52–54

Adaptive Support Ventilation
Adaptive support ventilation is a closed-loop mode of mechanical 
ventilation designed to titrate ventilator output on a breath-by-breath 
basis, with the level of ventilatory support determined by respiratory 
mechanics and breathing effort. The goal of ASV is to provide a preset 
level of minute ventilation (VE) while minimizing the work of breath-
ing during ventilator support. Under normal conditions, the minute 
volume setting is 100% of a “normal” minute volume that is based on 
predicted body weight of 0.1 L/kg/min. Thus a 70-kg patient would 
receive a VE of 7.0 L/min; at a setting of 150%, VE would be 10.5 L/min.

ASV adjusts inspiratory pressure to achieve a respiratory pattern 
(VT and frequency) that minimizes the work of breathing based on the 
Otis equation.55 Importantly, however, the range of available VT is 
controlled by the maximum pressure (Pmax) setting selected by a cli-
nician. Breaths alternate between pressure-controlled and pressure-
supported breaths, based on the presence or absence of spontaneous 
breathing efforts. Conceptually, ASV can provide synchronized inter-
mittent mandatory ventilation (SIMV) 1 PSV, but in my experience, 
breaths are most commonly either all mandatory or all spontaneous. 
During mandatory breaths, ASV controls the inspiratory time and I:E 
based on measurement of the expiratory time constant (the product of 
resistance and compliance). Lower compliance results in a short I:E, 
whereas high resistance results in a longer I:E to avoid air trapping. 
ASV requires the clinician to set levels for FiO2 and PEEP.

Clinical Studies of ASV

ASV can be used during the initiation, maintenance, and weaning of 
mechanical ventilation. It has been used in a number of studies evalu-
ating time to discontinuation of ventilatory support after coronary 
artery bypass surgery.56–63 Studying this large, relatively homogeneous, 
readily available population is attractive; however, this population re-
quires ventilation primarily as a “casualty of anesthesia” and under 
normal circumstances has limited pulmonary dysfunction. Studies 
report faster weaning in half of the trials and no change in the other 
half. Of note, these studies find that ASV required fewer clinician/
ventilator interventions, fewer arterial blood gases, and fewer ventila-
tor alarms and reduced the incidence of postoperative atelectasis on 
radiograph.63

Choosing the appropriate minute volume target to promote wean-
ing in this scenario has not been extensively studied and requires clini-
cian input.64–67 The selected VT during ASV can exceed lung-protective 
limits, and the potential for VILI after surgery is a concern.67

Several recent trials have evaluated ASV for weaning patients with 
acute respiratory failure off machine support. Chen and colleagues 
reported their experience with ASV in a 16-bed ICU in China staffed 
daily by a single respiratory therapist with no coverage at night.68 They 
compared management of patients with ASV with a matched historical 

control using SIMV 1 PSV. Under these rather unique circumstances 
the authors demonstrated that patients in the ASV group achieved 
extubation readiness within 1 day of enrollment more often and 
achieved weaning within 21 days. However, there were no differences 
in ICU duration or hospital stay. These findings must be considered in 
light of the staffing model. However, one potential advantage of 
closed-loop ventilation is the ability to continue appropriate care in 
the absence of caregivers, and this study seems to support this thesis. 
Recent findings during the COVID-19 pandemic suggest that in a situ-
ation where large numbers of patients with ARDS are managed by too 
few caregivers, the use of ASV might improve safety and efficacy of 
ventilatory support, especially during a surge.69

Kirakli and colleagues compared ASV with PSV for weaning 
chronic obstructive pulmonary disease (COPD) patients from ventila-
tion.70 They found that patients ventilated with ASV had shorter wean-
ing times and equivalent weaning success. However, the total duration 
of ventilatory support did not change. The use of ASV has been re-
ported for weaning after recovery from acute respiratory failure and 
after liver transplantation.71

ASV has been successfully used as a primary mode of ventilator 
support during acute respiratory failure. The algorithm, which was 
based on the expiratory time constant, was shown to select I:E and 
respiratory frequency appropriately for both obstructive and restric-
tive disease. Certain reports have found a reduction in manual ventila-
tor adjustments with similar gas exchange and perhaps improved CO2 

elimination for a given combination of VT and respiratory fre-
quency.72–74 Patients with obstructive disease, however, have received 
VT levels outside the suggested range of current “lung-protective” 
guidelines.

One criticism of ASV has been the finding that VT may approach 
9–10 mL/kg in some patients.65,75 This limitation can be overcome by 
appropriately setting the Pmax and VT limits. ASV has been commer-
cially available for over 20 years, and widespread adoption has not 
occurred. Although ASV may facilitate weaning when the % minute 
volume value is appropriately set, it appears to have no clear advantage 
over manual techniques. Closed-loop techniques can reduce practice 
variation through appropriate selection of “hard rules,” such as a Pmax 
chosen by the operator. I have previously argued that techniques like 
ASV may provide the most benefit in resource-limited environments, 
and the work by Chen and colleagues and Wendel-Garcia and col-
leagues appears to support this opinion.68,69

Adaptive Ventilation Mode
Adaptive ventilation mode is a modification of ASV on a new ventila-
tor platform. It includes the traditional determination of % minute 
volume, but also includes automated titration of rise time and flow 
termination of pressure support breaths. A modified version, AVM 2, 
differs from ASV in that rather than determining the optimal fre-
quency and VT based on values observed in spontaneously breathing 
patients, AVM 2 determines the optimal variables based on assisted 
ventilation. In a bench and model study, AVM 2 was associated with 
lower driving pressure and power.76 Clinical trials are not currently 
available.

iASV
Intellivent ASV (iASV) is the logical extension of ASV to include the 
automated selection of FiO2 and PEEP. The PEEP/FiO2 controller uses 
the PEEP tables from the ARDS Network’s Ventilation with Lower 
Tidal Volumes as Compared with Traditional Tidal Volumes for Acute 
Lung Injury and the Acute Respiratory Distress Syndrome (ARMA) 
and Assessment of Low tidal Volume and elevated End-expiratory 
volume to Obviate Lung Injury (ALVEOLI) trials. The ARMA trial 
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used an aggressive FiO2 strategy, whereas the ALVEOLI trial was PEEP-
intensive. An integral pulse oximeter provides the input signal to the 
ventilator, into which the clinician can set the desired blood oxygen 
saturation (SpO2). Pulse volume variability from the oximeter can also 
provide information regarding patient hemodynamic status, limiting 
the use of PEEP in favor of FiO2 during hemodynamic compromise. As 
of 2021, Intellivent is not commercially available in the United States.

The minimum PEEP is 5 cm H2O, and at initiation the controller 
uses the ARMA PEEP/FIO2 table to reach the desired SpO2. After sta-
bilization, the FiO2 and PEEP are weaned using the ALVEOLI table. 
Fig. 56.2 provides a pictograph of the PEEP/FiO2 tables used with 
Intellivent.

Clinical Studies of iASV

In a preliminary trial of sedated patients with acute respiratory failure, 
Arnal and colleagues demonstrated that during a 2-hour crossover 
trial, iASV provided ventilation at lower airway pressures, tidal vol-
umes, and FiO2 while producing the same oxygenation results as 
ASV.77 Tidal volumes were slightly lower with iASV and PaCO2 was 
higher. In a follow-up crossover trial, iASV applied for 24 hours com-
pared with PSV demonstrated improved oxygenation. In this study, 
PEEP was higher and more variable during iASV, as one might ex-
pect.78 The authors suggested that the bio-variability of PEEP might 
explain the improved oxygenation. De Bie and colleagues demon-
strated fewer hypoxemic events in subjects after coronary bypass and 
quicker return to spontaneous breathing with iASV.79

Clavieras and colleagues applied iASV in a wide range of patient 
populations ventilated for ,24 hours and found that ventilator settings 
were selected appropriately based on the lung condition, particularly in 
passive patients. However, like traditional ASV, spontaneously breathing 
subjects (breathing with adaptive pressure support) have less variability 
in volume and pattern.80 A randomized trial of iASV compared safety 

and efficacy with modes chosen by the attending physician as the time 
spent within previously defined ranges of nonoptimal and optimal ven-
tilation. Interestingly, iASV was more likely to be in the suboptimal 
range for Pmax. As in previous trials, iASV made more manipulations 
but required fewer clinician interactions, and the variability of volumes 
and airway pressures were greater.81 Fot and colleagues evaluated iASV 
compared with protocolized weaning and SIMV 1 PSV after coronary 
bypass grafting. They found that iASV and protocolized weaning had 
similar outcomes and shortened weaning compared with traditional 
methods. The authors noted the reduction in clinician interaction with 
the ventilator, but no other advantages.82 Arnal and others compared 
iASV with either PSV or VC-CMV in 60 subjects with respiratory failure. 
They concluded that iASV reduces the number of manual ventilator set-
ting changes with no difference in the number of arterial blood gas 
analyses or sedation use. Using a Likert scale, caregivers rated iASV as 
easier to use compared with conventional ventilation modes.83 More 
recently, Arnal and colleagues demonstrated that across a wide variety of 
patients, iASV provided a lower driving pressure and lower mechanical 
power than traditional ventilation.84 Work by Buiteman-Kruizinga and 
colleagues confirmed this finding.85,86

Smartcare PS
SmartCare PS describes control of PSV where the pressure support 
level is based on the patient’s VT, respiratory frequency, end-tidal car-
bon dioxide (ETCO2), and a series of presets based on the patient 
condition (e.g., presence of COPD or neurologic injury). SmartCare 
PS adjusts pressure support to maintain the patient in a “normal” 
range of ventilation, which is typically defined as a VT 300 mL, a respi-
ratory frequency between 12 breaths/min and 30 breaths/min, and 
ETCO2 ,55 mm Hg (this can be adapted for subjects with COPD or 
neurologic injury). Outside of the normal range, SmartCare PS defines 
other conditions and manipulates the pressure support based on the 

Fig. 56.2  Combination of the PEEP-FiO2 tables from the ARDSnet ARMA and ARDSnet ALVEOLI trials used 

for increasing and decreasing oxygenation support during iASV. iASV, Intellivent adaptive support ventilation; 

FiO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; SpO2, blood oxygen saturation. 

(From Branson RD. Modes to facilitate ventilator weaning. Respir Care. 2012;57[10]:1635–1648.)
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current value, the clinician input parameters, and the patient’s histori-
cal breathing pattern. SmartCare PS is intended for weaning and there-
fore not used clinically for the supported phase of acute respiratory 
failure.11

Clinical Studies of Smartcare PS

Introduced in 1996, SmartCare PS has been evaluated in a number of 
weaning trials.87–92 The original trial simply compared the duration 
of ventilation in the specified ranges of comfort with clinician- 
selected PSV. This study found that SmartCare PS maintained patients 
in the clinician-desired ranges far more frequently.89 In 2006 Lellouche 
and coauthors published the first and largest randomized trial com-
pared with traditional weaning in five European centers. This report 
found significantly shorter weaning times with SmartCare PS com-
pared with traditional weaning. However, in at least two centers, spon-
taneous breathing trials were not used in the control arm.87 This may 
be viewed as a limitation of the study, but does represent a pragmatic 
trial. Across the world, the use of protocolized weaning clinical practice 
guidelines are espoused but not routinely implemented.

Subsequent trials of SmartCare PS have found both advantage and 
no advantage compared with traditional weaning based on patient 
condition (sepsis vs. COPD vs. cardiac surgery), the type and staffing 
of ICU, and patient age (adults vs. pediatrics).93,94 Cochrane reviews of 
automated weaning routinely find that automated weaning demon-
strates approximately a 30% reduction in weaning time compared with 
traditional weaning. However, the lack of standards in the control arms 
of trials, trial heterogeneity, and small numbers limit the strength of 
these conclusions.91,95 Large multicenter trials are still needed to deter-
mine the value of SmartCare PS in routine practice.

Automated Control of Inspired Oxygen
Despite being initially described in neonates nearly 50 years ago, 
closed-loop control of inspired oxygen is not Food and Drug Admin-
istration (FDA) approved.96 iASV includes closed-loop control of FiO2 
with and without PEEP control. Claure and others introduced a 
closed-loop FiO2 system for neonates over two decades ago.97 The 
system is a negative feedback controller that adjusts the FiO2 in an ef-
fort to maintain the set SpO2 target. Numerous studies have demon-
strated reduced numbers and durations of desaturation events, less 
frequent hyperoxemia, and reduced staff burdens in the neonatal in-
tensive care unit (NICU).98–106 In the NICU, where the consequences 
of both hyperoxemia and hypoxemia have been known for decades, the 
introduction of closed-loop control of FiO2 is overdue.

In adults, automated FiO2 control has also been shown to reduce 
hyperoxemia, reduce the duration of hypoxemia, reduce clinician in-
terventions, and conserve oxygen resources.107

Concerns with Automated Control of Ventilation

Automation of mechanical ventilation offers a number of advantages, 
as previously described. The potential disadvantages are less frequently 
discussed but require additional research. As an example, if the ventila-
tion system increases PEEP and/or FiO2 rapidly in response to hypox-
emia and prevents the typical desaturation events that routinely alert 
caregivers to worsening lung function, this must be communicated to 
the staff. Increases in PEEP and airway pressures that may result in he-
modynamic compromise also require additional safety measures. As 
clinicians, we consider heart rate, blood pressure, filling pressures, vaso-
pressor therapy, and fluid status during manipulation of mean airway 
pressures. At present, no ventilation system has the ability to include 

these additional inputs into the ventilator decision process. It may be 
that limiting PEEP is needed and that increases beyond a certain value 
(e.g., to ,12 cm H2O) must be approved by a clinician with knowledge 
of hemodynamic performance and current therapy.

As seen with several of these techniques, certain situations can  
result in excessive VT and pressure delivery, perhaps leading inadver-
tently to VILI. Alarm settings and alert settings require additional  
enhancements.

CONCLUSION

Simple closed-loop control of mechanical ventilation is widely de-
ployed and operates behind the ventilator interface. More complex 
systems, described as intelligent control, are commercially available 
but have yet to gain widespread acceptance.108 New trials demonstrat-
ing cost/benefit advantages that accrue to automated ventilation are 
required. Simply reducing the number of caregiver interactions is not 
an advantage for the patient or the staff. In fact, automated systems 
causing lack of situational awareness of the ICU are a concern. Along 
with these autonomous systems, monitoring and displays that easily 
inform the staff of the patient’s current condition and response to 
therapy are required. Alert notifications for sudden escalation of 
therapy are required to assure patient safety.

The use of automated ventilation clearly has utility in remote set-
tings that lack the timely input of experts. There are over 1000 critical 
access hospitals in the United States, most with fewer than 50 beds, 
that are the entry point to the healthcare system in rural America. 
These hospitals typically lack ICUs, trained onsite critical care provid-
ers, and respiratory care expertise. Remote care in disaster and mili-
tary medicine is another area where local expertise may not match the 
severity of patient illness. These environments represent a natural fit 
for automated ventilation. Experiences from the COVID-19 pan-
demic will further expand the use of automated systems. Whether 
automated ventilation will be accepted in large academic medical 
centers remains to be seen.

 References for this chapter can be found at expertconsult.com.

• Closed-loop control modes of mechanical ventilation modify ventilator out-

put based on respiratory mechanics and gas exchange variables.

• Automated control of ventilation and oxygenation can provide safe and effec-

tive ventilatory support while maintaining evidence-based lung protection.

• Disadvantages of automated modes include loss of situational awareness 

and reduced attention by caregivers.

• Automated modes of ventilatory support have been shown to reduce the 

interaction of caregivers and ventilator, perhaps decreasing workload, but 

this has not been demonstrated as a patient benefit.

• In the absence of expert oversight, automated ventilatory support may im-

prove safety.

• Automated control of inspired oxygen has been demonstrated to reduce the 

incidence of hypoxemia and hyperoxemia in infants and adults.

• Closed-loop control of PEEP poses challenges related to ongoing assess-

ment of hemodynamics.

• Closed-loop systems, including NAVA and PAV have been demonstrated to 

reduce asynchrony.

KEY POINTS
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ANNOTATED REFERENCES

Buiteman-Kruizinga LA, Mkadmi HE, Serpa Neto A, et al. Effect of INTELLiVENT-
ASV versus conventional ventilation on ventilation intensity in patients with 
COVID-19 ARDS: An observational study. J Clin Med. 2021;10(22):5409.
The timeliness of this paper matching COVID-19, patient surges, and ventila-

tor shortages is perfect. In a scenario where patients are too many and experi-

enced staff are too few, the advantages of auomated systems are highlighted. 

These findings hold true for similar environments, including transport, mili-

tary medicine, and prehospital care.

Chatburn RL, El-Khatib M, Mireles-Cabodevila E. A taxonomy for mechanical 
ventilation: 10 fundamental maxims. Respir Care. 2014;59(11):1747–1763.
This paper provides a cogent scheme for classifying modes of mechanical ven-

tilation with particular attention to automated systems. It is clear that one of 

the largest impediments to the introduction of new techniques is lack of un-

derstanding by bedside clinicians. Automated systems, by virtue of frequent 

automated titration, can further distance the staff from the settings. The pa-

per suggests a change in paradigm, focusing on the current response of the  

patient versus the settings on the ventilator.

Claure N, Bancalari E. Targeting arterial oxygen saturation by closed-loop control 
of inspired oxygen in preterm infants. Clin Perinatol. 2019;46(3):567–577.

Excellent review of the need for automated FiO2 control in the NICU and the 

muliple advantages. Also reviews issues with oxygenation targets in neonatal 

subjects and the balance of hypoxemia and hyperoxemia on complications 

and outcomes. Demonstrates the impact of asynchrony and mode of support 

on the development of hypoxemia, separate from lung dyfunction.

Goligher EC, Jonkman AH, Dianti J, et al. Clinical strategies for implementing 
lung and diaphragm-protective ventilation: Avoiding insufficient and  
excessive effort. Intensive Care Med. 2020;46(12):2314–2326.
Excellent review of the causes and prevention of Ventilator induced diaphrag-

matic dysfunction (VIDD). The impact of ventilator mode and breath type, in 

addition to controlling patient effort, is detailed. The role of proportional 

modes of support, including theoretical and realized advantages, are provided.

Jonkman AH, Rauseo M, Carteaux G, et al. Proportional modes of ventilation: 
Technology to assist physiology. Intensive Care Med. 2020;46(12):2301–2313.
This paper is an extensive and detailed review of PAV1 and NAVA. Impor-

tant specifics on setting and monitoring ventilator and patient parameters are 

detailed. Proportional modes are compared with pressure support ventilation, 

and the impact on asynchrony, comfort, and the risk of lung/diaphragmatic 

injury are reviewed.
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 15. Piotrowski, A., Sobala, W., & Kawczyński, P. (1997). Patient-initiated, pres-
sure-regulated, volume-controlled ventilation compared with intermittent 
mandatory ventilation in neonates: a prospective, randomised study. In-

tensive Care Medicine, 23(9), 975–981.
 16. Schirmer-Mikalsen, K., Vik, A., Skogvoll, E., Moen, K. G., Solheim, O., & 

Klepstad, P. (2016). Intracranial pressure during pressure control and 
pressure-regulated volume control ventilation in patients with traumatic 
brain injury: A randomized crossover trial. Neurocritical Care, 24(3), 
332–341.

 17. Sottiaux, T. M. (2001). Patient-ventilator interactions during volume- 
support ventilation: Asynchrony and tidal volume instability—A report  
of three cases. Respiratory Care, 46(3), 255–262.

 18. Chang, S., Shi, J., Fu, C., Wu, X., & Li, S. (2016). A comparison of syn-
chronized intermittent mandatory ventilation and pressure-regulated vol-
ume control ventilation in elderly patients with acute exacerbations of 
COPD and respiratory failure. International Journal of Chronic Obstructive 

Pulmonary Disease, 11, 1023–1029.

 19. D’Angio, C. T., Chess, P. R., Kovacs, S. J., Sinkin, R. A., Phelps, D. L.,  
Kendig, J. W., et al. (2005). Pressure-regulated volume control ventilation 
vs synchronized intermittent mandatory ventilation for very low-birth-
weight infants: A randomized controlled trial. Archives of Pediatrics & 

Adolescent Medicine, 159(9), 868–875.
 20. Sinderby, C., Navalesi, P., Beck, J., Skrobik, Y., Comtois, N., Friberg, S.,  

et al. (1999). Neural control of mechanical ventilation in respiratory  
failure. Nature Medicine, 5(12), 1433–1436.

 21. Younes, M., Webster, K., Kun, J., Roberts, D., & Masiowski, B. (2001).  
A method for measuring passive elastance during proportional assist  
ventilation. American Journal of Respiratory and Critical Care Medicine, 
164(1), 50–60.

 22. Younes, M., Kun, J., Masiowski, B., Webster, K., & Roberts, D. (2001).  
A method for noninvasive determination of inspiratory resistance during 
proportional assist ventilation. American Journal of Respiratory and 

Critical Care Medicine, 163(4), 829–839.
 23. Jonkman, A. H., Rauseo, M., Carteaux, G., Telias, I., Sklar, M. C., Heunks, L., 

et al. Proportional modes of ventilation: Technology to assist physiology.  
Intensive Care Medicine, 46(12), 2301–2313.

 24. Vaporidi, K. (2020). NAVA and PAV1 for lung and diaphragm protection. 
Current Opinion in Critical Care, 26(1), 41–46.

 25. Mitrouska, J., Xirouchaki, N., Patakas, D., Siafakas, N., & Georgopoulos, 
D. (1999). Effects of chemical feedback on respiratory motor and ventila-
tory output during different modes of assisted mechanical ventilation.  
European Respiratory Journal, 13(4), 873–882.

 26. Vaporidi, K., Akoumianaki, E., Telias, I., Goligher, E. C., Brochard, L., & 
Georgopoulos, D. (2020). Respiratory drive in critically Ill patients. Patho-
physiology and clinical implications. American Journal of Respiratory and 

Critical Care Medicine, 201(1), 20–32.
 27. Georgopoulos, D., Mitrouska, I., Bshouty, Z., Webster, K., Patakas, D., & 

Younes, M. (1997). Respiratory response to CO2 during pressure-support 
ventilation in conscious normal humans. American Journal of Respiratory 

and Critical Care Medicine, 156(1), 146–154.
 28. Carteaux, G., Mancebo, J., Mercat, A., Dellamonica, J., Richard, J. C.,  

Aguirre-Bermeo, H., et al. (2013). Bedside adjustment of proportional  
assist ventilation to target a predefined range of respiratory effort. Critical 

Care Medicine, 41(9), 2125–2132.
 29. Carteaux, G., Córdoba-Izquierdo, A., Lyazidi, A., Heunks, L., Thille, A. W., 

& Brochard, L. (2016). Comparison between neurally adjusted ventilatory 
assist and pressure support ventilation levels in terms of respiratory effort. 
Critical Care Medicine, 44(3), 503–511.

 30. Akoumianaki, E., Prinianakis, G., Kondili, E., Malliotakis, P., &  
Georgopoulos, D. (2014). Physiologic comparison of neurally adjusted 
ventilator assist, proportional assist and pressure support ventilation in 
critically ill patients. Respiratory Physiology & Neurobiology, 203, 82–89.

 31. Spahija, J., de Marchie, M., Albert, M., Bellemare, P., Delisle, S., Beck, J.,  
et al. (2010). Patient-ventilator interaction during pressure support venti-
lation and neurally adjusted ventilatory assist. Critical Care Medicine, 
38(2), 518–526.

 32. Doorduin, J., Sinderby, C. A., Beck, J., van der Hoeven, J. G., & Heunks, L. M. 
(2015). Assisted ventilation in patients with acute respiratory distress  
syndrome: Lung-distending pressure and patient-ventilator interaction.  
Anesthesiology, 123(1), 181–190.

 33. Patroniti, N., Bellani, G., Saccavino, E., Zanella, A., Grasselli, G., Isgrò, S., 
et al. (2012). Respiratory pattern during neurally adjusted ventilatory  
assist in acute respiratory failure patients. Intensive Care Medicine, 38(2), 
230–239.

 34. Colombo, D., Cammarota, G., Bergamaschi, V., De Lucia, M., Corte, F. D., 
& Navalesi, P. (2008). Physiologic response to varying levels of pressure 
support and neurally adjusted ventilatory assist in patients with acute re-
spiratory failure. Intensive Care Medicine, 34(11), 2010–2018.

 35. Xirouchaki, N., Kondili, E., Klimathianaki, M., & Georgopoulos, D. 
(2009). Is proportional-assist ventilation with load-adjustable gain factors 
a user-friendly mode? Intensive Care Medicine, 35(9), 1599–1603.

 36. Xirouchaki, N., Kondili, E., Vaporidi, K., Xirouchakis, G., Klimathianaki, M., 
Gavriilidis, G., et al. (2008). Proportional assist ventilation with load- 
adjustable gain factors in critically ill patients: Comparison with pressure 
support. Intensive Care Medicine, 34(11), 2026–2034.

  

 



e2

 37. Thille, A. W., Cabello, B., Galia, F., Lyazidi, A., & Brochard, L. (2008).  
Reduction of patient-ventilator asynchrony by reducing tidal volume during 
pressure-support ventilation. Intensive Care Medicine, 34(8), 1477–1486.

 38. Cecchini, J., Schmidt, M., Demoule, A., & Similowski, T. (2014). Increased 
diaphragmatic contribution to inspiratory effort during neurally adjusted 
ventilatory assistance versus pressure support: An electromyographic 
study. Anesthesiology, 121(5), 1028–1036.

 39. Blankman, P., Hasan, D., van Mourik, M. S., & Gommers, D. (2013).  
Ventilation distribution measured with EIT at varying levels of pressure 
support and Neurally Adjusted Ventilatory Assist in patients with ALI.  
Intensive Care Medicine, 39(6), 1057–1062.

 40. Goligher, E. C., Jonkman, A. H., Dianti, J., Vaporidi, K., Beitler, J. R.,  
Patel, B. K., et al. (2020). Clinical strategies for implementing lung and 
diaphragm-protective ventilation: Avoiding insufficient and excessive  
effort. Intensive Care Medicine, 46(12), 2314–2326.

 41. Leiter, J. C., & Manning, H. L. (2010). The Hering-Breuer reflex, feedback 
control, and mechanical ventilation: The promise of neurally adjusted 
ventilatory assist. Critical Care Medicine, 38(9), 1915–1916.

 42. Sinderby, C., Beck, J., Spahija, J., de Marchie, M., Lacroix, J., Navalesi, P.,  
et al. (2007). Inspiratory muscle unloading by neurally adjusted ventilatory 
assist during maximal inspiratory efforts in healthy subjects. Chest, 131(3), 
711–717.

 43. Vaporidi, K., Psarologakis, C., Proklou, A., Pediaditis, E., Akoumianaki, E., 
Koutsiana, E., et al. (2019). Driving pressure during proportional assist 
ventilation: An observational study. Annals of Intensive Care, 9(1), 1.

 44. Jonkman, A. H., Roesthuis, L. H., de Boer, E. C., de Vries, H. J.,  
Girbes, A. R. J., van der Hoeven, J. G., et al. (2020). Inadequate assessment 
of patient-ventilator interaction due to suboptimal diaphragm electrical 
activity signal filtering. American Journal of Respiratory and Critical Care 

Medicine, 202(1), 141–144.
 45. Kataoka, J., Kuriyama, A., Norisue, Y., & Fujitani, S. (2018). Proportional 

modes versus pressure support ventilation: A systematic review and meta-
analysis. Annals of Intensive Care, 8(1), 123.

 46. Alexopoulou, C., Kondili, E., Plataki, M., & Georgopoulos, D. (2013). Patient-
ventilator synchrony and sleep quality with proportional assist and pressure 
support ventilation. Intensive Care Medicine, 39(6), 1040–1047.

 47. Bosma, K., Ferreyra, G., Ambrogio, C., Pasero, D., Mirabella, L., Braghiroli, 
A., et al. (2007). Patient-ventilator interaction and sleep in mechanically 
ventilated patients: Pressure support versus proportional assist ventilation. 
Critical Care Medicine, 35(4), 1048–1054.

 48. Botha, J., Green, C., Carney, I., Haji, K., Gupta, S., & Tiruvoipati, R. 
(2018). Proportional assist ventilation versus pressure support ventilation 
in weaning ventilation: A pilot randomised controlled trial. Critical Care 

and Resuscitation, 20(1), 33–40.
 49. Bosma, K. J., Read, B. A., Bahrgard Nikoo, M. J., Jones, P. M., Priestap, F. A., 

Lewis, J. F. (2016). A pilot randomized trial comparing weaning from me-
chanical ventilation on pressure support versus proportional assist ventila-
tion. Critical Care Medicine, 44(6), 1098–1108.

 50. Demoule, A., Clavel, M., Rolland-Debord, C., Perbet, S., Terzi, N., 
Kouatchet, A., et al. (2016). Neurally adjusted ventilatory assist as an alter-
native to pressure support ventilation in adults: A French multicentre ran-
domized trial. Intensive Care Medicine, 42(11), 1723–1732.

 51. Kacmarek, R. M., Villar, J., Parrilla, D., Alba, F., Solano, R., Liu, S.,  
et al. (2020). Neurally adjusted ventilatory assist in acute respiratory 
failure: A randomized controlled trial. Intensive Care Medicine, 46(12), 
2327–2337.

 52. Branson, R. D., & Johannigman, J. A. (2009). Innovations in mechanical 
ventilation. Respiratory Care, 54(7), 933–947.

 53. Johannigman, J. A., Muskat, P., Barnes, S., Davis, K., Jr., Beck, G., &  
Branson, R. D. (2008). Autonomous control of oxygenation. Journal of 

Trauma, 64(Suppl. 4), S295–S301.
 54. Johannigman, J. A., Muskat, P., Barnes, S., Davis, K., & Branson, R. D. 

(2008). Autonomous control of ventilation. Journal of Trauma, 64(Suppl. 4), 
S302–S320.

 55. Campbell, R. S., Branson, R. D., & Johannigman, J. A. (2001). Adaptive sup-
port ventilation. Respiratory Care Clinics of North America, 7(3), 425–440, ix.

 56. Petter, A. H., Chioléro, R. L., Cassina, T., Chassot, P. G., Müller, X. M., & 
Revelly, J. P. (2003). Automatic “respirator/weaning” with adaptive support 

ventilation: The effect on duration of endotracheal intubation and patient 
management. Anesthesia and Analgesia, 97(6), 1743–1750.

 57. Gruber, P. C., Gomersall, C. D., Leung, P., Joynt, G. M., Ng, S. K., Ho, K. M., 
et al. (2008). Randomized controlled trial comparing adaptive-support venti-
lation with pressure-regulated volume-controlled ventilation with automode 
in weaning patients after cardiac surgery. Anesthesiology, 109(1), 81–87.

 58. Dongelmans, D. A., Veelo, D. P., Binnekade, J. M., de Mol, B. A., Kudoga, A., 
Paulus, F., et al. (2010). Adaptive support ventilation with protocolized  
de-escalation and escalation does not accelerate tracheal extubation of  
patients after nonfast-track cardiothoracic surgery. Anesthesia and Analgesia, 
111(4), 961–967.

 59. Dongelmans, D. A., Veelo, D. P., Paulus, F., de Mol, B. A., Korevaar, J. C., 
Kudoga, A., et al. (2009). Weaning automation with adaptive support ven-
tilation: A randomized controlled trial in cardiothoracic surgery patients. 
Anesthesia and Analgesia, 108(2), 565–571.

 60. Sulzer, C. F., Chioléro, R., Chassot, P. G., Mueller, X. M., & Revelly, J. P. (2001). 
Adaptive support ventilation for fast tracheal extubation after cardiac surgery: 
A randomized controlled study. Anesthesiology, 95(6), 1339–1345.

 61. Cassina, T., Chioléro, R., Mauri, R., & Revelly, J. P. (2003). Clinical experience 
with adaptive support ventilation for fast-track cardiac surgery. Journal of 

Cardiothoracic and Vascular Anesthesia, 17(5), 571–575.
 62. Tam, M. K., Wong, W. T., Gomersall, C. D., Tian, Q., Ng, S. K., Leung, C. C., 

et al. (2016). A randomized controlled trial of 2 protocols for weaning  
cardiac surgical patients receiving adaptive support ventilation. Journal of 

Critical Care, 33, 163–168.
 63. Moradian, S. T., Saeid, Y., Ebadi, A., Hemmat, A., & Ghiasi, M. S. (2017). 

Adaptive support ventilation reduces the incidence of atelectasis in patients 
undergoing coronary artery bypass grafting: A randomized clinical trial. 
Anesthesiology and Pain Medicine, 7(3), e44619.

 64. Kiaei, B. A., Kashefi, P., Hashemi, S. T., Moradi, D., & Mobasheri, A. (2017). 
The comparison effects of two methods of (adaptive support ventilation min-
ute ventilation: 110% and adaptive support ventilation minute ventilation: 
120%) on mechanical ventilation and hemodynamic changes and length of 
being in recovery in intensive care units. Advanced Biomedical Research, 6, 52.

 65. Veelo, D. P., Dongelmans, D. A., Binnekade, J. M., Paulus, F., & Schultz, M. J. 
(2010). Adaptive support ventilation: A translational study evaluating the 
size of delivered tidal volumes. International Journal of Artificial Organs, 
33(5), 302–309.

 66. Alban, A., Chick, S. E., Dongelmans, D. A., Vlaar, A. P. J., & Sent, D. 
(2020). ICU capacity management during the COVID-19 pandemic using 
a process simulation. Intensive Care Medicine, 46(8), 1624–1626.

 67. Dongelmans, D. A., Veelo, D. P., Bindels, A., Binnekade, J. M., Koppenol, K., 
Koopmans, M., et al. (2008). Determinants of tidal volumes with adaptive 
support ventilation: A multicenter observational study. Anesthesia and 

Analgesia, 107(3), 932–937.
 68. Chen, C. W., Wu, C. P., Dai, Y. L., Perng, W. C., Chian, C. F., Su, W. L., et al. 

(2011). Effects of implementing adaptive support ventilation in a medical 
intensive care unit. Respiratory Care, 56(7), 976–983.

 69. Wendel-Garcia PD, Hofmaenner DA, Brugger SD, Acevedo CT, Bartussek 
J, Camen G, Bader PR, Bruellmann G, Kattner J, Ganter C, Schuepbach 
RA, Buehler PK. Closed-Loop Versus Conventional Mechanical Ventila-
tion in COVID-19 ARDS. J Intensive Care Med. 2021 Oct;36(10):1184–
1193. doi: 10.1177/08850666211024139. Epub 2021 Jun 8. PMID: 
34098803; PMCID: PMC8442133.

 70. Kirakli, C., Ozdemir, I., Ucar, Z. Z., Cimen, P., Kepil, S., & Ozkan, S. A. 
(2011). Adaptive support ventilation for faster weaning in COPD: A ran-
domised controlled trial. European Respiratory Journal, 38(4), 774–780.

 71. Celli, P., Privato, E., Ianni, S., Babetto, C., D’Arena, C., Guglielmo, N., et al. 
(2014). Adaptive support ventilation versus synchronized intermittent man-
datory ventilation with pressure support in weaning patients after ortho-
topic liver transplantation. Transplantation Proceedings, 46(7), 2272–2278.

 72. Iotti, G. A., Polito, A., Belliato, M., Pasero, D., Beduneau, G., Wysocki, M., 
et al. (2010). Adaptive support ventilation versus conventional ventilation 
for total ventilatory support in acute respiratory failure. Intensive Care 

Medicine, 36(8), 1371–1379.
 73. Arnal, J. M., Wysocki, M., Nafati, C., Donati, S., Granier, I., Corno, G.,  

et al. (2008). Automatic selection of breathing pattern using adaptive  
support ventilation. Intensive Care Medicine, 34(1), 75–81.

  

 



e3

 74. Agarwal, R., Srinivasan, A., Aggarwal, A. N., & Gupta, D. (2013). Adaptive 
support ventilation for complete ventilatory support in acute respiratory 
distress syndrome: A pilot, randomized controlled trial. Respirology, 18(7), 
1108–1115.

 75. Dongelmans, D. A., Paulus, F., Veelo, D. P., Binnekade, J. M., Vroom, M. B., 
& Schultz, M. J. (2011). Adaptive support ventilation may deliver unwanted 
respiratory rate-tidal volume combinations in patients with acute lung in-
jury ventilated according to an open lung concept. Anesthesiology, 114(5), 
1138–1143.

 76. van der Staay, M., & Chatburn, R. L. (2018). Advanced modes of mechani-
cal ventilation and optimal targeting schemes. Intensive Care Medicine 

Experimental, 6(1), 30.
 77. Arnal, J. M., Wysocki, M., Novotni, D., Demory, D., Lopez, R., Donati, S., 

et al. (2012). Safety and efficacy of a fully closed-loop control ventilation 
(IntelliVent-ASV®) in sedated ICU patients with acute respiratory failure: 
A prospective randomized crossover study. Intensive Care Medicine, 38(5), 
781–787.

 78. Arnal, J. M., Garnero, A., Novonti, D., Demory, D., Ducros, L., Berric, A., 
et al. (2013). Feasibility study on full closed-loop control ventilation  
(IntelliVent-ASV™) in ICU patients with acute respiratory failure:  
A prospective observational comparative study. Critical Care, 17(5), R196.

 79. De Bie, A. J. R., Neto, A. S., van Meenen, D. M., Bouwman, A. R., Roos, A. N., 
Lameijer, J. R., et al. (2020). Fully automated postoperative ventilation in car-
diac surgery patients: A randomised clinical trial. British Journal of Anaesthe-

sia, 125(5), 739–749.
 80. Clavieras, N., Wysocki, M., Coisel, Y., Galia, F., Conseil, M., Chanques, G., 

et al. (2013). Prospective randomized crossover study of a new closed-loop 
control system versus pressure support during weaning from mechanical 
ventilation. Anesthesiology, 119(3), 631–641.

 81. Bialais, E., Wittebole, X., Vignaux, L., Roeseler, J., Wysocki, M., Meyer, J.,  
et al. (2016). Closed-loop ventilation mode (IntelliVent®-ASV) in inten-
sive care unit: A randomized trial. Minerva Anestesiologica, 82(6), 657–668.

 82. Fot, E. V., Izotova, N. N., Yudina, A. S., Smetkin, A. A., Kuzkov, V. V., & 
Kirov, M. Y. (2017). Automated weaning from mechanical ventilation after 
off-pump coronary artery bypass grafting. Frontiers in Medicine, 4, 31.

 83. Arnal, J. M., Garnero, A., Novotni, D., Corno, G., Donati, S. Y., Demory, D., 
et al. (2018). Closed loop ventilation mode in intensive care unit: A ran-
domized controlled clinical trial comparing the numbers of manual venti-
lator setting changes. Minerva Anestesiologica, 84(1), 58–67.

 84. Arnal, J. M., Saoli, M., & Garnero, A. (2020). Airway and transpulmonary 
driving pressures and mechanical powers selected by INTELLiVENT-ASV in 
passive, mechanically ventilated ICU patients. Heart Lung, 49(4), 427–434.

 85. Buiteman-Kruizinga, L. A., Mkadmi, H. E., Schultz, M. J., Tangkau, P. L., & 
van der Heiden, P. L. J. (2021). Comparison of mechanical power during 
adaptive support ventilation versus nonautomated pressure-controlled 
ventilation—A pilot study. Critical Care Explorations, 3(2), e0335.

 86. Buiteman-Kruizinga, L. A., Mkadmi, H. E., Serpa Neto, A., Kruizinga, M. D., 
Botta, M., Schultz, M. J., et al. (2021). Effect of INTELLiVENT-ASV versus 
conventional ventilation on ventilation intensity in patients with COVID-19 
ARDS—An observational study. Journal of Clinical Medicine, 10(22), 5409.

 87. Lellouche, F., Mancebo, J., Jolliet, P., Roeseler, J., Schortgen, F., Dojat, M., et al. 
(2006). A multicenter randomized trial of computer-driven protocolized 
weaning from mechanical ventilation. American Journal of Respiratory and 

Critical Care Medicine, 174(8), 894–900.
 88. Rose, L., Presneill, J. J., Johnston, L., & Cade, J. F. (2008). A randomised,  

controlled trial of conventional versus automated weaning from mechanical 
ventilation using SmartCare/PS. Intensive Care Medicine, 34(10), 1788–1795.

 89. Bouadma, L., Lellouche, F., Cabello, B., Taillé, S., Mancebo, J., Dojat, M., et al. 
(2005). Computer-driven management of prolonged mechanical ventilation 
and weaning: A pilot study. Intensive Care Medicine, 31(10), 1446–1450.

 90. Dojat, M., Harf, A., Touchard, D., Lemaire, F., & Brochard, L. (2000). Clin-
ical evaluation of a computer-controlled pressure support mode. American 

Journal of Respiratory and Critical Care Medicine, 161(4 Pt 1), 1161–1166.

 91. Rose, L., Schultz, M. J., Cardwell, C. R., Jouvet, P., McAuley, D. F., & 
Blackwood, B. (2015). Automated versus non-automated weaning for re-
ducing the duration of mechanical ventilation for critically ill adults and 
children: A Cochrane Systematic Review and meta-analysis. Critical Care, 
19(1), 48.

 92. Jouvet, P., Farges, C., Hatzakis, G., Monir, A., Lesage, F., Dupic, L., et al. 
(2007). Weaning children from mechanical ventilation with a computer-
driven system (closed-loop protocol): A pilot study. Pediatric Critical 

Care Medicine, 8(5), 425–432.
 93. Schädler, D., Mersmann, S., Frerichs, I., Elke, G., Semmel-Griebeler, T., 

Noll, O., et al. (2014). A knowledge- and model-based system for auto-
mated weaning from mechanical ventilation: Technical description and 
first clinical application. Journal of Clinical Monitoring and Computing, 
28(5), 487–498.

 94. Kataoka, G., Murai, N., Kodera, K., Sasaki, A., Asano, R., Ikeda, M., et al. 
(2007). Clinical experience with Smart Care after off-pump coronary artery 
bypass for early extubation. Journal of Artificial Organs, 10(4), 218–222.

 95. Burns, K. E., Lellouche, F., & Lessard, M. R. (2008). Automating the 
weaning process with advanced closed-loop systems. Intensive Care Med-

icine, 34(10), 1757–1765.
 96. Mitamura, Y., Mikami, T., & Yamamoto, K. (1975). A dual control 

system for assisting respiration. Medical & Biological Engineering, 13(6), 
846–853.

 97. Claure, N. (2007). Automated regulation of inspired oxygen in preterm 
infants: Oxygenation stability and clinician workload. Anesthesia and 

Analgesia, 105(Suppl. 6), S37–S41.
 98. Bancalari, E., & Claure, N. (2012). Control of oxygenation during mechanical 

ventilation in the premature infant. Clinics in Perinatology, 39(3), 563–572.
 99. Bancalari, E., & Claure, N. (2012). Too much or too little: How to handle 

oxygen saturation in the neonatal intensive care unit. Early Human Devel-

opment, 88(Suppl. 2), S78–S80.
 100. Claure, N., & Bancalari, E. (2019). Targeting arterial oxygen saturation 

by closed-loop control of inspired oxygen in preterm infants. Clinics in 

Perinatology, 46(3), 567–577.
 101. Claure, N., & Bancalari, E. (2021). New modes of respiratory support for 

the premature infant: Automated control of inspired oxygen concentra-
tion. Clinics in Perinatology, 48(4), 843–853.

 102. Claure, N., & Bancalari, E. (2013). Automated closed loop control of 
inspired oxygen concentration. Respiratory Care, 58(1), 151–161.

 103. Claure, N., D’Ugard, C., & Bancalari, E. (2009). Automated adjustment 
of inspired oxygen in preterm infants with frequent fluctuations in  
oxygenation: A pilot clinical trial. Journal of Pediatrics, 155(5), 640-5.
e1–2.

 104. Claure, N., Bancalari, E., D’Ugard, C., Nelin, L., Stein, M., Ramanathan, R., 
et al. (2011). Multicenter crossover study of automated control of inspired 
oxygen in ventilated preterm infants. Pediatrics, 127(1), e76–e83.

 105. Jain, D., D’Ugard, C., Bello, J., Bancalari, E., & Claure, N. (2018). Hypox-
emia episodes during day and night and their impact on oxygen satura-
tion targeting in mechanically ventilated preterm infants. Neonatology, 
113(1), 69–74.

 106. Schwarz, C. E., Kreutzer, K. B., Langanky, L., Wolf, N. S., Braun, W., 
O’Sullivan, M. P., et al. (2021). Randomised crossover trial comparing al-
gorithms and averaging times for automatic oxygen control in preterm 
infants. Archives of Disease in Childhood. Fetal and Neonatal Edition.

 107. Johannigman, J. A., Branson, R., Lecroy, D., & Beck, G. (2009). Autono-
mous control of inspired oxygen concentration during mechanical venti-
lation of the critically injured trauma patient. Journal of Trauma, 66(2), 
386–392.

 108. Wenstedt, E. F. E., De Bie Dekker, A. J. R., Roos, A. N., Verberne, J. J. M., 
Korsten, H. H. M., Schultz, M. J., et al. (2017). Current practice of 
closed-loop mechanical ventilation modes on intensive care units—A  
nationwide survey in the Netherlands. Netherlands Journal of Medicine, 
75(4), 145–150.

  

 



THE CONCEPT OF LIBERATION AND EXTUBATION

Weaning from mechanical ventilation refers to the transition period 

from total ventilatory support to spontaneous breathing. Approxi-

mately 70% of intubated mechanically ventilated patients are extubated 

after the first spontaneous breathing trial (SBT), either by ventilator 

disconnection or after breathing at low levels of pressure support for 

short periods ranging from 30 to 120 minutes.1,2 The remaining pa-

tients (about 30%) require progressive withdrawal from artificial venti-

latory support. In half of these patients, mechanical ventilation can be 

withdrawn in less than 1 week; however, the other half of patients re-

quire more than 1 week of mechanical ventilation. Importantly, in this 

latter group, the prognosis is markedly worse.3,4

Early liberation from mechanical ventilation and removal of the 

endotracheal tube is clinically important. Unnecessary prolongation of 

mechanical ventilation increases the risk of complications, including 

infections (particularly of bronchopulmonary origin), barotrauma, 

cardiovascular compromise, tracheal injuries, and muscle decon-

ditioning. To maximize patient outcomes, clinicians should attempt to 

hasten the process that ultimately leads to removal of the endotracheal 

tube.5 Every additional day that passes after the first weaning attempt 

increases the risk of death.3

Liberation and extubation are different concepts.6 Liberation refers 

to weaning from mechanical ventilation, meaning that the patient no 

longer requires ventilatory support. When liberation has been achieved, 

the clinician must consider a different question: “Is the patient able to 

breathe spontaneously and protect the airway without the endotra-

cheal tube?” Removal of the endotracheal tube is referred to as extuba-

tion. The extubation failure rate is variable, ranging from 5% to 20% 

of extubated patients.1,7–9

MECHANISMS THAT EXPLAIN  
LIBERATION FAILURE

Respiratory Pump Failure
The most common reason for weaning failure is respiratory pump insuf-

ficiency, which is caused by an imbalance between the patient’s endurance 

capabilities and respiratory demands.10–13 Jubran and Tobin14 investigated 

the progression of respiratory mechanics during SBT in patients with 

chronic obstructive pulmonary disease (COPD). At the very beginning of 

the trials, patients who subsequently failed had a slightly higher airway 

resistance, respiratory system elastance, and intrinsic positive end-expira-

tory pressure (PEEP) compared with those who succeeded. However, 

during the trials, respiratory mechanics progressively worsened in patients 

who failed to achieve ventilator liberation. Subjects who failed quickly 

developed rapid, shallow breathing, and most also developed (but more 

slowly) an increase in partial pressure of carbon dioxide (PaCO2). 

Together, these abnormalities of mechanics and chemical drive resulted in 

increased inspiratory muscle effort. Breathing exertion was likely close to 

the threshold of muscle fatigue in some patients.

Laghi and Tobin15 studied 19 intubated patients during weaning 

from mechanical ventilation; of these, 11 patients failed and 8 suc-

ceeded. Several physiologic indices were measured before and 30 min-

utes after SBT. Before the SBT, the transdiaphragmatic twitch pressure, 

elicited by magnetic bilateral phrenic stimulation, did not differ be-

tween the patients who failed or succeeded at ventilator liberation, and 

this variable did not decrease after the trial in either group.  

Patients failing the SBT were reconnected to the ventilator because of 

clinical signs of intolerance. It was concluded that weaning failure was 

not accompanied by low-frequency diaphragmatic fatigue. Weaning 

failure patients did, however, exhibit severe diaphragmatic weakness, 

because twitch pressures were always low.

Common Disorders That Alter the Balance of Capacity 
and Load in Critical Illness
Reduced Neuromuscular Capacity and Reserve
Traditionally, peripheral muscular dysfunction—known as critical ill-

ness polyneuropathy—was associated with difficult weaning.16 However, 

in recent years, respiratory muscle dysfunction (mainly the diaphragm)—

known as critical illness–associated diaphragm weakness17—is a condition 

whose existence has become recognized and its properties better charac-

terized. We now know that respiratory muscle dysfunction is indepen-

dent of peripheral polyneuropathy and twice as prevalent (present in up 

to 60% of ventilated patients), exerting a greater impact on weaning.18 

Diaphragm weakness is mainly associated with muscle disuse or a low 

level of effort associated with controlled ventilation modalities,19 but it 

has also been associated with a high breathing effort because of insuffi-

cient respiratory assistance.20 The optimal balance between diaphragm 

overuse and underuse is difficult to determine. However, it stands to 

reason that the appropriate level of assisted ventilation could prevent  

diaphragm atrophy.21

Increased Muscle Loads

The increased work of breathing results from increased mechanical 

loads (elastic and/or resistive). Increased elastic workloads occur when 

lung and chest wall compliance are reduced (e.g., pulmonary edema, 

extreme hyperinflation during an acute asthmatic attack, pulmonary 

fibrosis, abdominal distention, severe obesity, trauma, or thoracic de-

formities).15 The presence of intrinsic PEEP is another example of in-

creased elastic workload, and this phenomenon is relatively common, 

especially in patients with COPD.22,23 Resistive work of breathing dur-

ing critical illness may increase as a result of bronchospasm, excessive 

secretions, endotracheal tube resistance (which increases with kinking 

and deposition of secretions), and ventilator valves/circuits and  
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humidifiers, especially when conditioning of inspired gases is provided 

with heat and moisture exchangers. The latter also increase the dead 

space posed by the external apparatus.

CARDIOVASCULAR DYSFUNCTION

The presence of cardiovascular dysfunction can contribute to weaning 

failure by augmenting the loads on the respiratory system and reduc-

ing neuromuscular capacity.24,25 Cardiovascular dysfunction can result 

from physiologic changes that occur during the resumption of unas-

sisted spontaneous breathing.26 When spontaneous breathing resumes, 

the intrathoracic pressure during inspiration is negative, leading to 

increased left ventricular preload and afterload. Increased heart loads 

augment myocardial oxygen demand and may precipitate myocardial 

ischemia in patients with coronary artery disease.27 Pulmonary vascu-

lar congestion may also increase.

Jubran and colleagues28 examined hemodynamics and mixed ve-

nous saturation in patients during weaning trials. Successfully weaned 

patients demonstrated increases in the cardiac index and oxygen trans-

port compared with values observed during mechanical ventilation. 

Patients who failed weaning did not increase oxygen delivery to the 

tissues because, in part, of elevated right and left ventricular afterloads. 

Consequently, these abnormalities have the potential to jeopardize re-

spiratory muscle function.

In intensive care unit (ICU) patients, congestive heart failure in 

predisposed patients may occur as a consequence of an increase in 

venous return, volume overload, or catecholamine release induced by 

physiologic stresses, such as weaning. Impairment of cardiovascular 

function can be magnified in cases with a positive fluid balance.29

Studies have shown that using a T-tube (instead of pressure sup-

port and PEEP) to perform an SBT in difficult-to-wean patients may 

elicit an adverse cardiovascular response; when support is added (in 

the form of pressure support and PEEP), respiratory and cardiovascu-

lar function both improve.30

In the ICU setting, noninvasive tools are available (e.g., echocardiogra-

phy and measurement of plasma B-type natriuretic peptide [BNP]) to 

help diagnose cardiovascular dysfunction. Up to 50% of patients who fail 

a weaning test exhibit cardiogenic pulmonary edema (based on BNP 

measurements and/or echocardiography), which is more common in pa-

tients with COPD and in patients with underlying cardiac dysfunction.31

Mekontso-Dessap and colleagues showed that BNP-guided admin-

istration of diuretics can reduce weaning time, particularly in patients 

with left ventricular systolic dysfunction.32 That same group of authors 

has also shown that isolated diastolic dysfunction may be associated 

with a longer weaning time and increased filling pressures, with im-

paired left ventricular relaxation potentially being a key mechanism 

for failure of the weaning trial.33

PREDICTION OF WEANING AND 
 EXTUBATION OUTCOMES

Yang and Tobin34 studied the predictive power of several weaning in-

dices, finding that the rapid shallow breathing index (f/VT) had the 

best predictive value. In their study, 95% of patients with an f/VT ratio 

.105 failed an SBT. The rapid shallow breathing index appears to be 

the most useful bedside method of screening for liberation readiness. 

If the f/VT value is less than 105, then an SBT of 30–120 minutes 

should be used to confirm the patient’s capacity to breathe spontane-

ously without assistance. However, because the f/VT has a low specific-

ity (the test is positive in a relatively large proportion of weaning  

failure subjects), the f/VT alone is insufficient to predict weaning  

failure. From a practical point of view, the information conveyed by 

weaning indices and clinical judgment should be considered together 

in making clinically important decisions regarding extubation.

Patients incapable of protecting their airway and clearing secretions 

with an effective cough are at an increased risk of extubation failure. 

Traditional assessment has consisted of demonstrating a cough reflex 

when the airways are stimulated with a suction catheter and by the 

absence of excessive secretions. Smina and colleagues35 found that pa-

tients with a peak expiratory flow equal to or below 60 L/min were five 

times more likely to have an unsuccessful extubation than patients 

with expiratory flows greater than 60 L/min.

EXTUBATION FAILURE

Extubation failure can be defined as the need to reintubate and reinsti-

tute ventilatory assistance within the first 24–48 hours and up to 7 days 

afterwards. The reintubation rate ranges from 10% to 20%.3,7

Mechanisms explaining extubation failure include the presence of 

abnormalities not diagnosed at the time extubation was performed 

(e.g., pneumonia, unaddressed cardiac dysfunction, or new arrhyth-

mia precipitated by the physiologic stress that accompanies spontane-

ous breathing effort) and the inability to maintain the tracheobron-

chial tree free of copious secretions.9,36,37

Extubation failure results in a marked increase in the duration of 

mechanical ventilation, ICU and hospital stay, need for tracheostomy, 

and hospital mortality.3,7,9,38–40 Further studies are needed to understand 

and detail the pathophysiologic mechanisms of extubation failure.

PROGRESSIVE WITHDRAWAL OF  
MECHANICAL VENTILATION

When patients fail SBTs, pressure support ventilation (PSV) is the modal-

ity most often used for the progressive withdrawal of mechanical ventila-

tion.4,41 Two prospective multicenter randomized clinical trials have 

shown that the implementation of synchronized intermittent mandatory 

ventilation (SIMV) is generally less efficacious than other techniques.1,2

Sedation and analgesia are important components of care for me-

chanically ventilated patients. An important study found that daily 

interruption of sedation significantly reduced the duration of me-

chanical ventilation.42 Because sedation and weaning from mechanical 

ventilation cannot be separated from one another, the results are more 

effective when these two strategies are combined (i.e., daily interrup-

tion of sedation plus systematic use of SBTs) to hasten liberation from 

the ventilator than when used separately.43

PRESSURE SUPPORT VENTILATION

Clinical experience1,2 and data from clinical trials44,45 suggest that the 

“optimal” initial levels for PSV are those that provide respiratory rates 

between 25 and 30 breaths/min. In this setting, it is particularly impor-

tant to rule out the existence of asynchronous breathing or ineffective 

respiratory efforts. A ventilator setting with an unnecessarily high level 

of pressure support can be the cause of patient–ventilator dyssyn-

chrony. Patients who show ineffective triggering are on mechanical 

ventilation for longer periods, and tracheostomy is also more often in-

dicated in these patients.46 A subsequent study found a decrease in the 

number of ineffective respiratory efforts without changes in the work 

required for breathing and without modifications in the respiratory 

rate when pressure support levels were reduced.47 These studies46,47 

indicate that some patients receive excessive levels of mechanical venti-

lation during the weaning process. These findings are vital, because they 

indicate that there are modifiable causes (i.e., excessively high levels of 

assistance) of detrimental patient–ventilator interactions.
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The level of external PEEP used in patients with clinically suspected 

dynamic hyperinflation and dynamic airway collapse should be ad-

justed with great caution, because the measurement of dynamic intrin-

sic PEEP in spontaneously breathing patients is not easily performed. 

To that end, it has been suggested that external PEEP can be titrated 

according to the changes in airway occlusion pressure.48

During weaning, the PSV levels are decreased according to the pa-

tient’s clinical tolerance, usually by steps of 2–4 cm H2O at least twice 

a day. In general, clinical tolerance to a level of PSV of about 8 cm H2O 

without PEEP is required before performing extubation, although this 

level may vary according to a given patient’s overall clinical status and 

endotracheal tube diameter.

NEW MODALITIES

Several novel weaning modalities have been examined, including those 

that use closed-loop PSV49–51 or proportional modes, such as propor-

tional assist ventilation (PAV),52,53 to provide a continuous adaptation 

of ventilator assistance to the patient’s needs 24 hours a day.

Lellouche and colleagues examined automated weaning with the semi-

closed-loop PSV system in two groups of patients during the weaning 

period.54 In the control group, weaning was performed as per usual care 

based on written weaning guidelines. In the study group, weaning was 

performed using a computer-driven weaning protocol. In the study group, 

weaning time was significantly shorter compared with usual weaning (3 

vs. 5 days; P 5 .01). This decrease in weaning time was associated with a 

decrease in both the total duration of mechanical ventilation (7.5 vs. 12 

days; P 5 .003) and ICU length of stay (12 vs. 15.5 days; P 5 .02).

A subsequent study by Rose and colleagues55 comparing weaning 

duration with a semi-closed-loop mode versus usual care (weaning 

managed by experienced specialized critical care nurses using a 1:1 

nurse-to-patient ratio) found no differences between the two strate-

gies. Schadler and colleagues56 found that the semi-closed-loop system 

decreased the duration of mechanical ventilation in a specific sub-

group of patients (cardiac surgery). Finally, a study by Burns and col-

leagues57 compared automated weaning with the semi-closed-loop 

mode versus a standardized protocol in critically ill patients, finding 

that patients on automated weaning had significantly shorter median 

times to first successful SBT (1 day vs. 4 days; P , .001) and to success-

ful extubation (4 days vs. 5 days; P 5 .01).

In the meta-analysis carried out by Burns and colleagues, the authors 

concluded that, compared with nonautomated weaning strategies, 

weaning with semi-closed-loop PSV significantly decreased weaning 

time without increasing the risk of adverse events.58 A pilot study com-

pared PAV with conventional PSV and found that PAV is both safe and 

feasible.59

Despite these positive results, in actual clinical practice, the use of 

these techniques remains quite limited and their success largely a mat-

ter of operator skill and familiarity.4

SPONTANEOUS BREATHING WITH A T-TUBE

Tolerance to breathing through a T-tube represents a good test to 

evaluate a patient’s capacity to maintain autonomous, spontaneous 

breathing.60 The optimal duration of a T-tube trial is at least 30 min-

utes and no more than 120 minutes.

One disadvantage of the T-tube trial is related to the absence of  

a connection to a mechanical ventilator. Because patients are not 

monitored by the alarms on the ventilator, they need to be closely su-

pervised. Moreover, the unassisted breathing through the resistance of 

the endotracheal tube is a “stress test” for the cardiorespiratory system 

that, although informative, may itself predispose to weaning failure.

Fernandez et al.61 showed that in patients who successfully passed 

the SBT, reconnection to mechanical ventilation for 1 hour, using the 

same parameters in place before the SBT, significantly reduced reintu-

bation rates in the 48 hours after extubation (5% vs. 14%).

 Traditionally, SBTs with pressure support or a T-tube have been 

considered suitable methods for evaluating a patient’s capacity for 

spontaneous breathing.7 Nevertheless, Subirà and colleagues recently 

compared the relative effects of an initial SBT consisting of 30 minutes 

of PSV with 8 cm H2O (a less-demanding approach for the patient) to 

an SBT consisting of 120 minutes of T-tube (a more-demanding ap-

proach), finding that the less-demanding strategy resulted in higher 

rates of successful weaning.62 These data support the view that in most 

patients (80%) who are extubated in the first SBT, 30 minutes of PSV 

may be sufficient to identify those who present a high probability of 

successful extubation. This concept may hold true in patients whose 

pretest likelihood suggests a high probability of successful extuba-

tion.63 However, we believe that the use of T-tube weaning trials in 

difficult-to-wean patients should be considered as an alternative to 

PSV that induces greater changes in the breathing pattern, inspiratory 

muscle effort, and cardiovascular response than T-tube in this fragile 

population.30

VENTILATORY SUPPORT AFTER EXTUBATION

Noninvasive Ventilation and High-Flow Nasal Cannula
As discussed earlier, extubation is a crucial event in the management 

of patients on mechanical ventilation, and extubation failure is associ-

ated with higher mortality.36 Numerous studies published in recent 

years have evaluated the use of noninvasive ventilation (NIV) and 

high-flow oxygen therapy as measures to facilitate extubation.

From a practical point of view, there are two different ventilatory 

support strategies. The first is a facilitative strategy, which permits 

early extubation in patients who meet criteria for an SBT but who do 

not pass the test. The second is a preventive strategy, aimed at prevent-

ing the emergence of post-extubation respiratory failure. Fig. 57.1 

shows our proposed algorithm for ventilatory support.

1. Facilitative Strategy

Currently, NIV is the only approach recommended to facilitate early 

extubation in selected patients with hypercapnic respiratory failure, and 

it should only be applied in centers with experience with this technique.

Examples of patients suitable for NIV include those with acute-on-

chronic respiratory failure who present with hypercapnia at the end of 

the weaning test. Various studies have shown that the early application 

of NIV to facilitate extubation in this patient population reduces the 

duration of invasive ventilation without increasing the reintubation 

rate, and it may even reduce mortality rates.64–66

At present, there are no firm recommendations on the facilitative 

use of NIV or high-flow nasal oxygen (HFNO) in patients with non-

hypercapnic respiratory failure. Perkins and colleagues, in a group of 

patients with difficulty weaning and a failed SBT, compared two differ-

ent approaches: (1) NIV with early extubation (despite the failed SBT) 

and (2) continued invasive mechanical ventilation until patients were 

able to pass the SBT.67 Those authors found that early extubation with 

NIV did not reduce ventilation time (4.3 vs. 4.5 days in the invasive 

group, adjusted hazard ratio 1.1; 95% confidence interval [CI], 0.89–

1.40). Despite the negative results of this study, these findings imply 

the wisdom of a change in the current paradigm under which patients 

who fail to pass an SBT should remain intubated. No studies have been 

conducted with HFNO in these conditions, but we can expect that 

such a study will performed in the near future.
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Daily assessment of readiness for weaning

Resolution of acute phase of disease for which the patient was
intubated
Neurologic stability (no or only minimal sedation)
Stable hemodynamics
Adequate oxygenation
Adequate pulmonary function
Adequate cough
Absence of excessive tracheobronchial secretion

Start SBT

NIV in selected COPD patients

NIV and,
if feasible,

add
HFNO

Individualize
according to
the patient’s

clinical
characteristics**

Do not fail to delay reintubation
when necessary

Continue invasive weaning

Successful
SBT?

Yes

Yes

No

No

Risk factors for
extubation
failure*?

Fig. 57.1 Algorithm for Ventilator Support After Extubation in Critically Ill Medical Patients. 

*Risk factors for extubation failure: 

– Older than 65 years of age OR  

–  Presence of any underlying chronic cardiac disease (left ventricular ejection fraction #45%; history of 

cardiogenic pulmonary edema; documented ischemic heart disease; permanent atrial fibrillation).

–  Presence of any underlying lung disease (chronic obstructive pulmonary disease; obesity hypoventilation 

syndrome; restrictive pulmonary disease).

**A patient with pancreatitis and fraction of inspired oxygen (FiO2) 40% is NOT the same as a simple post-

operative patient after 48 hours of ventilation.  

COPD, Chronic obstructive pulmonary disease; HFNO, high-flow nasal oxygen; NIV, noninvasive ventilation; 

SBT, spontaneous breathing trial.

2. Preventive Strategy

In low-risk patients (under age 65 and/or with no underlying respiratory or 

cardiac pathology), there is evidence that high-flow oxygenation can pre-

vent reintubation. Hernández and colleagues68 conducted a randomized 

multicenter trial to compare the efficacy of 24 hours of high-flow versus 

conventional oxygen therapy after extubation and demonstrated that  

patients who received HFNO had a lower reintubation rate (5% vs. 12%,  

P 5 .03). The 12% reintubation rate in the control group in that study is 

surprisingly high for this population of low-risk patients, which is why  

we believe that it is premature to recommend the routine use of HFNO  

for all patients post-extubation. Confirmatory trials will be necessary.

In high-risk patients (older than age 65 or with any underlying chronic 

heart or lung disease), numerous studies have shown that NIV applied 

immediately after extubation reduces reintubation rates, which is why this 

approach is absolutely recommended for this patient population.65,66,69,70 

However, not all patients are able to tolerate NIV well. In this context, 

HFNO is an alternative strategy proven to be noninferior to NIV in  

preventing reintubation in high-risk patients.68 Recently, Thille and 

colleagues71 showed that NIV combined with HFNO for $48 hours is 

more effective than HFNO alone in reducing reintubation rates at day 7 

(12% vs. 18%, P 5 .02).71 The results of that study demonstrate, once 

again, the importance of NIV in at-risk patients and suggest that HFNO 

could be a complementary treatment that works synergistically with NIV.

CLASSIFICATION OF WEANING

A consensus conference on classification72 defined three groups of 

weaning patients: (1) simple weaning (patients who proceed from 

initiation of weaning to successful extubation on the first attempt); (2) 

difficult weaning (patients who fail initial weaning and require up to 7 

days from the first SBT to achieve successful weaning); and (3) pro-

longed weaning (patients who require more than 7 days from the first 

SBT to achieve successful weaning).

The objective of this classification system was to provide greater  

epidemiologic insight into the weaning process and its association  

with outcomes.72 The simple weaning group represents 60%–70% of 

ventilated patients, whereas the difficult group accounts for 20%–25% 

of patients, and the prolonged group 5%–15% of patients.73 Several 
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studies74–78 have evaluated this classification system and the distribution 

of the groups, showing that simple weaning is the most common sce-

nario and that prolonged weaning is associated with poorer outcomes.

Nevertheless, this simple classification system was not designed 

specifically for this purpose, nor does it tell us exactly what occurs in 

all patients who receive invasive mechanical ventilation. The WIND 

study3—a prospective, multinational, multicenter study—was de-

signed to answer these questions. The WIND study included all pa-

tients on ventilation during a 3-month period, finding that 24% of 

these patients did not even start the weaning process. The authors clas-

sified the remaining patients into three different groups, as follows: 

simple weaning, comprising the 57% of patients who completed wean-

ing in the first 24 hours; difficult weaning, consisting of the 10% of 

patients who experienced weaning difficulties lasting more than 1 day 

but less than 7 days; and prolonged weaning, which included the re-

maining 9% of patients, who presented with prolonged weaning (.7 

days). The ICU mortality rates in the three groups were, respectively, 

6%, 17%, and 29%. Clearly, the patients in the third group represent a 

special population that requires more hospital resources, and a differ-

ent approach to weaning is probably necessary in these patients.

SUMMARY

The vast majority of intubated mechanically ventilated patients can be 

successfully liberated from the ventilator after passing an SBT. The best 

strategy to shorten the total time on mechanical ventilation is a simple 

clinical approach applied daily to determine the patient’s ability to tolerate 

unassisted spontaneous breathing. Under this approach, at least one daily 

screening test should be performed, the first early in the day; if this test is 

positive, then a confirmatory SBT (30–120 minutes in duration) should be 

performed. In patients who fail multiple SBTs, different techniques for 

progressive withdrawal of mechanical ventilation can be applied. In this 

scenario, the most common technique is PSV. Automated systems seem to 

perform at least as well as usual care, and may even perform better. NIV 

and HFNO may be useful to hasten the weaning process and avoid reintu-

bation in selected populations. Patients with a long weaning duration (.7 

days from the first SBT) have poorer outcomes. Extubation failure is 

poorly understood and associated with a high mortality rate.

KEY POINTS

• In the vast majority of patients, weaning from mechanical ventilation is a 

simple process. In this scenario, patients are extubated at the first SBT at-

tempt and outcomes are favorable.

• The implementation of a weaning strategy based on solid clinical and patho-

physiologic knowledge improves outcomes in terms of the duration of mechanical 

ventilation and length of ICU stay. This positive effect is mainly attributable to daily 

screening to determine the patient’s ability to maintain spontaneous breathing.

• A relatively small group of patients require prolonged weaning, which is 

associated with worse outcomes. These patients need to be carefully 

evaluated for neuromuscular and cardiovascular dysfunction and could 

benefit from adjunctive therapy.

• The underlying mechanisms for extubation failure remain poorly under-

stood, and more research is needed in this area. One common cause of 

extubation failure is acute pulmonary edema, but it is also easy to treat. 

Patients with extubation failure have a higher mortality rate that varies 

according to the specific cause of the failure.

• Noninvasive ventilation (NIV) and high-flow nasal therapy are used to fa-

cilitate weaning and extubation. In some high-risk cases, NIV plus adjuvant 

high-flow nasal oxygen (HFNO) may be appropriate.

 

ANNOTATED REFERENCES

Beduneau G, Pham T, Schortgen F, et al. Epidemiology of weaning outcome 

according to a new definition. The WIND study. Am J Respir Crit Care 

Med. 2017;195(6):772–783.

This study prospectively classifies weaning patients into three groups and  

provides the respective mortality rates for each group. Above all, it is impor-

tant to identify patients in group 3 and to apply the best clinical practices to 

reduce the mortality rate in these patients.

Maggiore SM, Battilana M, Serano L, et al. Ventilatory support after extuba-

tion in critically ill patients. Lancet Respir Med. 2018;6(12):948–962.

The aim of this review was to describe the pathophysiologic mechanisms of 

post-extubation respiratory failure and the respiratory support techniques 

and strategies that are available to prevent reintubation. Most weaning  

research in recent years has focused on this field.

Schmidt GA, Girard TD, Kress JP, et al., ATS/CHEST Ad Hoc Committee on 

Liberation from Mechanical Ventilation in Adults. Official Executive Sum-

mary of an American Thoracic Society/American College of Chest Physi-

cians Clinical Practice Guideline: liberation from mechanical ventilation 

in critically ill adults. Am J Respir Crit Care Med. 2017;195(1):115–119.

A clinical practice guideline from the American Thoracic Society and the 

American College of Chest Physicians. Divided into various papers, these are 

the most recently published guidelines.

McConville JF, Kress JP. Weaning patients from the ventilator. N Engl J Med. 

2012;367(23):2233–2239.

A clear and concise review.

Thille AW, Richard JC, Brochard L. The decision to extubate in the intensive 

care unit. Am J Respir Crit Care Med. 2013;187(12):1294–1302.

This is a clinical review of extubation in the ICU, with an analysis of risk  

factors and impact of extubation failure. This review discusses the weaning 

tests and the optimal strategies for weaning in patients at high risk for extu-

bation failure.
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Adjunctive Respiratory Therapy

Sanjay Manocha and Keith R. Walley

Many critically ill patients are unable to effectively clear secretions that 
accumulate in the central and peripheral airways. This failure can be 
the result of factors such as increased secretion production, impaired 
cough reflex, weakness, and pain. An endotracheal tube prevents clo-
sure of the glottis and the high expiratory flows necessary for effective 
coughing, thereby promoting the retention of secretions. In addition, 
in critically ill patients, the cilia of the pulmonary tree are impaired in 
function and reduced in number.1,2 This leads to an increased risk of 
aspiration, atelectasis, and pneumonia, which are all detrimental to a 
critically ill patient.

Adjunctive respiratory therapies aim to prevent and treat respiratory 
complications that are encountered in critically ill patients (Table 58.1).

METHODS TO IMPROVE PULMONARY 
MUCOCILIARY CLEARANCE

Percussion
Percussion of the chest can aid in secretion clearance. By clapping 
cupped hands over the thorax in a rhythmic fashion or using me-
chanical devices that mimic the same action, the pulsating force so 
generated is transmitted through the thorax to dislodge airway secre-
tions. Used in conjunction with postural drainage, this action often 
provides an effective method to mobilize secretions from the pulmo-
nary tract.3

High-Frequency Chest Compression
High-frequency chest compression (HFCC) enhances mucus clear-
ance. Using an automated vest device worn by the patient that is at-
tached to an air-pulse generator, small volumes of gas are introduced 
into the vest bladders at a rapid rate that ranges from 5 to 25 Hz, ele-
vating pressures up to 50 cm H2O. This technique, primarily used in 
cystic fibrosis patients, has efficacy equivalent to conventional chest 
physiotherapy techniques of percussion and postural drainage.4,5 In an 
observational study comparing HFCC with percussion and postural 
drainage in nine long-term mechanically ventilated patients, no differ-
ence was seen in the amount of sputum production, oxygen saturation, 
or patient comfort.6 HFCC was determined to be safe and felt to save 
staff time. In a small randomized trial of patients extubated after being 
ventilated for more than 21 days, the addition of HFCC improved 
sputum clearance but did not have a significant impact on weaning 
success rates.7 In a larger randomized trial conducted in a heteroge-
neous patient population, HFCC was more comfortable than chest 
physiotherapy, but did not produce a measurable difference in hospital 
length of stay, resolution of lobar atelectasis, or risk of nosocomial 
pneumonia.8 It is difficult to apply this technique to most critically ill 
patients because of the size of the vest, as covering the thorax may 
prevent adequate monitoring.

Manual Hyperinflation
Manual hyperinflation with an inflation bag aims to inflate the lungs 
slowly to 1.5–2 times the tidal volume or to peak airway pressures of 
40 cm H2O. An inspiratory pause allows for filling of alveoli with slow 
time constants. This pause is followed by a quick release to allow for 
rapid deflation. The goals are to recruit atelectatic lung regions, to 
improve oxygenation, and to improve clearance of airway secretions. 
Similar to recruitment maneuvers described with mechanical ventila-
tors, manual hyperinflation leads to only transient improvements in 
oxygenation. Thus it may facilitate secretion clearance but without any 
identified long-term, clinically significant improvement in patient 
outcomes.9–13 It also has the potential disadvantage of requiring a ven-
tilator disconnect—this method can be mimicked by a mechanical 
ventilator without doing so.14

Contraindications to manual hyperinflation include hemodynamic 
compromise and elevated intracranial pressure. There is also a risk of 
barotrauma because of preferential inflation of open lung regions that 
are highly compliant compared with the collapsed regions.

Mechanical Insufflation–Exsufflation
Similar to manual hyperinflation, mechanical insufflation–exsuffla-
tion can assist in secretion clearance from the peripheral airways. It is  
commonly used in patients with chronic neuromuscular diseases to 
augment the cough. For the critically ill patient population, a recent  
systematic review judged the quality of evidence to be low.15 A single 
small clinical trial found reduced chances of extubation failure when 
used with noninvasive ventilation and manual cough assistance.16 
Insufflation–exsufflation is generally well-tolerated, but side effects 
include hypotension, nausea, and abdominal distention. In those with 
respiratory compromise who require positive pressure ventilation, the 
disconnect or removal of ventilatory support needed to accomplish 
this intervention may lead to oxygen desaturation and de-recruitment, 
thereby limiting its use in the intensive care unit (ICU).

Positioning and Mobilization
Mobilization of patients in the ICU, either through active or passive 
limb exercises, may improve overall patient well-being and, in the long 
term, may lead to better patient outcomes. In one report, the addition 
of early physiotherapy and occupational therapy to daily interruption 
of sedation resulted in more ventilator-free days and improved func-
tional capacity.17

The now standard default positioning of the patient with the head 
of the bed elevated to at least 30 degrees from horizontal appears to 
significantly reduce the risk of aspiration and ventilator-associated 
pneumonia.18 Upright positioning of patients in whom there is no 
contraindication increases resting lung volumes and therefore has 
benefits for gas exchange and work of breathing, especially among 
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those in whom the supine or semirecumbent position leads to an un-
usually increased work of breathing. In some individuals with unilat-
eral lung disease, positioning with the affected side up can lead to im-
proved ventilation/perfusion (V̇/Q̇ ) matching, in part by increasing 
perfusion to the dependent “good” side.19,20 If atelectasis secondary to 
retained secretions is the cause, having the affected side up leads to 
improved drainage of airway secretions.

Postural drainage involves positioning the body to allow gravity to 
assist in the movement of secretions and is indicated in those rather 
unusual patients with sputum production volumes of more than 25–
30 mL/day and who have difficulty clearing their secretions.21

Tracheal Suction
Used in conjunction with other techniques to mobilize secretions from 
the peripheral to the central airways, suctioning is an effective way of 
removing secretions to improve bronchial hygiene. Using an open 
method, the patient’s artificial airway is disconnected from the ventila-
tor and a disposable suction catheter is inserted through the tube. A 
closed system involves a suction catheter within a protective external 
sheath that is advanced into the trachea while direct connection to the 
ventilator continues uninterrupted. Because no disconnect is required, 

the risk of environmental cross-contamination is reduced. Routine 
changes of the in-line suction catheters are not required, and this re-
strained practice is cost-effective.22,23 Overall, the risk of nosocomial 
pneumonia between the two systems is not different.24–26

Because of the anatomic arrangement of the large central airways, 
a suction catheter most often enters the right main bronchus preferen-
tially, as opposed to the left side. Specially designed curved-tipped 
“left-sided” suction catheters increase the likelihood of their successful 
navigation into the left mainstem bronchus.

The uncomfortable practice of nasotracheal suctioning has fallen 
out of favor and should only be considered in spontaneously breathing 
patients with ineffective or suppressed cough who are able to protect 
the glottis. It is perhaps most effective when used in conjunction with 
assisted coughing and other forms of chest physiotherapy.

Complications with suctioning include hypoxemia (especially in 
the setting of a ventilator disconnect), increased intracranial pressure, 
mechanical trauma to the trachea, bronchospasm, and bacterial con-
tamination. All patients should be preoxygenated with 100% oxygen 
for 1 or 2 minutes before suctioning. To reduce the risk of agitation, 
the patient should be informed before tracheal suctioning is per-
formed. The suctioning should be limited to ,15 seconds, and the 
suction port on the catheter should be opened and closed intermit-
tently—not held closed for longer than 5 seconds at a time.

Continuous Rotation Therapy
Continuous rotational or kinetic therapy extends the practice of regu-
lar twice-hourly repositioning of patients from one side to the other by 
placing the patient on a bed specialized for this purpose that moves to 
preprogrammed angles on a more frequent basis. Air mattresses that 
deflate in alternating fashion from side to side also provide postural 
position changes. Most studies using such equipment demonstrate a 
lower incidence of nosocomial pneumonia or atelectasis.27–33 Nonethe-
less, a systematic review did not demonstrate improvements in mortal-
ity or the duration of mechanical ventilation with kinetic therapy.34

Bronchoscopy
Fiberoptic bronchoscopy has the advantage of providing direct visual-
ization of the airways and permits suctioning of specific segments 
where secretions may be retained. Bronchoscopy is a moderately effec-
tive technique for the treatment of atelectasis in critically ill patients, 
with success rates ranging from 19% to 89% depending on the extent 
of the atelectasis (lobar atelectasis responds better than subsegmental 
atelectasis).35 In a recent retrospective review of hospitalized patients 
with near-complete or complete lung collapse, bronchoscopy is re-
ported to have accelerated radiologic resolution and to have aided in 
determining causes, such as endobronchial lesions and infectious eti-
ologies.36 When compared with aggressive multimodal chest physio-
therapy in the only randomized trial, no difference in the rate of reso-
lution was observed between the two methods.37 Bronchoscopy is a 
semi-invasive procedure that may confer only transient benefit if not 
followed by respiratory therapy measures directed at preventing recol-
lapse. Furthermore, it is not without associated risks and complica-
tions: specifically, sedation required for the procedure, transient  
increases in intracranial pressure, hypoxemia, and hemodynamic con-
sequences or arrhythmias. Therefore bronchoscopy is not recom-
mended except in situations, such as extensive unilateral atelectasis, 
that lead to significant difficulties in oxygenating or ventilating and 
that have not resolved with other methods (e.g., suctioning).

Chest Physiotherapy
Chest physiotherapy is a multimodal therapy with the goal of improving 
pulmonary function (gas exchange, lung compliance, and pulmonary 

Methods to Improve Pulmonary Mucociliary Clearance

Chest physiotherapy:

• Percussion

• Postural drainage

• Chest vibration

Suctioning:

• Oropharyngeal suctioning

• Nasopharyngeal suctioning

• Endotracheal suctioning

Continuous lateral rotation

Positive expiratory pressure devices

Forced expiration

Closed chest oscillation

Bronchoscopy

Manual hyperinflation

Mechanical insufflation–exsufflation

Bronchodilators

Mucoactive agents

Methods to Improve Lung Expansion

Deep breathing

Incentive spirometry

Intermittent positive ventilation

Optimum body position

CPAP therapy

Methods to Improve Oxygenation and Ventilation

Inhaled vasodilators:

•	Nitric	oxide

•	Prostaglandins

Helium–oxygen (heliox)

TABLE 58.1 Adjunctive Respiratory 
Therapies

CPAP, Continuous positive airway pressure.
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mucus clearance). Techniques include percussive therapies (manual  
or mechanical chest percussion), postural drainage, chest vibration, 
manual hyperinflation, mobilization, suctioning, and rotational therapy. 
Overall, chest physiotherapy provides transient improvements in oxy-
genation and lung compliance, likely secondary to airway clearance  
and the recruitment of atelectatic regions. In specific situations, it may 
improve outcome and clinical course, such as preventing ventilator- 
associated pneumonia38 or acute lobar atelectasis.39 But there is insuffi-
cient evidence to support routine chest physiotherapy in ventilated  
patients without primary pulmonary disease.40

Aerosol Therapies
Aerosolization
Aerosolization of medications allows direct medication delivery and 
activity at the site of pathology in addition to the ability to deliver high 
concentrations with minimal systemic absorption and toxicity.

The two most used methods of delivery by aerosolization are via 
(1) nebulization or (2) metered-dose inhalers (MDIs). Nebulization, 
commonly with a pneumatic jet, uses a high flow of gas (usually 6–8 
L/min) to produce small particles of a liquid medium that contains  
the medication of interest. In the spontaneously breathing patient, ap-
proximately 50% of the nebulized liquid is in the respirable range, with 
a mass median aerodynamic diameter (MMAD) of 1–5 mm. Approxi-
mately 10% reaches the lower respiratory tract and small airways. In 
mechanically ventilated patients, 1%–15% of the nebulized liquid and 
medication is delivered to the lower respiratory tract. Ultrasonic nebu-
lization uses high-frequency ultrasonic waves on the surface of the 
liquid medium to generate high volumes of small, respirable particles.

MDIs are pressurized canisters with the drug suspended as a mix of 
propellants, preservatives, and surfactants. Upon activation, particles 
ranging in size from 1 to 2 mm are produced. An MDI used in conjunc-
tion with a chamber or spacing device significantly increases drug de-
livery in spontaneously breathing patients. The same is true when the 
MDI is attached to the ventilator circuit, either in direct proximity to 
the endotracheal tube or as part of an in-line device in the inspiratory 
limb of the Y-piece.

Factors that influence the efficacy of aerosol delivery in mechani-
cally ventilated patients include41,42:
 1. Administration position in the circuit. An MDI should be posi-

tioned closely to the endotracheal tube at the Y-piece and used with 
a spacer. A pneumatic nebulizer, however, should be positioned at 
least 30 cm from the Y-piece.

 2. Humidification. An excess can decrease aerosol delivery to the re-
spiratory tract because of ineffective deposition of the medication 
on the ventilator circuit. Higher doses may be required to achieve 
the desired effect.

 3. Timing of delivery. Delivery should occur during the inspiratory 
phase to maximize drug delivery.

 4. Flow rates. Slower inspiratory flow rates (and therefore longer inspira-
tory time) increase the delivery of nebulized medications. A decelerat-
ing flow pattern can also increase the delivery to the lower airways.

 5. Tidal volumes. Larger tidal volumes (greater than 500 mL) help 
optimize delivery.

 6. Endotracheal tube size. Tube sizes less than 7 mm reduce drug  
delivery.

 7. Density of inhaled gas. Low-density gases, such as helium–oxygen 
mixtures, increase deposition to the lower airways by increasing the 
laminar flow and producing a smaller respirable particle size.

Bronchodilators

Bronchodilators are the most frequently administered aerosolized 
therapy in critically ill patients. Inhaled beta-2 agonists, such as  

albuterol or fenoterol, are generally well tolerated in a critically ill pa-
tient and improve lung mechanics in many patients with reversible 
airflow obstruction. In acute lung injury, beta-2 agonists may improve 
lung edema clearance and have additional antiinflammatory proper-
ties.43,44 However, two multicenter randomized trials in acute respira-
tory distress syndrome (ARDS) did not show detectable clinical benefit 
and were associated with more adverse events.45–47 In a randomized 
trial of postoperative esophagectomy patients, inhaled salmeterol did 
not prevent the onset of ARDS.48 Adverse effects (e.g., arrhythmias, 
hypokalemia) can occur in patients receiving high doses that encourage 
significant systemic absorption. Anticholinergic bronchodilators, ex-
emplified by ipratropium bromide, can also be effective in patients with 
increased airway reactivity, especially when used in conjunction with a 
beta-2 agonist. Bronchodilators administered via MDI are equally as 
effective as a nebulizer in spontaneously breathing patients.41 In me-
chanically ventilated patients, nebulization is either equally effective49 
or less effective50,51 than high doses of MDI used with a spacer. MDI 
administration has the advantage of easier use without the risk of bac-
terial contamination or the need to adjust flow rates.41

Antibiotics

Theoretical advantages of aerosolized antibiotics include directing 
therapy to the site of infection at higher concentrations with a low risk 
of systemic absorption and side effects. In chronic pulmonary infective 
states (e.g., cystic fibrosis and severe bronchiectasis),52–54 aerosolized 
antibiotics have a role in reducing bacterial concentrations in the spu-
tum, but they have only been shown to provide clinical long-term 
benefits in cystic fibrosis.54 In the acute infective state, aerosolized an-
tibiotics cannot be used alone and have not been shown to add benefit 
to parenteral antibiotics.55–57

In the intubated or tracheostomized patient, the colonization of the 
airway with potential pathogens routinely occurs, and the attendant 
risk is high for nosocomial pneumonia. As a preventive measure, a re-
cent meta-analysis of prospective clinical trials of aerosolized aminogly-
cosides suggested a significant reduction in the development of ventila-
tor-associated pneumonia but no difference in overall mortality.58 The 
most recent Infectious Diseases Society of America/American Thoracic 
Society (IDSA/ATS) ventilator-associated pneumonia guidelines rec-
ommend that adjunctive inhaled antibiotic therapy be considered for 
those with ventilator-associated pneumonia caused by bacteria with 
susceptibilities limited to aminoglycosides or polymyxins (colistin or 
polymyxin B).59 The European Society of Clinical Microbiology and 
Infectious Diseases ESCMID does not support the use of nebulized 
antibiotics in mechanically ventilated patients.60 Bacterial resistance 
must also be considered. Side effects reported in spontaneously breath-
ing patients treated with inhaled tobramycin include increased cough, 
dyspnea, and chest pain.52 Further study is needed to better define the 
role in inhaled antibiotics as adjuvant therapy in critically ill patients.

Mucoactive Agents

In chronic inflammatory lung conditions such as chronic obstructive 
pulmonary disease (COPD), cystic fibrosis, bronchiectasis, and intuba-
tion/tracheostomy, the overproduction of mucus and impaired clear-
ance results in complications such as airflow obstruction, atelectasis, 
and infection. Mucus is primarily composed of water, mucin glycopro-
tein, cellular debris, neutrophil-derived filamentous actin and DNA, 
and bacteria.61

Mucolytic agents reduce the viscosity of mucus by breaking down 
the mucin glycoprotein network or free DNA strands, thereby altering 
mucus rheology to improve clearance. Aerosolized N-acetylcysteine 
(NAC) breaks down the disulfide bonds of the mucin glycoprotein 
network and is associated with improved mucus clearance. However, 
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because of the increased incidence of bronchospasm with its use, 
therapy with NAC alone is not frequently initiated, but it may be used 
in conjunction with an inhaled bronchodilator.61 Recombinant human 
DNase (rhDNase, dornase alpha) improves mucus viscosity and pul-
monary function in cystic fibrosis patients but has no significant effect 
on their acute exacerbations.62,63 In bronchiectasis not resulting from 
cystic fibrosis, rhDNase is not effective and may be harmful.64 In me-
chanically ventilated patients with atelectasis, there is no significant 
improvement in clinical outcome.65–67

This was highlighted in the NEBULAE trial, a large randomized 
clinical trial that compared “on demand” NAC or salbutamol for thick 
secretions or wheezing with routine NAC and salbutamol given four 
times a day. There was no change in ventilator-free days, length of stay, 
or mortality between the groups. More tachycardia was noted in the 
routine NAC administration cohort, likely related to the coadminis-
tered salbutamol.68

Other Aerosol Therapies

Additional aerosol therapies include hypertonic saline, racemic epi-
nephrine (for acute upper airway obstruction because of inflamma-
tion), surfactant, and corticosteroids. In the setting of ARDS, inhaled 
budesonide has been reported to improve oxygenation and reduce 
peak plateau pressures.69 Nebulized heparin in smoke inhalation–
associated lung injury can improve oxygenation and reduce airway 
pressures, but the effects on patient outcomes remain to be con-
firmed.70,71

METHODS TO IMPROVE LUNG EXPANSION

Lung expansion techniques that mimic normal sigh maneuvers may 
help reverse and prevent atelectasis. These techniques are often used in 
postoperative patients at high risk for pulmonary complications, such 
as those undergoing thoracic and upper abdominal surgery, and in 
patients with neuromuscular or chest wall disorders.

Deep breathing and incentive spirometry involve coached inspira-
tory maneuvers to voluntarily increase lung volumes greater than the 
vital capacity of the patient. Both are equally effective in reducing 
postoperative pulmonary complications compared with chest physio-
therapy applied without them.72 Methods to improve adherence can 
result in clinically important outcomes, as demonstrated in a study 
involving postoperative bypass surgery patients.73

A recent systematic review of continuous positive airway pressure 
(CPAP) in the postoperative setting for upper abdominal surgery sug-
gested a reduction in atelectasis and the need for reintubation but no 
improvement in mortality or need for ICU admission.74

Intermittent positive pressure breathing to improve lung expansion 
has fallen out of favor as a preventive measure in postoperative pa-
tients because of the expense, lack of a difference in outcomes com-
pared with deep breathing or incentive spirometry, and complications 
such as abdominal distention.75

METHODS TO IMPROVE OXYGENATION  
AND VENTILATION

Nitric Oxide
Nitric oxide (NO) is a vascular-derived relaxing factor that causes  
vasodilation via vascular smooth muscle relaxation. The main action 
of NO is mediated by activating guanylate cyclase, increasing intracel-
lular cyclic guanylate monophosphate (cGMP), thereby causing 
smooth muscle and subsequent vasomotor relaxation.76 The beneficial 
effects observed with inhaled NO are mediated primarily through 

pulmonary vasodilation that occurs predominantly in patent lung 
units. Additional observed benefits include a reduction in platelet  
aggregation and neutrophil adhesion/sequestration in the lungs.77–79 
NO is rapidly inactivated by binding to the heme moiety of hemoglo-
bin. Because of its short half-life, NO does not enter the systemic cir-
culation, making it an ideal selective pulmonary vasodilator.

The most common use of NO in the ICU is in the setting of ARDS. 
Randomized controlled trials of varying sample size in ARDS have 
demonstrated improvement in oxygenation by improving V̇/Q̇  mis-
match. NO initially improved the partial pressure of oxygen (Pao2) 
and Pao2:Fio2 ratios, but they were no different than control by 24–72 
hours.80,81 A reduction in mean pulmonary artery pressure was also 
observed in these trials with the use of NO. A beneficial trend was 
observed in a post hoc analysis in one trial involving higher-severity 
ARDS.80 However, a meta-analysis of controlled trials did not support 
the routine use of inhaled NO in ARDS, and even suggested a possible 
increase in renal dysfunction.82–84 With these results in mind, NO is a 
treatment option primarily in refractory cases of severe ARDS.83

NO can be considered a “rescue” therapy to possibly allow for the 
institution of more protective forms of ventilation, facilitating  
decreases of fraction of inspired oxygen (Fio2) and mean airway pres-
sures to maintain acceptable oxygenation. It might also be used in  
situations in which secondary pulmonary hypertension leads to com-
promised hemodynamic function from right ventricular failure.

Almitrine bismesylate enhances pulmonary vasoconstriction in 
areas of hypoxic vasoconstriction, thereby enhancing the redistribu-
tion of blood flow from shunt areas to lung units with normal V̇/Q̇    
ratios.85,86 This effect of almitrine therefore potentates the effects of 
inhaled NO on gas exchange. Almitrine is not readily available in 
North America.

In addition to ARDS, other clinical conditions where NO use may 
be beneficial are listed in Table 58.2. Inhaled NO has been used after 
heart and lung transplants as a method to reduce right ventricular af-
terload in the setting of elevated pulmonary artery pressures.87 In lung 
transplants, NO has been described to reduce the risk of ischemia– 
reperfusion injury. However, this effect was not supported by a ran-
domized clinical trial in which NO was instituted early after lung 
transplantation.88

Inhaled NO is typically initiated at low doses ranging from 1 to 2 
ppm and gradually increased until the desired effect is achieved. One 
method recommended in the United Kingdom (based on American-
European Consensus Conference on ALI/ARDS guidelines) is to per-
form a dose–response test starting at 20 ppm and reduce the concen-
trations to 10, 5, and 0 ppm to determine the lowest effective dose.89 A 
significant response should be considered a 20% increase in the 
Pao2:Fio2 ratio or at least a 5 mm Hg decrease in the mean pulmonary 
artery pressure (PAP). Improvements in gas exchange are usually ob-
served at lower doses than the reductions in PAP. The usual dose of 
inhaled NO ranges from 10 to 40 ppm. Doses greater than 80 ppm are 
associated with a higher risk for adverse effects.

Acute respiratory distress syndrome

Severe primary and secondary pulmonary hypertension

Congenital cardiac syndromes

Right ventricular failure in acute pulmonary embolism or after cardiac surgery

Pulmonary ischemic–reperfusion injury after a heart–lung or lung transplant

Sickle cell crisis

TABLE 58.2 Clinical Conditions Where 
Inhaled Nitric Oxide May Be Used
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Adverse effects of NO include the formation of methemoglobin 
and spontaneous oxidation to nitrogen dioxide (NO2). NO2 is toxic 
and causes airway irritation and hyperreactivity with levels as low as 
1.5 ppm, in addition to pulmonary edema and pulmonary fibrosis af-
ter exposure to higher levels. Despite these adverse effects, the develop-
ment of methemoglobinemia or other toxicities related to NO2 during 
acute or prolonged NO inhalation is unusual, especially when NO has 
been administered at concentrations less than 80 ppm.90

To reduce the risk of exposure to NO2, NO should be stored at 
concentrations no higher than 1000 ppm in a pure nitrogen environ-
ment and only exposed to oxygen at the time of administration. NO 
should be delivered into the ventilator circuit as close to the patient as 
possible. NO and NO2 levels should be monitored closely on the inspi-
ratory side of the Y-piece when using doses above 2 ppm. Rebound 
pulmonary vasoconstriction can occur with sudden discontinuation, 
leading to a rapid worsening of V̇/Q̇  mismatch and pulmonary hyper-
tension with a significant hemodynamic collapse.91

An absolute contraindication to NO therapy is a methemoglobin-
emia reductase deficiency (congenital or acquired). Relative contrain-
dications include bleeding diathesis (secondary to reports of altered 
platelet function and bleeding time with inhaled nitric oxide [iNO]), 
intracranial hemorrhage, and severe left ventricular failure (New York 
Heart Association [NYHA] grade III or IV).89

Inhaled Prostaglandins
Inhaled prostaglandins I2 (PGI2) and E1 (PGE1) have effects similar 
to iNO, with minimal systemic effects.92 PGE1 has the advantage of 
more rapid degradation by pulmonary endothelial cells, providing a 
selective advantage over PGI2 at higher doses.93 A recent meta-analysis 
did not find improved outcome for its routine use in ARDS,94,95 but the 
inhaled prostaglandins can be considered rescue therapy96 when used 
for conditions similar to those treated with iNO. As with iNO, care 
must be taken to avoid the abrupt discontinuation of PGI2 or PGE1 
because pulmonary hypertension and cardiovascular collapse are pos-
sible “rebound”’ events.

Heliox
Helium is an inert gas with a significantly lower density than room air 
(1.42 g/L for oxygen versus 0.17 g/L for helium). By substituting he-
lium for nitrogen, the degree of reduction in the density of the gas is 
directly proportional to the Fio2 concentration in the mix. Heliox re-
duces the Reynolds number, increasing the laminar flow and reducing 
airflow resistance. Consequently, the work of breathing and dynamic 
hyperinflation associated with high airway resistance are reduced. 
Clinical situations where heliox may be used include conditions with 
high airflow resistance, such as severe acute asthma or COPD exacerba-
tions, bronchiolitis, bronchopulmonary dysplasia, and extrathoracic or 
tracheal obstruction. Heliox has been used to improve lung compliance 
during noninvasive ventilation in COPD patients, to reduce the work 
of breathing, to avoid intubation, and to improve aerosolized drug 
delivery. In the management of moderate to severe asthma exacerba-
tions, routine use of heliox is not supported by systematic reviews of 
the literature, but can be considered as an adjuvant for short-term use 
in severe cases not requiring concentrated inhaled oxygen. Most studies 
use helium/oxygen mixes of 80:20 or 70:30 to achieve a therapeutic 
benefit. At higher concentrations of oxygen, the effect of helium de-
clines, and therefore heliox is limited to patients who are not severely 
hypoxemic. In COPD exacerbation, three multicentered trials found no 
difference in intubation rate or length of stay in the ICU when heliox 
was added to noninvasive ventilation.97–99 However, there appeared to 
be a cost benefit resulting from a shorter overall hospital length of 
stay.97 When used in conjunction with nebulized medications, higher 

flows of heliox may be required to ensure adequate delivery of the 
medication, though this may be offset by the smaller particle size gen-
erated in a heliox mixture. Ventilators also require a recalibration for 
measured Fio2, flows, and tidal volumes when using heliox.

SUMMARY

Pulmonary disease and complications are common in critically ill pa-
tients, especially those undergoing mechanical ventilation. It is impor-
tant for the clinician to recognize these potential complications and 
the many forms of adjunctive respiratory therapies available to prevent 
further morbidity. Simple therapies, such as chest physiotherapy, suc-
tioning, and positioning, should be used in most patients, with more 
advanced procedures and therapies used on a selective basis based on 
the underlying clinical condition.

KEY POINTS

• Inability to effectively clear secretions is common in critically ill patients, 

increasing the risk of aspiration, atelectasis, and pneumonia.

• Chest physiotherapy, positional therapy, and early mobilization should be 

considered in all critically ill patients.

• Other adjunctive forms of respiratory therapy should be considered on an 

individual basis based on the underlying clinical condition.

• Aerosolization of medications is an effective way of providing direct deliv-

ery to the lungs.

• MDIs are preferred over nebulization for the delivery of bronchodilators in 

both the spontaneously breathing and mechanically ventilated patient.

• iNO is associated with improved pulmonary and cardiac physiologic param-

eters when administered in a variety of clinical conditions encountered in 

the ICU.

• Heliox can be considered for adjuvant therapy in severe cases of airflow 

obstruction.

 References for this chapter can be found at expertconsult.com.
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inhaled nitric oxide therapy in adult ICUs. Intensive Care Med. 
1997;23(12):1212–1218.
This consensus guideline provides a practical guide on the administration of 

nitric oxide and monitoring for critically ill adult patients in the ICU.

Jolliet P, Ouanes-Besbes L, Abroug F, et al. A multicenter randomized trial  
assessing the efficacy of helium/oxygen in severe exacerbations of chronic 
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871–880.
This is the largest clinical trial examining the use of heliox in the manage-

ment of COPD exacerbations. Despite improvement in some physiologic  

parameters, there was no difference in noninvasive ventilation failure rate, 

ICU length of stay, or mortality.

Kreider ME, Lipson DA. Bronchoscopy for atelectasis in the ICU. Chest. 
2003;124(1):344–350.
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Rose L, Adhikari NK, Leasa D, et al. Cough augmentation techniques for  
extubation or weaning critically ill patients from mechanical ventilation. 
Cochrane Database Syst Rev. 2017;1(1):CD011833.
This a systematic review looking at the role of cough augmentation  

techniques to improve success rates for extubation. The overall quality of the 

evidence was low, but in the two small clinical trials, there is a suggestion 

that cough assistance techniques can help with weaning success.

van Meenen DMP, van der Hoeven SM, Binnekade JM, et al. Effect of on- 
demand vs routine nebulization of acetylcysteine with salbutamol on  

ventilator-free days in intensive care unit patients receiving invasive venti-
lation: a randomized clinical trial. JAMA. 2018;319(10):993–1001.
This is a large randomized clinical trial examining the use of NAC with  

salbutamol on an as-needed basis compared with a routine basis. This trial 

did not show any difference in outcome between the groups, suggesting that 

on-demand use was noninferior to routine use. There was a higher rate of 

tachyarrhythmia likely related to routine salbutamol administration.
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RECENT ADVANCES IN ICU IMAGING

Modern advancements in imaging modalities continue to provide an 

ever-increasing amount of diagnostic and interventional capabilities 

to aid in the care of critically ill patients. Continued advancement of 

bedside ultrasound (US) technology and training has allowed for a 

drastic increase in the availability and ease of performance of these 

examinations. As a result, guided bedside procedures, including cen-

tral venous catheter (CVC) placement, arterial line placements, and 

percutaneous drainage procedures (i.e., thoracentesis or paracente-

sis), can be performed with relative ease and with a reduction in rates 

of complications.1 Bedside US also serves as an indispensable adjunct 

to a provider’s physical examination skills. US facilitates cardiac, vas-

cular, renal, gallbladder, pleural, and lung assessment. The bedside 

availability of US has made thoracentesis and CVC placement safer 

and easier.

Additionally, interventional radiology plays an expanding role in 

performing repairs that once could only be addressed surgically.1 Em-

bolization of cerebral aneurysms, percutaneous aortic aneurysm graft-

ing, embolization of life-threatening bleeding vessels, placement of 

intravascular filters, emergent stroke intervention, and pulmonary 

embolism (PE) lysis can be performed emergently and on patients of-

ten at high risk for open surgical procedures. These and many other 

specialized applications are discussed here and elsewhere in this text in 

conjunction with the specific diseases they help define. This chapter 

focuses on imaging applications relevant to the critical care setting: 

chest x-ray (CXR) and chest computed tomography (CT), abdominal 

plain film, intensive care unit (ICU) ultrasound, and interventional 

procedures.

Major advances have occurred in ICU radiology over the last two 

decades as technological progress has resulted in perfected digital film-

ing techniques, accelerated image acquisition and processing speeds, 

deployed ultrasonography to the bedside, and dramatically improved 

imaging communications to and from the ICU point of care.1 Clinical 

data and background information can be rapidly reviewed by both 

clinician and radiologist, and digital images can now be viewed re-

motely on almost any computer, portable x-ray machine, or handheld 

electronic device. This technological revolution has brought a host of 

improvements, including:

 1. Physical films are no longer lost or found out of chronological  

order.

 2. Delays in availability have decreased.

 3. It is now possible to manipulate image brightness and contrast and 

to better compare new images side by side with previous ones.

 4. Geographically separated physicians can simultaneously view a 

study.

 5. Physicians no longer need to leave the ICU to view studies.

Physicians no longer need to physically travel to the radiology de-

partment to access hard copy x-ray films and are therefore less likely to 

interact directly with a consulting radiologist. As a result, they are more 

likely to practice in isolation without consulting the radiologist. Al-

though “throughput” efficiency may be enhanced, such isolation is 

unquestionably detrimental. Failure to connect face to face often de-

prives the radiologist of important clinical information that would aid 

in effective consultation, may result in clinicians overlooking subtle but 

important findings, and eliminates a valuable educational function.

CHEST RADIOGRAPHY

Technique
Although chest CTs offer greater diagnostic capability than plain bed-

side radiography, there are many applications for which high-quality 

bedside CXRs retain great utility. Bedside portable anteroposterior 

(AP) CXR can be strongly affected by patient positioning and exposure 

technique. In order to obtain the most useful images, care should be 

taken to reposition devices that overlay the field of view such as elec-

trocardiogram (ECG) leads and wires, pacer pads, intravenous (IV) 

tubing, and mechanical ventilator tubing. “Gravity-dependent” mark-

ers can be used to help identify patient positioning. The patient should 

be rotated as minimally as possible, as this can greatly affect the dimen-

sions of intrathoracic structures. Rotation can also make diaphragms 

appear elevated or depressed. Finally, rotation can make diffuse infil-

trative processes seem less symmetric by accentuating or diminishing 

parenchymal lung markings in general.

An AP film magnifies the anterior mediastinal structures and vessels by 

up to 20%. Obese patients present particular challenges in separating what 

is normal from what is not, especially when filmed supine (Fig. 59.1).

Positioning: Generally, supine radiographs amplify the heart’s di-

mensions through augmented venous filling, elevated diaphragms, and 

lung volume reduction. For example, the azygous vein distends in the 

supine normal subject but collapses in the upright position (Fig. 59.2). 

Supine radiographs can also make the discovery of a small pneumo-

thorax or effusion difficult or impossible.

Exposure: A properly exposed CXR will reveal vertebral interspaces 

in the retrocardiac region. If these are not visualized, the film is under-

penetrated. Underpenetration will exaggerate parenchymal markings 

and make it difficult to observe air bronchograms in the setting of 

consolidation. Consistent exposure on repeat images allows for the 

day-to-day comparison of films.

Timing: Time films to capture the patient in inspiration, even those 

acquired on mechanical ventilation. Infiltrates will appear denser in 

the setting of partial inhalation or exhalation. Likewise, the application 

of high positive end-expiratory pressure (PEEP) will result in  

decreased density of infiltrates on a CXR.
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Fig. 59.1  A, Normal posteroanterior (PA) upright chest radiograph. Note the definition and dimensions of the 

heart and vascular structures. B, Supine anteroposterior (AP) chest radiograph in massively obese normal 

subject. Note the widened mediastinum, enlarged heart shadow, and symmetrically elevated hemidia-

phragms.
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Fig. 59.2 A, Lateral view demonstrating the position of the azygous vein in the mediastinum. B, Distention 

of azygos vein, indicating higher-than-normal pressures in the superior vena cava (SVC), is seen on frontal 

chest film as a circular or lenticular shadow (arrow) at its point of anatomic insertion. (A, From Tank PW, Gest 

TR. Lippincott Williams & Wilkins Atlas of Anatomy. Baltimore, MD: Wolters Kluwer; 2009: Plate 4-35b; B, 

From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig 11.2.)

Consistency: Ideally, compare images from the same patient with 

the same positioning, ventilator settings, and timing of the respiratory 

cycle. If this consistency is not possible, keep in mind the differences in 

technique when comparing films.

The appearance of infiltrates are also often affected by procedures 

such as bronchoalveolar lavage (BAL). A BAL will leave residual fluid 

and cause atelectasis (often in sections of the lung with preceding in-

filtrates) that will result in increased density of infiltrates for several 

hours postprocedure.

NORMAL PA CXR/NORMAL AP OBESE CXR

Film Timing
A majority of patients should be considered for CXR on arrival in the 

ICU. Patients who are generally at high risk for endotracheal tube (ET) 

tube or central line malposition, pneumothorax, or who may have 

changes in the appearance of their pulmonary parenchyma shortly 

after initiation of positive-pressure ventilation (such as cardiogenic 

pulmonary edema) will all benefit from early CXR.

The frequency with which follow-up CXRs are required in the ICU 

is controversial. Generally, CXRs should be considered after proce-

dures invading the thorax such as ET tube placement, central line 

placement, feeding tube placement, thoracentesis, or transvenous 

catheter placement. These images are useful, as they ensure proper 

placement of the device and that no unintended complications oc-

curred (i.e., pneumothorax). In all but emergency situations, a CXR 

should follow failed attempts at catheterization via the subclavian 

route before contralateral placement is attempted to ensure no pneu-

mothorax is present.

Regularly scheduled CXRs are not necessary in all patients with car-

diopulmonary disease in the ICU. Despite data indicating that a plurality 

of routine ICU CXRs demonstrate an abnormality or minor change, 
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many such findings are nonacute or inconsequential. Observable clinical 

examination changes typically accompany significant developments that 

would be observed on a CXR. A prospective study indicates that less than 

10% of films demonstrate a new significant finding, and only a fraction 

of these are not anticipated by clinical examination.2 Furthermore, 

meta-analysis of studies examining routine daily CXRs compared with 

on-demand imaging have failed to demonstrate improvement of patient 

outcomes, including mortality and ICU length of stay.

A reasonable compromise in practice would be to obtain daily 

“routine” radiographs on mechanically ventilated patients who have 

hemodynamic or respiratory instability. Examples would include pa-

tients with a significant pneumothorax with a persistent air leak or a 

patient with progressive hypoxic or hypercapnic respiratory failure. 

Otherwise, changes in patient clinical condition or procedures dictate 

the need for additional films. In a stable, mechanically ventilated pa-

tient, images can safely be obtained less frequently. Obviously, clinical 

deterioration should prompt reevaluation.

Placement of Tubes and Catheters
Tracheal Tube Position
ET positioning should be confirmed with a CXR because of the high 

frequency (25%) of suboptimal ET placements.3 Ideally the tube should 

be positioned in the mid-trachea 5 cm above the carina, which is usu-

ally located just inferior to the level of the aortic arch. If the carina 

cannot be visualized on the CXR, the ET tube tip should be positioned 

overlying the T6 vertebra (Fig. 59.3). Another method to locate an un-

seen carina uses the intersection of the midline of the trachea with a 

45-degree bisecting line, which passes through the middle of the aortic 

knob. Positioning of the ET tube too deeply usually leads to right main-

stem bronchus intubation. This often will result in right upper lobe or 

left lung atelectasis. Left main intubations are uncommon because the 

left main bronchus is smaller and angulates sharply from the tracheal 

axis. If the tube is positioned too high in the trachea (above the level of 

the clavicles), there will be an increased risk of unintended extubation.

ET tubes move with flexion, extension, and rotation of the neck. An 

ET tube will generally move in the same direction that the neck flexes 

or extends (chin down 5 tip down or chin up 5 tip up). Head rotation 

away from the midline will elevate the ET tube tip. Total tip excursion 

can range up to 4 cm with extremes of head movement.

An ET or tracheostomy tube should occupy one-half to two-thirds of 

the tracheal width and should not cause bulging of the trachea in the 

region of the tube cuff. Bulging is indicative of cuff overinflation. This 

can result in tracheal wall ischemia and subsequent airway stenosis and 

should therefore be avoided. Gradual dilation of the trachea may occur 

during long-term positive-pressure ventilation and should be avoided by 

minimizing both ventilator cycling pressure and cuff sealing pressures.

In patients who are post-tracheostomy, a CXR may detect subcutane-

ous air, pneumothorax, pneumomediastinum, or malposition of the 

tube. However, routine use of a CXR after both surgical and percutane-

ously inserted tracheostomy placement is controversial.4 It may best be 

reserved for patients with either emergent or technically difficult proce-

dures or who have clinical decompensation after them.5 The T3 vertebral 

level is considered the ideal position of the tracheostomy stoma. A tra-

cheostomy tube tip should usually lie halfway between the stoma and the 

carina. Unlike an ET tube, a tracheostomy tube does not change position 

with neck flexion or extension.6 Lateral radiographs are necessary for 

evaluation of AP angulation. Sharp anterior angulation of the tracheal 

tube is associated with the development of trachea-innominate fistulas, 

and continued posterior angulation risks erosion and tracheoesophageal 

fistula. Massive hemoptysis usually signals the former condition, whereas 

sudden massive gastric distention with air occurs in the latter. Fortu-

nately, both complications are quite rare in modern practice.7

Tracheal Stenosis

Previous intubation or tracheostomy can be complicated by tracheal 

stenosis. Narrowing of the trachea can be seen at the level of the tra-

cheal tube tip, at the cuff, or, most commonly, at the tracheostomy tube 

stoma. Stenosis must be substantial (luminal opening ,4 mm) to be 

symptomatic. The typical hourglass-shaped narrowing can be hard to 

visualize on a single AP radiograph, so CT is best for establishing a 

definitive diagnosis.

Central Venous Catheters

The tip of a CVC should lie within the thorax, well beyond any venous 

valves. These valves are typically located in the subclavian and jugular 

veins, approximately 2.5 cm from their junctions with the brachioce-

phalic trunk (at the radiographic level of the anterior first rib).8 Proxi-

mal placement will result in an inaccurate measurement of the central 

venous pressure and is also associated with increased risk of thrombus 

formation. Distal placement is associated with the risks of cardiac 

perforation and tamponade. To avoid this, CVCs should be placed with 

the catheter tip in the middle-superior superior vena cava (SVC), with 

the tip directed inferiorly. Radiographically, catheter tips positioned 

above the superior margin of the right mainstem bronchus are unlikely 

to rest in the atrium. There are some risks to positioning catheters in 

the middle SVC, including vascular abutment and potential perfora-

tion. This is especially notable with left-sided catheters which will en-

ter the SVC at an oblique angle. Caution should be exercised, especially 

with more rigid hemodialysis lines placed from this approach. Such 

catheters may benefit from placement in the lower SVC to avoid this 

complication. Vascular perforation can result in air embolism, fluid 

infusion into the pericardium or pleural space, hemopneumothorax, 

and pericardial tamponade.3

Postprocedure radiographs reveal complications, including catheter 

misplacement, in around 10% of CVC placements.3 For example, cath-

eters inserted via the subclavian route can pass across the midline into 

the contralateral subclavian vein, or even turn cephalad, entering the 

internal jugular veins. Similarly, catheters inserted in the internal jugular 

veins may track into the subclavian vein of either side. This is more com-

monly seen in patients with proximal stenosis. To minimize this risk, 

ultrasound should be used to demonstrate collapsibility of the jugular 

vein before placement. The phenomenon of a subclavian catheter cross-

ing the midline is most common when a triple-lumen catheter is 

7

Fig. 59.3 Location of the main carina on the frontal film. The separa-

tion between the right and left main bronchi (arrow) almost invariably 

occurs at the level of the sixth and seventh posterior ribs, directionally 

“southwest” of the aortic knob. (From Marini JJ, Dries DJ. Critical Care 

Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig 11.3.)
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threaded through a larger-bore channel already in the right subclavian 

vein. Many clinicians are comfortable leaving CVCs, which terminate in 

the contralateral subclavian, in place provided there are no clinical ef-

fects, but are less at ease with CVCs terminating in the internal jugular 

vein. In addition to catheter malposition, the complications of CVC in-

sertions include pneumothorax, arterial injury, stroke, and pleural cavity 

entry. Catheter-associated thrombosis can also occur with CVCs and 

peripherally inserted central catheter (PICC) lines.

The width of the mediastinal and cardiac shadows should be as-

sessed after placement of CVCs because perforation of the free wall of 

the right ventricle (RV), although rare, has the potential to result in 

pericardial tamponade.

Pulmonary Artery (Swan-Ganz) Catheter

A properly inserted pulmonary artery catheter (PAC) should follow 

the same route as a CVC but continues through the right atrium, RV, 

and into a pulmonary artery. The tip of the PAC ideally overlies the 

middle third of a well-centered AP CXR 3–5 cm from the midline, 

within the mediastinal shadow, or at least not more than 2 cm past the 

hilum. Ideally, the tip should also lie below the level of the left atrium.

The PAC balloon is used both for placement and obtaining postcapil-

lary wedge pressure (PCWP). Care should be taken to ensure that the 

balloon is left deflated except during these two procedures, as it can result 

in pulmonary infarct or pulmonary artery rupture. Unrelieved pulmo-

nary arterial blockage has been a reported complication in 1%–10%  

of PAC placements. The most common radiographic finding is distal 

catheter tip migration, with or without pulmonary infarction. Distal 

migration is common in the first hours after insertion as the catheter 

softens, adding slack to the line. This slack results in the tip being  

propelled distally by repeated right ventricular contractions. If pressure 

tracings suggest continuous wedging, it is important to look for distal 

migration, a catheter folded on itself across the pulmonic valve, or a per-

sistently inflated balloon (appearing as a 1-cm diameter, rounded lucency 

at the tip of the catheter). Inflating the balloon of an inappropriately 

distal PAC can result in immediate catastrophic pulmonary artery rup-

ture or delayed formation of a pulmonary artery pseudoaneurysm. Pseu-

doaneurysms present as indistinct rounded densities on CXR 1–3 weeks 

after PAC placement. The diagnosis is easily confirmed by magnetic  

resonance imaging (MRI) or contrasted chest CT.

In addition to these pulmonary infarct and pulmonary artery rupture 

issues, PAC insertion can result in knotting or looping and entanglement 

with other catheters or pacing wires. The risk of knotting or entangle-

ment of PACs can largely be avoided by following two simple steps. First, 

do not advance the catheter more than 20 cm before observing the next 

chamber’s pressure tracing. For example, a right ventricular tracing 

should be seen within 20 cm of catheter advancement after obtaining a 

right atrial pressure tracing. This prevents the catheter from having 

enough length to form a large loop in the right atrium or ventricle. Sec-

ond, if the PAC does become knotted or entangled with another device 

such as a pacing wire, it is essential to resist the temptation to pull on the 

catheter harder to extract it. Forceful pulling will only tighten the knot, 

making eventual extraction more difficult. Rather, knotted catheters can 

be “untied” under fluoroscopic guidance by an interventional radiologist 

by simply loosening the knot using a stiff internal guidewire.

Pacing Wires

On an AP view of the chest, a properly placed pacing catheter should 

have a gentle curve with the tip overlying the shadow of the right ven-

tricular apex. To accurately assess the wire’s position in three-dimensional 

space, a lateral film is required. On a lateral view, the tip of the catheter 

should lie within 4 mm of the epicardial fat stripe and point anteriorly. 

Posterior angulation suggests coronary sinus placement. Other common 

areas for malposition include the right atrium or pulmonary artery 

outflow tract.

In patients with permanent pacemakers, leads can fracture at the 

entrance to the pulse generator, a site that should be checked routinely. 

Pacing wires can also result in cardiac perforation, so it is important to 

examine the CXR for signs of tamponade and perform bedside cardiac 

US if it is suspected.

Chest Tubes

The optimal position for a chest tube depends on the reason for its 

placement. Inferior and posterior positioning is ideal for the drainage 

of free-flowing pleural fluid, whereas anterosuperior placement is pre-

ferred for pneumothorax. On an AP chest film, posteriorly placed 

tubes are closer to the film than those placed anteriorly. This proximity 

of the chest tube to the film results in a “sharp” or focused appearance 

of the catheter edge and its radiopaque stripe. Conversely, anteriorly 

placed chest tubes often have fuzzy or blurred margins. Chest tube 

location may appear appropriate on a single AP film, even though the 

tube actually lies within subcutaneous tissues or lung parenchyma. 

Unexpected failure to re-expand the pneumothorax or drain the effu-

sion should be a clue to extrapleural placement. A chest CT may be 

necessary to confirm appropriate positioning. In a complicated pleural 

effusion, a CT can visualize loculations that a plain film can miss. On 

plain film, another clue to the extrapleural location of a chest tube is 

the inability to visualize both sides of the catheter. The radiopaque 

stripe on many tubes includes a break or “sentinel eye,” which denotes 

the proximate port of entry for air or fluid. This should be included 

within the pleural cavity to achieve drainage and ensure no subcutane-

ous entry of air into the tube. After removal of a larger chest tube,  

fibrinous thickening may produce a persisting tube track, which mim-

ics the visceral pleural boundary, suggesting pneumothorax.

Intraaortic Balloon

The intraaortic balloon (IAB) is an inflatable device placed in the 

proximal aorta to assist a failing ventricle. Diastolic inflation of the 

balloon produces a distinct, rounded lucency within the aortic shadow, 

but in systole, the deflated balloon is not visible (unlike its supporting 

catheter). Ideal positioning places the catheter tip just distal to the left 

subclavian artery (Fig. 59.4). Placed too cephalad, the IAB may occlude 

Fig. 59.4 Intraaortic balloon pump on portable anteroposterior (AP) 

chest x-ray. The position of the tip of the balloon can be seen at the level 

of the AP window. Note the pulmonary edema pattern in this patient after 

cardiac arrest in the setting of an ST-elevated myocardial infarction.
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the carotid or left subclavian artery. Placed too caudally, the IAB may 

occlude the lumbar or mesenteric arteries and produce less effective 

counterpulsation. Daily radiographic assessment is prudent to detect 

catheter migration or a change of the aortic contour suggestive of  

IAB-induced dissection.

Temporary Ventricular Assist Devices

Temporary ventricular assist devices (VADs), such as Impella cathe-

ters, are also available to assist a failing left ventricle (LV). They are 

placed via a patient’s femoral artery with the catheter extending 

through the aorta and aortic valve, with the catheter tip being visual-

ized in the LV. Repositioning of the catheter requires visualization be-

yond a standard CXR, with bedside US or formal echocardiography 

being required at the time of placement and positioning. Like PACs, 

slack can develop in a temporary VAD catheter because of a patient’s 

body heat, resulting in an inappropriate position (often too deep in the 

LV). Clinical signs of catheter malposition include hemolysis (poten-

tially massive) with change in urinary color and blood counts, hypo-

tension, and reduced variability in the motor current monitor tracing.

Gastric Access Tubes

Whether inserted through the nose (nasogastric [NG]) or mouth (oro-

gastric [OG]), it is usually prudent to obtain a CXR or plain abdominal 

film to confirm appropriate gastric tube position before administra-

tion of medication, fluid, or feeding, even when clinical evaluation 

indicates proper positioning. Tube feeding or medication administra-

tion into the airway or pleura can result in severe complications. Even 

in intubated patients, a small number of tubes intended for the stom-

ach do end up in the lung (usually the right mainstem bronchus). 

Vigorous insertion technique can force the gastric tube through the 

lung into the pleural space (Fig 59.5). Inadvertent airway entry is most 

likely to occur when using a small-bore, stylet-stiffened tube, especially 

when inserted in comatose or deeply sedated patients.

It is important to confirm that the tip of the tube not only overlies 

the stomach but also that there is no significant deviation of the tube 

from the midline esophagus until it has passed the level of the dia-

phragm. This will help avoid the rare but avoidable complications that 

can result from tubes that traverse the left mainstem bronchi and into 

the pleural space. When inserted via the esophagus, the side holes of 

the enteral tube should be fully advanced past the lower esophageal 

sphincter to minimize reflux. After similar safety precautions, an ab-

dominal film should be obtained after placement of a percutaneous 

endoscopic gastric (PEG) tube to search for common complications, 

such as extragastric migration or peritoneal leakage.

Specific Applications of Chest Radiography
Bedside CXRs retain several important advantages over chest CTs for 

patients in the ICU despite the greater diagnostic abilities of CTs. 

CXRs are faster, cheaper, expose the patient to less radiation, and most 

importantly, avoid a potentially hazardous trip to radiology. Already 

mentioned at the outset of this discussion, it must be recognized that 

the chest CT offers far greater diagnostic precision than the bedside 

radiograph. Yet, for many purposes, the humble bedside chest radio-

graph remains indispensable, as it is cheaper and quicker to obtain, 

presents less exposure to ionizing radiation, and spares the patient the 

hazards associated with transport from the ICU environment.

Atelectasis

Atelectasis is a frequent cause of densities on ICU CXRs. Findings range 

from invisible microatelectasis, through plate, segmental, and lobar atel-

ectasis, to collapse of an entire lung. Differentiating between segmental 

atelectasis and segmental pneumonia is often difficult, and these condi-

tions often coexist. Atelectasis can be differentiated by identifying its 

commonly found features of volume loss, rapid onset, and quick reversal.

Atelectasis tends to develop in dependent regions and by a 2:1 ratio 

more commonly in the left rather than the right lower lobe. CXR find-

ings will include hemidiaphragm elevation, parenchymal density, vas-

cular crowding (especially in the retrocardiac area), deviation of hilar 

vessels, ipsilateral mediastinal shift, and loss of the lateral border of the 

descending aorta or heart. Each lobe has a characteristic pattern of 

atelectasis that an experienced ICU provider should be able to recog-

nize, and these are summarized in Figs. 59.6 through 59.10. Air bron-

chograms extending into an atelectatic area suggest that collapse  

continues without total occlusion of the central airway and that at-

tempts at airway clearance by bronchoscopy or aggressive suctioning 

are therefore likely to fail to re-expand the involved lobe.

Fig. 59.6 Right upper lobe collapse. Apical density increases as the 

minor fissure rotates superior medially, producing an easily recogniz-

able curvilinear arch extending to the mediastinum.

Fig. 59.5 Malpositioning of small-bore nasojejunal (NJ) feeding 

tube. This was found on abdominal imaging immediately after placement 

in an intubated patient with SARS-CoV-2 infection. The tube is seen 

clearly tracking down the right mainstem bronchus and then coiling in the 

right lower pleural space. Subsequent chest x-ray confirmed the pres-

ence of a pneumothorax. This imaging prevented further complications of 

administering nutrition or medication into the pleural space.
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A B

Fig. 59.7 Left upper lobe collapse. A, Because the left lung does not 

have a middle lobe or minor fissure, upper lobe collapse occurs anteri-

orly, producing a diffuse haziness of the hemithorax and loss of the up-

per left cardiac border. B, On a lateral film a more distinct region of col-

lapse can be seen running along the anterior portion of the radiograph.

A B

Fig. 59.8 Right middle lobe collapse. On lateral CXR, right middle 

lobe atelectasis appears as a prominent wedge with its apex directed 

toward the hilum. The minor fissure and major fissure move toward 

each other. Findings are more subtle on frontal films, manifesting as 

obscuration of the right heart border.

Fig. 59.9 Right lower lobe (RLL) collapse. On an anterior CXR, RLL 

partial lobar collapse is visualized as diaphragmatic “silhouetting.” When 

lower lobe volume loss is extensive, a triangular posteromedial density 

can be seen with its base resting on the diaphragm. Contrary to popular 

belief, the “silhouette sign” is not always reliable on portable films, 

particularly in the presence of an enlarged heart or when the film was 

obtained in a lordotic or rotated projection.

A B

Fig. 59.10 Left lower lobe (LLL) collapse. On an anterior CXR, partial LLL 

collapse is visualized as diaphragmatic “silhouetting.” When lower lobe 

volume loss is extensive, like in right lower lobe (RLL) collapse, a triangular 

posteromedial density can be seen with its base resting on the diaphragm.

Supine Upright Lateral decubitus

Fig. 59.11 Appearance of a mobile pleural effusion in three positions. In the supine position, a “ground-

glass” lateralized diffuse density (with preservation of vascular markings) may be the only sign of layered 

pleural fluid. A changing appearance with position confirms the diagnosis. (From Marini JJ, Dries DJ. Critical 

Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.4.)

Pleural Effusion and Hemothorax

Pleural effusions occur very commonly among ICU patients. Their 

appearance varies based on body positioning (Fig. 59.11).

Large effusions can redistribute on a supine AP CXR, causing  

a hazy density to overlie the entire hemithorax without loss of vas-

cular definition (Fig. 59.12). Apical pleural capping is another ra-

diographic sign of large collections of pleural fluid in the supine 

patient. Upright or lateral decubitus radiographs may help confirm 

the presence of an effusion (Fig. 59.13). If a large collection of 

pleural fluid obscures the lung parenchyma, a contralateral decubi-

tus film often helps visualize the ipsilateral lung. Pleural fluid is not 

ordinarily visible until several hundred milliliters have accumulated. 

On lateral decubitus films, 1 cm of layering fluid suggests a volume 

that can usually be tapped safely. However, in the era of bedside US, 

the performance of decubitus films is becoming less common as 

point-of-care US (POCUS) offers a faster and cheaper alternative. 

US will also be able to provide specific localization and guidance for 

thoracentesis.
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Fig. 59.12 Mobile right pleural effusion supine. Diffuse haziness 

with well-preserved outlines of the ipsilateral pulmonary arteries is 

characteristic. (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. 

Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.5.)

A

B

Fig. 59.13  A, Bilateral pleural effusions with characteristic crescentic blunt-

ing on the upright PA film. B, Mobile effusion in left lateral decubitus orien-

tation. Arrows demarcate the fluid separating left lung from ribs.

Bilateral Pleural Effusion (Decubitus)

Subpulmonic or loculated fluid may be difficult to recognize on a 

portable CXR. Hemidiaphragm elevation, lateral displacement of the 

diaphragmatic apex, abrupt transitions from lucency to solid tissue 

density, and increased distance from the upper left hemidiaphrag-

matic margin to the gastric bubble (on an upright film) are all signs 

of a subpulmonic effusion (Fig. 59.14). US and chest CT are useful 

adjuncts in detecting the presence of such collections of pleural fluid 

and in guiding drainage. US has the obvious advantages of portabil-

ity, repeatability, cost-efficiency, safety, and real-time imaging for 

drainage.

Extraalveolar Gas/Barotrauma

Extraalveolar gas can manifest as interstitial emphysema, cyst forma-

tion, pneumothorax, pneumomediastinum, pneumoperitoneum, or 

subcutaneous emphysema.

Pulmonary Interstitial Emphysema. This condition is usually asso-

ciated with positive-pressure ventilation and represents air in the 

lymphatic and interstitial system. Radiographic signs of gas in the 

pulmonary interstitium include lucent streaks that do not conform to 

air bronchograms and new cysts at the lung periphery, usually at the 

A

1
2

3

B

Fig. 59.14  A, Radiographic signs of a subpulmonic effusion: (1) hemi-

diaphragm elevation with separation of lung from gastric bubble,  

(2) lateralization of the diaphragmatic dome, and (3) abrupt transition 

from lucency to soft tissue density. B, Left subpulmonic effusion in 

upright position. Note abrupt transition of density at the lung base and 

lateral displacement of what appears to be the hemidiaphragmatic dome. 

 (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, 

PA: Wolters Kluwer; 2019: Fig. 11.7.)
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bases. Interstitial emphysema may also generate small “target lesions” 

as air surrounds small peripheral pulmonary arterioles viewed en face. 

These signs, best seen when the parenchyma is densely infiltrated, can 

indicate the imminent development of pneumothorax.

Subpleural Air Cysts. Subpleural air cysts are a potential sign of 

impending pneumothorax in mechanically ventilated patients. They 

appear on a CXR as small (3- to 5-cm wide) basilar, rounded lucencies. 

They often appear abruptly and tend to rapidly increase in size (some-

times to as large as 9 cm). They can frequently progress to tension 

pneumothorax in the presence of continued high-pressure mechanical 

ventilation. When subpleural air cysts are noted, the clinician should 

reduce airway pressures to the extent possible and maintain a high 

level of vigilance with preparation to emergently insert chest tubes if 

needed. Fortunately, such catastrophic developments have become 

much less likely in the present era of lung-protective ventilation.

Pneumothorax. The identification of pneumothorax in ventilated 

patients remains of critical importance, despite the decreased inci-

dence of this condition since the introduction of low tidal volume 

ventilation. When it does occur, pneumothorax commonly compli-

cates the course of patients with necrotizing pneumonias, acute respi-

ratory distress syndrome (ARDS), secretion retention, or expanding 

cavitary or bullous lesions.

Pneumothorax is often difficult to detect on portable CXRs. Fewer 

ICU patients exhibit the typical patterns seen on upright CXRs per-

formed in noncritically ill patients. Proper upright positioning is very 

important in detection. At the bedside, an upright expiratory CXR is 

often the best film for detecting a pneumothorax. This view confines a 

fixed amount of intrapleural air within a smaller volume, accentuating 

the proportion of thoracic volume it occupies and the separation of 

the lung from the chest wall. On supine films or in patients with pleu-

ral adhesions, gas may collect exclusively in the basilar (anterior) re-

gions of the thorax. In this case a pneumothorax will be positioned 

anterior to the heart or may mimic pneumomediastinum or pneumo-

pericardium. Loculated pneumothoraces can be very difficult to detect 

without CT, and residual localized air collections are often found by 

CT among patients with one or more chest tubes. Radiographic signs 

of pneumothorax on the supine CXR include a “deep sulcus sign” and 

lucency over the upper portions of the spleen or liver. POCUS can 

greatly facilitate a diagnosis of pneumothorax and should be consid-

ered when doubt persists after CXR examination.

When observing a pneumothorax, the visceral pleura provides a  

specific marker: a radiodense (white) thin stripe of appropriate curvature, 

with lucency visible on both sides and absent lung markings beyond  

(Fig. 59.15). Skin folds often mimic the pleural edge but can be 

distinguished by the following features: (1) lucency present only on one 

margin, (2) poorly defined limits, and (3) extension beyond the confines 

of the rib cage. Because pneumothorax reduces blood flow to the collapsed 

lung, its density may be surprisingly normal, even with an extensive gas 

collection. Here again, failure to detect dynamic lung sliding and especially 

the presence of a “lung point” on US nicely complement or even supplant 

the radiographic evidence (see the section “Ultrasound” later).

Pneumothoraces are often characterized by the percentage of the 

hemithorax they occupy. This practice is highly imprecise, both be-

cause the frontal CXR is only two-dimensional and because apparent 

percentage changes occur with variations in breathing depth and posi-

tion. As with pleural fluid, precise determination of the size of a pneu-

mothorax is neither possible nor necessary. A tension pneumothorax 

is not defined by a specific size of gas collection in the pleural space. 

Both a tension pneumothorax, regardless of size, and a “large” pneu-

mothorax require drainage—the former because of its immediate 

physiologic effects, the latter because it creates a pleural pocket that is 

unlikely to reabsorb spontaneously over an acceptable time. The reab-

sorption rate of a pneumothorax has been estimated to be 1%–2% per 

day, a crude rule of thumb that emphasizes the slowness of this pro-

cess. A 15% pneumothorax would typically take 2 weeks to reabsorb.

Tension Pneumothorax. A tension pneumothorax should be sus-

pected in intubated patients with sudden cardiopulmonary decom-

pensation. This is especially true in patients with high peak inflation 

pressures. Pneumothorax has been shown to occur in up to 50% of 

patients with peak airway pressures exceeding 60 cm H2O. Although 

action may need to be pursued purely on clinical grounds, imaging, 

including portable CXR and bedside US, often can be performed in a 

timely fashion to assist with diagnosis.

Tension pneumothorax can result in shifting of the mediastinum and 

can flatten or invert with the ipsilateral hemidiaphragm. Tension pneu-

mothorax may not have a typical appearance in a patient’s respiratory 

failure, resulting in uncertainty of diagnosis. Infiltrated or obstructed 

lungs fail to collapse completely, and an unyielding mediastinum may 

not shift noticeably, despite a marked pressure gradient. Comparison to 

past films and clinical correlation may be required. In general, a pneu-

mothorax should be decompressed in a patient with cardiopulmonary 

decompensation with a new or enlarging pneumothorax. The clinician 

should rapidly consider and rule out acute hyperinflation (gas trapping) 

as an explanation before proceeding with any invasive measure.

Tension pneumothorax may be very difficult to distinguish from 

bullous disease under tension by plain radiograph alone. Although a 

chest CT can be revealing, patients in extremis cannot wait for a diag-

nostic CT scan. In such emergent settings, erring on the side of chest 

A B C

 Fig. 59.15

 

A,

 

Pneumothorax seen in a patient with SARS-CoV-2–related ARDS.

 

B,

 

Subsequent placement of

 

a small-bore chest tube that, although appearing to be in a good position, has become kinked and is not

 

evacuating the expanding pneumothorax.

 

C, Repositioning of the same chest tube has resulted in evacuation

 

of the pneumothorax.
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tube insertion is probably the best course of action, even though rup-

turing a large bulla can create a bronchopleural fistula. A surgically 

inserted chest tube should be considered in patients with significant 

bullous disease, as it will help discriminate the pleural boundary better 

and minimize the likelihood of this complication.

Pneumomediastinum. After gaining access to the mediastinum, gas 

normally decompresses into adjacent soft tissues. Apart from discom-

fort or pain, pneumomediastinum itself rarely produces important 

physiologic effects in adults. Mediastinal gas may arise from neck inju-

ries, from rupture of the trachea or esophagus, or most commonly from 

alveolar rupture and retrograde dissection of air along bronchovascular 

bundles. Pneumomediastinum appears radiographically as a lucent 

band around the heart and great vessels, reflecting gas within the space 

separating the parietal pleura from the mediastinal contents. On the 

heart’s inferior border, this lucency can extend across the mediastinum, 

linking the two sides of the chest with a “complete diaphragm sign.” An 

unnaturally sharp heart border is the first indicator of pneumomedias-

tinum, a sign that must be distinguished from the “kinetic halo” seen at 

the heart or diaphragm border of an edematous lung. The mediastinal 

pleura, outlined by gas on both sides of a thin radiodense line, can often 

be detected. On a lateral film, pneumomediastinum usually appears as 

a thin crescent of gas outlining the ascending aorta. Not uncommonly, 

extrapleural gas extends from the mediastinum, lifting the parietal 

pleura off the diaphragm, or outlining the inferior pulmonary liga-

ment. It also can surround and elevate the thymus, resulting in the 

“thymic sail sign.” Pneumomediastinum may indicate, but does not 

correlate specifically, with pneumothorax, which follows in up to 30% 

of mechanically ventilated patients.9 In doubtful cases where progres-

sion is feared, definitive diagnosis can be established by CT.

Subcutaneous Gas. Subcutaneous gas, also known as subcutaneous 

emphysema, usually has important diagnostic but little physiologic 

significance. It produces lucent streaks or bubbles in the soft tissues 

that contrast with the normal densities of the chest and neck. However, 

there is almost no limit to the path the gas may take, as it may track 

into the face, the retroperitoneum, the peritoneal cavity, and the scro-

tum. During mechanical ventilation, bilateral subcutaneous gas usu-

ally results from alveolar or bronchial rupture and medial gas dissec-

tion, indicating both a viable decompression pathway and an increased 

risk of pneumothorax. In patients with pneumothorax, progressive 

accumulation of subcutaneous gas can indicate the presence of a bron-

chopleural fistula or a malfunctioning chest tube, especially if the gas 

is bilateral. Ipsilateral subcutaneous gas detected shortly after chest 

tube placement generally entered via the tube track itself. Subcutane-

ous gas detected immediately after blunt chest trauma indicates  

possible tracheobronchial or esophageal disruption.

Pulmonary Edema
It is important, yet often difficult, to distinguish between normal per-

meability (fluid overload and congestive heart failure [CHF]) and 

high-permeability pulmonary edema (ARDS). Although considerable 

overlap exists in their radiographic findings, certain CXR findings may 

help distinguish these two etiologies. Patterns of infiltration, the size of 

the heart and great vessels, and distribution of vascular markings are 

among the characteristics that should be scrutinized to establish a  

diagnosis (Table 59.1).

CHF and volume overload are characterized by a widened vascular 

pedicle, an even or inverted pattern of vascular markings, and a ten-

dency toward a gravitational distribution of edema (“bat wing” or 

basilar). Pleural effusions, often bilateral and particularly those of 

substantial size, are also more common with CHF than with ARDS. 

The vascular pedicle is measured at the point the superior vena cava 

crosses the right main bronchus to a parallel line dropped from the 

Characteristics

Cardiogenic or  

Volume Overload  

Edema

High- 

Permeability 

Edema

Heart size Enlarged Normal

Vascular pedicle Normal/enlarged Normal/small

Flow distribution Balanced/cephalad Basal/balanced

Blood volume Normal/increased Normal

Septal lines Common Absent

Peribronchial cuffing Very common Uncommon

Air bronchograms Uncommon Very common

Edema distribution Even/central/gravitational Patchy/peripheral/ 

nongravitational

Pleural effusion Very common/moderate  

to large

Infrequent/small

TABLE 59.1 Radiographic Features 
of Pulmonary Edema

point of takeoff of the left subclavian artery from the aorta. It should 

be less than 60 mm in length in 90% of normal CXRs. Kerley B-lines, 

because of perilymphatic interstitial fluid, are common in established 

CHF (usually of several days’ to weeks’ duration), whereas crisp air 

bronchograms are unusual. Conversely, the less mobile infiltrates of 

ARDS are widely scattered, patchy, and often interrupted by distinct air 

bronchograms. These criteria are better for correctly classifying CHF 

and volume overload edema and less accurate for identifying ARDS.10 

Although useful, when applied with appropriate clinical correlation, 

widespread application of these criteria has shown them to be less reli-

able than stated in the original investigations. Because most of the radio-

graphic deterioration seen in ARDS occurs within the first 5 days of  

illness, a worsening CXR appearance after this time suggests superim-

position of pneumonia, fluid overload, CHF, or ventilator-induced 

lung injury (VILI) (Fig. 59.16).

Fig. 59.16 Acute pulmonary edema seen in a 62-year-old man with 

a STEMI. Although pulmonary edema is usually bilateral and symmet-

ric, it may collect asymmetrically when a mediastinal tumor, bronchial 

cyst, or massive thromboembolism diverts blood flow preferentially to 

one lung. A recently transplanted lung is also prone to developing uni-

lateral pulmonary edema. Asymmetry may also be observed after uni-

lateral aspiration, re-expansion pulmonary edema or in the presence of 

extensive bullous disease. Gravity may redistribute edema fluid and 

atelectasis to newly dependent lung regions over relatively brief periods 

after patient repositioning. STEMI, ST elevation myocardial infarction.
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Mediastinal Widening
Mediastinal widening, particularly after chest trauma or an invasive 

procedure, should raise suspicion of aortic disruption. This should be 

determined only on a well-centered film, as a rotated or lordotic film 

may be misleading. In lower-risk patients, vascular anomalies, lobar 

atelectasis, and masses of the mediastinum should also be considered. 

Prior chest films should be examined for comparison if available.

A contrast-enhanced chest CT will provide a definitive diagnosis of 

aortic disruption. Obtaining a high-quality upright posteroanterior 

(PA) CXR, though desirable, is frequently not possible because of in-

juries or hypotension. Radiographic clues to aortic disruption include 

a widened superior mediastinum (the most sensitive sign), a blurred 

aortic knob, rightward deviation of an NG tube or aortic shadow, and 

tracheal deviation to the right and anteriorly. Inferior displacement of 

the left main bronchus, left-sided pleural effusion (with or without 

apical capping), and displacement of intimal calcifications of the aorta, 

provide other signs suggestive of aortic disruption. Mediastinal widen-

ing with vascular injury is frequently associated with traumatic frac-

tures of the sternum, first two ribs, or clavicle. Widening of the cardiac 

shadow should prompt careful review of the aortic contour because 

blood may dissect from the aorta into the pericardium.

Although once considered the gold standard for imaging, catheter-

based angiography is rarely used today. More safely performed  

contrast-enhanced CT scanning, MRI, and echocardiography almost 

always are sufficient for diagnosis.

Pericardial Effusion
Pericardial effusion is recognized radiographically by enlargement of the 

cardiac shadow. The classic “water bottle configuration” of the cardiac 

silhouette, although highly characteristic, is unusual. Serial enlargement 

of the cardiothoracic ratio can also be seen, as can cardiogenic- 

appearing pulmonary edema. An epicardial fat pad visible on the lat-

eral CXR is sometimes referred to as the Oreo cookie sign, as it can result 

in two dense lines, which can be seen both anterior and posterior to the 

pericardial fat pad. POCUS can be performed to confirm any suspected  

effusion. Echocardiography is the procedure of choice for the detection 

and evaluation of pericardial effusions, and it simultaneously affords  

the opportunity to assess heart chamber size, contractile function, and 

vena caval diameter. When a transthoracic echocardiogram cannot  

obtain images of adequate quality because of patient weight or chest 

hyperinflation, a transesophageal echocardiogram is usually diagnostic. 

Although echocardiograms can have findings supportive of tamponade, 

this remains a clinical diagnosis, and cardiovascular compromise in the 

setting of a large or rapidly accumulating pericardial effusion should 

raise a high suspicion for this condition.

Air-Fluid Levels (Lung Abscess vs. Empyema)
Although CT scanning more reliably differentiates the location of air-

fluid levels, several radiographic features help to distinguish whether 

an air-fluid level lies within the pleural space or within the lung paren-

chyma (Fig. 59.17). On an AP film, pleural fluid collections generate 

wide, moderately dense air-fluid levels. Lung abscesses and liquid-

filled bullae are spherical in shape and as such, tend to project similar 

diameters on both AP and lateral films (Fig. 59.18, top panels). Lung 

abscesses generally have distinct, thick, shaggy walls with irregular 

contours, unlike most liquid-filled bullae and pleural fluid collections.

Intrapulmonary collections are usually smaller, denser, and 

rounded. The air-fluid level of pleural fluid collections must abut the 

chest wall on either AP or lateral film (see Fig. 59.18, bottom panels). 

Fluid collections that cross a fissure line on upright films are located 

within the pleural space. As body position is altered, pleural fluid  

collections frequently undergo marked changes in shape or contour.

Postthoracotomy Changes
After pneumonectomy, fluid will accumulate in the vacant hemithorax 

over days to months. The absolute fluid level is of little significance 

postpneumonectomy. However, changes in the level of fluid are impor-

tant. A rapid decline in the fluid level can indicate a bronchopleural 

fistula, a complication that most commonly develops within 8–12 days 

of surgery. If a fistula develops earlier, failure of the bronchial closure 

should be suspected, prompting consideration of reoperation. Bron-

chopleural fistulas tend to displace the mediastinum to the contralateral 

side, an unusual occurrence during uneventful postoperative recovery. 

Small residual air spaces may remain for up to a year after pneumonec-

tomy and do not necessarily imply the presence of a persistent fistula. 

Very rapid postoperative filling of the hemithorax suggests infection, 

hemorrhage, or malignant effusion.

Fistulous Tracts
Fistulas between the trachea and innominate artery develop most fre-

quently when a tracheal tube angulates anteriorly and to the right in 

patients with a low tracheostomy stoma, persistent hyperextension of 

Pleural Parenchymal

Fig. 59.17 Intraparenchymal versus intrapleural fluid collections. Fluid collections within the pleural 

space usually have a greater horizontal than vertical dimension, do not cross fissure lines, and may have 

sloping attachments to the pleural surface on one or more views. Furthermore, pleural collections typically 

have different dimensions on anteroposterior (AP) and lateral views. By contrast, intraparenchymal collections 

tend to be more spherical, with equal dimensions on AP and lateral views. (From Marini JJ, Dries DJ. Critical 

Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.8.)
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Empyema

Lung abscess

Fig. 59.18 Air-fluid levels (lung abscess vs. empyema). Top: Large right upper lobe lung abscess with thick 

cavity wall and air-fluid level indicating communication with the airway. Bottom: Loculated empyema of the 

right posterior pleural space. The lateral view demonstrates that the opacity is not rounded, abuts the ribs, 

and is not entirely encapsulated by aerated lung. (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. 

Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.9.)

the neck, or asthenic habitus. Because of this association, anteriorly 

directed tracheal tubes should be repositioned. Fistulas also may form 

between the trachea and esophagus during prolonged ET intubation. 

These usually occur at the level of the ET cuff, directly behind the 

manubrium. Predisposing factors include cuff overdistention with si-

multaneous presence of an NG tube and posterior angulation of the 

tracheal tube tip. Tracheal stenosis often coexists. This creates pressure 

on the tissue separating the ET cuff and NG tube, resulting in ischemia. 

The sudden occurrence of massive gastric dilation in a mechanically 

ventilated patient provides an important clue to the presence of a 

fistula. A radiographic contrast agent may be introduced into the 

esophagus after cuff deflation or tube removal in an attempt to 

confirm the presence of a fistula.

Pulmonary Embolism
Although the plain CXR rarely, if ever, diagnoses PE, it is quite useful to 

detect other conditions in the differential diagnosis, including CHF, 

pneumothorax, and aspiration. A clear CXR in a patient with sudden 

cardiopulmonary decompensation should be met with suspicion for PE 

and warrants further evaluation. Even on plain CXR imaging, large PEs 

may give rise to suggestive findings: ipsilateral hypovascularity, pulmo-

nary artery enlargement, and very rarely, abrupt vascular cutoff. Local 

oligemia (the Westermark sign) may be seen early in the course of PE, 

usually within the first 36 hours in only 10% of cases. “Hampton’s 

hump,” a pleural-based triangular density caused by pulmonary infarc-

tion, is seldom seen. About 50% of patients with PE have an associated 

pleural effusion.

For critically ill ICU patients with suspected thromboembolism, it 

often makes sense to begin the evaluation with a Doppler examination 

of the limbs, especially in patients too ill to transport or with acute or 

chronic renal disease. If the US examination reveals what appears to be 

fresh clots in any deep vein, thromboembolism is diagnosed and thera-

peutic anticoagulation should be considered. For ICU patients the legs, 

arms, and neck are potential sites of clots. Roughly half of all CVCs in 

place for a week or more are associated with at least a partially occlusive 

thrombus, and approximately 15% of these patients have concurrent 

PEs.11 POCUS or formal echocardiography can also be performed in 

the right clinical context to evaluate for acute right ventricular failure, 

which can be seen in submassive or massive pulmonary emboli. It is 

important to note that the McConnell’s sign of a dilated, hypoactive RV 

with relative sparing of the apex also is seen in other conditions that 

cause severe hypoxic respiratory failure (such as ARDS). Given this, the 

specificity of this finding is affected by the clinical context. One ap-

proach would be to evaluate for deep vein thrombosis (DVT) and the 

McConnell’s sign on bedside US on patients with clinical suspicion for 

PE who are too unstable to transport or have other contraindications to 

a CT or ventilation/perfusion (V/Q) scan. If either of these two exami-

nations are positive, one can proceed to treat them empirically for a 
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pulmonary embolism. When the patient becomes more stable and  

appropriate, a confirmatory CT angiogram should be pursued.

If the US is negative but the clinical suspicion of PE remains high, 

V/Q scanning or contrasted chest CT may be performed. The rarity of 

a normal CXR diminishes the value of V/Q scanning for critically ill 

patients. Nonetheless, normal perfusion scans are very helpful. The 

sensitivity and specificity of chest CT for the diagnosis of PE are now 

well established. In the right clinical context, it is safe to assume that a 

large filling defect seen in the pulmonary circuit of a technically ade-

quate study represents a clot with ,96% specificity. Primary tumors of 

the pulmonary artery, primary lung tumors, cancers metastatic to the 

mediastinum, nonneoplastic mediastinal adenopathy, hydatid disease, 

and mediastinal fibrosis rarely can mimic PE. By contrast, because the 

sensitivity of CT varies among institutions, and even in the best centers 

is not 100% for subsegmental clots, a negative CT does not definitively 

exclude PE.12 Sensitivity is optimized by a scanner with many rows of 

detectors, quick acquisition time, optimal contrast injection technique 

and gating, adequate breath-holding by the patient, and experienced 

interpretation of optimally reconstructed images, including three- 

dimensional views. Although there is controversy about the impor-

tance of subsegmental clots in healthy patients, in critically ill patients 

with impaired cardiopulmonary reserve, it is probably inadvisable to 

overlook such emboli. Echocardiogram may reveal right ventricular 

and pulmonary arterial dilation. If the Doppler US is negative, V/Q not 

practical, echocardiography unrevealing, and CT nondiagnostic while 

clinical suspicion remains high, angiography is the next, seldom-taken 

step. Frequently, CT and catheter angiography are both relatively con-

traindicated by renal insufficiency. Angiography can be safely per-

formed in most critically ill patients, provided that (1) care is used in 

transport, (2) pulmonary artery pressures are not excessive at the time 

of contrast administration, and (3) selective injections guided by per-

fusion scanning are performed. Septic PE should be considered in  

patients with multifocal cavitary lesions of varying size.

Pneumonitis

Aspiration and Acute Pulmonary Edema
Although bacterial infection sometimes supervenes, gastric aspiration 

initially produces sterile chemical pneumonitis. When bacterial infec-

tion complicates aspiration in the intubated patient, the time from intu-

bation to aspiration can provide valuable clues to the etiologic organism. 

Events occurring within 4 days of intubation are usually associated with 

Staphylococcus, Streptococcus, and Haemophilus infections, whereas later 

episodes are usually because of gram-negative rods. Massive aspiration, 

although position and volume dependent, typically appears as bilateral 

diffuse alveolar and interstitial infiltrates of rapid onset. The extent of 

the infiltrate does not correlate with outcome, and radiographic im-

provement often occurs quite rapidly. Aspiration in the supine position 

usually affects the posterior segments of the upper lobes and superior 

segments of the lower lobes. Patients who aspirate in a decubitus posi-

tion often develop unilateral infiltrates (Fig. 59.19A). Patients who are 

upright tend to have basilar and right middle and right lower lobe 

opacities. When asymmetrical, the right lung is usually more involved. 

Significant atelectasis may occur when large pieces of solid food or  

foreign objects (e.g., teeth, dental appliances) are aspirated.

On occasion, massive symmetric aspiration and/or ARDS can be 

difficult to distinguish from acute pulmonary edema (see Figs. 59.19B 

and 59.20). As discussed earlier, several CXR cues may help in making 

that distinction. Blurred hilar structures and the virtual absence of air 

bronchograms characterize acute pulmonary edema and fluid volume 

overload.

Pneumonia

The diagnosis of pneumonia is a clinical one. However, a CXR may give 

a clue to the organism producing bacterial pneumonia. Bacterial patho-

gens typically produce patchy segmental or lobar involvement. Bulging 

fissures, although uncommon, suggest Klebsiella. A diffuse, patchy, 

ground-glass appearance suggests viral pneumonitis (e.g., influenza or 

COVID-19) or atypical organisms such as Legionella, Mycoplasma, and 

Pneumocystis (Fig. 59.21). Small, widely scattered nodular densities sug-

gest miliary Mycobacterium tuberculosis as the etiologic organism. 

Larger nodular densities are associated with Cryptococcus, Actinomyco-

sis, or Nocardia. Aspergillus often gives rise to peripheral wedge-shaped 

infiltrates caused by vascular invasion and secondary infarction or 

cavitary formation. Cavitation suggests neoplasm, tuberculosis, fungal 

infection (e.g., histoplasmosis, cryptococcosis, coccidioidomycosis), 

lung abscess, or septic PE. Pneumonitis that develops in preexisting 

areas of bullous emphysema often produces air-fluid levels that can be 

confused with lung abscess or empyema. The thinner contour of the 

cavity wall, the more rapid pace of development and resolution, and 

premorbid CXRs demonstrating bullae help to identify this problem.

A B

 Fig 59.19

 

Aspiration pneumonitis.

 

A, Aspiration pneumonitis seen in a young male who presented after

 

being found down with an opiate overdose. Note the asymmetric distribution of his infiltrates.

 

B,

 

Note the

 

asymmetric distribution of the infiltrates, the presence of air bronchograms, and blurring of the hilar structures.
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Fig. 59.20 Radiographic appearance of pulmonary edema. Note the 

virtual absence of air bronchograms and the bilaterally indistinct hilar 

shadows. (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. 

Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.10.)

Fig. 59.21  Radiographic appearance of SARS-CoV-2 pneumonia.

Nosocomial or ventilator-associated pneumonia affects up to 30% 

of patients with ARDS but is difficult to detect with certainty because 

focal parenchymal densities may also represent edema, atelectasis, and 

infarction. Hence, radiographic abnormalities must be interpreted 

considering the clinical situation. A new unilateral infiltrate in a pa-

tient with a previously stable CXR is the best radiographic indicator of 

a superimposed infection; however, fever, increasing leukocytosis, ris-

ing procalcitonin, increased sputum production, and progressive hy-

poxemia are better indicators than the CXR alone. A focal wedge-

shaped infiltrate (especially occurring distal to a PAC tip or in a patient 

with hemoptysis) is likely to represent pulmonary infarction.

Intraabdominal Conditions
An upright CXR can also help diagnose acute intraabdominal prob-

lems. Midline or paraesophageal hiatal hernias are easily visualized. 

Diaphragmatic disruption may allow abdominal contents to herniate 

into the chest after abdominal trauma, often displacing a gas-contain-

ing viscus into the left chest. Short of a trip to the CT scanner, the 

upright CXR also provides the most sensitive method of detecting free 

air within the abdominal cavity. (A cross-table film of the abdomen 

taken at least 5 minutes after decubitus positioning may serve a similar 

purpose.) Intubated patients frequently swallow air, producing gastric 

dilation. In the appropriate setting, massive gastric dilation can suggest 

the possibility of esophageal intubation or a tracheoesophageal fistula.

CT AND MRI

Reconstruction, Multiplanar, and Subtraction Views
Using a single acquisition of CT data, images obtained (preferably 

with contrast) can be reconstructed to view multiple planes—not 

only the traditional axial plane but also the coronal and sagittal ones, 

allowing improved diagnostic accuracy (Fig. 59.22). Additionally, 

subtraction techniques may highlight the vasculature (Fig. 59.23). 

Three-dimensional reconstructions may be developed from the CT 

Frontal
(coronal)
plane

Transverse
plane

Sagittal
plane

Planes of view normal head MRI

Fig. 59.22 Top: The two-dimensional imaging planes. The “transverse” 

plane is also termed “axial.” Bottom: Three planes of view for head CT. 

 (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, 

PA: Wolters Kluwer; 2019: Fig. 11.11.)
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Fig. 59.23 A, Multiplanar three-dimensional (3D) reconstruction of circle of Willis using data from a single 

computed tomography (CT) study and subtraction technique. Such images can be rotated around a selected 

axis. B, Multiplanar reconstruction of the heart with electrocardiogram (ECG)-gated subtraction views of main 

coronary vessels. C, Multiplanar reconstruction of abdominal vasculature with subtraction, highlighting 

selected organ vasculature. (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: 

Wolters Kluwer; 2019: Fig. 11.12.)

Circle of Willis 3D CT reconstruction

Heart & coronary vessels 3D CT

Vasculature of the abdominal
organs 3D CT with subtraction

B

A

C

D

database that are valuable in detailing the anatomy of difficult cases. 

Such helpful innovations are available because of the accelerated  

development of digital radiography.

General Preparing of the Patient for Imaging Studies
Radiology staff performing these examinations will facilitate and help 

implement their preparation, depending on the study being per-

formed. Ensuring accurate diagnostic suspicions on an examination 

order will help ensure the most beneficial diagnostic protocols are fol-

lowed. Restricted angulation of the imaging table or gantry is often a 

limiting factor for patients who are not intubated and receiving  

mechanical support for ventilation. If the patient is to undergo a  

sedation-based procedure such as drain placement, then a prior coagu-

lation profile and nothing by mouth (NPO) status are often prerequi-

sites. With elective procedures, the clinician must plan ahead or defer 

transport in order to comply with these requirements and imaging 

suite schedules. It is wise to check verbally with the technical staff 

whenever there is doubt regarding the demands and timing of the 

study or procedure.

Computed Tomography

Establish urgency of examination (stat vs. routine). The examination 

protocol is usually determined by the radiologist, and the selected 

protocol defines the appropriate prep. Depending on the examina-

tion, the patient may need oral contrast (e.g., CT abdomen), which 

can be administered via enteric tube if necessary. Appropriate access 

for IV contrast administration should be established, provided that it 

is both indicated and not prohibited by allergy or renal insufficiency. 

If a computed tomography angiography (CTA) is ordered, then the 

type (and patency) of IV access catheter may need to be approved by 

CT staff, as this study requires a relatively high injection rate of the 

contrast with elevated risk of IV contrast extravasation/infiltration. 

Communication with the radiology staff before transport is usually 

advisable.
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CT chest carinal level CT chest heart level

Fig. 59.24  Left, The normal structures visualized by a vascular-contrasted axial computed tomography (CT) image 

at the carinal level. Right, The normal cardiac structures visualized by a vascular-contrasted axial CT image at the 

midchest level. LA, Left atrium; LA, left ventricle; RA, right atrium; RV, right ventricle; SVC, superior vena cava. 

(From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.13.)

Normal pulmonary vasculature (coronal view) Sagittal CT view of great vessels

  

 

Magnetic Resonance Imaging

Because it invariably takes a relatively long time to complete, MRI is 

generally avoided in ICU patients unless both the clinician and radiology 

team believe it to be absolutely necessary. Unstable and tenuous patients 

are placed at particular risk because of the relative separation of patient 

from caregivers. If considering MRI, confer with the MR tech and/or 

radiologist to discuss how best to proceed. Individual patients may im-

pose unique limitations. For example, metallic foreign bodies or certain 

medical devices may be incompatible with MRI. Also, the lengthy proce-

dure may create anxiety in patients suffering from claustrophobia. Many 

ICU patients will require mechanical ventilatory support to remain both 

still and recumbent for the time required for these examinations.

Ultrasound

US imposes very few limitations other than having physically restricted 

access to appropriate acoustic windows from binders, wounds, and 

dressings. For many purposes, high-quality ultrasonic examinations 

are acquired by technicians at the bedside. Abdominal and pelvic im-

aging are preferably done in an NPO state to limit bowel gas from  

interfering with the imaging (see “Ultrasound” section later).

Chest CT and MRI
The chest CT finds many applications in ICU practice. Often CT is the 

only practical way to image the lung in very obese individuals, as the 

bedside CXR cannot adequately penetrate the chest wall to reveal  

the obscured lung characteristics. It is therefore prudent for all critical 

care unit practitioners to become familiar with the basic elements of 

axial chest CT interpretation (Fig. 59.24) and to be aware of coronal 

and sagittal plane reconstructions (Fig. 59.25A and B).

Although indispensable to modern critical care practice, CT scan-

ning (and MRI for that matter) has significant limitations in the criti-

cally ill population.13 Continuing technical advancements in modern 

Fig. 59.25

 

Left, Radio-contrasted normal vasculature (coronal plane).

 

White

 

indicates pulmonary arteries.

 

Gray

indicates pulmonary venous, left atrial, and aortic vessels. Sagittal computed tomography (CT) of chest

 

(right)

and 3D-reconstructed image using the same data set obtained on that study

 

(middle).

 

(From Marini JJ, Dries

 

DJ.

 

Critical Care Medicine,

 

5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.14.)
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Fig. 59.26 Sagittal magnetic resonance imaging (MRI) of brain and 

spinal cord. Note the fine anatomic detail provided by T1 weighting. 

(From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, 

PA: Wolters Kluwer; 2019; Fig. 11.15.)

CT scanners expedite the process of image acquisition and in-suite 

interpretation. Appropriate concern has been voiced over the risks of 

moving patients out of the ICU for imaging studies; however, carefully 

arranged transport is routinely performed reasonably safely. The im-

portance and urgency of any study requiring transport should be 

weighed against the risk of transport. Alternative studies should be 

considered that do not require transport if applicable (such as per-

forming an extremity US to locate a DVT rather than CTA chest to 

evaluate for PE). Portable CT technology can also be used in the right 

clinical setting. The most important feature of safe transport is to  

ensure that all vital supports can be effectively maintained and that 

adequate equipment and personnel are immediately available to cope 

with any catastrophic event (e.g., accidental extubation or extraction 

of venous or arterial catheters or chest tubes, interruption of critical 

infusions, unanticipated cardiac arrest). Patients with bronchopleural 

fistula needing continual pleural drainage and those requiring vaso-

pressors or high inspired oxygen concentrations or PEEP are at par-

ticular risk. It is important to be sure that the intubated patient is able 

to be adequately oxygenated and ventilated on the transport setup for 

several minutes before departure. Although now rarely used in trans-

portable patients, interruption of inhaled nitric oxide or nebulized 

prostacyclin infusions during transport can precipitate calamitous 

physiologic deterioration. Metallic appliances create artifact on CT 

scans and may preclude the use of MRI because of the powerful mag-

netic fields involved. Furthermore, MRI studies are especially time 

consuming, and the inability of critically ill patients to remain ade-

quately immobile may produce unacceptable motion artifact unless 

neuromuscular blocking agents are used. If neuromuscular blocking 

agents are initiated at the time of image acquisition, it is important to 

ensure that their ventilator settings provide a minute ventilation ade-

quate enough to avoid catastrophic decompensation caused by respi-

ratory acidosis.

CT scanning often requires the use of nephrotoxic contrast material. 

(Enteral contrast used for abdominal scanning does not carry this risk.) 

Iodixanol or Nonionix low-osmolality agents can reduce the risk of 

nephrotoxicity in at-risk patients. Otherwise, administration of IV flu-

ids should be pursued in patients who are intravascularly volume de-

plete at the time of their examination. Sodium bicarbonate or lactated 

Ringer’s may be preferable to the chloride load of saline. Acetylcysteine 

is no longer recommended for contrast-induced nephropathy prophy-

laxis. In years past, MRI was used in place of CT for patients with 

marginal renal function in an attempt to avoid contrast nephrotoxicity. 

Unfortunately, the use of some gadolinium-based MRI contrast media 

may be even more dangerous. Gadolinium has been associated with a 

rare but progressive and potentially devastating scleroderma-like syn-

drome known as nephrogenic systemic fibrosis. Gadolinium-containing 

contrast should be avoided in patients with acute kidney injury or who 

have a baseline estimated glomerular filtration rate (eGFR) of ,30 mL/

min (including patients with end-stage renal disease).

The financial aspects of imaging should not be overlooked. A chest 

CT scan typically costs three to four times as much as a portable CXR 

in addition to the costs of transport, which can be substantial. Because 

patients are placed at higher risk during travel and significant financial 

and manpower costs are involved, it is logical to plan ahead by bun-

dling studies together when feasible. For example, if an elective head 

CT is planned tomorrow but an urgent chest CT must be done today, 

it may make sense to perform both studies today, avoiding the second 

trip. As a corollary, if an imaging study is likely to yield results that will 

prompt a radiology-based intervention (e.g., needle or catheter aspira-

tion), it is common sense to confer with the radiologist in advance of 

the transport, so as to arrange rapid interpretation of the diagnostic 

study and subsequent intervention in a single trip. Simple preplanning 

can also avoid wasteful, redundant studies. For example, if a chest CT is 

to be performed today, there is little reason to do a “routine” morning 

CXR as well.

In neurocritical care applications, the noncontrasted CT excels for 

diagnosis of acute intracranial bleeding.14 It is also helpful when deter-

mining if there is an intracranial mass before a lumbar puncture and 

for detecting sinus cavity opacification. However, detailed anatomic 

imaging of the brain, spinal cord, and other soft tissues is best per-

formed by MRI (Fig. 59.26). Moreover, detection of acute ischemic 

strokes by noncontrasted CT is not reliable until many hours have 

passed after the event (Fig. 59.27A) (though CTAs of the head and 

neck can identify areas of acute thrombosis, which can be very useful 

in identifying patients who may benefit from endovascular recannuli-

zation), and inflammation of the meninges may evade notice. For 

these selected problems, MRI is better adapted, as it is immediately 

sensitive to both (see Fig. 59.27B). With different radiofrequency 

stimulation and pulsing sequences (so-called “weighting,” Fig. 59.28), 

MRI can reveal inflammation and edema (T2 and fluid-attenuated 

inversion recovery [FLAIR] weighting) and perfusion adequacy (diffu-

sion weighting). Despite limitations, the chest CT often provides infor-

mation not otherwise available. It can better differentiate patterns of 

infiltration or nodularity in the pulmonary parenchyma. It can reveal 

a small or loculated pneumothorax in patients when previous CXRs 

are unrevealing. It can well visualize lung abscess or empyema and 

usually can differentiate between the two conditions. In patients with 

empyema and atypically distributed pleural effusions or with a persis-

tent pneumothorax, the chest CT is invaluable to evaluate the location 

and effectiveness of thoracic drainage tubes. A CT better demonstrates 

the distribution of infiltrates and characteristics of nodules.

In summary, the chest CT represents one of the most useful diagnos-

tic tests available to intensive care practitioners. A short summary list of 

indications for chest CT scanning includes (1) evaluation of thoracic 

trauma, (2) searching for occult or persistent sources of fever (empyema, 

lung, or mediastinal abscess), (3) guiding placement of drainage tubes for 

loculated or persistent pneumothorax or pleural effusions, (4) detecting 
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Time dependence of CT ischemic stroke

Relative sensitivity of
diffusion-weighted MRI

to acute stroke

Front of head

Back of head

CT scan slice of brain
(taken just before MRI at right)

MRI (diffusion) scan
(can show stroke much
earlier than CT scan)A B

Fig. 59.27  A, Time dependence of imaging ischemic stroke by unenhanced computed tomography (CT) in a 

patient presenting with new-onset neurologic deficit. The large ischemic zone was not evident on the earlier 

study. Arrows delineate compromised zone (left: upon admission; right: after 36 hours). B, Comparison of 

near-simultaneously obtained head CT (top) and diffusion-weighted magnetic resonance imaging (MRI) 

(bottom) of a patient with ischemic (right hemispheric) stroke. (From Marini JJ, Dries DJ. Critical Care 

Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.16.)

T1-weighted T2-weighted Flair

Fig. 59.28 Options for magnetic resonance imaging (MRI) display (normal brain, axial view). T1-

weighted brightness corresponds to fat content and details the anatomy particularly well. T2 weighting tends 

to highlight pathology associated with higher water content, such as cerebral edema or inflammation. The 

fluid-attenuated inversion recovery (FLAIR) image attenuates the cerebrospinal fluid (CSF) brightness of the 

T2 image and therefore is particularly helpful in distinguishing details of pathology. Diffusion-weighted images 

(DWI, not shown) are the best option for distinguishing well-perfused from ischemic tissues, as in early 

stroke. (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: 

Fig. 11.17.)
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mediastinal pathology (especially in the presence of parenchymal infil-

trate), (5) searching for PEs, and (6) evaluating distribution and charac-

teristics of opacities in greater detail than a CXR.

ABDOMINAL RADIOGRAPHY

Abdominal CT and Screening Films
Plain abdominal x-rays have largely been replaced by the abdominal CT 

scan, so it is important to become familiar with its essential elements 

(Fig. 59.29). The use of abdominal US and CT scanning is discussed in 

detail, as it relates to specific disease entities in Chapter 25. The standard 

examination of the abdomen, consisting of supine kidney-ureter-blad-

der (KUB) or “flat plate” and upright views, can still be useful and does 

not require a trip outside the ICU. If an upright film cannot be taken, a 

lateral decubitus view may be substituted.

KUBs still retain great functionality in the ICU, and like the CXR as 

compared with the chest CT, have the advantage of bedside mobility 

and lower cost. Line and tube placements can be verified via KUB. 

General bowel gas patterns can be examined and evidence of obstruc-

tion can be found. Systematic review of the KUB may furnish impor-

tant information, especially after trauma. Fractures of the lower ribs 

on the left suggest the possibility of a ruptured spleen or lacerated 

kidney, as does medial displacement of the gastric bubble. Breaks in 

lower ribs on the right suggest the possibility of renal or hepatic dam-

age. Fractures of the lumbar spine, pelvis, and hips may be seen as in-

cidental findings on plain abdominal radiographs in trauma patients. 

A ground-glass appearance, displacement of the retroperitoneal fat 

stripe, or centralization of gas shadows suggests ascites or hemoperito-

neum. Free air usually indicates a ruptured, viscus, gas-producing in-

fection; barotrauma-induced pneumoperitoneum; or postoperative 

change. Free air is much more commonly seen as the result of upper 

gastrointestinal (GI) (stomach or duodenum) perforation rather than 

from colonic perforation (diverticulitis, appendicitis, colon cancer).

The KUB view is a poor indicator of liver size, and when in ques-

tion, should not supplant careful physical examination or CT evalua-

tion. The gallbladder is inadequately defined on the KUB view unless 

it is very distended or calcified. Less than 15% of gallbladder calculi are 

visible. Gas appearing in the biliary ducts is highly suggestive of infec-

tious cholangitis but can occur after endoscopic retrograde cholangio-

pancreatography. The ingestion of massive amounts of carbonated 

beverages or intake of compounds that can generate gas when mixed 

with gastric acid (e.g., sodium bicarbonate) can also cause bile duct 

gas. Hepatic calcifications, although rare, may occur because of healed 

infection, hemangioma, or metastatic carcinoma. Films taken in differ-

ent positions may help determine the location of right upper quadrant 

calcifications. Calcifications within the kidney or liver maintain a rela-

tively fixed position, whereas stones within the gallbladder are usually 

mobile. Use of the KUB view in the diagnosis of the acute abdomen is 

discussed in Chapter 25.

Findings Relevant to Specific Organs
Kidneys and Ureters
The visibility of the kidney on the KUB view depends on the amount 

of perinephric fat and overlying bowel gas. The combination of kidney 

enlargement and calcification suggests urinary tract obstruction or 

polycystic kidney disease. Bedside or dedicated renal US should be 

performed to rule out these conditions if still suspected. If nephroli-

thiasis is suspected, the renal outlines and course of both ureters 

should be carefully inspected for calculi (visible in up to 85% of cases). 

However, a noncontrast CT remains the optimal examination for this 

condition. Identifying gas in the renal pelvis is uncommon but may 

indicate emphysematous pyelonephritis, a condition seen most often 

in poorly controlled diabetics. Gas-producing infections of the bladder 

are also visualized occasionally.

Pancreas and Retroperitoneum

Asymmetric obliteration of the psoas shadows or retroperitoneal fat 

lines suggests a retroperitoneal process (most commonly pancreatitis 

or hemorrhage from a leaking aorta). Similar changes can accompany 

spontaneous hemorrhage or traumatic disruption. Although the pan-

creas is not normally seen on the plain radiograph, calcifications may 

occur in chronic pancreatitis. Localized areas of ileus over the pan-

creas, such as the “colon cut-off sign” and the “sentinel loop,” may also 

help in the diagnosis of pancreatic inflammation.

Stomach and Bowel

The stomach normally contains some fluid and air. However, massive 

gastric dilation suggests gastric outlet obstruction, gastroparesis, or 

esophageal intubation. By contrast, because the small bowel normally 

contains little air, its gaseous distention indicates ileus or small bowel 

obstruction. Air-fluid levels of different heights within the same loop 

of small bowel on an upright film usually indicate mechanical small 

bowel obstruction and imply residual peristaltic activity. Fluid levels at 

the same height in a loop of bowel do not necessarily indicate me-

chanical obstruction. Absence of colonic or rectal gas in patients with 

small bowel air-fluid levels strongly suggests complete obstruction of 

the small bowel with distal clearing of gas. Conversely, the presence of 

gas in the colon (except for small amounts of rectal gas) all but ex-

cludes the diagnosis of complete small bowel obstruction. (Ileus or 

incomplete obstruction may be present, however.)

Colonic obstruction because of a sigmoid volvulus may be  

diagnosed via a KUB view that shows massive sigmoid dilation; the sig-

moid forms an inverted “U” whose limbs rise out of the pelvis. Apposi-

tion of the medial walls of these bowel segments produces a midline soft 

tissue density whose inferior extent approximates the site of torsion. 

This produces a radiologic finding known as the coffee bean sign. A sig-

moid volvulus has the bowel loop pointing to the right upper quadrant, 

whereas a cecal volvulus has the bowel loop pointing to the left upper 

quadrant. A variety of conditions leading to ICU admission may pro-

duce colonic pseudo-obstruction (Ogilvie syndrome) in which massive 

Stomach

Pancreas

Intestines

Spine

Rib

Left adrenal gland

Aorta

Gallbladder

Liver

Right kidney

Fig. 59.29  Normal anatomic structures visualized on an axial abdominal 

computed tomography (CT). (From Marini JJ, Dries DJ. Critical Care 

Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer: 2019: Fig. 11.18.)
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colonic dilation occurs because of diminished parasympathetic activity. 

Radiographically, a CT will demonstrate the absence of a distinct transi-

tion point, and unlike the frequently encountered adynamic ileus, affects 

the small bowel to a lesser degree. Although usually managed conserva-

tively, cecal dilatation to greater than 12 cm suggests the possibility of 

impending perforation and prompts decompressive interventions.

The frequently observed “thumbprinting” is a useful, highly sig-

nificant but nonspecific sign of large bowel wall thickening that is most 

closely associated with ischemia. These nodular indentations appear at 

regular intervals along the bowel wall and may originate from bowel 

inflammation from other causes such as Crohn disease, ischemic coli-

tis, Clostridium difficile, pseudomembranous colitis, or diverticulitis. 

Thumbprinting can be seen more chronically in such noninflamma-

tory conditions as lymphoma and amyloid. When seen in conjunction 

with massive colonic dilation and supportive abnormalities of vital 

signs, toxic megacolon is highly likely.

Peritoneal Cavity

On the supine abdominal radiograph, ascites is demonstrated by dif-

fuse haze, indistinctness of the iliopsoas stripes, centralization of small 

bowel segments, and abnormal separation of bowel loops. Increased 

pelvic density characterizes ascites on the upright film.

Abnormal gas collections are recognized by their nonanatomic lo-

cation. Therefore all gas densities on supine and erect films require 

explanation. Each must be assigned to an anatomic segment of bowel. 

Gas may collect under the diaphragm or overlie the liver on erect or 

lateral decubitus films, respectively. Free air also allows visualization of 

both sides of the walls of gas-filled bowel. “Bubbly,” curvilinear, or 

triangular gas collections between segments of bowel suggest abdomi-

nal abscess. Bowel ischemia may produce a characteristic pattern 

known as pneumatosis cystoides that represents gas within the bowel 

wall. Rarely, pneumatosis may rupture to produce free intraperitoneal 

air, simulating a perforated viscus. Bowel ischemia is more confidently 

diagnosed when thumbprinting is observed.

ULTRASOUND

Few areas of critical care practice have been adopted as quickly or af-

fected care as profoundly as the bedside application of US imaging. 

Bedside US has major benefits over other modes of diagnostic imag-

ing, including portability; lack of radiation hazard; speed of data ac-

quisition; low cost; serial repeatability; and the ability to interrogate 

dynamic properties of the lungs and heart, which helps avoid costly 

tests, unnecessary delays, and transporting a critically ill patient.

US use in the ICU can be divided into (1) the traditional consulta-

tive approach where image acquisition and interpretation are done by 

providers not involved in bedside patient care and evaluate the organ 

studied in detail and (2) focused, goal-targeted POCUS, which is usu-

ally performed and interpreted by the provider caring for the patient. 

POCUS use in critical care is becoming more widely adopted because 

it eliminates clinical and time dissociation in patient care.15

Using POCUS for procedural guidance is considered standard of 

care for many of the procedures performed in an ICU. POCUS can be 

used as static guidance, such as during thoracentesis or paracentesis 

where the fluid is identified using POCUS, the skin entry point is 

marked, and the needle is inserted using the skin mark, or dynamic 

guidance, such as placement of venous or arterial catheters where the 

needle is visualized entering the vessel. More recently, POCUS has 

been used more commonly in the management of patients in shock, 

respiratory failure, trauma, or cardiac arrest or, less often, for assisting 

ventilator liberation.

The use of US comes with its own limitations. An adequate ultra-

sonic window may be obscured or degraded by fat, bone, dressings, or 

hyperinflated lung. In addition, ultrasonography is a user-dependent 

technology, and ensuring competence in image acquisition and inter-

pretation is essential to applying POCUS successfully for patient care.16 

Although these skills cannot be acquired without successful hands-on 

training and practical clinical experience, the range of clinical potential 

and technical background for US are important to understand.

Organ-Targeted POCUS
Cardiac POCUS
Detailed ultrasonic examination of the stable patient with heart disease 

continues to be best assigned to consulting cardiologists who formally 

evaluate detailed echocardiograms acquired with high-capability equip-

ment (Fig. 59.30). In emergency settings and for targeted critical care 

purposes, however, goal-targeted POCUS can be of high value to direct 

further steps in management.
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  Fig. 59.30

 

Long and short axes of the heart used in cardiac ultrasound (echocardiography).

 

Knowledge

 

of acoustic windows and structural imaging correlations is quickly becoming an essential skill for the intensiv-

 

ist. (Left, from Allen HD.
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Fetus and Young Adult,

 

9th ed. Philadelphia, PA: Wolters Kluwer; 2016;

 

right, from Penny SM.

 

Introduction to

 

Sonography and Patient Care.

 

Baltimore, MD: Wolters Kluwer; 2015.)
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Cardiac POCUS in its most basic form uses five views. Each provides 

certain information that complements the other views. These views are:

 1. Parasternal long-axis view (Fig. 59.31) allows assessment of LV 

function by assessing myocardial thickening, endocardial excur-

sion, and septal motion of the anterior leaflet of the mitral valve 

(EPSS) and evaluation of the presence of a pericardial vs. pleural 

effusion. A posterior pericardial effusion tracks anterior to the de-

scending aorta. It is important to note that epicardial fat pads are 

hypoechoic and can mimic pericardial effusion. If the hypoechoic 

area does not move with the heart, it is likely an effusion, whereas 

if it moves with the heart, it is likely an epicardial fat pad. This view 

also allows assessment of the left atrial size in comparison with the 

aortic root and RV outflow tract. Less commonly, large vegetations 

can be seen clearly on the mitral or aortic valve using this view.

 2. Parasternal short-axis view allows assessment of LV function and can 

visualize the presence of pericardial fluid. This view shows the ante-

rior, lateral, posterior, and septal walls in one plane, which allows 

identification of wall motion abnormalities in the LV. The presence of 

the RV in this view allows comparison of right to left ventricular sizes 

and the assessment of the shape of the septum (flattening of the sep-

tum, which gives the LV a D shape, indicates increased RV pressure).

 3. Apical four-chamber view is more challenging to obtain in critically 

ill patients and easier to obtain with the patient in the left lateral 

decubitus position. In addition to providing much of the same data 

provided by other views, this view allows measurements of the  

velocity time integral (VTI) when the aortic outflow tract is in 

plane. VTI measurement allows the calculation of cardiac output, 

and repeat measurements help confirm fluid responsiveness. Both 

are helpful in the management of patients in circulatory shock.

 4. Subcostal view visualizes all four chambers and is the easiest way to 

visualize the heart while resuscitating a patient in cardiac arrest.

 5. Inferior vena cava (IVC) view allows IVC measurements and allows 

the interpreting physician to calculate dynamic changes in IVC size 

with respiration, which helps identify fluid status and determine 

fluid responsiveness. When performing this examination, it is es-

sential to ensure the visualized vessel is the IVC and not the aorta.

Experienced POCUS providers can apply advanced echocardiogra-

phy for assessment of valvulopathy and assessment of diastolic heart 

disease. As the technical details for performing such studies are readily 

available in review articles and educational videos, we will not dupli-

cate that work here.

Lung POCUS

Until quite recently, the artifacts on 2D images caused by sonic interac-

tions of tissue and air were disregarded despite their high diagnostic 

value. Assuming the use of an appropriate probe, depth, and ultrasonic 

frequency range, normal lung; pneumothorax; and edematous, con-

solidated, and liquid-filled spaces return characteristic sonograms that 

vary during tidal breathing (Fig. 59.32). Sliding of the visceral pleura 

at its interface with the fixed parietal counterpart, in addition to  

A B

Fig. 59.32  A, A-lines (red arrows) are the diminishing ultrasonic reverberations of the pleural stripe (white 

arrow) through normal lung tissue. B, B-lines are linear streaks (yellow arrow) emanating from the pleural 

boundary. These indicate increased tissue water, such as caused by edema. (From Marini JJ, Dries DJ. Critical 

Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.21.)
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Fig. 59.31  Apical four-chamber (A) and parasternal long-axis views (B) of the heart with cardiac echo. 

 (Modified from Barnett CF, Sweeney DA, Huddleston LL. Ultrasonography: Advanced applications and proce-

dures. In VC Broaddus, JD Ernst, TE King Jr, et al, eds. Murray & Nadel’s Textbook of Respiratory Medicine, 

7th ed. Philadelphia, PA: Elsevier; 2022: Fig. 24.1.)
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repetitive curvilinear lines that fan out parallel to the pleural surface 

(A-lines), is characteristic of normal lung. A limited number of hyper-

echoic, self-erasing lines orthogonal to the pleural plane (B-lines or 

“lung rockets”) are produced by interstitial lung edema. When B-lines 

are profuse, evenly distributed, and bilateral, alveolar edema likely is 

present. The homogeneous, sharply demarcated, and distinctly opaque 

sonographic shadow separating the parietal from the visceral pleura 

indicates an uncomplicated pleural effusion. Although there is no 

definite depth to determine safety when sampling pleural fluid, mea-

suring a pleural liquid depth of greater than 1 cm indicates that needle 

thoracentesis can be safely performed at that site. US is essential to 

safely perform needle insertion when the patient is receiving mechan-

ical ventilation or when the effusion is loculated.

A pneumothorax is characterized by an echo-free separation be-

tween the lung and chest wall. Confirmation is made when a motion-

less probe detects phasic (tidal) transitions during tidal breathing 

between echo-free and lung signatures. This “lung point” is confirmed 

by a “seashore-like” appearance on continuous M-mode tracing  

(Fig. 59.33).

Use of these characteristics in conjunction with limited cardiovas-

cular ultrasonography directed toward leg clotting and right ventricu-

lar dilation is made in systematic protocols designed to rapidly  

determine the cause of acute dyspnea (e.g., the bedside lung ultra-

sound in emergency [BLUE] protocol). Thoracic interrogation is per-

formed sequentially at three sites (anterior, lateral, and posterolateral) 

in the semirecumbent patient as evidence is sought for pneumothorax, 

lung edema, and consolidation or lung collapse. US of the cardiac and 

femoral zones completes the appraisal. 

Vascular POCUS

As mentioned earlier, POCUS is considered a standard of care for plac-

ing vascular catheters. In addition to using the US during the proce-

dure itself, POCUS can evaluate for evidence of a pneumothorax after 

internal jugular or subclavian central line placement. To do this, first 

confirm lung sliding in the upper anterior chest before placement. 

Then repeat the US after the procedure to evaluate the presence or 

absence of lung sliding. If it was present before and became absent, it 

suggests a pneumothorax occurred.

Evaluating the presence of DVT using compression ultrasonogra-

phy is quick and almost as accurate as a radiology-performed full DVT 

examination in the ICU.17 It is important to realize that although DVTs 

can be visualized within the vessel, fresh clots tend to be hypoechoic 

and cannot be seen. Hence, it is important to perform full vein com-

pression, as lack of vein compressibility indicates the presence of a clot. 

To perform a lower extremity DVT compression examination, the leg 

is placed in a frog-leg position (external rotation at the hip with some 

flexion at the knee), and three to five compression examinations are 

done over the course of the femoral vein and one to three compression 

points over the popliteal vein behind the knee. Presence of a DVT 

could save the patient a trip through the CT scanner if venous throm-

boembolism (VTE) were suspected.

POCUS can also be used to confirm the presence of flow in the 

extremities’ arteries, which can be helpful when a Doppler signal is not 

easily obtained. The US can be used to visualize the vessel and can  

apply color and/or Doppler signal to confirm flow.

Abdominopelvic POCUS

The kidneys are easily accessible with US, and a kidney POCUS ex-

amination mainly focuses on the presence or absence of hydronephrosis 

as an etiology of sepsis or acute renal failure. It is common to see other 

pathology in the kidneys, including renal cysts during POCUS exami-

nations, and although it is important to be able to differentiate them 

from hydronephrosis, a detailed examination of the kidneys is still best 

performed by consultative US examination by a radiography specialist. 

A renal POCUS examination can be performed on the patient in the 

supine position by applying the transducer to the flanks, but the left 

Normal
“Seashore”

Pneumothorax
“Bar Code”

Pneumothorax
Transition at the

"Lung Point"

A B C

Fig. 59.33 Ultrasonic profiles in M-mode (focal, time based). The stationary transducer in (A) and 

(B) paints patterns that indicate blurring caused by lung motion beneath it (A) or monotonous reverberation 

in response to the air barrier caused by pneumothorax (B). When the transducer is positioned at the interface 

between noncollapsed lung and pleural air, there is an abrupt transition between these ultrasonic M-mode 

patterns during the phases of the breathing cycle (C). (From Marini JJ, Dries DJ. Critical Care Medicine, 

5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.23.)
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kidney tends to reside more posteriorly and therefore is more difficult 

to visualize in a supine patient.

Ultrasound excels in visualizing fluid, which makes it an essential 

tool to diagnose and treat ascites. Unfortunately, POCUS will not be 

able to differentiate the type of fluid. Hemoperitoneum and simple 

ascitic fluid have a similar appearance on US, and if bleeding is sus-

pected, other diagnostic methods may be needed for confirmation. 

Using a high-frequency linear probe allows visualization of vasculature 

in the abdominal wall at the needle insertion point. Using this before 

paracentesis decreases the risk of bleeding complications.

The gallbladder and the biliary ducts can be visualized during PO-

CUS examination either with the patient in the left lateral decubitus 

(preferred) or supine position. This allows measurement of gallblad-

der thickness, presence of stones, presence of pericholecystic fluid, and 

sonographic “Murphy sign.” In the right clinical scenario, all can be 

signs of acute cholecystitis. Obtaining adequate biliary images requires 

a higher level of skill and expertise to identify pathology correctly. It is 

often prudent to request consultative US radiology examination to 

confirm POCUS findings.

Disease-Targeted POCUS
One of the major advantages of POCUS is the ability to evaluate mul-

tiple organs rapidly at the bedside with the goal of answering a specific 

clinical question. Protocols have been published to simplify this con-

cept, combining different organs’ ultrasonography to target the treat-

ment of a specific patient presentation.

Trauma FAST Examination

Emergency abdominal US in adults with abdominal trauma (focused 

assessment with sonography for trauma [FAST] examination) is a 

widely used management-directing US survey whose results are more 

reliable after presentations for blunt rather than penetrating trauma 

(Fig. 59.34). The main goal is to detect newly developed pericardial, 

intrathoracic, or intraperitoneal free fluid. Acknowledged limitations 

are that FAST is less sensitive for pelvic bleeding, does not interrogate 

the retroperitoneum, and cannot reliably differentiate the nature of 

what caused the pathologic fluid collection (e.g., blood, urine, ascites). 

Points of sonographic access (windows) are used to evaluate the peri-

cardial, peritoneal, and pleural cavities. Unless a pointed indication 

interrupts the order, the examination sequence reflects the severity of 

potential life-threatening risks. The heart is assessed for the presence 

of cardiac tamponade, global wall motion abnormalities and other 

evidence of injury, and the adequacy of right ventricular filling.

After the heart and pericardium, the right flank (hepatorenal 

view or “Morison pouch”), left flank (perisplenic view), pelvis, and 

thorax (pneumothorax and hemothorax) are evaluated. The liver, 

spleen, and partially filled bladder provide the necessary sono-

graphic windows. The abdominal sequence leads with the right 

flank and gutter before the left flank and gutter examinations be-

cause blood originating from both splenic and hepatic trauma must 

first pass through the Morison pouch before collecting in the more 

dependent pelvic cavity.

As in other applications of POCUS, the FAST protocol should be 

considered to provide very useful, but often not sufficiently definitive, 

information to preclude radiologic studies or even exploratory sur-

gery. Some serious injuries are seldom visualized confidently by US 

(e.g., aortic and diaphragm tears, pancreatic lesions, bowel perfora-

tions, mesenteric trauma, and injuries that do not produce free fluid in 

amounts .250 mL). Fluid acutely collected in the pelvis may be either 

urine or blood. Although important penetrating injuries may go un-

suspected with the initial evaluation, overall sensitivity of FAST in 

these and for all abdominal injuries may improve by performing serial 

US examinations.18

Circulatory Shock RUSH Examination

Using POCUS in a systematic way helps to rule out the major etiolo-

gies of shock in an accurate and rapid way. The rapid ultrasound for 

shock and hypotension (RUSH) examination includes assessment of 

three cardiac views (parasternal long axis, apical four-chamber, and IVC 

views) to quickly assess the presence of pericardial fluid/tamponade, 

evaluate the LV and RV size and function, and determine IVC status.19 A 

hyperdynamic LV with small IVC should raise concern for hypovolemic/

hemorrhagic shock, but if that hyperdynamic LV was detected in a fluid-

resuscitated patient having a large IVC with no respiratory variations, 

then septic shock should be strongly considered. If an obvious etiology 

is not identified during the cardiac examination, assessment of both 

flanks (similar to a FAST examination) allows visualization of any free 

fluid in hepatorenal and perisplenic views. Typically, the pleural space 

is evaluated during this time to rule out hemothorax. Unlike a FAST 

examination, evaluating the kidneys for hydronephrosis is essential to 

rule out the renal system as an etiology or uncontrolled source of sep-

sis. Although not commonly encountered in a medical ICU, evaluating 

the aorta in the epigastric area allows detection of aortic aneurysm, 

dissection, and even rupture. Lastly, examination of the upper anterior 

part of the chest to evaluate for lung sliding excludes pneumothorax as 

an etiology of obstructive shock.

Depending on the clinical circumstances, a RUSH examination also 

should include a search for ectopic pregnancy and a DVT compression 

examination.

Acute Respiratory Failure BLUE Protocol

The bedside lung ultrasound in emergency (BLUE) protocol is com-

monly used for assessment of patients in acute respiratory failure.20 It 

uses lung US to categorize the lung signals into different profiles, each 

associated with a specific diagnosis (Fig. 59.35).

Prob

maker
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SubX

LUQ

Thoracic

Fig. 59.34  The acoustic ultrasonic windows used in the FAST algo-

rithm. FAST, Focused assessment with sonography for trauma. (From 

Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: 

Wolters Kluwer; 2019: Fig. 11.24.)
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INTERVENTIONAL RADIOLOGY FOR CRITICAL CARE

Interventional radiology (IR) became an indispensable service for 

critically ill patients in the early 21st century. The ability to perform a 

wide range of procedures percutaneously enables an ICU physician to 

pursue therapeutic paths that would have been deemed too risky in 

many critically ill patients. Dynamic imaging capabilities such as C-

arm fluoroscopy and angiography, combined with elegant 3D recon-

structions, precise localization, and an ever-expanding arsenal of 

catheter-based devices and stents, enable physicians to perform high-

value, low-morbidity procedures. These include otherwise routine 

cannulation procedures that cannot be attempted successfully at the 

bedside, in addition to many sophisticated therapeutic procedures that 

stabilize hemorrhage and relieve ischemia.

Broadly speaking, the purposes of IR procedures can be classified as 

vascular and nonvascular in nature. The vascular indications include 

arterial embolization in patients with uncontrolled bleeding, extrac-

tion of thrombi, the placement or manipulation of intravascular  

catheters, and endovascular stent placements. The latter of these may 

be lifesaving (e.g., aortic dissection and transjugular intrahepatic  

portosystemic shunt [TIPS] procedures for portal decompression  

[Fig. 59.36]). Nonvascular indications for IR generally include drain-

age of an infected pocket and the placement of stents, feeding tubes, 

and suprapubic catheters. As noted earlier, these procedures are often 

performed in lieu of more traditional, invasive surgical procedures. 

Most IR services perform these procedures, provide consultation, and 

will assist in the decision-making process. The IR service should be 

engaged early in this process, particularly when surgical intervention is 

a contemplated alternative option. Although the range of problems 

and potential solutions is already vast and continually expanding,  

several of the more common procedures are highlighted next.

Vascular Interventions
Hemorrhage and Ischemia
A wide variety of life-threatening hemorrhagic events can be effec-

tively addressed by angiography followed by embolization of the cul-

prit vessel (Fig. 59.37). The sources of bleeding commonly involve the 

bronchial (e.g., submassive or massive hemoptysis), GI/mesenteric 

(e.g., upper or lower GI bleeding or retroperitoneal bleeding), or solid 

organ distributions (e.g., splenic rupture or postpartum hemorrhage). 

Control is routinely achieved, and infarction of the embolized tissue 

occurs only very rarely. It is important to discuss the findings of an 

embolization procedure with the interventional radiologist, as often 

they can provide insight as to whether additional procedures may be 

necessary to achieve hemostasis.

Type B aortic dissections requiring urgent or emergent correction 

can frequently be addressed by IR-directed stent placement (Fig. 59.38). 

End-organ ischemia of cerebral, extremity, mesenteric, or renal systems 

may often be effectively relieved by thrombus extraction (e.g., stroke) or 

by stenting, as may symptoms that persist despite optimal medical man-

agement. In advanced centers, quite sophisticated manipulations, such 

as aortic stent graft reconstruction, realignment of true lumen flow, and 

fenestration, can be successfully accomplished. Traumatic aortic injuries 

(e.g., pseudoaneurysm, minimal intimal tear, flow-limiting lesions) are 

evaluated and perhaps better addressed with less morbidity than open 

surgical repairs. The same principle of endovascular stent graft repair 

often (but not invariably) is feasible for ruptured thoracic or abdominal 

aortic aneurysm. These IR procedures carry lower morbidity than inva-

sive surgery and are usually possible, assuming that the anatomy is favor-

able and the procedure is undertaken emergently. Symptomatically, 

ischemic smaller vessels of the brain, extremities, and mesentery can also 

be stented effectively, assuming such preconditions are met.

(Upper and lower BLUE-points)
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Fig. 59.35 The BLUE protocol. An algorithm using lung ultrasonography to guide diagnosis of severe 

dyspnea. BLUE, Bedside lung ultrasound in emergency; COPD, chronic obstructive pulmonary disease. 

 (Modified from Lichtenstein DA, Mezière GA. Relevance of lung ultrasound in the diagnosis of acute  

respiratory failure: The BLUE protocol [published correction appears in Chest. 2013;144(2):721]. Chest. 

2008;134:117–125, Fig. 7.)
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Fig. 59.36  A, Schematic depiction of catheter-mediated transjugular intrahepatic portosystemic shunt (TIPS) 

stenting procedure for portal venous decompression. B, TIPS stent inserted via catheter (subtraction 

fluoroscopic image with contrast). (From Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: 

Wolters Kluwer; 2019: Fig. 11.25.)

BA

Fig. 59.37  Colonic bleeding and prehemostatic (A) and posthemostatic (B) coiling of culprit vessel. (From 

Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.26.)

Venous Thrombosis

IR has been rapidly developing a useful role for both submassive and 

massive venothrombosis. Although the role of lytic therapy for hemo-

dynamically stable submassive PE remains controversial, IR should be 

engaged early for consultation regarding catheter-based lytic infusions 

into the pulmonary artery or thrombectomy when standard medical 

management fails and systemic fibrinolysis is relatively or absolutely 

contraindicated.

IVC filter placement can readily be performed by IR. However, the 

indications for filter placement remain controversial. Generally, fail-

ure or a contraindication for systemic anticoagulation in the setting 

of known VTE remains a widely accepted indication for this proce-

dure. However, there are some limited observational mortality data 

that call into question the benefit of this procedure even for this indi-

cation. Prophylactic IVC filters, especially in the setting of trauma, are 

recommended by some, but not all, societies, and their recommenda-

tion for use has not been entirely resolved (see later).

Perioperative patients with VTE or long bone and pelvic fractures 

are often candidates, as are those post-endovascular thrombolysis/

thrombectomy with residual DVT. Patients who are immobilized with 

precarious cardiopulmonary compensation who would not be ex-

pected to withstand recurrent embolism are often considered, though 
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again, use of filters in this patient population remains controversial. 

Overall, the rate of IVC filter placement in the United States has been 

decreasing since the Food and Drug Administration (FDA) issued a 

warning for their use in 2010 that was updated in 2014.

Both permanent and retrievable filters (Fig. 59.39) are currently 

available. Most, if not all, of present-day filters are MRI compatible. 

Filters can also be convertible over the short term from filtering to 

nonfiltering functions (see Fig. 59.39).

IR has become a critical part of early stroke management.  

Endovascular thrombectomy can provide critical restoration of cere-

bral blood flow in early stroke and carotid artery angioplasty, and 

stenting can decrease the risk for subsequent events. Likewise,  

intracerebral vascular stents may be considered to improve jeopar-

dized perfusion of zones with critically compromised blood flow 

(Fig. 59.40). Cerebral aneurysms can be coiled, as can arteriovenous 

malformations.

Deployment

of stent graft

Aneurysm

Stent graft

in place

Aneurysm
A

B

Fig. 59.38  A, Furled and unfurled dimensions of endovascular stent for large vessel. B, Insertion and deploy-

ment of endovascular stent repair of aortic aneurysm. (From Marini JJ, Dries DJ. Critical Care Medicine, 5th 

ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.27.)

Fig. 59.39 One of many types of IVC filters (VenaTech). After the high-risk period for embolism has passed, 

the core can be snared by its hook and removed. This allows the cage to remain permanently in place, acting 

as a stent rather than an occlusive obstruction. IVC, Inferior vena cava. (From Marini JJ, Dries DJ. Critical Care 

Medicine, 5th ed. Philadelphia, PA: Wolters Kluwer; 2019: Fig. 11.28.)
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Coils

Stent

Fig. 59.40  Two useful endovascular interventions for cerebral aneu-

rysm repair: stenting and aneurysm obliteration by coils and clot. (From 

Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: 

Wolters Kluwer; 2019: Fig. 11.29.)

Catheter-directed thrombolysis and/or percutaneous thrombec-

tomy has gained increasing traction but remains controversial for 

certain indications. Full-intensity treatment can be directed to the 

point of interest, with lower total anticoagulant doses carrying the 

potential of a full therapeutic effect with less risk of bleeding. How-

ever, well-designed multiarm trials have yet to be performed to dem-

onstrate this efficacy in common conditions such as life-threatening 

pulmonary embolism (i.e., massive or high-risk submassive PE). 

Given this, the costs and risk of cannulation should be weighed 

against the theoretical benefit of lytic dose reduction. It should be 

remembered that patients should not simultaneously receive a throm-

bolytic infusion and full-dose anticoagulation. There are no clear 

guidelines as to when full-dose anticoagulation should start after ces-

sation of catheter-directed lytics, and discussion with IR regarding the 

timing of this transition is recommended. Catheter-directed infusion 

therapy remains a strong consideration for iliofemoral and caval ve-

nous clots. The same strategy can be successfully applied to arterial 

occlusions occurring in circumstances of peripheral vascular disease 

or embolic, traumatic, and iatrogenic compromise of extremities, 

mesentery, or brain.

Percutaneous thrombectomy devices are diversifying and prolifer-

ating as their indications for use expand at a very rapid rate. Most  

devices rely on a suction removal mechanism with or without macera-

tion. Such percutaneous procedures carry less morbidity risk than the 

more complex surgical interventions with which they compete. How-

ever, the efficacy of these devices in treating PE as compared with 

medical management remains uncertain at this time. Consequently, 

percutaneous thrombectomy of PE should be considered for patients 

who fail medical management and who have absolute or significant 

relative contraindications to thrombolysis.

Vascular Access

Bedside ultrasonography of critically ill patients has both improved 

the rate of successful placement and reduced the complication rate of 

vascular access. Nevertheless, many critically ill patients continue to 

present challenges to achieving bedside vascular access because of fac-

tors such as massive obesity, vasculopathy, and/or recurrent instances 

of ICU care. IR can provide valuable expertise in the placement of US-

guided central lines, cooling catheters, hemodialysis catheters, ports, 

and tunneled central venous lines. Misplaced catheters can also be  

repositioned with relative ease (Fig. 59.41) and, likewise, arterial line 

access can usually be attained readily.

A B C

Fig. 59.41  Secondary malposition into the contralateral brachiocephalic vein in a 38-year-old man on 

hemodialysis. Chest radiograph (A) demonstrated the tips (arrow) of the left dialysis lines had spontaneously 

migrated into the right brachiocephalic vein. Fluoroscopy image (B) showed the use of a Sidewinder catheter 

(arrow) to pull the lines down into the superior vena cava (SVC). Postintervention image (C) showed satisfac-

tory repositioning of the lines (arrow). (From Nayeemuddin M, Pherwani AD, Asquith JR. Imaging and man-

agement of complications of central venous catheters. Clin Radiol. 2013;68[5]:529–544.)
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Management of Pseudoaneurysms

Pseudoaneurysms may form as a result of trauma, infection, penetrat-

ing ulcer, or iatrogenesis. Treatment of these depends on location, eti-

ology, and morphology. Infectious (mycotic) lesions generally require 

vascular surgery. However, IR is particularly well suited to address arte-

rial site access anomalies at the groin, where US-guided thrombin in-

jection may be a good option. Large vessels may be appropriate for 

stent, graft, or embolization. Traumatic aortic injuries or transections 

may often be addressed by thoracic stent grafting. Worrisome vascular 

injuries and tangles in branch vessels of solid organs are generally ap-

proached by embolization. Larger feeding vessels are often stented.

Nonvascular Indications for IR
Nephrostomy tubes may be required to address renal obstruction, 

pyonephrosis, and/or urosepsis if urologic placement of a retrograde 

stent is not possible or desirable. Abdominal or pelvic drains may 

best be inserted and positioned radiographically under CT or US 

guidance. Follow-up imaging is very frequently indicated (e.g., ab-

scessograms and fistula assessment). Complicated abscesses of the 

lung can be externally drained, but this commonly results in broncho-

pleural fistula and/or seeding of the pleura with infectious material. 

Both complications may require later surgical intervention. Given this, 

thoracic surgical consultation should be pursued before addressing 

complicated pulmonary abscesses so as to choose the best treatment 

option. Similarly, though chest tubes are deftly placed into empyema 

pockets by IR, an open surgical approach is sometimes a better option 

for complicated spaces. Early surgical consultation is again advised.

Tubes to drain pneumothorax tend to be better positioned, smaller, 

and more flexible when placed in IR using fluoroscopic or CT guid-

ance, promoting patient tolerance (Fig. 59.42). Poorly functioning 

drainage tubes that serve any purpose (air/fluid/pus) can be replaced, 

upsized, or repositioned in IR to optimize performance. After place-

ment, decisions and management of drainage systems can be assigned 

to the interventional radiologist or to the bedside provider. This deci-

sion, if not already assigned by hospital policy, should be made at the 

time of tube insertion and followed through.

A variety of indications for IR involvement with tube placement 

relate to the GI tract. Cholecystostomy tube placement in IR is com-

monly a first-line intervention for the critically ill at prohibitively high 

risk for immediate cholecystectomy.

Patients with acalculous cholecystitis may undergo initial drainage, 

with tube removal occurring 4–6 weeks later, without the need for 

surgery at all, provided that the cystic and bile ducts are patent. 

Around two-thirds of patients avoid progressing to cholecystectomy in 

this way. Drains are also commonly placed when an obstruction can-

not be effectively managed by endoscopy.

Feeding tubes, both percutaneous and nasally inserted, are also 

often placed by IR (Fig. 59.43). Percutaneous feeding tubes include 

both gastrostomy (G tube) and gastrojejunostomy (GJ tube) vari-

ants. The former are placed to vent and drain the stomach and can 

be used for feeding. The latter may be more appropriate for patients 

predisposed to reflux and/or inclined to aspirate by gastric dysmotil-

ity or outlet obstruction. Insertion of nasal G and GJ tubes is often 

relegated to IR when this cannot be accomplished at the bedside, for 

those at unusually high risk for procedural problems or tissue 

trauma, and for those in whom appropriate tube placement must be 

unequivocally assured.

Other useful applications of IR services include pain management 

and suprapubic catheter placement to address bladder outlet obstruc-

tion that cannot otherwise be resolved by transurethral insertion. 

Because challenging anatomy can be addressed, failed attempts at 

lumbar puncture may sometimes prove successful under IR imaging 

guidance. Precise site localization before local anesthetic injection 

may be the only reasonable approach to such intractable pain prob-

lems as radiculopathy and abdominal pain addressable by celiac 

plexus block or ablation (e.g., secondary to pancreatic carcinoma). 

Finally, intercostal blocks are effectively and safely performed by IR 

specialists.

Fig. 59.42 Pigtail catheter inserted by IR into a loculated right 

apical space (yellow arrow). A necrotic abscess is evident on this 

fluoroscopic image (red arrow). IR, Interventional radiology. (From 

Marini JJ, Dries DJ. Critical Care Medicine, 5th ed. Philadelphia, PA: 

Wolters Kluwer; 2019; Fig. 11.31.)

Fig. 59.43  Fluoroscopic placement of a small-bore nasojejunal (NJ) 

feeding tube transiting the third portion of the duodenum. This place-

ment was performed in the same patient who experienced a previous 

failed attempt in Figure 59.5.
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KEY POINTS

• The value of a portable CXR usually depends on obtaining an appropriately 

penetrated, upright exposure in full inspiration. Consistency of technique 

from day to day is essential to optimize the value of serial films.

• Parenchymal infiltrates have many common potential etiologies, including 

atelectasis, embolism, edema, and hemorrhage. A minority of infiltrates 

represents infection; the diagnosis of nosocomial pneumonia requires  

clinical correlation and microbiologic confirmation.

• Although certain signs may be highly suggestive, the CXR does not reliably 

distinguish the high-permeability edema of ARDS from the hydrostatic  

pulmonary edema of volume overload or left heart failure.

• US has burgeoned as an imaging modality for applications by the intensiv-

ist, as it poses no risk of contrast or radiation exposure and can provide 

definitive, dynamic, and high-value information. With its near-immediate 

availability, US can facilitate an expanding variety of percutaneous bedside 

procedures and answer emergent questions relating to effusion, lung 

edema, and pneumothorax.

• Chest CT is quickly completed and often reveals conditions that were not sus-

pected by plain radiographs. Reconstructed images sharply and convincingly 

define pathoanatomy, especially when contrast agents can be safely given.

• CT is the single best imaging modality for evaluating the abdomen unless 

the primary working diagnosis is cholelithiasis, ureteral obstruction, or ec-

topic pregnancy. US may be equally informative in such cases and is often 

the better choice when contrast exposure for CT is contraindicated.

• MRI is a modality that provides superb soft tissue imaging without ionizing 

radiation exposure but is time consuming and has relatively few ICU appli-

cations that do not relate to neurocritical care.

• IR provides a wide variety of interventions for the critically ill patient that 

are often of lower risk than traditional surgical interventions.

• Early interactive consultation with the diagnostic or interventional radiolo-

gist usually assures the best selection of procedure, optimal patient prepa-

ration, and efficient, bundled sequencing of tests and interventions.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Baum RA, Baum S. Interventional radiology: a half century of innovation. 

Radiology. 2014;273(Suppl. 2):S75–S91.

Comprehensive discussion of the evolution of the diagnostic technology in in-

terventional radiology and its impact in guiding treatment modalities. High-

lights impacts, including bringing less invasive methods to the forefront and 

enabling providers to apply technology to address issues that previously had 

been unsolvable.

Bentz MR, Primack SL. Intensive care unit imaging. Clin Chest Med. 

2015;36(2):219–234.

Overview of the value and use of imaging in the care and treatment of criti-

cal care patients that focuses on chest radiographs and computed tomography.

Gupta PK, Gupta K, Jain M, et al. Postprocedural chest radiograph: impact on 

the management in critical care unit. Anesth Essays Res. 2014;8(2):139–144.

Review of literature on postprocedural chest x-ray efficacy, cost-effectiveness, 

and practicality as compared with other imaging modalities.

Huang SY, Engstrom BI, Lungren MP, et al. Management of dysfunctional 

catheters and tubes inserted by interventional radiology. Semin Intervent 

Radiol. 2015;32(2):67–77.

Instructive article describing methods for dealing with issues arising after 

minimally invasive line placement, including obstructed central venous  

catheters.

Oba Y, Zaza T. Abandoning routine chest radiography in the intensive care 

unit: meta-analysis. Radiology. 2010;255(2):386–395.

Meta-analysis examining the effect of eliminating routine daily chest x-ray, 

showing their absence did not adversely affect outcomes.

Pesenti A, Musch G, Lichtenstein D, et al. Imaging in acute respiratory distress 

syndrome. Intensive Care Med. 2016;42(5):686–698.

Comprehensive review of imaging techniques for ARDS for diagnosis, man-

agement, and gaining information about its pathophysiology.
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Acute Respiratory Distress Syndrome

Julie A. Bastarache, Lorraine B. Ware, and Gordon R. Bernard

Acute respiratory distress syndrome (ARDS) is a common problem in 

the intensive care unit (ICU) that can complicate a wide spectrum of 

critical illnesses. First described by Ashbaugh and colleagues in 1967,1 

the syndrome was initially termed adult respiratory distress syndrome to 

distinguish it from the respiratory distress syndrome of neonates. 

However, with the recognition that ARDS can affect children, the term 

acute has replaced adult in the nomenclature in recognition of the 

typical acute onset that defines the syndrome. Although specific treat-

ments for ARDS have been slow to emerge, new strategies of mechan-

ical ventilation that improve mortality, targeted treatments for severe 

ARDS that include prone positioning, and fluid management strate-

gies that reduce the duration of mechanical ventilation emphasize the 

importance of carefully personalized treatment of this condition. Al-

though this point would seem to be straightforward, in practice, ARDS 

remains underdiagnosed,2–5 and expert practitioners may disagree on 

the diagnosis6–8 and treatment.

EPIDEMIOLOGY

The exact incidence of ARDS has been difficult to determine for a 

variety of reasons, with estimates ranging from 7 to 85 cases per 

100,000 people. In the past, variable definitions of the syndrome were 

used.9 The wide variety of causes and coexisting disease processes has 

also made identification of cases difficult both at the clinical and ad-

ministrative coding levels.10 The National Institutes of Health (NIH) 

first estimated the incidence at 75 per 100,000 population in 1977,11 

whereas a number of studies since then have reported lower inci-

dences.12 Two prospective studies confirmed the higher original NIH 

estimate. The first used enrollment logs from the National Heart, 

Lung, and Blood Institute, which sponsored an ARDS network of 20 

hospitals and estimated that the incidence could be as high as 64 cases 

per 100,000 population. The second was a large, prospective study of 

residents of King County, Washington. In that study, the crude inci-

dence of ARDS in adults was 78.9 per 100,000 patient years.10 Several 

studies in the 1990s and 2000s suggest a decline in the incidence of 

ARDS over time,13 including a prospective cohort study of trauma 

patients at risk for ARDS collected from 1997 to 2004 that showed that 

the incidence of ARDS decreased from 43% in 1997 to 12% in 2004.14 

A study of almost 3 million patients from the National Trauma Data 

Bank from 2011 to 2014 showed a further decline in ARDS incidence, 

with only 1% of all trauma patients developing this condition.15 An-

other National Trauma Data Bank study found that among trauma 

patients who were mechanically ventilated, ARDS incidence decreased 

from 21.5% to 8.5% from 2007 to 2012.16 In a population-based study 

in Olmstead County, Minnesota, the incidence of ARDS declined 

from 82.4 to 38.9 per 100,000 person-years from 2001 to 2008, despite 

concurrent increases in severity of acute illness and comorbidities in 

addition to a higher prevalence of major predisposing conditions.17 

Recent studies suggest that for some risk factors, ARDS incidence may 

actually be increasing. A large national study of 69 million hospital 

discharges in the United States from the National Inpatient Sample 

(NIS) showed that of the almost 1.2 million ARDS discharges, inci-

dence rates increased from 180.7 cases/100,000 US population (2006) 

to 193.4 cases/100,000 US population (2014).18 These increased rates 

were not uniformly distributed, however, with incidence of ARDS in 

pneumonia, shock, and sepsis increasing steadily over time, whereas 

rates of trauma- or transfusion-associated ARDS decreased. The 

global health burden attributed to ARDS is also substantial. A world-

wide observational study of 459 ICUs from 50 countries across six 

continents (the LUNG SAFE study) included high-income European 

countries, high-income countries from the rest of the world, and 

middle-income countries. That survey showed wide variation in 

ARDS cases in the ICU, ranging from 6% to 48% of ICU patients dur-

ing the 4-week study period.5 Twenty-five percent of patients met 

criteria for severe ARDS in the European and middle-income coun-

tries, whereas only 18% had severe ARDS in high-income countries 

elsewhere. Another prospective multinational study of 119 ICUs from 

16 countries (the PRoVENT study) found that among ICU patients at 

risk for ARDS, only 7% of patients developed ARDS.19 Regardless of 

the exact incidence, it is clear that ARDS is a major global public 

health problem that will be encountered frequently by all physicians 

who care for critically ill patients.

RISK FACTORS

ARDS almost always occurs in the setting of a predisposing factor 

(Table 60.1), and the likelihood increases with multiple risk factors.20,21 

The commonly associated clinical disorders can be separated into 

those that directly injure the lung and those that indirectly injure the 

lung. Although it is not always feasible to determine the exact cause of 

ARDS in a given patient, direct causes appear to account for approxi-

mately one-half of all cases.22 Regardless of the underlying cause, most 

patients with ARDS have a systemic illness with inflammation and 

organ dysfunction that are not confined to the lung.23 Although the 

Berlin definition of ARDS requires designation of a risk factor, there is 

a small group of patients (2.2% of ARDS patients enrolled in ARDS 

network trials) who clinically have ARDS but do not have an identifi-

able risk factor.24 These patients tend to be younger, have lower base-

line severity of illness, and experience more ventilator- and ICU-free 

days.

Sepsis is the most common cause of indirect lung injury, with an 

overall risk of progression to ARDS of approximately 30%–40% 

among patients with sepsis requiring ICU admission.18,20,25–27 In addi-

tion to sepsis itself being a risk factor for ARDS, the site of infection 

may influence the risk of lung injury. Among patients admitted to an 

ICU with sepsis, patients who had pneumonia as the source of sepsis 
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had an increased risk of ARDS compared with those with infections at 

other sites (abdomen, skin, soft tissue, etc.).28 There is undoubtedly 

some geographic variation in risk of ARDS by site of infection. In de-

veloping countries or those in the tropics, risk factors for ARDS may 

be very different from those encountered in other parts of the world. 

For example, a study from India found that the four most common 

risk factors for ARDS were leptospirosis (18.7%), bronchopneumonia 

(17.3%), scrub typhus (12%), and dengue (12%).29 Severe trauma 

with shock and multiple transfusions also can cause damage indirectly. 

Although the other causes of indirect lung injury are less common, 

many, such as transfusion,30 are common interventions in the ICU set-

ting. The most common cause of direct lung injury, pneumonia, may 

be of bacterial, viral, or fungal origin. In recent years, new risk factors 

for direct lung injury have emerged, including novel respiratory vi-

ruses such as severe acute respiratory syndrome (SARS),31 Middle 

Eastern respiratory syndrome (MERS)32 and other coronaviruses,33 

and inhaled exposures such as inhalation of vapors from electronic (e) 

cigarettes or other delivery vehicles.34,35 Emerging in the summer of 

2019, e-cigarette (vaping)–associated lung injury (EVALI) was first 

described among mostly young adults who presented with a clinical 

syndrome identical to ARDS.36,37 Although the chemical composition 

of vaping liquid is complex, many cases seem to occur in patients using 

tetrahydrocannabinol (THC)-containing e-cigarettes.36,38–41 Secondary 

conditions may also increase the risk. Such factors include chronic 

lung disease,27 chronic or acute alcohol abuse,42,43 cigarette smok-

ing,30,44,45 air pollution,46–48 lung resection,49 and obesity.50 Interest-

ingly, several studies have shown that patients with diabetes are less 

likely to develop ARDS.51–53

ARDS risk may be modified by the underlying genetic makeup of 

the individual. A genome-wide association study (GWAS) of African 

American patients with ARDS showed an association with a single 

nucleotide polymorphism (SNP) in the P-selectin glycoprotein  

ligand-1 gene.54 A larger study of patients of European ancestry with 

sepsis as the risk factor for ARDS identified associations between vari-

ants in fms-related tyrosine kinase (FLT1), which encodes the vascular 

endothelial growth factor receptor 1 (VEGFR-1) protein, and the risk 

of ARDS.55 Blood type, which is genetically regulated, may also be a 

risk factor for ARDS; blood type A is associated with increased risk of 

ARDS after sepsis or trauma.56 Another study identified a variant of 

the hemoglobin scavenging protein haptoglobin (haptoglobin 2 allele) 

that is associated with increased ARDS among ICU subjects at risk.57 

Whether genetic risk factors for ARDS will eventually lead to more 

targeted clinical care for these patients is not yet clear.

Age may also be a risk factor, with some studies indicating higher 

ARDS risk with increasing age.50 However, there may in fact be a nonlinear 

distribution of ARDS risk by age, as demonstrated by a multicenter cohort 

study of 5584 at-risk patients showing that adults .80 years old had a 

lower rate of ARDS (3.5%) versus those ,80 years old (7.2%).58 Another 

somewhat surprising finding is that prehospital vulnerability as measured 

by the Vulnerable Elders Survey (VES) was not associated with increased 

risk of ARDS.59 Although transfusion of blood products is a well-known 

risk factor for ARDS,60–63 the risk may differ by indication for transfusion. 

In the perioperative period, transfusion of blood products is associated 

with an increased risk of ARDS, particularly among those ventilated with 

high tidal volumes and driving pressures.63 However, in an analysis of se-

verely injured trauma patients who were treated with different transfusion 

regimens (the PROPPR study), infusion of crystalloid, but not blood 

products, was associated with an increased risk of ARDS, with each  

500 mL of crystalloid infused increasing the ARDS rate by 9%.64 To some 

extent, almost every patient in the ICU is at risk for developing ARDS, and 

vigilance is required to recognize the diagnosis and treat appropriately.

PATHOPHYSIOLOGY

The complex pathophysiology of ARDS remains incompletely under-

stood.65 Microscopically, lungs from afflicted individuals in the early 

stages typically show diffuse alveolar damage, with alveolar flooding by 

proteinaceous fluid, neutrophil influx into the alveolar space, loss of 

alveolar epithelial cells, deposition of hyaline membranes on the de-

nuded epithelial basement membrane, and formation of micro-

thrombi (Fig. 60.1).66 The alveolar flooding occurs as a result of injury 

to the alveolar-capillary barrier and is a major determinant of the hy-

poxemia and altered lung mechanics that characterize early ARDS. The 

alveolar-capillary barrier is formed of two separate cell layers—the 

microvascular endothelium and the alveolar epithelium. Injury to the 

alveolar epithelium is a prominent feature histologically, with loss of 

alveolar epithelial barrier integrity and sloughing of alveolar epithelial 

type I cells. Alveolar epithelial apoptosis is widespread and likely con-

tributes to the loss of epithelium seen ultrastructurally.67,68 Although 

endothelial injury is less obvious at the microscopic level, ultrastruc-

tural studies reveal that it is widespread69,70 and is accompanied by 

increased permeability.65 Endothelial injury allows leakage of plasma 

from the capillaries into the interstitium and air spaces. The alveolar 

flooding in ARDS is characterized by protein-rich edema fluid result-

ing from the increased permeability of the alveolar-capillary barrier, in 

contrast to the low-protein pulmonary edema that results from hydro-

static causes such as congestive heart failure or acute myocardial in-

farction.71–74 Over time, the pathologic changes of ARDS evolve, such 

that acute inflammation and pulmonary edema become less promi-

nent and fibrosing alveolitis may appear. Recent autopsy studies show 

that fibroproliferative changes can be seen even early in ARDS and 

may coexist with exudative changes.75 These may progress or resolve 

with time.

Neutrophils play an important role in the initial inflammatory re-

sponse of ARDS.76 Early ARDS is characterized by migration of neu-

trophils into the alveolar compartment.69,70 Neutrophils can release a 

variety of injurious substances, including proteases such as neutrophil 

elastase, collagenase, and gelatinases A and B and reactive nitrogen and 

oxygen species. In addition, they can elaborate proinflammatory cyto-

kines and chemokines that amplify the inflammatory response in the 

lung. Recent evidence suggests that neutrophil extracellular traps 

(NETs) that contain DNA, histones, and other intracellular proteins 

may act as damage-associated molecular patterns in amplifying the 

immune response in ARDS.77,78 Resident alveolar macrophages are also 

involved in initiating and sustaining a proinflammatory cytokine cas-

cade that leads to recruitment of neutrophils into the lung.79 Age may 

be a factor in regulation of the pulmonary host response in ARDS. 

Direct Lung Injury Indirect Lung Injury

Pneumonia Sepsis

Aspiration of gastric contents Multiple trauma

Pulmonary contusion Cardiopulmonary bypass

Fat, amniotic fluid, or air emboli Drug overdose

Near-drowning Acute pancreatitis

Inhalational injury Transfusion of blood products

Reperfusion pulmonary edema

Vaping

TABLE 60.1 Risk Factors Associated With 
the Development of Acute Respiratory 
Distress Syndrome
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Older adults have more exuberant inflammation in the lung compared 

with children and younger adults.80

In addition to acute neutrophilic inflammation and elaboration of 

a proinflammatory cytokine cascade, a variety of other abnormalities 

contribute to the pathogenesis of ARDS. Surfactant dysfunction is 

characteristic, with abnormalities in both the protein and lipid compo-

nents.81–84 This dysfunction likely results from disruption of normal 

surfactant activity by the influx of plasma proteins into the air spaces, 

intraalveolar proteolysis, and injury to the alveolar epithelial type II 

cells. Surfactant dysfunction may have important implications, both for 

lung mechanics and for host defense.85 Activation of the coagulation 

cascade and impaired fibrinolysis are also apparent in patients with 

ARDS,86,87 both in the lung88–90 and systemically.91 The airspace in 

ARDS is also characterized by increased oxidative stress with an altera-

tion in the balance of endogenous oxidants and antioxidants with a fall 

in endogenous antioxidants92 despite increased oxidant production.93

A BB CC

C
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D E
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Fig. 60.1 Histologic Findings in Acute Respiratory Distress Syndrome (ARDS). A, A lung biopsy speci-

men obtained from a patient 2 days after the onset of the syndrome as a result of the aspiration of gastric 

contents. Characteristic hyaline membranes are evident (arrow), with associated intraalveolar red cells and 

neutrophils, findings consistent with the pathologic diagnosis of diffuse alveolar damage (hematoxylin and 

eosin, 390). B and C, Lung biopsy specimens obtained 14 days after the onset of sepsis-associated ARDS. 

(B) shows granulation tissue in the distal air spaces with a chronic inflammatory-cell infiltrate (hematoxylin 

and eosin, 360). Trichrome staining in (C) reveals collagen deposition (dark blue areas) in the granulation tis-

sue, a finding consistent with the deposition of extracellular matrix in the alveolar compartment (360). D, A 

specimen of lung tissue from a patient who died 4 days after the onset of ARDS; there is injury to both the 

capillary endothelium and the alveolar epithelium. An intravascular neutrophil (LC) can be seen in the capillary 

(C). Vacuolization and swelling of the endothelium (EN) are apparent. Loss of alveolar epithelial cells is also 

apparent, with the formation of hyaline membranes on the epithelial side of the basement membrane (BM*). 

E, A specimen of lung tissue obtained from a patient during the fibrosing-alveolitis phase in which there is 

evidence of reepithelialization of the epithelial barrier with alveolar epithelial type II cells. The arrow indicates 

a typical type II cell with microvilli and lamellar bodies containing surfactant. The epithelial cell immediately 

adjacent to this cell is in the process of changing to a type I cell, with flattening, loss of lamellar bodies, and 

microvilli. The interstitium is thickened, with deposition of collagen (C). (Permission from Ware LB, Matthay 

MA. Medical progress: the acute respiratory distress syndrome. N Engl J Med. 2000;342:1334–1349.)
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The contribution of ventilator-associated lung injury to the patho-

genesis of ARDS has been increasingly recognized. There are several 

mechanisms by which mechanical ventilation can injure the lung. 

Ventilation at very high volumes and pressures can injure even the 

normal lung, leading to increased-permeability pulmonary edema 

caused by capillary stress failure94 in conjunction with sustained eleva-

tions of circulating plasma cytokines.95 In the injured lung, even 

tidal volumes that are normally well tolerated can lead to alveolar 

overdistention in relatively uninjured areas because the lung available 

for distribution of the administered tidal volume is greatly reduced 

and the distribution of inspired gas and stresses is uneven.96,97 In 

addition to alveolar overdistention, cyclic opening and closing of atel-

ectatic alveoli can cause lung injury even in the absence of alveolar 

overdistention. The combination of alveolar overdistention with cyclic 

opening and closing of alveoli is particularly harmful and can initiate 

a proinflammatory cytokine cascade.98 A ventilatory strategy that was 

designed to minimize alveolar overdistention and maximize alveolar 

recruitment ameliorated this proinflammatory cytokine release.99 This 

fundamental insight into the pathogenesis of clinical ARDS has led to 

multiple clinical trials of novel ventilatory strategies for patients with 

ARDS, including the landmark ARDS Network trial of 6 mL/kg versus 

12 mL/kg tidal volume ventilation100 and several trials of higher levels 

of positive end-expiratory pressure (PEEP) with or without maneuvers 

intended to maximize alveolar recruitment (see “Treatment” section 

later).

Although current treatment for all patients with ARDS is similar 

regardless of cause, emerging evidence indicates that there may be bio-

logically and clinically distinct subphenotypes within ARDS that may 

respond differently to treatment.101 One such distinction is between 

patients who develop ARDS as a result of direct injury to the lung 

(secondary to pneumonia or aspiration) and those who have primarily 

indirect injury to the lung because of a systemic insult (secondary to 

nonpulmonary sepsis or pancreatitis). Whether the distinction be-

tween direct and indirect lung injury is clinically useful is unclear,102,103 

but there are biologic differences between direct and indirect lung in-

jury that inform pathogenesis. Patients with direct lung injury have 

higher circulating markers of lung epithelial injury, whereas those with 

indirect lung injury have higher levels of markers of endothelial in-

jury.104 Some investigators have demonstrated reduced respiratory 

system compliance in patients with ARDS caused by direct pulmonary 

injury as compared with that of indirect causes,105 although total respi-

ratory system compliance (including the chest wall) is similar.106 Im-

proved lung mechanics may be more likely in patients with direct lung 

injury with the application of PEEP and alveolar recruitment maneu-

vers.107,108 However, in the largest cohort of patients studied to date, 

there was no difference in mortality between those with direct (pulmo-

nary) and indirect (extrapulmonary) causes of lung injury.22

A potentially more clinically useful distinction is between ARDS 

subphenotypes derived using statistical approaches. Calfee and col-

leagues used latent class analysis to discover two distinct ARDS sub-

phenotypes among patients enrolled in two large clinical trials based 

on clinical, laboratory, and biomarker measurements.109 One group 

was characterized by high levels of proinflammatory cytokines, higher 

use of vasopressors, a higher prevalence of sepsis, and lower serum 

bicarbonate (hyperinflammatory endotype). This group had higher 

mortality and fewer ventilator-free and organ failure–free days com-

pared with the group that had a more hypoinflammatory endotype. 

Most interestingly, the same two classes with similar defining features 

were independently derived from five large, heterogeneous patient 

cohorts.110–112 Although these initial studies used a multitude of clini-

cal, physiologic, and laboratory measures to identify endotypes, the 

model has subsequently been refined and simplified, such that excel-

lent classification can be achieved with three variables: interleukin 

(IL)-8, protein C, and bicarbonate.113 Although identification of bio-

logically and clinically meaningful subphenotypes has the potential to 

alter therapeutic approaches to ARDS, it also may lead to significant 

breakthroughs in our mechanistic understanding of ARDS. For ex-

ample, the two previously described ARDS subphenotypes have been 

shown to have distinct gene expression profiles in circulating leuko-

cytes.114

DIAGNOSIS

Clinical Criteria
Several clinical definitions have been used for the diagnosis of ARDS 

since it was first described in 1967. Before 1994, a variety of definitions 

were used, including the Murray Lung Injury Score.115 In 1994 the 

American–European Consensus Conference (AECC) published new 

clinical definitions for acute lung injury (ALI) and ARDS.9 A modified 

version of the AECC definition, the Berlin definition,116 is currently the 

primary diagnostic tool for ARDS for both clinical diagnosis and re-

search purposes (Fig. 60.2). To meet the definition, the onset of ARDS, 

including bilateral infiltrates on chest radiograph, must occur within 1 

week of a known precipitant. Patients must be receiving $5 cm H2O of 

continuous positive airway pressure (CPAP); for mild ARDS, this air-

way pressure can be delivered by noninvasive positive-pressure ventila-

tion. Severity is classified based on the degree of hypoxemia as mild, 

moderate, or severe. Mechanical properties of the respiratory system, 

such as compliance, are not used to grade disease severity. In all patients 

with suspected ARDS, an underlying cause of ALI (see Table 60.1) 

should be sought. In the absence of an identifiable underlying cause, 

particular attention should be given to other causes of pulmonary infil-

trates and hypoxemia, such as hydrostatic (cardiogenic) pulmonary 

edema. Finally, the Berlin definition recognizes that elevated vascular 

Timing Chest Imaging Cause of Edema

Acute—within 1

week of a known

risk factor

Bilateral opacities

(excluding effusions,

atelectasis, and nodules)

Severity

Respiratory failure not

purely of cardiac origin

Mild

PaO2/FiO2 = 201–300 mm Hg

and PEEP or CPAP

Moderate

PaO2/FiO2 = 101–200 mm Hg

and PEEP ≥ 5 cm H2O

Severe

PaO2/FiO2 ≤ 100 mm Hg

and PEEP ≥ 5 cm H2O

Formerly ALI

by AECC

criteria

Formerly ARDS

by AECC

criteria
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filling pressures and ARDS can coexist; there is no absolute requirement 

in the Berlin definition to rule out a cardiac cause of pulmonary edema 

unless a patient’s respiratory failure cannot be explained fully by an 

ARDS risk factor. In such instances, objective cardiac testing such as 

echocardiography or pulmonary artery catheterization can be used.

One potential limitation of the Berlin definition is the need for 

arterial blood gas sampling to calculate a PaO2/FiO2 ratio. Recent work 

has shown good correlation between the SpO2/FiO2 ratio (measured 

by pulse oximetry) and the PaO2/FiO2 ratio,117,118 with an SpO2/FiO2 

ratio of 235 corresponding to a PaO2/FiO2 ratio of 200 and an SpO2/

FiO2 ratio of 315 correlating to a PaO2/FiO2 ratio of 300. These correla-

tions are valid only when the SpO2 is less than 98% because the oxyhe-

moglobin dissociation curve is flat above this level. As measurement of 

oxygen saturation is noninvasive, continuous measurements and the 

use of the SpO2/FiO2 ratio in addition to the PaO2/FiO2 ratio may 

improve the ability of clinicians to diagnose ARDS and monitor its 

progression.119

Differentiation between ARDS and hydrostatic edema can be 

difficult, and there may be significant overlap in these conditions 

(Fig. 60.3).120 A multicenter trial of intravenous catheter–directed 

fluid management strategies in patients with ARDS showed that 

29% of those with clinically defined ARDS had a pulmonary artery 

occlusion pressure (PAOP) .18 mm Hg at the time of pulmonary 

artery catheter insertion but that 97% had a normal or elevated 

cardiac index, suggesting that they did not have clinical heart fail-

ure.121 Other studies have shown similar rates of elevated PAOP in 

patients with ARDS.122 There are no specific clinical or laboratory 

studies that can reliably distinguish between ARDS and hydrostatic 

edema. A study examining the diagnostic utility of serum levels of 

B-type natriuretic peptide (BNP) showed that BNP measured at 

admission could not reliably differentiate between hydrostatic 

edema and ARDS. Furthermore, BNP levels in these patients did 

not correlate with invasive hemodynamic measurements.123 N-

terminal BNP levels are also elevated in ARDS124 but do not neces-

sarily correlate with PAOP.

ARDS is a syndrome, not a specific disease. Therefore although the 

standardization of ARDS definitions has been of value for both clinical 

diagnosis and clinical research, the nature of ARDS is such that any 

definition will have shortcomings. First, the Berlin definition is based 

solely on clinical criteria because currently there is no laboratory test 

that allows clinical assessment of the presence or absence of ARDS. 

Second, the presence or absence of multiorgan dysfunction, an impor-

tant determinant of outcome, is not specified. Finally, although the 

presence of bilateral infiltrates has major prognostic significance and is 

clearly a hallmark of the syndrome, the radiographic findings are not 

specific for ARDS,6,125 and a variety of other conditions can produce 

them (Table 60.2).126 For these reasons, diagnostic uncertainty in 

ARDS is common,127 is a major barrier to initiation of appropriate 

therapy, and is one of the main reasons why clinicians fail to initiate 

lung-protective ventilation in clinically appropriate patients.128

Invasive Methods
In the majority of patients, the initial diagnosis of ARDS is made 

clinically. Invasive procedures for the diagnosis of ARDS are of limited 

clinical utility, and the benefits often do not outweigh the risks.129 

Among the potential invasive diagnostic methods available, bronchos-

copy is the one most frequently used. Bronchoscopy may be indicated 

in the early phases of ARDS in patients for whom there is no identifi-

able predisposing risk factor and in the immunosuppressed. Bron-

choalveolar lavage for cultures and cytologic examination can identify 

the cause of pneumonia and is particularly useful in the diagnosis of 

opportunistic infections. Lavage fluid usually has a predominance of 

• Pulmonary or nonpulmonary
  infection or history of aspiration
• Hyperdynamic state
• High white-cell count, evidence
  of pancreatitis or peritonitis
• Brain natriuretic level
  <100 pg/mL

• History of myocardial infarction
  or congestive heart failure
• Low output state, third heart 
  sound, peripheral edema, jugular 
  venous distention
• Elevated cardiac enzymes
• Brain natriuretic peptide level
  >500 pg/mL

• Normal cardiac silhouette
• Vascular-pedicle width <70 mm
• Peripheral infiltrates
• Absence of Kerley’s B lines

• Enlarged cardiac silhouette
• Vascular-pedicle width >70 mm
• Central infiltrates
• Presence of Kerley’s B lines

• Normal or small chamber size
• Normal left ventricular function

• Enlarged cardiac chambers
• Decreased left ventricular function

Pulmonary artery occlusion
pressure <18 mm Hg

Pulmonary artery occlusion
pressure >18 mm Hg

Pulmonary-artery catheterization

Diagnosis
uncertain?

Diagnosis
uncertain?

Chest radiograph

And

History, physical examination, and
routine laboratory examination

Patient with acute pulmonary
edema

Transthoracic echocardiogram
(or transesophageal echocardiogram

if transthoracic views inadequate)

Noncardiogenic pulmonary
edema likely

Cardiogenic pulmonary
edema likely

Fig. 60.3 Algorithm for Differentiating Between Cardiogenic and Noncardiogenic Pulmonary Edema. 

(With permission from Ware LB, Matthay MA. Clinical practice. Acute pulmonary edema. N Engl J Med. 

2005;353[26]:2788–2796.)
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neutrophils, and there may be evidence of diffuse alveolar hemorrhage. 

Cytologic examination can be used to confirm the presence of diffuse 

alveolar damage.130 Rarely, an alternative and directly treatable diagno-

sis is found, such as acute eosinophilic pneumonia, pulmonary alveo-

lar proteinosis, diffuse alveolar hemorrhage, or unsuspected infection.

In the past, open lung biopsy was obtained more frequently for 

diagnosis. The degree of histologic abnormality on lung biopsy does 

not correlate with ultimate outcome as measured by pulmonary func-

tion,131 but is associated with increased mortality.132 Predictors of 

diffuse alveolar damage, the pathologic hallmark of ARDS, include 

duration of ARDS, more severe hypoxemia, increased tidal driving 

pressure, and more severe radiographic abnormalities.133 Histologic 

appearance of the lung is widely varied, even in clinical ARDS, with 

one retrospective study finding diffuse alveolar damage (48%), lung 

fibrosis (39%), and organizing pneumonia (24%) on biopsies.134 Open 

or thoracoscopic lung biopsy may still be useful in some cases for 

which the diagnosis remains uncertain and the underlying cause is not 

apparent. Although open lung biopsy can provide findings that lead to 

a change in treatment, postoperative complications occurred in 22%–

35% of patients.134,135 Several pathologic studies have shown that bi-

opsy or autopsy can identify unsuspected diagnoses requiring specific 

therapy such as miliary tuberculosis, pulmonary blastomycosis, asper-

gillosis, or bronchiolitis obliterans organizing pneumonia in 40%–

60% of cases136–138; however, the general applicability of these studies 

may be limited by the fact that they were retrospective case series. In a 

meta-analysis of published studies, open lung biopsy for well-selected 

patients altered their management in 73% of cases135; biopsy findings 

that alter management may be associated with better survival.139

In addition to familiarity with the Berlin definition of ARDS, the 

critical care clinician should be aware that ARDS has been called by a 

variety of other terms, some of which are seen mainly in older literature, 

but some remain in clinical use. Some of the more common of these 

terms include adult hyaline membrane disease, postperfusion lung or 

pump lung, shock lung, and adult respiratory insufficiency syndrome. 

The terms reperfusion pulmonary edema, primary graft dysfunction, pri-

mary graft failure, and transplant lung have been used to describe ARDS 

occurring immediately after lung transplantation. In addition, newly 

defined syndromes such as SARS,31 MERS,32 and EVALI34,39,41 may be 

used to describe ARDS from specific causes. Regardless of the name ap-

plied, ARDS is a clinical syndrome that has prognostic and therapeutic 

implications above and apart from the underlying cause (i.e., infections, 

aspiration, trauma). This fact does not diminish the imperative to iden-

tify these underlying causes, if present, and treat them appropriately.

CLINICAL COURSE

Early ARDS
The Berlin definition aims to identify ARDS patients early in their 

course, in the acute or exudative phase. Clinically, the acute phase is 

manifested by the acute onset of radiographic infiltrates consistent 

with pulmonary edema, hypoxemia, and increased work of breathing. 

Radiographic infiltrates are bilateral (by definition) but may be patchy 

or diffuse, fluffy or dense (Fig. 60.4), and pleural effusions may oc-

cur.140 The chest radiograph can be used to quantify the degree of 

pulmonary edema by calculating the Radiographic Assessment of Lung 

Edema (RALE) score, which takes into account both the density of the 

infiltrate and the distribution in each quadrant of the chest.141 Further-

more, the RALE score may have predictive or prognostic utility.141,142 

Chest computed tomographic (CT) imaging, though rarely used  

clinically, has been employed extensively as an investigative tool to bet-

ter define the nature of the radiographic infiltrates in patients with 

ARDS. The distribution of infiltrates by CT is surprisingly variable. 

Although some patients have evidence of diffuse alveolar edema on CT, 

many patients have more focal infiltrates, with areas of alveolar filling 

and consolidation occurring predominantly in dependent zones, 

whereas nondependent regions are relatively spared.143–145 Studies have 

attempted to use CT to differentiate ARDS from hydrostatic edema but 

 Findings on Chest Imaging Potential Diagnostic Tests

Diffuse alveolar  

hemorrhage

Bilateral alveolar and ground-glass infiltrates Bronchoscopy with bronchoalveolar lavage

Pulmonary alveolar  

proteinosis

Central and lower lung zone alveolar infiltrates, “bat wing”  

appearance, “crazy paving” on CT

High-resolution CT, bronchoscopy with bronchoalveolar lavage 

and PAS staining

Acute interstitial  

pneumonia

Bilateral alveolar and ground-glass infiltrates, septal thickening, 

traction bronchiectasis

No alternative cause of ARDS identified, open or thoracoscopic 

lung biopsy

Cryptogenic organizing  

pneumonia

Peripheral distribution of alveolar infiltrates, migratory infiltrates Bronchoscopy with transbronchial lung biopsy

Acute exacerbation of  

idiopathic pulmonary fibrosis

Ground-glass opacities superimposed on peripheral, basilar  

fibrotic changes

CT demonstrating characteristic fibrotic changes

TABLE 60.2 Conditions That Mimic ARDS

ARDS, Acute respiratory distress syndrome; CT, computed tomography; PAS, periodic acid–Schiff.

Adapted from Janz DR, Ware LB. Approach to the patient with the acute respiratory distress syndrome. Clin Chest Med. 2014;35(4):685–696.

Fig. 60.4 Representative Chest Radiograph from a Patient with 

Acute Respiratory Distress Syndrome.
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have not found useful indicators to differentiate the two.146 However, 

even areas that appear spared in conventional radiographic images may 

have substantial inflammation when sampled using bronchoalveolar 

lavage147 or imaged using fluorodeoxyglucose–positron emission to-

mography (FDG-PET).148 Patients with more diffuse infiltrates may be 

more likely to respond to recruitment maneuvers149; whether CT imag-

ing could be helpful for guiding ventilator treatment is not yet known, 

although one recent study attempted to guide ventilator treatment 

based on CT distribution of infiltrates.208

The hypoxemia that characterizes early ARDS usually is relatively 

refractory to supplemental oxygen. The increased work of breathing in 

the acute phase of ARDS is caused by decreased lung compliance as a 

result of fewer available alveolar units, tissue edema, greater airflow 

resistance,150 and increased respiratory drive.151 The combination of 

hypoxemia and increased work of breathing usually necessitates endo-

tracheal intubation and mechanical ventilation, although occasionally 

patients can be managed with noninvasive ventilation or very high-

flow nasal cannula oxygen (see “Treatment” section later).

In addition to hypoxemia and increased work of breathing, many 

patients with ARDS develop increased pulmonary vascular resistance, 

leading to pulmonary hypertension and acute right ventricular (RV) 

failure. The prevalence of pulmonary hypertension in patients pre-

senting to the hospital with ARDS may be as high as 92%.152 Even in 

the era of low tidal volume ventilation, one study used transesopha-

geal echocardiography to show evidence of acute RV failure in 22% of 

226 consecutive patients with moderate or severe ARDS.153 Such find-

ings were associated with an almost twofold increase in 28-day mor-

tality. Attempts to reverse pulmonary hypertension and RV failure 

with pulmonary vasodilators such as sildenafil have decreased pulmo-

nary artery pressure but produced concomitant increases in shunt 

fraction and decreases in oxygenation.154 These findings suggest that 

although patients with ARDS have evidence of pulmonary hyperten-

sion, it may, in some cases, be a compensatory physiologic response 

that reduces blood flow to areas of severely compromised lung.

Late Fibroproliferative ARDS
In most patients, ARDS will substantially resolve after the acute phase. 

However, in others, the syndrome progresses to a fibrosing alveolitis. 

Fibrosing alveolitis usually becomes clinically apparent after 7–10 days, 

although evidence of deposition of extracellular matrix constituents 

has been identified in alveolar lining fluid from patients as early as the 

first day after intubation,155 and autopsy studies show early fibrotic 

changes in some patients.75 Radiographically, linear opacities develop, 

consistent with the evolving fibrosis. Histologically, pulmonary edema 

and neutrophilic inflammation are less prominent. A severe fibroprolif-

erative process fills the air spaces with granulation tissue that contains 

collagen and fibrin in addition to new blood vessels and proliferating 

mesenchymal cells.156,157

Clinically, the late fibroproliferative phase of ARDS is characterized 

by continued need for mechanical ventilation, often with persistently 

high levels of PEEP and FiO2. The lung compliance may fall even fur-

ther, and pulmonary dead space elevates. If it has not developed in the 

acute phase, pulmonary hypertension may now emerge as a result  

of obliteration of the pulmonary capillary bed, and RV failure may 

occur.158 This phase of the illness can be prolonged, lasting weeks, and 

can be very frustrating for the clinician, patient, and family, as small 

gains in pulmonary function are frequently offset by new problems, 

such as hospital-acquired infections and nonpulmonary organ dys-

function. Progressive deconditioning can make eventual weaning from 

mechanical ventilation difficult if the fibrosing alveolitis stage is pro-

longed. Perhaps in part because the use of lower tidal volumes lessens 

injury and improves the number of ventilator-free days, the incidence 

of fibrosing alveolitis seems to be falling. However, a recent autopsy 

study found more fibrotic changes in patients treated in the low tidal 

volume era than in patients treated with higher tidal volumes.75 One 

possible explanation is that better supportive care has prolonged sur-

vival of some patients with more severe lung injury, allowing more 

time for fibrotic changes to develop and be detected at autopsy.

Resolution of ARDS
After sufficient time has elapsed, lung biopsies from ARDS survivors 

typically show normal or near-normal lung histology. For such histo-

logically complete resolution of ARDS to occur, a variety of processes 

must be reversed. Alveolar edema is actively reabsorbed by the vecto-

rial transport of sodium and chloride from the distal airway and alveo-

lar spaces into the lung interstitium, where it can be cleared by the 

lymphatics or reabsorbed into the vasculature.159 Water is passively 

absorbed along the osmotic gradient, probably through water chan-

nels, the aquaporins.160 The majority of patients with early ARDS have 

impaired alveolar fluid transport; in those with intact alveolar fluid 

transport, faster rates of alveolar epithelial fluid transport are associ-

ated with better outcomes.71 Soluble and insoluble protein must also 

be cleared from the air spaces. Soluble protein probably diffuses by a 

paracellular route into the interstitium, where it is cleared by lymphat-

ics. Insoluble protein probably is removed by macrophage phagocyto-

sis or alveolar epithelial cell endocytosis and transcytosis.161

The denuded alveolar epithelium must be repaired. The alveolar 

epithelial type II cell serves as the progenitor cell for repopulating the 

alveolar epithelium. Type II cells proliferate, migrate, and differenti-

ate to reconstitute a tight alveolar epithelial type I cell barrier.162 The 

inflammatory cell infiltrate must also resolve, but here the mecha-

nisms are less clear. Resolution of neutrophilic inflammation may be 

predominantly via neutrophil apoptosis and phagocytosis by macro-

phages. However, one report suggests that neutrophil apoptosis is 

impaired in the lungs of patients with ARDS.163 The resolution of fi-

brotic changes is also not well understood. Clearly, substantial remod-

eling is necessary to restore a near-normal alveolar architecture. In 

patients with advanced fibrosis, this process likely takes place over 

many months; pulmonary function abnormalities continue to im-

prove, sometimes remarkably so, out to the first year and beyond in 

survivors of ARDS (see later).164,165

TREATMENT

Standard Supportive Therapy
Several societies have published comprehensive guidelines to assist 

clinicians in treating patients with ARDS.166–171 Encouragingly, there 

has been a gradual decline in mortality attributable to ARDS over 

time,172,173 likely reflecting improvements in standard supportive ther-

apy and adherence to evidence-based guidelines for ventilator and 

fluid management and supporting care. Although detailed discussion 

of all aspects of supportive therapy is beyond the scope of this chapter, 

a few aspects will be considered.

Treatment of Predisposing Factors
First and foremost, a search for the underlying cause of ARDS should 

be undertaken. Appropriate treatment for any precipitating infection 

such as pneumonia or sepsis is critical to improving the probability of 

survival. In the immunocompromised host, invasive diagnostic evalu-

ation, including bronchoscopy, may be warranted to uncover evidence 

of opportunistic infections. In a patient with sepsis and ARDS of un-

known source, an intraabdominal process should be considered. 

Timely surgical management of intraabdominal sepsis is associated 

with better outcomes.174 In some patients, the cause of lung injury will 
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not be specifically treatable (such as aspiration of gastric contents) or 

will not be readily identified.24

Fluid and Hemodynamic Management
Historically, patients with critical illness and ARDS received a pulmonary 

artery catheter (PAC) to manage fluid and hemodynamic status. A large, 

randomized European trial of PAC use (compared with no PAC use) in 

all patients admitted with ARDS175 showed no difference in clinical out-

comes on either group, suggesting that routine PAC use in ARDS without 

specified PAC-guided interventions is not beneficial. The ARDS Clinical 

Trials Network tested the value of pulmonary artery catheterization in the 

context of specific fluid management protocols and was unable to dem-

onstrate the superiority of PAC over the central venous catheter in direct-

ing specific fluid management protocols in ARDS patients, and PAC use 

did not improve outcomes in these patients.121 Some investigators have 

proposed that clinical outcomes in ARDS can be improved by delivery of 

supranormal levels of oxygen using vigorous volume resuscitation and 

positive inotropes. However, no benefit to supranormal levels of oxygen 

delivery has been demonstrated in patients with ARDS.176,177

For decades there was disagreement as to the best fluid manage-

ment strategy in patients with ARDS. Proponents of a liberal fluid 

strategy reasoned that increased circulating volume would preserve 

end-organ perfusion and protect patients from the development of 

nonpulmonary organ failures. Reductions in intravascular volume can 

have adverse effects on cardiac output and tissue perfusion, factors that 

could contribute to multisystem organ failure. This concern is legiti-

mate, because mortality in ARDS is usually from nonpulmonary 

causes, including other organ failures. Others supported a conservative 

fluid strategy in an attempt to reduce circulating volume, thereby re-

ducing the driving force for pulmonary edema formation. In experi-

mental lung injury, lower left atrial pressures are associated with less 

formation of pulmonary edema.178,179 Some limited clinical evidence 

supported this latter approach.180–183 Because of conflicting rationales 

and uncertainty, the ARDS Network conducted a large, multicenter, 

randomized controlled trial of catheter-driven fluid management in 

patients with ARDS (central venous catheter vs. PAC).121 Once patients 

were out of shock, they were randomized to a liberal fluid treatment 

strategy that resulted in an average of 1L of fluid accumulation per day 

or to a conservative fluid treatment strategy with aggressive use of di-

uretics to achieve a goal central venous pressure (CVP) ,4 mm Hg or 

a goal PAOP ,8 mm Hg, resulting in an average of zero net fluid ac-

cumulation by day 7. Although there was no difference in mortality at 

60 days (the primary outcome of the study), patients in the conserva-

tive group experienced improved oxygenation and significantly more 

ventilator-free days without the development of additional organ fail-

ures. In this study it did not matter whether treatment was guided by 

CVP measurements (derived from a central venous line) or from 

PAOP measurements (derived from a PAC).184 These important find-

ings have been confirmed in subsequent studies.185

Despite the findings in support of a conservative fluid management 

strategy in patients with ARDS, there continues to be a great deal of 

uncertainty about the appropriate goals for hemodynamic therapy in 

ARDS. Currently, the recommended strategy is to aim to achieve the 

lowest intravascular volume that maintains adequate tissue perfusion 

as measured by urine output, perfusion of other vital organs, and 

metabolic acid-base status using CVP monitoring to direct therapy. In 

fact, cumulative fluid balance has been shown to predict increased time 

on mechanical ventilation and mortality in patients with ARDS.186 If 

organ perfusion cannot be maintained in the setting of adequate intra-

vascular volume, then vasopressors and/or inotropes should be used to 

restore end-organ perfusion.158 Available evidence does not support 

the use of one particular vasopressor or combination of vasopressors. 

Once shock has resolved, patients should be managed with a conserva-

tive fluid strategy, with the goal of driving the CVP ,4 mm Hg when 

possible so as to keep fluid balance net zero during the ICU stay.

Nutrition
Standard supportive care for the patient with ARDS includes the provi-

sion of adequate nutrition. The enteral route is preferred to the paren-

teral route and is associated with fewer infectious complications.187 

Enteral feeding may also confer other beneficial effects. Experimentally, 

lack of enteral feeding promoted translocation of bacteria from the in-

testine.188 In normal volunteers, administration of parenteral nutrition 

with bowel rest increased circulating levels of tumor necrosis factor-

alpha (TNF-a), glucagon, and epinephrine and increased febrile 

responses compared with volunteers who received enteral nutrition.189

The goals of nutritional support in any critically ill patient include 

the provision of adequate nutrients for the patient’s level of metabo-

lism and the treatment and prevention of any deficiencies in micronu-

trients or macronutrients.190 Whether a particular dietary composition 

could benefit patients with ARDS is unclear. Immunomodulation via 

dietary manipulation has been attempted by a number of investigators 

in critically ill patients using various combinations of omega-3 fatty 

acids, ribonucleotides, arginine, and glutamine. A meta-analysis of 

these trials suggested a beneficial effect on infection rate but not on 

overall mortality.191 However, a large, multicenter, randomized pla-

cebo-controlled study of omega-3 fatty acid and antioxidant supple-

mentation in patients with ARDS was stopped early by the data safety 

monitoring board for a trend towards excess mortality in patients re-

ceiving the omega-3 fatty acid supplement.192 Using a different ap-

proach, a high-fat, low-carbohydrate diet reduced the duration of 

mechanical ventilation in patients with acute respiratory failure.193 

Although the mechanism of this beneficial effect was postulated to be 

caused by a reduction of the respiratory quotient and a resultant fall in 

carbon dioxide production, the most common cause of a high respira-

tory quotient in critically ill patients is not dietary composition but 

simply overfeeding.190 A study of clinical outcomes in 1000 ARDS pa-

tients randomized to full calorie versus trophic (10 cc/hr) enteral feeds 

did not show any difference in mortality or other clinical outcomes.194 

Overall, there is still no compelling evidence to support the use of 

anything other than standard (enteral) nutritional support, with 

avoidance of overfeeding, in patients with ARDS.195 How early to at-

tempt institution of feeding remains an unanswered question.

Mechanical Ventilation
Lung-Protective Ventilation
Although historically a tidal volume of 12–15 mL per kg was often 

used in patients with ARDS, it is now clear that a low–tidal volume, 

end-inspiratory plateau pressure–limited ventilatory strategy reduces 

mortality. In 2000 the NIH ARDS Network published the findings of 

their first randomized, controlled, multicenter clinical trial in 861 

patients.100 The trial compared a lower tidal volume ventilatory strat-

egy (6 mL/kg predicted body weight, plateau pressure ,30 cm H2O) 

with a higher tidal volume (12 mL/kg predicted body weight, plateau 

pressure ,50 cm H2O). In this trial, the in-hospital mortality rate was 

40% in the 12-mL/kg group and 31% in the 6-mL/kg group, a 22% 

reduction. Ventilator-free days and organ failure–free days were also 

significantly improved in the low tidal volume group. Although the 

twofold separation between the tidal volumes used in the tested co-

horts was unusually wide, these findings were truly remarkable, be-

cause no prior large randomized clinical trial of any specific therapy 

for ARDS had ever demonstrated a mortality benefit.

The currently recommended treatment strategy for patients with 

ARDS is summarized in Table 60.3. Predicted body weight is calculated 
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based on measured height using the equations provided. This is a key 

point that is often overlooked by clinicians; use of actual rather than 

predicted body weight can result in the use of erroneously high and 

potentially injurious tidal volumes, particularly in female patients who 

are often treated with tidal volumes that are too high.196 The tidal vol-

ume should initially be set at 6 mL/kg predicted body weight, similar 

to normal tidal volumes in spontaneously breathing adults at rest. 

However, if the end-inspiratory plateau pressure (measured during a 

0.5-second pause) is still .30 cm H2O, then the tidal volume must be 

reduced in a stepwise fashion by 1 mL/kg to a minimum of 4 mL/kg. 

Ventilation with this tidal volume is generally well tolerated. Some 

patients may experience breath stacking or dyssynchrony with the 

ventilator. Increasing the inspiratory flow rate and, if necessary, the 

level of sedation is usually sufficient to manage these problems. On 

average, patients receiving lower tidal volume ventilation do not re-

quire increases in dose or duration of sedatives compared with patients 

receiving higher tidal volume ventilation.197,198 Respiratory acidosis 

may develop but usually is not symptomatic. Raising the respiratory 

Calculate Predicted Body Weight (PBW)

• Males: PBW (kg) 5 50 1 2.3 [(height in inches) 2 60] or

50 1 0.91 [(height in cm) 2 152.4]

• Females: PBW (kg) 5 45.5 1 2.3 [(height in inches) 2 60] or

45.5 1 0.91 [(height in cm) 2 152.4]

Ventilator Mode

Volume assist/control until weaning

Tidal Volume (Vt)

• Initial Vt: 6 mL/kg predicted body weight

• Measure inspiratory plateau pressure (Pplat, 0.5 sec inspiratory pause) every 4 hours AND after each change in PEEP or Vt.

• If Pplat .30 cm H2O, decrease Vt to 5 or to 4 mL/kg.

• If Pplat ,25 cm H2O and Vt ,6 mL/kg PBW, increase Vt by 1 mL/kg PBW.

Respiratory Rate (RR)

• With initial change in Vt, adjust RR to maintain minute ventilation.

• Make subsequent adjustments to RR to maintain pH 7.30–7.45, but do not exceed RR 5 35/min, and do not increase set rate if PaCO2 ,25 mm Hg.

I:E Ratio

• Acceptable range, 1:1–1:3 (no inverse ratio)

FiO2, PEEP, and Arterial Oxygenation

Maintain PaO2 5 55–80 mm Hg or SpO2 5 88%–95% using the following PEEP/FiO2 combinations:

FiO2 0.3–0.4 0.4 0.5 0.6 0.7 0.8 0.9 1

PEEP 5–8 8–14 8–16 10–20 10–20 14–22 16–22 18–25

Acidosis Management

• If pH ,7.30, increase RR until pH $7.30 or RR 5 35/min.

• If pH remains ,7.30 with RR 5 35, consider bicarbonate infusion.

• If pH ,7.15, Vt may be increased (Pplat may exceed 30 cm H2O).

Alkalosis Management

If pH .7.45 and patient is not triggering ventilator, decrease set RR but not below 6/min.

Fluid Management

• Once patients are out of shock, adopt a conservative fluid management strategy.

• Use diuretics or fluids to target a central venous pressure (CVP) of ,4 mm Hg or a pulmonary artery occlusion pressure (PAOP) of ,8 mm Hg.

Liberation From Mechanical Ventilation

• Daily interruption of sedation

• Daily screen for spontaneous breathing trial (SBT)

• SBT when all of the following criteria are present:

 (a) FiO2 ,0.40 and PEEP ,8 cm H2O

 (b) Not receiving neuromuscular blocking agents

 (c) Patient is awake and following commands

 (d) Systolic arterial pressure .90 mm Hg without vasopressor support

 (e) Tracheal secretions are minimal, and the patient has a good cough and gag reflex

Spontaneous Breathing Trial

• Place patient on 5 mm Hg pressure support with 5 mm Hg PEEP or T-piece.

• Monitor HR, RR, and oxygen saturation for 30–90 minutes.

• Extubate if there are no signs of distress (tachycardia, tachypnea, agitation, hypoxia, diaphoresis).

TABLE 60.3 Ventilator Management of Patients With ARDS
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rate is usually sufficient to compensate; a rate as high as 35 was used in 

the aforementioned clinical trial. As with any mode of ventilation in 

ARDS, patients occasionally will require neuromuscular blockade to 

alleviate severe dyssynchrony. Although one randomized clinical trial 

showed a 28-day mortality benefit with use of neuromuscular paralysis 

with cisatracurium besylate for the first 48 hours in severe ARDS 

(PaO2/FiO2 ,150),199 a subsequent study of early neuromuscular 

blockade in ARDS (the ROSE trial) was stopped early for futility.200 

Given these recent findings, neuromuscular blockade should be re-

served for patients with severe ARDS and refractory hypoxemia.

In the ARDS Network protocol, the level of PEEP and FiO2 is ti-

trated according to a set of predetermined values (see Table 60.3). The 

optimal level of PEEP in ARDS has been controversial. Higher levels of 

PEEP may be beneficial in preventing alveolar collapse and minimizing 

injurious repeated opening and closing of alveoli. On the other hand, 

unnecessarily high PEEP may overdistend and injure more compliant 

areas of the lung and adversely influence RV loading. Several studies 

have investigated the effects of different levels of PEEP in patients with 

ARDS.201 One large multicenter trial conducted by the ARDS Network 

randomized patients with ARDS ventilated with low tidal volume ven-

tilation to receive lower (mean PEEP levels on days 1–4 were 8.3  3.2) 

versus higher levels of PEEP (mean PEEP levels on days 1–4 were 13.2  

3.5).202 There were no differences between the groups in clinical 

outcomes, including ventilator-free days and mortality. Two other 

studies of the effects of PEEP in ARDS had similar results,203,204 al-

though one study did show an increase in the number of ventilator-

free days and organ failure–free days with application of higher 

PEEP.204 None of these trials reported increases in barotrauma related 

to higher PEEP levels. Although these three large studies have not 

shown beneficial effects of higher PEEP in ARDS, even in a large meta-

analysis,205 there may be a subset of patients who would benefit from 

higher PEEP. In a small trial, a ventilator strategy that incorporated low 

tidal volume and titration of the PEEP level to above the lower inflec-

tion point on each individual patient’s pressure–volume curve im-

proved mortality in ARDS.206 However, measurement of the pressure–

volume curve in any given patient is not always feasible in practice. 

Under certain circumstances, higher PEEP may even be harmful. A 

large, multicenter, randomized trial in 120 ICUs from nine countries 

found that PEEP titration and aggressive recruitment maneuvers in-

creased mortality in patients with severe ARDS as compared with a low 

PEEP strategy.207 Another study of personalized mechanical ventila-

tion based on whether ARDS was focal (tidal volume of 8 mL/kg, low 

PEEP, and prone position) or diffuse (tidal volume of 6 mL/kg, along 

with recruitment maneuvers and high PEEP) on imaging did not show 

a difference in mortality between groups, but significant misclassifica-

tion could have affected the results.208 Although imprecise, current 

recommendations are to adjust the PEEP within an acceptable range 

(see Table 60.3) to achieve adequate oxygenation at a given FiO2.

Some patient populations present specific challenges to ventilator 

management in ARDS. Pregnant or obese patients may be difficult to 

manage with the standard lung-protective strategy. One study showed 

that a specially trained team, which they termed a “lung rescue team,” 

improved survival in the obese patient with ARDS.209 In this study, 

morbidly obese adults were randomized to usual care (ARDSNet pro-

tocol) versus personalized mechanical ventilation with lung recruit-

ment maneuvers, esophageal manometry, and hemodynamic monitor-

ing. Mortality was cut almost in half in the intervention group (16% 

versus 31%).209 Pregnant women with ARDS may require a higher 

driving pressure to achieve the same tidal volume and oxygenation.210 

In addition, studies have examined the use of lung-protective ventila-

tion in at-risk subjects without ARDS with varying results.211,212 Al-

though most patients with ARDS, and possibly those at risk for ARDS, 

benefit from a standardized approach using the ARDS Network low 

tidal volume protocol, it is important to keep individual patient factors 

in mind when selecting ventilator settings.

Prone positioning was initially studied in several small213–215 and 

three large trials216–218 and was associated with improvements in oxygen-

ation but no reduction in mortality. Subgroup analysis suggested poten-

tial benefit in severe ARDS, leading to a multicenter prospective  

randomized trial of prolonged prone positioning (.16 h/day) in patients 

with severe ARDS (PaO2/FiO2 ,150). The impressive results indicated 

substantial reduction in 28-day mortality in the prone group.219 Given the 

results of this trial, prone positioning should be considered in all patients 

with severe ARDS who do not have contraindications to that position 

change, such as elevated intracranial pressure, severe hemoptysis, recent 

sternal surgery, pregnancy, new deep venous thrombosis, or unstable 

fractures. Despite the evidence supporting prone positioning in patients 

with ARDS, this therapy has been adopted only reluctantly. A worldwide 

prospective observational study of 141 ICUs from 20 countries found 

that the minority of ARDS patients are prone, even in those with severe 

ARDS (32.9% received prone positioning). The most common reason 

for not using prone positioning was the impression that hypoxemia was 

not considered severe enough to require proning.220

Noninvasive Ventilation and High-Flow Nasal Cannula

Noninvasive positive-pressure ventilation (NIV) delivered by nasal or full 

face mask has been highly successful in avoidance of intubation in patients 

with acute exacerbations of chronic obstructive pulmonary disease 

(COPD).221 NIV is commonly used in pediatric patients with ARDS,222 

although there is only one small randomized trial of 50 patients showing 

that NIV improved oxygenation and prevented the need for endotracheal 

intubation in children admitted with acute respiratory failure. The role for 

NIV in adults with ARDS is still unclear. A growing number of small stud-

ies suggest that bilevel NIV with pressure support ventilation and PEEP 

may reduce the need for intubation and improve outcomes in selected 

patients with ARDS.223 However, data from large randomized controlled 

trials is still lacking. Furthermore, it seems likely that the majority of pa-

tients with ARDS will still require invasive mechanical ventilation. In one 

large multicenter study of 354 of 2770 patients with acute hypoxemic re-

spiratory failure who were not already intubated, NIV failed in 30% of pa-

tients but failed in 51% of patients with ARDS.224,225 Another multicenter 

study of early NIV in mild ARDS caused by pneumonia did not reduce the 

need for mechanical ventilation despite improvement in oxygenation with 

NIV.226 Applied broadly to all patients with ARDS, NIV may actually be 

harmful. In a retrospective analysis of the LUNG SAFE study, NIV was 

used in 15.5% of ARDS patients and was associated with both a high 

failure rate (47.1% in severe ARDS) and increased ICU mortality.227 One 

group of patients in whom NIV is particularly appealing includes those 

who are immunosuppressed for various reasons and are at highest risk for 

nosocomial infections. Encouraging results have now been reported in a 

variety of patients with acute respiratory failure and immunosuppres-

sion.228–231 With the advent of newer methods for NIV, such as helmet 

NIV—an interface option that has been reported to reduce intubation 

rates and mortality232—indications and applications of NIV may increase.

More recently, very high-flow nasal cannula oxygen delivery has been 

tested in patients with acute hypoxemic respiratory failure as an alterna-

tive to immediate intubation. In a study of 310 patients with acute  

respiratory failure, including some patients with ARDS, treatment with 

high-flow nasal cannula increased ventilator-free days and reduced mor-

tality compared with noninvasive or invasive mechanical ventilation.233 

One benefit of high-flow nasal cannula is that it can provide a small level  

of PEEP noninvasively. Pending data from larger randomized clinical 

studies, a trial of noninvasive mechanical ventilation or high-flow nasal 

cannula oxygen could be considered in a patient with ARDS who does 
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not have a severe oxygenation defect, hemodynamic instability, or al-

tered mental status, as long as the patient can be closely observed and 

readily intubated if needed.

Pharmacologic Therapy
There is no specific pharmacologic therapy for ARDS. A variety of 

treatment strategies have been investigated in large randomized trials, 

including antiinflammatory strategies, surfactant replacement, vasodi-

lation, novel anticoagulants, antioxidants, and strategies to enhance 

the resolution of pulmonary edema. Agents that appeared promising 

in experimental and early clinical studies but failed in large random-

ized trials include early glucocorticoids,234–236 anti-TNF antibody frag-

ments,237 alprostadil,238,239 surfactant,240–242 ketoconazole,243 N-acetyl-

cysteine,244 procysteine,244 lisofylline,245 statins,246,247 albuterol,248 

recombinant activated protein C,249 site-inactivated recombinant 

factor VIIa,250 aspirin,251 and possibly vitamin C.252

Some investigators have suggested that glucocorticoid therapy, al-

though not helpful for the acute phase of ARDS, might hasten the resolu-

tion of late fibroproliferative ARDS. One very small randomized study 

(plagued by crossovers such that only four patients remained in the pla-

cebo arm) suggested that glucocorticoid therapy might be beneficial in 

late ARDS.253 This question was addressed in a randomized, multicenter 

study conducted by the ARDS Network of 14 days of methylprednisolone 

in patients who had persistent ARDS for 7 days.254 Compared with pa-

tients treated with placebo, those treated with methylprednisolone had an 

increase in the number of shock-free days and ventilator-free days by day 

28 and improvements in oxygenation, but did not have improved long-

term survival and had higher rates of reintubation after steroids were 

discontinued, perhaps in part because of neuromuscular weakness. Al-

though there is a large body of evidence suggesting lack of benefit, or even 

harm, from routinely using glucocorticoids in all etiologies of ARDS, the 

story is still evolving. A recent open-label, randomized controlled study 

of early dexamethasone use in ARDS (139 patients) versus placebo (138 

patients) resulted in a substantial increase in ventilator-free days (4.8 

days) and a 15% reduction in mortality.255 These provocative findings 

will need validation and must be considered cautiously, given the serious 

concern about the safety of high-dose glucocorticoids in critically ill  

patients, including the possibility of increasing the risk of nosocomial 

infections or critical illness polyneuropathy/myopathy and the lack of 

improvement in mortality, with routine use of glucocorticoids.

Despite the dismal findings of the numerous studies of pharmacologic 

therapy for ARDS to date, new therapeutic strategies are under investiga-

tion and may yet prove beneficial. Macrolides hold some promise for 

ARDS. In an unplanned secondary analysis of patients with ARDS en-

rolled in two large observational studies in the Netherlands, macrolide 

therapy was associated with reduced mortality.256 A recently reported 

novel approach to sedation in patients with ARDS using inhaled sevoflu-

rane257 showed a reduction in circulating markers of lung epithelial injury 

and inflammation and improved oxygenation compared with intravenous 

sedation, suggesting that there may be some lung-protective effects of in-

haled sedation. Currently, three large randomized clinical trials are planned 

to test the effects of sevoflurane for sedation in ARDS. Because of the 

failure of pharmacologic therapies in established ARDS, attention has 

turned to the prevention and early treatment of ARDS, and several trials 

are in the planning stages or ongoing. For established ARDS, cell-based 

therapy with intravenous mesenchymal stromal (stem) cells (MSCs) was 

found to be safe in a phase II clinical trial.258 In preclinical studies, MSCs 

have pleiotropic protective and reparative effects in the lung, including 

secretion of antiinflammatory and antibacterial factors, secretion of  

epithelial and endothelial growth factors, and direct transfer of mitochon-

dria to restore energy balance in the injured lung epithelium.259 Another 

area under active investigation includes strategies to hasten or facilitate the 

resolution of ARDS. Such therapies might be targeted at increasing the 

rate of alveolar fluid clearance, encouraging alveolar epithelial repair, or 

modulating immune regulation of the resolution of inflammation.

One important consideration for future clinical trials is to use predic-

tive and/or prognostic enrichment to tailor therapies to patients who are 

most likely to benefit.260 In fact, a prognostic enrichment strategy was 

used in the recent dexamethasone study,255 which may be one reason that 

the benefits of dexamethasone were measurable in this study. Another 

consideration is the patient with rapidly improving ARDS who may not 

remain in a study long enough to benefit from a therapy. In clinical trials 

of ARDS, 10.5%–13.9% of patients were extubated or had P/F ratios 

.300 on the day after study enrollment.261 Rates of rapid resolution were 

even higher (24%) in the multicenter observational LUNG SAFE study.262 

In the future, carefully designed clinical trials using enrichment strategies 

or platform/adaptive designs may lead to therapeutic breakthroughs.

Rescue Therapies
Despite appropriate treatment, a fraction of patients with ARDS will have 

profound and refractory hypoxemia. The initial management of these 

patients includes increased sedation and neuromuscular paralysis to 

maintain adequate oxygenation, but there is wide variation in practice in 

the management of refractory hypoxemia.263 In patients who do not re-

spond to conventional treatment with low tidal volume ventilation and 

remain persistently hypoxemic, several nonproven rescue therapies can 

be tried to improve oxygenation in the acute setting (summarized in  

Table 60.4). Although previously viewed primarily as a rescue therapy, 

prone positioning improved mortality in moderately severe ARDS in one 

study219 and is now being used more frequently in routine care of patients 

with moderately severe ARDS (PaO2/FiO2 ,150) in addition to its utility 

in improving oxygenation in the setting of refractory hypoxemia. Extra-

corporeal membrane oxygenation (ECMO) has been used in patients 

with ARDS and severe hypoxemia. In specialized centers ECMO has been 

used successfully to treat patients with severe ARDS.264–266 One large trial 

randomizing 180 patients with severe ARDS to ECMO versus conven-

tional management reported improved survival without disability at 6 

months in patients treated with ECMO.267 In this study, patients random-

ized to ECMO were transferred to a specialty center to receive therapy. 

Upon arrival, only 75% of patients in the ECMO group were actually 

treated with ECMO. The study design makes it difficult to determine 

whether the transfer to a specialty center for care or the ECMO itself 

conferred benefit. Although the results of this study are encouraging, the 

need for transfer to a specialty center and the dropout rate of 25% upon 

transfer limit the generalizability of this study. The recently completed 

international EOLIA study randomized 124 patients with very severe 

ARDS to immediate ECMO or continued conventional treatment and 

found a trend towards improved 60-day survival in patients randomized 

to ECMO, with 44 of 124 patients (35%) in the ECMO group and 57 of 

125 (46%) in the control group dying (relative risk, 0.76; 95% confidence 

interval [CI], 0.55–1.04; P 5 .09).268 More contemporary studies com-

bining ECMO or extracorporeal CO2 removal with ultra-protective me-

chanical ventilation269–271 have some encouraging findings, including 

improved long-term outcomes.272–274 High-frequency oscillatory ventila-

tion (HFOV) appeared to be promising in several small randomized trials 

in patients with ARDS,275–279 with improvements in oxygenation in pa-

tients with severe hypoxemia. However, two large randomized clinical 

trials in severe ARDS failed to show a benefit,280,281 and in one of the trials, 

mortality was higher in the HFOV group.280 For this reason, HFOV 

should only be used as a rescue therapy and only by experienced  

operators. Other rescue therapies include the use of a pulmonary vasodi-

lator, such as inhaled nitric oxide (NO) or inhaled prostacyclin. There 

have been several small randomized clinical trials of inhaled NO in 

ARDS; although none has shown improved mortality, its use has been 
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Rescue  

Therapy Year

How  

Studied

Number  

of Patients Comments References

ECMO 1979 Phase III 90 In this multicenter trial there was no benefit with the use of ECMO. 284

2009 Phase III 180 This large randomized trial showed benefit to treatment with ECMO; however, 

25% of patients assigned to ECMO did not receive this therapy, and the need 

for urgent transfer to specialized treatment centers limits general applicability 

of this trial.

267

2018 Phase III 124 In this international trial, patients with severe ARDS were randomized to imme-

diate ECMO or continued conventional treatment. There was a nonsignificant 

trend towards improved 60-day survival in patients treated with ECMO. 

268

ECCOR 1994 Phase III 40 This newer form of extracorporeal therapy did not improve mortality. 285

2019 Phase II 95 Use of ECCOR and ultraprotective ventilation was safe and feasible. 269

Prone  

positioning

2001 Phase III 304 Although prone positioning improved oxygenation, there was no mortality benefit. 217

2009 Phase III 342 Patients were randomized according to severity of hypoxemia to receive  

20 hours of prone positioning vs. usual care and had no reduction in mortality 

at 28 days or 6 months.

218

2013 Phase III 466 Patients with more severe ARDS (PaO2/FiO2 ,150 mm Hg) were randomized 

to supine or prone position (.16 h/day). Patients in the prone group had 

improved 28-day mortality.

219

HFOV 2002 Phase III 148 HFOV group had improved oxygenation but no difference in mortality. 275

2005 Phase III 61 No significant differences in any outcome between the groups. 279

2013 Phase III 548 HFOV had higher mortality and more hemodynamic instability. 280

2013 Phase III 795 No difference in mortality. 281

Inhaled  

nitric oxide

1998 Phase II 177 Although some patients will have improvement in oxygenation with inhaled  

nitric oxide, there was no mortality benefit in any of these large studies.

286

1999 Phase III 203 287

2004 Phase III 385 288

TABLE 60.4 Summary of Rescue Therapies for Acute Lung Injury and Acute Respiratory 
Distress Syndrome

ARDS, Acute respiratory distress syndrome; ECMO, extracorporeal membrane oxygenation; ECCOR, extracorporeal CO2 removal; FiO2, fraction of 

inspired oxygen; HFOV, high-frequency oscillatory ventilation; PaO2, partial pressure of oxygen.

associated with improved oxygenation.282 Inhaled prostacyclin is another 

pulmonary vasodilator that may be used as a rescue therapy in severe, 

refractory ARDS, although there are no randomized trials showing a 

mortality benefit.283

COMPLICATIONS

Complications are common in any critically ill patient population. Sup-

portive care for all critically ill patients must include vigilance in both 

preventing and diagnosing common complications such as pulmonary 

embolus, acute myocardial infarction, gastrointestinal bleeding, and 

nosocomial infection. Certain complications are more common in 

ARDS patients and deserve special mention. Although not specifically 

a complication, some patients do suffer from prolonged mechanical 

ventilation and require prolonged critical care. For those patients who 

require prolonged ventilation, a tracheostomy is often required. Use 

and timing of tracheostomy vary widely throughout the world, with 

patients from high-income European countries being the most likely to 

get a tracheostomy, with median timing of insertion of 14 days.289

Barotrauma
Barotrauma occurs when air dissects out of the airways or alveolar space into 

surrounding tissues, leading to pneumothorax, pneumomediastinum, 

pneumatocele, or subcutaneous emphysema (Fig. 60.5). The exact incidence 
Fig. 60.5 Chest Radiograph Showing Tension Pneumothorax in a 

Patient with Acute Respiratory Distress Syndrome.

  

 



468 PART IV Pulmonary

of pulmonary barotrauma in ARDS is unclear but appears to be declining. 

Data from two large randomized trials of protective ventilatory strategies 

suggest an incidence of early pneumothorax of 12%–13%.100 In 861 pa-

tients enrolled in the NIH ARDS Network trial, approximately 10% devel-

oped some form of barotrauma, regardless of whether they were in the 6- or 

12-mL/kg tidal volume arm. Furthermore, PEEP level was the only factor 

that predicted the development of barotrauma in a multivariate analysis.290

Treatment of barotrauma depends on the location of the extrava-

sated air. Pneumothorax can be life threatening, particularly if it is 

under tension; immediate diagnosis and tube thoracostomy are es-

sential. Pneumothorax should be considered in any mechanically 

ventilated patient with ARDS who develops sudden, unexplained 

worsening of hypoxemia, respiratory distress, or hemodynamic insta-

bility. A chest radiograph (preferably upright) or bedside lung ultra-

sound is usually sufficient to make the diagnosis, but in many cases 

the situation may be too urgent to complete diagnostic imaging (see 

Fig. 60.5). Pneumomediastinum and subcutaneous emphysema can 

be painful but do not require specific therapy other than analgesia. 

Air embolus is a potentially fatal complication of positive-pressure 

mechanical ventilation that has been reported occasionally in patients 

with ARDS285,291,292 and usually occurs in conjunction with other evi-

dence of pulmonary barotrauma, often simultaneously.

Nosocomial Pneumonia
The incidence of nosocomial pneumonia in patients with ARDS is 

difficult to quantify. Depending on the diagnostic definition and/or 

strategy employed, estimates range from 15% to 60%.293,294 There is 

no consensus regarding the appropriate way to diagnose nosocomial 

pneumonia in the mechanically ventilated patient. Because patients 

with ARDS frequently die from uncontrolled infection, recognition 

and treatment of nosocomial pneumonia is an important component 

of caring for the ARDS patient. Clinical criteria commonly used in the 

diagnosis of nosocomial pneumonia include fever, elevated white 

blood cell (WBC) count, purulent airway secretions, and pulmonary 

infiltrates. However, these signs are often present in patients with 

ARDS, even in the absence of nosocomial pneumonia.295 Autopsy 

studies of patients who died with ARDS show a high incidence of 

unsuspected pneumonia.296–298 An in-depth discussion of diagnostic 

strategies is presented elsewhere in this text. Regardless of the methods 

used for diagnosis, early, appropriate, and empiric therapy is the 

mainstay of treatment for nosocomial pneumonia. The adequacy and 

timeliness of initial empiric therapy are important determinants of 

outcome. Knowledge of local resistance patterns is crucial, and a high 

index of suspicion is required.

Multiorgan System Dysfunction
Although ARDS is often thought of as a primary pulmonary disorder, 

it is often a systemic disorder with many similarities to sepsis or sys-

temic inflammatory response syndrome (SIRS). Multiorgan system 

dysfunction is a common complication in ARDS. Organ dysfunction 

may result from the underlying cause of ARDS, such as sepsis, or occur 

independently. The exact incidence of multiorgan system dysfunction 

in ARDS is difficult to quantify. In the ARDS Network trial of low tidal 

volume ventilation, the mean number of nonpulmonary organ system 

failures per patient was 1.8.100 Given the simultaneous occurrence of 

multiple organ failures, it is often difficult to determine the exact cause 

of death in ARDS patients, and survival ultimately depends on success-

ful support of the failing organs.

Neuromuscular Weakness
Patients with ARDS are at high risk for developing prolonged muscle 

weakness that persists after resolution of pulmonary infiltrates is well 

underway and can complicate weaning from mechanical ventilation 

and rehabilitation. This clinical syndrome is commonly called critical 

illness polyneuropathy but has components of neuropathy and myopa-

thy that can coexist or occur separately.299 Although little prospective 

data are available, several studies suggest that neuromuscular abnor-

malities persist in many survivors of critical illness, even when studied 

up to 5 years after ICU discharge.165,300 Prolonged muscle weakness is 

most common in critically ill patients who are treated with glucocor-

ticoids. In other studies, neuromuscular blockade has also been impli-

cated. In one study, the sustained use of corticosteroids was shown to 

be the best independent predictor of ICU-acquired paresis (odds ratio, 

14.9; 95% CI, 3.2–69.8).301 In the absence of a compelling clinical in-

dication such as underlying connective tissue disease or another entity 

shown to respond, the use of glucocorticoids should not be routine 

practice. New clinical evidence in support of their clinical utility in 

certain forms of ARDS may become available.

CLINICAL OUTCOMES AND PROGNOSIS

Once a patient develops ARDS, several prognostic factors can help 

clinicians predict the outcome. Although the dead space fraction,302,303 

the ventilatory ratio, high driving pressure, and oxygen saturation 

index may predict mortality,304–308 none are universally measured or 

monitored in ICU practice. For this reason, predictive models that use 

more readily available clinical variables have been developed.309 In ad-

dition to dead space fraction, severe hypercapnia (CO2 .50 mm Hg)310 

and a positive cumulative fluid balance at day 4 in patients with ARDS 

predict increased mortality,311 further supporting the use of a conser-

vative fluid strategy in patients with ARDS.184 Conversely, body mass 

index was studied in a post hoc analysis of the OSCILLATE trial and 

found to have no association with mortality in patients with ARDS.312

The reported mortality from ARDS appears to be gradually declin-

ing,172 although this finding has not been consistent between retro-

spective studies.313 Before the 1990s, mortality in clinical trials was 

approximately 40%–60%.314 Several recent single-center studies sug-

gest that mortality rates measured in the same centers has declined 

over time.315–318 In an ARDS Network study that enrolled 861 ARDS 

patients in the late 1990s, aggregate mortality to hospital discharge was 

31% in the 6-mL/kg tidal volume arm and 40% in the 12-mL/kg tidal 

volume arm. However, mortality data from this study may significantly 

underestimate overall ARDS mortality because many severely ill pa-

tients were excluded, including those with advanced liver disease, bone 

marrow transplantation, severe chronic respiratory disease, burns 

greater than 30% body surface area, or any other underlying condition 

with a likelihood of death greater than 50% within 6 months. As has 

been observed in other studies, the risk of in-hospital mortality in this 

study was highest in those with sepsis (43%), intermediate in those 

with pneumonia (36%) or aspiration (37%), and lowest in those with 

multiple trauma (11%).22 Interestingly, developing ARDS in the hospi-

tal is associated with a significantly higher mortality compared with 

at-risk controls (35% versus 5%).319 The low tidal volume strategy was 

effective at reducing mortality across all causes of ARDS.22 Another 

study has shown that implementation of the ARDS Network low tidal 

volume ventilator strategy is associated with lower hospital mortality 

compared with historical controls.320 In a more recent ARDS Network 

study published in 2012, the overall 60-day mortality was 23%.194

Several recent multicenter studies in France,321 Sweden,322 Austra-

lia,323 and Argentina324 attempted to define mortality and prognostic 

variables in observational, population-based studies rather than from 

clinical trial participants. In these studies, mortality was variable, rang-

ing from 32% for mild ARDS to 58%–60% for moderate to severe 

ARDS. Factors independently associated with mortality from ARDS 

varied from study to study and included age, Acute Physiology Score, 

PaO2/FiO2 ratio, organ failure or septic shock, immunosuppression, 
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cardiovascular failure, and chronic liver disease.197,321,322,324 The large, 

multinational LUNG SAFE study has significantly informed our un-

derstanding of ARDS prognosis and outcomes in more recent years. 

Analyses from the LUNG SAFE study found that hospital mortality is 

higher in immunocompromised patients compared with immuno-

competent patients231 and in women with severe ARDS compared with 

men.196 Further, analysis of data from LUNG SAFE identified several 

modifiable (lower PEEP; higher peak inspiratory plateau and driving 

pressures; and increased respiratory rate) and nonmodifiable (older 

age, active neoplasm, hematologic neoplasm, and chronic liver failure) 

risk factors for hospital mortality.325 Not surprisingly, outcomes in 

developing countries are worse, with typical mortality rates of 45%.29 

Although most studies have reported short-term mortality from 

ARDS, a recent study examined 1-year mortality.326 In a heterogeneous 

group of 641 patients with ARDS, 1-year mortality was substantially 

higher than hospital mortality (41% vs. 24%; P ,.0001). In summary, 

these studies suggest that although some improvements in ARDS mor-

tality have been made, mortality remains quite high in population-

based studies, and improvements in short-term outcomes may not be 

reflected in better long-term outcomes.

ARDS survivors frequently have long-term functional disability, 

cognitive dysfunction, and psychosocial problems327; are more likely to 

be discharged to rehabilitation or long-term care facilities compared 

with controls319; and are high users of health care.328 Many such prob-

lems persist even 5 years after the ARDS hospitalization,329,330and 

many patients are never able to return to prior functional status or 

work.331,332 There may be distinct subtypes of ARDS survivors that 

benefit from a more tailored rehabilitation approach.333 Interestingly, 

pulmonary function frequently returns to normal or near-normal in 

survivors. In a report of 1-year follow-up in 109 survivors of ARDS,164 

lung volumes and spirometry had returned to normal by 6 months. 

However, carbon monoxide diffusing capacity was persistently low 

throughout the year. Six-minute walk distances were persistently less 

than predicted at 12 months, largely because of muscle wasting and 

weakness rather than pulmonary function abnormalities.164 Treatment 

with any systemic corticosteroid, the presence of illness acquired  

during the ICU stay, and the rate of resolution of the lung injury  

and multiorgan dysfunction during the ICU stay were the most impor-

tant determinants of the 6-minute walk distance during the first year 

of follow-up. Other studies report that patients who survive ARDS 

have reduced health-related quality of life334 and pulmonary disease–

specific health-related quality of life.335–337 Functional impairment of-

ten persists 2 years after ICU discharge.338 In addition to physical and 

social difficulties after ARDS, survivors have high rates of depression 

and anxiety.339

ANNOTATED REFERENCES

Acute Respiratory Distress Syndrome Network. Ventilation with lower tidal 

volumes as compared with traditional tidal volumes for acute lung injury 

and the acute respiratory distress syndrome. N Engl J Med. 2000;342:

1301–1308.

This was a multicenter trial of 6-mL/kg compared with 12-mL/kg tidal vol-

ume in 861 mechanically ventilated patients with ALI or ARDS. The major 

finding was a reduction in hospital mortality in the 6-mL/kg group from 40% 

to 31%.

Bellani G, Laffey JG, Pham T, et al. Epidemiology, patterns of care, and mor-

tality for patients with acute respiratory distress syndrome in intensive 

care units in 50 countries. JAMA, 2016;315:788–800.

The LUNG SAFE study was a large observational study to understand the 

global impact of ARDS. It prospectively enrolled 29,144 patients from 459 

ICUs in 50 countries. The LUNG SAFE study has provided a wealth of infor-

mation regarding diagnosis, risk factors, treatment, practice patterns, and 

outcomes of patients with ARDS.

Calfee CS, Delucchi K, Parsons PE, et al. Subphenotypes in acute respiratory 

distress syndrome: latent class analysis of data from two randomised con-

trolled trials. Lancet Respir Med. 2014;2:611–620.

In this study, unbiased statistical methods applied to data sets from two large 

clinical trials revealed two distinct subphenotypes among patients with 

ARDS. Subsequently, these subphenotypes have been identified in multiple 

large data sets and may have a differential response to ARDS therapy.

Herridge MS, Cheung AM, Tansey CM, et al. One-year outcomes in survi-

vors of the acute respiratory distress syndrome. N Engl J Med. 2003;348:

683–693.

In this multicenter study, the authors evaluated 109 survivors of ARDS at 3, 

6, and 12 months after discharge from the hospital. Notably, functional dis-

ability was very common even at 12 months and was largely caused by mus-

cle wasting and weakness. By contrast, pulmonary function was normalized, 

with the exception of persistent decrements in the diffusing capacity for car-

bon monoxide.

Force ADT, Ranieri VM, Rubenfeld GD, et al. Acute respiratory distress syn-

drome: the Berlin Definition. JAMA. 2012;307:2526–2533.

This study presents the revised definition of ARDS, called the Berlin defini-

tion, which was derived by expert consensus and data analysis. The Berlin 

definition is a modified version of the prior American European Consensus 

Criteria definition established in 1994.

National Heart, Lung, and Blood Institute Acute Respiratory Distress Syn-

drome (ARDS) Clinical Trials Network. Pulmonary-artery versus central 

venous catheter to guide treatment of acute lung injury. N Engl J Med. 

2006;354:2213–2224.

National Heart, Lung, and Blood Institute Acute Respiratory Distress Syn-

drome (ARDS) Clinical Trials Network. Comparison of two fluid-manage-

ment strategies in acute lung injury. N Engl J Med. 2006;354:2564–2575.

These companion papers present the main findings from the ARDS Network 

Fluid and Catheter Treatment Trial (FACTT). The major findings from these 

two reports are that patients with ARDS who are not in shock should have 

CVP-directed management of a conservative fluid strategy with a goal CVP 

of , 4 mm Hg; such patients had more ventilator-free days compared with 

patients treated with a liberal fluid strategy.

Rice TW, Wheeler AP, Bernard GR, et al. Comparison of the Spo2/Fio2 ratio 

and the Pao2/Fio2 ratio in patients with acute lung injury or ARDS. Chest. 

2007;132:410–417.

This study compares the use of the SpO2/FiO2 (S/F) ratio with the more inva-

sive PaO2/FiO2 (P/F) ratio, which requires blood gas analysis for the diagno-

sis of ARDS and should improve the rate of ALI/ARDS diagnosis among cli-

nicians. In this study, an S/F ratio of 235 corresponded to a P/F ratio of 200, 

and an S/F ratio of 315 corresponded to a P/F ratio of 300.

Ware LB, Matthay MA. Clinical practice. Acute pulmonary edema. N Engl J 

Med. 2005;353:2788–2796.

This case-based review article highlights the pathophysiologic and clinical dif-

ferences between hydrostatic pulmonary edema and ARDS and provides a 

clinical algorithm for differentiating between the two. References for this chapter can be found at expertconsult.com.

• ARDS epidemiology, risk factors, and outcomes continue to change over 

time as new risks and modifiers emerge.

• ARDS is a syndrome with distinct clinical subphenotypes that may have 

differential responses to treatment.

• Treatment of the underlying cause, lung-protective ventilator management, 

a conservative fluid strategy, prone ventilation for patients with severe 

ARDS, and avoidance of complications remain the mainstays of therapy.

• Although survival rates have improved over time, survivors of ARDS experi-

ence long-term physical, psychological, and functional impairment.

KEY POINTS
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Drowning

Justin Sempsrott, Joost Bierens, and David Szpilman

DEFINITION

Drowning is the process of experiencing respiratory impairment from 
submersion or immersion in liquid. This process can be fatal, nonfatal 
with complications, or nonfatal without complications. This definition is 
increasingly used in the medical, professional, and research literature to 
allow consistent and correct data collection and comparison. Terms such 
as “near,” “dry,” “wet,” “secondary,” “active,” or “passive” drowning, and 
“delayed onset of respiratory distress” should not be used, as they lack 
uniformity, imply spurious understanding of the drowning process, and 
detract attention from the final common pathway of cerebral anoxia.1,2

EPIDEMIOLOGY

Drowning is recognized by the World Health Organization (WHO) as 
a neglected public health priority. The 2017 WHO Global Burden of 
Disease reports approximately 300,000 unintentional drowning deaths, 
of which over 90% occur in low- and middle-income countries 
(LMICs), with 50% from China, India, Pakistan, and Bangladesh. Glob-
ally, drowning accounts for 7% of all fatal injuries and has the fourth 
highest overall injury mortality rate after road injuries, falls, and inter-
personal violence.3,4 However, exposure-adjusted, person-time death 
estimates for drowning are 200 times higher than for road injuries.5

In 48 out of 85 countries with reliable death registries, drowning is 
in the top five causes of death for children 1–14 years old, of which 
those aged 1–4 years old are disproportionately affected.6 In Eastern 
European countries, the incidence of fatal unintentional drowning in 
children ,19 years of age is between 5 and 7 per 100,000 compared 
with 0–1 per 100,000 in most other European countries.7 Low-income 
and minority groups carry a higher burden from drowning. American 
Indians, Alaskan Natives, and African Americans; First Nation people 
in Canada; indigenous Fijian and Maori in the Pacific region; non-
Western immigrants in the Netherlands; and foreign tourists in Spain 
all have higher risk for drowning mortality compared with their  
national counterparts.8–10

Although dramatic on their own, these national and international 
estimates vastly underrepresent the true burden of drowning. In addi-
tion to varied methodologies for reporting drowning deaths, the stan-
dard definition of drowning derives from a public health perspective 
and excludes drowning as a result of water and land transportation, 
intentional drowning, and those that occur as a result of floods. These 
other causes of drowning have a significant magnitude, and their num-
bers of victims may even be larger than the numbers resulting from 
unintentional drowning. Over 50% of the fatalities that occur during 
floods are caused by drowning. In some countries, suicide by drowning 
occurs more often than unintentional drowning, whereas in other 
countries the majority of the drowning burden is foreign tourists while 
snorkeling or scuba diving.

Data on nonfatal drowning are limited and, where reported, sub-
ject to diverse inclusion criteria. A study of Brazilian lifeguarded 
beaches showed a fatal:nonfatal ratio of 1:36,11 whereas a national 
Australian data set shows an overall ratio of 1:2.7 with highest ratios 
in children 0–4 years (1:7.6) and drowning in pools (1:4.4).12 In the 
Netherlands, the ratio for hospital admissions is approximately 1:3 for 
all drowning, but 1:2 for unintentional drowning and 1:0.25 for inten-
tional drowning.13

Local context must be considered when treating drowning pa-
tients, which helps inform comorbidities or the inciting etiology of 
the drowning. In Australia, most drownings occur in the ocean and 
in private pools among children or those engaged in recreation.14 In 
Brazil, more than 75% occur in rivers because of incidental and oc-
cupational exposures.15 In Japan, a significant number of drownings 
occur in elderly patients in traditional hot-water tubs in their 
homes.16–18 Water transportation accounts for 38% of all passenger 
transport in Bangladesh, greatly increasing the burden of incidental 
and occupational drowning risk.19 The important common factor is 
that most drowning occurs in at-risk, economically disadvantaged 
communities, in the uninformed, and in the unprepared. As such, 
most drownings are preventable.

PATHOPHYSIOLOGY

The drowning process is a continuum, beginning with respiratory 
impairment as the person’s airway goes below the surface of the liquid 
(submersion) or when high volumes of water impair the airway by 
splashing over the face (immersion). If rescued at any time, the process 
of drowning is interrupted, and this is called nonfatal drowning. If they 
die at any time, this is a fatal drowning. Submersion or immersion 
without evidence of respiratory impairment is a water rescue and not 
a drowning.1

When water is aspirated into the airways, coughing occurs as an 
initial reflex response. For this reason, prolonged coughing may be 
considered as a criterion that distinguishes drowning from other stress 
situations in the water. It is speculative if a brief laryngospasm may 
occur when the person starts to inhale water, but this is of indetermi-
nate clinical significance. As submersion or immersion continues, with 
or without aspiration of water, hypoxemia leads to loss of conscious-
ness, apnea, and pulmonary damage. Prolonged apnea and hypoxia 
precipitate cardiac arrest. Hypoxic cardiac arrest generally occurs after 
a period of tachycardia, then bradycardia, and ultimately pulseless 
electrical activity (PEA); only rarely does arrest manifest as ventricular 
fibrillation.17 The process from submersion to cardiac arrest occurs in 
seconds to minutes. The only validated factor that predicts outcome at 
the scene is duration of submersion.20 However, the factors that predict 
who will progress to cardiac arrest within seconds instead of minutes 
are poorly understood and should be the target of future research. In 
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extraordinarily rare situations, such as when rapid external cooling 
triggers a mammalian diving reflex, or hypoxia is preceded by hypo-
thermia during submersion in ice-cold water, this process can last for up 
to an hour. Under typical circumstances, irreversible cerebral damage 
occurs after 5–10 minutes of submersion.

If the person is rescued in time and the drowning process is inter-
rupted, the clinical picture is determined by the duration of submer-
sion, reactivity of the airways, and the amount of water that has been 
aspirated. Water in the alveoli causes surfactant destruction and wash-
out. In humans, as little as 1 mL/kg may produce profound alterations 
in pulmonary gas exchange. Salt and freshwater aspiration cause simi-
lar clinical pathology—the symptoms and clinical treatments are 
identical for both. In either situation, the osmotic gradient can disrupt 
the integrity of the alveolar-capillary membrane; increase permeabil-
ity; and exacerbate fluid, plasma, and electrolyte shifts. Regional or 
generalized pulmonary edema (depending on the amount of water 
aspirated and airway reactivity) reduces the exchange of O2 and 
CO2.21–23 Based on the most recent animal and clinical studies from 
1960 to 1980, aspiration of 2.2 mL/kg body weight leads to severe dis-
turbance of oxygen exchange and decrease of arterial oxygen pressure 
(PaO2) to approximately 60 mm Hg within 3 minutes. The combined 
effects of fluid in the lungs, loss of surfactant, and increased capillary-
alveolar permeability can result in a 10%–40% decrease of lung com-
pliance, increased right-to-left shunting in the lungs, atelectasis, and 
alveolitis.24–27

DROWNING CHAIN OF SURVIVAL

The drowning chain of survival is a visual representation of the rele-
vant factors in the drowning process and shows the five steps to reduce 
drowning risk and severity (Fig. 61.1).28

Prevention
Prevention is unequivocally the most effective way to reduce the bur-
den of fatal and nonfatal drowning. The WHO and other national 
prevention organizations estimate that 80%–90% of all drownings can 
be prevented when the appropriate measures are taken. Despite its 
profound importance, the multifactorial approach to drowning pre-
vention and the layers of protection to prevent drowning are beyond 
the scope of this chapter. A wide range of reports, publications, and 
websites, however, are available on the issue.3,4,29–31

Recognize Distress and Call for Help
The second element in the drowning chain of survival is to recognize 
a person in distress and know how to activate help. Sending someone 

to call for help upon recognizing a person in distress is a key element 
that ensures early activation of professional rescue and emergency 
medical services (EMS).

For several decades, it has been assumed that persons exhibiting a 
surface struggle are generally recognized by the instinctive drowning 
response (IDR).32 The IDR is a near-vertical body position, ineffective 
downward arm movements, ineffective pedaling or kicking leg actions, 
and little or no forward progress in the water. Video footage of drown-
ings in pools has identified more diverse presentations of visible 
drowning behavior. All persons in this pilot study submerged com-
pletely within 2 minutes without subsequent resurfacing. This limited 
study and the anecdotal experience of the authors has identified nu-
merous other surface struggle behaviors. Further study is needed  
to characterize these other movements and inform lifeguard and lay 
responder training programs.33

Provide Flotation to Stop the Process of Drowning
The next priority is to provide flotation as an interim measure to re-
duce submersion risk. This buys valuable time for those on scene to 
initiate rescue efforts and for emergency services to arrive. Devices 
such as ring buoys are purposely designed to provide flotation and can 
be made available at public locations where they can be deployed by 
bystanders. Improvised buoyancy aids such as empty plastic bottles or 
other containers, all kinds of sport balls filled with air, empty ice chests, 
or driftwood can also be used.

It is critical that laypersons take precautions not to become another 
drowning victim when attempting to engage in rescue responses. 
Many drowning persons cling to their would-be rescuer; therefore it is 
better to approach a struggling person with an intermediary object. 
When feasible, reaching out, throwing, or dropping the buoyancy aid 
without entering the water is the preferred method of providing flota-
tion to someone in need of rescue.11,34–36

In-Water Ventilation

The drowning process leads first to unconsciousness and apnea, fol-
lowed by cardiac arrest within several minutes. Between apnea and car-
diac arrest, immediate in-water ventilations may provide benefit if pro-
vided safely and effectively. For the unconscious person, in-water 
ventilation can increase the rates of neurologically intact survival to 
hospital discharge by more than threefold. Effective in-water ventilation 
is only possible if the rescuer is highly trained. Drowned persons who are 
only in respiratory arrest may regain consciousness after a few rescue 
breaths. If there is no response, they should be assumed to be in cardiac 
arrest and be moved as quickly as possible to a boat or dry land where 
effective chest compressions can be performed. Chest compressions are 

Fig. 61.1  Drowning Chain of Survival. (From Szpilman D, Webber J, Quan L, et al. Creating a drowning 

chain of survival. Resuscitation. 2014;85[9]:1149–1152.)
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futile while the rescuer and person are in the water, so assessment for a 
pulse there does not serve any useful purpose.37,38

Remove From Water: Rescue Only If Safe to Do So
The attempt to perform a rescue typically involves three phases: ap-
proach, contact, and stabilization. Establishing adequate oxygenation 
is essential to interrupt the drowning process. Professional rescuers 
may use in-water ventilation as described earlier; otherwise, removing 
the person from the water as quickly as possible is critical to assist 
oxygenation and ventilation. Several strategies for removal can be used 
for bystander rescuers. The person can be helped by directing them to 
the closest and safest place to exit the water. If this fails, the lay rescuer 
may consider rescue by throwing a rope, life jacket, or something else 
that is able to float or reaching with a stick, branch, oar, or wading to 
them. Entering the water is a personal decision and may depend on the 
personal relationship with the person in water trouble (e.g., parents 
and children); distance to swim; swimming skills; and the depth, tem-
perature, and velocity of the water. If available, it is strongly recom-
mended that the rescuer wears a lifejacket or uses some type of flota-
tion. However, sometimes these devices can also increase the risk that 
well-intentioned rescuers drown by a false sense of invulnerability that 
results in a rescue for which they are not prepared. If unconscious,  
the transport to shore should be as rapid as possible to minimize  
the hypoxic period. The airways should be kept open at all times, if 
possible.39 Professional lifeguards can use several types of equipment 
that may facilitate the rescue40

Only a few studies have examined the prevalence of in-water cervi-
cal spine injury (CSI).41,42 A retrospective study of 46,060 water rescues 
on sand beaches demonstrated an incidence of just 0.009%.43 In an-
other retrospective review of more than 2400 drowning cases, less than 
0.5% had a CSI, and all of these had a history of obvious traumatic 
mechanism from diving, falling from height, or a motor vehicle colli-
sion.44 Considering the low incidence of CSI and the detriment in de-
laying oxygenation in order to assure cervical spinal motion restric-
tion, no attempt to immobilize the spine should be made while in the 
water without a compelling indication. In all cases where the person is 
unconscious, the priority should be oxygenation, ventilation, and 
rapid extrication, not cervical spine immobilization. In addition to 
delaying oxygenation, there is extensive literature showing the poten-
tial harms of cervical spine immobilization.

Provide Care as Needed (Resuscitation)
Once on land, the patient should be placed supine with the trunk and 
head at the same level. On sloped beaches or banks, this is parallel to 
the shoreline. The standard checks for responsiveness and breathing 
are carried out. If the patient is unconscious but breathing normally, 
the recovery position should be used.45 Cardiopulmonary or isolated 
respiratory arrest comprises only ,0.5% of all lifeguard rescues. If the 
patient is not breathing, early oxygenation and ventilation are essen-
tial. The drowning process will continue, even out of the water, until 
the patient receives oxygen. If the patient is in cardiac arrest from 
drowning, this is primarily because of lack of oxygen. For this reason, 
cardiopulmonary resuscitation (CPR) by professional rescuers should 
follow the airway–breathing–circulation (ABC) sequence.17,39 Because 
cardiac arrest in drowned persons is caused by asphyxia, cardiac com-
pression only is much less effective and should only occur when there 
is no other option left.46–49 For lay persons, the emphasis during train-
ing should be to perform breaths AND compressions instead of 
compression-only CPR.

Early basic life support contributes to better outcomes from drown-
ing and should be initiated as soon as possible. Ventilation should be 
started with 5 effective initial breaths followed by 30 chest compressions 

and then continued with 2 breaths to 30 compressions until signs of life 
reappear, rescuer exhaustion occurs, or Advanced Life Support (ALS) or 
EMS assistance arrives. The presence of noncardiogenic pulmonary 
edema fluid (foam), caused by surfactant disruption and alveolar in-
jury, makes initial ventilation often difficult because of decreased pul-
monary compliance.21–23,50 Another frequent complication of drowning 
resuscitation is regurgitation of stomach contents.51 The presence of 
vomitus in the airway can result in further aspiration injury and im-
paired oxygenation.52 Active efforts to expel water from the airway 
(abdominal thrusts or placing the person head down) should be 
avoided, as they only delay the initiation of ventilation, increase the risk 
of vomiting by more than fivefold, and lead to a significant increase in 
mortality.28,53

During the COVID-19 pandemic, international CPR guidelines 
and operational opinions emphasized the role of compression-only 
CPR for cardiac arrest of presumed cardiac etiology.54,55 For the same 
reasons mentioned earlier, the ventilation-first approach for drown-
ing victims has become rather difficult to accept and to apply without 
further considerations. Ventilation of a person with an active contact 
or respiratory pathogen in the airways will most certainly infect a 
person performing mouth-to-mouth ventilation, but this is less likely 
to occur during chest compressions and use of an automated external 
defibrillator (AED).56 Additionally, the use of pocket masks and bag-
mask ventilation with or without a HEPA filter are aerosol-generating 
procedures and will carry some degree of risk of infection to the res-
cuers. On the other hand, taking into account the young and healthy 
status of most members of aquatic rescue organizations, it is unlikely 
that the rescuer will die from participating in a drowning resuscita-
tion that included ventilation. Guidelines have been developed for 
aquatic rescue organizations that address which elements have to be 
considered to stratify the risk of COVID-19 to the rescuer during 
drowning resuscitation.57,58 These guidelines most of all address how 
to mitigate the risk to rescuers and relevant public health and ethical 
aspects (Fig. 61.2).

According to most studies, less than 10% of all drowned persons 
are in ventricular fibrillation.38 Given this, the effectiveness of an AED 
in a drowning resuscitation scenario is low. Oxygenation, ventilation, 
and cardiac compressions should be optimized during drowning re-
suscitation before initiation of the AED. If the scenario suggests a sud-
den cardiac arrest in the water because of presumed ventricular fibril-
lation (VF) or ventricular tachycardia (VT), the AED should be 
applied immediately.

PREHOSPITAL ADVANCED LIFE SUPPORT

To save time, medical equipment of the EMS system should be brought 
to the patient instead of delaying care to transport them to the ambu-
lance. Recommendations for when to start and stop resuscitation differ 
from cardiac arrest of presumed cardiac etiology (Table 61.1).

In cardiopulmonary arrest for the drowned person, the first prior-
ity should be to establish adequate oxygenation and ventilation using 
the highest concentration available, typically bag-mask ventilations 
with at least 15 liters per minute of oxygen until an orotracheal tube or 
a supraglottic airway can be inserted. Effective, high-quality chest 
compressions should be continued throughout the resuscitation. Once 
intubated, most patients can be oxygenated and ventilated effectively 
even in situations where copious noncardiogenic pulmonary edema 
fluid fills the endotracheal tube. Suctioning can disturb oxygenation 
and should be balanced against the presence of fluid that makes effec-
tive ventilation impossible. Once intubated, positive end-expiratory 
pressure (PEEP) should be used to optimize oxygenation, either via the 
ventilator or using a PEEP valve if using a bag-valve mask (BVM).
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COVID (COMPRESSION-ONLY OR VENTILATIONS IN DROWNING) CPR ALGORITHM

Mouth-to-mouth in-water ventilations SHOULD NOT be performed!

Drowned person removed from water unconscious

Compression-only CPR + AED

Additional information

CPR with ventilation + AED

• Call EMS/ambulance
• Put on PPE(1)

• Get ventilation device

Perform adapted
breathing assessment(2)

Evaluate
resuscitation risk level(3)

(3) Low-risk resuscitacion

- PPE available.
- Safe ventilation method can be used

And at least one of the following:

- Facility screening process in place.
- Low prevalence of disease locally.
- Low-risk rescuer (younger age, healthy).

(1) Personal protective equipment (PPE)

Minimum required:

- Gloves
- Face mask with eye protection

(2) Adapted breathing asssessment

- Check if the chest is moving or if there are
 signs of breathing WITHOUT GETTING CLOSE
- DO NOT bring your cheek close to the mouth to
 feel the person's breathing.

(4) Safe ventilation method

(in order of preference)
- 2-rescuer bag-mask ventilation (BVM) with HEPA filter.
- Mouth-to-mask with head strap and HEPA filter.
- Supplemental oxygen with non-rebreather mask
 and head strap.

Post-resuscitation care

- Wash hand with soap and water or an

 alcohol-based sanitizer.
- Dispose or decontaminate safely all equipment.

Provide first aid
assessment

and treatment

with safe ventilation method(4)
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The presenting rhythm in a drowning resuscitation setting is usu-
ally asystole or PEA. VF may occur if there is a history of coronary 
artery disease, use of epinephrine, or in the presence of severe hypo-
thermia. If VF is present, defibrillation should be attempted. Peripheral 
venous or intraosseous access is the preferred route for drug adminis-
tration. Intravenous (IV) administration of medication should follow 
the algorithms for asystole or PEA. Endotracheal administration of 
drugs is not recommended during CPR and certainly not for drown-
ing. An orogastric tube can be placed to relieve gastric distention and 
prevent further aspiration, and this intervention can improve ventila-
tion and circulation.59,60 If initial resuscitation efforts are not success-
ful, the person should be transported to a hospital where advanced 
neuroprotective therapies and rewarming can be accomplished while 
resuscitation is continued during transport. There are emerging data 
on the benefit of extracorporeal membrane oxygenation (ECMO) in 
drowning resuscitation, and patients can be transferred to ECMO-ca-
pable hospitals where available.38

If adequate oxygenation and ventilation have been provided at the 
scene by bystanders or lifeguards, an isolated respiratory arrest is fre-
quently reversed before EMS arrives. Oxygen administration at the 
highest concentration available should continue until spontaneous 
breathing is restored. Once spontaneous ventilation occurs, oxygen 
should still be administered at the highest concentration available  
to maintain a saturation above 92%. Some patients may be able to 
maintain adequate oxygenation despite an elevated respiratory rate.  
In low- and middle-income or resource-deficit settings, the highest 
concentration of oxygen available may just be expired air ventilations. 
This approach is preferable to withholding ventilations until more 
advanced equipment arrives and may be lifesaving.

Early intubation and mechanical ventilation in spontaneously 
breathing patients is indicated when saturation remains below 92% 
or when respiratory fatigue occurs despite adequate oxygenation. 
Once intubated and sedated, most patients can be oxygenated and 
ventilated effectively. Mechanical ventilation should provide a tidal 
volume of 6–8 mL/kg of predicted body weight. Fraction of inspired 
oxygen (FiO2) can initially be 1.0 but should be reduced when both 
indicated and feasible. Ventilation strategies follow the same guide-
lines and lung-protective principles of the Acute Respiratory Distress 
Syndrome (ARDS) Network.61 If hypotension is initially present and 
not corrected by oxygen or caused by pneumothorax, a rapid crystal-
loid infusion should be used.62

The majority of conscious drowned persons have only mild dis-
tress with little or no aspiration. Treatment is to provide supportive 
care and oxygen at the highest concentration available. These patients 
can present a disposition dilemma for rescuers who must determine 

whether or not additional care is needed at a hospital or higher level 
of care. Simply put, all persons who cough or have other symptoms 
that do not resolve within a few minutes of rescue should be trans-
ported to a hospital (Box 61.1).

Out-of-hospital cardiac arrest (OHCA) caused by presumed car-
diac etiologies is far more common than that caused by drowning. 
Improved training and high-performance CPR programs have led to 
improved survival. Conversely, drowning resuscitations present many 
practical challenges for prehospital providers that must be taken into 
consideration when developing training and response programs. In 
essence, the difficulties encountered in drowning resuscitation must be 
anticipated through realistic, high-fidelity training and feedback. 
Drowning patients frequently vomit, are pediatric, and are found in 
outdoor settings with sloped surfaces, uneven footing, and varied 
lighting. Prehospital training scenarios for drowning patients should 
take these factors into consideration. Many prehospital drowning re-
suscitations are attended by lifeguards, police, or other nonmedical 
first responders. Professional response agencies should be aware of the 
level of training and capabilities of other responders who may attend 
a drowning resuscitation in their jurisdiction. Improving survival from 
drowning requires intentional, targeted, realistic training and opti-
mized system performance.63

In-Hospital Treatment. Prehospital treatment should continue or 
be initiated once the patient is admitted to the emergency depart-
ment (ED). During initial assessment, it is important to recognize 
that drowning is sometimes precipitated by a trauma, seizure, stroke, 

Question Recommendations

In whom to  

begin?

Give ventilatory support for respiratory distress/arrest to 

avoid cardiac arrest.

Start CPR in all submersions ,60 minutes who do not 

present with obvious physical evidence of death.

When to  

discontinue?

Basic life support should continue unless signs of life re-

appear, rescuers are exhausted, or advanced life support 

can take over.

Advanced life support should be ongoing until the patient 

has been rewarmed (if hypothermic) and asystole per-

sists for more than 20 minutes.

TABLE 61.1 Drowning: When to Initiate 
CPR and When to Discontinue

BOX 61.1 Who Needs Further Medical Help 
After Rescue From the Water

 (a) A patient who has experienced or required any of the following should be 

sent to a hospital:

• Loss of consciousness, even for a brief period

• Foam at the mouth or nose, cough, or dyspnea that persists more than 

a few minutes after removal from the water

• Rescue breathing was needed

• Cardiopulmonary resuscitation was needed

• A concomitant medical condition such as heart attack, spinal injury, 

other injury, asthma, epilepsy, intoxication, or delirium

• Any indication of neurologic impairment (e.g., altered mental status, 

confusion, lethargy)

 (b) The following persons may be considered for release from care at the 

scene if, after 10–15 minutes of careful observation while being warmed 

with blankets or other coverings as required, the patient has ALL of the 

following:

• No cough

• Normal rate of breathing

• Normal circulation as measured by pulse in strength and rate and blood 

pressure (if available)

• Normal color and skin perfusion

• No shivering

• Is fully conscious, awake, and alert

In such cases, it is unwise for the patient to drive a vehicle, and the pa-

tient should be so advised. If any of these conditions does not apply or if 

the lifesaver has any doubt, then the patient should be advised to seek 

early medical attention.

 (c) A small percentage of patients may have minimal symptoms that go un-

recognized and become worse over the next several hours. Patients should 

be advised to seek care if they develop cough, shortness of breath, or any 

neurologic or respiratory symptoms over the next 6–8 hours.

CPR, Cardiopulmonary resuscitation.
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hypoglycemia, or cardiac dysrhythmia. Additional diagnosis and 
therapies can be required. In some patients a toxicologic screen for 
suspected alcohol, recreational drug use, or drug overdose maybe 
justified and may complement other features of the history of the 
incident, such as depression, suicide, or parental/elder neglect.

Respiratory Concerns. Many drowning patients present with a 
clinical picture very similar ARDS. Respiratory management should 
follow updated ARDS guidelines, including efforts to minimize vol-
ume trauma and barotrauma.64,65 Some 10% of ventilated drowning 
patients develop a pneumothorax secondary to positive-pressure ven-
tilation and local areas of hyperinflation.66 Any sudden deterioration 
in hemodynamic stability after the start of mechanical ventilation 
should be considered to be the result of pneumothorax or other baro-
trauma until proven otherwise. Ventilation involving permissive hypo-
capnia or hypercapnia is not suitable for the drowned person and may 
worsen hypoxic-ischemic brain injury.62

In selected conscious, cooperative, and less symptomatic patients, 
noninvasive ventilation is effective and may prevent endotracheal 
intubation.38,67–69

Vigilance for infectious complications is important.70 Pneumonia is 
often initially missed because of the early radiographic appearance of 
water in the lungs. Pools, rivers, and beaches generally have insufficient 
bacteria colonization to induce pneumonia in the immediate post-
drowning period. Prophylactic antibiotics tend to only select out more 
resistant and more aggressive organisms and are not indicated. Daily 
monitoring of tracheal aspirates for Gram stain, culture, and sensitiv-
ity is advised. The first sign of pulmonary infection usually occurs in 
the third or fourth day of hospitalization, when pulmonary edema is 
expected to be resolving. Unlike the edema, the infection is diagnosed 
by fever, sustained leukocytosis, persistent or new pulmonary infil-
trates, and increased leukocyte numbers in tracheal aspirates. If  
the patient needs mechanical respiratory assistance, the incidence of  
ventilator-associated pneumonia increases. Effective antibiotic therapy 
sometimes needs to be based on information about the predominant 
organisms in the water where the drowning occurred. If there are rea-
sons to suspect ventilator-associated pneumonia, antibiotics should be 
directed to the sensitivity of the predominant microorganisms in the 
intensive care unit (ICU) or by cultures, if available. Early fiberoptic 
bronchoscopy may be useful for evaluating infection and for occasions 
when therapeutic clearing of sand, gravel, or other solids is indicated. 
Corticosteroids for pulmonary injury should not be used except for 
bronchospasm.13,71–73

Circulatory Issues. Cardiac dysfunction with low cardiac output 
is common immediately after severe drowning. Low cardiac output is 
associated with high pulmonary capillary occlusion pressure, high 
central venous pressure, and high pulmonary vascular resistance and 
can persist for days after correction of oxygenation and perfusion 
abnormalities. This may add a cardiogenic component to drowning-
associated noncardiogenic pulmonary edema. Low blood pressure, if 
present, can be corrected with better oxygenation, rapid crystalloid 
infusion, and restoration of normothermia. Vasopressor infusion 
should be used only in refractory hypotension to improve cardiac 
output when replacement with crystalloid is inadequate to restore 
blood pressure. Electrocardiogram (ECG), echocardiography, pul-
monary artery catheterization, or noninvasive alternatives may be 
needed to assess cardiac function, and ejection fraction can help to 
guide the clinician in titrating inotropic agents, vasopressors, or both 
if volume crystalloid replacement has failed. Whether pulmonary 
edema occurs after salt or freshwater drowning, there is no evidence 
to support the use of any specific IV fluid therapy, diuretics, or water 
restriction.70,74–76

Mixed respiratory and metabolic acidosis occurs in most drown-
ing patients. Acidosis should be corrected when pH is lower than 7.2 
or bicarbonate is less than 12 mEq/L despite adequate ventilatory  
support. Significant depletion of bicarbonate is rarely present in  
the first 10–15 minutes of CPR, and IV sodium bicarbonate is not 
indicated during the initial resuscitation. In hypothermic patients, 
arterial blood gases do not need to be temperature corrected (the 
alpha-stat or pH-stat concept).77

Recently, more data have become available about periods of renal 
insufficiency and coagulopathies in drowning persons that are second-
ary to anoxia, shock, or hemoglobinuria. Measurements of electrolytes, 
blood urea nitrogen, creatinine, and hemoglobin should be consid-
ered, but there are no pathognomonic or unique findings in the 
drowned person.78–82

Neurologic System. The most important complication in severe 
drowning that requires CPR, beyond reversible pulmonary injury, is 
anoxic-ischemic cerebral insult. Most late deaths and long-term sequelae 
of drowning are neurologic in origin.70,83–86 Although the highest prior-
ity in resuscitation after drowning is restoration of spontaneous circula-
tion, every effort in the early stages after rescue should be directed at 
preventing further neurologic damage. These steps include providing 
adequate oxygenation (High FiO2) to maintain SatO2 > 92% and estab-
lishing effective cerebral perfusion (mean arterial pressure around 100 
mm Hg). Any patient who remains comatose and unresponsive after 
successful CPR or deteriorates neurologically should undergo careful 
and frequent neurologic function assessment. Consensus guidelines on 
the brain-oriented treatment of comatose drowning victims include 
head elevation by 15%–30% in hemodynamic stable patients, establish-
ing normal oxygenation and saturation (to prevent hypoxia and hyper-
oxia), normocapnia, normal body temperature (to prevent hypothermia 
and treat hyperthermia; however, a temperature between 32°C and 34°C 
can be considered during the first 12–72 hours). Guidelines also target 
normal blood pressure (diagnose and treat hypotension and hyperten-
sion) and optimized volume, osmotic, and glycemic status. Comatose 
drowning victims should be transferred to centers with adult or pediat-
ric intensive care expertise. Frequent neurophysiologic and neuroimag-
ing monitoring (ECG, somatosensory evoked potential [SSEP], N2O, 
intracranial pressure [ICP], computed tomography [CT], or magnetic 
resonance imaging [MRI]) and follow-up of serum biomarkers may be 
needed. The effects of prolonged induced hypothermia after drowning 
are inconclusive. There is not yet evidence for any pharmacologic  
therapy that may influence neurologic prognosis.62

Ice-Water Drowning. In some drowned patients, a low body tem-
perature is the reflection of slow cooling because of prolonged sub-
mersion in water below body temperature and portends a poor prog-
nosis. In others, hypothermia may be the result of rapid cooling in 
ice-cold (,7°C) water, which presents a diagnostic and prognostic 
dilemma. Rapidly developed deep hypothermia caused by drowning in 
ice-cold water can provide a protective mechanism that allows survival 
despite prolonged submersion episodes. The cold water triggers the 
mammalian diving reflex and, likely more importantly, decreases the 
rate of cerebral oxygen consumption by approximately 5% per each °C 
decrease in temperature within the range of 37°C to 20°C. However, 
other mechanisms may have an added role, such as the maintenance of 
intracellular processes. Although the rare cases of survival in cold wa-
ter receive significant attention both in peer-reviewed and lay media, 
they represent rare outliers, and the primary determinant of survival is 
duration of submersion.20,87–94

The paradox in drowning resuscitation is that the hypothermic 
patient must be warmed in order to be effectively resuscitated, but 
may benefit from induced therapeutic hypothermia after successful 
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resuscitation. An important dictum that has been developed from 
experience with ice-water drowning and accidental hypothermia is 
that patients who appear dead after exposure to very cold tempera-
tures should not be pronounced dead until they are at near-normal 
core temperature and remain in asystole. Good outcomes have  
been reported in scattered case reports and in small case studies  
of postresuscitation drowned patients who were kept hypothermic  
or treated with therapeutic hypothermia despite predicted poor  
outcome.95,96 More recent studies demonstrate, however, that the 
beneficial effect of low body temperature on neurologic survival is 
limited.83,84 Emerging data show benefit from ECMO in hypothermic 
drowned persons and will likely inform future research.38

DECISION TO ADMIT TO THE ICU, GENERAL WARD, 
OR DISCHARGE

The decision to observe the nonintubated patient in the ED, the ward, 
or the ICU should be based on a detailed history, trends in monitoring, 
diagnostic imaging, and laboratory studies. Patients with minimal 
symptoms after aspiration of small amounts of liquid typically either 
get better or worse within the first few hours. Patients who have nor-
mal respiration, no coughing, normal room air oxygen saturation, and 
normal mentation during the first 6–8 hours after the event can be 
safely discharged.

Although the lay media describes drowning persons who develop 
respiratory complications up to 72 hours after being initially asymp-
tomatic, there are no well-documented published cases of completely 
asymptomatic patients who later decompensate after early release. 
Patients presenting more than 8 hours after an aquatic accident with 
new respiratory or other symptoms should be evaluated for other 
medical or traumatic etiologies such as spontaneous pneumothorax, 
viral myocarditis, pneumonia, respiratory syncytial virus, urinary tract 
infection, or cholecystitis.

Drowning Severity Classification
A classification scheme based on over 85,000 lifeguard rescues was 
developed to stratify mortality rates and risks among drowned persons 
based on their presenting symptoms. The six grades of severity can be 
easily assessed by an on-scene rescuer, EMT, or physician (Fig. 61.3).97 
The algorithm supports and guides prehospital treatment and trans-
port decisions and provides general mortality estimates.98–100

OUTCOME

With advances in ICU therapeutics, the clinical outcome of drowning 
patients has become primarily related to the neurologic outcome after 
resuscitation.76,94,99,101

Patients who have been resuscitated, are comatose, or show other 
neurologic deficits should undergo intensive assessment and care. 
Questions such as “How can we know if the effort to resuscitate will 
be meaningful?” “How long should we continue to resuscitate?” and 
“What should we expect as life quality after successful resuscitation?” 
need to be answered. Both at the rescue site and in the hospital, no 
single indicator appears to be an absolutely reliable predictor of out-
come.76,93,94 Prolonged submersion with successful resuscitation is 
not only possible in cold or icy water but also (in rare cases) from 
prolonged warm water drowning.28,102 A recent systematic review 

concluded that the outcome of drowning is almost solely determined 
by one single factor—duration of submersion.93 Basic and advanced 
life support enable drowning patients to achieve their best outcome 
possible when the duration of cardiopulmonary arrest (submersion 
time included) is minimized. Most patients who show improvement 
and are alert (or are stuporous or obtunded but respond to stimuli 
2–6 hours after the incident) have normal or near-normal neurologic 
outcomes.

To inform future research and better understand the prognosis of 
drowned persons, prehospital agencies are advised to use the formal 
definition of drowning and the Utstein template for reporting data 
from drowning resuscitation.1,2

Treatment in Resource-Deficit Settings
The lack of adequate resources in LMICs or in disaster, remote, wilder-
ness, or resource-deficit settings has significant implications for 
drowning survival and treatment. At the site of initial resuscitation and 
rescue, oxygen should still be provided at the highest concentration 
available, which may just be by mouth-to-mouth or mouth-to-mask. 
Chest compressions should be initiated in addition to ventilation if the 
person is pulseless. Understanding the prognosis becomes even more 
critical if the crucial downstream elements of the chain of survival, 
especially a functioning EMS system or access to an advanced health-
care facility, are not present. Careful consideration should be given to 
only starting resuscitation if submersion time is known to be less than 
25 minutes and to terminating resuscitation if unsuccessful after  
30 minutes of chest compressions and ventilations. Conversely, if con-
sciousness or return of spontaneous circulation is achieved, priority 
should be given to immediate transport to a hospital, even if it takes 
several hours or even days. Once in the hospital, the same priorities for 
oxygenation apply.4,103

 References for this chapter can be found at expertconsult.com.

• Drowning is a serious and neglected public health threat, claiming the lives 

of more than 300,000 people per year worldwide. Exposure-adjusted, per-

son-time estimates for drowning deaths are 200 times higher than traffic 

accidents. Over 85% of drowning deaths are preventable.

• Prevention is the best treatment for drowning, which is beyond the scope of 

this chapter.

• The “drowning chain of survival” refers to a series of water-safety interven-

tions that, when put into action, reduce the morbidity and mortality associ-

ated with drowning.

• When resuscitation is needed, the first priority is the immediate provision 

of optimal ventilation and oxygenation.

• Patients not requiring intubation typically improve within 48 hours and do 

not have long-term sequelae.

• Although intubated patients should be managed according to the most cur-

rent ARDS protocols, hypercapnia and hypocapnia should be avoided, as 

this may exacerbate neurologic damage.

• Survival is most dependent on duration of submersion. Patients who arrive 

at the ED alert typically have a favorable course. Prognosis for patients  

arriving obtunded is more difficult to predict.

KEY POINTS
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Fig. 61.3  Drowning Severity Classification and flow Chart Strategy Decision Based on Evaluation of 

87,339 Rescues. CPA, Cardiopulmonary arrest; ABC, Airway–breathing–circulation; CPA, cardiopulmonary 

arrest; PRN, as needed; ROSC, return of spontaneous circulation.
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ANNOTATED REFERENCES

Bierens JJLM. Drowning: prevention, rescue and treatment. Heidelberg, 
Germany: Springer-Verlag; 2014.
This is the second edition of a unique book for those involved in aquatic inci-

dents, and more specifically for those interested in drowning incidents. An 

overview of available drowning-related knowledge and experiences was col-

lected during the first World Congress on Drowning in 2002. This informa-

tion was expanded and updated in 2014 with contributions by world experts.

Bierens JJ, Lunetta P, Tipton M, et al. Physiology of drowning: a review.  
Physiology (Bethesda). 2016;31(2):147–166.
This review addresses different physiologic mechanisms or principles that  

may occur during a fatal and nonfatal drowning. This article emphasizes the 

diversity in drowning physiology that has to be understood to inform preven-

tion and treatment.

Szpilman D, Morgan P. Management for the drowning patient. Chest. 2021;
159(4):1473–1483.
This is the most recent review on drowning management

Szpilman D, Tipton M, Sempsrott J, et al. Drowning timeline: a new  
systematic model of the drowning process. Am J Emerg Med. 2016;
34(11):2224–2226.
This is an essential publication to understand the various factors that are  

relevant to appreciate the full variety of parameters that may result in fatal 

and nonfatal drowning.
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Aspiration is defined as the misdirection of oropharyngeal or gastric 

contents into the larynx and lower respiratory tract.1 The consequent 

pulmonary syndromes that follow depend on the quantity and nature 

of the aspirated material, frequency and chronicity of aspiration, and 

nature of the host’s defense mechanisms. The most important acute 

syndromes include aspiration pneumonitis, characterized in its most 

severe form and in a predisposing setting as Mendelson syndrome, a 

chemical pneumonitis caused by the aspiration of gastric contents, and 

aspiration pneumonia, an infectious process caused by the aspiration of 

oropharyngeal secretions that have been colonized by pathogenic bac-

teria.1,2 Although some overlap exists between these two syndromes, 

they are distinct clinical entities. Consequences of chronic aspiration 

include bronchiectasis, chronic bronchitis, lipoid pneumonia, intersti-

tial lung disease, organizing pneumonia, bronchiolitis obliterans,  

diffuse aspiration bronchiolitis, and Mycobacterium fortuitum pneu-

monia.3 This chapter focuses on acute aspiration, namely, aspiration 

pneumonitis and aspiration pneumonia. It is critically important to 

distinguish between these two syndromes, as their management differs 

considerably. Aspiration pneumonia is a bacterial pneumonia caused 

by the aspiration of colonized oropharyngeal secretions. It most com-

monly develops in elderly patients and those with neurologic disor-

ders. By contrast, aspiration pneumonitis is caused by the inhalation of 

regurgitated gastric contents, causing a chemical pneumonitis.1 The 

administration of antibiotics is central to the management of aspira-

tion pneumonia, whereas the treatment of aspiration pneumonitis is 

largely supportive.1 The distinction between these two syndromes is 

based largely on clinical criteria (Table 62.1). Although gastric bio-

markers for aspiration are increasingly available (pepsin, amylase, 

lipid-laden macrophages), none have been clinically validated.2–4 Se-

rum procalcitonin and other inflammatory markers are unable to 

distinguish aspiration pneumonitis from aspiration pneumonia.5 This 

imprecision is not surprising, considering that proinflammatory me-

diators play a central role in the pathophysiology of both syndromes 

and are responsible for the transcription of procalcitonin.6

ASPIRATION PNEUMONITIS

Aspiration pneumonitis is best defined as acute lung injury after the 

aspiration of regurgitated gastric contents.1 This problem occurs in 

patients with marked disturbances of consciousness, such as drug 

overdose, seizures, coma resulting from acute neurologic insults, mas-

sive cerebrovascular accident, head trauma, and general anesthesia. 

Adnet and Baud demonstrated an association between the degree of 

altered mental status as measured by Glasgow Coma Scale and aspira-

tion, supporting the pathophysiologic link between these entities.7 In 

clinical practice, drug overdose is the most common cause of aspira-

tion pneumonitis, occurring in approximately 10% of patients hospi-

talized after massive drug ingestion. Aspiration pneumonitis also  

occurs commonly with acute alcohol intoxication and after a general-

ized seizure.8 Historically the syndrome most commonly associated 

with aspiration pneumonitis is Mendelson syndrome, reported in 1946 

in obstetric patients who aspirated while receiving general anesthesia.9

Although aspiration is a widely feared complication of general an-

esthesia, clinically apparent aspiration in nonemergent situations is 

exceptionally rare in modern anesthesia practice, and in healthy pa-

tients the overall morbidity and mortality are low. Nevertheless, aspi-

ration pneumonitis is an important perioperative complication and 

remains the most common cause of anesthesia-associated fatality, ac-

counting for between 10% and 30% of all anesthetic deaths. The risk 

of aspiration with modern anesthesia is reported to be between 2.9 and 

4.7 per 10,000 general anesthetics (about 1 in 3000 anesthetics), with a 

mortality incidence of approximately 1:125,000.10,11 Emergency sur-

gery (particularly trauma and abdominal surgery with delayed gastric 

emptying), procedures performed at night, inadequate anesthesia, 

obesity, obstetric patients, elderly immobilized patients, and patients 

with obstructive sleep apnea are considered to be at a higher risk of 

such aspiration.11,12

Pathophysiology
Mendelson emphasized the importance of acid when he showed that 

un-neutralized gastric contents introduced into the lungs of rabbits 

caused severe pneumonitis indistinguishable from that caused by an 

equal amount of 0.1 N hydrochloric acid.9,13,14 However, if the pH of the 

vomitus was neutralized before aspiration, the pulmonary injury was 

minimal. Experimental studies have demonstrated that the severity of 

lung injury increases significantly with the volume of the aspirate and 

less directly with its pH; a pH of less than 2.5 is typically required to 

cause severe aspiration pneumonitis. In experimental models, a two-

phase injury results when acid is instilled into the lungs. The initial in-

jury phase (within 1 hour of acid exposure) is primarily because of the 

acid’s direct caustic effects on pulmonary tissue, whereas the second in-

jury phase (beginning at 3–4 hours and peaking at 4–6 hours postexpo-

sure) results from the products released by recruited neutrophils.15,16 

The intensity of the alveolar neutrophil infiltration correlates with the 

severity of the acute lung injury. Once localized to the lung, neutrophils 

play a key role in the development of lung injury through the release of 

reactive oxygen species (ROS) and proteases that are injurious to the 

lung. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

is the major source of ROS in activated polymorhpho nuclear leuko-

cytes, (PMNs;). Other sources of ROS after gastric aspiration include 

superoxide anions generated by xanthine oxidase.17 ROS exacerbate 

acute lung injury through several mechanisms, including direct cellular 

injury, nuclear factor-kB (NF-kB) activation, and activation of other 

proinflammatory mediators such as tumor necrosis factor-alpha (TNF-

a) and interleukin-8 (IL-8). The activation of NADPH oxidase in neu-

trophils is linked to the generation of neutrophil extracellular traps 
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(NETs). NETs are extracellular strands of decondensed (unwound) DNA 

in complex with histones and neutrophil granule proteins. NETs contain 

serine proteases and other antimicrobial products that damage the lung.

The stomach contains a variety of substances in addition to acid. 

Several experimental studies have demonstrated that aspiration of 

small, particulate food matter from the stomach may cause severe 

pulmonary damage, even if the pH of the aspirate exceeds 2.5.18,19 

These studies suggest that cell recruitment and expression of inflam-

matory mediators are most pronounced after injury with combined 

acid and small food particles. These data are supported by findings in 

patients in whom the most severe lung injury was observed after aspi-

ration of gastric fluids with particulate food matter.20,21 In healthy 

subjects, gastric acid prevents the growth of bacteria, and the contents 

of the stomach are normally sterile. Bacterial infection therefore does 

not play a significant role in the early stages of acute lung injury after 

aspiration of gastric contents.

Clinical Presentation
Aspiration of gastric contents can present dramatically, with a full-

blown picture that includes gastric contents in the oropharynx, wheez-

ing, coughing, shortness of breath, cyanosis, pulmonary edema, hypo-

tension, and hypoxemia, which may progress rapidly to severe acute 

respiratory distress syndrome (ARDS) and death (Fig. 62.1). However, 

many patients may not express impressive signs or symptoms associ-

ated with aspiration, whereas others may simply develop a new cough 

or wheeze. In some patients, aspiration may be clinically silent, mani-

festing only as arterial desaturation with radiologic evidence of aspira-

tion. Warner and colleagues studied 67 patients who aspirated while 

undergoing anesthesia.14 Forty-two (63%) of these patients were to-

tally asymptomatic, 13 required mechanical ventilatory support for 

more than 6 hours, and 4 died.

Management of Aspiration Pneumonitis
The upper airway should be suctioned after a witnessed aspiration. 

Endotracheal intubation should be strongly considered in patients 

who are unable to protect the airway. Although common practice, the 

prophylactic use of antibiotics in patients with strongly suspected or 

witnessed aspiration is not recommended.1,22 Similarly, the use of an-

tibiotics shortly after an aspiration episode is discouraged in most pa-

tients who develop a fever, leukocytosis, and a pulmonary infiltrate, as 

their use may simply encourage overgrowth of resistant organisms in 

an otherwise uncomplicated chemical pneumonitis. However, empiric 

antimicrobial therapy is appropriate in patients who aspirate gastric 

contents in the setting of small bowel obstruction or in other circum-

stances associated with colonization of gastric contents. Antimicrobial 

therapy should be considered in patients with an aspiration pneumo-

nitis that fails to resolve within 48 hours. Empiric therapy with broad-

spectrum agents is recommended. Antimicrobials with anaerobic  

activity are not routinely required.

Corticosteroids are potent antiinflammatory agents that act largely 

by repression of the transcriptional activity of NF-kB. Glucocorticoids 

have been used in the management of aspiration pneumonitis since 

195523–25; however, their role as monotherapy appears restricted, pos-

sibly because of their limited effects on neutrophils and ROS. Vitamin 

C, acting synergistically with low-dose corticosteroids and thiamine, 

Feature Aspiration Pneumonitis Aspiration Pneumonia

Mechanism Aspiration of sterile gastric contents Aspiration of colonized oropharyngeal material

Pathophysiologic process Acute lung injury from acidic and particulate matter Acute pulmonary inflammatory response to bacteria and bacteria 

products

Bacteriologic findings Initially sterile, with subsequent bacterial infection possible Gram-negative rods, gram-positive cocci, and rarely, anaerobic 

bacteria

Major predisposing factors Depressed level of consciousness Dysphagia and gastric dysmotility

Age group affected Any age group, but usually young persons Usually elderly persons

Aspiration event May be witnessed Usually not witnessed

Typical presentation Patient with a history of depressed level of consciousness in 

whom a pulmonary infiltrate and respiratory symptoms develop

Institutionalized patient who presents with features of a “commu-

nity-acquired pneumonia” with an infiltrate in a dependent bron-

chopulmonary segment

Clinical features No symptoms, or symptoms ranging from a nonproductive 

cough to tachypnea, bronchospasm, bloody or frothy sputum, 

and respiratory distress

Tachypnea, cough, fever, and signs of pneumonia

TABLE 62.1 Contrasting Features of Aspiration Pneumonitis and Aspiration Pneumonia

Reproduced with permission from New England Journal of Medicine, Copyright Massachusetts Medical Society.1

Fig. 62.1  Chest radiograph demonstrating severe bilateral air space 

disease (ARDS) in a patient who aspirated after anesthesia.
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has emerged as an important strategy in treating various conditions 

characterized by widespread and profound inflammation.26 Vitamin C 

is a potent antioxidant and inhibitor of NAPDH oxidase and would 

likely reduce the severity of acute lung injury after acid aspiration.27 In 

addition, vitamin C inhibits NETosis.28 We have previously described 

two patients with “anesthesia-related” aspiration pneumonitis and se-

vere ARDS who were treated with hydrocortisone, ascorbic acid, and 

thiamine (HAT therapy) who appeared to respond dramatically to this 

intervention.29 Mixed results have been reported from prospective 

randomized controlled trials that explored the potential benefits of 

this treatment strategy in the management of sepsis and ARDS. We 

suggest, however, that this simple, safe, readily available, and cheap 

intervention be strongly considered in patients with acid aspiration–

induced acute lung injury.

Prevention of Aspiration During Anesthesia

In recent years, more liberal preoperative fasting guidelines have been 

promoted. In heathy adults without an increased risk of regurgitation 

or aspiration, solids should be avoided after midnight; however, a light 

meal such as dry toast may be considered up to 6 hours before anes-

thesia, and clear liquids such as water, coffee without milk, or fruit 

juice can be ingested up to 2 hours before induction.30,31 Meta-analyses 

of randomized controlled trials comparing fasting times of 2–4 hours 

with more than 4 hours report smaller gastric volumes and higher 

gastric pH values in adult patients given clear liquids 2–4 hours before 

a procedure, and this approach is currently endorsed by the American 

Society of Anesthesiology (ASA).32

Preoperative antacids, histamine-2 (H2) receptor blockers, proton 

pump inhibitors (PPIs), and prokinetic agents have been used to re-

duce the volume and/or acidity of the gastric contents and hence the 

risk of aspiration and its consequences. There is, however, a lack of 

data indicating that any of these drugs reduce the risk of aspiration 

pneumonia.33 The routine use of these drugs is not recommended by 

the ASA guidelines.32 Standard teaching suggests that rapid-sequence 

induction with cricoid pressure should be performed when intubating 

patients at increased risk of aspiration. Although not proven to reduce 

the risk of aspiration during emergent intubations, cricoid pressure is 

currently considered the standard of care in this situation.

ASPIRATION PNEUMONIA

Aspiration pneumonia refers to the development of a radiographic 

infiltrate in the setting of risk factors for increased oropharyngeal as-

piration. Approximately half of all healthy adults aspirate small 

amounts of oropharyngeal secretions during sleep. Presumably the low 

burden of nonvirulent bacteria in normal pharyngeal secretions, to-

gether with forceful coughing, active ciliary transport, and normal 

humoral and cellular immune mechanisms clear the inoculum with-

out sequelae.1 However, if normal mechanical, humoral, or cellular 

mechanisms are impaired or if the aspirated inoculum is large enough, 

pneumonia may follow. Any condition that increases the volume and/

or bacterial burden of oropharyngeal secretions in the setting of im-

paired host defense mechanisms may lead to aspiration pneumonia. 

Indeed, the volume of the aspirate correlates strongly with the devel-

opment of pneumonia in stroke patients undergoing swallow evalua-

tion.34 Factors that increase oropharyngeal colonization with poten-

tially pathogenic organisms and increase the bacterial load augment 

the risk of aspiration pneumonia. The clinical setting in which pneu-

monia develops largely distinguishes aspiration pneumonia from 

other forms of pneumonia. However, there is considerable overlap. 

This is illustrated by the fact that otherwise healthy elderly patients 

with “community-acquired pneumonia” (CAP) have a significantly 

higher incidence of silent aspiration when compared with age-matched 

controls.35

Epidemiology
The lack of specific and sensitive markers makes the epidemiologic 

study of aspiration syndromes difficult. Furthermore, most studies do 

not distinguish between aspiration pneumonitis and aspiration pneu-

monia. Nevertheless, several studies list “aspiration pneumonia” as the 

cause of CAP in 5%–15% of cases.36,37 CAP is a major cause of mor-

bidity and mortality in the elderly, and it is likely that aspiration is the 

major cause of pneumonia in this advanced age group. Epidemiologic 

studies have demonstrated that the incidence of pneumonia increases 

with aging, the risk being almost six times higher in those over the age 

of 75, compared with those less than 60 years of age.38,39 The attack rate 

for pneumonia is highest among those in nursing homes.40

Dysphagia in Patients With Aspiration Pneumonia
Impaired swallowing is the major risk factor leading to aspiration 

pneumonia. In addition, dysphagia contributes significantly to predis-

posing protein-energy malnutrition and dehydration. Impairment in 

any component of the swallow mechanism, including anatomic abnor-

mities of the upper airway or esophagus, can lead to dysphagia.41 

Dysphagia has traditionally been associated with brainstem and bilat-

eral cerebral infarction, though it has more recently been shown to 

occur in isolated cerebral infarctions as well. Furthermore, dysphagia 

is commonly associated with silent cerebral infarctions.

Dysphagia is remarkably common in Westernized nations and is a 

major cause of morbidity and mortality. Indeed, aspiration pneumo-

nia is probably the final common pathway by which most chronically 

ill patients die. It has been estimated that over 16 million senior citi-

zens in the United States suffer from dysphagia.42 Furthermore, in the 

United States an additional 300,000–600,000 patients develop swal-

lowing dysfunction each year from neurologic disorders.43 Dysphagia 

affects more than 30% of patients who have had a cerebrovascular ac-

cident, 52%–82% of patients with Parkinson disease, 84% of patients 

with Alzheimer disease, up to 40% adults aged 65 years and older, and 

more than 60% of elderly institutionalized patients.44 The efficiency 

of the swallowing mechanism decreases with aging, predisposing to 

aspiration. Kikuchi and colleagues evaluated the occurrence of silent 

aspiration in otherwise “healthy elderly patients” with CAP and age-

matched control subjects using indium chloride scanning.35 Silent as-

piration was demonstrated in 71% of patients with CAP compared 

with 10% of control subjects. The impaired swallowing mechanism of 

the elderly can be attributed to diminished sensation, silent cerebral 

infarction, cerebral atrophy, a delay in the synapse conduction of the 

afferent inputs to the central nervous system, and lingual weakness 

(sarcopenia) caused by aging.45,46

Risk Factors for Dysphagia

The major risk factors for dysphagia are listed in Table 62.2. In patients 

with an acute stroke, the incidence of dysphagia ranges from 40% to 

70%.47 Dysphagic stroke patients who aspirate are at an increased risk 

of developing pneumonia.48,49 Although dysphagia gradually improves 

in most patients after a stroke, in many the swallowing difficulties fol-

low a fluctuating course, with 10%–30% continuing to have dysphagia 

with aspiration.50,51

Factors That Increase the Risk of Pneumonia in Patients  

Who Aspirate

Although the presence of dysphagia and the volume of the aspirate are 

key factors that predispose patients to aspiration pneumonia, a num-

ber of other influences play an important role.34 Colonization of the 
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oropharynx is an important step in the pathogenesis of aspiration 

pneumonia. The elderly have increased oropharyngeal colonization 

with pathogens such as Staphylococcus aureus and aerobic gram-nega-

tive bacilli (e.g., Klebsiella pneumoniae and Escherichia coli).52 Al-

though this increased colonization may be transient, it underlies their 

increased risk of pneumonia with these pathogens. Furthermore, colo-

nization of dental plaque may be an important risk factor for aspira-

tion pneumonia.53 The defects in host defenses that predispose to en-

hanced colonization with these organisms are uncertain; however, 

dysphagia with a decrease in salivary clearance and poor oral hygiene 

may be major predispositions.54 Residents of long-term care facilities 

are prone to poor oral health because of a lack of hygiene in addition 

to conditions of periodontal and/or dental disease. Frequent use of 

PPIs increases gastric and oropharyngeal colonization with potentially 

pathogenic organisms. Gulmez and colleagues reported that the con-

current use of PPI in patients over the age of 60 increased the risk for 

community-acquired (aspiration) pneumonia.55

Diagnosis and Management of Aspiration Pneumonia
There is no “gold standard” test to diagnose aspiration. Furthermore, 

in patients with aspiration pneumonia, unlike the case of aspiration 

pneumonitis, the critical episode of aspiration is generally not wit-

nessed. The diagnosis is therefore inferred when a patient with known 

risk factors for aspiration has an infiltrate involving a characteristic 

bronchopulmonary segment.52 In patients who aspirate in the recum-

bent position, the most common sites of involvement are the posterior 

segments of the upper lobes and the apical segments of the lower lobes 

(Fig. 62.2).1,8,52 By contrast, the basilar segments of the lower lobes are 

favored in patients who aspirate in the upright or semi-recumbent 

position. The usual picture is that of an acute pneumonic process, 

which runs a course similar to that of a typical CAP. Untreated, how-

ever, these patients appear to have a higher incidence of cavitation and 

lung abscess formation.56

Antimicrobial therapy is indicated in patients with aspiration 

pneumonia. The choice of antibiotics should depend on the setting in 

which the aspiration occurred and the patient’s premorbid condition. 

Evaluation includes such considerations as whether the aspiration oc-

curred in the community or in a health care facility and such patient 

characteristics as alcoholism, oral hygiene, intravenous drug abuse, 

and recent use of antibiotics or acid suppressive therapy.57

Aspiration pneumonia most commonly occurs in a health care  

facility (health care–acquired pneumonia [HCAP]) or in an acute  

care hospital (hospital-acquired pneumonia [HAP]). HCAP refers to 

pneumonia that develops in the growing population of individuals 

receiving health care in venues outside the hospital, including dialysis 

clinics, nursing homes, and long-term acute care (LTAC) facilities. 

Patients with HCAP and risk factors for infection with a drug-resistant 

pathogen should be treated with broad-spectrum agents. Although 

commonly prescribed (and often considered the standard of care), 

antimicrobials with specific anaerobic activity are not routinely  

warranted.1,8 In one of the most rigorous studies to date, El-Sohl and 

colleagues performed protected quantitative bronchial sampling in 95 

patients with severe aspiration pneumonia.58 Out of the 67 pathogens 

identified, gram-negative enteric bacteria were the predominant or-

ganisms isolated (49%), followed by anaerobic bacteria (16%) and S. 

aureus (12%). A single anaerobic bacterium was isolated from 11 pa-

tients, usually in association with a gram-negative pathogen. Although 

seven cases with anaerobic isolates received initially inadequate anti-

microbial coverage to address those organisms, six had effective clini-

cal responses. Antimicrobials with specific anaerobic activity may only 

be indicated in patients with periodontal disease, patients expectorat-

ing putrid sputum, and patients with a necrotizing pneumonia or lung 

abscess on chest radiograph.1,57,59,60 Prophylactic antibiotics are not 

recommended for preventing pneumonia in patients with dysphagia 

who have suffered a stroke.61

Assessment and Management of Dysphagia
All elderly patients with CAP and chronic idiopathic lung disease 

(ILD) in addition to patients with a recent cerebrovascular accident 

and those with degenerative neurologic diseases should be referred to 

a speech and language pathologist (SLP) for a formal swallowing 

evaluation.49,62 Those patients with dysphagia require the formulation 

Cerebrovascular disease

Ischemic stroke

Hemorrhagic stroke

Subarachnoid hemorrhage

Degenerative neurologic disease

Alzheimer dementia

Multi-infarct dementia

Parkinson disease

Amyotrophic lateral sclerosis (motor neuron disease)

Multiple sclerosis

Head and neck cancer

Oropharyngeal malignancy

Oral cavity malignancy

Esophageal malignancy

Other

Scleroderma

Diabetic gastroparesis

Reflux esophagitis

Presbyesophagus

Achalasia

TABLE 62.2 Risk Factors for Dysphagia 
and Aspiration Pneumonia

Fig. 62.2  Opacification of the right perihilar region and superior seg-

ment of the right lower and upper lobes consistent with aspiration 

pneumonia in a 75-year-old patient who suffered a stroke.52
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and implementation of an individualized management strategy. A  

clinician’s bedside assessment of the cough and gag reflex is unreliable 

in screening for patients at risk of aspiration. Because objective swal-

lowing evaluation can be performed with a nasogastric (NG) tube (or 

feeding tube) in place, it is not necessary to remove such tubes (and 

interrupt enteral feedings) to evaluate dysphagia. Similarly, there is no 

contraindication to leaving an NG tube in place to supplement oral 

alimentation.63

The management of patients with dysphagia requires the coordi-

nated expertise of a number of health care professionals, including the 

patient’s primary care physician, pulmonologist, SLP, clinical dietician, 

occupational therapist, physiotherapist, nurse, oral hygienist, dentist, 

and the patient’s primary caregivers. The goal is to optimize the safety, 

efficiency, and effectiveness of the oropharyngeal swallow; to maintain 

adequate nutrition and hydration; and to improve oral hygiene. En-

hanced quality of life, wherever possible, should direct management. 

Whenever appropriate, emphasis should be placed on encouraging 

oral versus nonoral nutritional intake and hydration.

A fundamental principle of rehabilitation is that the best therapy 

for any activity is the activity itself. Therefore because swallowing  

is logically considered the best therapy for swallowing disorders,  

rehabilitation should be aimed at identifying ways of ensuring safe 

and effective swallowing in individual patients. Current treatment 

for dysphagia includes prevention of aspiration in the form of  

dietary and fluid modifications, compensatory maneuvers, position 

changes, and rehabilitation exercises.64 Diet modification is a com-

mon treatment for dysphagia. Modifications in food consistency are 

individually determined by means of the clinical swallow and/or 

videofluoroscopic swallow evaluation. Reduction in bolus volume 

and enhancement of bolus viscosity significantly improve the safety 

of swallowing and reduce the risk of aspiration.45 In addition to 

changes in diet, maintenance of oral feeding often requires compen-

satory techniques to reduce aspiration risk or to improve pharyngeal 

clearance. A variety of behavioral techniques are used, including 

modifications in posture, head position, and breathing efforts, in  

addition to specific swallowing maneuvers.

Tube Feeding

Tube feeding is not an essential intervention for all patients who aspi-

rate. Short-term tube feeding, however, may be indicated in elderly 

patients with severe dysphagia and aspiration in whom improvement 

of swallowing is likely to occur. Nakajoh and colleagues demonstrated 

that the incidence of pneumonia was significantly higher in stroke 

patients with dysphagia who were fed orally compared with those who 

received tube feeding (54.3 vs. 13.2%, P ,0.001), despite the fact that 

the orally fed patients had a higher functional status (higher Barthel 

index).65 The FOOD trials consisted of two large randomized studies 

that enrolled dysphagic stroke patients.66 In the first trial, patients en-

rolled within 7 days of admission were randomly allocated to early 

tube feeding or to no tube feeding. Early tube feeding was associated 

with an absolute reduction in risk of death of 5.8%. The second trial 

allocated patients to early NG feeding or early feeding via a percutane-

ous endoscopic gastrostomy (PEG) tube. PEG feeding was associated 

with an absolute increase in the risk of death of 1% and an increased 

risk of death or poor outcome of 7.8%. Patients with a PEG were less 

likely to be transitioned to oral feeding than the NG group and were 

more likely to be living in an institution. This may in part explain  

the higher mortality of the PEG-fed patients. It is interesting to note  

that PEG-fed patients were more likely to develop pressure sores, sug-

gesting that these patients may have received different (perhaps less 

attentive) nursing care. The results of the FOOD trials suggest that 

dysphagic stroke patients should be fed early via an NG or feeding tube 

and transitioned to oral feeding as their dysphagia resolves. Those pa-

tients whose dysphagia does not resolve may be candidates for place-

ment of a PEG tube.

Oral Hygiene

Dental plaque and the “tongue coating” serve as a reservoir of poten-

tially pathogenic organisms.53 Occupants of residential homes tend to 

have poor oral hygiene and rarely receive treatment from dentists and 

oral hygienists.67 An aggressive protocol of oral care will reduce colo-

nization with potentially pathogenic organisms and decrease the bac-

terial load, measures that have been demonstrated to reduce the risk of 

aspiration pneumonia.68–71 Oral care should not be overlooked in 

edentulous patients, as “tongue cleaning” is associated with a decreased 

oropharyngeal bacterial load.72,73

Pharmacologic Management

The neurotransmitter substance P is believed to play a major role in 

both the cough and swallow sensory pathways. Angiotensin-convert-

ing enzyme (ACE) inhibitors prevent the breakdown of substance P 

and may theoretically be useful in the management of patients with 

aspiration pneumonia. A number of studies have demonstrated a 

lower risk of aspiration pneumonia in stroke patients treated with an 

ACE inhibitor compared with other antihypertensive agents.74,75 This 

observation was initially noted in Japanese patients, and it has been 

suggested that this benefit was restricted to Asian populations.76 

Furthermore, it has been postulated that lipophilic ACE inhibitors may 

be more beneficial than hydrophilic ACE inhibitors.77 However, a 

population-based case-control study from the UK demonstrated that 

the ACE inhibitor currently received was associated with a reduction 

of the risk of pneumonia in the general population (odds ration [OR] 

0.75, 95% confidence interval [CI] 0.65–0.86).78

CONCLUSION

Aspiration pneumonia and pneumonitis are common clinical syn-

dromes. Aspiration pneumonitis follows the aspiration of gastric con-

tents, usually in patients with a markedly decreased level of conscious-

ness. Treatment of aspiration pneumonitis is essentially supportive. 

Aspiration pneumonia occurs in patients with dysphagia and usually 

presents as a CAP or HCAP with a focal infiltrate in a gravitationally 

dependent bronchopulmonary segment. Patients with aspiration 

pneumonia require treatment with antibiotics selected on the basis of 

the risk of infection with a drug-resistant pathogen in addition to 

management of the underlying dysphagia.

KEY POINTS

• Aspiration pneumonitis is a chemical pneumonitis that occurs after the as-

piration of gastric contents.

• Aspiration pneumonitis occurs in the setting of a marked alteration of the 

level of consciousness.

• The treatment of aspiration pneumonitis is largely supportive.

• Aspiration pneumonia is a bacterial pneumonia that occurs in patients with 

dysphagia.

• Aspiration pneumonia is treated with antibiotics, with the choice of antibi-

otics depending on the setting in which the aspiration occurred.

• Patients with aspiration pneumonia require a comprehensive dysphagia 

evaluation and a multidisciplinary management strategy.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

El-Sohl AA, Pietrantoni C, Bhat A, et al. Microbiology of severe aspiration 

pneumonia in institutionalized elderly. Am J Respir Crit Care Med. 

2003;167:1650–1654.

This important publication evaluated the pathogens associated with  

aspiration pneumonia and clearly demonstrated that anaerobic bacteria play 

a minor role in this syndrome.

Gurganus MM, Marik PE, Varon J. The successful treatment of severe aspira-

tion pneumonitis with the combination of hydrocortisone, ascorbic acid, 

and thiamine. Crit Care Shock. 2019;22:57–61.

This paper describes the use of HAT therapy for the treatment of severe aspiration 

pneumonitis. This therapy holds great promise for the treatment of this disorder.

Mandell LA, Niederman MS. Aspiration pneumonia. New Engl J Med. 

2019;380:651–663.

This review paper is an update on the paper by Marik.

Marik PE. Aspiration pneumonitis and pneumonia: A clinical review. New 

Engl J Med. 2001;344(9):665–672.

This is a classic paper that provided the groundwork in defining the various 

aspiration syndromes.

Mendelson CL. The aspiration of stomach contents into the lungs during  

obstetric anesthesia. Am J Obstet Gynecol. 1946;52:191–205.

This is the classic paper by Mendelson, which defined Mendelson syndrome 

(aspiration pneumonitis) and described the association between the pH of 

gastric fluid and the development of acute lung injury.
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MAGNITUDE OF THE PROBLEM  
AND RISK FACTORS

Each year in the United States, acute asthma accounts for approximately 

1.8 million emergency department (ED) visits, 190,000 hospitaliza-

tions, and 3500 deaths.1 Although death rates have decreased slightly 

over the last 20 years, African Americans, women, and older patients 

continue to be at increased risk.1 For the subgroup of patients requiring 

hospital admission, in-hospital mortality is very low in patients not 

requiring ventilatory support. Mortality in intubated and mechanically 

ventilated patients is often associated with out-of-hospital cardiopul-

monary arrest.2,3

Inadequate outpatient asthma control increases the risk of poor 

outcomes, including death.4 Risk factors for an exacerbation-prone 

phenotype include cigarette smoking, medication nonadherence, psy-

chosocial factors, poverty, obesity, severe sinus disease, frequent infec-

tions, and alterations in host cytokine response to viral infections.5–7 

However, even patients with mild asthma are at risk for serious exac-

erbations.6 Risk factors for fatal or near-fatal asthma are listed in 

Table 63.1.

PATHOPHYSIOLOGY OF ACUTE  
AIRFLOW OBSTRUCTION

Rapid-onset exacerbations are a rare but distinct form of acute asthma. 

These exacerbations are predominantly bronchospastic events that 

evolve over minutes to hours and follow exposure to allergens or irri-

tants, stress, illicit drugs, or the use of nonsteroidal antiinflammatory 

agents or beta-blockers in susceptible patients. They are generally not 

triggered by infection.8 More commonly, asthma attacks evolve over 

24 hours or longer and are associated with increased airway wall in-

flammation, bronchospasm, and mucous plugs. These exacerbations 

take longer to resolve and may be triggered by viral infections or My-

coplasma pneumoniae.8

Regardless of trigger or tempo, the common endpoints of a severe 

exacerbation include critical expiratory airflow obstruction, inadequate 

expiratory time, dynamic hyperinflation (DHI), increased work of 

breathing, and decreased diaphragm force generation. A patient with a 

respiratory rate (RR) in the high twenties or thirties has less than 2 

seconds to exhale the tidal breath. If this time is insufficient to fully 

exhale, lung volumes increase and tidal breathing occurs at higher lung 

volumes, where respiratory system compliance is low and the respira-

tory muscles that drive inflation are less efficient. DHI is self-limiting if 

hyperinflation increases lung elastic recoil pressure and airway diame-

ter to enhance expiratory flow. At the end of exhalation, incomplete  

gas emptying elevates alveolar volume and pressure, a state referred to 

as auto–positive end-expiratory pressure (auto-PEEP).9 Overcoming 

the effects of auto-PEEP requires increased inspiratory work to drop 

pleural pressures enough to generate inspiratory flow. Concurrent with 

increases in resistive and elastic loads is decreased diaphragm force 

generation from the mechanical effects of DHI, fatigue, and  

acidemia, increasing the risk of respiratory arrest and death.10

Hypoxemia results from a decrease in ventilation (V
A

i

) relative to 

perfusion ( Q
i

) in alveolar-capillary units. Hypoxemia severity gener-

ally tracks the severity of airflow obstruction, but in recovering  

patients, spirometry and peak flow may improve faster than partial 

pressure of oxygen (Pao2) and V Q
A

i i

/  inequality, indicating that larger 

airways recover faster than smaller airways. Acutely ill asthmatics may 

also have small areas of high V
A

i

 relative to Q
i

 and increased physio-

logic dead space when blood flow decreases to hyperinflated units. 

Although elevated physiologic dead space can contribute to hypercap-

nia, alveolar hypoventilation is the more likely cause in acute asthma.

Large swings in intrathoracic pressure accentuate the normal inspi-

ratory fall in systolic blood pressure, a phenomenon called pulsus 

paradoxus (PP). During forceful inspiration, intrathoracic pressure 

falls, lowering right atrial and right ventricular (RV) pressures and 

augmenting RV filling. Enhanced right-sided filling shifts the intraven-

tricular septum leftward. This results in decreased left ventricular (LV) 

compliance and incomplete LV filling. DHI further impedes LV filling 

by causing tamponade-like physiology, and it increases LV afterload.

Forced exhalation increases intrathoracic pressures and impedes 

right-sided filling. The net result of these cyclical changes in pleural 

pressure is increased PP. A decline in PP generally signals improve-

ment, with the important exception that fatigue and inability to gener-

ate large pleural pressure swings also drop PP.10

CLINICAL FEATURES

The hallmarks of a moderate to moderately severe exacerbation are 

tachypnea and respiratory distress. Patients may have difficulty speak-

ing in long sentences and present with wheezing and prolongation of 

the expiratory phase. Hypoxemia and respiratory alkalosis occur com-

monly. Severe exacerbations are signaled by upright positioning,  

diaphoresis, monosyllabic speech, RR over 30/min, accessory muscle 

use, tachycardia, and a PP greater than 25 mm Hg.7,11 Hypoxemia 

with normocapnia or hypercapnia indicates a severe exacerbation. 

Decreased mental status, paradoxical breathing, bradycardia, absence 

of PP from fatigue, and a quiet chest signal impending arrest. Severe 

exacerbations may also be complicated by tachyarrhythmias, RV strain, 

and myocardial ischemia. Posture, speech, and mental status allow  

for quick appraisal of severity, response to therapy, and need for intu-

bation. The emergence of wheezes in patients presenting initially  

with a quiet chest from poor air movement suggests improved airflow 

rates and clinical status. Additionally, it is worth considering that  

“all that wheezes is not asthma.” Table 63.2 lists other diagnostic con-

siderations.
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Frequent emergency department visits and hospitalizations

Intensive care unit admission

Intubation (prior or current)

Hypercapnia

Barotrauma

Psychiatric illness

Poor adherence to medical regimen

Illicit drug use

Poverty

Inadequate access to medical care

Overuse of short-acting inhaled beta-2 agonist

Current or recent use of oral corticosteroids

Not using inhaled corticosteroids

Poor perception of airflow obstruction

Comorbidities (e.g., coronary artery disease)

Food allergy

TABLE 63.1 Risk Factors for Fatal or 
Near-Fatal Asthma

Chronic obstructive pulmonary disease exacerbation

Vocal cord dysfunction

Intraluminal mass or foreign body

Aspiration

Tracheal stenosis

Infectious bronchitis or pneumonia

Heart failure (“cardiac asthma”)

TABLE 63.2 Differential Diagnosis of Acute 
Asthma

PEAK FLOW MEASUREMENTS

Early measurement of the peak expiratory flow rate (PEFR) or forced 

expiratory volume in the first second of expiration (FEV1) helps char-

acterize exacerbation severity. Severe exacerbations are characterized 

by a PEFR or FEV1 #50% of predicted or personal best, and alternative 

diagnoses should be considered when lung function is preserved.7 

Failure of pharmacotherapy to improve expiratory flow significantly 

after the initial 30–60 minutes further predicts a refractory course  

requiring sustained treatment in the ED or hospitalization. Measure-

ments of expiratory flow are not required in every patient. They are 

not likely to alter therapy in patients presenting with classic signs  

and symptoms of acute asthma, and obtaining peak expiratory flow 

measurements in a tenuous patient can worsen bronchospasm to the 

point of respiratory arrest.

ACID-BASE STATUS

Arterial blood gases are indicated in patients with severe asthma exac-

erbations that are not responding significantly to initial therapy. Serial 

blood gases are generally not required unless the patient is mechani-

cally ventilated. Although a venous blood gas can provide a reasonable 

approximation of arterial pH and a quick screen for hypercapnia, the 

poor correlation between arterial and venous partial pressure of car-

bon dioxide (PCO2) is a notable limitation of relying solely on venous 

blood gases in the critically ill patient with asthma.12 Hypoxemia and 

respiratory alkalosis are common in mild to moderate exacerbations. 

Eucapnia and hypercapnia suggest a severe exacerbation, but not nec-

essarily the need for intubation, as even hypercapnic patients may  

respond to pharmacotherapy and/or noninvasive ventilation.

Renal compensation in response to respiratory alkalosis of ade-

quate duration manifests as a normal anion gap metabolic acidosis. 

Lactic acidosis can result from increased work of breathing and the use 

of either high-dose nebulized or parenteral beta-agonist therapy.13,14

CHEST RADIOGRAPHY

Chest imaging rarely affects management in classic cases of asthma 

exacerbation. Indications for chest imaging include localizing signs on 

examination, concerns regarding barotrauma, questions regarding al-

ternative diagnoses, and assessment of endotracheal tube position.

EMERGENCY DEPARTMENT DISPOSITION

Patients demonstrating an inadequate response to albuterol over the 

first 30–60 minutes of therapy in the ED invariably require hospital 

admission or prolonged treatment in the ED.15 Approximately one-

third of patients fall into this “nonresponder” category (Fig. 63.1). 

80

70

60

50

40

30

20

10

0

7.26.04.83.62.41.20.0

P
E

F
  

(%
 o

f 
p

re
d

ic
te

d
)

Salbutamol (mg)

Admitted N = 35

Discharged N = 81

Fig. 63.1 Dose–response relationship to albuterol 4 puffs (400 mg) 

every 10 minutes in 116 acute asthmatics, of whom 67% obtained 

discharge criteria after administration of 2.4 mg of albuterol within  

1 hour; half of the responders met discharge criteria after 12 puffs.  

Patients with a blunted cumulative dose–response relationship were 

hospitalized. (Reproduced with permission from Rodrigo C, Rodrigo G. 

Therapeutic response patterns to high and cumulative doses of salbuta-

mol in acute severe asthma. Chest. 1998;113:593.)
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Along these lines, the Global Initiative for Asthma (GINA) report rec-

ommends hospital admission for patients presenting with a PEFR less 

than 50% of predicted or 50% of the patient’s personal best on presen-

tation and ,60% after initial treatment.7 Intensive care unit (ICU) 

admission is required for respiratory failure, the need for frequent  

albuterol treatments, deterioration despite treatment, fatigue, altered 

mental status, and cardiac complications. Patients with a PEFR be-

tween 60% and 80% of predicted or personal best after treatment may 

be eligible for discharge from the ED on appropriate therapy, although 

clinical judgment may favor admission, especially when the outpatient 

setting is suboptimal or noncompliance favors directly observed ther-

apy. Patients with a good response can be discharged with appropriate 

maintenance therapy and instructions for follow-up.

OXYGEN

Supplemental oxygen should be administered to maintain oxygen sat-

urations above 90%. Doing so improves oxygen delivery to tissues, 

including the respiratory muscles, and reverses hypoxic pulmonary 

vasoconstriction. Oxygen further protects against desaturation conse-

quent to beta-agonist-induced pulmonary vasodilation with increased 

blood flow to low V Q
A

i i

/  units.

PHARMACOLOGIC MANAGEMENT

Selected drugs used in the treatment of acute asthma are listed in 

Table 63.3.

Beta-2 Agonists
Inhaled short-acting beta-2 agonists (SABAs) treat the bronchospastic 

component of acute asthma. They can be delivered in a repetitive or 

continuous fashion, depending on clinical response and side effects, 

which include tremor, hypersensitivity/paradoxical reactions, cardio-

vascular effects, and hypokalemia. Recommended doses in acute 

asthma are higher than approved on the label and are based on clinical 

judgment, clinical trials, and guideline recommendations. Excessive 

SABA use has been associated with fatalities. The limits of intensive 

SABA use should be kept in mind; many asthmatics presenting to the 

hospital for rescue have done so because their outpatient inhaler was 

not effective.

A commonly used strategy is albuterol, 2.5 mg by nebulization, 

every 20 minutes during the first hour. In severe asthma exacerbations, 

continuous administrations delivering the same total dose may be 

slightly superior to repetitive doses. Albuterol can also be delivered 

effectively by metered-dose inhaler (MDI). MDIs with spacers are less 

expensive and faster; handheld nebulizers require less supervision and 

coordination. The most recent GINA report recommends albuterol 

4–10 puffs by MDI with a spacer every 20 minutes for the first hour.7 

The treatment strategy after the first hour depends on the clinical re-

sponse and side effects. An as-needed approach may be preferable to 

scheduled dosing to decrease total drug exposure.

Although albuterol is the most widely used SABA, other SABAs are 

available, including levalbuterol. A meta-analysis demonstrated that 

levalbuterol was not superior to albuterol in acute asthma.16

Subcutaneous epinephrine or terbutaline should be avoided in pa-

tients able to take inhaled therapy. If the patient is refractory to inhaled 

therapy, subcutaneous treatment may be beneficial, especially if there 

are concerns regarding anaphylaxis. Subcutaneous treatment is risky, 

however, particularly in older patients at risk for coronary artery dis-

ease, and it should only be used with caution by seasoned clinicians. 

Long-acting beta-2 agonists (LABAs) are not commonly used to treat 

severe asthma exacerbations, although they have been studied in this 

setting.17 LABAs combined with an inhaled corticosteroid (ICS) are 

commonly prescribed on discharge to help achieve outpatient control 

and prevent future exacerbations.

Ipratropium Bromide
The modest bronchodilator properties of ipratropium bromide pre-

clude its use as a single agent in acute asthma, and the addition of  

ipratropium to albuterol is of limited benefit in patients with mild or 

moderate attacks. However, in patients with severe attacks, ipratro-

pium added to albuterol is more effective than albuterol alone,18,19 even 

though it does not have Food and Drug Administration (FDA)– 

approved labeling for treatment of asthma. For nebulization in adults, 

0.5 mg of ipratropium bromide can be added to 2.5 mg of albuterol; 

by MDI, 4–8 puffs of ipratropium bromide can be added to 4–10 puffs 

of albuterol. If a combination albuterol/ipratropium bromide inhaler 

is used, one recommended dose is 4–10 puffs every 20 minutes. In ad-

dition to the warnings and precautions for albuterol, patients receiving 

ipratropium bromide should be monitored for urinary tract and ocu-

lar side effects. Special care should be taken to avoid inadvertently 

spraying ipratropium into a patient’s eyes, which can cause additional 

toxicity, including mydriasis. Albuterol and ipratropium can be con-

tinued for the first 1–3 hours as guided by clinical response and toxic-

ity, after which albuterol can be continued as a single agent.

Corticosteroids
Systemic corticosteroids are invariably recommended for patients with 

severe asthma exacerbations. A rare exception might be the patient 

demonstrating an immediate and durable response to initial SABA 

therapy alone; these patients of course remain candidates for increasing 

or starting ICS therapy. Corticosteroids treat inflammation by promot-

ing new protein synthesis, and their effects are typically delayed, under-

lining the importance of early initiation. Systemic steroids decrease 

hospitalization rates, speed the rate of recovery, and decrease the 

chance of relapse after discharge. Warnings and precautions pertinent 

Albuterol 2.5 mg in 2.5 mL normal saline by nebulization every 15–20 min 3 3 in the first hour or 4–10 puffs by MDI with spacer every 10–20 min for 1 

hour, then as required; for intubated patients, titrate to physiologic effect and side effects

Levalbuterol 1.25 mg by nebulization every 15–20 min 33 in the first hour; then as required

Epinephrine 0.3 mL of a 1:1000 solution subcutaneously every 20 min 3 3. Terbutaline is favored in pregnancy when parenteral therapy is indicated. Use 

with caution in patients older than age 40 and in patients with coronary artery disease

Corticosteroids Methylprednisolone IV or prednisone PO 40–80 mg/day in 1 or 2 divided doses until PEFR reaches 70% of predicted or personal best

Anticholinergics Ipratropium bromide 0.5 mg (with albuterol) by nebulization every 20 min, or 4–8 puffs by MDI with spacer (with albuterol) every 20 min

Magnesium sulfate 2 g IV over 20 minutes; repeat once as required (total dose 4 g, unless hypomagnesemic)

TABLE 63.3 Selected Drugs Used in the Treatment of Acute Asthma

IV, Intravenous; MDI, metered-dose inhaler; PEFR, peak expiratory flow rate; PO, per os (oral).
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to systemic steroids include hyperglycemia, hypertension, steroid my-

opathy, insomnia, psychosis, hypokalemia, fluid retention, and bone 

loss.

Oral steroids are as effective as parenteral steroids for patients able 

to tolerate oral medications. Single-dose formulations of an intramus-

cular preparation are reasonable in patients deemed unlikely to be 

compliant with oral steroids after discharge.

Various dosing regimens have been studied, and debate continues 

regarding the optimal dosing strategy. For hospitalized adults, the  

Expert Panel Report 3 recommends 40–80 mg/day of prednisone, 

methylprednisolone, or prednisolone in one or two divided doses until 

PEFR reaches 70% of predicted or the patient’s personal best.20 GINA 

recommends 1 mg prednisolone/kg/day or equivalent to a maximum 

of 50 mg/day. For outpatients, a common strategy is to use prednisone 

40 mg/day for 5–10 days, with early follow-up to guide further admin-

istration.

There is no clear role for high-dose ICSs in acute asthma. However, 

as mentioned, ICSs play a pivotal role in achieving outpatient asthma 

control, and patients should be discharged from the ED or hospital on 

an ICS-based treatment strategy.

Other Therapies
Aminophylline does not usually provide additional bronchodilation  

in adults treated optimally with beta-2 agonists, and it increases the 

frequency of side effects, including tachyarrhythmias. It should not be 

used routinely in the management of patients with severe exacerba-

tions.

The safety and efficacy of intravenous (IV) magnesium sulfate, 

MgSO4, in adults treated for acute asthma in the ED has been studied 

by meta-analysis.21 The results demonstrate that a single infusion of 

1.2 g or 2 g IV MgSO4 over 15–30 minutes reduces hospital admissions 

and improves lung function in adults with acute asthma who have not 

responded adequately to supplemental oxygen, SABAs, and IV cortico-

steroids. There is no established role for inhaled MgSO4 in acute 

asthma.22

There are insufficient data to recommend leukotriene modifiers  

in acute asthma. The most compelling data come from the use of IV 

montelukast in adults, but the IV formulation is not available in the 

United States. There is no benefit to adding oral montelukast to con-

ventional therapy in the management of severe asthma exacerba-

tions.23 Likewise, mucolytic agents, although usually well tolerated, 

have limited efficacy in exacerbated asthma and have been associated 

with a tendency to exacerbate bronchospasm.

Methodologic differences, small patient numbers, and failure to 

control for upper airway obstruction have plagued studies of heliox. 

Taken in sum, the data do not support its routine use in acute asthma, 

but it may be reasonable to try in severe cases in which a high fraction 

of inspired oxygen is not needed to maintain full oxygenation. Data 

further suggest that heliox as a driving gas for nebulized SABAs  

improves PEFRs and decreases hospital admissions in patients with 

severe exacerbations.24

Unlike select exacerbations of chronic obstructive pulmonary dis-

ease, antibiotics such as azithromycin do not improve outcomes and 

are not recommended in acute asthma unless there is clinical concern 

for bacterial pneumonia.7,20

NONINVASIVE VENTILATION

Despite the common and increasing use of noninvasive ventilation 

(NIV) in patients with acute asthma, limited data are available to  

define its role in this setting. Additional well-designed, controlled, 

prospective trials are needed. A systemic review of 13 studies meeting 

inclusion and exclusion criteria determined a trend towards better 

outcomes in patients receiving NIV, but the variability of the studies 

precluded conclusive recommendations.25 A Cochrane systematic re-

view that included five trials did not demonstrate a clear benefit to 

NIV for the outcomes of mortality or intubation.26 A large retrospec-

tive cohort study capturing 13,390 US patients showed that NIV was 

the initial mode of ventilation for 556 patients (4.0%) and that inva-

sive mechanical ventilation was the initial choice for 668 patients 

(5%).27 Twenty-six patients (4.7% of NIV-treated patients) were intu-

bated for NIV failure. In-hospital mortality was 0.2%, 2.3%, 14.5%, 

and 15.4%, respectively, for patients not ventilated, patients receiving 

NIV, patients requiring invasive mechanical ventilation, and patients 

intubated after NIV failure. The increased mortality rate seen in pa-

tients failing NIV emphasizes the need for close monitoring during 

NIV to avoid an undue delay in intubation.

NIV includes the use of low levels of nasal continuous positive 

airway pressure (CPAP) of 5–7.5 cm H2O or, more commonly, bilevel 

positive airway pressure (BiPAP). One recommendation for BiPAP is 

to start 8 cm H2O inspiratory pressure support and 3 cm H2O of expi-

ratory positive airway pressure. Pressures are adjusted as required to 

achieve an RR below 25/min and a tidal volume above 7 mL/kg.28 NIV 

should be used only in alert, cooperative, and hemodynamically stable 

patients, and again, it is mandatory to monitor patients carefully for 

failure to avoid a delay in intubation.29 High-flow nasal oxygen does 

not have a defined role in asthma exacerbations.

INTUBATION AND MECHANICAL VENTILATION

Respiratory arrest or impending arrest (e.g., exhaustion, progressive 

symptoms despite maximal therapy, a quiet chest, worsening hyper-

capnia, and altered mental status) are indications for intubation. After 

intubation, clinicians should be prepared for hypotension, which 

stems from sedation and paralysis, hypovolemia, positive pressure 

mechanical ventilation, lung hyperinflation, and potential tension 

pneumothorax.

Inappropriately fast RRs result in inadequate exhalation time and 

dangerous levels of DHI. Clues to this include excessive efforts re-

quired to deliver manual breathes during Ambu bag ventilation, high 

airway pressures during mechanical ventilation, hypotension, and 

tachycardia. When critical DHI is suspected, a trial of hypopnea (two 

to three breaths per minute) or apnea in a well-oxygenated patient for 

30–60 seconds is both diagnostic and therapeutic. This deflation ma-

neuver lowers airway pressures, increases cardiac preload, and helps 

restore cardiopulmonary stability. Tension pneumothorax is an im-

portant additional consideration, even in patients responding to a de-

flation maneuver.

Initial Ventilator Settings
Expiratory time (Te), tidal volume (Vt), and the severity of airway 

obstruction determine the level of DHI during mechanical ventila-

tion.30,31 Expiratory time is determined by minute ventilation and the 

inspiratory flow rate. Lowering RR and increasing the inspiratory flow 

rate prolong Te (Fig. 63.2). The magnitude of deflation achieved by 

these strategies may be small because expiratory flow rates are typically 

quite low in severe asthma, but even small changes in lung volume may 

be clinically relevant. Note that high inspiratory flow rates increase 

peak airway pressures and may worsen patient–machine synchrony 

and that high inspiratory flow rates may increase RR in spontaneously 

breathing patients and thereby actually decrease Te.32

An initial minute ventilation of 7–8 L/min in a 70-kg patient gener-

ally avoids dangerous levels of DHI.33 This goal can be achieved by 

choosing volume-controlled ventilation (VCV) with an RR between 12 
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and 14/min and a Vt between 7 and 8 mL/kg. In spontaneously 

breathing patients, a low level of set PEEP (e.g., 5 cm H2O) usually re-

duces the inspiratory work of breathing by decreasing the pressure gra-

dient required to overcome auto-PEEP, without aggravating lung infla-

tion. A constant inspiratory flow rate of approximately 60 L/min or a 

decelerating flow strategy with an average flow of .40 L/min are reason-

able starting points, but decelerating flows may be better tolerated in 

awake patients. Theoretically, pressure-controlled ventilation (PCV) 

may deliver more uniform distribution of ventilation than VCV, but the 

delivered Vt is variable with PCV and affected by changes in the degree 

of bronchoconstriction and hyperinflation.34 No data support assist 

control (AC) over synchronized intermittent mandatory ventilation 

with pressure support (PS) for major clinical outcomes in a broad range 

of patients.35 

Assessing Lung Inflation
Avoiding critical DHI is central to ventilator adjustments, but measur-

ing lung volumes is challenging in clinical practice.3 The only validated 

method is to measure the volume of gas at end inspiration, termed Vei, 

by collecting expired gas from total lung capacity (TLC) to functional 

residual capacity (FRC) over 40–60 seconds of apnea. The utility of 

this measure is limited by the need for paralysis and expertise with 

monitoring. Although Vei may underestimate air trapping in the pres-

ence of slowly emptying lung units, a Vei greater than 20 mL/kg  

correlates with barotrauma.33 Surrogate measures of lung inflation 

include the single-breath plateau pressure (Pplat) and auto-PEEP.  

Accurate measurements of both of these pressures require ventilator 

synchrony and absence of patient effort, and neither pressure has been 

validated to predict outcomes. Pplat is an estimate of maximal average 

alveolar pressure that is determined by briefly stopping flow at end 

inspiration (Fig. 63.3). Pplat is affected by the properties of the entire 

respiratory system, including lung, chest wall, and abdomen. Thus 

Pplat can vary significantly from patient to patient even for the same 

degree of DHI. For example, an obese patient will likely have a higher 

Pplat than a nonobese patient for the same extent of DHI. A common, 

but unvalidated, recommendation is to maintain a Pplat ,30 cm H2O.

Auto-PEEP is the lowest measurable alveolar pressure achieved dur-

ing the respiratory cycle. It can be estimated by recording airway open-

ing pressure during an end-expiratory hold maneuver (see Fig. 63.3) in 

the absence of interference from patient effort. Persistence of expiratory 

gas flow at the beginning of inspiration (which can be detected by aus-

cultation or from flow tracings) also suggests auto-PEEP (see Fig. 63.2). 

Auto-PEEP of some units may be rather dramatically underestimated 

when there is poor communication between alveoli and the airway 

opening. For this reason, the plateau pressure yields a better estimate of 

gas trapping during VCV. Significant elevations of auto-PEEP (e.g., 

.15 cm H2O) are a sign of severe exacerbation.

Ventilator Adjustments
Although not validated by controlled trials, one logical approach to 

adjusting the ventilator limits Pplat is a general principle of manage-

ment (Fig. 63.4). If initial ventilator settings result in Pplat exceeding 

30 cm H2O, then RR should be decreased to drop it below that level. 

Dropping RR may result in hypercapnia, but doing so may be prefer-

able to hazardous DHI and is generally well tolerated hemodynami-

cally. Anoxic encephalopathy and myocardial dysfunction are relative 

contraindications to permissive hypercapnia, however, because of the 

potential for hypercapnia to dilate cerebral vessels, decrease myocar-

dial contractility, and constrict the pulmonary vasculature. Lowering 

RR may not increase partial pressure of carbon dioxide in the arteries 

(Paco2) as much as expected if decreasing DHI simultaneously reduces 

physiologic dead space. If hypercapnia results in a blood pH of less 

than 7.20 and RR cannot be increased because of the Pplat limit, start-

ing an infusion of sodium bicarbonate is an option, although this has 

not been shown to improve outcomes. If Pplat is less than 30 cm H2O 
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Fig. 63.2 Effects of changing respiratory rate (RR) on expiratory time 

(Te) with a tidal volume (VT) of 1000 mL and a constant inspiratory flow 

rate of 60 LPM (1 LPS). Note that with an RR of 15/min, total cycle time 

(amount of time allowed for one complete breath) is 4 seconds. Inspira-

tory time (Ti) is 1 second, and Te is 3 seconds, resulting in an I:E of 1:3. 

Note that the expiratory flow persists at the time of the next delivered 

breath (as demonstrated by failure of the exhalation flow tracing to re-

turn to baseline or zero flow), suggesting the presence of auto-PEEP. By 

lowering RR to 10/min, total cycle time increases to 6 seconds and Te 

is 5 seconds, resulting in an I:E of 1:5. Lower RR allows for greater 

exhalation of the delivered breath and lower end-expiratory plateau 

pressure (not shown), although effects are modest because of low end-

expiratory flow rates.
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strating measurement of peak inspiratory pressure (Ppk), plateau pres-

sure (Pplat), and auto-PEEP. While delivering a constant inspiratory flow 

(not shown), airway pressure (Paw) increases to Ppk, the sum of airway 

resistive pressure and Pplat. Airway resistive pressure and Pplat are 

determined by an inspiratory pause during which inspiratory flow is 

temporarily stopped to eliminate airway resistive pressure, allowing 

Paw to fall from Ppk to Pplat. If inspiratory flow is set at 60 L/min, the 

resistance pressure drop equals airway resistance (Raw) in units of cm 

H2O/L/sec. An end-expiratory hold maneuver is performed to measure 

auto-PEEP. During this maneuver, Paw increases by the amount of auto-

PEEP present. Note that end-inspiratory and end-expiratory hold ma-

neuvers are performed on different breaths.
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and pH continues less than 7.20, it is reasonable to increase RR until 

Pplat reaches the 30 cm H2O limit; however, alveolar ventilation may 

not benefit in direct proportion to the increase in ventilation, espe-

cially if reducing expiratory time generates additional auto-PEEP. As 

patients improve and DHI diminishes, RR can be safely increased as 

needed to normalize pH and Paco2.

Whether this strategy decreases the risk of barotrauma is unknown. 

One study of barotrauma in patients mechanically ventilated with 

limited Vt and airway pressures included 79 patients with asthma.36 

Five of these patients (6.3%) developed barotrauma. Tidal volumes 

and airway pressures did not differ between patients with and without 

barotrauma.

Sedation and Paralysis
Sedation improves comfort, safety, and patient–ventilator synchrony. 

In patients expected to be extubated quickly (e.g., patients with a more 

pure form of bronchospasm), propofol is recommended because it 

allows for rapid reversal of sedation after its discontinuation. Benzodi-

azepines are less expensive alternatives, but time to awakening is less 

predictable, particularly after prolonged use, and they may be more 

deliriogenic. Minimal data are available to inform the use of dexme-

detomidine or dissociative-dose ketamine in this setting. For analgesia 

and to help suppress respiratory drive, an opioid should be strongly 

considered as an addition to propofol or benzodiazepine. Daily inter-

ruption of sedatives and analgesics helps avoid undue drug accumula-

tion in addition to being an important component of best practice for 

all mechanically ventilated patients.37

Short-term paralysis is indicated when safe and effective mechani-

cal ventilation cannot be achieved by sedation and analgesia alone. 

Cisatracurium is a common choice because it is essentially free of car-

diovascular effects, does not release histamine, and does not rely on 

hepatic and renal function for clearance. Complications associated 

with paralysis include myopathy, venous thromboembolism, airway 

secretion retention, ventilator-associated pneumonia, and death from 

inadvertent machine disconnection.

Use of Bronchodilators During Mechanical Ventilation
Controlled trials are needed to inform the optimal use of bronchodi-

lators in intubated patients and to provide evidence for or against 

common recommendations. Intubated patients generally require 

higher drug dosages to achieve a clinical effect. This likely stems from 

a combination of refractory airflow obstruction and challenges  

delivering an effective dose to the targeted receptors. Whether bron-

chodilators are administered by MDI or nebulizer, patient–ventilator 

synchrony helps to optimize delivery. MDIs require a spacing device 

on the inspiratory limb of the ventilator, and nebulizers should be 

administered close to the ventilator. Dropping the inspiratory flow 

rate during nebulization helps minimize turbulence, but this strategy 

may worsen DHI and should be time-limited. In-line humidifiers 

should be stopped during treatments.

At the same constant inspiratory flow and tidal volume, a fall in the 

peak-to-pause airway pressure gradient demonstrates decreased inspi-

ratory airway resistance, and declines in Pplat and auto-PEEP suggest 

lung deflation. These favorable changes in mechanics indicate a thera-

peutic bronchodilator response (Fig. 63.5). Lack of a measurable re-

sponse suggests that the patient is refractory to bronchodilators, that 

the delivery and/or dose of drug is suboptimal, or that there is another 

problem causing fixed airflow obstruction such as a kinked or plugged 

endotracheal tube.

Other Considerations
Rarely, the management strategies mentioned earlier fail to stabilize 

the patient. In these situations, general anesthetic bronchodilators may 

reduce peak pressures and Paco2, but these agents are associated with 

hypotension and arrhythmias and their benefits are short lived.38 He-

liox delivered through the ventilator circuit may also decrease peak 

pressure and Paco2, but its use requires significant institutional exper-

tise, planning, expense, and modest fraction of inspired oxygen (FiO2) 

requirement. Use of extracorporeal membrane oxygenation (ECMO) 

may be considered at experienced centers for patients with life-threat-

ening DHI, progressive barotrauma, or respiratory acidosis that wors-

ens despite optimal pharmacologic and ventilator management. In a 

review of registry data from the Extracorporeal Life Support Organiza-

tion, survival to hospital discharge for patients with asthma placed on 

ECMO was 83.5%, suggesting ECMO may be a lifesaving intervention 
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for carefully selected patients.39 The use of extracorporeal CO2 

removal (ECCO2-R)—a low-flow extracorporeal support system that 

requires smaller-bore vascular access than ECMO—has also been de-

scribed in case reports. Further research is needed to clarify the safety 

and efficacy of ECCO2-R in the setting of life-threatening asthma.40

Extubation
Extubation criteria have not been validated for patients with acute 

asthma. One approach is to perform a spontaneous breathing trial 

once Paco2 normalizes, DHI improves, airway resistance is ,20 cm 

H2O/L/sec, mental status is acceptable, oxygen requirements are mini-

mal, PEEP is #5 cm H2O, hemodynamics are stable, and secretions are 

not excessive. Patients with labile asthma may meet these criteria 

quickly after intubation; more commonly, 24–48 hours of mechanical 

ventilation are required. After extubation, observation in an ICU is 

recommended for an additional 12–24 hours.

POSTEXACERBATION MANAGEMENT

The importance of education, adherence to controller agents (e.g., cor-

ticosteroids and long-acting bronchodilators), environmental control 

measures, and close follow-up cannot be overstated. Patients who have 

experienced severe asthma exacerbations are at risk for subsequent at-

tacks and asthma-related death. In this regard, a tri-society task force 

report and GINA have provided recommendations for treatment and 

follow-up after discharge.41,42

KEY POINTS

• Inadequate outpatient control of asthma is associated with poor outcomes.

• Severe exacerbations are characterized by diaphoresis, upright positioning, 

inability to speak in long sentences, use of accessory muscles, a widened PP, 

and normocapnia or hypercapnia. Altered mental status, paradoxical breath-

ing, bradycardia, and a quiet chest indicate impending respiratory arrest.

• Acutely ill asthmatics respond variably to inhaled beta-agonists. Frequent 

(or continuous) administration of albuterol is required in refractory patients. 

Addition of ipratropium bromide to albuterol may confer additional benefit 

in patients with severe attacks.

• Systemic steroids are indicated for severe asthma exacerbations.

• Limited data support the use of NIV to decrease the inspiratory work of 

breathing in acute asthma.

• Postintubation hypotension suggests inadequate expiratory time, causing 

DHI and decreased cardiac preload. A trial of apnea or hypopnea is both 

diagnostic and therapeutic in this setting. Tension pneumothorax is an ad-

ditional important diagnostic consideration for postintubation hypotension.

• During mechanical ventilation, prolong the expiratory phase by setting low 

minute ventilation and an adequate inspiratory flow rate. Assess DHI by 

measuring plateau pressure; if necessary, accept moderate hypercapnia to 

decrease DHI.

• Avoid prolonged paralysis and sedation during mechanical ventilation.

• ECMO should be considered at high-volume centers for patients with life-

threatening DHI, progressive barotrauma, or refractory respiratory acidosis 

despite optimal pharmacologic and ventilator management. Further study is 

needed to clarify the role of extracorporeal CO2 removal (ECCO2-R) in the 

management of life-threatening asthma.

• Discharge planning should focus on asthma education and strategies to 

achieve and assess asthma control, optimizing controller medications, and 

ensuring timely follow-up to help prevent future exacerbations.

 References for this chapter can be found at expertconsult.com.
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the Expert Panel Report 3 by the National Institutes of Health to guide outpa-

tient management, appropriate patient education, use of controller agents, the 

need to arrange follow-up visits, and referral to an asthma specialist.

Tuxen DV, Lane S. The effects of ventilatory pattern on hyperinflation, airway 

pressures, and circulation in mechanical ventilation of patients with severe 

air-flow obstruction. Am Rev Respir Dis. 1987;136:872–879.

This classic study demonstrates the relationship between inspiratory flow rate 

and minute ventilation and lung volumes in a small number of mechanically 

ventilated patients with obstructive lung disease.
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US Department of Health and Human Services, National Institutes of Health, 

National Heart, Lung and Blood Institute, Expert Panel Report 3. Guide-

lines for the Diagnosis and Management of Asthma. http://www.nhlbi.nih.

gov/guidelines/asthma/asthgdln.pdf.

A comprehensive report covering evaluation and management of asthma. 

This report is divided into sections that cover definition, pathophysiology,  

diagnosis, assessment, education, environmental control, and management  

of acute exacerbations.

Williams TJ, Tuxen DV, Scheinkestel CD, et al. Risk factors for morbidity in 

mechanically ventilated patients with acute severe asthma. Am Rev Respir 

Dis. 1992;146:607–615.

This is another landmark study looking at the relationship between minute 

ventilation, dynamic lung hyperinflation, and outcomes. The article provides 

recommendations for initial ventilator settings.
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hospitalization is usual only in cases of severe and well-established 

disease. The currently favored definition, developed by the Global 

Initiative for Chronic Obstructive Lung Disease (GOLD), is:

Chronic obstructive pulmonary disease (COPD), a common pre-

ventable and treatable disease, is characterized by persistent respi-

ratory symptoms and airflow limitation that is due to airway and/

or alveolar abnormalities usually caused by significant exposure to 

noxious particles or gases and influenced by host factors including 

abnormal lung development. Significant comorbidities may have 

an impact on mortality and morbidity.9

The emphasis here is on incompletely reversible airflow obstruc-

tion that is persistent and often progressive. Comorbidities are very 

common in patients seen in the ICU and make patient management 

more difficult. Symptomatic exacerbations contribute significantly to 

morbidity at all stages of the natural history of COPD and are the 

usual reason for ICU admission.9,10 Symptoms and disability usually 

parallel these processes, although some individuals can apparently 

cope with a severe degree of airflow limitation without seeking medical 

help. Such patients tend to present to the emergency room when they 

develop a severe exacerbation of COPD. In this situation, it is wisest to 

offer ventilatory support until the patient has at least had a chance to 

improve with conventional medical therapy. More commonly encoun-

tered is a patient whose progressive illness is accompanied by repeated 

exacerbations, events that identify an accelerated decline in both lung 

function and health status.11,12 Such patients have often been hospital-

ized on previous episodes, and their response to treatment is usually 

clearly established. Once hospitalization has occurred, it is likely that 

subsequent exacerbations will lead to further hospital visits.13

The usual inhaled particles or gases that produce COPD are a com-

plex mixture of hydrocarbons and particulates derived from tobacco 

smoke. These are the principal causes of COPD in the United States 

and Western Europe,14 although other factors such as poor lung func-

tion during childhood and childhood respiratory illness, bronchial 

hyperresponsiveness, and low birth weight may also be important.15 

The associated inflammatory changes, which persist when smoking 

stops,16,17 are thought to explain the airway and parenchymal destruc-

tion and fibrosis within the lung.

The natural history of COPD explains why the number of patients 

presenting for ICU care has not diminished in the last three decades as 

might be expected, given the overall reduction in tobacco consump-

tion in Western countries. This is illustrated by the classic study of 

Fletcher and Peto, the results of which were confirmed by longitudinal 

data from the Framingham study.18,19 Although the rate of decline of 

lung function is reduced in individuals who stop smoking, the lung 

function already lost is never regained, and even if the rate of decline 

of lung function returns to normal, these patients are still more likely 

Chronic obstructive pulmonary disease (COPD), a major cause of 

death and disability worldwide, is one of the most common reasons for 

intensive care unit (ICU) admission. Several monographs review this 

complex disorder in some detail.1,2 The intensivist’s view of COPD is 

predominantly physiologic, focusing on the impact of disrupted func-

tion on the individual’s normal homeostatic mechanisms. Although 

many important insights that have shaped our understanding of 

COPD have come from ICU studies, other aspects of this disorder 

must be considered if a rational approach to COPD management is to 

be developed.

Access to ICU care for sick COPD patients remains relatively ineq-

uitable among different healthcare systems. In North America and 

parts of Western Europe, most patients are offered ICU care, but in 

other relatively developed healthcare systems, such as in the United 

Kingdom, this is not the case. Even physicians in the same healthcare 

system differ significantly in their selection of patients for ICU refer-

ral.3 These choices may be influenced by local resource availability, but 

they are also conditioned by the generally pessimistic view of the out-

come achievable with this treatment intervention. However, poor re-

sponse to treatment in the ICU is not universal, and extended periods 

of mechanical ventilation are not invariably required to successfully 

manage patients with COPD.4 Nevertheless, intensivists often take a 

particularly bleak view of the prognosis of COPD patients compared 

with others entering their units. In one prospective study, intensivists 

estimated the survival of the sickest COPD patients to be 10% at 180 

days post admission, when in fact it was 40%.5 In one survivor popula-

tion, 96% were happy to have received ventilator support after being 

mechanically ventilated, despite their continuing physical problems.6 

Survival appears to relate more to the severity of the acute illness, such 

as higher acute physiology scores, longer preceding hospital length of 

stay, level of consciousness, and cardiac dysrhythmia, rather than co-

morbidity factors such as age, forced expiratory volume in 1 second 

(FEV1), and functional capacity.7 Clearly, decisions about ventilator 

support should not be made in the emergency department without 

sufficient medical information or a proper discussion with the family; 

this was something that was seen in only a minority of cases in past 

England and Wales national audits of hospitalizations resulting  

from COPD.8 The widespread adoption of noninvasive ventilatory 

support has increased the number of physiologically decompensated 

patients offered appropriate treatment (see later for further details), 

although many patients are managed outside of the conventional  

ICU setting.

DEFINITION AND NATURAL HISTORY

Although the most appropriate definition of COPD has been de-

bated, it has less of an impact in the context of ICU care, where acute 
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to experience disability as they age. Thus in an aging population that 

contains many former smokers, a significant number will still develop 

complications of COPD that require ICU care. It is now recognized 

that many COPD patients experienced inadequate lung growth in 

early life for a variety of reasons, and this contributes to their chances 

of developing COPD in later life even though they have little or no 

history of tobacco exposure (Fig. 64.1).20 As noted already, comorbidi-

ties are common in COPD,21,22 and most patients with significant 

symptoms resulting from COPD have at least one, if not multiple, co-

morbid diseases, especially cardiovascular problems.23

PATHOLOGY

The pathologic features of COPD depend on the stage of the illness 

and the part of the lung examined.24 In patients likely to need ICU 

care, the central airways show mucous gland hypertrophy and goblet 

cell metaplasia, whereas more peripheral airways show variable combi-

nations of smooth muscle hypertrophy, peribronchial fibrosis, luminal 

occlusion by mucus, and enlarged lymphoid follicles. Alveoli are often, 

but not invariably, enlarged by the loss of alveolar walls, with an at-

tendant loss of support for the small noncartilaginous airways in this 

region of the lung. There is evidence of persistent inflammation, with 

neutrophils in the airway lumen and macrophages in the airway wall. 

CD81 T lymphocytes are more prominent in this response than in 

bronchial inflammation of an asthmatic type, although intermediate 

states appear to exist.25 Inflammatory cells are also present adjacent to 

breaks in the alveolar wall.26 Overall, as the clinical and spirometric 

severity of the disease increases, so do the numbers of each cell popula-

tion involved in the inflammatory process.27 In addition, extraluminal 

lymphoid follicles develop containing CD41 lymphocytes, possibly 

reflecting a response to repeated infective exacerbations.27 Recent work 

has linked elements of this host immune response to the lung micro-

biome assessed using DNA sequencing.28 It is now clear from ex vivo 

airway measurements29,30 and in vivo observations of the total airway 

count using CT scanning31 that there is a significant fall in the number 

of small airways early in the natural history of smoking-related COPD 

which precedes the development of emphysema in most cases. Thus 

irreversible lung damage is present when its functional impact is very 

limited in most COPD patients. Data obtained during exacerbations, 

though limited, support an increased role for neutrophils and, surpris-

ingly, eosinophils,32 which may explain why these events accelerate 

lung function decline.33 The utility of blood eosinophil count as a 

biomarker of exacerbation risk remains contentious,34 but that indica-

tor does seem to predict the ability of inhaled corticosteroids to pre-

vent COPD exacerbations.35 Current ideas about the pathogenesis of 

COPD and its relationship to function have been authoritatively re-

viewed by Agustí and Hogg.36

PHYSIOLOGY

The pathologic changes just described combine to produce the charac-

teristic diagnostic finding of reduced FEV1 at a given lung volume, 

which is usually assessed on a time base as an FEV1/forced vital capac-

ity (FVC) ratio of less than 0.7. Technically, this should be 70% of the 

age-adjusted normal value for this ratio, because lung elastic recoil 

declines with age, even in healthy individuals. However, data from 

large population-based studies suggest that the fixed ratio is generally 

a better predictor of future mortality and morbidity.

COPD affects all aspects of lung function, but its primary impact is 

a change in lung mechanics. This is traditionally analyzed in terms of 

the static (no flow) and dynamic (flow) properties of the respiratory 

system.37 Because chest wall mechanics are believed to be structurally, 

if not functionally, normal in COPD (they are seldom measured di-

rectly), changes in the pressure-volume characteristics of the respira-

tory system are determined by alterations in lung compliance, often 

attributed to the loss of elastic recoil caused by emphysema. How large 

a role this plays in changes in tissue compliance is not known. The 

resulting steeper slope, early-onset inspiratory plateau, and increase in 

end-expiratory lung volume are typical of the pressure-volume rela-

tionships observed in patients with COPD. Changes in end-expiratory 

lung volume and increases in residual volume change chest wall geom-

etry in favor of a lower, flatter diaphragm and a more horizontally 

oriented rib cage; these changes, in turn, impair the inspiratory mus-

cles’ ability to develop pressure and increase the overall work of 

Fig. 64.1 Potential Trajectories of Lung Function, Showing the Effect of Smoking Cessation on Each 

Cohort. Both abnormal lung development and aging contribute to lung function and determine lung function, 

which can lead to chronic obstructive pulmonary disease (COPD) in adulthood. This explains the group of 

never-smokers who develop COPD and why older ex-smokers can present to the intensive care unit with 

severe disease despite years of abstinence. (Reproduced from Agustí A, Hogg JC. Update on the pathogen-

esis of chronic obstructive pulmonary disease. N Engl J Med. 2019;381:1248–1256.)
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breathing.38 Expiratory muscle activation is common in severe 

COPD39,40 even at rest and provides a useful clinical marker of respira-

tory distress. The dynamics of the respiratory system are influenced by 

its static properties but also differ significantly between inspiration 

and expiration. Maximum inspiratory flow is affected by inspiratory 

resistance and by the inspiratory muscles’ ability to develop pressure 

(and thus indirectly by chest wall geometry). Maximum expiratory 

flow is influenced by expiratory pressure generation and, more impor-

tantly, by the onset of volume-related airflow limitation, best described 

by the maximum expiratory flow-volume loop. As lung volume falls 

during expiration, airways close or become flow limited; hence, the 

flow at a specific lung volume is reduced. Although an assessment of 

flow (FEV1) relative to total volume change during expiration (FVC) is 

useful in defining COPD, an assessment of tidal flow limitation is more 

helpful in determining the degree of dyspnea experienced by the pa-

tient.41 More attention is now being paid to the determination of expi-

ratory flow limitation under tidal conditions. In the past, detection was 

difficult, involving invasive measurements or reliance on body plethys-

mography, which tended to overestimate the incidence of tidal expira-

tory flow limitation. The development of the negative expiratory pres-

sure test and, more recently, within-breath variation in respiratory 

system reactance has changed this.42 The within-breath method as-

sesses more breaths, is less prone to observer error, and can be auto-

mated in the future for ICU application.43 Abolishing tidal flow limita-

tion detected in this way can be used to minimize intrinsic positive 

end-expiratory pressure (PEEP) in spontaneously breathing COPD 

patients.44

In general, the lower the FEV1, the greater the likelihood that expi-

ratory flow limitation is present. However, some COPD patients are 

not flow limited on every breath and regulate their end-expiratory 

lung volume to try to minimize this. When respiratory drive rises (e.g., 

during exercise), during disease exacerbations, or when minute venti-

lation has to increase to maintain gas exchange during ventilator wean-

ing, this resting variation in expiratory lung volume is likely to de-

crease. If expiratory flow and hence tidal volume are to increase, 

end-expiratory lung volume must rise; this further increases the work 

of breathing and the sensation of respiratory distress. This process, 

described as dynamic hyperinflation, has been clearly demonstrated 

during exercise and can be lessened by bronchodilator treatment, 

which aids lung emptying.45

In the ICU, patients have a high respiratory drive during weaning 

and adopt a rapid, shallow breathing pattern. Total respiratory muscle 

work increases, in part because of the increased operating lung vol-

umes, but also because of the presence of intrinsic positive end-expi-

ratory pressure (PEEPi), also termed auto-PEEP. This represents the 

pressure that must be developed to overcome residual expiratory driv-

ing pressure before inspiratory flow can begin.46 Thus the overall im-

pairment of mechanical function in COPD is substantial, and both 

static and dynamic properties interact—a concept best captured by the 

time constant of the respiratory system, which is the product of the 

total respiratory system resistance and compliance. This parameter is 

greatly lengthened in COPD and helps explain why lung emptying is 

delayed and dynamic hyperinflation occurs. There is substantial evi-

dence of regional inhomogeneity in more severe COPD. Differences in 

the regional time constants explain why COPD patients are prone to 

barotrauma during mechanical ventilation, despite seemingly accept-

able peak inspiratory pressures, and why gas exchange can be quite 

disordered in this population.

Gas Exchange
Arterial hypoxemia is common in COPD but becomes clinically sig-

nificant in stable patients only when the partial pressure of oxygen in 

arterial blood (PaO2) falls below 60 mm Hg, a problem largely con-

fined to patients with an FEV1 below 35% of their predicted value. 

Hypoxemia in COPD is predominantly the result of ventilation-perfu-

sion mismatching, often worsens during exercise, and is readily cor-

rected by a small increase in the inspired oxygen concentration, unless 

the situation is made worse by secretion retention or severe pneumo-

nia or pulmonary edema.47 Arterial hypercapnia is seen in some, but 

not all, hypoxemic patients who are clinically stable, but it is more 

frequent, at least temporarily, in hospitalized individuals.48 A combina-

tion of ventilation-perfusion mismatching caused by an increase in 

physiologic dead space and a degree of effective alveolar hypoventila-

tion explains this phenomenon. Acute rises in the partial pressure of 

arterial carbon dioxide (PaCO2) precipitate respiratory acidosis, a 

more reliable guide to prognosis and the need for ventilation than the 

PaCO2 itself.49,50

Control of Breathing
Despite years of study, there is no conclusive evidence that ventilatory 

control is abnormal in COPD patients. However, the response to sus-

tained mechanical loading appears to be variable in healthy subjects51 

and may explain why some individuals with COPD adopt the breath-

ing patterns they do. Traditional techniques of studying respiratory 

control, which involve stimulation with exogenous CO2 or nitrogen, 

suggested that respiratory drive was reduced. However, studies using 

mouth occlusion pressure techniques or recording the electrical activa-

tion of inspiratory muscles suggest that respiratory drive is generally 

high, even in those COPD patients who tolerate relatively high levels 

of CO2.
52–54 Studies of breathing patterns have been more instructive. 

In general, the lower the tidal volume, the higher the PaCO2.
55 This is 

because the ratio of the relatively fixed anatomic dead space volume to 

tidal volume increases as the latter is reduced. Small tidal volumes are 

accompanied by an increased respiratory frequency to maintain the 

somewhat higher-than-normal level of minute ventilation. The result-

ing shortening of inspiratory time is also associated with hypercap-

nia.55 The system appears to be regulated to minimize peak inspiratory 

pressure generation, even at the cost of impaired gas exchange. There 

are theoretical reasons for believing that this is both energy efficient 

and likely to minimize the occurrence of inspiratory muscle fatigue.56 

This also explains the usefulness of rapid, shallow breathing as an 

index of failure of ventilator weaning when neuromechanical coupling 

in the respiratory system is under stress.57

Pulmonary Circulation
In the past, considerable attention was paid to the determination of 

pulmonary artery pressure in COPD patients, but this is now thought 

to be less important. Undoubtedly, pulmonary artery pressure in-

creases58 in hypoxemic COPD patients, reflecting a combination of 

hypoxic vasoconstriction and pulmonary vascular remodeling. How 

important this is in the daily limitation of exercise reported by these 

patients is not clear, but it is known that treatment with domiciliary 

oxygen retards disease progression59 and may even reduce pulmonary 

artery pressure. More specific attempts at therapy, including treatment 

with vasodilators, phosphodiesterase enzyme type V (PDEV) inhibi-

tors, and nitric oxide—studied inside and outside the ICU—have been 

unsuccessful, usually resulting in unacceptable worsening of ventila-

tion-perfusion mismatching.60 Further investigation and treatment are 

reserved for the small number of patients (,5%) who have severe 

pulmonary hypertension that is disproportionate to their COPD se-

verity.61 Assessment of pulmonary hypertension is not part of a rou-

tine evaluation in COPD patients, but its occurrence is important to 

note when interpreting changes in central venous pressure in instru-

mented patients.
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SYSTEMIC EFFECTS

There is good evidence that systemic (extrapulmonary) factors are 

important in COPD. Patients with a reduced body mass index die 

sooner than better-nourished individuals with a similar degree of pul-

monary function impairment, and those who can gain weight fare 

better.62 There are data to show that peripheral muscle function is 

impaired,63 fiber type is altered,64 and exercise is associated with in-

creased oxidative stress.65 The earlier concept of a specific COPD my-

opathy has now largely been abandoned, as the major burden falls on 

the lower limb muscles, with preserved function in the upper limb 

muscle groups. This likely reflects inactivity, which is worse in those 

with exacerbated COPD.66 Weakness of the quadriceps muscle is an 

independent guide to a poor prognosis,67 and its occurrence appears to 

be independent of the presence of cardiovascular problems.68 In con-

trast, although the wealth of circulating biomarkers in COPD appear 

to relate to mortality, their measurement has contributed little to prac-

tical management so far.69

EXACERBATIONS

An exacerbation of COPD is currently defined as sustained worsening 

of the patient’s condition from the stable state (beyond normal day-to-

day variation) that is both acute in onset and necessitates a change in 

regular medication.9 The key feature is the sustained change from usual 

daily symptoms. The operational requirement for a change in treatment 

is more arbitrary but is almost always present in patients referred for 

ICU care. Disease exacerbation is the principal cause of ICU admission 

with COPD, and patients commonly have or are at risk of developing 

significant respiratory failure, defined as a PaO2 below 60 mm Hg with 

or without an increase in PaCO2.
70 The most common causes of exac-

erbation are listed in Table 64.1. Viral and bacterial infections are both 

relevant,64 with rhinoviruses commonly reported in most series; Hae-

mophilus influenzae and Streptococcus pneumoniae are the principal 

bacterial pathogens.71,72 Some patients, particularly those with a regular 

cough and green sputum production, develop persistent lower respira-

tory tract colonization, making the interpretation of qualitative micro-

biology difficult.73 Studies of the changing microbiome during acute 

exacerbations have shown significant reductions in species diversity 

and increases in the relative importance of Haemophilus and Moraxella 

species.74

Not all exacerbations of COPD have an infectious precipitant, and 

changes in the degree of atmospheric pollution can precipitate events 

in some patients.75 The frequency of exacerbation rises as spirometric 

impairment worsens,76 and although a history of a previous exacerba-

tion can define subsets of patients more likely to exacerbate subse-

quently, the short-term predictive power of the exacerbation history is 

modest at best.77

The physiologic consequences of increased airflow obstruction 

secondary to increased inflammation within the bronchial tree are 

summarized in Fig. 64.2. Whatever the precipitant, the key event ap-

pears to be a change in lung mechanics. Previously, attention focused 

on alterations in respiratory system resistance, but more recent data 

emphasize that airway narrowing and closure may be more important, 

particularly by producing changes in operating lung volumes (see ear-

lier discussion). Observations in patients recovering from hospitalized 

exacerbations have shown progressive improvements in respiratory 

system reactance (a measure of inspiratory resistance and flow limita-

tion) together with reductions in end-expiratory lung volume that are 

most evident in patients reporting less dyspnea.78

Pneumonia is an important reason for hospitalization in COPD, is 

more frequently seen in these patients than in others, and is associated 

with worse outcomes.79 Pneumonia is diagnosed more frequently in 

patients taking the inhaled corticosteroid fluticasone propionate,80 es-

pecially older patients with worse airflow obstruction.81 These pneu-

monias are not necessarily associated with poor outcome in terms of 

mortality or health status80 and are not seen with all types of inhaled 

corticosteroids.82,83 At present the benefit of inhaled corticosteroid 

treatment, especially combined with a long-acting inhaled bronchodi-

lator, outweighs the apparent risk of increased pneumonia events.84

NEW INFECTION

Bacterial (Haemophilus influenzae, Streptococcus pneumoniae, Moraxella 

catarrhalis)

Change in an existing strain (e.g., H. influenzae)

Viral (influenza, rhinovirus, respiratory syncytial virus)

ATMOSPHERIC POLLUTION

Sulfur dioxide, oxides of nitrogen

TEMPERATURE CHANGE

Often related to pollution episodes

INTERCURRENT ILLNESS*

Pneumonia, pulmonary embolus, pneumothorax

POSTOPERATIVE

Especially after upper abdominal surgery

TABLE 64.1 Causes of Chronic Obstructive 
Pulmonary Disease Exacerbation

*Clinical presentation is dominated by the primary illness, but respira-

tory failure can occur.

Fig. 64.2 Schematic of Principal Physiologic Changes that Accom-

pany an Exacerbation of Chronic Obstructive Pulmonary Disease. 

Note that deterioration in one area tends to produce worsening in other 

areas and leads to a downward spiral in functional abnormality. PEEPi, 

Intrinsic positive end-expiratory pressure; V/Q, ventilation-perfusion.

Environmental stimulus
(bacteria, virus, pollution, temperature)

Airway narrowing

Smooth muscle contraction

Rapid shallow 
breathing

Worse V/Q
mismatch

Reduced 
expiratory flow

Hyperinflation 
and PEEPi

More respiratory 
muscle work

Hypoxia with
or without

hypercapnia

Dyspnea

Cough

Secretions Edema
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INTENSIVE CARE UNIT REFERRAL

The need for ventilatory support is the primary reason for ICU referral 

of COPD patients. The various indications for mechanical ventilation 

(Table 64.2) vary in frequency from institution to institution. Before 

referring a patient for ICU care, and especially for any form of ventila-

tory support, it is important to determine what degree of intervention 

is appropriate.

PRINCIPLES OF TREATMENT

Four general principles guide the management of COPD patients pre-

senting acutely to the ICU, and each should contribute to shortening 

the duration of illness and stabilizing the patient physiologically until 

either the natural course of the disease or the effects of therapy lead to 

its resolution.

Treat Precipitating Factors
Bacterial infection is the most common reason for ICU admission of 

COPD patients. There is now good evidence that antibiotics shorten 

the symptomatic period, even when patients are treated with cortico-

steroids.85 If given early, antibiotics are associated with lower mortality, 

fewer episodes of intubation, and shorter hospital stays.86 Radio-

graphic evidence of pneumonia likely requires a broadening of the 

antibiotic spectrum, but whether the infection is confined to the air-

ways or involves the alveoli, antibiotic therapy should follow locally 

established guidelines designed to minimize the development of resis-

tance within the ICU and to address known patterns of drug resistance 

in the community and the hospital. Broad-spectrum penicillins or, 

more commonly, cephalosporins are usually recommended, often with 

an intravenous macrolide. Colonization with methicillin-resistant 

Staphylococcus aureus is a frequent problem and requires particular 

vigilance in the selection of antibiotics. Likewise, excessive use of 

broad-spectrum agents can produce superinfection, such as Clostrid-

ium difficile diarrhea.

The 2009–2010 H1N1 influenza A pandemic made the role of 

antiviral drugs clearer, and a meta-analysis showed that the early use 

of neuraminidase inhibitors (within 48 hours) was associated with a 

lower mortality, though this was not specific for acutely ill COPD 

patients.87 In fact, during that pandemic the infection was not a par-

ticular problem for COPD patients, possibly reflecting prior partial 

immunity,88 but if this virus is diagnosed, the use of antivirals such as 

oseltamivir is prudent. Similar considerations apply to other viral 

pneumonias. Whether the new outbreak of coronavirus infection will 

behave in a similar way is unclear at present.89

Reduce Lung Volume and Increase Expiratory Flow
Agents that improve lung emptying, commonly by increasing airway 

caliber or preventing airway closure, interfere with the vicious circle of 

pulmonary hyperinflation. This has been demonstrated in stable pa-

tients using exercise as a model of hyperinflation,45 but the data in 

spontaneously breathing COPD patients during exacerbations are 

much less satisfactory. Nonetheless, treatment with regular but high 

doses of short-acting nebulized beta-agonists such as albuterol or ipra-

tropium (2.5–5 mg or 250–500 mg, respectively) is usually recom-

mended. There is no clear evidence that one drug is better than the 

other,90 and combination therapy is commonly used. Intravenous the-

ophylline, or one of its derivatives, is often added to these regimens but 

is no more effective than a placebo infusion.91,92

Reduce Pulmonary Inflammation
Several randomized controlled trials have shown that oral corticoste-

roids shorten the duration of hospitalization and accelerate improve-

ment of post-bronchodilator FEV1 during an exacerbation of 

COPD.93,94 Patients randomized to treatment with oral corticosteroids 

were less likely to relapse during the subsequent month and showed a 

number of other benefits, although these did not always reach statisti-

cal significance.95 There is little detriment from giving a short (5-day) 

course of oral corticosteroids rather than a long (14-day) course. Ste-

roid dose is dramatically reduced,96,97 and inhaled corticosteroids do 

not need to be given if systemic therapy is used. In the ICU, corticoste-

roid treatment is often given to patients on mechanical ventilation. 

Two studies have given conflicting results. One study using 10 days of 

tapering-dose methylprednisolone reported a shorter period of venti-

lation and reduced noninvasive ventilation (NIV) failure,98,99 whereas 

a larger study that used up to 10 days of higher-dose prednisolone 

showed no benefit but higher rates of hyperglycemia.100 A retrospective 

review of the dose of systemic corticosteroids used within the first 48 

hours of admission to an intensive therapy unit (ITU) showed better 

lower ITU and hospital length of stay, shorter period of ventilation, 

less use of insulin, and fewer fungal infections in COPD patients given 

less than 240 mg methylprednisolone per day.101 Caution should be 

exercised because, in addition to the already noted effects, these indi-

viduals are often at risk for relatively acute-onset corticosteroid my-

opathy.102 In the absence of a large randomized controlled trial and 

recognizing that 94% of patients in the retrospective review were pre-

scribed systemic corticosteroids, it appears appropriate to use lower 

doses for shorter periods. It is possible that better targeting of specific 

endotypes of patients may be effective. A post hoc analysis of systemic 

corticosteroids used acutely for nonventilated COPD exacerbations 

found the rate of relapse was lower in patients with higher blood eo-

sinophil counts.103

Manage Gas Exchange
It is relatively easy to improve oxygenation in an uncomplicated exac-

erbation of COPD.104 Raising the inspired oxygen concentration to 

28%–35% is usually sufficient to achieve a PaO2 greater than 90 mm 

Hg. However, this can be accompanied by an undesirable increase in 

PaCO2, with its accompanying respiratory acidosis. Such an increase in 

PaCO2 impairs respiratory muscle function, at least during loaded 

breathing,105 and often precedes more serious clinical deterioration, 

including impairment of consciousness. The reasons for this effect 

have been debated for many years, with some advocating a reduction 

in respiratory drive from the carotid chemoreceptors, and others citing 

Severe dyspnea, with use of accessory muscles and paradoxical abdominal 

motion

Respiratory frequency .35 breaths/min

Life-threatening hypoxemia (PaO2 ,40 mm Hg or PaO2/FiO2 ,200 mm Hg)

Severe acidosis (pH ,7.25) and hypercapnia (PaCO2 .60 mm Hg)

Respiratory arrest

Somnolence, impaired mental status

Cardiovascular complications (hypotension, shock, heart failure)

Other complications: metabolic abnormalities, sepsis, pneumonia, pulmonary 

embolism, barotrauma, massive pleural effusion

Noninvasive positive-pressure ventilation failure (or exclusion criteria)

TABLE 64.2 Indications for Invasive 
Mechanical Ventilation

FiO2, Fraction of inspired oxygen; PaCO2, partial pressure of carbon 

dioxide in arterial blood; PaO2, partial pressure of oxygen in arterial 

blood.
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a worsening ventilation-perfusion match as the cause.104 Each view has 

evidence to support it, but the actual cause is likely a combination of 

both problems, with ventilation-perfusion mismatching being particu-

larly important in severely ill patients, and hypoventilation playing a 

larger role in those not yet sick enough to require intubation.106

Although the phenomenon of oxygen-induced hypercapnia has 

been recognized for decades, it remains a real problem. In one large 

center in the United Kingdom, 34% of individuals showed evidence of 

oxygen-induced hypercapnia.50 The use of high-flow oxygen in the 

emergency room is widespread, as is the false sense of security pro-

vided by a high oxygen saturation. Many intensivists have legitimate 

concerns about the failure to adequately oxygenate COPD patients 

who have a compromised circulation, along with the attendant risk of 

unanticipated mortality. However, there is growing evidence that 

clinical outcomes are worse in the ICU when an oxygen saturation of 

96% is exceeded. Patients whose problems are predominantly the re-

sult of COPD and who have a normal hemoglobin and preserved car-

diac output can maintain adequate tissue oxygen delivery with an oxy-

gen saturation as low as 85%, and they will do quite well if an arterial 

oxygen saturation (SaO2) of 90%–93% is maintained. The modest in-

crease in inspired oxygen needed to achieve this (often 24%–28%) is 

accompanied by less hypercapnia and may help avoid the need for 

ventilatory support. However, if cardiac output is impaired (reduced 

blood pressure, poor peripheral circulation) or tissue metabolic de-

mands are increased (e.g., in sepsis secondary to pneumonia), a higher 

SaO2 may be required to ensure sufficient oxygen delivery; in this case, 

the consequences of any resultant hypercapnia, including the need for 

ventilatory support, must be accepted. Oxygen delivery by high-flow 

nasal cannula provides a new approach that may be helpful in COPD 

management.107 As yet, direct comparisons of this approach with ei-

ther conventional oxygen therapy or NIV as a primary treatment in 

decompensated COPD patients are lacking.

NONINVASIVE VENTILATION

This topic is reviewed in detail in Chapter 55, but some key issues 

relevant to COPD are worth emphasizing. Much of the data support-

ing the use of NIV were obtained in patients with hypercapnic  

respiratory failure resulting from COPD exacerbations, and several 

excellent reviews have analyzed these data.108–111 It is no surprise to see 

that the widespread use of NIV has led to a substantial increase in the 

number of COPD patients with decompensated respiratory failure 

being offered treatment without any increase in the treatment-related 

mortality.112

NIV offers potential benefit in COPD. Intuitively, it seems reason-

able to expect that it would increase tidal volume, improve CO2 elimi-

nation, and hence reduce respiratory drive. Studies of gas exchange 

using a multiple inert gas elimination methodology confirmed that 

CO2 elimination is increased, but overall ventilation-perfusion mis-

match is not changed during NIV.113 A more important effect is the 

unloading of the respiratory muscles, which often approach fatigue 

conditions in severe episodes of respiratory failure. By assuming some 

of the additional workload required to overcome PEEPi, NIV directly 

reduces the drive to breathe, and the respiratory rate falls, a good prog-

nostic feature for NIV success.114 Data from randomized controlled 

trials suggest that there is a mean fall of 3.1 breaths per minute (95% 

confidence interval 4.3–1.9) with the institution of NIV in COPD pa-

tients.115 This allows more effective emptying of the lungs and less 

dynamic hyperinflation. The resulting improvement in the intensity of 

breathlessness is usually a much earlier sign of successful NIV treat-

ment in COPD than are changes in blood gas tensions, which often lag 

behind evidence of clinical improvement.

Evidence-based reviews provide a reasonable series of recommen-

dations based on the relative effectiveness of NIV. Key points, includ-

ing the number of patients needed to be treated to prevent one sig-

nificant event or complication, are shown in Table 64.3.108 NIV is 

associated with less treatment failure, lower mortality, fewer complica-

tions, and a lower intubation rate compared with conventional medi-

cal treatment. NIV reduces ICU or hospital stay by approximately 3 

days and favorably influences gas exchange. With NIV, pH increases by 

a mean value of 0.03 units (0.02–0.04), PaCO2 falls by 3 mm Hg 

(5.9–0.23 mm Hg), and PaO2 rises by 2 mm Hg (22 to 16 mm Hg). 

The lower rate of nosocomial pneumonia associated with NIV is a 

particular advantage. No benefit was seen from the use of a helium-

oxygen mixture with NIV compared with oxygen alone.116

Treatment failure, which occurs in 10%–15% of cases in many US 

hospitals,117,118 reflects an inability to adapt to NIV or progression of 

the underlying disease. Data suggest that patients likely to subse-

quently fail with NIV can be prospectively identified by a high blood 

sugar on admission (irrespective of having diabetes), a raised respira-

tory rate, or a high APACHE 2 score. All these variables are relatively 

effective predictors of risk, but combining them increases their dis-

criminant power.114 Another study confirmed the importance of acute 

physiology (APACHE 2 score) but also highlighted higher failure rate 

and mortality risk if the individual had cancer.117 In addition to its role 

in the acute phase of respiratory failure, NIV can be valuable as a 

“bridge” in helping patients wean from intubated positive-pressure 

ventilation. In an important multicenter prospective trial, Nava and 

colleagues randomized people who had failed a T-piece weaning trial 

to either NIV or further mechanical ventilation.119 NIV was associated 

with fewer days of ventilatory support (10.2 versus 16.6, respectively), 

shorter ICU stay (15.1 versus 24 days, respectively), less nosocomial 

pneumonia, and better 60-day survival (92% versus 72%, respectively). 

These results were achieved in a unit with experience in NIV. The ge-

neric use of weaning by NIV has proven less successful, particularly if 

patients have significant cardiac disease or established acute respira-

tory distress syndrome (ARDS).120 However, further data from Spain 

have confirmed the value of this approach in hypercapnic patients 

limited primarily by COPD.121,122 In a Cochrane review, outcomes were 

superior in all areas when early extubation followed by NIV was com-

pared with continued mechanical ventilation. It is still unclear whether 

high-flow nasal oxygen is helpful in this setting. In a large randomized 

study in which 20% of patients had COPD, high-flow nasal therapy 

was equivalent to both NIV and conventional therapy as an aid to 

weaning from mechanical ventilation.123

MECHANICAL VENTILATION

Mechanical ventilation should be considered when NIV is not appro-

priate or has failed. Patients with a pH below 7.25 are more likely to 

Outcome

Number of  

Patients Studied

Relative Risk  

(95% Confidence 

Interval) NNT

Treatment failure 529 0.51 (0.38–0.67) 5

Death 523 0.41 (0.26–0.64) 8

Intubation 546 0.42 (0.31–0.59) 5

Complications 143 0.32 (0.18–0.56) 3

TABLE 64.3 Efficacy of Noninvasive 
Ventilation Compared With Usual Care

NNT, Number needed to treat—the number of patients who must be 

treated to prevent this outcome in one individual.

  

 



499CHAPTER 64 Chronic Obstructive Pulmonary Disease

require this intervention, although in current practice most physicians 

first offer a trial of NIV unless the patient is hemodynamically unstable 

or the treatment is contraindicated. Persistent significant hypoxemia 

despite treatment with NIV, hypotension, and impaired mental state 

are all predictors of imminent respiratory arrest and the need for intu-

bation and institution of mechanical ventilation.

Ventilation Strategies
A wide range of ventilation strategies have been advocated for use in 

COPD, each with its own proponents; none has shown a clear advan-

tage over its competitors, however. Familiarity with the equipment 

used in the context of COPD is probably more important than the 

relatively minor differences between ventilator modes. The most com-

monly used approaches, together with their proposed advantages, are 

summarized in Table 64.4.

Assisted Ventilation and Weaning
As acidosis resolves and oxygen requirements fall, it is possible to reduce 

the degree of sedation and allow the patient to make some contribution 

to ventilation before weaning. Several modes of ventilatory support are 

available in these circumstances, and again, there is no specific advan-

tage of one over another.124,125 There is an impression, however, that 

reliance on spontaneous intermittent mandatory ventilation prolongs 

subsequent weaning. Although not universally accepted, there are good 

data supporting the use of spontaneous breathing trials in clinically 

stable COPD patients to determine when they are ready to wean.126–128 

The ability to sustain ventilation in the absence of increasing CO2, 

worsening acidosis, or clinical distress (reflected by an increase in blood 

pressure, heart rate, or restlessness) is generally agreed to be a predictor 

of future weaning success. Although COPD patients are less likely to 

achieve these goals as early as other ICU patients, the reintubation rate 

in those who do meet these criteria is low.126,127 Unfortunately, breath-

ing through a ventilator circuit delivering continuous positive airway 

pressure (CPAP) may be associated with significant increases in inspira-

tory resistance arising largely from the endotracheal tube,128 and it is 

sensible to use pressure support to offset some of this additional respi-

ratory work. Evidence in favor of using pressure support instead of 

unassisted weaning (e.g., via T-piece) continues to accumulate.129 For 

those patients who need more prolonged support, postextubation NIV 

is particularly helpful.

A variety of predictors of weaning success have been developed to 

try to identify when successful weaning will occur. Unfortunately, none 

has proved entirely reliable, and relatively few have been assessed pro-

spectively. An empirical approach based on the criteria listed in  

Table 64.5 is widely used. An aggressive policy toward weaning is justi-

fied in COPD patients because failure to wean is invariably associated 

with a worse prognosis and prolonged ventilation.

NONVENTILATORY ISSUES

Therapy employed in spontaneously breathing patients is still required 

in those undergoing mechanical ventilation. High-dose nebulized 

bronchodilators are commonly used, singly and in combination,130,131 

and it is important to pay attention to the details of drug delivery. If a 

metered-dose inhaler is used instead, it should always be given with 

some form of spacer device. Parenteral corticosteroids are commonly 

administered. This is not without hazard, particularly because of the 

real risk of myopathy, as reviewed earlier in this chapter.

Clearance of secretions is important in ventilated patients, and it is 

essential that the patient’s hydration state be maintained to facilitate 

mobilization. Whether specific mucolytic drugs such as N-acetylcyste-

ine are helpful is unclear, and no high-quality scientific studies are 

available to definitively support or reject their use. As with all ICU 

patients, the psychological impact of the illness and its treatment is 

considerable, and sensitive support during the recovery phase is 

needed. As noted, hospitalization with COPD is an important inflec-

tion point in the trajectory of this illness. Patience is required, as func-

tional recovery is often slower than is appreciated by the physician or 

hoped for by the patient.

PROGNOSIS

The prognosis after an exacerbation of COPD is better than the 

gloomy outlook proposed by some physicians. Nonetheless, patients 

who experience exacerbations appear to have a more severe clinical 

course than those who do not, and they report a worse overall quality 

of life.132 The associated mortality risk subsequent to ICU admission is 

significant. In one North American series, 7.4% of patients treated 

with NIV died, as did 16.1% of those treated with mechanical ventila-

tion.118 However, some groups do worse, and individuals with COPD 

treated with long-term oxygen therapy who failed NIV and received 

mechanical ventilation had 23% in-hospital mortality and 45% 1-year 

mortality. Twenty-seven percent were discharged to nursing care.133 

Patients with a low FEV1, significant comorbidity, and a particularly 

poor performance status at home have the worst outlook.134 These fac-

tors should be considered when decisions about the requirement for 

Mode Method Comment

Assist-control Preset tidal volume,  

patient triggered with 

backup rate

Patient still performs sub-

stantial work of breathing; 

dynamic hyperinflation 

worsens this

Spontaneous  

intermittent 

mandatory 

ventilation

Preset number of 

breaths of a preset 

volume—patient does 

the rest

Patient still makes an effort 

during part of machine 

breath—involves more 

patient work, especially at 

low respiratory rates

Pressure support 

ventilation

Pressure set to augment 

each inspiration—

tidal volume depends 

on patient effort,  

pulmonary mechanics, 

and pressure applied

Basis of noninvasive venti-

lation therapy; pressure  

titrated to a respiratory 

rate below 27 breaths/

min; asynchrony with  

machine breaths a prob-

lem at high pressures

Proportional  

assist  

ventilation

Flow and volume gener-

ated proportional to 

patient effort

Experimental technique;  

requires accurate mea-

surement of elastance 

and resistance 1 an 

intact drive to breathe; 

proven effective in COPD 

patients

TABLE 64.4 Modes of Ventilation

Increasing hypercapnia or worsening hypoxemia (,55 mm Hg)

pH ,7.32

Increased respiratory rate .35 breaths/min

Increase in heart rate or blood pressure by 20% of baseline

Agitation, sweating, or impaired consciousness

TABLE 64.5 Criteria for Weaning Failure
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ventilatory support are made. However, as noted already, the physi-

cian’s view of the very sick COPD patient can be unduly pessimistic. 

Exacerbations leave patients relatively immobile.56 The initial encour-

aging data concerning potential benefits from early rehabilitation have 

not been confirmed in a large randomized controlled trial of patients 

hospitalized because of an acute COPD exacerbation but not venti-

lated. The intervention was robust and included aerobic and resistance 

training, neuromuscular electrical stimulation, a written self-manage-

ment plan, and education; however, no reduction in readmission was 

seen in the following year.135 As result the European Respiratory Soci-

ety/American Thoracic Society (ERS/ATS) guidelines for the manage-

ment of COPD exacerbations made a conditional recommendation 

against the early use of pulmonary rehabilitation postexacerbation.111

Changes in clinical practice continue to improve the outlook for 

COPD patients. Better prevention, earlier diagnosis, and more specific 

evidence-based therapy contribute to this.136 The impact of NIV on 

acute care has been enormous, as has closer adherence to evidence-

based recommendations across the field of intensive care,137 something 

about which both practitioners and their patients can feel proud. De-

spite the increasing age and complexity of the patients with COPD 

admitted to the ICU, their prognosis and future prospects continue to 

improve.
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This is a small study of 10 subjects with COPD who had previously suffered 

hypercapnic respiratory failure and were treated with bilevel noninvasive 

ventilation. When stable, the subjects received bilevel ventilation, and forced 

oscillation measurements were made to detect flow-limited breaths and 

thresholds for detection of flow limitation established based on expiratory 

reactance. It is hoped this technique may be useful in ventilator-dependent 

patients to tailor the level of PEEP, though this requires larger studies in 

patients who are ventilated acutely.

KEY POINTS

• The prognosis of patients with COPD admitted to the ICU is better than 

commonly believed.

• The burden of symptomatic COPD is likely to rise for several decades more, 

despite effective smoking cessation programs in many countries.

• Small changes in forced expiratory flow are associated with significant im-

pairment in lung mechanics, particularly airway closure and dynamic hyper-

inflation, and worse gas exchange.

• Common upper respiratory tract pathogens and respiratory viruses precipi-

tate most exacerbations of COPD. Treatment aimed at these agents is use-

ful, but it is not as important as improving lung emptying and maintaining 

gas exchange until the acute insult resolves.

• Oral and intravenous corticosteroids shorten the duration of an exacerba-

tion and reduce the risk of relapse. However, high-dose treatment beyond 2 

weeks provides no advantage and actually poses a risk, especially in venti-

lated patients.

• Maintaining oxygenation is relatively easy, but there are risks of carbon 

dioxide retention and acidosis if high-flow oxygen is administered. Keeping 

oxygen saturation between 91% and 93% ensures adequate tissue oxygen 

delivery if the cardiac output is stable.

• Respiratory acidosis is a poor prognostic marker in COPD exacerbations and 

a strong indicator of the need for assisted ventilation.

• Unless contraindicated, NIV is the safest and most effective way of manag-

ing acute respiratory failure. More acidotic patients should be managed in 

an ICU with the option of endotracheal intubation and mechanical ventila-

tion if NIV fails.

• COPD patients meet conventional weaning criteria less frequently than 

other ICU patients do, but they are more likely to wean successfully when 

they do meet the criteria.

• Seriously ill COPD patients should be encouraged to make advance direc-

tives, particularly after an ICU admission involving any form of ventilatory 

support.

 References for this chapter can be found at expertconsult.com.
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INTRODUCTION

Venous thromboembolism (VTE) encompasses the continuum of 
disease that includes deep venous thrombosis (DVT; also sometimes 
referred to as deep vein thrombosis) and pulmonary embolism (PE). 
The prototypical VTE event occurs when a blood clot forms in the 
deep veins of the legs, detaches, and then embolizes through the vas-
culature and heart to lodge in the pulmonary arteries, where it is  
referred to as a PE. The presentation of VTE varies widely, based on the 
size of the clot and the pathophysiology of the individual. Manifesta-
tions range from an incidentally diagnosed PE in an otherwise asymp-
tomatic patient to hemodynamic collapse and sudden death. The diag-
nosis and management of VTE in the intensive care unit (ICU) present 
diagnostic and therapeutic challenges that differ from the routine 
management of VTE in the emergency department or outpatient set-
ting. Overall, the mainstay of treatment for VTE is pharmacologic 
anticoagulation. For more high-risk VTE, thrombolytic therapy (sys-
temic or catheter-directed) or thromboembolectomy (open-surgical 
or percutaneous) may be indicated. Adjuvant therapies for the man-
agement of VTE may include placement of an inferior vena cava (IVC) 
filter or extracorporeal life support (ECLS).

EPIDEMIOLOGY

In North America, the incidence has been estimated at 38–112 cases 
per 100,000, with an estimated global disease burden of approximately 
10 million cases per year.1–3 VTE has a slightly higher incidence in 
males and increases with the age of the patient.4–6

Although the diagnosis of VTE has been increasing over time, pri-
marily because of the use of more sensitive imaging techniques,7 it may 
be underdiagnosed in subsets of hospitalized patients. Surveillance 
studies have found undiagnosed PEs in 24% of trauma patients8 and 
18.7% of patients undergoing mechanical ventilation unrelated to PE.9 
Between 3% and 16% of patients were noted to have undiagnosed PE 
on routine autopsy.10–12

VTE occurs commonly in the ICU, even in the face of routine mea-
sures to prevent it. A relatively small percentage (between 0.4% and 
2.7%) of patients admitted to the ICU have undiagnosed VTE on ar-
rival,13,14 but surveillance studies estimate the incidence of DVT in the 
ICU between 1.0% and 9.6% and the incidence of PE between 0.5% 
and 2.3%, despite appropriate pharmacologic prophylaxis.13–15 In 
critically ill patients without appropriate prophylaxis, VTE is very 
prevalent, with a 19% incidence of DVT found in one study.16 PE is the 
third most common cause of cardiovascular death, with a higher mor-
tality rate than that of myocardial infarction.17 Overall, PE is respon-
sible for approximately 100,000 deaths per year in the United States.6,18

Both the clinical presentation and the mortality risk associated 
with VTE vary widely, depending on the pathophysiology of the  

individual patient. Some PEs are asymptomatic and diagnosed inci-
dentally, whereas some cause sudden cardiac arrest. In a large, modern 
cohort, the 30-day case fatality rate was 2.0% for VTE and 3.9% for PE. 
The 1-year mortality rate ranges from 12.9% to 30%, although a large 
proportion of such deaths are attributable to underlying comorbidi-
ties.3,19,20 For patients with a normal blood pressure and no evidence of 
right ventricular dysfunction, attributable mortality incidence is below 
5% and even less than 1% in some studies.21,22 In contrast, for patients 
with shock or cardiac arrest, the fatality risk is higher: approximately 
30%–53% in shock and up to 95% in cardiac arrest.23–25 Of fatal 
events, the initial presentation may be that of sudden death, with ap-
proximately 34% of VTE-related deaths presenting as sudden death in 
one European cohort.26 For untreated PE, the short-term mortality 
currently approximates 25%–30%, Historically, studies have reported 
associated mortality as high as 87%.27 For obvious reasons, data de-
scribing the natural history of untreated VTE are limited.

For many patients, VTE is a chronic disease. Recurrence is com-
mon, with the highest risk during the first 6–12 months after diagno-
sis.28 In one study cohort, recurrence after 5 years was 20%–25% for all 
patients and exceeded 25% in those patients with VTE without clear 
provoking factors.29 The 10-year recurrence is approximately 30%.30 
The DASH score (e Table 65.1) can be used to predict VTE recurrence 
in patients without a clear provoking risk factor and uses the patient’s 
age, sex, use of exogenous hormones, and residual D-dimer level to 
estimate an annual recurrence rate.31,32

Return to normal lung structure and function may be a prolonged 
process. In one study 28% and 15% of patients had residual PE on lung 
perfusion imaging or computed tomography (CT) imaging, respec-
tively, after 9 months of anticoagulation.33 Another study found .10% 
vascular obstruction in 10% of patients after a year of anticoagula-
tion.34 Although lung function does return to normal in most patients, 
a small but significant number of patients will develop chronic throm-
boembolic pulmonary hypertension (CTEPH), and up to 4% of pa-
tients have elevated pulmonary artery pressures 2 years after the initial 
PE diagnosis.35

RISK FACTORS

Risk factors for the development of VTE have classically been sepa-
rated into inherited and acquired categories.36 Table 65.1 presents a 
summary of risk factors.

Inherited risk factors typically center around disorders in clotting 
factor production or activity. The most common genetic risk factors 
are the factor V Leiden mutation (with a prevalence of 4%–5%) and 
the prothrombin gene mutation (20210A, seen in 2%–4% of pa-
tients).37–39 Among the other inherited risk factors are antithrombin 
deficiency, deficiencies of proteins C and S, hyperhomocysteinemia, 
and a number of single-nucleotide polymorphisms.40–43 Acquired risk 
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Criterion Points

D-dimer abnormal

1 month after stopping anticoagulation 12

Age #50 years 11

Male patient 11

Hormone use at VTE onset (if female) 22

Interpretation:

Cumulative Points Annual Recurrence Risk

#1

Consider discontinuing anticoagulation 3.1%

$2

Consider continuing anticoagulation 9.3%

e TABLE 65.1 DASH Prediction Score for Recurrent VTE
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factors are those developed during a person’s lifetime and include sur-
gery, particularly orthopedic and oncologic surgeries, and the presence 
of trauma, burns, or fractures. VTE occurs after 1% of orthopedic 
surgeries, despite appropriate thromboprophylaxis.44

Active cancer is a major risk factor, with such patients having twice 
the VTE incidence of patients without cancer. VTE is the second lead-
ing cause of death in patients with cancer and cancer-related VTE, 
accounting for approximately 20% of all VTEs.45–47 The risk is highest 
in the first few months after diagnosis, and is especially elevated in 
adenocarcinomas.48,49 Cancer cells themselves may provoke inflamma-
tion and a procoagulant state,50,51 and a number of chemotherapeutic 
drugs increase clotting risk.52

Chronic disease states also increase the risk for VTE.53 Advanced age 
correlates with increased risk because of both innate factors, such as the 
relative decrease in the levels of proteins C and S, and the acquisition of 
other clot-provoking influences.54–56 Morbid obesity conveys a risk of 
VTE up to six times that of individuals of normal weight.57,58 Previous 
VTE is one of the strongest risk factors for recurrent disease,59 likely a 
result of existing risk factors and damage to vessel walls or valves.60 
Poorly controlled inflammatory diseases such as inflammatory bowel 

disease increase the risk of VTE when compared with their well- 
controlled peers.61,62 Lupus, in particular, elevates VTE risk, primarily 
through the lupus “anticoagulant” (actually a misnomer) and anti–
beta-2-glyocoprotein antibodies.63–65

High estrogen states increase the risk for VTE.66 Supplemental es-
trogen used for oral contraception or taken in the postmenopausal 
state may increase the risk of VTE by three to four times.67,68 Pregnancy 
is another high-estrogen state, which is often coupled with mechanical 
compression of the gravid uterus on pelvic veins and/or cesarean sec-
tion surgery. The highest risk of pregnancy-associated VTE occurs in 
the immediate postpartum period.69

Acquired risk factors are particularly common in the ICU popula-
tion.14 Immobility is a predisposition that is particularly relevant for ICU 
patients. Immobility may be intentional, such as in the long-haul trav-
eler,70 or iatrogenic, such as associated with joint fixation,71 mechanical 
ventilation,9 and pharmacologic paralysis.72 Central venous catheters in-
crease VTE risk, with femoral catheters being particularly implicated.73–76 
Heparin-induced thrombocytopenia has been associated with a high risk 
of VTE,77 as have sepsis78 and multisystem organ failure.79

PATHOPHYSIOLOGY

Normally, a physiologic equilibrium exists regarding hemostasis. Pro-
thrombotic factors are balanced by such naturally occurring anticoagu-
lants as antithrombin III and proteins C and S and by the body’s own 
fibrinolytic system. Acting together, these mechanisms prevent patho-
logic thrombosis.80 When disrupted, a procoagulant state can lead to 
inappropriate thrombosis and the development of VTE. The classical 
description of the conditions leading to pathologic thrombosis is 
termed Virchow’s triad: the combination of endothelial damage, the 
presence of a hypercoagulable state, and stasis of normal blood flow.

Pathologic thrombosis typically begins around the valves of the 
veins,81 regions with slower flow and relative hypoxemia, which in as-
sociation with predisposing risk factors, can lead to small deposits of 
thrombus.82,83 In most patients, skeletal muscle contractions “pump” 
to displace a nascent thrombus into the bloodstream, where it is de-
graded by the body’s natural fibrinolytic system. However, in the pres-
ence of stasis, the thrombus expands, trapping alternating layers of  
fibrin and red blood cells between aggregated platelets.84 As the clot 
expands, venous flow becomes turbulent and slows, further promoting 
stasis and thrombosis. Eventually, blood flow through the vein stops, 
and the thrombus propagates proximally until it reaches the next  
bifurcation of the vasculature. From there, the clot may continue to 
extend proximally, or it may embolize into the flowing venous blood-
stream, which carries it through the right side of the heart to lodge in 
the tapering pulmonary arterial vasculature as a PE. Air, amniotic 
fluid, tumor, and foreign bodies can also embolize in a similar manner. 
Discussion of the pathophysiology and management of these condi-
tions is beyond the scope of this chapter.

DVT occurs most frequently in the lower extremities, with over 
90%–95% of DVTs occurring in the leg veins.85 Most clinically significant 
DVTs involve the proximal veins of the leg, such as the iliac, femoral, and 
popliteal,86 and the vast majority of PEs occur when such proximal DVTs 
embolize. More than 50% of patients diagnosed with proximal DVT will 
have evidence of concurrent PE, and up to 70% of patients diagnosed 
with PE will have a detectable DVT, which in both cases, may be asymp-
tomatic.87–91 Lower leg DVTs, such as those in the calf veins, rarely embo-
lize, but may extend to the proximal veins if left untreated.89,92–94

The individual patient’s response to the PE depends on the number 
of emboli (extent of the clot burden) and the patient’s underling  
cardiopulmonary function and neurohormonal response. When  
an embolus lodges in the pulmonary vasculature, a complex set of 

Inherited Risk Factors

Factor V Leiden

Prothrombin mutation

Antithrombin deficiency

Protein C deficiency

Protein S deficiency

Acquired Risk Factors

Vascular Damage

Surgery

Trauma/burns

Previous VTE

Inflammatory or Procoagulant States

Active cancer

Antiphospholipid syndrome

Chronic inflammatory diseases

Pregnancy

Obesity

Nephrotic syndrome

Heparin-induced thrombocytopenia

Venous Stasis

Hospitalization or immobility

Paralysis

Prolonged travel

Factors Common in the ICU

Sepsis

Central venous catheter

Pharmacologic paralysis

Acute renal failure, dialysis

Mechanical ventilation

Blood products

Vasopressors

TABLE 65.1 Risk Factors for PE
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physiologic responses occur (Fig. 65.1). Acute vascular obstruction 
leads to increased pulmonary vascular resistance and increased pul-
monary artery pressure. Significant increases in pulmonary artery 
pressure are seen when approximately 30%–50% of the arterial bed is 
occluded.95 Shock and cardiopulmonary collapse may occur with large 
emboli; right ventricular failure may result if the mean pulmonary 
artery pressure exceeds 40 mm Hg.96

Inflammation occurs around the thrombus, with platelets secreting 
histamine, serotonin, and thromboxane A2, which act to cause pulmo-
nary vasoconstriction and bronchoconstriction, inducing alveolar hypox-
emia.97 This, in turn, results in a cycle of worsening hypoxic vasoconstric-
tion, further raising pulmonary vascular resistance, pulmonary artery 
pressures, and right ventricular afterload. Surfactant production is re-
duced, leading to atelectasis and worsening this hypoxia-driven cycle.

Physiologic dead space increases and V/Q mismatch occurs as in-
volved alveoli are ventilated but not perfused. Minute ventilation is 
increased, typically by a disproportionate increase in the respiratory 
rate, resulting in respiratory alkalosis. However, for those patients who 

are unable to increase their minute ventilation sufficiently, such as 
those who are mechanically ventilated undergoing pharmacologic pa-
ralysis, hypercapnia will result.96

The abrupt increase in pulmonary vascular resistance and conse-
quent pulmonary artery pressure is felt most acutely by the right ven-
tricle (RV). As the RV strains against the increase in pressure, its thin 
wall dilates outward, leading to an increase in wall stress and a decrease 
in coronary perfusion. RV work increases, predisposing to a mismatch 
between myocardial oxygen demand and supply. In turn, this can cause 
acute ischemia and further worsen the function of the RV, particularly 
with the tachycardia common in acute PE. A decrease in RV cardiac 
output, whether as a result of ischemia, dilation, or inability to pump 
against the elevated pulmonary artery pressures, worsens the cycle of 
hypoxic pulmonary vasoconstriction.

As RV pressure rises, the interventricular septum can bow into the 
left ventricle (LV). With a bowed septum, the LV encounters impaired 
relaxation, distensibility, and diastolic filling, reducing preload to the 
LV and potentially decreasing cardiac output. A decrease in the LV 
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cardiac output worsens the hypoxia-driven cycle and contributes to 
hemodynamic collapse. Increased right atrial pressures may open a 
patent foramen ovale and lead to intracardiac shunting and worsening 
hypoxemia.

Myocardial strain and elevated filling pressures may lead to the  
release of neurohormonal modulators such as the natriuretic peptides 
(brain natriuretic peptide [BNP] and N-terminal pro-BNP [NT-
proBNP]). Ischemia and microinfarctions of the RV can occur, releas-
ing cardiac troponins.98–100

DIAGNOSIS

Clinical Presentation
The range of clinical presentations of PE is among the widest of any 
condition. Symptoms of VTE are nonspecific, and therefore a high 
index of suspicion must be maintained.

The most common symptom in acute PE is dyspnea. (e Table 65.2 
lists the prevalence of common signs and symptoms of PE.) Dyspnea 
is typically rapid in onset, within seconds in 46% of patients or min-
utes in another 26%.101–103 More peripherally located PEs may result in 
lung infarction. Pleuritic chest pain accompanies these in up to 74% of 
cases.104 A minority of these patients exhibit hemoptysis, commonly 
attributed to hemorrhage of the infarcted lung. Other findings include 
a cough, orthopnea, or wheezing. Given the common coexistence of 
DVT, many patients will also exhibit associated signs and symptoms, 
including calf or thigh pain and lower extremity swelling or edema. 
Although syncope has been traditionally described as a presenting 
symptom of PE, it is relatively rare—reported at less than 2% of in-
stances.105 PE is a relatively common cause of sudden cardiac 
arrest, however, and precipitates approximately 8% of all such events. 
Symptoms preceding cardiac arrest may include sudden dyspnea.106,107

Many patients are asymptomatic, even with large PE.103,108 There-
fore the first clinical clue may come from the physical examination. 
Tachypnea is the most common sign, seen in 54% of patients. Physical 
signs of DVT are detected in approximately 47%. Although tradition-
ally taught as a common finding, tachycardia is only present in 24% of 
patients. Auscultation may reveal rales, wheezes, decreased breath 
sounds, or an accentuated second heart sound, but these findings are 
nonspecific and occur more commonly in alternative conditions.103

Differential Diagnosis
The differential diagnosis in patients with suspected PE includes car-
diopulmonary disorders for each mode of presentation (see Clinical 
Presentation). For patients presenting with dyspnea, tachypnea, or 
hypoxemia, possible alternative diagnoses include atelectasis, pneumo-
nia, pneumothorax, pleural effusion, aspiration, pulmonary edema, 
bronchial obstruction, alveolar hemorrhage, and other pulmonary 
disorders. For patients who present with pleuritic chest pain or he-
moptysis, possible diagnoses include pneumonia, pneumothorax, 
pericarditis, aortic dissection, neoplasm, pleurisy, and musculoskeletal 
disorders. For patients who present with right-sided heart failure or 
cardiovascular collapse, possible diagnoses include myocardial infarc-
tion, acute massive hemorrhage, sepsis, cardiac tamponade, heart fail-
ure, hypovolemia, and tension pneumothorax. Other considerations 
related to PE include sepsis, fat, air, amniotic fluid, tumor emboli, and 
in situ thrombosis (e.g., sickle cell chest syndrome).

Diagnostic Testing
Because the common signs and symptoms lack specificity for  
VTE, diagnostic testing is required. DVT and PE are not separate and 
unrelated disorders, but rather represent a continuous syndrome of 

VTE in which the initial presentation may suggest DVT, PE, or both. 
Therefore strategies for diagnosis typically include testing for both  
PE and DVT. In addition, many patients will undergo simultaneous 
diagnostic testing for other potentially life-threatening disorders.

Assessment of Probability
The initial step in diagnosing PE involves the use of a probability assess-
ment to calculate a pretest probability of disease. The two most com-
monly used clinical prediction rules are the Wells Score and the revised 
Geneva Score109,110 (e Table 65.3). Other less commonly used scores 
include the Pisa Score, the Revised Pisa Score, and the Charlotte 
Score.111–113 Experienced clinical gestalt performs similarly to clinical 
scoring symptoms, although scoring systems may have slightly higher 
specificity.114,115 However, all of these decision rules were developed and 
validated primarily in the outpatient and emergency department set-
tings. Although the scores generally perform well in the hospitalized 
patient, they may show poor performance in the ICU.116,117

Laboratory Testing
Laboratory testing plays either a supporting or exclusionary role in the 
diagnosis of PE, as there is no specific blood test for the disease. How-
ever, such testing can alter pretest probability, provide alternative diag-
noses, and help with the risk stratification of PE once diagnosed.

Arterial Blood Gas Testing

Arterial blood gas testing, although commonly performed in the ICU, 
is no longer routinely used for the diagnosis of PE. In one study of 
patients with PE, 74% of patients had hypoxemia (defined as a partial 
pressure of oxygen [PaO2] of ,80 mm Hg) and 86% of patients had 
an abnormally elevated alveolar-arterial oxygen gradient.101 These 
findings are neither sufficiently sensitive nor specific to rule in or rule 
out the presence of PE.118–120

Cardiac Markers

BNP and its precursor, NT-proBNP, are released from the myocardium 
in response to distention and theoretically could serve as markers for 
acute RV strain because of acute PE. However, they are neither sensi-
tive nor specific for diagnosis and are better used to grade severity and 
prognosis.121–123

Similarly, cardiac troponins may be released from the RV from the 
pathologic dilation and microinfarction that occur in response to PE, 
particularly in larger or more hemodynamically significant PEs. Like 
BNP, however, troponin cannot be used to rule out the disease and is 
best deployed as a marker of severity and prognosis.124–126

Emerging Biomarkers

Early clinical studies may show evidence that circulating micro RNA 
(miRNA) may be used to detect pulmonary embolism, but this option 
has not yet entered clinical practice.127

D-Dimer

D-dimer is a fibrin degradation product produced by the plasmin-cata-
lyzed lysis of cross-linked fibrin. Although it is highly sensitive for VTE, 
it is nonspecific, especially in ICU patients.128 For low- and moderate-
risk patients, as determined by a clinical decision rule or experienced 
clinician gestalt, a D-dimer below the assay’s diagnostic cutoff (often 
,500 ng/mL) can be used to rule out VTE, although the negative pre-
dictive value drops as the pretest probability increases. Some authors 
advocate for a more liberal threshold of ,1000 ng/mL in low-risk indi-
viduals,129,130 whereas other studies advocate an “age-adjusted D-dimer,” 
where a “negative” D-dimer corresponds to a value less than the patient’s 
age 3 10 (e.g., for a low-risk 65-year-old, a negative D-dimer would be 

  

 



Symptom Prevalence

Dyspnea 77%–79%

Pleuritic pain 39%–74%

Cough 4%–43%

Extremity swelling 24%–39%

Extremity pain 11%–42%

Sign Prevalence

Tachypnea 26%–68%

Tachycardia 29%–57%

Rales 21%–48%

Hemoptysis 5%–16%

Fever 4%–10%

e TABLE 65.2 Prevalence of Signs and Symptoms in Acute PE

Adapted from Halevy J, Cushman M. Pulmonary embolism for the cardiologist: emphasis on diagnosis. 

Curr Cardiol Rep. 2018;20(11):120.

Wells Criteria for Pulmonary Embolism (PE)

Criterion Points

Clinical signs or symptoms of deep venous thrombosis (DVT) 3

PE is the #1 diagnosis or equally likely 3

Heart rate .100 1.5

Immobilization for at least 3 days or surgery within the previous 4 weeks 1.5

Previous PE or DVT 1.5

Hemoptysis 1

Malignancy with treatment within 6 months or palliative treatment 1

Interpretation:

Three-Tier Group Prevalence of PE

Low risk (,2 points) 1.3%

Moderate risk (2–6 points) 16.2%

High risk (.6 points) 37.5%

Two-Tier Group

PE unlikely (0–4 points) 12.1%

PE likely (.4 points) 37.1%

Revised Geneva Score for Pulmonary Embolism

Criterion Points

Age .65 1

Previous DVT or PE 3

Surgery (under general anesthesia) or lower limb fracture in the last month 2

Active malignancy 2

Unilateral lower limb pain 3

Hemoptysis 2

Heart rate:

,75 0

75–94 3

$95 5

e TABLE 65.3 Common Prediction Scores

504.e1

  

 



e TABLE 65.3 Common Prediction Scores—cont‘d

Pain on lower limb palpation and unilateral edema 4

Interpretation:

Point Summary Prevalence of PE

Low risk (,3 points) 9%

Moderate risk (4–10 points) 27.5%

High risk (.10 points) 71.7%

504.e2
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,650 ng/mL).131 These approaches have been validated in outpatients, 
but not yet in the ICU population.

Despite extensive validation and study of the D-dimer assay to rule 
out VTE in the outpatient setting, it does not have much utility in the 
ICU.132,133 Because of the high prevalence of VTE in the ICU, the pre-
ponderance of factors that increase the risk of both VTE that generates 
a positive D-dimer on that basis, and the poor performance of the test 
in the relevant patient population, D-dimer is unlikely to prove useful 
in ruling out PE in many ICU patients.134,135

Electrocardiography
Electrocardiography (ECG) is routinely performed in the diagnostic 
evaluation of PE because the wide differential diagnosis includes many 
cardiopulmonary etiologies. Unfortunately, the ECG findings of PE are 
nonspecific. Sinus tachycardia is reported as the most common abnor-
mality in acute PE, even though some studies report as few as 29% of 
patients display that finding.128 RV dilation and strain may manifest on 
ECG as a new or incomplete right bundle branch block, right axis de-
viation, or RV hypertrophy. The classic triad of S1Q3T3 (that is, an S 
wave in 1, Q wave in III, and T-wave inversion in III) is another marker 
of RV strain that occurs only in a minority of PE patients.136 A wide 
variety of additional ECG findings have been described in acute PE, 
but none are specific for the disease, and many patients with acute PE 
will have a normal ECG.137,138

Diagnostic Imaging
Given the poor sensitivity and specificity of the history, physical  
examination, laboratory, and ECG testing in acute PE, imaging is  

typically required to diagnose or exclude VTE in the ICU. The particu-
lar study chosen will depend on specific characteristics of the patient 
and the capabilities of the hospital. For example, a CT scan may be 
indicated, but to undergo this, a patient must be clinically stable 
enough to travel outside of the ICU to the radiology department and 
must be able to lie flat, take a deep breath, and receive IV contrast. Fig. 
65.2 suggests a diagnostic algorithm for imaging in the ICU.

Chest Radiograph

Plain radiography of the chest is commonly performed in the ICU, but 
is typically not useful to confirm the diagnosis of PE. The chest radio-
graph may display nonspecific signs in acute PE, such as atelectasis, 
pleural effusion, or reduced pulmonary vascularization,96 but normal 
studies are also common.139 Classically described findings such as the 
Westermark sign (a sharp transition from an enlarged pulmonary ar-
tery to an area of oligemia) or Hampton hump (a pleural-based hyper-
dense area representing a pleural infarction) are rarely seen.140 Chest 
radiography is therefore most useful to quickly establish an alternative 
diagnosis for the patient in whom PE is being considered. A normal 
chest x-ray in the presence of significant dyspnea, hypoxia, chest pain, 
or tachycardia should increase the suspicion for PE and may also help 
in assessing suitability for a ventilation/perfusion (V/Q) scan.

Chest Computed Tomography

CT scanning of the chest using a PE protocol (typically referred to  
as CT angiography [CTA], CT-PE, or CT-PA [pulmonary angiogra-
phy]) is the most commonly used and important test in the modern 
diagnosis of PE.141 CTA uses a multidetector CT scanner to acquire 
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thin sections of the chest, with the addition of a bolus of IV contrast 
dye to opacify the pulmonary arteries. Improper timing of the contrast 
bolus, patient motion, body habitus, artifact, or poor cardiac output 
may render the study nondiagnostic.

In 15%–20% of patients, CTA provides an alternative diagnosis, 
such as the presence of pneumonia, pneumothorax, lung tissue disease, 
or aortic dissection.142,143 CT may also assist in the grading of PE sever-
ity by assessing for the presence of right heart strain (Fig. 65.3A and B).

In an early validation study, CTA had a sensitivity of 83% and  
a specificity of 96%, with 6% of studies labeled nondiagnostic.144 
With a high probability for PE (as assessed by the Wells criteria), the 
positive predictive value was 96%, and with a low probability, the 
negative predictive value was 96%. However, poor diagnostic accuracy 
accompanied discordance between the pretest probability and the im-
aging results. Refinements in technology have resulted in a sensitivity 
and specificity for PE that exceed 90%, even as radiation doses  
have decreased.145 Although increasingly diagnosed by newer higher-
resolution scanners,146 the presence of small subsegmental PEs has 
substantial interrater variability and may lead to overdiagnosis.147,148 
Furthermore, the clinical significance of these small clots is debated.149

Radionuclide Lung Scanning

With the advances in CTA technology, the utilization of V/Q scanning has 
decreased. Nevertheless, given the numerous contraindications to CTA 
and the presence of nondiagnostic CT scans, there remains a role for V/Q 
imaging.104 The perfusion (Q) aspect of the V/Q scan involves an IV injec-
tion of technetium (Tc)-99m–labeled macroaggregated albumin particles. 
The ventilation (V) aspect involves inhaled tracers (e.g., aerosolized Tc-
99m–labeled agents or noble gases such as krypton-81 and xenon-133).150 
Gamma camera images of the patient’s chest are then obtained.

The diagnostic ability of the V/Q scan stems from its ability to de-
tect mismatches in ventilation and perfusion. Classically, a wedge-
shaped perfusion defect may be seen in the perfusion images, corre-
sponding to an area of the pulmonary vasculature that has been 
blocked by the presence of an embolus. Therefore normal perfusion 
imaging suggests the absence of an acute PE; if perfusion scanning is 
performed and normal, the ventilation aspect of the imaging may be 
omitted. However, the presence of a perfusion deficit can occur as a 
result of other diseases that cause the shunting of blood away from a 
diseased portion of lung. Therefore a decrease in perfusion should be 
correlated with the absence of a coexisting ventilation deficit (e.g., a 
“mismatch”) to diagnose acute PE. V/Q imaging is correlated with a 
contemporaneous chest radiograph. “Normal” chest radiographs are 

typically required for certainty, as abnormal chest radiographs raise 
the probability of false-positive V/Q results. Because the diagnosis de-
pends on secondary signs of a PE and not direct visualization of a 
thrombus, results are given as a probability.151 Overall, the sensitivity 
of V/Q for the diagnosis of acute PE ranges from 85% to 93%, with a 
specificity of 80%–97%.152,153 Unfortunately, only 23% of inpatients 
have normal perfusion imaging and the majority of hospitalized pa-
tients have nondiagnostic examinations.104,154,155

Compared with CTA, V/Q scanning exposes the patient to signifi-
cantly less ionizing radiation, particularly to the breast.156,157 For these 
reasons, V/Q scanning may be preferred in patients with contrast dye 
allergy, renal insufficiency, pregnancy, or for younger patients. How-
ever, many patients require additional imaging (e.g., CTA) after a 
nondiagnostic V/Q scan, and for these patients, the overall radiation 
dose will be greater than if CTA was performed as the first test. Given 
the low prevalence of normal chest radiography in the ICU patient 
population, the high rate of nondiagnostic scans, and the lack of ability 
to diagnose other disease processes, V/Q scanning remains a secondary 
study to CTA in the modern diagnosis of acute PE.

Magnetic Resonance Imaging

Magnetic resonance imaging using an angiography protocol (MRA) 
has limited utility in the diagnosis of acute PE. Unfortunately, images 
are technically inadequate in 25%–52% of studies.158 MRA has excel-
lent specificity for the diagnosis of PE, approaching 100% in most 
studies, but its sensitivity varies based on the location of the PE. Cen-
tral and lobar PE are routinely diagnosed with sensitivities nearing 
100%, but sensitivity for subsegmental PE may be as low as 40%.159,160 
In addition to directly showing the filling defect of a thrombus, MRA 
can provide information about the morphology of the RV.96,161 The 
addition of MR perfusion imaging increases the sensitivity to 93% for 
subsegmental PEs and 100% for larger emboli.162 The main advantage 
of MR imaging is the lack of ionizing radiation, but the longer study 
time, limited diagnostic ability for other thoracic pathologies, and 
traditional contraindications (such as the presence of a metallic im-
plant) do not support its routine adoption for the diagnosis of PE.

Pulmonary Angiography

Traditional pulmonary angiography was once the gold standard for the 
diagnosis of acute PE but has largely been supplanted by multidetector 
CTA. The sensitivity of pulmonary angiography is similar to that of CT 
imaging,163 and reliability significantly drops at the subsegmental 
level.164,165 The risks are similar to those of other cardiac catheterizations, 
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Suggested Management of the Patient with Acute PE.

 

A,

 

Acute pulmonary embolism. Cross-

 

sectional computed tomography angiography (CTA) using a pulmonary angiography protocol showing a large

 

bilateral acute pulmonary embolism overlying the main pulmonary bifurcation (“saddle PE”).

 

B,

 

Acute right

 

heart strain. Cross-sectional CTA using pulmonary angiography protocol reveals an enlarged right ventricle in

 

the setting of acute pulmonary embolism, suggestive of acute right heart strain.

 

C,

 

Acute right heart strain

 

on ultrasound. Ultrasonographic apical four-chamber view of the heart showing acute right heart strain. The

 

right ventricle (left side of the image) is larger than the left ventricle, a pathologic finding. (Images A and B

 

courtesy of Dr. Jeffrey Shyu, Brigham and Women’s Hospital, Boston, MA. Image C courtesy of Dr. Heidi

 

Kimberly, Brigham and Women’s Hospital, Boston, MA.)
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and the procedure has been reported to carry risks of 2% mortality and 
5% morbidity.166 Now typically only used during the performance of 
endovascular therapy such as catheter-directed thrombolysis, catheter 
angiography also allows hemodynamic measurements which may be 
useful in management.

Echocardiography

Echocardiography plays an important role in the workup of suspected 
and proven PE in the ICU and is most useful diagnostically for assess-
ing secondary signs of PE. The most common findings that suggest 
acute PE include RV dilation and hypokinesis, an increase in the ratio 
between the RV and the LV (see Fig. 65.3C), tricuspid regurgitation, 
paradoxical septal motion (movement of the septum into the LV dur-
ing systole), interventricular septal shift toward the LV, McConnell sign 
(hypokinesis of the free wall of the RV with normal motion of the 
apex), decreased tricuspid annulus plane systolic excursion (TAPSE), 
and pulmonary artery dilation.167–169

In acute PE, a sudden increase in right-sided pressures often occurs, 
leading to RV dilation and strain. Elevated RV pressures without com-
mensurate RV hypertrophy suggest an acute event such as PE; con-
versely, RV hypertrophy suggests a preexisting condition.

Although a number of echocardiographic findings have been identi-
fied that correlate with the presence of acute PE, echocardiography is 
poorly sensitive for the diagnosis of PE, particularly in the hemody-
namically stable patient. Therefore for a hemodynamically stable patient 
with suspected acute PE, echocardiography can neither rule in nor rule 
out the disease.170–172 However, for the hypotensive patient, an echocar-
diogram that does not show signs of right heart dysfunction almost 
certainly excludes PE as the primary cause of the hemodynamic decom-
pensation. Helpfully, echocardiography assists with evaluating alterna-
tive etiologies for hypotension (such as pericardial tamponade, valvular 
heart disease, LV dysfunction, aortic dissection, and hypovolemia) and 
can easily be performed at the bedside.173–175 Therefore for an unstable 
patient in the ICU with contraindications to other diagnostic imaging 
studies, transthoracic echocardiography (TTE) may help support the 
presumptive diagnosis of acute PE. Transesophageal echocardiography 
(TEE) is highly specific for the diagnosis of PE, particularly when com-
bined with the presence of RV overload on TTE.176,177 Rarely, TEE may 
reveal a clot in the right side of the heart or thrombus in transit.178–184 
TEE requires specialized equipment and is operator dependent. There-
fore it is not routinely used in the diagnosis of acute PE.

For the ICU patient diagnosed with PE via other imaging studies, 
echocardiography can provide valuable information about cardiopul-
monary function and reserve. Particularly important to the diagnosis 
of PE is the ability of echocardiography to diagnose right heart strain, 
which is important in the risk stratification of PE.185–187 Despite its 
value in prognostication and risk stratification, echocardiography is 
not recommended as a routine test in the hemodynamically stable and 
normotensive patient.188,189

Venous Compression Ultrasonography

Venous compression ultrasonography (“ultrasound”) is the modern 
standard for diagnosis of ongoing DVT.190,191 Ultrasound may directly 
visualize thrombus in the blood vessel or may show secondary signs of 
DVT such as incomplete compressibility of the vein, suggesting the 
presence of intraluminal thrombus. Additional ultrasound techniques 
include the use of Doppler imaging and flow augmentation with 
manual calf compression. The combination of these sonographic tech-
niques leads to a sensitivity and specificity well over 95% for the pres-
ence of proximal DVT.190 Several studies have confirmed excellent 
performance of point-of-care ultrasonography by trained intensivists, 
emergency physicians, and hospitalists, with sensitivity between 86% 

and 100% and specificity of 90%–96% compared with radiology- 
performed ultrasound.192–194

Although venous ultrasound cannot directly identify PE, and the ab-
sence of demonstrable DVT does not exclude the presence of PE, ultraso-
nography remains helpful in supporting the diagnosis of PE. Because 
most PE originates from lower extremity DVT and many patients with 
acute PE will have concomitant DVT,195,196 a new DVT diagnosis in the 
setting of symptoms suggestive of acute PE is considered diagnostic.197 
Detection of proximal DVT provides an indication for treatment regard-
less of the presence or absence of PE and reduces the need for further 
diagnostic testing.198,199 As such, ultrasound is particularly helpful in the 
presence of inconclusive CT results, nondiagnostic V/Q scan results, or in 
patients with contraindications to other diagnostic imaging.

Particularly important for ICU patients, DVT may occur in non–
lower extremity sites such as the arms, head and neck, or trunk.200,201 
Major risks for the development of upper body DVT include the pres-
ence of central venous catheters and cancer.79,85 Because DVT of the 
upper body is less common, research on diagnostic techniques and 
protocols is more limited.202 Additionally, ultrasonography of the 
proximal upper extremity veins is technically limited because of the 
clavicle overlying the subclavian vein and superior vena cava.203

Venography

Although ultrasonography has become the primary diagnostic modal-
ity for DVT, a number of other methods of venography exist. CT ve-
nography (CTV) can be performed at the same time as CT pulmonary 
angiography. Like CTA, CTV can also provide an alternative diagnosis 
beyond vascular structures and can show larger venous structures (such 
as the iliac veins and inferior vena cava [IVC]) that ultrasonography 
may not be able to image.204 The addition of CTV to CTA increases the 
sensitivity for VTE, and further improvements in sensitivity may be 
obtained by direct contrast injection to the affected limb.205 However, 
the improvement in sensitivity comes at the expense of increased expo-
sure to radiocontrast media and significant increases in radiation.206 
Given these risks, ultrasound is generally preferred over CTV.

MR venography (MRV) has excellent sensitivity and specificity, 
nearly 100% in some studies,207 can give information about the age of 
thrombosis,208 and can provide an alternative diagnosis. MRV imparts 
no radiation, and some protocols do not require contrast media.210 
Expense and duration preclude its use for most ICU patients, but MRV 
can be useful in specific scenarios, such as the pregnant patient with 
concern for pelvic or IVC thrombus.211

Catheter-based venography was previously regarded as the gold 
standard for the diagnosis of DVT but has been almost entirely re-
placed by ultrasound.212 Direct venography is invasive, requiring cath-
eterization of the venous system of the leg, exposure to contrast dye, 
and radiation.213,214 Because of the technical problems with its use and 
the availability of safe and reliable alternatives, it is rarely used in con-
temporary practice, except in very limited circumstances, such as dur-
ing placement of an IVC filter.

Diagnostic Summary
A diagnostic pathway for PE in the ICU is presented in Fig. 65.2. The 
specific approach used should depend on individual patient circum-
stances and available diagnostic modalities. Stable patients may undergo 
transport for testing outside of the ICU. For unstable patients or those 
at high risk of complications during transport, bedside testing is recom-
mended. Unstable patients should also undergo testing to work through 
the differential diagnosis list of life-threatening illnesses and to allow  
for rapid intervention. Given the number of risk factors for PE and the 
high prevalence of the disease in the ICU population, imaging via CTA  
will typically be the first diagnostic test in the hemodynamically stable 
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patient. For hemodynamically unstable patients, TTE and ultrasonogra-
phy should be performed first.

CLASSIFICATION, PROGNOSTIC ASSESSMENT, 
AND SEVERITY

Although there is an important distinction between acute and chronic 
PE, acute PE has the most relevance to the ICU and therefore will be 
discussed here. Acute PE severity is stratified based on physiologic, labo-
ratory, and radiologic measurements. Hemodynamically stable patients 
without evidence of RV dysfunction are considered “low-risk” PE, and 
have low (about 1%) mortality. The presence of right heart strain places 
the acute PE into the “submassive” or “intermediate-risk” PE category. 
Right heart strain is defined by the radiologic presence of RV enlarge-
ment on CTA or by characteristic echocardiographic findings.167,215,216 
RV dysfunction on echocardiography has been associated with a 2.5-fold 
(95% confidence interval [CI] 1.2–5.5) increased risk of mortality,217 
and RV dysfunction on CT has been associated with a 1.8-fold (95% CI 
1.3–2.6) increased risk of mortality.218 The presence of right heart dys-
function can also be defined by the presence of laboratory biomarkers, 
such as the presence of an elevated troponin or NT-proBNP/BNP.124 A 
recent meta-analysis found that an elevated troponin is associated with 
a 4.3-fold (95% CI 2.1–8.5) increase in mortality after PE.126

The most severe category of PE is defined as “massive” or “high-
risk” PE. Massive PE is described as acute PE with either shock or 
persistent hypotension (where hypotension is defined as a systolic 
blood pressure ,90 mmHg or a decrease of .40 mg Hg from base-
line) not resulting from another etiology like sepsis or dysrhythmia.

The European Society of Cardiology (ESC) recently updated their 
recommendations for PE risk stratification (Table 65.2)219 to include 
a risk score, either the Pulmonary Embolism Severity Index 
(PESI)220,221 or the simplified Pulmonary Embolism Severity Index 
(sPESI).222 The PESI and sPESI use a number of elements from the 
history (age, history of cancer, and history of cardiopulmonary dis-
ease) and physical examination (tachycardia, hypotension, and hy-
poxemia) to prognosticate all-cause 30-day mortality. However, be-
cause of their lack of association with PE-specific mortality, it is not 
clear whether these scores should be used to guide advanced treat-
ments such as thrombolysis.

In the current ESC classification system, “low-risk” PE includes 
patients without any evidence of right heart strain (defined by radio-
logic criteria or laboratory biomarkers) and a low-risk PESI/sPESI. 
“Intermediate-risk” PE includes patients with “high-risk” classification 
on the PESI/sPESI and is further subdivided into “intermediate-high” 
if there is both radiographic and biomarker evidence of right heart 
strain or “intermediate-low” if either one or neither is positive. Finally, 
“high-risk” PE includes patients with evidence of shock or hypoten-
sion. Importantly, patients are classified as “high-risk” in the presence 
of shock or hypotension, regardless of the presence of an elevated risk 
score or laboratory biomarkers.

A number of additional prognostic scoring systems also exist, in-
cluding the Geneva risk score,223 Hestia criteria,224 Shock Index,225 
Global Registry of Acute Coronary Events (GRACE) score,226 PREP 
score,227 PROTECT multimarker index,228 Bova score,229 and RIETE 
score.230 Of note, none of these clinical prediction tools have been 
developed or validated specifically for patients in the ICU.

Although not included in most diagnostic scores or classification 
systems, thrombus burden and the presence of coexisting DVT are also 
associated with increased mortality in acute PE.231–233 D-dimer levels, 
which reflect thrombus burden, are also correlated with morbidity and 
mortality.234–239 However, there is only a loose relationship between 
the anatomic location of a PE and its physiologic consequences. For 

example, the term “saddle” PE has classically been used to describe a 
large PE overlying the bifurcation of the pulmonary artery trunk. Al-
though “saddle” PE has colloquially been used to imply a large, poten-
tially hemodynamically significant PE, patients with acute saddle PE 
are often asymptomatic and hemodynamically stable, so the term has 
little use in classifying the severity of PE.8,240

TREATMENT OF ACUTE PE

The management of acute PE depends on a number of factors, includ-
ing the clinician’s confidence in the diagnosis of PE, the hemodynamic 
status of the patient, the degree of RV dysfunction, bleeding risk, non 
PE-related prognosis, patient preferences, and patient-specific factors 
that could affect treatment safety and efficacy. The fundamentals of 
treatment for acute PE include initial resuscitation, prompt therapeu-
tic anticoagulation with drug monitoring (if necessary), consideration 
of thrombolysis or thrombectomy, and avoidance of complications. 
Assuming there are no contraindications, patients for whom there is a 
high suspicion of acute PE should receive empiric anticoagulation 
before completion of diagnostic testing, especially if a delay in testing 
is expected. A management algorithm is shown in Fig. 65.4.

Initial Resuscitation
Volume Administration
For hypotensive patients, a cautious fluid challenge with administra-
tion of IV crystalloid in small-volume boluses (such as 250–500 mL) 
may improve cardiac output.241,242 A volume status examination 
should occur before and after administration of fluid and should be 
tailored to the hemodynamics of the patient. Aggressive administra-
tion of IV fluids should be avoided, as this may result in RV overdisten-
tion, compression of the LV by the septum, decreased cardiac output, 
and myocardial ischemia.243,244

Vasopressors

If the administration of an initial bolus of IV fluids does not improve 
the patient’s hypotension, vasopressors should be administered. There 
are limited experimental data on the appropriate initial vasopressor,245 
but expert consensus suggests that norepinephrine should be the  
initial agent in blood pressure support.219 Dobutamine has been used 
in selected cases but may worsen hypotension via peripheral beta-2 
agonism unless coadministered with norepinephrine.246,247 Vasopressin 
may play an accessory role as a vasopressor that does not raise pulmo-
nary vascular resistance.248

Vasodilator Therapies

Pulmonary arterial vasodilators may decrease pulmonary vascular  
resistance and pulmonary arterial pressure, thereby decreasing RV  
afterload.249 The successful use of inhaled nitric oxide and epopros-
tenol have been reported in several case series.250–254 However, a recent 
clinical trial failed to show benefit of inhaled nitric oxide in hemody-
namically stable patients with PE and RV dysfunction.255,256

Supplemental Oxygen

Hypoxemia occurs commonly in hemodynamically significant acute 
PE, and hypoxemic vasoconstriction may worsen acute pulmonary 
hypertension. Expert consensus recommends the administration of 
supplemental oxygen to target a pulse oximetry saturation of 90% or 
greater.

Intubation and Mechanical Ventilation

Great caution should be exercised in the intubation and ventilation  
of a patient with acute PE, as these procedures may precipitate  
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Early  

Mortality  

Risk

RISK PARAMETERS AND SCORES

  

Shock or  

Hypotension

PESI Class III–V  

or sPESI $ 1

RV Dysfunction 

on Imaging

Cardiac  

Biomarkers

High 1 (1) 1 (1)

Intermediate Intermediate-high 2 1 Both positive

Intermediate-low 2 1 Either one or none positive

Low 2 2 Assessment optional: if assessed, 

both negative

•  Any shock or hypotension is classified as high risk, regardless of PESI/sPESI class or biomarkers.

•  RV dysfunction on imaging characterized by RV dilation or increased RV/LV ratio (usually greater than 

1.0) on CT or echocardiography and hypokinesia of RV wall or increased tricuspid regurgitation jet on 

echocardiography.

•  Cardiac biomarkers 5 elevated cardiac troponin or natriuretic peptide.

Pulmonary Embolism Severity Index (PESI)

Criterion Points

Age Age in years

Male sex 10

History of cancer 30

History of heart failure 10

History of chronic lung disease 10

Heart rate $110 20

Systolic blood pressure ,100 mm Hg 30

Respiratory rate $30 20

Temperature ,36°C 20

Altered mental status 60

O2 saturation ,90% 20

Interpretation:

Total Points Class 30-Day Mortality

0–65 I 0.0%–1.6%

66–85 II 1.7%–3.5%

86–105 III 3.2%–7.1%

106–125 IV 4.0%–11.4%

$126 V 10%–24.5%

Simplified Pulmonary Embolism Severity Index (sPESI)

Criterion Points

Age .80 1

History of cancer 1

History of chronic cardiopulmonary disease 1

Heart rate $110 1

Systolic blood pressure ,100 mm Hg 1

O2 saturation ,90% 1

Interpretation:

Total Points 30-Day Mortality

Low risk (0 points) 1.1%

High risk ($1 point) 8.9%

TABLE 65.2 Risk Stratification

Adapted from Konstantinides S, Barco S, Lankeit M et al. Management of pulmonary embolism: an  

update. J Am Coll Cardiol. 2016;67(8):976–990.
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hemodynamic collapse and cardiac arrest. Because the increased intra-
thoracic pressure brought by mechanical ventilation can further lower 
preload and worsen RV failure, preintubation hemodynamics should 
be optimized and an infusion of vasopressors should be considered for 
those patients needing intubation.257–259 Many induction and sedative 
agents cause hypotension and transient hypoxemia during the apneic 
period of an intubation, which can increase pulmonary vascular resis-
tance and worsen RV failure. Therefore intubation should be rapidly 
accomplished by a skilled operator, using induction medications that  

preserve cardiovascular stability. Careful attention should also be paid 
to postintubation ventilator management to optimize RV function.260

Anticoagulation
Anticoagulation is the mainstay of treatment for acute PE. Anticoagula-
tion prevents new clot formation and extension of clots and recurrence 
of disease. Selection of the appropriate anticoagulant medication de-
pends on a number of individual factors, including availability and ease 
of administration, onset of action and time to peak, patient-specific 

Hemodynamically Unstable

Cardiac Arrest?

NoYes

NoYes

Treat as Unstable

RV Strain?

Assess for RV Strain

• CTA, Echo

• BNP, Troponin

Thrombolysis

Consider ECLS

Continue Resuscitation

Resuscitate (e.g. fluids, vasopressors)

Assess for RV Strain

• Echo, BNP, Troponin

• Anticoagulate

• Place IVC Filter if Anticoagulation Contraindicated

Anticoagulate

Place IVC Filter if Anticoagulation Contraindicated
If worsening, treat as unstable

Hemodynamically Stable

Continue Therapy

Continued Hemodynamic Instability
(Hypotension, Shock)

Thrombolysis (Systemic vs. Catheter-Directed depending on local expertise)

OR

Thrombectomy (Surgical vs. Catheter-Directed depending on local expertise)

NoYes

Continue

Anticoagulation

Successful?

Thrombectomy

ECLS

NoYes

Continue

Anticoagulation

Successful?

Thrombolysis

Thrombectomy

or ECLS

Acute PE

Fig. 65.4 BNP, Brain natriuretic peptide; CTA, computed tomography angiography; ECLS, extracorporeal life 

support; IVC, inferior vena cava; PE, pulmonary embolism; RV, right ventricle.
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features such as metabolism and excretion, bleeding risk, drug interac-
tions, and reversibility. Upcoming procedures or anticipated throm-
bolysis may favor a medication with a shorter half-life, whereas pa-
tients at high risk of bleeding may benefit from an anticoagulant with 
a readily available reversal agent. The choice of anticoagulant in the 
ICU should focus on short-term management, whereas long-term 
treatment choices can be deferred until after the patient leaves the ICU. 
(e Table 65.4 provides information on the dosing of commonly used 
anticoagulant medications.)

Patients with a high clinical suspicion for PE should undergo em-
piric parenteral anticoagulation while awaiting diagnostic imaging 
unless the bleeding risk is prohibitively high. Initial anticoagulation 
after the diagnosis of PE is usually accomplished with a parenteral 
agent in the immediate management period before transitioning to an 
oral agent. However, the development of direct-acting oral anticoagu-
lants, which are both effective and safe for the treatment of VTE, are 
viable alternatives for initial treatment in most cases.

All patients should undergo a bleeding risk assessment and evalu-
ation for contraindications before anticoagulant therapy is initiated. 
Risk factors for bleeding with anticoagulation are listed in Table 65.3. 
Major contraindications to anticoagulant treatment include intra-
cranial bleeding, severe active bleeding, or recent neurologic or spi-
nal surgery. Relative contraindications include recent major surgery, 
ischemic stroke, nonsevere active bleeding, thrombocytopenia, or 
bleeding diathesis. Nonsteroidal antiinflammatory drugs increase the 
risk of bleeding on anticoagulation, so their use should be mini-
mized.261 Although studies have identified risk factors for anticoagu-
lant-associated bleeding in patients with VTE, for most patients ad-
mitted to an ICU with PE, the benefits of anticoagulation outweigh 
the risks.262,263

Unfractionated Heparin

Despite the development of new anticoagulant medications, unfrac-
tionated heparin (UFH) remains the initial parenteral medication of 
choice for many patients with acute PE in the ICU. Though endoge-
nously produced, commercial UFH is isolated from porcine or bovine 
intestines as a mix of different-length polysaccharides.264 These long 
chains bind to antithrombin III (AT), potentiating the inactivation of 
factors Xa and IIa (thrombin).265

After an initial bolus, the infusion rate of UFH is commonly ti-
trated using a nomogram based on the activated partial thromboplas-
tin time (aPTT) or the anti-Xa level and monitored every 6 hours 
until a steady state is reached.266 Typically, the minimum therapeutic 
threshold of UFH corresponds to 1.5 times the mean control value or 
the upper limit of normal of the aPTT range, so many institutions will 
target 1.5–2.5 times the upper limit of the test’s normal range. For anti-
Xa, this corresponds to a range of 0.3–0.7 unit/mL. The actual aPTT 
range will vary between institutions based on the assay used. Each 
aPTT reagent should be correlated to an anti-Xa assay, particularly 
when switching manufacturers.265

The efficacy of UFH depends partly on achieving a therapeutic 
level of UFH within the first 24 hours of treatment.96,267 Unfortunately, 
the anticoagulant response to a standard dose of UFH varies widely 
among patients, and numerous studies have demonstrated difficulties 
in clinical practice with reliably administering therapeutic doses of IV 
UFH, even despite the use of a dosing protocol and nomogram.265,268–271 
Because of its short half-life, utility with renal dysfunction, and avail-
ability of a reversal agent, UFH is often the first medication used for 
treatment of acute high-risk PE in the ICU. However, given its unreli-
ability in anticoagulation, a different anticoagulant should be chosen 
for those patients for whom thrombolysis or interventional procedures 
are not immediately planned.

Heparin-induced thrombocytopenia (HIT) occurs within 5–10 
days of the initiation of heparin in about 5% of patients. HIT type I 
(HIT-I), characterized by a transient decrease in platelet count, occurs 
within the first 2 days of therapy because of a direct effect of heparin 
that causes platelet aggregation. HIT-I is not clinically significant and 
does not require a change in therapy.272 HIT type II (HIT-II) is much 
more concerning and is an immune-mediated disorder caused by an-
tibodies targeting the platelet–heparin complex (specifically, platelet 
factor 4 [PF4]).273 Recognition of the PF4–heparin complex by im-
munoglobulin G (IgG) leads to both thrombocytopenia and an activa-
tion of the clotting cascade, leading to arterial and venous thrombosis, 
which can be life-threatening. Patients with HIT-II have a 30-fold in-
creased thrombotic risk.274

The diagnosis of HIT-II is made clinically using the 4T score while 
awaiting laboratory confirmation275 (e Table 65.5). Laboratory diagno-
sis is typically accomplished using the highly sensitive immunoassay 
for the PF4–heparin complex and confirmed using the highly specific 
serotonin release functional assay.274 For patients in whom there is a 
high suspicion for HIT-II, heparin therapy should be discontinued 
immediately and the patient transitioned to an alternative form of 
anticoagulation, typically a parenteral direct thrombin inhibitor.276 
Although fondaparinux and factor Xa inhibitors have increasingly 
been used for alternative anticoagulation in HIT-II, they have not yet 
entered guidelines as recommended therapy.277–279

Low-Molecular-Weight Heparin

Low-molecular-weight heparin (LMWH) is obtained by the chemical 
or enzymatic degradation of UFH from approximately 45 saccharides 
to 15 saccharides.280 Similarly to UFH, LMWH binds to AT to inacti-
vate factors Xa and II (thrombin). The decreased length of the LMWH 
chains decreases the ability of AT to bind thrombin compared with 
UFH, and therefore its major mechanism of action is from the inacti-
vation of Xa.281 Several different formulations of LMWH are commer-
cially available with similar characteristics.282

LMWH is given subcutaneously and has excellent bioavailability 
(.90%) and a longer half-life when compared with UFH. LMWH is 
renally cleared and thus is contraindicated in renal failure. It is admin-
istered once or twice a day in weight-based dosing and does not re-
quire laboratory monitoring. Nonetheless, anti-Xa levels can be used 
to measure its efficacy, if needed. When compared with UFH, LMWH 
has a more predictable anticoagulant response.280,282

Overall, LMWH appears to have fewer serious complications, more 
reliable anticoagulation, lower rates of recurrent thrombus, a lower 
risk of bleeding, and requires less monitoring than UFH.283 LMWH 
also appears to have a lower rate of heparin-induced thrombocytope-
nia.284–287 Protamine can be used to reverse LMWH, but its efficacy in 
reversing Xa blockade is limited.288,289 Therefore in the patient for 
whom an invasive intervention is not immediately planned and who 
can otherwise tolerate the medication, LMWH appears superior to 
UFH. Limitations include subcutaneous administration; among pa-
tients in the ICU receiving DVT prophylaxis with LMWH, patients 
receiving vasopressors had lower anti-Xa activity than those not on 
vasopressors290,291 and anti-Xa activity is also variable in the setting of 
subcutaneous edema.292,293 The appropriate dose of LMWH in morbid 
obesity is also unclear.294

Fondaparinux

Fondaparinux is a heparinoid that contains only the biochemically ac-
tive pentasaccharide sequence of UFH. It binds to AT to inhibit factor Xa 
but has no activity against thrombin. Fondaparinux has nearly 100% 
bioavailability after subcutaneous injection and a relatively long half-life 
when compared with UFH and LMWH.295 Renally cleared, it should not 

  

 



Medication Route Initial Dosing* Monitoring Maintenance Dosing

Unfractionated heparin IV 80 units/kg bolus, then 18 units/kg/hr infusion aPTT 1.5–2.5 normal

or anti-Xa 0.3–0.7

–

Low-molecular-weight heparin SQ Enoxaparin 1 mg/kg BID

Dalteparin 200 units/kg daily

Tinzaparin 175 IU/kg daily

None Same as initial

Fondaparinux SQ 5–10 mg daily (based on patient weight) None Same as initial

Warfarin PO 5 mg daily (generally) with heparin bridge INR 2.0–3.0 Adjusted by INR

Apixaban PO 10 mg BID 3 1 week None 5 mg BID

Rivaroxaban PO 15 mg BID 3 3 weeks None 20 mg daily

e TABLE 65.4 Initial Anticoagulant Therapy for VTE

*Initial dosing for patients with normal renal function. Dose adjustments or discontinuation may need to be made for patients with reduced renal 

function. aPTT, Activated partial thromboplastin time; INR, international normalized ratio; VTE, venous thromboembolism.
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be used in renal dysfunction. Dosing is weight-based and does not re-
quire monitoring. Fondaparinux does not appear to cause HIT.296,297 Its 
safety and efficacy appear to be similar to UFH in PE and LMWH for 
DVT.298,299 Given its longer half-life and the lack of a reliable reversal 
agent,300 fondaparinux is not typically the initial anticoagulant utilized 
in the ICU but may be a reasonable choice in selected patients.

Vitamin K Antagonists

The vitamin K agonists (VKAs or coumarins) block the function of 
vitamin K epoxide reductase, depleting the necessary cofactor for acti-
vation of the vitamin K–dependent coagulation factors II, VII, IX,  
and X (and the anticoagulant proteins C and S).301 Because of the delay 
in onset of action caused by the presence of circulating coagulation 
factors and the potential for procoagulant activity at the initiation of 
therapy resulting from the initial depletion of the anticoagulant pro-
teins, VKAs are typically given alongside a “bridge” of another antico-
agulant medication, typically a heparinoid.302 The VKAs are given 
orally, and therapeutic monitoring is required to achieve a targeted 
international normalized ratio (INR) range of 2.0–3.0. Because of a 
large number of medication interactions and patient-specific variabil-
ity, there is significant lability in anticoagulation efficacy, and the dos-
ing requires close laboratory monitoring.303 Given the delay in antico-
agulation, large number of interactions, and variable anticoagulation, 

in addition to the development of newer direct-acting anticoagulant 
medications with more favorable safety profiles, the use of VKAs in PE 
is more relevant to chronic anticoagulation.

Direct Oral Anticoagulants

The development of the direct oral anticoagulant (DOAC) medica-
tions has quickly changed the management of VTE. In contrast to the 
VKAs, the DOACs have a more rapid onset, shorter half-life, wider 
therapeutic window, and more predictable pharmacokinetics without 
the need for therapeutic monitoring.304 The DOACs are categorized 
into two major categories, the direct factor Xa inhibitors and the direct 
thrombin inhibitors.

Orally administered, the factor Xa inhibitors directly bind factor Xa 
to prevent the cleavage of prothrombin to thrombin.305 Unlike hepa-
rin, they do not require the presence of antithrombin. The two DOACs 
approved for the initial treatment of VTE, rivaroxaban and apixaban, 
both require a higher dosage in the first week(s) of therapy before de-
creasing to a maintenance dose (see e Table 65.4). Edoxaban, a third 
approved DOAC, requires at least 5 days of overlapping parenteral 
therapy before being used as monotherapy, whereas the fourth medi-
cation, betrixaban, is approved only for VTE prophylaxis.

When compared with LMWH and VKAs in large clinical trials, the 
factor Xa antagonists have shown equivalent efficacy for the treatment of 
VTE, while offering a more favorable safety profile.306–309 Although these 
medications have become the first-line treatment for most patients in 
the outpatient setting because of their reliable anticoagulant effect with-
out the need for routine monitoring, a number of factors limit their use 
in the ICU, including oral dosing, limitations of use in renal dysfunction, 
and until recently, limited options for anticoagulation reversal.310

The only oral direct thrombin inhibitor is dabigatran, which di-
rectly inhibits circulating and clot-bound thrombin.311 In large clinical 
trials dabigatran has shown equivalent performance to warfarin with a 
favorable safety profile312,313 and has the benefit of a reliable reversal 
agent, idarucizumab.314 Dabigatran requires at least 5 days of paren-
teral therapy with another anticoagulant before its use in VTE, which 
limits its use in the ICU.

Parenteral direct thrombin inhibitors include bivalirudin, argatro-
ban, and desirudin. They are not approved for the treatment of PE and 
are typically used off-label for anticoagulation in patients with HIT.276

Thrombolytic Therapy
In contrast to anticoagulant medications, which prevent clot propaga-
tion, thrombolytic (or fibrinolytic) drugs lead to rapid clot lysis by 
converting plasminogen to plasmin.315 Earlier thrombolytic drugs such 
as streptokinase and urokinase have largely been replaced by more fi-
brin-specific agents modeled on the naturally occurring enzyme tissue 
plasminogen activator (tPA). Recombinant genetic engineering has led 
to the development of three major thrombolytic medications: alteplase 
(recombinant tissue-type plasminogen activator or r-tPA), reteplase 
(recombinant plasminogen activator, rPA), and tenecteplase (TNK-tPA). 
Alteplase is given as a 100-mg IV bolus over 2 hours, reteplase is given as 
10 units IV over 2 minutes and then repeated 30 minutes later, and  
tenecteplase is given as a single weight-based bolus dose.316

Thrombolytic therapy provides more rapid lysis of PE than antico-
agulation.317 This clot resolution can restore pulmonary perfusion and 
promptly lower pulmonary artery pressure and resistance, thereby im-
proving RV function.318 Over 90% of patients will show a response 
with thrombolysis.319 The benefit of thrombolysis appears to be highest 
when initiated within 48 hours of symptom onset but may remain for 
up to 2 weeks afterwards.320 Meta-analyses of thrombolysis have shown 
lower rates of mortality321–323 and lower rates of clinical deterioration 
and recurrent PE, though at the expense of higher rates of major and 

RISK FACTORS

Age .65 years Diabetes

Age .75 years Anemia

Previous bleeding Antiplatelet therapy

Cancer Poor anticoagulant control

Metastatic cancer Comorbidity and reduced functional capacity

Renal failure Recent surgery

Liver failure Frequent falls

Thrombocytopenia Alcohol abuse

Previous stroke Nonsteroidal antiinflammatory drug

Interpretation:

ESTIMATED ABSOLUTE RISK OF MAJOR BLEEDING

  

Low Risk  

(0 Risk  

Factors)

Moderate 

Risk (1 Risk 

Factor)

High Risk 

($2 Risk 

Factors)

Anticoagulation (0–3 months)

Baseline risk (%) 0.6 1.2 4.8

Increased risk (%) 1.0 2.0 8.0

Total risk (%) 1.6 3.2 12.8

Anticoagulation (after 3 months)

Baseline risk  

(%/year)

0.3 0.6 $2.5

Increased risk  

(%/year)

0.5 1.0 $4.0

Total risk (%/year) 0.8 1.6 $6.5

TABLE 65.3 Risk Factors for Bleeding With 
Initial Anticoagulant Therapy

Adapted from Kearon C, Akl EA, Ornelas J, et al. Antithrombotic ther-

apy for VTE disease: CHEST guideline and expert panel report. Chest. 

2016;149(2):315–352.

  

 



Criterion Points

Thrombocytopenia

Platelet count fall .50% AND platelet nadir $20 2

Platelet count fall 30%–50% OR platelet nadir 10–19 1

Platelet count fall ,30% OR platelet nadir ,10 0

Timing of platelet count fall:

Clear onset between days 5 and 10 OR platelet fall #1 day) prior heparin 

exposure within 30 days)

2

Consistent with days 5–10 fall but not clear; onset after day 10 OR fall #1 

day (prior heparin exposure 30–100 days ago)

1

Platelet count fall ,4 days without recent exposure 0

Thrombosis or Other Sequelae

New thrombosis OR skin necrosis; acute systemic reaction post-intravenous 

heparin bolus

2

Progressive OR recurrent thrombosis: non-necrotizing skin lesions; suspected 

thrombosis (not proven)

1

None 0

Other Causes for Thrombocytopenia

None apparent 2

Possible 1

Definite 0

Interpretation:

Point Summary Probability

Low probability (#3 points) #5%

Intermediate probability (4–5 points) ~14%

High probability (6–8 points) ~64%

e TABLE 65.5 4T Score for Heparin-Induced Thrombocytopenia
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intracranial bleeding.324 The benefit-to-risk ratio of thrombolysis there-
fore seems to be highest in those patients with hemodynamic instability 
in the setting of acute PE (e.g., high-risk or “massive” PE) and intermedi-
ate- and high-risk patients who are showing signs of hemodynamic 
worsening despite appropriate anticoagulation.325 Younger patients also 
seem to benefit more than older patients. The long-term benefit of 
thrombolysis is uncertain, as studies have yet to demonstrate clear im-
provement in long-term mortality, dyspnea, or RV function.326 Lower-
dose systemic thrombolysis has shown promise in early trials for inter-
mediate-risk PE and for some patients with relative contraindications to 
thrombolysis. Because these studies have not been replicated in well-
designed, large-scale trials, such use is still experimental.327–329

The primary risk of thrombolytic therapy is major bleeding. Stud-
ies have suggested rates of major bleeding as high as 22%, with a 3% 
risk of intracranial hemorrhage, although a more recent meta-analysis 
showed rates of 9.2% and 1.5%, respectively.23,321 Bleeding associated 
with thrombolytic treatment can be catastrophic and lead to death; 
therefore careful patient selection is crucial. Contraindications to 
thrombolytic therapy are given in Table 65.4.

Expert consensus recommends that UFH be stopped during the 
administration of r-tPA and TNK-tPA, though it can be continued if 
rPA is used. Anticoagulation is generally resumed after thrombolysis, 
typically with UFH in case urgent reversal is needed.219

Although no mortality benefit has been demonstrated with empiric 
thrombolysis in undifferentiated cardiac arrest, fibrinolysis is generally 
recommended in cardiac arrest resulting from presumed or known 
PE.330,331 Alteplase may be given as a 50-mg bolus,332 and tenecteplase, 
although technically weight-based, is typically given as a 50-mg bolus 
for ease of administration.333 When fibrinolytics are given in cardiac 
arrest, consensus recommendations suggest cardiopulmonary resusci-
tation (CPR) should be continued for at least 60–90 minutes before 
terminating resuscitation attempts.334

Interventional Techniques
Inferior Vena Cava Filter
Insertion of an IVC filter is indicated for patients with acute PE with an 
absolute contraindication to anticoagulant therapy or for patients with 
recurrent PE despite adequate anticoagulation.219 Many clinicians also fa-
vor insertion of an IVC filter for patients with large PE and residual ilio-
femoral DVT that could result in sudden cardiac arrest if it were to embo-
lize. IVC filters prevent the embolization of thrombus to the heart and 
pulmonary vasculature but do not aid in resolution of the thrombus; 
therefore the patient should receive anticoagulation if the contraindication 
to anticoagulation resolves. The routine placement of IVC filters for pa-
tients with proximal DVT without PE is not supported,335 as it does not 
reduce mortality336 and increases the risk of subsequent DVT.337

Permanent IVC filter insertion has largely been replaced by the 
development of retrievable filters, which have a high rate of successful 
placement and removal.338,339 Removal should take place within several 
weeks of insertion, although most “retrievable” IVC filters are never 
retrieved.340 Coordination with specialists who can remove an IVC 
filter after discharge from the ICU is very important. The most com-
mon complications of IVC filter placement are IVC penetration and 
occlusion; other complications include filter movement or migration 
and fracture.341 Because the complication rate increases with time340 
and the success of retrieval decreases with time,342 IVC filters should be 
removed as soon as clinically appropriate.339

Catheter-Directed Treatment

Catheter-directed treatment includes a variety of endovascular treat-
ments for acute PE, including thrombolysis and thrombectomy.343 
Catheter-directed thrombolysis involves the insertion of a catheter into 

affected pulmonary arteries to directly deliver fibrinolytic into the 
thrombus, theoretically avoiding the shunting of blood away from the 
occluded artery and into nonoccluded vessels.344 Some catheters 
include ultrasound to facilitate the entry of thrombolytics into the 
thrombus, though the clinical benefit of this functionality is un-
known.345 Catheter-based techniques allow the delivery of much lower 
doses of thrombolytic medications over a longer period, theoretically 
reducing the risk of major bleeding.344,346 Catheter-directed throm-
bolysis appears to be as effective as systemic thrombolysis in high-risk 
PE with a lower risk of bleeding347–349 and may be superior to antico-
agulation alone in intermediate- and high-risk PE, though large  
clinical trials comparing catheter-directed thrombolysis with either 
anticoagulation alone or with systemic thrombolysis have not yet been 
performed.350 Other percutaneous catheter-based techniques include 
fragmentation, aspiration thrombectomy, and mechanical thrombec-
tomy. These procedures are only available at specialized centers, and 
data supporting these techniques are limited to case series.351–353

Surgical Embolectomy

Surgical embolectomy (thrombectomy) has a role for patients who 
have high-risk PE and a contraindication to thrombolytic therapy or 

Major Contraindications

Structural intracranial disease

Previous intracranial hemorrhage

Recent ischemic stroke (3 months)

Active bleeding

Recent brain or spinal surgery

Recent head trauma with fracture or brain injury

Bleeding diathesis

Relative Contraindications*

Systolic blood pressure .180 mm Hg

Diastolic blood pressure .110 mm Hg

Recent (nonintracranial) bleeding

Recent surgery

Recent invasive procedure

Noncompressible vascular puncture

Remote ischemic stroke (.3 months)

Therapeutic anticoagulation

Traumatic cardiopulmonary resuscitation

Pericarditis or pericardial fluid

Diabetic retinopathy

Pregnancy

Age .75 years

Low body weight (,60 kg)

Female

Black race

TABLE 65.4 Contraindications to 
Fibrinolytic Therapy

*Relative contraindications are those that have been associated with 

increased bleeding risk in retrospective studies of thrombolysis. Sever-

ity of condition and clinical judgment should determine importance of 

relative contraindications.

Adapted from Kearon C, Akl EA, Ornelas J, et al. Antithrombotic ther-

apy for VTE disease: CHEST guideline and expert panel report. Chest. 

2016;149(2):315–352.
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failed thrombolytic therapy.219 Additionally, embolectomy should be 
considered for thrombus-in-transit through the right heart or crossing 
a patent foramen ovale.354 Surgical embolectomy requires general an-
esthesia, cardiopulmonary bypass, and available personnel and equip-
ment. Because standard technique involves a median sternotomy and 
pulmonary artery incision, embolectomy is technically most feasible 
for large, central PEs. Intraoperative TEE should be performed because 
of the high prevalence of extrapulmonary thromboembolism in this 
patient population.355

Traditionally, surgical embolectomy has had a prohibitively high 
mortality rate, over 50% in early trials356 and 59% when performed 
after cardiac arrest.357 However, this was most likely the result of selec-
tion bias and the use of surgical embolectomy only after cardiac arrest 
and other efforts, such as thrombolysis, had failed.358 With improved 
patient selection and surgical technique, a more recent, large meta-
analysis found in-hospital all-cause mortality of 26.3%,359 and some 
centers have reported mortality rates lower than 11%.360,361

For patients with massive, high-risk PE, surgical embolectomy 
leads to more rapid decreases in pulmonary artery pressure and RV 
diameter with a lower complication rate than systemic thromboly-
sis.362–364 Surgical embolectomy appears to have similar mortality to 
catheter-based therapies with a lower failure rate in the treatment of 
massive, high-risk PE, but available data are subject to selection bias, as 
surgical techniques have been traditionally reserved for the most criti-
cally ill.365 The decision to proceed with either surgical embolectomy 
or catheter-directed techniques will depend on the available personnel, 
equipment, and specific conditions of the patient.

Extracorporeal Life Support 

ECLS (also called extracorporeal membrane oxygenation or ECMO) can 
be used in acute high-risk PE to unload the RV, increase cardiac out-
put, and provide oxygenation.358 ECLS can be used either as a bridge 
to surgical embolectomy or as definitive (destination) therapy with 
anticoagulation alone.354 Most data on ECLS are from published case 
series, but a systematic review showed an overall survival rate of 70.1% 
with similar mortality for catheter-directed thrombolysis, surgical 
embolectomy, and systemic thrombolysis in patients with massive, 
high-risk PE.366 ECLS requires significant institutional infrastructure, 
including equipment, physician specialists, perfusionists, and well- 
established protocols. These requirements limit its utility to specialized 
centers.344

Team-Based PE Therapy
Similar to the management of acute coronary syndromes, stroke, and 
trauma, pulmonary embolism response teams (PERTs) have been de-
veloped to coordinate care for patients with higher-risk acute PE.367,368 
PERTs can assist with the early management, triage, and coordination 
of advanced interventional techniques such as catheter-directed 
thrombolysis, surgical embolectomy, or ECLS, in addition to facilitat-
ing follow-up. As the management of intermediate- and high-risk PE 
is complex, PERT may rapidly coordinate expertise from diverse disci-
plines to develop a plan of care.369–371

KEY POINTS

• VTE includes both DVT and PE, which occurs when a DVT embolizes and 

travels through the heart to lodge in the pulmonary arterial vasculature.

• The critically ill patient is at high risk for the development of PE because 

many risk factors for thrombus formation are common in the ICU.

• History, physical examination, and traditional scoring systems are unreli-

able in the ICU patient; therefore diagnostic imaging is the test of choice for 

the diagnosis of acute PE in the ICU.

• Patients suspected of acute PE should promptly undergo CT using an angi-

ography protocol (CTA) as the initial diagnostic study of choice; a subset of 

patients with contraindication to CTA may undergo V/Q scanning. The he-

modynamically unstable patient should be expediently examined by echo-

cardiography and compressive venous ultrasonography.

• Anticoagulation is the mainstay of treatment for acute PE. For patients 

diagnosed with acute PE or with high pretest probability, anticoagulation 

should be promptly administered, often using a parenteral heparinoid.

• Unstable patients with high-risk PE should be assessed for definitive ther-

apy by thrombolysis (either systemic or catheter-directed) or surgical embo-

lectomy. A PERT may help coordinate advanced therapies.

 References for this chapter can be found at expertconsult.com.
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The progression from a simple pneumothorax to tension pneumo-

thorax relies on the continued escape of gas into a closed pleural space. 

This leads to increasing pleural pressure, with resultant atelectasis and 

hypoxemia. As the pleural pressure continues to elevate, venous return 

is limited, resulting in a fall in cardiac output and shock. Animal stud-

ies have investigated the pathophysiology of tension pneumothorax. 

9–12 Proposed mechanisms contributing to tension physiology include 

hypoxia caused by shunting of blood through the atelectatic lung, hy-

poventilation resulting from increased transpleural pressure causing 

reduced diaphragmatic excursion, and decreased preload from in-

creases in intrathoracic pressure. The traditionally taught mechanism 

of vena cava mechanical obstruction likely plays less of a role.9 Major 

clinical findings may differ depending on whether the patient is spon-

taneously breathing or on positive-pressure ventilation. Hypoxia is 

usually the main finding in spontaneously breathing patients. Patients 

with impaired respiratory drive (needed to decrease intrathoracic 

pressure and increase venous return) or hypovolemia, however, may 

have reductions in cardiac output.

Patients on mechanical ventilation pose the highest risk for hemo-

dynamic instability. The rate of increase in volume in the pleural space 

depends on the volume and pressure being delivered and degree of 

pleural injury. With an increasing volume of gas entering the pleural 

space, a critical point is reached, resulting in decreased venous return 

and eventual equalization of pressure within the cardiac chambers, in 

turn leading to a decrease in cardiac output and, ultimately, cardiac 

arrest.13

DIAGNOSIS AND EVALUATION

The diagnosis of pneumothorax in critically ill patients can some-

times be made with information from the history and physical ex-

amination, noting acute onset of dyspnea or chest pain, tachycardia, 

hypotension, decreased breath sounds, pulsus paradoxus, and contra-

lateral tracheal deviation. Tension pneumothorax should be suspected 

if severe tachycardia, hypotension, hypoxia, or cyanosis have devel-

oped. Although clinical features can be used to diagnose the presence 

of a pneumothorax, it should be noted that many of these findings are 

nonspecific and have not been a reliable indicator of pneumothorax 

size, especially in the case of secondary spontaneous pneumothorax 

(SSP) where severe symptoms of dyspnea can be out of proportion to 

the size of the pneumothorax, and underlying emphysema can cause 

diminished breath sounds. Acute changes in ventilatory parameters, 

such as a reduction in tidal volume or increase in airway pressures 

resulting from reduced respiratory system compliance, may be associ-

ated with pneumothorax but can also be found in other disease states 

and therefore have the potential to be misinterpreted under different 

clinical scenarios.

INTRODUCTION

The term pneumothorax was first coined by Itard in 1803.1 Pneumo-

thorax is defined as the presence of air in the pleural space. Tradition-

ally, pneumothorax has been categorized into primary, secondary, 

traumatic, and iatrogenic. Spontaneous pneumothorax is considered 

“primary” when there is no obvious underlying lung disease and “sec-

ondary” when there is a known underlying lung disease such as em-

physema or cystic lung disease. As thoracic imaging has evolved, subtle 

cystic/fibrotic disease is more easily visualized, and the categorization 

of primary vs. secondary has been called into question.2 Traumatic 

pneumothorax is secondary to penetrating or blunt thoracic trauma, 

which is further categorized as iatrogenic or noniatrogenic. The clini-

cal implications of pneumothorax are dependent on the degree of lung 

collapse of the lung on the affected side and the patient’s underlying 

cardiopulmonary reserve. A simple pneumothorax may rapidly prog-

ress to a life-threatening “tension pneumothorax” with resultant  

hypoxia and/or hypotension or cardiogenic shock, especially if the 

patient is receiving positive-pressure ventilation. Therefore it is im-

perative that healthcare workers in the intensive care unit (ICU) be 

able to rapidly diagnose and treat a patient with pneumothorax.

PATHOPHYSIOLOGY

Pleural membranes line the surface of the lung and the lining of the 

chest wall. Under normal physiologic conditions, the lungs are inflated 

secondary to airway pressure being higher than the pleural pressure.3 

Pneumothorax most commonly results from a breach in the visceral 

pleura, but air may also enter the pleural space from the atmosphere 

(trauma/iatrogenic) or via gas-producing organisms in the setting of 

empyema.4 Primary spontaneous pneumothorax (PSP) typically oc-

curs in tall, thin males with an “ectomorph” body habitus, and is 

thought to be the result of increasing pleural porosity or rupture of 

previously unseen subpleural blebs.5 Although height and male sex are 

risk factors for primary spontaneous pneumothorax, smoking has 

been identified as the most important risk factor contributing to the 

development of the disease.6 The relative risk of pneumothorax in-

creases from 7 to 100 times higher in light to heavy smokers.6 Smoking 

cessation is associated with a significant reduction in the risk of recur-

rence7 (Table 66.1). Several inherited disorders such as Marfan syn-

drome, Birt-Hogg-Dubé syndrome, other mutations of the folliculin 

gene (FLCN), alpha-1-antitrypsin deficiency,1 and homocystinuria 

also predispose to pneumothorax. Traumatic pneumothorax is the 

second most common clinical finding after chest trauma, following 

broken ribs. Iatrogenic pneumothorax in the ICU most often occurs 

after central venous access, thoracentesis, transbronchial lung biopsy, 

and positive-pressure ventilation.8

Pneumothorax
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Because of the lack of specificity of the clinical examination, radio-

logic imaging remains the gold standard for the diagnosis of pneumo-

thorax.14 It should be understood, however, that therapeutic interven-

tion (i.e., needle decompression or chest tube placement) may be 

required in unstable patients based on a clinical diagnosis before ra-

diographic confirmation15 (Fig. 66.1).

Portable chest radiographs traditionally have been the initial diag-

nostic test in the ICU to diagnose a pneumothorax. Most of these ra-

diographs have the patient in the supine or semirecumbent position 

rather than an erect position.16 However, caution should be exercised 

when interpreting supine radiographs, as the most nondependent part 

of the chest (where air will collect) is in the costophrenic recess, known 

as the deep sulcus sign.17 A skin fold on chest radiograph may resemble 

a pneumothorax by mimicking a sharp lung edge but, in fact, repre-

sents a normal finding.18 Skin folds may be seen in elderly or obese 

patients and can be confirmed by a repeat radiograph in a different 

position.

Because of the limitations of chest radiography, it is important to 

treat the patient and not the radiograph. In the right clinical situation 

with concern for tension pneumothorax, clinicians should proceed 

with immediate pleural evacuation to avoid further clinical decom-

pensation. If there is doubt in regard to the findings on a chest radio-

graph and the patient is stable, it is advised to seek the expert opinion 

of the radiologist and/or further imaging with ultrasound or chest 

computed tomography (CT).19

CT is the gold standard test for confirming the diagnosis and size 

of the pneumothorax. CT also allows for assessment of underlying 

lung parenchyma and pleural-based lesions and can differentiate bul-

lous disease from pneumothorax, potentially avoiding inappropriate 

drainage and creation of a parenchymal-pleural fistula.20 With the 

widespread use of CT scanning, the diagnosis of occult pneumothora-

ces has become more common. The occult pneumothorax is defined as 

a pneumothorax detected via CT that was not clinically suspected or 

recognized on standard chest radiography.21 This may be more com-

mon with the increased availability of CT scans. The overall incidence 

of occult pneumothorax in trauma patients ranges from 2% to 15% 

and can be as high as 64% in multitrauma patients.22 There is contro-

versy on how to treat patients with an occult pneumothorax on me-

chanical ventilation because of the potential escalation to tension 

pneumothorax. A multicenter randomized study in a trauma popula-

tion on mechanical ventilation did not show a difference in respiratory 

distress between observation vs. prophylactic chest tube insertion 

(relative risk: 0.71; 95% confidence interval: 0.40–1.27).23 Ultimately, 

31% of the observed patients had subsequent chest tube placement 

nonurgently for worsening pneumothorax on imaging without an in-

crease in morbidity. Although this single study lends support for the 

observation of occult pneumothoraces in mechanically ventilated 

trauma patients, further studies are needed to guide management in 

different populations and situations. Expert consensus remains that 

clinical judgment is used to determine if drainage is needed.24

Thoracic ultrasound has become an increasingly accessible tool in 

the ICU for the diagnosis of pneumothorax. There are several advan-

tages of ultrasound over chest radiograph and CT, including availabil-

ity at the bedside, absence of radiation, real-time imaging, and the 

ability to easily perform dynamic and repeat evaluations. A recent 

meta-analysis has shown that ultrasound is more sensitive and specific 

than a standard chest radiograph for detecting pneumothorax and can 

be used to assess lung re-expansion after tube thoracostomy.25 The 

major pitfall in ultrasound is in acquiring the skills of image acquisi-

tion and interpretation for the nonradiologist.26 Another limitation is 

that severe subcutaneous emphysema will limit ultrasound waves pen-

etrating into the thoracic cavity and also create an “E-line” artifact. A 

study comparing ultrasound with CT/chest radiographs for the diag-

nosis of occult pneumothorax showed that the use of ultrasound de-

tected 92% of occult pneumothoraces diagnosed with CT.27 Ultra-

sound is extremely useful in ruling out pneumothorax after pleural 

procedures and central line placement, negating the need and time 

delay for a portable radiograph.28,29

Normal movement of the underlying lung with respiration pro-

duces a “sliding” or “gliding” sign, and this dynamic movement identi-

fies the visceral pleura and lung parenchyma. Examination of the lung 

with ultrasound commonly shows A-lines and B-lines. A-lines are 

horizontal, hyperechoic lines that represent reverberation artifacts of 

the visceral-parietal pleural interface. B-lines, also known as comet tail 

artifacts, are caused by echo reverberations of the air-filled lung and 

appear as narrow, hyperechoic, raylike opacities extending from the 

pleural line to the edge of the ultrasound screen without the fading 

that moves with lung sliding. As pleural air would block the visualiza-

tion of the underlying lung, the presence of B-lines and lung sliding 

rule out a pneumothorax, with a negative predictive value of 100% in 

the location of the chest probe.30 It is important to examine several 

locations on the thorax, especially the superior anterior and lateral 

 Management Issues

Iatrogenic pneumothorax Likely benign course in which conservative management may be appropriate

Traumatic pneumothorax Management of coincident trauma or parenchymal injury

Pneumothorax associated with endometriosis Potential role for hormone treatment; high risk of recurrence

Pneumothorax with a genetic predisposition (e.g., Marfan syndrome,  

Birt-Hogg-Dubé syndrome)

Related multisystem pathology; familial screening

Idiopathic pneumothorax Likely low risk of recurrence; conservative or ambulatory management may be ap-

propriate

Pneumothorax with previously unrecognized abnormal parenchyma (e.g.,  

respiratory bronchiolitis or bullous disease)

Smoking cessation; consideration of early surgical intervention in selected cases

Pneumothorax associated with infection or immunocompromise Identification of underlying immunocompromise; targeted antimicrobial treatment

Pneumothorax with abnormal parenchyma in context of known lung disease 

(e.g., COPD, cystic fibrosis, lung cancer, interstitial lung disease)

High risk of ongoing air leak and recurrence; suitability for surgical intervention; 

optimizing management of existing lung disease

TABLE 66.1 A Possible Alternative Classification System to Categorize Pneumothorax

From Bintcliffe OJ, Hallifax RJ, Edey A, et al. Spontaneous pneumothorax: time to rethink management? Lancet Respir Med. 2015;3(7):578.

COPD, Chronic obstructive pulmonary disease.
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chest wall, where air would normally accumulate. One can also fail to 

see lung sliding when there is contralateral mainstem intubation, 

pleural-parenchymal adhesions, endobronchial obstruction, or dia-

phragmatic paralysis. Therefore the main utility of ultrasound for the 

assessment of pneumothorax lies in its ability to rule out a pneumo-

thorax. Lung ultrasound, however, can also be used to rule in pneumo-

thorax by identifying the point where the lung separates from the chest 

wall. This is seen as an area where normal lung sliding meets an area 

where no lung sliding is seen and has been termed the lung point. The 

lung point can be visualized with both B-mode and M-mode ultra-

sound and, when seen, has 100% specificity for pneumothorax.31 The 

sensitivity of the lung point for pneumothorax is inversely propor-

tional to the size of the pneumothorax, as a large pneumothorax would 

prevent the parenchyma from opposing the chest wall. Ultrasound has 

recently been used to serially follow the lung point and determine if 

the pneumothorax is enlarging.

MANAGEMENT

Appropriate treatment of pneumothorax is dictated by the clinical as-

sessment of symptoms, pneumothorax size, and etiology. The primary 

goal of the management of a pneumothorax is to restore normoxia and 

hemodynamic stability and evacuate air from the pleural space, allow-

ing visceral and parietal pleural apposition.

There is no universal consensus regarding the management of PSP. 

The British Thoracic Society (BTS) and American College of Chest Phy-

sicians (ACCP)32,33 recommend that select patients with small (defined 

as ,2 cm at the hilum on standard chest x-ray [CXR] by the BTS and 

,3 cm at the apex by the ACCP) PSP without symptoms be managed 

with observation. In patients with PSP .2 cm and/or symptoms, BTS 

recommends simple aspiration, whereas the ACCP recommends chest 

tube drainage. Both BTS and ACCP recommend pneumothorax preven-

tion in patients with recurrent pneumothorax. Pleurodesis as an alterna-

tive strategy is recommended by both BTS and ACCP guidelines where 

the patient may not be a surgical candidate or be unwilling to undergo 

surgery. Operative intervention is reserved for patients with recurrent 

pneumothorax or individuals who plan to engage in high-risk activities 

(such as flying or diving).

As patients with SSP have underlying lung disease with less car-

diopulmonary reserve, they typically present more acutely than those 

with PSP and require more urgent drainage, and hospitalization is 

recommended.34 The BTS and ACCP recommend the use of high-

flow oxygen and observation in a hospitalized setting for patients 

with small/asymptomatic SSP and chest drainage for symptomatic or 

large SSP.

The majority of patients in the ICU with a pneumothorax require 

evacuation of pleural space.35 Pneumothorax secondary to barotrauma, 

tension pneumothorax, and concurrent sepsis has been significantly and 

independently associated with an increased risk of death in the ICU.36 

The BTS recommends intercostal drainage for all pneumothoraces in 

patients on a mechanical ventilator and those exhibiting signs or suspi-

cion of tension physiology, traumatic pneumothorax, or hemothorax 

and postsurgical pneumothoraces.32 The role of needle decompression 

has not been well elucidated for patients on mechanical ventilation, and 

Fig. 66.1 Different Modalities for Diagnosing Pneumothorax. A, Chest x-ray. B, US M-mode. C, CT scan. 

D, Needle aspiration. CT, Computed tomography; US, ultrasound.

A B

C D
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there are data to suggest that the therapeutic effect of this intervention 

may be insufficient despite proper placement and positioning.37,38 If 

needle decompression is performed, standard tube thoracostomy is usu-

ally subsequently required for definitive management.

The standard treatment for a mechanically ventilated patient with 

a pneumothorax or tension pneumothorax is tube thoracostomy.39,40 

Several studies have reported excellent success rates using small-bore 

catheters.41 These tubes are associated with less pain and likely have 

reduced complications in patients with thrombocytopenia or coagu-

lopathy. The risk of serious complications associated with small-bore 

catheters is small, with a frequency of organ injury of 0.2% and a mal-

position rate of 0.6%. The largest risk is drain blockage, with a rate of 

8.1%, and it is easily preventable with scheduled sterile flushing to 

maintain patency.42

The use of ultrasound has decreased the rate of complications and 

should be routinely used, especially in the nonemergent placement of 

chest tubes.15 If there is a high clinical suspicion of tension pneumo-

thorax, chest tube insertion should not be delayed while awaiting ra-

diographic confirmation; however, in this case, it may be prudent to 

perform open (surgical) thoracostomy as opposed to the modified 

Seldinger technique to avoid injury to the lung, heart, or other organs 

should pneumothorax not be present.43

PERSISTENT AIR LEAK

A persistent air leak (PAL) is defined as an air leak present for .5–7 

days and may represent a more complex problem requiring additional 

treatment beyond chest tube insertion. Factors such as poor nutrition, 

the size of the pleural injury, mechanical ventilation, and medications 

(i.e., steroids) may hinder the resolution of pneumothorax. For most 

patients with PAL, conservative measures such as continued chest tube 

drainage are recommended. Many of these leaks will resolve spontane-

ously. Additionally, if the patient can clinically tolerate a water seal 

(even if the pneumothorax enlarges), the lack of an increased 

transpleural pressure gradient created by chest tube suction can expe-

dite healing of the visceral pleura. Other supportive strategies include 

the optimization of nutrition and therapy for comorbidities. For select 

patients who fail conservative therapy, bronchoscopic therapy with 

endobronchial valve placement can be attempted. Bronchoscopic 

treatment implanting a unidirectional endobronchial valve to isolate 

and close the fistula has been described to be safe and effective and is 

approved for a humanitarian device exemption in the United States.44 

The valves are currently indicated for the treatment of prolonged air 

leaks or leaks that are likely to be prolonged (defined as .7 days) after 

lobectomy, segmentectomy, or surgical lung volume reduction. The 

procedure is performed by first identifying the “culprit” airway via se-

quential bronchoscopic balloon occlusion. When the airway leading to 

the alveolar-pleural fistula is occluded, the amount of air leak in the 

chest drainage system will stop or be significantly reduced. The valve is 

then sized and inserted through the working channel of the flexible 

bronchoscope. The visceral pleura defect is then allowed to heal, and 

the valve is removed 6 weeks later.

For patients who fail or are not candidates for bronchoscopic or 

surgical approaches, ambulatory drainage devices and nonsurgical 

pleural procedures are options (e.g., blood patch or chemical 

pleurodesis) that can be offered. Although no randomized studies 

have compared different chemical agents for pleurodesis, a recent 

large European prospective series showed that European-graded talc 

used for pleurodesis is effective and safe.8,9 Nonsurgical pleural proce-

dures are also considered complementary when surgical or broncho-

scopic methods achieve a partial response only. Choosing among 

them should be individualized and depends on fistula size, local ex-

pertise, and patient preference. Except for patients with persistent air 

leaks, procedures to prevent the recurrence of a PSP should be re-

served for the second pneumothorax occurrence, yet be considered 

after the first SSP.

KEY POINTS

• Pneumothorax is common in the ICU and may have various clinical presenta-

tions.

• Treatment of a highly suspected tension pneumothorax should not be 

delayed for radiographic confirmation.

• Occult pneumothorax on mechanical ventilation should be closely moni-

tored if chest tube insertion is readily available.

ANNOTATED REFERENCES

Bintcliffe OJ, Hallifax RJ, Edey A, et al. Spontaneous pneumothorax: time to 

rethink management? Lancet Respir Med. 2015;3(7):578.

Comprehensive review on the categorization of pneumothorax, raising the 

importance of dichotomizing “primary” and “secondary.”

Guerrero-López F, Vázquez-Mata G, Alcázar-Romero PP, et al. Evaluation of 

the utility of computed tomography in the initial assessment of the critical 

care patient with chest trauma. Crit Care Med. 2000;28(5):1370.

Study showing utility of thoracic chest CT in patients sustaining chest 

trauma.

Kirkpatrick AW, Rizoli S, Ouellet J, et al. Occult pneumothoraces in critical 

care: a prospective multicenter randomized controlled trial of pleural 

drainage for mechanically ventilated trauma patients with occult 

pneumothoraces. J Trauma Acute Care Surg. 2013;74(3):747.

Randomized trial of trauma patients showing that observation, even in those 

requiring mechanical ventilation, may be followed with close observation as 

opposed to pleural drainage. Approximately 20%, however, will require 

drainage, and there always remains a risk of developing tension if on positive-

pressure ventilation.

MacDuff A, Arnold A, Harvey J. Management of spontaneous pneumothorax: 

British Thoracic Society pleural disease guideline 2010. Thorax. 

2010;65(Suppl 2):ii18.

Most recent guidelines from the British Thoracic Society discussing the 

approach to patients with spontaneous pneumothorax.

Noppen M, Dekeukeleire T, Hanon S, et al. Fluorescein-enhanced autofluores-

cence thoracoscopy in patients with primary spontaneous pneumothorax 

and normal subjects. Am J Respir Crit Care Med. 2006;174(1):26.

Excellent manuscript discussing the concept of pleural porosity. This is 

especially important when deciding on therapy and explains why bullectomy 

alone is inferior to bullectomy plus pleurodesis.
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rate (46.3%) than later admission (.7 days in the hospital, 50.4% mor-

tality rate).12 Restrepo and colleagues also noted a higher mortality 

rate among CAP patients admitted to ICU after 48 hours as compared 

with direct admission or within 24 hours, even after adjustment for 

severity of illness (47.4% vs. 23.2%, P 5 .02).13 Other studies have 

shown higher odds of short-term mortality (odds ratio [OR] 5 2.6) 

for patients who were initially triaged to the general ward but later 

admitted to the ICU.14,15

The economic liability associated with CAP remains significant at 

.$17 billion annually in the United States.16 Kaplan and colleagues 

evaluated the cost of care for 623,718 elderly patients with CAP in the 

United States and found two-thirds of the population had one or more 

underlying illnesses, with congestive heart failure, the most common 

comorbidity, present in 32%.11 The overall mortality rate was 10.6%, 

but rose higher with advancing age, nursing home residence, and co-

morbid illness. The mean length of stay (LOS) was 7.6 days, with cost 

generally paralleling LOS and being disproportionately high for those 

needing MV. Kozma and colleagues, in a study of approximately 1.5 

million CAP admissions, showed a potential economic benefit of 

$2300 per 1 less day per patient spent in the hospital.17 Other studies 

of CAP have reported that costs are higher for patients with comorbid 

illness than those without, as might be expected. However, in those 

without comorbid illness, the cost for those who died was less than for 

those who survived, whereas the opposite was true when the entire 

CAP population was considered.18

RISK FACTORS FOR DEVELOPING SCAP

In all studies of CAP, patients who are admitted to the hospital or ICU 

commonly have a number of coexisting illnesses, suggesting that indi-

viduals who are chronically ill have an increased risk of developing 

severe illness (Table 67.1).19 In studies of SCAP, serious coexisting ill-

ness is present in 46%–66% of all patients.11,19,20 The common chronic 

illnesses in these patients are respiratory disease, cardiovascular dis-

ease, and diabetes mellitus.1,6,21 The most common respiratory illness 

in CAP patients is chronic obstructive pulmonary disease (COPD), a 

finding that applies to those with either mild or severe forms of 

CAP.6,10

Cigarette smoking has been identified as a risk factor for bactere-

mic pneumococcal infection, especially in younger patients with fewer 

comorbid conditions, and “current smoking” status is associated with 

a higher mortality in CAP patients compared with nonsmokers or ex-

smokers.10,22,23 Other common illnesses associated with CAP include 

malignancy, neurologic illness (including seizures), and AIDS.1,20 One 

study identified alcohol abuse as a risk factor, along with the failure to 

receive antibiotic therapy before hospital admission, a finding suggest-

ing that a delay in therapy may convert milder forms of pneumonia 

into a more severe illness.20 Genetic differences in the immune 

INTRODUCTION

Pneumonia is an infection of the gas-exchanging units of the lung and 

has a wide spectrum of clinical severity, ranging from mild outpatient 

illness to severe respiratory failure and sepsis. Pneumonia and influ-

enza together are the eighth leading cause of death in the United States 

and the number-one cause of death from infectious diseases.1,2 Pneu-

mococcal pneumonia–related hospitalization has been projected to 

increase 96% by 2040 in the United States alone, with an estimated 

increase of $2.5 billion annually in healthcare expenditure.3 Pneumo-

nia in the community setting or occurring within 48 hours after hos-

pital admission is termed community-acquired pneumonia (CAP). In 

an effort to streamline the use of appropriate antibiotics, the guidelines 

for managing CAP were recently updated by American Thoracic Soci-

ety (ATS) and Infectious Diseases Society of America (IDSA), with 

significant departure from the 2007 recommendations.4 Healthcare–

associated pneumonia (HCAP) is no longer recognized as a separate 

entity, and caution is advised to use biomarkers such as procalcitonin 

(PCT) as a diagnostic test to identify bacterial pneumonia.4 The 

pneumonia-related mortality rate increases to more than 10% in hos-

pitalized patients and can exceed 30% in those requiring intensive care 

unit (ICU) level of care.5–7 Pneumonia patients requiring mechanical 

ventilation (MV) or invasive vasopressor support (IVS) and those with 

pneumonia-related hypotension that is unresponsive to fluids alone 

are generally considered as having severe CAP (SCAP). However, there 

is no uniform definition for SCAP, and it often proves challenging to 

define severe pneumonia and the need for ICU care. Severity assess-

ment scores may identify high-risk patients and help with decision on 

site of care. Delay in providing ICU level of care for patients with life-

threatening pneumonia is associated with worse outcomes. Imple-

menting a large, publicly funded pneumococcal vaccination strategy 

for infants and young children has led to a significant improvement in 

herd immunity and a decrease in age-adjusted pneumonia rates.8

INCIDENCE

The annual incidence of pneumonia ranges from 5 to 11 per 1000 

population, and the majority of patients are treated out of the hospi-

tal.1,9 However, the major portion of the total cost of treating patients 

with pneumonia is concentrated in hospitalized patients—particularly 

those admitted to critical care units. In addition, those with comorbid 

illness and those of advanced age make up a large proportion of the 

hospitalized, critically ill CAP patients. Although CAP can vary from 

being a relatively mild ailment to a severe illness, very few hospitalized 

patients are severely ill enough to require ICU admission.10,11

Time to ICU admission may have an impact on subsequent prog-

nosis. Woodhead and colleagues found that earlier ICU admission 

(within 2 days of hospitalization) was associated with a lower mortality 
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response may predispose certain individuals to more severe forms of 

infection and adverse outcomes.24 Also, use of inhaled corticosteroids 

is related to increased risk of developing serious pneumonia.25

PROGNOSTIC FACTORS

In recent years there has been a trend towards increased hospitaliza-

tions in patients with a diagnosis of CAP, especially in the elderly and 

those with comorbid diseases, who may also have higher mortality.26,27 

Various studies have pointed out a high inpatient mortality among 

CAP patients, ranging from 12.1% to 24.4%, but even higher in pa-

tients admitted to the ICU.5–7 Investigators from the Community-Ac-

quired Pneumonia Organization (CAPO) international cohort study 

reported mortality differences between patients hospitalized for CAP. 

A higher frequency of deaths occurred in Latin America (13.3%) com-

pared with Europe (9.1%) and the United States (7.3%).28 In a meta-

analysis of 33,148 patients with CAP, the overall mortality rate (OR) 

was 13.7%, but in those admitted to the ICU, the mortality rate was 

36.5% (Box 67.1).7

Metersky and colleagues evaluated factors predicting in-hospital 

versus postdischarge mortality in 21,223 Medicare patients, 65 years old 

or older, admitted with a diagnosis of pneumonia.5 The authors noted 

a mortality rate of 12.1% within 30 days of admission (52.4% of the 

deaths occurred during the hospital stay), and the in-hospital rate of 

mortality was higher in patients requiring MV on admission, who had 

bacteremia, who had hypotension (systemic blood pressure ,90 sys-

tolic), who had a respiratory rate .30 per minute, who had a pH 

,7.35, or who had renal failure. Of note, the timing of death (early 

versus late) was unrelated to baseline patient demographic factors or 

comorbidities, but in-hospital mortality related to the severity of illness.

In other studies, the clinical features that have predicted a poor 

outcome (Table 67.2) include advanced age (.65 years), preexisting 

chronic illness of any type, absence of fever on admission, respiratory 

rate exceeding 30 breaths/min, diastolic or systolic hypotension, ele-

vated blood urea nitrogen (BUN .19.6 mg/dL), profound leukopenia 

or leukocytosis, inadequate antibiotic therapy, need for MV, hypoalbu-

minemia, and the presence of certain “high-risk” organisms (type III 

pneumococcus, Staphylococcus aureus, gram-negative bacilli, aspiration 

organisms, or postobstructive pneumonia).1 One study of 3233 patients 

in Spain found that risk factors for all-cause mortality were a higher 

severity of illness on admission, need for ICU care, and the presence of 

multilobar infiltrates. However, late mortality rate (after at least 3 days) 

Advanced age

Comorbid illness (e.g., chronic respiratory illness, cardiovascular disease, di-

abetes mellitus, neurologic illness, renal insufficiency, malignancy)

Cigarette smoking

Alcohol abuse

Absence of antibiotic therapy before hospitalization

Failure to contain infection to its initial site of entry

Immune suppression

Genetic polymorphisms in the immune response

TABLE 67.1 Risk Factors for Developing 
Severe Community-Acquired Pneumonia

BOX 67.1 Factors Related to Increased 
Mortality in Hospitalized CAP Patients7

 1. Male sex (OR 5 1.3)

 2. Pleuritic chest pain (OR 5 0.5)

 3. Hypothermia (OR 5 5.0)

 4. Systolic hypotension (OR 5 4.8)

 5. Tachypnea (OR 5 2.9)

 6. Diabetes mellitus (OR 5 1.3)

 7. Neoplastic disease (OR 5 2.8)

 8. Neurologic disease (OR 5 4.6)

 9. Bacteremia (OR 5 2.8)

 10. Leukopenia (OR 5 2.5)

 11. Multilobar infiltrates (OR 5 3.1)

OR, Odds ratio.

Patient-Related Factors

Male sex

Absence of pleuritic chest pain

Nonclassic clinical presentation

Neoplastic illness

Neurologic illness

Age $65 years

Family history of severe pneumonia or death from sepsis

Abnormal Physical Findings

Respiratory rate $30 breaths/min on admission

Systolic (,90 mm Hg) or diastolic (#60 mm Hg) hypotension

Tachycardia (.125 beats/min)

High fever (.40°C) or afebrile

Confusion

Laboratory Abnormalities

Blood urea nitrogen $19.6 mg/dL

Leukocytosis or leucopenia (,4000/mm3)

Multilobar radiographic abnormalities

Rapidly progressive radiographic abnormalities during therapy

Bacteremia

Hyponatremia (,130 mmol/L)

Multiple organ failure

Respiratory failure

Hypoalbuminemia

Thrombocytopenia (,100,000/mm3) or thrombocytosis (.400,000/mm3)

Arterial pH ,7.35

Pleural effusion

Pathogen-Related Factors

High-risk organisms: type III pneumococcus, Staphylococcus aureus, 

gram-negative bacilli (including Pseudomonas aeruginosa), aspiration 

organisms, severe acute respiratory syndrome (SARS)

Possibly high levels of penicillin resistance (minimal inhibitory concentration 

of at least 4 mg/L) in pneumococcus

Therapy-Related Factors

Delay in initial antibiotic therapy (more than 4 hours)

Initial therapy with inappropriate antibiotic therapy

Failure to have a clinical response to empiric therapy within 72 hours

TABLE 67.2 Risk Factors for a Poor 
Outcome From Community-Acquired 
Pneumonia
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was reduced if blood cultures were negative, antibiotic therapy was 

consistent with guidelines, and an etiologic agent was identified.29

In another prospective study of 1166 SCAP patients from 17 different 

countries, factors related to mortality at 28 days and at 6-month follow-up 

were higher Acute Physiology and Chronic Health Evaluation (APACHE) 

II scores, lower hematocrit, and need for MV. Lower pH on arterial blood 

gas analysis predicted early mortality.6 Other studies have noted that an 

elevated red blood cell distribution width, either alone or in combination 

with elevated BUN $30 gm/dL, was related to increased 90-day mortality 

and a complicated hospital course in CAP patients, likely reflecting the 

inflammatory suppression of erythropoiesis in severe infection.30,31 In 

general, severity of illness on admission most affected early mortality, 

whereas therapy-related, modifiable risk factors affected late mortality.

Prina and colleagues noted a biphasic relationship between platelet 

count and mortality in hospitalized CAP patients, with mortality rate 

increasing for values outside the range of 100,000 to 400,000/mm3.3,32 

The authors noted more respiratory complications, such as empyema 

and pleural effusion, in patients with thrombocytosis (platelet count 

$4 3 105/mm3) than in those without. On the other hand, those with 

thrombocytopenia (platelet count #105/mm3) had higher rates of se-

vere sepsis, septic shock, invasive MV, and ICU admission than the 

remainder of the studied population. In another study, Laserna and 

associates observed a biphasic relationship when relating CAP mortal-

ity to arterial partial pressure of carbon dioxide (PaCO2) on admis-

sion. Both hypocapnia (PaCO2 ,35 mm Hg) and hypercapnia (PaCO2 

.45 mm Hg) were risk factors for higher 30-day mortality and a 

greater need for ICU admission, compared with patients with a normal 

PaCO2, even after excluding those patients with COPD.33

As with other acute severe infections, any delay in treatment or 

admission to the ICU in patients with SCAP can lead to higher rates of 

complications and increased risk of mortality.13 Several studies have 

noted an increased mortality rate when CAP patients experience a 

delay in the initiation of appropriate antibiotic therapy, with most 

studies using an average of 6 hours elapsed since being first evaluated 

in the emergency room as the cutoff value.1,10,20,34,35 Renaud and col-

leagues, in a study of 453 CAP patients, noted that the 28-day mortal-

ity rate was 11.7% for those who were directly admitted to the ICU 

with an obvious need for ICU care, a value significantly lower than the 

23.4% mortality rate experienced among those initially without obvi-

ous need for ICU care whose admission to the ICU was delayed.36 In 

their analysis, Hraiech and associates divided CAP patients into those 

requiring MV within 72 hours of the onset of CAP and those with 

progressive respiratory failure who required invasive MV 4 or more 

days after the onset of CAP.37 There was a significant difference in 

mortality between the early respiratory failure group compared with 

late (28% vs. 51%, P 5 .03), suggesting that delay in identification of 

respiratory failure, delay of transfer to the ICU, or the development of 

progressive symptoms have deleterious effects on patient outcome.

Cardiac events, including acute myocardial infarction (AMI), are 

common in patients with SCAP. Ramirez and colleagues reported a 

15% incidence in patients with severe CAP.38 In another study includ-

ing 55,276 patients, Carr and colleagues noted 8% of cardiac arrests 

occurred in pneumonia patients, and in this population, 62% of car-

diac arrests occurred in patients admitted to the ICU. Approximately 

50% were on vasopressors or required MV.39 Cardiac arrests occurred 

earlier in the ICU than on the ward (at a median of 18.9 versus 28.4 

hours) and were generally characterized by a “not shockable” rhythm 

(asystole or pulseless electrical activity). These findings suggest that 

patients with CAP in the hospital, or even the ICU, commonly have 

cardiac ischemia and that ischemic events may occur without warning. 

In another study, a restrictive red blood cell transfusion strategy (target 

hemoglobin level 7–9 g/dL in all patients except those with acute  

myocardial infarcts or unstable angina) was associated with better 

outcomes for CAP patients.40

Waterer and colleagues studied avoidable factors that contributed 

to CAP-specific short-term mortality from a large prospective study of 

acute respiratory infection with image confirmation across five hospi-

tals in the United States.41 The overall inpatient mortality was 2.2% 

(52/2320) but was higher among patients $65 years of age (4%, 

33/832) and those with more than three severe comorbidities (Pneu-

monia Severity Index [PSI] risk classes IV and V). Investigators noted 

that only two patients who died had an identifiable lapse in quality of 

inpatient pneumonia care characterized by no administration of anti-

biotic within 1 hour in the presence of shock or the use of antibiotics 

not consistent with the IDSA/ATS 2007 CAP guidelines. These obser-

vations suggest that most CAP-related mortality is unavoidable and is 

determined by older age and comorbidities.

In a recent study evaluating the changes in pneumonia-related 

hospitalizations from 2001 to 2014, the average annual age-adjusted 

and pneumonia-associated hospitalization rate was 464.8 per 100,000 

(95% confidence interval [CI] 452.5–467.1), with an inpatient mortal-

ity of 7.4%.8 In this study, factors associated with increased mortality 

were male sex and having a colisting of immunocompromised state 

and lower income status.8 There was a significant decrease in age-ad-

justed pneumonia-related hospitalizations over the study period, de-

spite a significant increase in sepsis or respiratory failure. Age-adjusted 

hospitalizations were highest during the months of December to 

March; however, the inpatient mortality rate was highest in July (8.2%) 

and lowest in March, April, and May (7.1%).

When these findings are viewed together, they suggest some general 

principles. Mortality is more likely in CAP patients who have severe 

physiologic derangements, serious underlying illnesses, and delay in 

the initiation of appropriate antimicrobial therapy or MV and the 

presence of atypical clinical features. This last factor suggests that an 

unusual clinical presentation (low fever, nondistinct respiratory symp-

toms) is associated with mortality, which may be the result of its re-

flecting an inadequate inflammatory response to infection and because 

such a presentation can delay the recognition of pneumonia and the 

need to institute appropriate therapy.

PATHOGENESIS

Pneumonia results when host defenses are overwhelmed by an infec-

tious pathogen. This may occur because the patient has an inadequate 

immune response, often as the result of underlying comorbid illness, 

anatomic abnormalities, acute illness-associated immune dysfunction, 

or therapy-induced dysfunction of the immune system. Pneumonia 

can also occur in patients who have an adequate immune system if the 

host defense system is overwhelmed by a large inoculum of microor-

ganisms or if the patient encounters a particularly virulent organism 

to which he or she has no preexisting immunity or to which the patient 

has an inability to form an adequate acute immune response.42,43

Microaspiration of infected oropharyngeal secretions is the most 

common mechanism associated with pneumonia. Other routes of en-

try include inhalation (which applies primarily to viruses, Legionella 

pneumophila, Mycobacterium tuberculosis), hematogenous dissemina-

tion from extrapulmonary sites of infection (e.g., right-sided endocar-

ditis), and direct extension from contiguous sites of infection (such as 

liver abscess). Thus previously healthy individuals develop infection 

with virulent pathogens such as viruses and L. pneumophila, Myco-

plasma pneumoniae, Chlamydia pneumoniae, and Streptococcus pneu-

moniae. On the other hand, chronically ill patients can be infected by 

these organisms, and in addition by organisms that commonly colo-

nize patients but only cause infection when immune responses are 
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inadequate. These organisms include enteric gram-negative bacteria 

(e.g., Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 

Acinetobacter spp.) and fungi.

Studies evaluating the normal lung immune response to infection 

have shown that in most patients with unilateral CAP, the inflammatory 

response is limited to the site of infection.43 In patients with localized 

pneumonia, tumor necrosis factor-alpha (TNF-a), interleukin (IL)-6, 

and IL-8 levels were increased in the pneumonic lung and generally not 

increased in the uninvolved lung or in the serum.44,45 On the other hand, 

in patients with severe pneumonia, the immune response is characterized 

by a “spillover” of the immune response into the systemic circulation, 

reflected by increases in serum levels of TNF-a and IL-6.46 It remains 

uncertain why localization does not occur in all individuals and why 

some patients develop diffuse lung injury (e.g., acute respiratory distress 

syndrome [ARDS]) or systemic sepsis as a consequence of pneumonia. 

These complications may result from an inability to develop a brisk lung 

immune response as a consequence of specific bacterial virulence factors, 

inadequate or delayed therapy, or genetic polymorphisms that affect the 

immune response.47 There is a growing body of evidence suggesting 

polymorphonuclear neutrophils (PMNs) not only have defensive proper-

ties through phagocytosis of invading microorganisms or releasing reac-

tive oxygen species, antimicrobial peptides, and neutrophil extracellular 

traps, but also they can modify the adaptive immune system, causing 

both T-cell suppression and activation, thereby influencing lung injury.48

CLINICAL FEATURES

Symptoms and Physical Findings
Patients with CAP and an intact immune system have a normal pul-

monary response to infection and generally have respiratory symp-

toms such as cough, sputum production, and dyspnea, along with fever 

and other complaints. Cough is the most common finding and is pres-

ent in up to 80% of all patients, but is less common in those who are 

elderly, those with serious comorbidity, or patients coming from nurs-

ing homes.49 Pleuritic chest pain is also common in patients with CAP, 

and in one study its absence was identified as a poor prognostic find-

ing.50 The elderly generally have fewer respiratory symptoms than 

younger individuals, and, as mentioned, the absence of clear-cut respi-

ratory symptoms and an afebrile status have themselves been predic-

tors of an increased risk of death.1,51 In elderly patients, pneumonia 

can have a nonrespiratory presentation with symptoms of confusion, 

falling, failure to thrive, altered functional capacity, or deterioration in 

a preexisting medical illness, such as congestive heart failure.49,52,53

Physical findings of pneumonia include tachypnea, crackles, rhon-

chi, and signs of consolidation (egophony, bronchial breath sounds, 

dullness to percussion). Patients should also be evaluated for signs of 

pleural effusion. In addition, extrapulmonary findings should be 

sought to rule out metastatic infection (arthritis, endocarditis, menin-

gitis) or to add to the suspicion of an “atypical” pathogen, such as M. 

pneumoniae or C. pneumoniae, which can lead to complications such 

as bullous myringitis, rash, pericarditis, hepatitis, hemolytic anemia, or 

meningoencephalitis. In the elderly, an elevation of respiratory rate 

can be the initial presenting sign of pneumonia, preceding other clini-

cal findings by as much as 1–2 days.54 In fact, in one study, tachypnea 

was the most common finding in elderly patients with pneumonia, 

being present in over 60% of all patients and occurring more often in 

the elderly than in younger patients with pneumonia.49

RADIOGRAPHIC FEATURES

For most patients, CAP is defined by a combination of clinical symp-

toms and the presence of a new radiographic infiltrate, but not all  

patients with this illness will have such findings when first evaluated. 

Even when the radiograph is negative, if the patient has appropriate 

symptoms and focal physical findings, pneumonia may still be present. 

Some studies have suggested that febrile and dehydrated patients can 

have a normal chest radiograph when first admitted with pneumonia. 

The presence of alveolar densities (lobar or bronchopneumonic) has 

been associated with a high likelihood of a bacterial etiology, but it is 

extremely difficult to distinguish among specific pathogens by using 

patterns of radiographic abnormalities.55 The chest radiograph may 

have prognostic value in patients with severe pneumonia. Multilobar 

infiltrates or rapid progression of infiltrates serve as poor prognostic 

signs, helping to identify patients who require intensive care.1,10

Chest computed tomography (CT) generally has a higher sensitiv-

ity in diagnosing occult pneumonia, with an initially negative chest 

radiograph.56 Chest CT can also have value in the critically ill patient 

in situations when a noninfectious process is being considered or when 

complications such as pneumothorax, empyema, or abscess are sus-

pected. CT can suggest certain alternative noninfectious diagnoses 

such as granulomatous vasculitis, acute eosinophilic pneumonia, and 

bronchiolitis obliterans with organizing pneumonia. Upchurch and 

associates compared “CT-only” pneumonia with a negative chest x-ray 

in hospitalized CAP patients (present in 3% of patients) with pneumo-

nia diagnosed via chest x-ray (in 97% of patients) and noted similar 

pathogens (bacterial 12% and 13.6% and viruses 30.3% and 26.1%, 

respectively), and clinical outcomes, including disease severity, death, 

need for ICU admission, vasopressor use, and invasive MV.57 A lower 

percentage of patients with “CT-only” pneumonia had received antibi-

otics within 6 hours, compared with those with overt pneumonia  

on chest x-ray (59% vs. 83%, P ,.01). Thus in the right clinical setting, 

pneumonia may need to be treated even with a negative chest radio-

graph.

Although a variety of radiographic patterns can be seen in pneu-

monia, specific findings cannot generally be used to predict the micro-

bial etiology in CAP; however, there are certain patterns to keep in 

mind. Focal consolidation can be seen with infections caused by pneu-

mococcus, Klebsiella species, aspiration (especially if in the lower lobes 

or other dependent segments), S. aureus, Haemophilus influenzae, M. 

pneumoniae, and C. pneumoniae. Interstitial infiltrates should suggest 

viral pneumonia in addition to infection resulting from M. pneu-

moniae, C. pneumoniae, Chlamydia psittaci, and Pneumocystis jirovecii. 

Lymphadenopathy with an interstitial pattern should raise concerns 

about anthrax, Francisella tularensis, and C. psittaci, whereas adenopa-

thy can be seen with focal infiltrates in tuberculosis, fungal pneumo-

nia, anthrax, and bacterial pneumonia. Cavitation can be the result  

of an aspiration lung abscess, infection with S. aureus or aerobic 

gram-negatives (including P. aeruginosa), tuberculosis, fungal infec-

tion (Aspergillus), nocardiosis, and actinomycosis.

Lung ultrasound (LUS) has increasingly been adopted for diag-

nosing pleural and pulmonary diseases. Various patterns with B- and 

M-mode ultrasound techniques, including “tissue sign,” “shred or 

fractal sign,” and “ dynamic air bronchograms,” are seen with pulmo-

nary consolidation, whereas the “sinusoidal sign” and “quad sign” are 

seen with even small pleural effusions.58 In a prospective, multicenter 

study including 362 patients with suspected CAP, LUS had a sensitiv-

ity of 93.4% and specificity of 97.7% compared with chest x-ray and 

chest CT.59 In that study, the combination of LUS and auscultation 

decreased the negative likelihood ratio to 0.04 (95% CI 0.02–0.09), 

but the technique is operator dependent, and about 8% of pneumonic 

lesions are not visualized by LUS. The noninvasive nature of the test 

and the rapidity with which it can be performed make this another 

tool in the armamentarium for critical care physicians. A meta-analy-

sis of 10 studies with 1172 patients supports the use of LUS by skilled 
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practitioners.60 A recent meta-analysis including 5108 emergency 

department patients showed a sensitivity of 92% and specificity of 

93% for the diagnosis of CAP using LUS.61 Another cluster-random-

ized study using the biomarker PCT and LUS as a combination for deci-

sion on antibiotic prescription in patients with CAP is underway and 

could provide more insight into LUS use in the primary care setting.62

SEVERITY SCORING IN CAP

Although there is no uniformly accepted definition for SCAP, this term 

generally refers to any patient who is admitted to the ICU because of 

CAP. Most of these patients have severe sepsis or “respiratory failure,” 

defined by the presence of hypoxemia or hypercarbia, but not all such 

patients require MV. Some patients with CAP are treated in the ICU 

because the pneumonia has led to clinical instability of an underlying 

disease, but the pneumonia itself may not be severe. Bacteremia does not 

always correlate with more severe illness, and its presence alone is not 

always a predictor of a poor outcome, with most episodes of bacteremia 

being the result of pneumococcus. However, in the elderly with pneu-

mococcal pneumonia, bacteremia is present in one-fourth of patients 

with CAP and is often associated with azotemia and multilobe involve-

ment.63 When an infection, such as pneumonia, is complicated by severe 

sepsis or septic shock (not just bacteremia), outcome is adversely af-

fected, with increases in mortality, LOS, and costs for survivors.

One approach to evaluating CAP patients is to use a scoring system 

to define prognosis and predict the risk of death. The most widely used 

prognostic scoring systems are the PSI and a modification of the Brit-

ish Thoracic Society (BTS) scoring system, the CURB-65 score. Other 

prediction rules, such as the ATS/IDSA criteria for severe CAP, the 

Australian SMART-COP, the Japanese A-DROP scoring system, CAP-

PIRO, and the Spanish CURXO-80, have also been developed for risk 

prognostication and help with appropriate resource utilization.1,64–66

The investigators in the Pneumonia Outcomes Research Team 

(PORT) study have developed a mortality prediction rule that classifies 

all patients into one of five groups (PSI classes I to V), each with a dif-

ferent risk for death.67 Patients in classes IV and V have a predicted 

mortality risk of 8.2%–9.3% and 27%–31.1%, respectively, whereas 

those in classes I and II have a mortality risk of 0.1%–0.4% and 

0.6%–0.7%, respectively. To use this scoring system, patients have 

points calculated based on such factors as age, sex, the presence of co-

morbid medical disease, certain physical findings, and laboratory 

data.67 Although the PORT scoring system has been shown to be ac-

curate for predicting mortality and prognosis, it does not directly 

measure severity of illness, and there is poor correlation between mor-

tality risk and the need for ICU admission.68,69 In general, the PSI V 

patients who need the ICU tend to get more of their points from acute 

illness, whereas those not needing the ICU tend to score points because 

of chronic disease factors. In addition, in young patients without co-

morbid illness, the pneumonia must be particularly severe to place the 

patient in a high-mortality risk group, and certain vital sign thresholds 

must be exceeded to accumulate points toward a poor prognosis.

For the critical care physician, underestimating the severity of ill-

ness is a serious concern, and the use of the CURB-65 approach, 

modified from the BTS rule, is a simple and accurate way to address 

this issue. CURB-65, an acronym for the clinical features used to assess 

pneumonia severity and prognosis, assigns 1 point, on a 5-point scale, 

to confusion, BUN greater than 19 mg/dL, respiratory rate greater than 

or equal to 30 breaths/min, blood pressure of ,90 mm Hg systolic or 

#60 mm Hg diastolic, and age greater than or equal to 65 years. In one 

study, when the score was 0–1, the mortality rate was 0%, whereas 

mortality was more than 20% for a score of 3 or higher, and those with 

a score of 2 had a mortality risk of 8.3%.70 The use of the CURB-65 

rules may be a problem in the elderly, reflecting the altered clinical 

presentations of pneumonia in this population. Interestingly, although 

the rule was not optimal in an elderly population and did not work as 

well as it did in other populations, it had a higher sensitivity for pre-

dicting mortality than the PSI, derived from the PORT study. Some 

studies have compared the PSI with CURB-65 and found them to be 

similar for identifying low-risk populations, but the CURB-65 may be 

more discriminating for identifying poor prognosis in those with se-

vere illness, compared with the PSI.71 An amended version of the 

CURB-65 without the use of laboratory measurement of BUN—CRB-

65—has also been found to be similarly accurate.72 Chalmers and col-

leagues in a meta-analysis including 40 studies reported CURB-65 and 

CRB-65 to be superior to PSI in identifying high-risk patients, whereas 

PSI was superior in identifying low-risk patients.73 An expanded ver-

sion of CURB-65 that includes the three additional variables: platelet 

count ,100 3 109/L, lactate dehydrogenase (LDH) levels .230 u/L, 

and albumin ,3.5 g/dL, was recently shown to have improved accu-

racy in identifying higher mortality risk among hospitalized CAP pa-

tients.74

The A-DROP scoring system uses a 6-point scale that stratifies the 

severity of CAP, and it includes age (male 70 years, female 75 years); 

dehydration (BUN $21 mg/dL); respiratory failure (SaO2 ,90% or 

PaO2 ,60 mm Hg); orientation disturbance (confusion); and low 

blood pressure (systolic blood pressure ,90 mm Hg).75 Basically it is 

a modification of CURB-65 with the inclusion of hypoxemia as a vari-

able in place of respiratory rate and with different gender-based 

thresholds for age in risk assessment. The sensitivity, specificity, and 

30-day mortality predictive value of the A-DROP scoring tool is simi-

lar to CURB-65.64 The CORB scoring system is a simple predictive tool 

that does not require invasive testing and removes bias regarding pa-

tient age.76 The CORB tool does not use variables of age and BUN 

levels but does add oxygen saturation as a variable in the risk calcula-

tion. In both the derivation and validation cohorts, risks of mortality 

and/or requirement for ventilatory or inotropic support were systolic 

blood pressure ,90 mm Hg (OR 3.49); acute confusion (OR 5.48); 

SaO2 #90% (OR 3.49); and respiratory rate $30/min (OR 2.65). Dw-

yer and colleagues developed the “DS-CRB 65” criteria to improve the 

sensitivity and negative predictive value of CRB-65 by adding 1 point 

(D criterion) for the presence of any underlying disease according to 

the PSI rule and 1 point if SaO2 was ,90% (S criterion).77

The 2019 ATS/IDSA CAP guidelines endorse using a validated 

clinical prediction rule plus clinical judgment in decision making re-

garding outpatient vs. inpatient care in immunocompetent CAP pa-

tients.4 The guideline supports PSI over CURB-65 based on the PSI’s 

ability to identify a large proportion of patients at lower risk and in-

creased precision for mortality decision making (strong recommenda-

tion with moderate-quality evidence).4 In the new Sepsis-3 guidelines, 

the qSOFA score has been proposed to predict sepsis outcome. This 

score is similar to CURB but with the criteria being altered mental 

status, respiratory rate .22/min, and systolic blood pressure ,100 

mm Hg. In one study of 152 ICU patients, the qSOFA score was a good 

mortality predictor—in fact better than traditional systemic inflam-

matory response syndrome (SIRS) criteria.78 In another study of 6574 

CAP patients, the qSOFA score did not perform as well as CURB-65 to 

identify mortality risk.79

Other prognostic scoring systems have been developed to define the 

presence of severe pneumonia. Espana and associates estimated the 

need for ICU admission by the presence of one of two major criteria: 

arterial pH ,7.30 or systolic blood pressure ,90 mm Hg.66 In the ab-

sence of these criteria, SCAP can also be identified by the presence of 

two of six minor criteria, which are confusion, BUN .30 mg/dL, respi-

ratory rate .30/min, PaO2/FiO2 ratio ,250, multilobar infiltrates, and 
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age of at least 80 years. When these criteria were met, the tool was 92% 

sensitive for identifying those with SCAP and was more accurate than 

the PSI or CURB-65 criteria, although not quite as specific as the 

CURB-65 rule.66 Using this approach, some criteria (acidosis and sys-

tolic hypotension) are weighted more heavily than others, which con-

trasts with some of the other approaches to define SCAP.

A different method than assessing risk for death is to use scoring 

systems to define the need for ICU interventions, such as intensive 

respiratory and vasopressor support (IRVS). The SMART-COP tool 

was developed to predict the need for IRVS.65 Using a multivariate 

model, eight clinical features were associated with the need for IRVS: 

systolic blood pressure ,90 mm Hg, multilobar infiltrates, albumin 

,3.5 g/dL, respiratory rate elevation (.25 for those less than age 50, 

and .30 for those greater than age 50), tachycardia (.125/min), con-

fusion, low oxygen (,70 mm Hg if less than age 50 or ,60 mm Hg if 

greater than age 50), and arterial pH ,7.35. The abnormalities in sys-

tolic blood pressure, oxygenation, and arterial pH each received 2 

points, and the five other criteria received 1 point each, and, with this 

system, the need for IRVS was predicted by a SMART-COP score of at 

least 3 points. Using this cutoff, the sensitivity for need for IRVS was 

92.3% and the specificity 62.3%, with a positive and negative predic-

tive value of 22% and 98.6%, respectively. The PSI and CURB-65 did 

not perform as well overall for predicting the need for IRVS.

The 2007 IDSA/ATS guidelines for CAP suggested that ICU care be 

considered if the patient has one of two major criteria (need for MV or 

septic shock with the need for vasopressors), or three of nine minor 

criteria.1 The minor criteria are respiratory rate $30 breaths/min, 

PaO2/FiO2 ratio #250, multilobar infiltrates, confusion/disorientation, 

uremia (BUN level $20 mg/dL), leukopenia (white blood cell [WBC] 

count ,4000 cells/mm3), thrombocytopenia (platelet count ,100,000 

cells/mm3), hypothermia (core temperature ,36°C), and hypotension 

requiring aggressive fluid resuscitation. Other factors to consider in the 

decision-making process are hypoglycemia (in a nondiabetic patient), 

hyponatremia, acute alcohol intoxication, cirrhosis, asplenia, and unex-

plained metabolic acidosis. The use of these minor criteria alone re-

quires validation, with one study showing that patients who met only 

minor criteria for ICU admission did not have an increase in mortality, 

whereas in another study, use of four minor criteria instead of three 

improved the accuracy in defining the need for ICU admission.80,81 

Phua and colleagues showed that the ATS minor criteria had greater 

discriminatory power in the prediction of severity, ICU admission, and 

mortality than the PSI and CURB.82 Brown and associates noted that 

both the positive and negative predictive value of minor criteria ex-

ceeded 80% if four criteria were used to define the need for ICU admis-

sion rather than just three criteria.81 In another study, investigators 

simplified the ATS/IDSA criteria by excluding variables that occurred in 

,5% of cases—leukopenia, thrombocytopenia, and hypothermia—

and noted similar predictive value for mortality and intensive care ad-

mission as compared with the original ATS/IDSA criteria.83 In the same 

study, addition of another variable—acidosis (pH ,7.35)—improved 

the prediction for mortality and for ICU admission.

Rello and associates evaluated the CAP-PIRO score calculated 

within 24 hours of ICU admission.84 In this study, 1 point was assigned 

for each variable: comorbidities (COPD, immunocompromise), age 

greater than 70 years, multilobar opacities on chest radiograph, shock, 

severe hypoxemia, acute renal failure, bacteremia, and ARDS. Patients 

were stratified into four levels of risk: (a) low, 0–2 points; (b) mild, 3 

points; (c) high, 4 points; and (d) very high, 5–8 points. The PIRO score 

performed well as a 28-day mortality prediction tool in patients with 

CAP requiring ICU admission, with a better performance than APACHE 

II and the IDSA/ATS criteria. CAP-PIRO can further stratify patients in 

PSI class V and differentiate patients requiring more intense care.

The Risk of Early Admission to ICU (REA-ICU) index was derived 

from a data set of nearly 5000 patients and is helpful as a tool on ad-

mission to identify patients who had no obvious indication for ICU 

management but subsequently required ICU care. It categorizes indi-

viduals into four risk groups based on 11 criteria independently associ-

ated with ICU admission: male gender, age younger than 80 years, co-

morbid conditions, respiratory rate of 30 breaths/min or higher, heart 

rate of 125 beats/min or higher, multilobar infiltrate or pleural effu-

sion, WBC less than 3 or 20,000/L or above, hypoxemia (oxygen satu-

ration ,90% or PaO2 ,60 mm Hg), BUN of 11 mmol/L or higher, pH 

,7.35, and serum sodium concentration ,130 mEq/L.85 The mortal-

ity and likelihood of needing ICU care increased with each risk group, 

with the highest in class IV with a score $9. In a study including 850 

CAP patients who had no obvious need for ICU care on admission, the 

REA-ICU index performed better than PSI but was similar to other 

tools (like SMART-COP, CURXO-80, the 2007 IDSA/ATS minor sever-

ity criteria, and CURB-65) at defining the need for early ICU admis-

sion.86 The need for sensitive criteria to define severe illness in CAP 

patients is important because the benefit seems most certain if patients 

are admitted to the ICU early in the course of severe illness. The 2019 

ATS/IDSA guidelines recommend direct admission to ICU for those 

who require IRVS, and for those who do not require it, using the 2007 

ATS/IDSA minor criteria plus clinical judgment in making a decision 

on ICU care.4

ROLE OF BIOMARKERS IN SEVERE CAP

Measurement of serum levels of biomarkers such as C-reactive protein 

(CRP), midregional proadrenomedullin, midregional pro-atrial natri-

uretic peptide (MR-proANP), proarginine-vasopressin (copeptin), 

proendothelin-1, or PCT may be valuable in guiding management of 

antibiotics for CAP. PCT is an acute-phase reactant synthesized in the 

liver in response to bacterial, but not viral, infection. Studies in CAP 

have documented that serial measurement of levels of PCT can guide 

the duration of antibiotic therapy, allowing cessation of therapy once 

levels fall and leading to a marked reduction in the duration of therapy, 

compared with unaided clinical judgment.87,88 In patients with SCAP, 

measurement of initial and serial levels can help to define those with a 

poor prognosis, and a low PCT value may distinguish which patients 

in PSI classes IV and V might be safely managed outside the ICU.89 

Kruger and colleagues reported nonsurvivors had significantly higher 

median PCT levels on admission than survivors (0.88 vs. 0.13 ng/mL; 

P 5 .0001).90 Low PCT accurately predicted patients at very low risk of 

death, even in patients falling in a high prognostic scoring category by 

the CURB-65 evaluation. Given its high negative predictive potential 

(98.9% with PCT level of ,0.228 ng/mL), patients with low initial 

PCT might be safely treated outside the ICU.90 Huang and colleagues 

found that 23.1% (126/546) of high-risk patients defined by PSI had 

low PCT levels on the first hospital day, and this subgroup had very low 

mortality, similar to low-risk patients.91

Ramirez and associates, in a prospective study of 685 CAP patients, 

evaluated the relationship between biomarkers and ICU admission.92 

Inflammatory biomarkers helped identify patients needing intensive 

care monitoring, including those requiring delayed ICU admission. No 

patient with $3 ATS minor severity criteria and PCT levels below the 

cutoff (0.35 ng/mL) needed ICU admission compared with 14 (23%) 

with levels above the cutoff (P 5 .032).92 In another study, the authors 

compared the levels of three biomarkers—N-terminal pro-B-type na-

triuretic peptide (NT-proBNP), MR-proANP, and B-type natriuretic 

peptide (BNP)—with the PSI and CURB-65 score for predicting short- 

and long-term mortality.93 The levels of NT-proBNP, MR-proANP, and 

BNP increased with the severity of pneumonia, and patients who died 
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had a higher level of all three biomarkers. A combined assessment using 

categorical PSI score and NT-proBNP levels seemed beneficial over a 

single-marker approach for short- and long-term risk stratification. In 

a recent meta-analysis of seven studies including 1075 patients using a 

PCT-based regimen in patients with severe sepsis or septic shock, the 

28-day mortality was not different between the PCT-based regimen and 

standard treatment groups, but the PCT-guided group had a shorter 

duration of antimicrobial therapy.94 Using a PCT-based strategy led to 

more de-escalation and a shorter duration of antibiotic therapy, with 

no adverse impact on mortality.

In the EPIC study of CAP, 1770 patients had PCT measured on 

admission, and the results were combined with the ATS minor severity 

criteria to best identify patients needing ICU care.95 Patients with three 

or more ATS minor severity criteria plus a PCT level $0.83 ng/mL 

were admitted to the ICU 41.1% of the time, whereas those in this 

group with a PCT ,0.83 ng/mL needed the ICU only 14.6% of the 

time. In those with fewer than three minor criteria and a low PCT level, 

the ICU was used by only 3.5%.

In another study, Mendez and associates studied the time-related 

changes on systemic concentrations of inflammatory cytokines and 

biomarkers since onset of self-reported symptoms in two different pro-

spective, longitudinal CAP cohorts (derivation n 5 541 and validation 

n 5 398).96 Because bacterial growth is exponential within the first 48 

hours, investigators divided the patient population as early presenters 

(,3 days) vs. not. They noted CRP levels were higher $3 days (18 vs. 

13.2, P 5 .005 in derivation and 18.8 vs. 13.6, P 5 .006 in validation) in 

both groups, whereas the PCT levels were higher in early presenters (,5 

vs. 0.3, P 5 .023 and 0.9 vs. 0.4, P 5 .028). This finding was not affected 

by prior antibiotic use. Taken together, the inflammatory responses of 

cytokines and biomarkers appear to depend on time since onset of 

symptoms. There is a risk of underestimating the inflammatory profile 

based on the cytokine tested for CAP clinical trials if the time since 

onset of symptoms is not taken into account.

Using biomarkers to adjudicate severity is best done in conjunction 

with clinical, microbiologic, and pathologic data. A combined approach 

that includes severity scores and biomarkers can aid clinicians in assess-

ing severity of illness and the need for using antibiotics, and serial 

measurements can be used to assess treatment response. However, PCT 

or other biomarkers are not specific for pneumonia itself and can be 

elevated in other infectious or inflammatory conditions. Levels should 

be interpreted with particular caution in patients with cardiac and renal 

failure. Based on the reported sensitivity of PCT to detect bacterial in-

fection that ranges from 38% to 91%, the ATS/IDSA 2019 guidelines do 

not recommend withholding empiric antibiotics, regardless of the ini-

tial PCT levels in suspected CAP patients.4 In ICU patients, the decision 

to start antibiotics should never be guided by biomarkers, but biomark-

ers can be used along with other data to decide to stop or shorten the 

duration of antibiotic therapy. In a randomized Dutch study of over 

1500 ICU patients, PCT guidance for antibiotic therapy duration was 

compared with standard care, and it led to reductions in antibiotic use, 

antibiotic duration, and 28-day mortality.97

ETIOLOGIC PATHOGENS

Even with extensive diagnostic testing, an etiologic agent is defined in 

only about half of all patients with CAP, pointing out the limited value 

of diagnostic testing and the possibility that we do not yet know all the 

organisms that may cause CAP.1,98 In the past 4 decades, a variety of 

new pathogens for this illness have been identified, including L. pneu-

mophila, C. pneumoniae, Middle East respiratory syndrome coronavi-

rus (MERS-CoV), avian-origin influenza A – H7N9, novel H1N1, 

H3N2 influenza, hantavirus, and severe acute respiratory syndrome 

coronavirus (SARS-CoV-2). In addition, antibiotic-resistant variants 

of common pathogens, such as S. pneumoniae, have become increas-

ingly common. However, recent data indicate that ICU mortality de-

creased for pneumococcal CAP between 2000 and 2013, probably as a 

reflection of appropriate identification of SCAP, early antibiotic pre-

scription, and increased use of combination therapy.99

The likely pathogens for infection vary, depending on patient risk 

factors for specific microorganisms and the presence of certain comor-

bid illnesses, but for all patient groups, including those with SCAP, 

pneumococcus remains the most common pathogen.1,100 Recent stud-

ies, however, have shown an increasing frequency of viral CAP, includ-

ing among those admitted to the ICU. The incidence of antibiotic-resis-

tant pneumococci has increased in recent years, and up to 40% of these 

organisms can have reduced sensitivity to penicillin or other antibiotics, 

although the clinical relevance of in vitro resistance is still uncer-

tain.1,101,102 Although S. pneumoniae is the most common bacterial or-

ganism causing CAP, the frequency of pneumococcal pneumonia has 

declined, probably because of effective vaccination practices and a de-

creased incidence of smoking in adults.103 Identified risk factors for 

drug-resistant S. pneumoniae (DRSP) include beta-lactam therapy re-

ceived in the past 3 months, alcoholism, age older than 65 years, im-

mune suppression, multiple medical comorbidities, and contact with a 

child in daycare.1,104,105 Other common infecting organisms in those 

with SCAP include viruses (e.g., influenza, respiratory syncytial virus 

[RSV], and various coronavirus illnesses), L. pneumophila, M. pneu-

moniae, M. tuberculosis, and H. influenzae (especially in smokers). In 

the setting of severe pneumonia, patients can be infected with S. aureus 

(including methicillin-resistant forms, or MRSA) or enteric gram-

negatives and, rarely, anaerobes. In the elderly, including those with 

aspiration pneumonia and in those with underlying cardiopulmonary 

disease, enteric gram-negative organisms are frequently encountered.

Although aspiration has often been considered a risk factor for 

anaerobic infection, studies of SCAP in elderly patients with aspiration 

risk factors suggested that this population is very likely to have aerobic 

gram-negative infection.106,107 Risk factors for gram-negative organ-

isms causing CAP are probable aspiration, previous hospital admission 

within 30 days of admission, previous antibiotics within 30 days of 

admission, presence of pulmonary comorbidity, smoking, and hypo-

natremia.108,109 In a study of 3272 episodes of CAP, Falguera and as-

sociates found that 2% were caused by enteric gram-negatives (most 

commonly P. aeruginosa) and the risk factors for these organisms were 

COPD, current use of corticosteroids, prior antibiotic therapy, tachy-

pnea .30 breaths/min, and septic shock on admission.110 Patients with 

these organisms needed ICU care more often and had a higher risk for 

mortality and extended LOS than those without these pathogens pres-

ent. Changes in the airway microbiome with different illnesses may 

result in a change in the lung microbiota and could potentially impair 

pulmonary defenses. A macro aspiration event in those with reduced 

reflexes or impaired mentation could then overwhelm the homeostasis 

created by an altered microbiome, resulting in pneumonia.111

 Primary pulmonary infection with atypical pathogens has been 

reported for patients with SCAP for many years. In fact, in one ICU in 

Spain, atypical pathogens were present in almost 25% of all patients, 

but the organisms responsible varied over time. Legionella was the most 

common atypical pathogen leading to SCAP in 14% of patients during 

one period, but in the same hospital a decade later, it was seen in only 

2%, having been replaced by Mycoplasma and Chlamydophila infection. 

The latter were found in 17% of patients, compared with only 6% a 

decade earlier.20 Several studies have shown that even if bacterial patho-

gens lead to CAP, they can be accompanied by atypical pathogens in the 

form of mixed infection.112,113 Atypical pathogens can include C. pneu-

moniae, M. pneumoniae, and L. pneumophila, and some studies have 
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shown that these infections are common in patients of all ages, not just 

young and healthy individuals. These organisms have even been re-

ported among the elderly in nursing homes.1,112,114 When mixed infec-

tion is present, it may lead to a more complex course and a longer LOS 

than if a single pathogen were present, which may explain the increas-

ing number of studies that show a reduction in CAP mortality, includ-

ing those in the ICU, when initial therapy provides coverage for these 

organisms, compared with regimens that do not.115,116 Mixed infections 

with bacteria and viruses may also increase mortality, and in one study 

of 117 SCAP patients, 15.4% had mixed viral and bacterial infection.117 

This group had a 14-fold higher mortality in multivariate analysis, 

compared with culture-negative patients, emphasizing that even with 

documented viral infection, empiric antibiotics are necessary in se-

verely ill patients to address possible bacterial coinfection. Interestingly, 

multiple retrospective studies of pneumococcal bacteremia have shown 

a reduced mortality when dual therapy (usually involving a macrolide) 

rather than monotherapy is used, raising the possibility that even these 

patients have mixed infection with atypical pathogens.118,119 The fre-

quency of atypical pathogens can be as high as 60%, with as many as 

40% of all CAP patients having mixed infection.113 These high inci-

dence numbers have been derived using serologic testing, which is of 

uncertain accuracy. Atypical organism pneumonia may not be a con-

stant phenomenon, and the frequency of infection may vary over the 

course of time and with geographic location.

In the past, S. aureus was an uncommon but often life-threatening 

cause of CAP. In the past several years, a community-acquired strain of 

MRSA (CA-MRSA) has emerged as a cause of SCAP, particularly in 

patients without a history of previous hospitalization or chronic ill-

ness, often as a complication of influenza infection.1,120,121 The organ-

ism can lead to a severe, bilateral, necrotizing pneumonia, often related 

to toxin production by the organism. This organism is distinct from 

the nosocomial strain of MRSA and is clonal in origin, usually due to 

the USA 300 strain. In a study including 3702 patients from the Global 

Initiative for MRSA Pneumonia (GLIMP) database collected from 54 

countries worldwide, Aliberti and colleagues noted the prevalence of 

confirmed MRSA pneumonia was ,3.0%, varying among different 

countries.122 The three risk factors associated with MRSA pneumonia 

were previous MRSA infection or colonization (OR = 6.21), recurrent 

skin infections (OR = 2.87), and severe pneumonia (OR = 2.39). The 

investigators also assessed the risk factors and characteristics of im-

munocompromised patients admitted with CAP from the GLIMP 

database.123 S. pneumoniae was the most prevalent pathogen causing 

CAP, but immunocompromised patients had more frequent P. aerugi-

nosa, RSV, pneumocystis, Aspergillus fumigatus, and Nocardia species 

compared with immunocompetent patients. Interestingly, multidrug-

resistant (MDR) pathogens were similarly isolated from both groups 

and the rates of bacteremia between the groups were not different. 

Pathogens not covered by usual CAP therapy were more common in 

those with COPD and in patients with tracheostomy or severe pneu-

monia. Fungal infections were associated with AIDS and hematologic 

cancers, whereas viruses other than influenza were associated with 

hematologic cancer and severe pneumonia. Nontuberculous mycobac-

teria were associated with AIDS and malnutrition, and M. tuberculosis 

with malnutrition. As one in five hospitalized patients have an immu-

nocompromised status, it would be prudent to assess both at the time 

of admission, and treatment should be tailored to avoid treatment 

failure.

RISK FACTORS FOR SPECIFIC PATHOGENS

Table 67.3 summarizes the common pathogens causing CAP in hospi-

talized patients, including those admitted to the ICU. The classification 

is based on the presence of clinical risk factors for specific pathogens, 

referred to as “modifying factors.” In predicting the likely etiologic 

pathogens for those admitted to the ICU, patients are divided into a 

population at risk for pseudomonal infection and a population without 

this organism being likely. The risk factors for P. aeruginosa infection 

are structural lung disease, corticosteroid therapy (.10 mg prednisone/

day), broad-spectrum antibiotic therapy for more than 7 days in the 

past month, and malnutrition.1 From the GLIMP database, Restrepo 

and associates found the prevalence of P. aeruginosa and antibiotic-re-

sistant P. aeruginosa CAP was 4.2% and 2.0%, respectively.124 The risk 

factors associated with P. aeruginosa CAP were prior infection or colo-

nization because of P. aeruginosa and one of the three chronic lung 

conditions: tracheostomy, bronchiectasis, and/or very severe COPD. In 

another study, Aliberti and colleagues showed patients with at least one 

risk factor for MDR pathogens had more severe pneumonia on admis-

sion and a higher prevalence of severe sepsis compared with those 

without (45% vs. 29%, P ,.001; 31% vs. 21%, P 5 .001). Of all risk 

factors, hospitalization in the preceding 90 days (OR 4.87) and resi-

dence in a nursing home (OR 3.55) were the best independent predic-

tors of infection with a resistant pathogen and mortality.125 Table 67.4 

shows that certain clinical conditions are associated with specific patho-

gens, and these associations should be considered in all patients when 

obtaining an intake history.1

FEATURES OF SPECIFIC PATHOGENS

Streptococcus pneumoniae
The most common bacterial pathogen for CAP, this organism is a gram-

positive, lancet-shaped diplococcus, of which there are 84 different sero-

types, each with a distinct antigenic polysaccharide capsule. Eighty-five 

percent of all pneumococcal infections are caused by the 23 serotypes 

included in a polysaccharide vaccine. Infection is most common in the 

winter and early spring, which may relate to the finding that up to 70% 

of patients have a preceding viral illness. The organism spreads from 

person to person and commonly colonizes the oropharynx before it 

Inpatient, with no Cardiopulmonary Disease or Modifying 

Factors

Streptococcus pneumoniae, Haemophilus influenzae, Mycoplasma pneu-

moniae, Chlamydophila pneumoniae, mixed infection (bacteria plus atypical 

pathogen), viruses (including influenza), Legionella species, and others 

(Mycobacterium tuberculosis, endemic fungi, Pneumocystis jirovecii)

Inpatient, with Cardiopulmonary Disease and/or  

Modifying Factors

All of the ones listed earlier, but drug-resistant S. pneumoniae (DRSP) and 

enteric gram-negative organisms are more of a concern

Severe Community-Acquired Pneumonia, with no Risks 

for Pseudomonas aeruginosa

S. pneumoniae (including DRSP), Legionella species, Haemophilus influenzae, 

enteric gram-negative bacilli, Staphylococcus aureus (including MRSA), 

M. pneumoniae, respiratory viruses (including influenza), others 

(C. pneumoniae, M. tuberculosis, endemic fungi)

Severe CAP, with Risks for P. aeruginosa

All of the pathogens noted earlier plus P. aeruginosa.

TABLE 67.3 Common Pathogens Causing 
Community-Acquired Pneumonia

CAP, Community-acquired pneumonia; MRSA, methicillin-resistant 

Staphylococcus aureus.
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leads to pneumonia. Pneumonia develops when colonizing organisms 

are aspirated into a lung that is unable to contain the aspirated inocu-

lum. Bacteremia is present in up to 20% of hospitalized patients, and 

extrapulmonary complications include meningitis, empyema, arthritis, 

endocarditis, and brain abscess. The burden of pneumococcal disease is 

often underestimated, because most studies report the incidence of bac-

teremic or invasive pneumococcal disease (IPD). In a systematic review 

and meta-analysis, Said and colleagues estimated the proportion of CAP 

attributable to pneumococcus at 27.3%, and using urine antigen testing 

helped diagnose an additional 11.4% of pneumococcal CAP beyond 

conventional techniques.126 In that study, 24.8% of all cases were bacte-

remic. Bloodstream invasion was more common among those with se-

vere illness, no prior antibiotics, and a positive HIV status. As mentioned 

elsewhere, in recent years there has been a trend towards improved sur-

vival of severe pneumococcal CAP in the ICU, perhaps owing in part to 

improved antibiotic prescription practices and a decrease in smoking.99

Since the mid 1990s, antibiotic resistance among pneumococci has 

become increasingly common, and penicillin resistance, along with re-

sistance to other common antibiotics (macrolides, trimethoprim/sulfa-

methoxazole, selected cephalosporins), is present in over 40% of these 

organisms.1,101,102,104,105 Fortunately, most penicillin resistance is of the 

“intermediate” type (penicillin minimal inhibitory concentration 

[MIC] of 0.1–1.0 mg/L) and not of the high-level type (penicillin MIC 

.2.0 mg/L). Although the clinical impact of in vitro resistance is uncer-

tain, one large database indicated that only organisms with a penicillin 

MIC of more than 4 mg/L led to an increased risk of death.101 The 

definitions of resistance have been changed for nonmeningeal infec-

tion, with sensitive being defined by a penicillin MIC #2 mg/L, inter-

mediate as an MIC of 4 mg/L, and resistant as an MIC $8 mg/L.127 The 

clinical impact of resistance on outcomes such as mortality has been 

difficult to show using older definitions. Nonetheless, although very few 

pathogens will be defined as resistant using the newer criteria, those 

that are so classified would logically seem likely to adversely affect out-

come. Yet in a study including 118 patients that used the new definition 

for resistance, there was no apparent difference in 30-day mortality 

between penicillin-susceptible and -resistant groups.128 The penicillin-

resistant group had a higher frequency of having received antibiotics 

within the last 2 weeks, but, interestingly, it was the susceptible group 

who had a higher frequency of worse initial presentation, such as ICU 

admission and bacteremia. In this cohort both groups received equally 

broad-spectrum antibiotic regimens, such as extended-spectrum ceph-

alosporins, vancomycin, and a carbapenem.

The relationship of prior antibiotic use to subsequent pneumococ-

cal resistance is well-known, and prior therapy with macrolides, beta-

lactams, and quinolones has been identified as a predisposing factor for 

subsequent resistance to the same class of antibiotic.104,129–131 The risk 

appears no lower for therapy received in the preceding 6 months com-

pared with therapy in the past 1 month.131 Other studies have shown 

that quinolone therapy can predispose to subsequent pneumococcal 

resistance to this class of antibiotics.129,130 Seok and colleagues report 

risk factors for levofloxacin-resistant pneumococcal pneumonia to be 

recent hospitalization, bronchopulmonary disease, cerebrovascular dis-

ease, and prior antibiotic use within 3 months.132 In another study of 

patients with pneumococcal bacteremia, resistance to beta-lactams 

(penicillins and cephalosporins), macrolides, and quinolones was more 

likely if the patient had received the same agent in the preceding 3 

months.129 Although some studies have indicated that discordant ther-

apy of drug-resistant pneumococcus can be a risk factor for mortality, 

one study suggested that discordant therapy was less likely if patients 

were treated with ceftriaxone or cefotaxime, compared with other 

therapies.133 Thus in clinical practice, resistance is not highly likely to 

affect outcome, because current guidelines for SCAP recommend the 

use of these effective agents as empiric therapy. Macrolide-resistant 

pneumococci have also been described, and can be either low- or high-

level resistant, depending on whether the mechanism of resistance is 

efflux or ribosomal alteration, respectively. Although high-level resis-

tance may be clinically relevant, this is generally not an issue in the 

management of ICU CAP, because all patients who receive macrolide 

therapy do so in combination with a highly active beta-lactam effective 

against pneumococcus, even if macrolide resistance is present.

Legionella pneumophila
This small, weakly staining, gram-negative bacillus was first character-

ized after an epidemic in 1976 and can occur either sporadically or in 

epidemic form. Although multiple serogroups of the species L. pneu-

mophila account for 90% of all cases of legionnaires’ disease, serogroup 

1 is responsible for most cases. The other species that commonly 

causes human illness is L. micdadei. The organism is water-borne and 

can emanate from air-conditioning equipment, drinking water, lakes 

and river banks, water faucets, and shower heads.134 Infection is gener-

ally caused by inhalation of an infected aerosol generated by a con-

taminated water source. When a water system becomes infected in an 

institution, endemic outbreaks may occur. In its sporadic form, Legio-

nella may account for 7%–15% of all cases of CAP, being a particular 

Condition

Commonly Encountered  

Pathogens

Alcoholism Streptococcus pneumoniae (including peni-

cillin-resistant), anaerobes, gram-negative 

bacilli (possibly Klebsiella pneumoniae), 

tuberculosis

Chronic obstructive pulmonary 

disease/current or former 

smoker

S. pneumoniae, Haemophilus influenzae, 

Moraxella catarrhalis

Residence in nursing home S. pneumoniae, gram-negative bacilli, H. 

influenzae, Staphylococcus aureus,  

Chlamydia pneumoniae; consider 

Mycobacterium tuberculosis. Consider 

anaerobes, but less common

Poor dental hygiene Anaerobes

Bat exposure Histoplasma capsulatum

Bird exposure Chlamydia psittaci, Cryptococcus neofor-

mans, H. capsulatum

Rabbit exposure Francisella tularensis

Travel to southwestern USA Coccidioidomycosis; hantavirus in selected 

areas

Exposure to farm animals or  

parturient cats

Coxiella burnetii (Q fever)

Postinfluenza pneumonia S. pneumoniae, S. aureus (including CA-

MRSA), H. influenzae

Structural disease of lung (e.g., 

bronchiectasis, cystic fibrosis)

P. aeruginosa, P. cepacia, or Staphylococcus 

aureus

Sickle cell disease, asplenia Pneumococcus, H. influenzae

Suspected bioterrorism Anthrax, tularemia, plague

Travel to Asia Severe acute respiratory syndrome (SARS), 

tuberculosis, melioidosis

TABLE 67.4 Clinical Associations With 
Specific Pathogens

CA-MRSA, Community-acquired methicillin-resistant Staphylococcus 

aureus.
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concern in patients with severe forms of illness.1,20,134 Recent studies 

show an increase in the reported cases of Legionella, especially in 

populous cities like New York, with a higher incidence in diabetic pa-

tients and in those from poor neighborhoods.135

The classic Legionella syndrome is characterized by high fever, 

chills, headache, myalgias, and leukocytosis.134 The diagnosis is also 

suggested by the presence of pneumonia with preceding diarrhea, 

along with mental confusion, hyponatremia, relative bradycardia, and 

liver function abnormalities. Symptoms progress rapidly, and the pa-

tient may appear to be quite toxic. This classic syndrome is not always 

present, so the diagnosis should always be considered in patients ad-

mitted to the ICU with CAP and in those with rapidly progressive ra-

diographic abnormalities. To establish this diagnosis serologically, it is 

necessary to collect both acute and convalescent titers. The urinary 

antigen test (UAT) is the single most accurate acute diagnostic test for 

Legionella, but is specific only for serogroup 1 infection. It does not 

detect other types of Legionella, so a negative result does not rule out 

infection from another sero-class. In recent years, most cases have been 

diagnosed with UAT and there has been less reliance on blood serology 

and culture.136 With increased availability of UAT, the case fatality rate 

of Legionella has fallen, in part reflecting the diagnosis of less severe 

illness than in the past.136

Staphylococcus aureus
 S. aureus leads to severe forms of CAP, which can cause necrotizing 

cavitary pneumonia and disseminate hematogenously to multiple ex-

trapulmonary sites. The organism can also seed the lung hematoge-

nously from valvular vegetations in patients with right-sided endocar-

ditis or from septic venous thrombophlebitis (from central venous 

catheter or jugular vein infection). When a patient develops post–in-

fluenza pneumonia, S. aureus can lead to secondary bacterial infection 

and, in the United States, CA-MRSA strains have emerged. These pri-

marily affect skin and soft tissues but also may cause SCAP. CA-MRSA 

is a clonal disease, emanating from the USA300 clone of S. aureus and 

is clinically and bacteriologically different from the strains of MRSA 

that cause nosocomial pneumonia.120 In addition, it can infect previ-

ously healthy individuals, and the classic clinical presentation of this 

pathogen as CAP occurs as a complication of a preceding viral or in-

fluenza infection.

The illness is characterized by a severe, bilateral, necrotizing pneu-

monia, which may relate to staphylococcal virulence factors, such as 

the Panton–Valentine leukocidin (PVL). In a prospective study of 627 

patients from 12 emergency departments across the United States dur-

ing two influenza seasons, the authors isolated CA-MRSA from 2.4% 

of all patients and 5% of patients admitted to the ICU. The mortality 

rate was 14%, and all isolates were of the USA300 strain.137 CA-MRSA 

patients had severe infections with multiple infiltrates or cavities on 

chest imaging, were intubated or required vasopressors, and compared 

with other patients were more likely to develop illness after nursing 

home admission within the previous year or after close contact in the 

previous month with someone with a skin infection. Because the 

pathogenesis of pneumonia resulting from this organism may be re-

lated to toxin production by the bacteria, therapy may need to involve 

both an antibacterial agent and an antitoxin-producing agent.121 Sicot 

and associates, in a study of 133 patients with PVL-positive CAP, found 

similar mortality rates for patients who had MRSA and methicillin-

susceptible S. aureus (MSSA). However, treatment with antibiotics 

having antitoxin effects (clindamycin, rifampin, and linezolid) was as-

sociated with a reduced mortality, compared with those who did not 

get antitoxin therapy (6.1% vs. 52.3%, P ,.001). Notably, only about 

one-third of patients received this therapy.138 The frequency of this 

illness is still relatively low, but it does occur sporadically, with certain 

geographic areas having a high occurrence frequency, especially during 

influenza season.

OTHER ORGANISMS

The incidence of viral pneumonia is difficult to define, but one careful 

study of over 300 nonimmunocompromised CAP patients looked for 

viral pneumonia by paired serologies and found that 18% had viral 

pneumonia, with about half being pure viral infection and the others 

being mixed with bacterial pneumonia.139 Influenza (A more than B), 

parainfluenza, and adenovirus were the most commonly identified 

viral agents. The multicenter EPIC study of CAP found that viral infec-

tion was more common than bacterial infection, but among the 482 

admitted to the ICU, 45% had an identified pathogen, with viral infec-

tion in 22% and bacterial infection alone in 19%, and 4% with mixed 

infection. The viral pathogens were rhinovirus (8%), influenza (6%), 

metapneumovirus, RSV, parainfluenza, coronavirus, and adenovi-

rus.140 Viral illnesses that can lead to respiratory failure in addition to 

influenza include RSV (which can affect the elderly), varicella (a par-

ticular concern in pregnant females with chickenpox), and hantavirus 

(endemic in the Four Corners area of New Mexico).141 In a study of 

patients with severe pneumonia using polymerase chain reaction 

(PCR) techniques, the authors found viral infection to be common: 

36.4% (n 5 72) had positive viral markers and 9.1% (n 5 18) had 

bacterial and viral coinfections.142

 It is important to always consider the diagnosis of tuberculosis in 

patients with SCAP and to be aware of fungal infections with coccidi-

oidomycosis and histoplasmosis in endemic areas, especially among 

HIV-infected persons. Several rickettsiae can also cause CAP, including 

Q fever (Coxiella burnetii), which occurs worldwide; Rocky Mountain 

spotted fever (RMSF); and scrub typhus (Rickettsia tsutsugamushi) in 

Asia and Australia. Transmission typically involves an intermediate 

vector, often ticks (Q fever, RMSF) or mites (scrub typhus), but also 

sheep, cows, and contaminated milk (Q fever). These infections have 

variable incubation periods, ranging from days to a few weeks, and are 

characterized by a febrile syndrome that may have a pneumonic com-

ponent and a maculopapular rash (Q fever and RMSF).

INFLUENZA

Influenza should always be considered during epidemic periods and 

can lead to a primary viral pneumonia or to secondary bacterial infec-

tion with pneumococcus, S. aureus, or H. influenzae. In April 2009, an 

outbreak of H1N1 influenza infected approximately 61 million people 

worldwide, with as many as 13,000 deaths. H1N1 influenza, in contrast 

to seasonal flu, affected younger people more often than the elderly, and 

high-risk populations included pregnant women and those with obe-

sity.143 In one series, 12% of all hospitalized patients with H1N1 infec-

tion were mechanically ventilated and 6% of hospitalized patients 

died.144 Antiviral therapy with zanamivir and oseltamivir may reduce 

the severity of these illnesses, particularly if given early, and the role of 

corticosteroids for patients with severe illness is controversial.143,145 

MacIntyre and colleagues report during the pandemic of influenza 

A(H1N1)pdm09, a mean prevalence of bacterial coinfection in 19% of 

patients admitted to the ICU and in 12% of hospitalized patients not 

requiring ICU care. S. pneumoniae was the most common cause in both 

groups.146 Muscedere and associates evaluated the risk of coexistent or 

secondarily acquired bacterial respiratory tract or bloodstream-positive 

cultures in 681 patients with 2009 influenza A (H1N1) infection.147 In 

that study, 38% of patients had at least a positive blood or respiratory 

culture during their ICU stay even though almost all patients had re-

ceived antibiotics. Patients with any positive culture experienced higher 
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morbidity, with more days on the ventilator, longer ICU and hospital 

LOS, and higher hospital mortality compared with those with negative 

cultures. During the spring of 2013, infection with novel avian-origin 

influenza A (H7N9) emerged in China and was strongly related to ex-

posure to live animals, including chickens (82%).148 It was linked with 

a high incidence of respiratory failure and ICU admission, especially in 

those with comorbid conditions, and mortality ranged from 27% to 

34% among ICU patients.148,149 Use of steroids as an adjunctive treat-

ment in influenza is controversial. Although the results of most studies 

have been prone to confounding by indication, recent evidence suggests 

that steroid use is associated with greater mortality risk in influenza 

patients with pneumonia.150,151

SEVERE ACUTE RESPIRATORY SYNDROME

In late 2003, a respiratory viral infection caused by a coronavirus 

emerged in parts of Asia and was termed severe acute respiratory syn-

drome (SARS). The illness affected people from a variety of endemic 

areas in Asia, but was encountered in North America when an out-

break occurred in Toronto, Canada, after exposure to an infected 

traveler returning from Asia. Importantly, worldwide as many as 20% 

of affected patients were healthcare workers, particularly those caring 

for patients admitted to the ICU. Although transmission risk was 

greatest during emergent intubation, it also occurred during noninva-

sive ventilation, making this latter modality of therapy contraindicated 

when SARS is suspected.152 Infection control may be quite effective in 

preventing the spread of SARS to healthcare workers and includes the 

careful handling of respiratory secretions, ventilator circuits, the use of 

N-95 respirator masks, and careful gowning and gloving.153 Even more 

elaborate infection control measures, including personal air exchange 

units, are needed for healthcare workers involved in high-risk proce-

dures such as intubation. The mortality rate for ICU-admitted SARS 

patients was over 30%, and, when patients died, it was generally from 

multiple system organ failure and sepsis. A similar experience has ac-

companied the COVID-19 pandemic.

MIDDLE EAST RESPIRATORY SYNDROME 
CORONAVIRUS

A new coronavirus outbreak, subsequently named “Middle East respi-

ratory syndrome coronavirus” (MERS-CoV), started September 2012 

in the Arabian Peninsula.154 Patients presented with severe acute pneu-

monia with hypoxemic respiratory and renal failure. MERS-CoV 

pneumonia can occur sporadically in the community in addition from 

healthcare–associated human-to-human transmission.155 The infec-

tion was associated with a very high fatality rate (up to 60%), especially 

in patients with medical comorbidities. The majority of patients re-

quired invasive respiratory support and had extrapulmonary manifes-

tations, mainly kidney failure.156 The effectiveness of steroids, oselta-

mivir, ribavirin, and interferon for treatment of this illness has 

remained uncertain.

BIOTERRORISM CONSIDERATIONS

Certain airborne pathogens can cause pneumonia as the result of de-

liberate dissemination by the aerosol route, in the form of a biologic 

weapon, and present a clinical syndrome of CAP. The pathogens that 

are most likely to be used in this fashion and that can lead to severe 

pulmonary infection are Bacillus anthracis (anthrax), Yersinia pestis 

(plague), and F. tularensis (tularemia).157–161 The Centers for Disease 

Control and Prevention (CDC) has classified these agents as category 

A pathogens because of their high mortality rate and their potential 

impact on public health.157 Other pneumonic pathogens could also 

serve as agents of biologic warfare but are potentially less serious and 

are category B, and include C. burnetii and Brucella species. Certain 

emerging pathogens are category C agents and are not widely available 

as weapons but have the potential for high morbidity and mortality 

and include hantavirus and MDR tuberculosis. Some agents of bioter-

rorism can be spread via the aerosol route but do not generally present 

as pneumonia. These include smallpox and viral hemorrhagic fevers 

(Ebola, Marburg).

DIAGNOSTIC EVALUATION

As discussed, the diagnosis of CAP is suggested by the history and 

physical examination and confirmed by chest radiograph. The history 

may call to mind certain pathogens on the basis of epidemiologic con-

siderations (see Table 67.4), but the clinical features and chest radio-

graph cannot nail down an exact etiologic diagnosis. In the patient 

with SCAP, diagnostic testing is done to define the presence of pneu-

monia, the severity of illness and its complications, and the etiologic 

pathogen. Although defining a specific etiologic diagnosis of CAP al-

lows for focused antibiotic therapy, most patients never have a specific 

pathogen identified, and in many who do, the diagnosis may be made 

days or weeks later when the results of cultures or serologic testing 

become available. An etiologic diagnosis is best established if blood or 

pleural fluid cultures identify a pathogen, if bronchoscopic techniques 

demonstrate an organism in high concentrations, or if serologic test-

ing confirms a fourfold rise in titers to specific pathogens (comparing 

acute and convalescent samples collected weeks apart).

For ICU-admitted patients, after a chest radiograph establishes the 

presence of pneumonia, testing should include an assessment of oxy-

genation (pulse oximetry or blood gas if retention of carbon dioxide is 

suspected), routine admission blood work, and two sets of blood cul-

tures1 (Table 67.5). Although blood cultures are positive in only 10%–

20% of CAP patients, they can be helpful when they define a specific 

diagnosis and may indicate the presence of drug-resistant pneumo-

cocci.1,101 Blood cultures are not routine for all admitted patients, but 

should be done in those with severe illness, especially if the patient has 

not received antibiotics before admission, because the incidence of a 

true positive result is higher in this population.162 Current IDSA/ATS 

2019 guidelines discourage obtaining blood cultures in outpatient and 

inpatient settings, unless the patient has severe CAP, is being empirically 

treated for or has a history of infection with MRSA or P. aeruginosa, or 

has a history of being hospitalized and has received parenteral antibiot-

ics within the preceding 90 days of admission.4 If the patient has a sig-

nificantly large ipsilateral pleural effusion, this should be tapped and 

the fluid sent for culture and biochemical analysis.

The role of Gram stain of sputum to guide initial antibiotic therapy 

is controversial, but this test has its greatest value in guiding the inter-

pretation of sputum culture and can be used to define the predomi-

nant organism present in the sample. Gram stain can be used to 

broaden initial empiric therapy by enhancing the suspicion for organ-

isms that are not covered in routine empiric therapy (such as S. aureus 

being suggested by the presence of clusters of gram-positive cocci, es-

pecially during a period of epidemic influenza).1 Sputum culture can 

help identify the presence of a drug-resistant or unusual pathogen and 

should be obtained from all critically ill patients who are intubated.1 

IDSA/ATS 2019 guidelines extend the same recommendation as with 

blood culture for Gram stain of sputum and culture to be done in 

patients with SCAP who are being empirically treated for or have a 

history of infection with MRSA or P. aeruginosa or have a history of 

being hospitalized and have received parenteral antibiotics within the 

preceding 90 days before admission.4 UAT for pneumococcus or 
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Legionella has some potential value for providing a rapid diagnosis. 

Legionella urinary antigen is specific to serogroup 1 infection and is 

only positive in a little more than half of all infected patients, but it is 

the one test that is most likely to be positive in the setting of acute ill-

ness.163 UAT is also available for detection of capsular polysaccharide 

of S. pneumoniae and has 77%–88% sensitivity in patients with bacte-

remic pneumococcal pneumonia, but is only 64% positive with non-

bacteremic pneumococcal pneumonia.103,164 The sensitivity of pneu-

mococcal UAT increases if concentrated urine is examined, and it can 

be positive even in the presence of antibiotic therapy. False-positive 

tests can occur in patients who have had recent pneumococcal infec-

tion.165 In a randomized study of 177 patients treated based on UAT 

for Legionella and S. pneumoniae compared with empiric guideline-

directed treatments, there was no difference in mortality, need for ICU 

level of care, or hospital LOS. Nonetheless, targeted treatment was as-

sociated with a slightly higher overall cost and lower exposure to 

broad-spectrum antimicrobials.166 IDSA/ATS 2019 guidelines discour-

age routine UAT testing in all adults with CAP, but recommend it for 

those with SCAP and for those with high-risk epidemiologic factors, 

such as recent travel or Legionella outbreak in the community.4

Routine serologic testing is not recommended.1 Nucleic acid ampli-

fication tests and PCR assays provide rapid test results in CAP for 

atypical agents such as viruses, Mycoplasma, Chlamydophila, and Le-

gionella. Cultureless, rapid diagnostic tests such as new nucleic acid 

amplification platforms, real-time computer-assisted microscopy, 

next-generation sequencing, and high-throughput mass spectrometry 

are being developed for early detection and pathogen-specific ther-

apy.167 The usefulness of these techniques in managing CAP has not yet 

been proven. The concern with using this method is that it is so sensi-

tive that if a respiratory sample is positive, it cannot distinguish colo-

nization from infection. However, the test may be valuable if negative, 

because the absence of a suspected pathogen by PCR may permit a 

more focused antibiotic therapy approach.

Bronchoscopy is not indicated as a routine diagnostic test and 

should be restricted to immunocompromised patients and to se-

lected individuals with severe forms of CAP. Several studies168,169 

have not shown improvement in outcome when a specific etiologic 

diagnosis is made for patients with SCAP. Rather, outcome is im-

proved if the initial empiric therapy is accurate and the patient has a 

prompt clinical improvement.169 However, patients who have rapidly 

progressive lung infection in spite of therapy may benefit from inva-

sive diagnostic testing. Again, however, a favorable impact of this 

testing on patient outcome has not been demonstrated. One popula-

tion that should be considered for invasive testing is the corticoste-

roid-treated COPD patient who has a slowly responding or nonre-

sponding pneumonia, because these individuals are at risk for 

infection with Aspergillus, and this organism usually can be recov-

ered from a bronchoscopic lavage sample. In addition, bronchoscopy 

may have value for the nonresponding patient or other immune-

suppressed individuals.170

In patients with SCAP, diagnostic testing may be valuable for guid-

ing modifications of antibiotic therapy, rather than affecting the 

choice of initial therapy.171 In one study, nearly 40% of patients had 

no pathogen identified. Pathogen-directed therapy had no overall 

impact on mortality or LOS, but led to fewer adverse events than 

empiric therapy and also was accompanied by a lower incidence of 

Test Sensitivity Specificity Comment

Chest radiograph 65%–85% 85%–95% Computed tomography is more sensitive to infiltrates. Recommended for 

all patients.

Computed tomography Gold standard Not infection specific Should not be done routinely but helpful to identify cavitation and locu-

lated pleural fluid. Recommended in the evaluation of nonresponding 

patients.

Blood cultures 10%–20% High when positive Usually shows pneumococcus (in 50%–80% of positive samples) and de-

fines antibiotic susceptibility. Recommended in patients with severe 

CAP, particularly if not on antibiotic therapy at the time of testing.

Sputum Gram stain 40%–100% depending 

on criteria

0%–100% depending  

on criteria

Can correlate with sputum culture to define predominant organism and 

can use to identify unsuspected pathogens. Recommended if sputum 

culture obtained. May not be able to narrow empiric therapy choices.

Sputum culture Use if suspect drug-resistant or unusual pathogen, but positive result 

cannot separate colonization from infection. Obtain via tracheal aspi-

rate in all intubated patients

Oximetry or arterial blood gas Both define severity of infection and need for oxygen; if hypercarbia is 

suspected, a blood gas sample is needed. Recommended in severe 

community-acquired pneumonia.

Serologic testing for

Legionella, Chlamydia pneumoniae,  

Mycoplasma pneumoniae, viruses

Accurate, but usually requires acute and convalescent titers collected 

4–6 weeks apart. Not routinely recommended.

Legionella urinary antigen 50%–80% Specific to serogroup 1, but the best acute diagnostic test for Legionella.

Pneumococcal urinary antigen 70%–100% 80% False positives if recent pneumococcal infection. Can increase sensitivity 

with concentrated urine.

Serum procalcitonin Not a routine test, but if done, should be measured with the highly sen-

sitive KRYPTOR assay. May help guide duration of therapy and need 

for ICU admission.

TABLE 67.5 Diagnostic Testing for Community-Acquired Pneumonia

CAP, Community-acquired pneumonia; ICU, intensive care unit.
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mortality for patients admitted to the ICU.172 In addition, studies 

have emphasized mortality benefit from prompt administration of 

effective antibiotic therapy.173 Thus, therapy should never be delayed 

for the purpose of diagnostic testing, and the diagnostic workup 

should be streamlined, with all patients receiving empiric therapy 

based on algorithms as soon as possible.

TREATMENT

Initial antibiotic therapy for SCAP is necessarily empiric, with the goal 

of targeting the likely etiologic pathogens, based on the considerations 

listed in Tables 67.3 and Table 67.4, which categorize patients on the 

basis of severity of illness and risk factors for specific pathogens. The 

likelihood of organisms such as DRSP, enteric gram-negative organ-

isms, and P. aeruginosa is determined by the presence of cardiopulmo-

nary disease or “modifying factors.”1 A set of likely pathogens can be 

predicted for each patient (see Table 67.3), and this information can be 

used to guide initial empiric therapy. If diagnostic testing shows the 

presence of a specific pathogen, broad-coverage therapy can be nar-

rowed and focused.

In choosing empiric therapy of CAP, certain principles and thera-

peutic approaches should be followed (Table 67.6).1,174 All individuals 

should be treated for DRSP and atypical pathogens, but only those 

with appropriate risk factors (see earlier) should receive coverage for 

P. aeruginosa, and patients with bilateral necrotizing pneumonia oc-

curring after influenza need coverage for CA-MRSA.1 All patients 

admitted to the ICU require combination therapy, using a beta-lac-

tam with either a macrolide or quinolone, with the addition of other 

agents, depending on the clinical setting.1,4,175 The recommendation 

to avoid monotherapy is based on the fact that the efficacy (especially 

for meningitis complicating pneumonia), effective dosing, and safety 

of any single agent, including quinolone monotherapy, has not been 

established for ICU-admitted CAP patients. From the available data, 

it appears that adding either a macrolide or a quinolone to a beta-

lactam leads to similar results. Some data in patients with bacteremic 

CAP, especially with pneumococcus, suggest that a macrolide may 

have particular advantages to adding a quinolone, possibly because of 

its antiinflammatory effects.118,119,176,177

In one study of 529 patients with ICU-admitted CAP, combination 

therapy with a beta-lactam plus either a macrolide or quinolone led 

to improved survival for the population with shock needing pressors 

(279 patients), compared with the use of monotherapy.178 Another 

study of SCAP patients (not all pneumococcal) also confirmed the 

benefit of adding a macrolide as part of initial empiric therapy, but 

not a quinolone, for reducing mortality.179 In a study comparing the 

impact of dual (beta-lactam plus macrolide or fluoroquinolone [n 5 

394]) versus monotherapy (beta-lactam alone [n 5 471]) in immu-

nocompetent SCAP, there was no difference in 60-day mortality be-

tween the two groups.180 However, there was a survival advantage for 

patients who had initial adequate antibiotic therapy, and those who 

received dual therapy had a higher frequency of initial adequate anti-

biotics. In one study comparing high-dose levofloxacin with a beta-

lactam/quinolone combination, the single-agent regimen was overall 

effective. However, patients in septic shock were excluded, and there 

was a trend to a worse outcome with monotherapy for individuals 

receiving MV.175 In a meta-analysis of SCAP, the addition of a macro-

lide to a beta-lactam was associated with reduced mortality compared 

with other regimens.181 In another systematic review that included 17 

studies with 16,684 patients, no difference in outcomes was noted 

between combination beta-lactam plus macrolide versus beta-lactam 

plus fluoroquinolone.182 If Legionella is suspected, then the use of a 

quinolone may be preferable, because these agents have been highly 

successful in treating pneumonia caused by this organism—possibly 

more effective than macrolides.183 Also, IDSA/ATS 2019 guidelines do 

not recommend adding antibiotics for anaerobic coverage for sus-

pected aspiration pneumonia in inpatient settings, except when lung 

No Pseudomonal Risk Factors

Selected beta-lactam (ampicillin 1 sulbactam 1.5–3 g every 6 h, cefotaxime 1–2 g every 8 h,

ceftriaxone 1–2 g daily, or ceftaroline 600 mg every 12 h)

Plus

Intravenously administered macrolide (azithromycin 500 mg daily or clarithromycin 500 mg twice daily) or quinolone (levofloxacin 750 mg daily or moxifloxacin 400 

mg daily)

Pseudomonal Risk Factors Present or Prior Pseudomonal Colonization or the Presence of Local Etiologic and Risk Factor 

Data

Selected antipseudomonal beta-lactam (piperacillin-tazobactam [4.5 g every 6 h], cefepime [2 g every 8 h], ceftazidime [2 g every 8 h], aztreonam [2 g every 8 h],  

meropenem [1 g every 8 h], or imipenem [500 mg every 6 h])

Plus

Intravenously administered antipseudomonal quinolone (ciprofloxacin or levofloxacin)

Or selected antipseudmomonal beta-lactam

Plus

Aminoglycoside

Plus

Antipneumonoccal quinolone or macrolide

MRSA Risk Factors Present or Prior Isolation of MRSA

Vancomycin (15 mg/kg every 12 h, adjust based on trough levels 15–20) or linezolid (600 mg every 12 h).

Note: Although routine MRSA coverage is NOT recommended for all cases of severe CAP,

consider CA-MRSA, especially after influenza and with bilateral necrotizing pneumonia, and if toxin-mediated infection suspected, treat by adding either linezolid or 

the combination of vancomycin and clindamycin.

TABLE 67.6 Empiric Therapy Regimens for Severe Community-Acquired Pneumonia

CAP, Community-acquired pneumonia; CA-MRSA, Community-acquired MRSA; MRSA, methicillin-resistant Staphylococcus aureus.
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abscess or empyema is suspected, as the majority of these pneumonias 

are caused by gram-negative pathogens.4

Although they should not be used as monotherapy for ICU-admitted 

CAP patients, the antipneumococcal quinolones have assumed great 

importance because they can cover pneumococcus (including DRSP), 

nonpseudomonal gram-negative organisms, and atypical pathogens.1 

Quinolones penetrate well into respiratory secretions and are highly 

bioavailable, achieving similar serum levels with either oral or intrave-

nous therapy and facilitating a rapid switch to oral therapy in respond-

ing patients. The available intravenous agents that are active against 

pneumococcus are moxifloxacin and levofloxacin.184 Based on in vitro 

activity, the recommended doses for moxifloxacin are 400 mg daily and 

for levofloxacin 750 mg daily, with the need to adjust dosing of levo-

floxacin (but not moxifloxacin) in patients with renal insufficiency.

For patients with pseudomonal risk factors, effective therapy can 

be provided with a two-drug regimen, using an antipseudomonal 

beta-lactam (cefepime, imipenem, meropenem, piperacillin/tazobac-

tam) plus ciprofloxacin (the most active antipseudomonal quino-

lone) or levofloxacin. Alternatively, a three-drug regimen can be 

used, combining an antipseudomonal beta-lactam plus an aminogly-

coside plus either an intravenous antipneumocccal quinolone (mox-

ifloxacin or levofloxacin) or a macrolide.1 If CA-MRSA is suspected, 

effective therapy can be provided with either vancomycin or line-

zolid, although other agents might be effective, because this patho-

gen is not as antibiotic resistant as nosocomial MRSA. However, be-

cause CA-MRSA is in part a toxin-mediated illness, the use of an 

agent that inhibits toxin production along with an antibacterial effect 

is recommended by some.121 To do this, linezolid can be used alone 

(because it acts to inhibit protein synthesis), or clindamycin can be 

added to vancomycin. IDSA/ATS 2019 guidelines recommend em-

piric coverage for Pseudomonas and MRSA based on locally validated 

epidemiologic risk factors for either pathogen to be present.4 Guide-

lines do not recommend prior categorization of HCAP and empiric 

therapy with broad-spectrum antibiotics. Maruyama and colleagues 

applied a simple therapeutic algorithm for all pneumonia patients 

based on MDR risks in a prospective study of 1089 patients including 

656 CAP patients and found that 30-day mortality was not associated 

with site of classification such as CAP, HCAP, hospital-acquired 

pneumonia (HAP), or ventilator-acquired pneumonia (VAP).  

Therapy was based on five risk factors—namely, advanced age,  

hematocrit ,30%, malnutrition, dehydration, and chronic liver 

disease—in addition to shock or prior inappropriate therapy.185 

Using this algorithm, inappropriate empiric therapy was given in less 

than 5% of all patients.

Patients admitted with influenza should be treated with appropri-

ate antiviral agents, regardless of the duration of illness before diag-

nosis.4 There is a high incidence of postinfluenza bacterial pneumo-

nia, with mortality rates approaching 10% with both seasonal and 

pandemic influenza.186 In addition, antibiotics should be started, even 

in confirmed influenza, with a special focus on S. aureus, S. pneu-

moniae, H. influenzae, and group A streptococcus to account for the 

possibility of coinfection. However, the guidelines allow consideration 

for de-escalation of antibiotics in those with no evidence of bacterial 

superinfection and clinical stability after 48–72 hours of initiation of 

antibiotics.4

Several newer antibiotics are on the horizon for the treatment of 

CAP, including solithromycin, lefamulin, omadacycline, ceftobiprole, 

ceftazidime-avibactam, ceftolozane-tazobactam, and delafloxacin.187 So-

lithromycin is a novel fourth-generation macrolide. In two recent dou-

ble-blind, randomized controlled, noninferiority trials, its effectiveness 

was comparable to oral moxifloxacin in patients with mild to moderate 

CAP (PORT scores II–IV).188,189 Lefamulin is a novel semi-synthetic 

antibiotic in the pleuromutilin class. In the phase 3 “LEAP 2” random-

ized clinical trial comparing early clinical responses in CAP patients with 

PORT risk class of II, III, or IV, 5 days of oral lefamulin was not inferior 

to 7-day oral treatment with moxifloxacin.190 Omadacycline is an 

aminomethycycline, and in a recent randomized, double-blind trial 

conducted in CAP patients (PORT risk class of II, III, or IV), a com-

parison of omadacycline (100 mg intravenously every 12 hours for two 

doses, then 100 mg intravenously every 24 hours) with moxifloxacin 

(400 mg intravenously every 24 hours) demonstrated similar early clini-

cal responses with both antibiotics.191 Ceftobiprole is an extended-

spectrum cephalosporin available in intravenous form. In a double-

blind controlled trial with 706 hospitalized CAP patients, ceftobiprole 

medocaril was found noninferior to ceftriaxone with or without line-

zolid.192 Nemonoxacin is a novel nonfluorinated quinolone. In a phase 

III study of CAP patients randomized to nemonoxacin (n 5 356) or 

levofloxacin (n 5 171) there was no difference in clinical or microbio-

logic cure rates between the groups at 7–10 days; adverse side effects 

were comparable.193 Delafloxacin is another novel fluoroquinolone, and 

in a phase III study in CAP patients, there was 16-fold greater activity 

with delafloxacin compared with moxifloxacin for gram-positive and 

fastidious gram-negative pathogens. Retained activity was observed 

against resistant phenotypes found in S. pneumoniae (penicillin-resis-

tant, macrolide-resistant, MDR), Haemophilus species (beta-lactamase 

producing, macrolide-nonsusceptible), and S. aureus (MRSA, fluoroqui-

nolone-nonsusceptible MSSA).194 Both ceftazidime-avibactam and 

ceftolozane-tazobactam are agents in development for treating nosoco-

mial pneumonia, and both have excellent activity against P. aeruginosa. 

These agents will be important newer options over the next decade, 

given increasing concerns regarding drug resistance. But for now, the 

workhorse of CAP treatment in the critical care setting remains  

the beta-lactam plus macrolide or beta-lactam plus fluoroquinolone 

combinations.

TIMELINESS OF INITIAL THERAPY

For inpatients with CAP, timely and accurate therapy is essential to 

reduce mortality. In patients with SCAP, improved survival has been 

shown to occur if initial empiric therapy is accurate and if it leads to 

a rapid clinical response.115,169,173 In one study, if initial therapy led to 

a clinical response within 72 hours, mortality of SCAP was approxi-

mately 10%, compared with a mortality rate of 60% in patients who 

received ineffective therapy initially.169 For CAP in general, early 

therapy is associated with reduced mortality compared with therapy 

given later; if the patient has pneumonia with sepsis and hypoten-

sion, mortality rises by nearly 8% for every hour of delay in starting 

therapy.195

DURATION OF THERAPY

 There is little information on the proper duration of therapy in pa-

tients with CAP, especially those with severe illness. Even in the pres-

ence of pneumococcal bacteremia, short durations of therapy may be 

possible, with a rapid switch from intravenous to oral therapy in those 

who respond.196 Generally, S. pneumoniae can be treated for 5–7 days 

if the patient responds rapidly and has received the correct dose of an 

appropriate therapy. Initial PCT level may accurately predict a posi-

tive blood culture in pneumonia patients, and serial measurements 

help with antibiotic de-escalation and withdrawal in CAP pa-

tients.197,198 In a randomized trial of antibiotic therapy in the ICU, 

PCT guidance reduced the duration of therapy compared with stan-

dard care in all patients, including those with SCAP.199 A meta-analysis 

of 14 randomized trials favored a PCT-based treatment algorithm for 
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antibiotic de-escalation without an increase in either mortality or 

treatment failure.200 In a recent meta-analysis of 19 randomized con-

trolled trials of CAP including 4861 patients there were no differences 

in clinical cure rates between short-course treatment defined as #6 

days and treatment for $7 days irrespective of patient setting or se-

verity of pneumonia.201 In that study, short-course treatment was as-

sociated with fewer serious adverse events (relative risk [RR] 5 0.73; 

95% CI 0.55–0.97) and potentially lower mortality than long-course 

treatment (RR 5 0.52; 95% CI 0.33–0.82). The IDSA/ATS 2019 guide-

line recommends clinicians continue antibiotics until the patient 

achieves stability using a validated measure of clinical stability, in-

cluding normalization of vital sign abnormalities, oxygen saturation, 

ability to eat, and normal mentation. The duration is not less than a 

total of 5 days.4

The presence of extrapulmonary infection (e.g., meningitis, empy-

ema) and the identification of certain pathogens (such as bacteremic 

S. aureus and P. aeruginosa) may require a longer duration of therapy. 

Identification of L. pneumophila pneumonia may require at least 14 

days of therapy, depending on severity of illness and host defense im-

pairments, but shorter durations with quinolone therapy have been 

effective. Most therapy in the ICU will be given intravenously; how-

ever, recent studies, using a variety of antibiotics, have suggested that 

oral therapy may be instituted after as early as 2–3 days of parenteral 

therapy, assuming that the patient’s condition has stabilized and the 

patient is afebrile.1 The switch to oral therapy, even in severely ill pa-

tients, may be facilitated by the use of quinolones that are highly bio-

available and achieve similar serum levels with oral therapy as with 

intravenous therapy.

ADJUNCTIVE THERAPY MEASURES

In addition to antibiotic therapy, the patient with SCAP may require 

chest physiotherapy, especially if the patient has either an excessive 

volume of purulent sputum (.30 mL/day) or severe respiratory muscle 

weakness resulting in ineffective cough.202 Aerosolized humidification 

has been used to reduce sputum viscosity, thereby enhancing clearance 

in patients who have generally ineffective cough, and nebulized hyper-

tonic saline may promote cough and expectoration of sputum. How-

ever, it is likely that much of the generated water vapor is deposited in 

the upper airway, where it is likely to stimulate cough but unlikely to 

influence the rheologic properties of sputum. Bronchodilator therapy, 

which also enhances mucociliary clearance and ciliary beat frequency, is 

most likely to be of benefit in patients with pneumonia complicating 

COPD. A recent Cochrane review did not find convincing evidence 

supporting the role of chest physiotherapy in pneumonia patients.203

Previous studies looking into the use of adjunctive corticosteroids 

in patients with SCAP have shown mixed results.204,205 Although the 

role of corticosteroids as routine therapy for CAP is not established, 

steroids may be beneficial in patients with sepsis and relative adrenal 

insufficiency, which occurs in a high proportion of patients with 

SCAP.206 A recent meta-analysis of nine trials involving 1001 patients 

did not support routine use of corticosteroids in CAP patients, but 

may improve mortality in a subset with SCAP.207 Another setting in 

which corticosteroids may have benefit is in pneumococcal pneumonia 

that is complicated by meningitis, where pretreatment with corticoste-

roids before antibiotic therapy may lead to more favorable neurologic 

outcomes.208 In a randomized, prospective study, Torres and associates 

found that in patients with SCAP and elevated CRP .150 mg/L at 

admission, administration of intravenous methylprednisolone (bolus 

of 0.5 mg/kg every 12 hours) led to less treatment failure, compared 

with placebo.209 In that study, there was no significant difference 

in hospital mortality between the two groups. The IDSA/ATS 2019 

guideline gives a strong conditional recommendation against routine 

use of adjunctive steroids in patients treated for CAP.4 Even if cortico-

steroids are given to selected SCAP patients, they should probably be 

withheld in those with documented influenza, unless there is another 

specific indication (e.g., adrenal insufficiency). Adjunctive immune 

therapy with granulocyte colony-stimulating factor (G-CSF) has also 

been used in SCAP, with no benefit in mortality or in the course of 

illness resolution.210

EVALUATION OF RESPONSE TO THERAPY

The majority of patients will respond rapidly to appropriate empiric 

therapy within 24–72 hours. Clinical response is defined as improve-

ment in symptoms of cough, sputum production, and dyspnea, along 

with ability to take medications by mouth, declining WBC count, and 

an afebrile status on at least two occasions 8 hours apart.1 In the 

critically ill patient, improvement in oxygenation may be one of the 

earliest signs of response to therapy, although few studies have exam-

ined mechanically ventilated patients.1 Radiographic improvement 

lags behind clinical improvement, and in general, 50% of patients 

with pneumococcal pneumonia have radiographic clearing at 5 weeks, 

whereas the majority clear in 2–3 months. With bacteremic disease, 

50% of patients have a clear chest radiograph at 9 weeks, and most are 

clear by 18 weeks.211 Radiographic resolution is most influenced by 

the number of lobes involved and the age of the patient. Radiographic 

clearance of CAP decreases by 20% per decade after age 20, and pa-

tients with multilobar infiltrates take longer to clear than those with 

unilobar disease.211

If the patient fails to respond to appropriate therapy in the expected 

time interval, then it is necessary to consider infection with a drug-

resistant or unusual pathogen (tuberculosis, C. burnetii, Burkholderia 

pseudomallei, C. psittaci, endemic fungi, or hantavirus); a pneumonic 

complication (lung abscess, endocarditis, empyema); or a noninfec-

tious process that mimics pneumonia (bronchiolitis obliterans with 

organizing pneumonia, hypersensitivity pneumonitis, pulmonary vas-

culitis, bronchoalveolar cell carcinoma, lymphoma, pulmonary em-

bolus).1 The evaluation of the nonresponding patient should be indi-

vidualized, but may include CT of the chest, pulmonary angiography, 

bronchoscopy, and, occasionally, open lung biopsy.

PREVENTION

Prevention of CAP is important for all groups within the population 

but especially for the elderly patient, who is at risk for both a higher 

frequency of infection and a more severe course of illness. Appropriate 

patients should be vaccinated with both pneumococcal and influenza 

vaccines, and cigarette smoking should be stopped in all at-risk pa-

tients. Even for the patient who is recovering from CAP, immunization 

while in the hospital is appropriate to prevent future episodes of infec-

tion, and the evaluation of all patients for vaccination need and the 

provision of information about smoking cessation have been perfor-

mance standards used to evaluate the hospital care of CAP patients.1

PNEUMOCOCCAL VACCINE

Pneumococcal capsular polysaccharide vaccine can prevent pneumo-

nia in otherwise healthy populations, as was initially demonstrated in 

South African gold miners and American military recruits.1,212 The 

benefits in individuals of advanced age or with underlying conditions 

in nonepidemic environments are less clearly defined. Efficacy of the 

polysaccharide vaccine has ranged from 65% to 84% in patients with 

diabetes mellitus, coronary artery disease, congestive heart failure, 
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chronic pulmonary disease, and anatomic asplenia.212 In immuno-

competent patients over the age of 65, effectiveness has been docu-

mented to be 75%. In the immunocompromised patient, effectiveness 

has not been proven, and this includes patients with sickle cell disease, 

chronic renal failure, immunoglobulin deficiency, Hodgkin disease, 

lymphoma, leukemia, and multiple myeloma. A single revaccination  

is indicated in a person who is older than age 65 years who initially 

received the vaccine more than 5 years earlier and was younger than 

age 65 on first vaccination.1,105 If the initial vaccination was given at 

age 65 or older, revaccination is indicated, and the second dose is given 

at least 5 years after the original dose.

The available polysaccharide pneumococcal vaccine is widely unde-

rutilized, especially as the 23-valent pneumococcal vaccine contains 23 

pneumococcal serotypes that cause 85% of all infections resulting 

from pneumococcus. Two protein-conjugated pneumococcal vaccines 

have been licensed and are more immunogenic than the older vaccine, 

but contain only 7 and 13 serotypes.1 However, the conjugate vaccine 

has had benefit for adults, even when given to only children, demon-

strating a “herd immunity” effect.213 In a recent study, investigators 

studied the influence of conjugate vaccine on pneumonia-related hos-

pitalizations compared with nonpneumonia hospitalizations over five 

study intervals: prevaccine period, availability of PCV-7 for private 

purchase, public funding of PCV-7, replacement of PCV-7 with PCV-

10, and replacement of PCV-10 with PCV-13 using a difference-in-

differences approach.214 They noted that although the hospitalization 

rates and costs for pneumonia were similar to nonpneumonia hospi-

talizations during the prevaccine period for all age groups, there was a 

drastic difference in the postvaccination period. The impact of indirect 

effects was seen also among those ineligible to receive vaccination, with 

statistically significant reductions in hospitalizations and related costs 

across all age groups.

The 13-valent pneumococcal conjugate vaccine (PCV-13) was ap-

proved by the Food and Drug Administration (FDA) in late 2011 for use 

among adults aged $50 years.215 Based on the recent report from the 

randomized, placebo-controlled trial evaluating the efficacy of PCV-13 

for preventing CAP among adults aged $65 years (CAPITA: Community 

Acquired Pneumonia Immunization Trial in Adults), the Advisory Com-

mittee on Immunization Practices has recommended routine use of 

PCV-13 among adults aged $65 years since August 2014.215 PCV-13 

should be administered in series with the 23-valent pneumococcal poly-

saccharide vaccine, giving PCV-13 first, if possible. More recent recom-

mendations suggest that the decision to use PCV-13 in patients over age 

65 be a shared decision with the patient and physician, because of a de-

cline in pneumococcal infection rates as a result of current immunization 

practices.216 PCV-13 and pneumococcal polysaccharide vaccine 23-valent 

vaccination are also recommended in patients with chronic pulmonary 

diseases on steroids or receiving immunomodulating therapy, or who 

have concurrent sickle cell disease or other hemoglobinopathies, primary 

immunodeficiency disorders, human im munodeficiency virus (HIV) 

infection/acquired immunodeficiency syndrome (AIDS), nephrotic syn-

drome, and hematologic or solid malignancies.217

Hospital-based immunization could be highly effective, because 

over 60% of all patients with CAP have been admitted to the hospital, 

for some indication, in the preceding 4 years, and hospitalization 

could be defined as an appropriate time for vaccination. Pneumococ-

cal vaccine can be given simultaneously with other vaccines, such as 

influenza vaccine, but each should be given at a separate site. The vac-

cine can, and often should, be given before discharge in the patient 

admitted for CAP.

INFLUENZA VACCINATION

Influenza epidemics contribute to morbidity and mortality, both by 

causing direct infection and by leading to postinfluenza complications. 

The influenza vaccine preparations are revised annually to account for 

changes in the antigenic nature of the virus (antigenic drift) that is 

present each season. Three strains are represented in each vaccine 

preparation: two influenza A strains (H3N2 and H1N1) and one influ-

enza B strain. Vaccination should be given to all patients older than age 

65 and to those with chronic medical illness (including nursing home 

residents) and to those who provide health care to patients at risk for 

complicated influenza.1 It is given yearly, usually between September 

and mid-November. Although the traditional influenza vaccine con-

tains an inactivated virus, there is now an intranasal vaccine contain-

ing a live attenuated influenza virus. It is currently approved for indi-

viduals ages 5 to 49 years who are not immune suppressed or 

chronically ill and who do not have asthma. When the vaccine matches 

the circulating strain, it can prevent illness in 70%–90% of healthy 

persons younger than age 65.1,218 For older persons with chronic ill-

ness, the efficacy is less, but the vaccine can still attenuate the influenza 

infection and lead to fewer lower respiratory tract infections and the 

associated morbidity and mortality that follow influenza. In many 

studies, the vaccine has been shown to be cost-effective and able to 

prevent severe illness and death and to reduce the occurrence of sec-

ondary pneumonia and hospitalization.218 For those above 65 years of 

age a higher-dose influenza vaccine (60 mg of hemagglutinin per 

strain) has been shown to provide better protection.219,220 In a ran-

domized study including 31,989 participants, the high-dose vaccine 

induced significantly higher antibody responses and provided better 

protection against laboratory-confirmed influenza illness than stan-

dard vaccine.219 In another study, Izurieta and colleagues examined a 

large Medicare database of patients aged $65 years and found that 

those who had received high-dose inactivated influenza vaccine during 

the 2012–13 influenza seasons were less likely to have influenza-related 

medical encounters and hospitalization than those who received the 

standard-dose vaccine.221
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KEY POINTS

• CAP is a common illness, but only about 20% of all affected patients are admit-

ted to the hospital, and only 10%–20% of admitted patients require ICU care.

• Risk factors for SCAP include smoking, alcohol abuse, serious comorbid 

medical illnesses, and advanced age.

• Risk factors for CAP mortality include severe physiologic abnormalities, de-

lays in the initiation of appropriate antibiotic therapy, advanced age, genetic 

abnormalities in the immune response, rapid radiographic progression, the 

development of respiratory failure, and the presence of certain high-risk 

pathogens.

• Prognostic scoring systems are useful for predicting CAP mortality but are 

less accurate for identifying patients who require ICU care. ICU care is needed 

for patients with respiratory failure, multilobar infiltrates, severe hypoxemia 

(PaO2/FIO2 ratio ,250), and systolic blood pressure less than 90 mm Hg. Early 

recognition of SCAP may allow the ICU to be used in a fashion that can reduce 

the mortality of this illness.

• The failure to localize infection to a single site in the lung, with excessive 

systemic and pulmonary inflammation, is a common feature in patients with 

severe forms of CAP.

• Clinical features of pneumonia cannot help to predict the microbial etiology, 

especially in older patients with impaired immune response, who commonly 

have less dramatic clinical findings than younger patients with a similar se-

verity of illness.

• The most common pathogens causing SCAP include pneumococcus, atypical 

pathogens (Legionella spp., M. pneumoniae, and C. pneumoniae), enteric 

gram-negatives (including P. aeruginosa), S. aureus (including community-ac-

quired methicillin-resistant strains), and H. influenzae, but infection can also 

be the result of viral illness (influenza, coronaviruses such as SARS), bioter-

rorism (anthrax), and other miscellaneous organisms.

• Antibiotic-resistant pneumococci are increasingly common and must be con-

sidered in the choice of initial antibiotic therapy for SCAP; however, the im-

pact of resistance on the outcomes of patients is uncertain.

• It may be difficult to establish an exact etiologic diagnosis in patients with 

SCAP, but diagnostic testing should always include a chest radiograph, oxy-

genation assessment, blood cultures, and, in selected patients, sputum Gram 

stain and culture, bronchoscopic culture, and UAT for Legionella and pneumo-

coccus.

• Therapy for SCAP must be done promptly and empirically, using multiple an-

tibiotics directed against pneumococcus, atypical pathogens, enteric gram-

negative organisms, and, in some patients, P. aeruginosa and CA-MRSA. This 

usually requires the combination of a specific beta-lactam with either a mac-

rolide or a quinolone and sometimes the addition of other agents. Quinolone 

monotherapy is not recommended for the empiric management of SCAP. In 

patients with SCAP after influenza, CA-MRSA should be considered.

• On serial measurements, biomarkers like PCT can help with antibiotic de-es-

calation.

• Nonresponse in severe CAP can be recognized as early as 24–48 hours and 

requires consideration of unusual or drug-resistant pathogens, noninfectious 

diseases that mimic pneumonia, and pneumonia complications.

• Prevention of pneumonia can be accomplished by focusing on smoking cessa-

tion and immunization for pneumococcus and influenza, with consideration of 

a hospital-based immunization program. The 13-valent pneumococcal conju-

gate vaccine (PCV-13) was approved by the FDA in late 2011 for use among 

adults aged $50 years, and recent evidence suggests using PCV-13 in series 

with 23-valent pneumococcal polysaccharide vaccine among patients $65 

years of age.

 References for this chapter can be found at expertconsult.com.
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Nosocomial Pneumonia

Gianluigi Li Bassi, Miguel Ferrer, and Antoni Torres

DEFINITIONS

Nosocomial pneumonia is an infection of the pulmonary parenchyma 
caused by pathogens acquired in hospital settings.1,2 Nosocomial 
pneumonia develops in patients admitted to the hospital for more 
than 48 hours, and the incubation period usually is no longer than  
2 days. Among nosocomial pneumonias, ventilator-associated pneu-
monia (VAP), which is the main focus of this chapter, develops in in-
tensive care unit (ICU) patients who have been mechanically venti-
lated for at least 48 hours. Recently, an additional subpopulation of 
patients with severe nosocomial pneumonia who ultimately require 
mechanical ventilation has been recognized and defined as those who 
ultimately require invasive mechanical ventilation (VHAP). Of note, 
causative pathogens and outcomes associated with VHAP more closely 
resemble VAP than nosocomial pneumonia.1–4 Ventilator-associated 
tracheobronchitis (VAT) is characterized by signs of respiratory infec-
tion without new radiologic infiltrates.5 American studies6 have sug-
gested that patients hospitalized for 2 days or more within the preced-
ing 90 days; residents in a nursing home or extended care facility; or 
those undergoing home infusion therapy, chronic dialysis, home 
wound care, or have contact with subjects colonized by multidrug- 
resistant (MDR) pathogens may be at risk of acquiring healthcare– 
associated pneumonia (HCAP) caused by MDR microorganisms, 
similar to pathogens isolated in hospitalized patients or critically ill 
patients. European data7 have also found substantial similarities in the 
etiology of HCAP and community-acquired pneumonia, challenging 
the definition of HCAP.

Nosocomial pneumonia is a classification based on the presence of 
microorganisms isolated from respiratory surveillance cultures and 
includes the following categories8:
 1. Primary endogenous pneumonia: causative microorganisms are 

carried in the nasopharynx and upper airways and isolated in cul-
tures taken on admission.

 2. Secondary endogenous pneumonia: causative microorganisms are 
nosocomial pathogens not present on admission but colonize the 
patient during a hospital stay.

 3. Exogenous pneumonia: caused by microorganisms not originally 
isolated from surveillance cultures; hence the patient is not a previ-
ous carrier.
The time of onset for nosocomial pneumonia reflects possible eti-

ologies, empirical antimicrobial treatment, and outcomes. Previously, 
VAP has been categorized as either early or late onset.9 In contrast, 
Trouillet and colleagues10 demonstrated that three variables were sig-
nificant for predicting infection with MDR: duration of mechanical 
ventilation (MV) $7 days (odds ratio [OR] 5 6.0), prior antibiotic use 
(OR 5 13.5), and prior use of broad-spectrum antimicrobial agents 
(OR 5 4.1). Subsequent studies11,12 challenged this classification and 

reported comparable microbial etiologies in patients with early- or 
late-onset VAP. This similarity may relate to the worldwide rise in 
MDR and emphasizes that the local ICU ecology is the most important 
determinant for acquiring MDR pathogens, irrespective of the dura-
tion of intubation.

EPIDEMIOLOGY

Incidence and Associated Burden
Nosocomial pneumonia is the second most common nosocomial in-
fection and the leading cause of death from nosocomial infections 
among critically ill patients. Incidence ranges from 5 to more than  
20 cases per 1000 hospital admissions,1,2 with the highest rates in im-
munocompromised, surgical, and elderly patients. Approximately one-
third of nosocomial pneumonias are acquired in the ICU, with VAP 
being the majority of these. Epidemiology studies from the United 
States report a VAP incidence density between 2 and 16 episodes per 
1000 ventilator-days. In the last decade, according to the US Centers 
for Disease Control and Prevention’s National Healthcare Safety Net-
work (NHSN),13 and before the 2019 SARS-CoV-2 pandemic, the in-
cidence of VAP was consistently decreasing, down to 0.9 VAP cases per 
1000 ventilator-days in medical ICUs. In surgical ICUs, the reported 
incidence declined from 5.2 to 2.0. These figures are not in line with 
international reports,14 and as suggested by Metersky and colleagues,15 
optimistic percentages reported from NHSN diverge from the Medi-
care Patient Safety Monitoring System data, which suggest that the rate 
of VAP remained stable among ventilated patients between 2005 and 
2013 (10.8% during 2005 to 2006 versus 9.7% during 2012 to 2013). 
Cook and colleagues16 estimated that the risk of VAP is 3% during the 
first 5 days on MV, 2% from the fifth to the tenth days, and 1% for 
subsequent days. Nosocomial pneumonia, and particularly VAP, in-
creases both healthcare costs and the duration of hospitalization. 
Worsened clinical outcomes associated with VAP have been consis-
tently reported.17,18 As a result, mean hospital charges per VAP patient 
have been estimated to increase by approximately US$40,000.

VAP in Coronavirus Disease 2019
In 2019 a novel coronavirus, namely SARS-CoV-2, was isolated from 
patients in China who presented with pneumonia of unknown cause.19 
The viral infection was found to cause a multisystemic condition 
named coronavirus disease (COVID-19). Patients with COVID-19 are 
potentially at risk for concomitant pulmonary infections for several 
reasons.20,21 First, SARS-CoV-2 causes substantial damage to respira-
tory ciliated cells, potentially impairing the mucociliary escalator and 
facilitating bacterial adhesion and colonization. Second, a significant 
proportion of hospitalized COVID-19 patients require prolonged 
MV22,23 and, specifically during the early phase of the pandemic, have 
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been treated with a broad range of immunosuppressants. To date, 
there are still uncertainties on the exact risk of acquiring pulmonary 
infections in patients with COVID-19. In a few early small case series, 
a higher incidence of VAP in COVID-19 patients was noted,24,25 but 
conflicting lower figures have been demonstrated in subsequent re-
ports.26–29 In addition, the stated impact of VAP on mortality is vari-
able across these studies, and understanding has been limited by the 
competing high risk of mortality associated with COVID-19 itself, es-
pecially during the early phase of the pandemic. In a meta-analysis by 
Lansbury and collaborators that pooled data from more than 3800 
COVID-19 hospitalized patients,30 7% had bacterial coinfection. Yet 
the incidence of bacterial coinfection increased to 14% in ICU pa-
tients. The most common bacteria were Mycoplasma pneumoniae, 

Pseudomonas aeruginosa, and Haemophilus influenzae. Finally, in an 
interesting small case study in COVID-19 patients on MV,31 Aspergillus 

spp. were detected in up to 21.4% of the patients through galactoman-
nan antigens assay in bronchoalveolar lavage (BAL) fluid. At the time 
this chapter is written, there is an urgent need for further appraisal of 
the incidence of concomitant pulmonary infections in the COVID-19 
ventilated population and accurate assessment of the impact of VAP 
on major outcomes.

Mortality
One-third to one-half of all VAP-related deaths are the direct result of 
the infection, with a higher mortality rate in cases caused by P. aerugi-

nosa and Acinetobacter spp., abetted by inappropriate or delayed anti-
biotic therapy.32,33 Several other factors such as severity of illness and 
multilobar, cavitating, or rapidly progressive lung infection and co-
morbidities significantly affect mortality risk.34–37 Attributable VAP 
mortality has been defined as the percentage of deaths that would not 
have occurred in the absence of the infection. The impact of VAP on 
mortality has required in-depth analysis, because many critically ill 
patients die from their underlying disease rather than VAP.38–40 In par-
ticular, as mentioned earlier, the risk of VAP is time-dependent, pos-
sibly causing a significant time-dependent bias, because mortality and 
ICU discharge act as competing endpoints. Thus comprehensive 
analyses reported an attributable mortality associated with VAP of 
10%,38,39 with surgical patients and patients with mid-range severity of 
illness at the highest associated risk. Lisboa and collaborators proposed 
a useful tool to assess severity and predict mortality associated with 
VAP.41 The authors included parameters to assess predisposition, in-
sult, response, and organ dysfunction (PIRO), and they stratified 
mortality risk into mild, high, or very high. The hazard ratio for mor-
tality in the very high-risk group was 4.63 (95% confidence interval 
[CI] 2.68–7.99), and the area under the receiver operating characteris-
tic (ROC) curve (AUROC) corroborated mortality discrimination by 
the VAP PIRO score (AUROC 5 0.81; 95% CI 0.77–0.85).

PATHOGENESIS

Extensive laboratory and clinical work has determined the key patho-
genic mechanisms of VAP. Pathogens must first gain access to the air-
ways to cause pneumonia, and intubated patients are at high risk for 
aspiration of colonized oropharyngeal secretions. In healthy, nonintu-
bated patients, colonization by bacteria that gain access to the respira-
tory tract is prevented by defense mechanisms such as a cough, mucus 
clearance, and cellular and humoral immune responses. Critically ill 
and intubated patients are already at a high risk for infection because 
of underlying illness, comorbidities, malnutrition, and invasive devices 
or procedures. However, tracheal intubation is the conditio sine qua 

non for the development of VAP, because it facilitates aspiration of 
pathogens and hinders intrinsic respiratory defenses.

The Role of the Endotracheal Tube in the Pathogenesis 
of VAP
Pulmonary aspiration of the colonized oropharyngeal secretions 
across the endotracheal tube (ETT) cuff is the main pathogenic mech-
anism for the development of VAP. The most commonly used ETT for 
long-term mechanically ventilated patients comprises a high-volume, 
low-pressure (HVLP) cuff. HVLP cuffs were originally designed to 
prevent tracheal injury.42 However, because the potential diameter of 
the HVLP cuff is two to three times greater than the tracheal diameter, 
folds invariably form along the inflated cuff surface, predisposing to 
aspiration of oropharyngeal secretions.43

Pathogens may also grow on the internal surface of the ETT, and 
these ultimately translocate into the lungs. Bacteria easily adhere to the 
ETT internal surface to form a structure called a biofilm44 (Fig. 68.1). 
Biofilm is composed of sessile bacteria embedded within a self-pro-
duced exopolysaccharide matrix.45 Biofilm on the internal surface of 
an ETT can be identified early after tracheal intubation.46,47 Sessile 
bacteria undergo phenotypic differentiation from their planktonic 
counterparts to enable their survival. Indeed, sessile bacteria are diffi-
cult to eradicate by the host’s immune response or antibiotics.48 Dur-
ing MV, biofilm particles may dislodge into the airways as a result of 
the inspiratory airflow49 and invasive medical interventions, such as 
tracheal aspiration.50 Several studies46,47,51 have confirmed that the 
ETT biofilm constitutes a persistent source of colonization.

Sources of Colonization
Patients are colonized exogenously by contaminated respiratory equip-
ment, the ICU environment, and the hands of the ICU staff. Several 
reports have described ICU outbreaks caused by colonized broncho-
scopes,52,53 water supply,54 respiratory equipment,55 humidifiers,56 ven-
tilator temperature sensors,57 respiratory nebulizers,58 and the con-
taminated ICU environment.59

Endogenous colonization is the primary pathogenic mechanism 
for VAP development. In the critically ill patient, the oral flora  
shifts early to a predominance of aerobic gram-negative pathogens,60 
P. aeruginosa, and methicillin-resistant Staphylococcus aureus (MRSA). 
Pulmonary aspiration of oropharyngeal contents increases the risk for 
airway colonization and infection. After aspiration and colonization of 
the airways, the occurrence of VAP primarily depends on the size of the 
inoculum, functional status of the patient, and competency of host 
defenses. Controversy remains regarding the exact sequence of coloni-
zation and source of infection in the pathogenesis of VAP. Early studies 
by Feldman and colleagues61 found that in patients undergoing MV, 
the oropharynx is the first site to be colonized by pathogens (36 
hours), followed by the stomach (36–60 hours), the lower respiratory 
tract (60–84 hours), and the ETT thereafter (60–96 hours).

Oropharyngeal Colonization

In ICU patients, several oropharyngeal defense mechanisms are dra-
matically altered. First, comorbidities and inherent patient character-
istics, such as alcohol abuse,62 diabetes,63 and chronic obstructive 
pulmonary disease (COPD),64 are well-known risk factors for gram-
negative oropharyngeal colonization. Elderly patients,65 patients with 
disabilities,66 and patients tracheally intubated for extended periods 
are at increased risk for overgrowth of oropharyngeal pathogens be-
cause of their inability to carry out effective oral care. Additionally, the 
extensive use of antibiotics in critical care settings promotes over-
growth of oropharyngeal pathogens.67,68 Second, during critical illness, 
the antimicrobial effectiveness of saliva is highly impaired because  
of a dramatic reduction in the salivary flow,69 decreased pH,70 and 
increased amount of proteases released by host immune cells and  
periodontal bacteria.71,72 Bacteria that colonize the oropharynx also 
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Fig. 68.1 Laboratory Studies to Assess Biofilm Formation on the Internal Surface of the Tracheal Tube 

After Oropharyngeal Challenge in Pigs of Pseudomonas Aeruginosa (Strain PAO1) and 72 Hours of 

Mechanical Ventilation. A, Internal surface of the tracheal tube at extubation, largely covered by respiratory 

secretions. B, Cross section of tracheal tube stained with LIVE/DEAD BacLight bacterial viability kit and im-

aged with confocal scanning laser microscopy. Bacterial biofilm adheres to internal endotracheal tube (ETT) 

surface. White arrows indicate bacteria embedded into biofilm matrix. C, Scanning electron microscopy of 

tracheal tube lumen. Note the presence of amorphous deposits on most of the surface. D, Higher magnifica-

tion of tracheal tube lumen through scanning electron microscopy. P. aeruginosa sessile cells are clearly 

visible within biofilm extracellular polymeric substance.
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produce a large variety of hydrolases that lead to increased expression 
of key receptors for bacterial adhesion.73,74

Fourrier and collaborators75 found that prolonged ICU stay in-
creased the risk for oropharyngeal colonization, which ultimately led 
to nosocomial pulmonary infection. Azarpazhooh and colleagues76 
found evidence of an association between pneumonia and poor oral 
health (OR 5 1.2–9.6, depending on oral health indicators); improved 
oral hygiene reduced the occurrence of respiratory infection among 
high-risk elderly adults. Interestingly, in a study by Heo and col-
leagues,77 oral respiratory pathogens were often genetically identical to 
pathogens recovered from the lower airways, and rapid changes of 
bacterial species occurred in both oral and pulmonary sites.

Sinuses

The association between sinusitis and VAP has long been debated.78 
Several studies have confirmed that orotracheal as compared with 
nasotracheal intubation is associated with a decreased incidence of 
sinusitis79–81 and that the incidence of VAP is lower in patients who do 
not develop sinusitis.82 A study by Holzapfel and colleagues83 evalu-
ated the incidence of nosocomial maxillary sinusitis and pneumonia 
in patients who underwent either nasotracheal or orotracheal intuba-
tion. The authors found that sinusitis increased the risk of nosocomial 
pneumonia by a factor of 3.8. Presently, only a small proportion of 
patients are nasotracheally intubated; hence the incidence of sinusitis 
in mechanically ventilated patients and associated risks of VAP may 
now be lessened.

Stomach

According to the gastropulmonary hypothesis of colonization, the 
stomach of ICU patients is colonized by pathogens because of gastric 
alkalinization associated with enteral nutrition and drugs for the pre-
vention of gastrointestinal (GI) bleeding.84 Gastroesophageal reflux 

facilitates translocation of microbes into the oropharynx, which is then 
aspirated across the ETT cuff. Early studies have shown that in trache-
ally intubated patients, gastric pH higher than 4 was consistently as-
sociated with gastric colonization.85,86 However, the association be-
tween gastric colonization and VAP reported in very early studies87,88 
has been challenged.89,90 Overall, this area remains highly controver-
sial, and several studies have not found that bacteria causing VAP first 
originated in the stomach. Recently, in a large randomized clinical 
trial,91 Krag and collaborators randomized 3298 ICU patients to daily 
pantoprazole versus placebo and found pneumonia rates identical be-
tween the groups.

Impairment of Respiratory Defense During Critical 
Illness and Tracheal Intubation
In healthy subjects, the anatomic laryngeal barrier prevents aspiration 
of pathogen-laden oropharyngeal contents. After intubation, the ETT 
completely bypasses these anatomic barriers. A cough is one of the 
most efficient mechanisms to prevent further translocation of patho-
gens that may have gained access to airways. Tracheal intubation pre-
vents the closure of the glottis and sudden, high-velocity expulsions. 
Hence, it hinders cough92; moreover, intubated patients are often se-
dated and unable to generate high expiratory flows.

Mucociliary clearance is the primary innate airway defense mecha-
nism to clear pathogens. In young, healthy nonsmokers, the mucocili-
ary velocity ranges between 10 and 20 mm/min. Studies in animals 
have shown that inflation of the ETT cuff lowers mucociliary velocity 
by 50% after only 2 hours.93 Clinical studies94 in critically ill patients 
have found similar reductions of mucociliary velocity (0.8–1.4 mm/
min) accompanied by higher risks for pulmonary complications.

As previously mentioned, the daily hazard rate for developing VAP 
is higher during the first days of MV.16 Investigators have found that a 
temporary immunoparalysis can be found early in the course of the 
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critical illness and sepsis.95,96 In particular, researchers have assessed 
human leukocyte antigen-DR (HLA-DR) expression on peripheral 
monocytes as a marker of immune function.97 Low levels of HLA-DR 
expression have been found in patients who subsequently developed 
nosocomial pneumonia.98

Respiratory Dysbiosis and Nosocomial Pneumonia
The diverse and dynamic ecosystem of bacteria within the respiratory 
system has been highlighted by novel culture-independent technolo-
gies.99 The respiratory system microbiome presents a higher level of 
complexity than previously thought, and it is continuously challenged 
by microaspiration of pharyngeal microbiota.100 These potential in-
vaders are ultimately cleared by effective coughing, mucociliary clear-
ance, and the innate and adaptive host defenses. In recent years, inves-
tigators have focused on the dynamics of the respiratory microbiome 
during critical illness and nosocomial pneumonia and emphasized 
that the microbial burden, diversity, community composition, and 
host’s response are variably impaired.101 In particular, there is evidence 
regarding dysbiosis resulting from substantial changes of the pre-
dominant bacterial taxa before and after hospitalization. A progressive 
depletion of biodiversity toward dominant pathogens progressively 
increases their biomass, and in the context of altered respiratory im-
munity could ultimately lead to an infection.102

Etiology of Nosocomial Pneumonia
Nosocomial pneumonia may be caused by a variety of pathogens; also, 
in many patients, more than one pathogen may be isolated. Microor-
ganisms responsible for nosocomial pneumonia differ according to the 
ICU population, the durations of hospital and ICU stays, and the spe-
cific diagnostic method(s) used. VAP is commonly caused by aerobic 
pathogens, often MDR, including P. aeruginosa, Acinetobacter species, 
carbapenemase-containing Klebsiella pneumoniae, and MRSA.1,2 Data 
from 8135 patients with suspected or proven infections (60% with 
respiratory tract infection) have confirmed that Klebsiella species 
(27%), Escherichia coli (25%), Pseudomonas species (24%), and Aci-

netobacter species were the most commonly detected pathogens and 
S. aureus was isolated in 5% of the patients, predominantly in North 
America.103

Esperatti and colleagues3 prospectively evaluated 315 ICU patients 
with hospital-acquired pneumonia (HAP) admitted to an ICU; among 
those, 52% were invasively ventilated, whereas 48% were either breath-
ing spontaneously or receiving noninvasive ventilation (NIV). Inter-
estingly, the proportion of causative pathogens was similar between 
groups, except for a higher proportion of Streptococcus pneumoniae in 
patients not invasively ventilated. In another report104 that concerned 
200 patients with HAP who were eventually admitted to the ICU and 
either received or did not receive invasive MV, MDR pathogens were 
identified in 41% and 39% of the isolates, respectively, emphasizing 
similar risks of harboring these pathogens between HAP and VHAP 
when critical care is required. Thus it seems that in ICU-acquired 
pneumonia, the overall frequency of MDR pathogens and MRSA is 
sufficiently high to warrant the use of broad empirical therapy.

The high rate of polymicrobial infection in VAP has been shown 
repeatedly. Combes and colleagues105 studied 124 ICU patients, of 
whom 52% had monomicrobial VAP and 48% had polymicrobial VAP. 
In most patients, two different bacterial species were isolated (34%); 
however, up to four different bacterial species coexisted in seven pa-
tients (6%). Interestingly, no differences were detected in mortality 
rate at 30 days among patients with polymicrobial or monomicrobial 
infection. A study by Teixeira and colleagues106 investigated risk factors 
for inadequate empirical antimicrobial therapy in 151 ICU patients 
and found that inadequate antimicrobial treatment was associated 

with polymicrobial VAP (OR 5 3.67; 95% confidence interval [CI] 5 
1.21–11.12; P 5 .02) and higher mortality.

Underlying diseases may predispose patients to infection with spe-
cific organisms. Patients with COPD are at increased risk for H. influ-

enzae, Moraxella catarrhalis, P. aeruginosa, and S. pneumoniae infec-
tions.107,108 Patients with acute respiratory distress syndrome (ARDS) 
are at higher risk for developing VAP caused by S. aureus, P. aeruginosa, 
and Acinetobacter baumannii, and often in these patients, VAP is 
caused by multiple pathogens.109,110 Finally, trauma and neurologic 
patients are at increased risk for S. aureus, Haemophilus, and S. pneu-

moniae infections.111–113

Causative pathogens of VAP that are potentially multiresistant are 
P. aeruginosa, MRSA, Acinetobacter spp., Stenotrophomonas. malto-

philia, Burkholderia cepacia, and K. pneumoniae.11,103 Conversely, 
S. pneumoniae, H. influenzae, methicillin-sensitive S. aureus (MSSA), 
and antibiotic-sensitive Enterobacteriaceae are not considered MDR 
pathogens. In the majority of cases, resistance to third- and fourth-
generation cephalosporins in carbapenem-susceptible strains of E. coli 
and K. pneumoniae is caused by the acquisition of plasmidic Ambler 
class A extended-spectrum beta-lactamases or AmpC-like cephalospo-
rinases.114 Resistance to carbapenems in Enterobacteriaceae is caused 
by the acquisition of plasmidic carbapenemases, either of Ambler class 
A (mainly K. pneumoniae carbapenemase), B, or D.114 Importantly, 
plasmids harboring extended-spectrum beta-lactamase (ESBL)–en-
coding and/or carbapenemase-encoding genes often carry other resis-
tance genes, which ultimately confer pan-drug resistance. Conversely, 
carbapenem resistance in P. aeruginosa and A. baumannii may be 
caused by loss of outer membrane porins, hyperexpression of efflux 
pump systems, and carbapenemase production. In 2010 linezolid-re-
sistant MRSA was reported,115 caused by a plasmid harboring the 
chloramphenicol-florfenicol resistance gene.116–118

Patients at risk of being colonized by MDR pathogens often present 
with several comorbidities, and many have received antibiotics during 
their hospitalization. The incidence of MDR pathogens is also closely 
linked to local factors and varies widely from one institution to an-
other.119 Therefore clinicians must be aware of their ICU’s local ecol-
ogy and antibiotic susceptibility so as to avoid the administration of 
inadequate initial antimicrobial therapy.

Legionella pneumophila as the cause of nosocomial pneumonia 
should be considered, particularly in immunocompromised pa-
tients.120 Often, the source of legionellosis outbreaks within the 
hospital is a water system that has become colonized by the microor-
ganism.121

A primary mechanism for VAP development is through aspiration 
of oropharyngeal contents, and the oropharynx is highly colonized by 
anaerobes. Robert and colleagues122 studied 26 mechanically ventilated 
patients and found that 15 patients became colonized with 28 different 
anaerobic strains. Similarly, Doré and colleagues123 found anaerobic 
bacteria in 30 (23%) of 130 patients diagnosed with VAP but always in 
association with aerobic pathogens. Importantly, empirical antibiotic 
therapy active against anaerobic bacteria appears to improve short-
term outcomes in patients with VAP. The role of anaerobes in VAP has 
been consistently controversial in the reported literature.124 Yet more 
advanced molecular techniques to appraise lung microbiota during 
acute disease are corroborating the role of anaerobes in the develop-
ment of VAP.125

Rarely, VAP is caused by fungi. Candida spp. and Aspergillus fu-

migatus126 are the most commonly isolated fungi, predominantly in 
immunocompromised patients. Candida promotes the development 
of pneumonia by creating biofilms that facilitate bacterial coloniza-
tion.127 Moreover, Candida seems to reduce host immune response.128 
Thus clinical studies have shown that Candida colonization increases 
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the risk of VAP by P. aeruginosa.129 Yet in a postmortem study of pa-
tients with evidence of pneumonia at autopsy and isolation of Candida 
from respiratory samples, no case of Candida pneumonia was found.130 
Interestingly, colonization by Candida has also been associated with 
longer MV, ICU and hospital stays, and rates of in-hospital mortal-
ity.131–133 Some investigators argue that the presence of Candida is 
merely a marker of severity rather than a true etiologic factor for 
VAP.134 The role of Aspergillus spp. in the pathogenesis of VAP has been 
recently reappraised.31 In an interesting study by Loughlin and col-
laborators,135 24 out of the 194 mechanically ventilated patients 
(12.4%) met the definition of Aspergillus infection, corroborated by 
positive galactomannan in either BAL fluid or serum. These figures are 
in line with postmortem findings corroborating invasive pulmonary 
aspergillosis often clinically undiagnosed antemortem.136

Viruses may also cause VAP. Herpes simplex virus type-1 (HSV-1) 
nosocomial pneumonia is more frequently reported in immunocom-
promised patients and patients with ARDS,137 major surgery,138,139 or 
extensive burns.140 Luyt and colleagues demonstrated in 201 patients 
with clinical suspicion of VAP that 21% had HSV-1 pneumonia.141 
Several studies142–145 have reported a high incidence of active cytomega-
lovirus (CMV) infection in mechanically ventilated patients. Chiche 
and colleagues144 studied 242 immunocompetent ICU patients and 
found active CMV infection in 39 (16%) individuals. At 28 days, only 
15% of the patients with active CMV infection were weaned and alive, 
in comparison to 52% of patients free of CMV infection (P ,.001).

PREVENTION

Nosocomial pneumonia is associated with high rates of morbidity and 
mortality and constitutes an important burden for the healthcare 
system. Therefore preventive strategies should be implemented to re-
duce the overall incidence of the disease (Box 68.1). The Institute for 
Healthcare Improvement recommends that approaches with proven 

efficacy in infection control be implemented together as a “bundle” 
because when combined, they are expected to result in better outcomes 
than when implemented individually. Designing a preventive bundle is 
just a first step that must be followed by a continuous assessment of 
healthcare personnel compliance and by improvements to implement 
interventions. An interesting report by Klompas and colleagues146 that 
appraised the effects of certain components of various bundles found 
that the association of head-of-bed elevation, sedative infusion inter-
ruptions, spontaneous breathing trials, and thromboembolism pro-
phylaxis were the most beneficial elements within bundles. Several re-
ports147–149 have found consistent reductions in the incidence of VAP 
after the implementation of VAP preventive bundles.

General Prophylactic Measures
Maintaining high levels of education among ICU personnel relating to 
VAP pathophysiology and preventive strategies can be effective in  
reducing its incidence.150 Needleman and colleagues151 studied admin-
istrative data from 799 hospitals in 11 states (covering 5,075,969 dis-
charges of medical patients and 1,104,659 discharges of surgical 
patients) and found that a higher proportion of hours of care per day 
provided by registered nurses, compared with licensed practical nurses 
and nurses’ aides, was associated with lower incidence of pneumonia.

Adherence to simple infection control measures, such as alcohol-
based hand disinfection,152,153 effectively reduces cross-transmission of 
pathogens and incidence of VAP. The World Health Organization has 
endorsed hand hygiene as the single most important element of strate-
gies to prevent healthcare–associated infections.154 Overall, most stud-
ies have demonstrated a temporal association between implementation 
of alcohol-based hand hygiene and reduction of nosocomial infections 
in ICU environments.148,155

Investigators have reported that transporting the patient outside 
the ICU was associated with increased risk for VAP.156,157 Clinicians 
and nursing staff should carefully check the internal pressure of the 
ETT cuff before and during patient transport. Also, ventilator circuits 
should be carefully manipulated to prevent the aspiration of colonized 
fluids from within the circuit.

Daily interruption or lightening of sedation158–160 and early mobili-
zation,161 in addition to avoidance of paralytic agents, are highly rec-
ommended to avoid impairment of respiratory defenses, prolonged 
tracheal intubation, and VAP.

There is evidence of shorter length of MV, reduced rates of failed 
extubation, and decreased incidence of VAP when protocol-driven 
liberation from the ventilator is implemented.162,163 Marelich and col-
leagues163 randomized 385 patients to receive either a protocol-driven 
weaning procedure or standard care and found that duration of MV 
was decreased from a median of 124 hours for the control group to  
68 hours in the protocol-driven weaning group (P 5 .0001). Moreover, 
a trend toward less VAP was found in the treatment group (P 5 .061).

Noninvasive Ventilation
Tracheal intubation and MV are the main risks for nosocomial pneu-
monia and should therefore be avoided whenever possible. NIV is an 
attractive alternative for patients with acute exacerbations of COPD or 
mild to moderate acute hypoxemic respiratory failure and for some 
immunocompromised patients with pulmonary infiltrates and respi-
ratory failure.164–168 NIV can also be safely used to facilitate early extu-
bation and curtail extended invasive weaning. A meta-analysis169 con-
firmed that noninvasive weaning is associated with reduced mortality, 
VAP, and length of stay in the ICU and hospital. Other reports170,171 
have emphasized the role of NIV in preventing reintubation of recently 
extubated patients at risk for relapse and respiratory failure. Kohlen-
berg et al.172 pooled data of 400 ICUs in Germany and found a mean 

BOX 68.1 Preventive Strategies for 
Nosocomial Pneumonia

• Implementation, as a bundle, of nosocomial pneumonia preventive strate-

gies that have proven efficacy in reducing morbidity and mortality

• Implementation of educational programs for caregivers and frequent perfor-

mance feedbacks and compliance assessment

• Strict alcohol-based hand hygiene

• Avoidance of tracheal intubation and use of NIV when indicated

• Daily sedation vacation and implementation of liberation from mechanical 

ventilation protocols

• No ventilatory circuit tube changes unless the circuit is soiled or damaged

• Use of tracheal tube with cuff made of novel materials and shapes

• Use of silver-coated tracheal tube

• Application of low-level PEEP during tracheal intubation

• Aspiration of subglottic secretions

• Internal cuff pressure maintained within the recommended range and care-

fully controlled during transport of patients outside the ICU

• Oral care with chlorhexidine

• Avoid stress ulcer prophylaxis in very low-risk patients for gastrointestinal 

bleed, and consider use of sucralfate when indicated

• Semirecumbent patient positioning

• Continuous lateral rotation therapy

• Postpyloric feeding in patients who have impaired gastric emptying

• SDD for patients requiring .48 hours of mechanical ventilation

ICU, Intensive care unit; NIV, noninvasive ventilation; PEEP, positive 

end-expiratory pressure; SDD, selective digestive decontamination.
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pneumonia incidence of 1.58 and 5.44 cases per 1000 ventilator days 
for NIV and invasive MV, respectively. Therefore when indicated, NIV 
should be attempted to avoid tracheal intubation and reduce the over-
all duration of tracheal intubation.

Tracheal Tube Cuff
In current critical care settings, patients are intubated with ETTs that 
are sealed by HVLP cuffs. Upon inflation, folds form along the cuff 
surface, and colonized oropharyngeal secretions may leak through these 
folds.173 ETT cuffs made of polyurethane,174 silicone,175 and latex176 
have been developed and tested in the laboratory and clinical trials. In 
particular, the polyurethane cuff has a thickness of 5 to 10 mm, 
in comparison with 50 mm for polyvinyl chloride (PVC) cuffs. Hence, 
upon inflation, smaller folds form with polyurethane cuffs, and aspira-
tion of secretions above the cuff can be prevented or reduced. Some 
investigators have attempted to prevent aspiration by modifying the 
shape of the cuff.177 In comparison with standard cuffs with cylindrical 
shapes, cuffs designed with a smooth, tapering shape allow elimination 
of folds for a full circumference of the trachea or cuff contact zone, 
irrespective of the cuff material.

Assessments in medical ICU patients have shown that polyure-
thane cuffs reduce risks of developing VAP.178 The polyurethane-cuffed 
ETT has also been reported to show benefits in reducing early postop-
erative pneumonia in cardiac surgical patients.179,180 Results from ear-
lier studies have been contradicted by a landmark multicenter study181 
that compared preventive benefits of cuffs of cylindrical PVC, cylindri-
cal polyurethane, conical PVC, or conical polyurethane and found no 
reduction of VAP with the use of polyurethane or conical cuffs. Like-
wise, Monsel and colleagues did not find any advantage in using coni-
cal-shaped ETT cuffs.182 In our opinion, because of the lack of clear 
clinical evidence regarding the benefits of better-quality cuffs, their use 
should be only limited to specific patients at very high risk of develop-
ing VAP.

It is important to maintain the internal ETT cuff pressure between 
25 and 30 cm H2O to prevent aspiration of contaminated secretions 
into the lower airways and to avoid tracheal injury. Several studies183,184 
have demonstrated that the ETT cuff is frequently underinflated or 
hyperinflated using standard management. Continuous control of in-
ternal cuff pressure reduces risks of significant deflation and pulmo-
nary aspiration.

Ventilatory settings may play a role in the pathogenesis of VAP. In 
particular, positive end-expiratory pressure (PEEP) may decrease the 
incidence of VAP by counteracting hydrostatic pressure exerted by 
oropharyngeal secretions above the ETT cuff, hence reducing pulmo-
nary aspiration.185,186 Lucangelo and colleagues187 assessed the effects 
of 5–8 cm H2O PEEP in normoxemic ventilated patients and showed a 
reduction in the rate of VAP. Thus in the absence of major contraindi-
cations, a low level of PEEP should be maintained.

Tracheal Tubes Coated With Antimicrobial Agents
Coating the ETT with antimicrobial agents, such as silver, is a promis-
ing strategy to prevent biofilm formation on its internal surface and 
VAP.44 Olson and colleagues188 tested a silver-coated ETT in dogs chal-
lenged with P. aeruginosa instilled into the oropharynx. Using the new 
tube, the investigators were able to postpone colonization of the ETT’s 
inner surface and reduce pulmonary bacterial burden. Similarly, Berra 
and colleagues189 studied a silver sulfadiazine/chlorhexidine–coated 
ETT in sheep. After 24 hours of MV, standard ETTs and ventilatory 
circuits were heavily colonized, whereas the novel coated ETT fully 
avoided colonization. Interestingly, the efficacy of silver-based coatings 
seems to decrease over time. Indeed, animal studies reported heavy 
colonization of silver-coated ETTs after 72 hours of MV. To date, only 

one laboratory study190 has shown the absence of ETT biofilm forma-
tion up to 168 hours of MV when silver sulfadiazine ETTs were regu-
larly cleaned with the Mucus Shaver.191 The North American Silver-
Coated Endotracheal Tube (NASCENT) randomized trial192 compared 
the preventive effects of a silver-coated vs. conventional ETT. The sil-
ver-coated ETT was associated with a lower incidence of microbio-
logically confirmed VAP (4.8% vs. 7.5%; P 5 .03), for a relative risk 
reduction of 35.9%. A retrospective cohort analysis by Afessa and col-
leagues193 showed that the silver-coated ETT was associated with re-
duced mortality in patients with VAP (14% vs. 36% in silver and con-
trol ETT, respectively, P 5 .03). Mortality was higher in those without 
VAP. In conclusion, ETT coated with antimicrobial agents could re-
duce the incidence of VAP, but the evidence supporting its use comes 
only from one study, with significant limitations.194 Thus clinicians 
should carefully consider benefits and limitations of these ETTs and 
properly direct the use of silver-coated tubes to patients expected to be 
ventilated for longer periods and with higher risks for nosocomial 
pneumonia. Shorr and colleagues195 analyzed the cost-effectiveness of 
the silver-coated ETT and found that per each prevented VAP, 
US$12,840 was saved.

Aspiration of Subglottic Secretions
Aspiration of colonized subglottic secretions through dedicated ETTs 
potentially prevents leakage across the cuff. A meta-analysis196 has 
shown that drainage of subglottic secretions reduced the overall risk 
ratio (RR) for VAP by half (RR 5 0.55; 95% CI 5 0.46–0.66; P ,.01). 
In a multicenter trial by Lacherade and colleagues,197 333 patients were 
randomized to be intubated with either an ETT that allowed drainage 
of subglottic secretions or a standard ETT. Microbiologically con-
firmed VAP occurred in 14.8% of the patients in the treatment group, 
compared with 25.6% of the patients intubated with a standard tube 
(P 5 .02). Interestingly, subglottic secretion drainage has been consis-
tently associated with tracheal injury in clinical198,199 and laboratory 
studies.43,200

Tracheostomy
Tracheostomized patients present the same risks for aspiration of 
pathogen-laden secretions pooled above the cuff as orotracheally intu-
bated patients. A meta-analysis201 that assessed outcomes of early ver-
sus late tracheostomy found that early tracheostomy did not reduce 
the incidence of VAP. Early tracheostomy may improve patient com-
fort, ability to communicate, and capability for oral feeding reduce the 
need for sedation and analgesia and airway resistance in comparison 
with standard ETTs. These factors are of paramount importance dur-
ing the weaning period to shorten the duration of tracheal intubation.

Ventilator Circuit Management
Clinical trials in adults202–204 and meta-analyses205 have demonstrated 
that a routine change of the ventilator circuit does not decrease risks 
for VAP or costs. Therefore circuits should not be changed unless 
soiled or damaged. Importantly, inadvertent flushing of the contami-
nated condensate into the lower airways (or by nebulizers) should al-
ways be avoided by careful emptying of ventilator circuits and water 
traps.206

A meta-analysis207 that assessed the effects of heated humidifiers 
(HHs) and heat and moisture exchangers (HMEs) on prevention of 
nosocomial pneumonia showed no differential effect on pneumonia 
prevention. To date, neither humidification strategy can be recom-
mended as a pneumonia prevention tool. However, it is rational to 
deliver inspiratory gases at body temperature or slightly below and at 
the highest relative humidity to prevent loss of heat and moisture from 
the airways, adverse change in rheologic properties of secretions, and 
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impairment of mucociliary clearance. The use of HH is selectively in-
dicated in patients with hypothermia, prolonged MV, thick secretions, 
and chronic respiratory disorders. Finally, studies208–210 testing less 
frequent changes of HMEs have not found increased risks for VAP. 
HMEs should be changed periodically (i.e., every 72 hours or when 
overtly contaminated) to ensure good performance.

Closed tracheal suctioning systems have been introduced in clinical 
settings to avoid adverse events associated with ventilator disconnection 
during open tracheal suctioning in addition to exogenous contamina-
tion by suction catheters entering the ETT. Various meta-analyses211–213 
have compared the closed and the open tracheal suction system in me-
chanically ventilated patients and found no advantage of either for VAP 
prevention.

The use of a saline solution instilled into the ETT before tracheal 
suctioning remains controversial. A systematic review214 reported de-
creased patient oxygenation in most studies. One study215 found a 
lower incidence of microbiologically proven VAP (saline instillation 
versus no treatment: 23.5% vs. 10.8%; P 5 .008). Likewise, a later 
study found that when closed tracheal suction systems with HMEs 
were used, saline instillation was advantageous in reducing the inci-
dence of VAP.216 Importantly, in sedated patients in the semirecum-
bent position and with the ETT internal surface highly colonized,  
saline instillation may increase risks for translocation of pathogens 
into the airways.

Body Position
Early studies demonstrated that intubated patients are at higher risk for 
gastropulmonary aspiration when placed in the supine position (0 degrees)  
as compared with a semirecumbent position (45 degrees).84,217,218 One 
randomized trial219 demonstrated a reduction in the incidence of VAP 
in patients positioned in the semirecumbent position as opposed  
to completely supine, particularly during enteral feeding. A later ran-
domized trial220 found limited feasibility of the intervention and no 
differences in VAP incidence. Given available evidence,221 intubated 
patients should be preferentially kept in the semirecumbent position 
(30–45 degrees) rather than supine (0 degrees), especially when receiv-
ing enteral feeding.

Laboratory reports222,223 have challenged the preventive benefits of 
the semirecumbent position. Theoretically, a tracheal orientation 
above horizontal might facilitate aspiration across the ETT cuff. The 
Gravity-VAP study was a randomized trial that studied 194 endotra-
cheally intubated patients positioned in the lateral-Trendelenburg po-
sition (LTP) in comparison with 201 in the standard semirecumbent 
position. The authors found that the LTP could further reduce VAP, 
specifically in patients with healthy lungs upon intubation, but LTP 
feasibility appeared challenging.224

Rotating Bed
Several ICU beds permit the rotation of patients along the longitudinal 
axis from one lateral position to the other. These appear to reduce ex-
travascular lung water, improve the ventilation-perfusion ratio, and 
enhance mobilization of airway secretions. Meta-analyses225,226 have 
shown a significant reduction in the incidence of VAP among patients 
undergoing rotation therapy. Staudinger and colleagues227 studied the 
effects of continuous lateral rotation therapy and found a VAP inci-
dence of 11% in the rotation group and 23% in the control group  
(P 5 .048). Those authors also found that the duration of ventilation 
(8 ± 5 vs. 14 ± 23 days; P 5 .02) and length of stay (25 ± 22 days vs. 39 
± 45 days; P 5 .01) were significantly shorter in the rotational group. 
In conclusion, in patients at higher risk for prolonged immobilization 
and respiratory infection, continuous lateral rotation therapy may add 
to other preventive measures for VAP.

Stress Ulcer Prophylaxis and Enteral Feeding
Sucralfate, histamine type 2 blockers (H2 blockers), and proton pump 
inhibitors (PPIs) are the most common medication for stress ulcer 
prophylaxis. Of these, sucralfate is the only treatment that does not 
cause gastric alkalinization. Early studies found a higher incidence of 
pneumonia in patients with alkalinized gastric contents,87,88 whereas 
others have not.90 Cook and colleagues228 found a higher risk of GI 
bleeding using sucralfate and no significant difference in VAP inci-
dence: 19.1% and 16.2% in patients treated with H2 blockers or su-
cralfate, respectively. Likewise, in a meta-analysis,229 PPIs were more 
effective than H2 blockers at reducing upper GI bleeding, without dif-
ferences in VAP (RR 5 1.06; 95% CI 5 0.73–1.52; P 5 .76). Krag and 
colleagues91 recently studied 3298 ICU patients who were randomized 
to receive either pantoprazole or placebo. At 90 days, the RR of mor-
tality was 1.02; 95% CI 0.91–1.13; P 5 .76 and no difference was 
found in the development of respiratory infections between groups. 
In conclusion, GI bleeding is a serious complication in critically ill 
patients. The actual risk for VAP is unknown when appropriate meth-
ods of enteral feeding (i.e., avoiding large gastric residual volumes) or 
other preventive measures are used in combination with stress ulcer 
prophylaxis. Therefore clinicians should probably limit stress ulcer 
prophylaxis to high-risk patients and weigh the potential benefit of 
sucralfate (with potentially less VAP and more GI bleeding) versus H2 
blockers/PPIs (with potentially more VAP and less GI bleeding).

Enteral nutrition has been considered a risk factor for the develop-
ment of VAP because of increased incidence of gastric alkalinization, 
gastroesophageal reflux, and gastropulmonary aspiration. However, its 
alternative, parenteral nutrition, is associated with higher risks for 
catheter-related infections, complications of line insertions, higher 
costs, and loss of intestinal villous architecture, which may facilitate 
enteral microbial translocation. A large meta-analysis230 of 11 studies 
comprising more than 500 critically ill patients found that the use of 
parenteral nutrition was associated with more infectious complica-
tions, compared with early enteral nutrition (OR 5 1.47; 95% CI 5 
0.90–2.38; P 5 .12). Conversely, studies in medical ICU patients have 
demonstrated a higher risk for VAP with early enteral feeding.231,232 
Therefore in medical ICU patients, the benefits of early nutrition 
should be balanced with associated increased risks for VAP.

Many ICU patients experience impaired gastric emptying. Place-
ment of the feeding tube beyond the pylorus has the potential to 
achieve nutrition goals without increased risks for gastropulmonary 
aspiration. A meta-analysis by Jiyong and colleagues233 found that 
small bowel feedings were associated with a lower incidence of pneu-
monia (RR 5 0.63; 95% CI 5 0.48–0.83; P 5 .001). In an interesting 
report by Davies and collaborators,234 in mechanically ventilated pa-
tients with mildly elevated gastric residual volumes who were already 
receiving nasogastric nutrition, early postpyloric nutrition did not  
increase energy delivery or reduce the frequency of pneumonia. There-
fore postpyloric feeding should be preferred only when impaired gas-
tric emptying is present. Finally, a landmark study235 challenged the 
utility of routine monitoring of residual gastric volume in 449 patients 
receiving invasive MV and early enteral nutrition. VAP occurred in 
16.7% of the patients without routine monitoring, in comparison with 
15.8% in the control group.

Modulation of Oropharyngeal and Gastrointestinal 
Colonization
Given the pivotal role of oropharyngeal colonization in the develop-
ment of VAP, many decontamination strategies have been developed, 
which include caregiver handwashing, oral hygiene and tooth brush-
ing,236 selective oral decontamination with topical nonabsorbable anti-
biotics,237 and oropharyngeal rinsing with antiseptics.238 Chlorhexidine 
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is a cationic chlorophenyl bis-biguanide antiseptic that has long been 
used as an inhibitor of dental plaque formation and gingivitis. A meta-
analysis238 of studies assessing the benefits of chlorhexidine on the re-
duction of VAP reported fewer lower respiratory tract infections in 
cardiac surgery patients (RR 5 0.56; 95% CI 5 0.41–0.77) but without 
a significant mortality difference (RR 5 0.88; 95% CI 5 0.25–2.14). 
Results in noncardiac ICU populations have been inconsistent. Most of 
the studies described in earlier years used chlorhexidine concentrations 
up to 0.2%. This concentration may not be effective in most ICU pa-
tients with high levels of oropharyngeal colonization. Studies239,240 have 
demonstrated significant reductions in VAP rates when chlorhexidine 
concentration was increased to 2%. Importantly, in recent years, argu-
ments have been raised against the use of chlorhexidine because of as-
sociated increased mortality risk.241 These findings could be misleading 
or imply that extensive pulmonary aspiration of chlorhexidine might 
occur in patients in the semirecumbent position. Additional data are 
needed to resolve this issue.

Selective digestive decontamination (SDD) comprises a combina-
tion of nonabsorbable antibiotics against gram-negative pathogens 
(i.e., tobramycin and polymyxin E) plus either amphotericin B or ny-
statin. These agents are administered into the GI tract to prevent oro-
pharyngeal and gastric colonization with aerobic gram-negative bacilli 
and Candida spp. while preserving the anaerobic flora. Some regimens 
include a short course of systemic antibiotics (i.e., cefotaxime). SDD 
was originally applied to oncologic and hematologic patients with se-
vere immunosuppression.242,243 In the early 1980s Stoutenbeek and 
colleagues introduced this practice into critical care medicine.244 Since 
then, a remarkable number of clinical trials and meta-analyses con-
firmed the benefits associated with the use of SDD, which has been 
associated with reduced incidence of VAP, bacterial bloodstream infec-
tions, and mortality.245 Currently, SDD is primarily applied in a minor-
ity of European centers with low levels of MDR.

Randomized clinical trials237,246,247 and meta-analyses245 confirmed 
that SDD confers protection against nosocomial pneumonia. Several 
factors, however, should be taken into account before advocating its 
use worldwide. First, investigations on the intestinal microbiota high-
light the variability, interactions, and complexity of GI bacterial colo-
nies and systemic consequences of changes in gut colonization.248–250 
Indeed, it is known that more than 1011 bacteria per gram of feces, 
comprising more than 1000 different species, are present in our intes-
tinal system.251 Large interindividual variations in bacterial patterns 
are evident even among humans living in the same geographic re-
gion.252 Considering the increasing interest of the critical care field on 
individualized medicine, the implementation of a unit-wide single 
SDD regimen for all ICU population subtypes seems unwise. In addi-
tion, even the selectivity of SDD against aerobic gram-negative bacte-
ria has been challenged.253 Thus the impact of SDD on the intestinal 
microbiota and the resulting alterations of bacterial diversity need 
further evaluation. Second, one of the most recurrent arguments for 
not using SDD is that microorganisms not addressed by the regimen 
may be selected (i.e., MRSA and Enterococcus spp.) or MDR for the 
applied antibiotics may increase. An increase in anaerobic flora antibi-
otic resistance genes during SDD, particularly highly transferable genes 
conferring resistance to aminoglycosides, has been corroborated.248 In 
line with these results, Oostdijk and collaborators246 found increases in 
aminoglycoside-resistant gram-negative bacteria during SDD use. Fi-
nally, in one older study254 by the same group that explored recoloniza-
tion after SDD, increased intestinal colonization occurred with gram-
negative bacteria resistant to ceftazidime, tobramycin, or ciprofloxacin. 
Likewise, resistance to ceftazidime increased gradually in the respira-
tory tract during SDD and even further postintervention for all three 
antibiotics used in the SDD regimen. This suggests that there are still 

several unknown effects of SDD that need to be addressed. Of note, in 
a recent study255 the effects of SDD/SOD (selective oropharyngeal 
contamination) on bloodstream infections was conducted in ICUs 
with high prevalence of antibiotic resistance. Mortality rate was not 
affected by the interventions, and antibiotic resistance did not vary 
throughout the study periods. Only one study256 has demonstrated 
that a short course of cefuroxime in patients with structural coma or 
severe burns was an effective prophylactic strategy to decrease the VAP 
rate. However, routine use of parenteral antibiotics is not recom-
mended until more data become available.

Several clinical trials have attempted to modify GI and oropharyn-
geal growth of pathogens through the use of probiotics. Probiotics are 
innocuous microorganisms that can be administered either as indi-
vidual strains or in various combinations. These microorganisms are 
often administered with nondigestible food ingredients that facilitate 
bacterial growth and activity (prebiotics). Products containing both 
probiotics and prebiotics are called synbiotics. A meta-analysis257 on 
the effects of probiotics suggests that probiotics may reduce the inci-
dence of VAP. The low quality of the evidence does not enable one to 
draw firm conclusions regarding utility.

DIAGNOSIS

How best to establish the diagnosis of VAP remains controversial.258–261 
Clinical signs suggestive of pneumonia, such as fever, tachycardia, and 
leukocytosis, are nonspecific in critically ill patients.262,263 Moreover, 
the chest radiograph is often difficult to interpret, and it may not reveal 
subtle lung infiltrates, which are better detected by computed tomog-
raphy (CT) scans.264 When infiltrates are evident, the differential diag-
nosis is challenging (i.e., cardiogenic and noncardiogenic pulmonary 
edema, pulmonary contusion, and atelectasis).

Few studies have examined the accuracy of portable chest radio-
graphs for making the diagnosis of VAP.265,266 In mechanically venti-
lated patients with autopsy-proven VAP, no single radiographic sign 
had a diagnostic accuracy greater than 68%.267 In patients with ARDS, 
marked heterogeneity of radiographic abnormalities has been re-
ported. A clinical study showed the presence of lung infection in only 
42% of the patients with clinically suspected VAP.268 The presence of 
air bronchograms may increase the specificity of chest radiographs in 
ARDS patients.

The Clinical Pulmonary Infection Score (CPIS) is based on six  
clinical assessments.269 The CPIS showed a good correlation (r 5 0.84; 
P , .0001) with quantitative bacteriology of BAL samples. Moreover, a 
value $6 was the threshold to accurately identify patients with pneumo-
nia. In recent years the value of CPIS in the diagnosis of VAP has been 
reconsidered,104 and it should be emphasized that the score remains to 
be validated in a large prospective study, especially in patients with bilat-
eral pulmonary infiltrates. Several diagnostic biomarkers have also been 
investigated to improve diagnostic accuracy. In 2016 results of the 
BioVAP study, a multicenter study that investigated the kinetics of bio-
markers to predict VAP, were published.270 The authors found that C-
reactive protein (CRP) and CRP slopes over time presented moderate 
diagnostic accuracy, whereas procalcitonin, pro-adrenomedullin, and 
soluble urokinase plasminogen receptor (SUPAR)271 performed poorly. 
Finally, in the recent VAPrapid2 multicenter, randomized controlled trial 
(RCT),272 214 patients were randomized to biomarker-guided recom-
mendations on antibiotics, quantifying interleukin (IL)-1-beta and IL-8 
in BAL fluid, or routine use of antibiotics. The authors did not find any 
difference in antibiotic-free days in the 7 days after BAL.

The presence of bacteria in the lower airways of intubated patients 
is not sufficient to diagnose VAP, because it could be only nonpatho-
genic colonization or VAT. In one study, cultures of endotracheal  
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aspirate from patients with respiratory failure and histologically docu-
mented pneumonia simultaneously obtained from the trachea and 
lung tissue agreed in only 40% of cases, with a 82% sensitivity and 27% 
specificity.273 Similarly, in another study, only 23% of colonized pa-
tients subsequently developed VAP.60 The use of Gram staining for the 
diagnosis of VAP has also been debated. In a meta-analysis pooling 
data from 21 studies,274 sensitivity and specificity of Gram staining 
were only 79% and 75%, respectively, with a positive predictive value 
of 40%. Yet the diagnostic accuracy seems higher when narrowed to 
the diagnosis of VAP caused by S. aureus. In a recent meta-analysis275 
pooling data from 1665 respiratory samples, overall sensitivity and 
specificity were 68% and 95%, respectively. However, in clinical sce-
narios with S. aureus prevalence between 5% and 20%, a negative 
predictive value of 95% was found.

Many sampling procedures of respiratory secretions, such as spu-
tum collection, endotracheal aspirates, BAL, and protected specimen 
brush (PSB), are available. In addition, there are several microbiologic 
techniques, including Gram staining and intracellular organism count, 
for specimens obtained via BAL. Each diagnostic technique has advan-
tages and limitations and provides different diagnostic specificity and 
sensitivity.

Qualitative cultures of endotracheal aspirates have a high percent-
age of false-positive results. Conversely, quantitative culture techniques 
are more reliable if appropriate cutoff criteria are applied. When pa-
tients develop pneumonia, pathogens are present in the lower respira-
tory tract secretions at concentrations of at least 105 to 106 colony-
forming units (CFU)/mL.276–279 The current diagnostic threshold 
proposed for tracheal aspirates is 106 CFU/mL. Similarly, PSB collects 
between 0.001 and 0.01 mL of secretions. Therefore the presence of 
more than 103 bacteria in the originally diluted sample (1 mL) repre-
sents 105 to 106 CFU/mL in pulmonary secretions. Finally, 104 CFU/
mL is considered the cutoff for BAL, which collects 1 mL of secretions 
in 10–100 mL of effluent.

In one study,279 only 40% of the microorganisms cultured in endo-
tracheal aspirate samples coincided with those obtained from PSB 
specimens. Also, when quantitative cultures of different lower respira-
tory tract specimens were compared with postmortem quantitative lung 
biopsy cultures, all techniques for detecting VAP were of limited value.280

A major problem in the management of patients with suspicion of 
VAP is the concurrent use of antibiotics. The indiscriminate adminis-
tration of antimicrobial agents for patients in the ICU may contribute 
to the emergence of MDR pathogens and raise the risk of superinfec-
tions with increased morbidity and mortality and expose the patient to 
antibiotic-related adverse effects and higher costs.281 On the other 
hand, correct and prompt treatment of pneumonia results in better 
patient survival.33,282,283 Inadequate empirical antibiotic treatment, 
initiated before obtaining the results of cultures from respiratory se-
cretions, was associated with greater hospital mortality compared with 
antibiotic regimens that provided adequate antimicrobial coverage 
based on microbiologic culture results.284–287 However, the choice of 
initial antibiotic treatment is often difficult because of previous antibi-
otic treatment,288 prevalence of MDR pathogens, and colonizing 
pathogens.289,290

Several rapid molecular techniques (i.e., polymerase chain reaction 
[PCR]) have been developed to expedite identification of causative 
pathogens of nosocomial pneumonia through microbial DNA, helping 
to guide prompt administration of appropriate antibiotic therapy.291 
The available assays are either pathogen specific (i.e., to identify 
MRSA)292 or are aimed to identify, through multiplex PCR assays, a 
broad spectrum of pathogens that cause nosocomial pneumonia.293–295 
Further studies and clinical validation are needed to help identify for 
the clinician when and how PCR can be used. In a remarkable study by 

Paonessa and colleagues,274 the impact of a novel rapid diagnostic 
MRSA testing was compared with usual care in a small population of 
45 patients. Duration of anti-MRSA antibiotics was reduced using the 
rapid test, and although the study was underpowered, hospital mortal-
ity was 13.6% in the intervention group and 39.1% for usual care (95% 
CI of difference, 23.3 to 50.3, P 5 .06). Additionally, efforts have been 
made to detect rapidly the most important MDR genes, such as mecA, 

blaKPC, blaIMP, blaVIM, and blaOXA.296 Finally, a Spanish study 
tested a rapid E-test antibiogram for six antibiotic agents that could 
provide antibiotic susceptibility within 24 hours and found that the 
use of this technique resulted in more appropriate and reduced use of 
antibiotics in VAP patients.297

Ventilator-Associated Events Surveillance Algorithm
The Centers for Disease Control introduced the ventilator-associated 
events (VAEs) surveillance definition algorithm298 to monitor compli-
cations in mechanically ventilated patients (Fig. 68.2). This new algo-
rithm was developed to monitor objectively pulmonary complications 
associated with worse outcomes in mechanically ventilated patients. 
Importantly, reports had demonstrated poor concordance between 
infection-related ventilator-associated condition (IVAC), possible and 
probable VAP, and VAP diagnosed with standard criteria.299,300 In a 
study by Bouadma and collaborators,301 sensitivity and specificity of 
diagnosing VAP were 0.92 and 0.28 for the ventilator-associated condi-
tion and 0.67 and 0.75 for IVAC, respectively. Boyer and colleagues302 
studied 1209 patients ventilated for $2 calendar days with 5.5% VAE. 
The most common causes of VACs included IVACs (50.7%), ARDS 
(16.4%), pulmonary edema (14.9%), and atelectasis (9.0%). The sen-
sitivity of the VAE algorithm for the detection of VAP was only 25.9% 
(95% CI 5 16.7%–34.5%). Thus the VAE algorithm should be consid-
ered a powerful benchmarking tool that has only marginal value for 
the diagnosis of VAP.

Diagnostic Strategies for Hospital-Acquired Pneumonia
Recommendations regarding diagnostic strategies to be applied in 
patients with clinical suspicion of VAP diverge between the most re-
cent American1 and European guidelines.2 In particular, based on the 
results of a large meta-analysis on diagnostic techniques,303 the latest 
American guidelines recommend (weak recommendations with low-
quality evidence) noninvasive sampling with semiquantitative cul-
tures. The European guidelines, by contrast, recommend distal quanti-
tative sampling (i.e., BAL) before antibiotic use. The intent of that 
approach is to reduce overall use of antibiotics, because several previ-
ous studies in this field were limited by the lack of antimicrobial de-
escalation upon obtaining positive or negative culture results.

 An ideal diagnostic strategy for patients with clinical suspicion of 
HAP should reach the following objectives:
 1. Accurately identify patients with true pulmonary infection and 

isolate the causative microorganisms to initiate appropriate antimi-
crobial coverage and subsequently to optimize therapy based on the 
susceptibility of the pathogens.

 2. Identify patients with extrapulmonary sites of infection.
 3. Withhold and/or withdraw antibiotics in patients without infec-

tion.
The diagnosis of nosocomial pneumonia begins with clinical suspi-

cion. The presence of new or progressive radiographic infiltrates plus 
at least two of three clinical criteria (fever/hypothermia, leukocytosis/
leukopenia, and purulent secretions) represents the starting point to 
begin diagnostic procedures.

Based on our clinical expertise and recognizing potential heterogeneity 
in worldwide practice in this field, two diagnostic algorithms could be 
used when there is clinical suspicion of nosocomial pneumonia. The 

  

 



545CHAPTER 68 Nosocomial Pneumonia

Fig. 68.2 Ventilator-Associated Events Surveillance Protocol. BAL, Bronchoalveolar lavage; CFU, colony-

forming unit;  FiO2, fraction of inspired oxygen; PEEP, positive end-expiratory pressure; VAP, ventilator-asso-

ciated pneumonia. (Full surveillance protocol available at http://www.cdc.gov/nhsn/acute-care-hospital/vae/

index.html for eligible antimicrobials.)
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clinical approach recommends treating every patient suspected of having 
a pulmonary infection with new antibiotics even when the likelihood of 
infection is low (Fig. 68.3). However, samples of respiratory secretions 
(e.g., endotracheal aspirate or sputum) should be obtained before the 
initiation of antibiotic treatment. In this strategy, the selection of appro-
priate empirical therapy is based on risk factors and local resistance pat-
terns. The etiology of pneumonia is defined by semiquantitative cultures 
of endotracheal aspirates or sputum, with an initial microscopic examina-
tion of the Gram stain. Antimicrobial therapy is adjusted according to 
culture results or clinical response. The semiquantitative culture of  
tracheal aspirates has the advantage that no specialized microbiologic tech-
niques are required, and the sensitivity is high. This clinical strategy pro-
vides antimicrobial treatment to the majority of the patients with suspicion 
of HAP and yields a low rate of false negatives. If the tracheal aspirate cul-
ture does not demonstrate pathogens and the patient has not received new 
antibiotics within the previous 72 hours, the diagnosis of pneumonia is 
unlikely.304 This strategy is useful in centers where bronchoscopic methods 
are not always available. The main drawback of this strategy is that the high 
sensitivity of semiquantitative cultures of tracheal aspirates leads to an 
overestimation of the incidence of HAP and overuse of antibiotics.

Bacteriologic strategies are based on the results of quantitative cul-
tures of lower respiratory secretions (Fig. 68.4). The procedure used to 
collect the samples (endotracheal aspirate, BAL, or PSB) may be inva-
sive (bronchoscopic) or noninvasive (blind procedures). The bacterio-
logic strategy attempts to identify accurately patients with true HAP so 
that only infected patients are treated and clinical outcomes are im-
proved.286,305 Such an approach reduces the risks for overuse of antibi-
otics, because quantitative cultures yield fewer microorganisms above 
the threshold in comparison to semiquantitative cultures. Among the 
disadvantages of the bacteriologic strategy is the possibility of obtaining 
false-negative results that lead to delayed antibiotic treatment in a pa-
tient with pneumonia. Moreover, results using the bacteriologic strat-
egy may lack reproducibility, and often no microbiologic information 
is available at the time that empirical antibiotic therapy is initiated.

Four RCTs286,306–308 have assessed the impact of diagnostic strategies 
on antibiotic use and outcome in patients with clinically suspected 

VAP. In three small studies,286,306,307 invasive diagnostic techniques re-
sulted in a greater number of antibiotic changes than noninvasive 
techniques; however, no differences in mortality and morbidity were 
found when either invasive (PSB and/or BAL) or noninvasive (quanti-
tative endotracheal aspirate cultures) techniques were used. In con-
trast, a larger trial308 showed a reduction in mortality, reduced use of 
antibiotics, and increased number of antibiotic-free days using inva-
sive diagnostic techniques. This study was limited, however, by the use 
of qualitative cultures of tracheal aspirates, thereby limiting compari-
son with other clinical trials. Irrespective of the methods used to ob-
tain respiratory samples, it is strongly recommended that samples be 
obtained before starting new antibiotics, or a lower sampling threshold 
should be used in patients with recent antibiotic changes.309,310

In a noteworthy trial,311 quantitative culture of BAL fluid and cul-
ture of endotracheal aspirate were compared in critically ill patients 
with suspected VAP. This study was part of a larger 2-by-2 factorial 
design also comparing empirical antimicrobial monotherapy (a car-
bapenem) and combination therapy (a carbapenem plus a fluoroqui-
nolone). A total of 740 patients in 28 ICUs throughout Canada and the 
United States were enrolled. The authors found no difference in the 
28-day mortality rate between the BAL group and the endotracheal 
aspiration group (18.9% and 18.4%, respectively; P 5 .94). The BAL 
group and the endotracheal aspiration group also had similar rates of 
targeted therapy and days alive without antibiotics. At least 40% of the 
screened patients were excluded because they were at risk for coloniza-
tion with Pseudomonas spp. or MRSA or were immunosuppressed. 
Therefore translation of these findings into clinical practice is chal-
lenging because many ICU patients evaluated for suspected VAP fall 
into these latter categories. In a key meta-analysis,303 no differences in 
mortality rates were uncovered for using quantitative cultures versus 
qualitative cultures (RR 5 0.91; 95% CI 5 0.75–1.11), nor were differ-
ences found regarding the number of days on MV, the length of ICU 
stay, or antibiotic changes. Likewise, there was no effect of invasive 
versus noninvasive diagnostic methods. Yet results from many in-
cluded studies were limited by inadequate de-escalation upon obtain-
ing culture results.

Fig. 68.3 Clinical Noninvasive Strategy for Diagnosis and Management of VAP. ATBs, Antibiotics; LRT, 

lower respiratory tract; VAP, ventilator-associated pneumonia. (Adapted from American Thoracic Society. 

Guidelines for the management of adults with hospital-acquired, ventilator-associated, and healthcare-asso-

ciated pneumonia. Am J Respir Crit Care Med. 2005;171:388–416.)
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Fig. 68.4 Invasive and Quantitative Culturing Strategy for Diagnosis and Management of VAP. ATBs, 

Antibiotics; BAL, bronchoalveolar lavage; BAS, bronchial aspirate; PSB, protected specimen brush; VAP, 

ventilator-associated pneumonia. (Adapted from American Thoracic Society. Guidelines for the management 

of adults with hospital-acquired, ventilator-associated, and healthcare-associated pneumonia. Am J Respir 

Crit Care Med. 2005;171:388–416.)
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Practical Implementation of a Diagnostic Strategy  
in Suspected VAP or VHAP
In clinical practice, the development of local guidelines can combine 
both clinical and bacteriologic strategies (Box 68.2). The diagnostic 
protocol begins with clinical suspicion of a nosocomial respiratory in-
fection (Fig. 68.5). In mechanically ventilated patients, the presence of 
an infiltrate on chest radiograph differentiates between the possible 
presence of pneumonia and tracheobronchitis. The next step is to sam-
ple the lower respiratory tract (Table 68.1) to identify the causative mi-
croorganism. Respiratory tract specimens can be obtained by expectora-
tion, bronchial aspirate, BAL, or PSB. The latter two techniques can be 

performed with bronchoscopy or blindly through a protected telescop-
ing. Several other samples should also be collected, as noted in Box 68.2.

TREATMENT

Once the clinical decision to initiate antimicrobial therapy has been 
made, the following issues should be considered to achieve the best 
antimicrobial efficacy and reduce overuse of antibiotics:
• Themostlikelyetiologicmicroorganisms
• Choice of the empirical antimicrobials likely to be active against

these microorganisms

BOX 68.2 Diagnostic Protocol to Combine Clinical and Bacteriologic Strategies for the 
Diagnosis of Ventilator-Associated Pneumonia

 1. As soon as pneumonia or infection associated with mechanical ventilation is 

suspected and before initiating new empirical antibiotic treatment, collect 

samples as follows*:

• Expectoration

• Tracheobronchial aspirate (BAS)**

• Bronchoalveolar lavage (BAL) or mini-BAL**

• Protected brush specimen (PBS)**

 2. Two blood cultures

 3. In cases of evidence for parapneumonic effusion, obtain pleural fluid sample

 4. Obtain Legionella pneumophila and Streptococcus pneumoniae antigens in 

urine

 5. In patients on long-term mechanical ventilation with previous antibiotic treat-

ment, corticosteroid administration, and chronic lung comorbidities, galacto-

mannan in serum and BAL could be assayed to identify invasive pulmonary 

aspergillosis

 6. Other laboratory tests: complete blood cell count, serum electrolytes, liver 

and renal function tests, C-reactive protein, procalcitonin, arterial blood  

gases

*Samples should be sent immediately to the microbiology department or, if not available, maintained in a refrigerator at 4°C (only respiratory sam-

ples) for a maximum of 1 hour for Gram staining, intracellular organism counting (only in BAL and mini-BAL), and quantitative cultures. The collec-

tion of lower respiratory secretion samples should not delay the initiation of empirical treatment in patients with severe sepsis.

**These techniques may be performed by bronchoscopy or blind procedures. Quantitative cultures are performed with the respiratory secretions 

obtained by BAS, BAL, or PBS. The cutoff count to diagnose pneumonia is the following: BAS 106 CFU/mL, BAL 104 CFU/mL, and PSB 103 CFU/mL. 

CFU, Colony-forming unit.
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Fig. 68.5 Clinical Suspicion of Nosocomial Respiratory Infection.
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NoYes

 2. Patients with chronic comorbidities or an acute inflammatory pro-
cess have impaired immune responses. As a result, S. aureus and 
Enterobacteriaceae can colonize the oropharynx.

 3. Patients who have received antibiotic treatment frequently become 
colonized with resistant pathogens, including ESBL 1 Enterobacte-
riaceae, Enterobacter spp., P. aeruginosa, or MRSA.

 4. Patients who have received broad-spectrum antibiotics for more 
than 7 days are often colonized by MDR microorganisms (i.e.,  
A. baumannii, S. maltophilia, B. cepacia, and gram-positive micro-
organisms).
Changes in the oropharyngeal flora tend to occur progressively; the 

presence of microorganisms during one stage often overlaps with the 
next stage.

Choice of Empirical Antimicrobials Likely to Be Active 
Against Causative Microorganisms
The American1 and European guidelines2 concur that before the com-
mencement of antibiotic therapy, patients should be stratified accord-
ing to their risks of being infected with MDR pathogens. American 
guidelines emphasize several risk factors for MDR, as shown in  
Box 68.3. European guidelines, however, classify as “high-risk HAP/
VAP” patients those who require broad-spectrum antibiotic coverage, 
those with septic shock, .15% mortality risk,312 or specific risk factors 
for MDR (see Box 68.3). Conversely, patients without risk factors for 
MDR and 15% or less chance of mortality are classified as low-risk 
HAP/VAP. Potential limitations of guidelines and recommendations 
should be taken into account when used for the prediction of possible 
causative pathogens. Ekren and colleagues104 validated the 2016 Infec-
tious Disease Society of America/American Thoracic Society (IDSA/
ATS) guidelines1 using a Spanish repository of HAP/VAP and found 
high sensitivity for detecting MDR pneumonia using recommended 
risk factors but very low specificity, potentially increasing the risk of 
overtreatment or use of inappropriate antibiotics. The antibiotics 
recommended by the latest American and European guidelines are 
shown in Table 68.1 and Table 68.2. Recommendations are similar, yet 
the American guidelines advocate empiric treatment for MRSA in 
ICUs where MRSA is isolated in at least 10% of the samples, in com-
parison with 25% for the European guidelines. In addition, as for the 
empiric treatment against gram-negative pathogens, European guide-
lines suggest use of monotherapy even in patients with high risk of 
mortality and/or risks of harboring MDR gram-negative pathogens, 
assuming a single agent is active for .90% of the gram-negative 

Probable Microorganism Recommended Antibiotic

Streptococcus pneumoniae Ceftriaxone/cefotaxime

Haemophilus influenzae or

Methicillin-sensitive Staphylococcus 

aureus

Levofloxacin, moxifloxacin

Enteric gram-negative bacilli or

Escherichia coli Ampicillin/sulbactam

Klebsiella pneumoniae or

Enterobacter spp. Ertapenem

Proteus spp.

Serratia marcescens

TABLE 68.1 Initial Empirical Antibiotic 
Treatment in Nosocomial and Ventilator-
Associated Pneumonia of Early Onset in 
Patients Without High Severity or Risk Factors 
for Infection by Multidrug-Resistant Pathogens

Adapted from International ERS/ESICM/ESCMID/ALAT guidelines  

for the management of hospital-acquired pneumonia and ventilator- 

associated pneumonia. Eur Respir J. 201750(3):1700582.

MDR, Multidrug resistant; VAP, ventilator-associated pneumonia.

• Adjustmentoftherapyaftermicrobiologicresultsanddurationof
treatment

Likely Etiologic Microorganisms
As detailed in previous paragraphs, microorganisms causing VAP 
originate from the oropharyngeal flora of the patient. Underlying 
chronic diseases, specific risk factors, acute inflammatory processes, 
and factors specific to each hospital or ICU can facilitate abnormal 
bacterial colonization of the oropharynx and may predispose patients 
to infection with specific organisms. Therefore the selection of initial 
antimicrobial therapy must be tailored to the local prevalence of 
pathogens and antimicrobial patterns of resistance at each institu-
tion.119 The dynamics of change of oropharyngeal flora during hospi-
tal stay can be described as follows (Fig. 68.6):
 1. Healthy subjects are colonized with normal oropharyngeal flora, 

among which pathogenic microorganisms, such as S. pneumoniae, 
group A streptococci, or meningococci, may be transiently found.
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pathogens isolated in the ICU. Furthermore, American guidelines 
discourage the use of aminoglycosides if alternative agents are avail-
able because of possible low epithelial lining fluid concentrations of 
this class of antibiotics.313 European guidelines highlight aminoglyco-
sides as an appropriate second anti–gram-negative agent. Another 
difference between the American and European guidelines is in the 
use of colistin. Americans recommend against the use of colistin for 
VAP because of potential nephrotoxicity and need to reduce risk for 
resistance for this last-line antibiotic. European guidelines instead 
recommend colistin in VAP caused by Acinetobacter spp.

An algorithm for the initial management of patients with nosoco-
mial respiratory infection and selection of appropriate antimicrobials 
is shown in Fig. 68.7. Adequate dosing of antibiotics for empirical 
therapy is summarized in Table 68.3. Broad-spectrum empirical anti-
biotic therapy should be rapidly de-escalated as soon as microbiologic 
data become available, with the intent to limit the emergence of resis-
tance in the hospital. Fig. 68.7, Table 68.1, and Table 68.2 detail 
empirical therapy, which should be based on the patient’s risk of colo-
nization by MDR organisms. With regard to the need for dual therapy 
against gram-negative pathogens, Aarts and colleagues314 performed a 
meta-analysis of 11 trials randomizing 1805 patients. No mortality 
difference was detected for patients receiving monotherapy versus 
combination therapy (RR 5 0.94, 0.76–1.16). Likewise, there was no 
significant difference in treatment failure in patients with clinically 
suspected pneumonia (RR 5 0.88, 0.72–1.07; see Fig. 68.4) or micro-
biologically proven pneumonia (RR 5 0.86, 0.63–1.16).

Novel Intravenous Antibiotics
Drug resistance is increasing worldwide, and several drugs are at vari-
ous stages of clinical research and development aimed at appropriately 
treating infections caused by microorganisms resistant to our current 
arsenal. Several antimicrobials against gram-positive (i.e., tedizolid) 
and gram-negative pathogens (i.e., cefiderocol or plazomicin) are be-
ing tested in phase III clinical trials.315 In a pivotal multicenter nonin-
feriority trial,316 726 patients with VAP were randomly assigned to 
receive either 3 g of ceftolozane-tazobactam or 1 g meropenem intra-
venously every 8 hours up to 14 days. At 28 days, 24% of patients in the 
ceftolozane-tazobactam group and 25% in the meropenem group had 
died (weighted treatment difference 1.1%, 95% CI 25.1 to 7.4), and 
similar rates of serious treatment-related adverse events were ob-
served. In another noninferiority trial, ceftazidime-avibactam was 
compared with meropenem for the treatment of HAP/VAP.317 Sixty-
nine and seventy-three percent of the patients who received ceftazi-
dime-avibactam or meropenem, respectively, achieved the positive 
primary outcomes set for the study. In studies that focused on out-
comes other than respiratory infections, ceftazidime-avibactam has 
also compared favorably against colistin for positive outcomes in treat-
ing carbapenem-resistant Enterobacteriaceae271 and as a salvage ther-
apy against K. pneumoniae carbapenemase enzyme producers.271 In the 
TANGO II clinical trial,318 meropenem-vaborbactam was compared 
with standard therapy in a multicenter clinical study in patients with 
infections caused by carbapenem-resistant Enterobacteriaceae, includ-
ing HAP/VAP. Lower 28-day all-cause mortality and nephrotoxicity 

BOX 68.3 Risk Factors for Multidrug-Resistant Pathogens Causing Nosocomial Pneumonia

American Guidelines European Guidelines

• Septic shock at the time of VAP

• Acute respiratory distress syndrome

• Renal replacement therapy preceding VAP

• Intravenous antibiotic use within the previous 90 days

• At least 5 days of hospitalization before development of VAP

• Septic shock at the time of VAP

• Mortality risk .15%

• Hospital/ICU settings with more than 25% rate of MDR pathogens

• Previous antibiotic use

• Recent prolonged hospital stay (.5 days of hospitalization)

• Previous colonization with MDR pathogens

Adapted from Management of adults with hospital-acquired and ventilator-associated pneumonia: 2016 Clinical Practice Guidelines by the Infec-

tious Diseases Society of America and the American Thoracic Society. Clin Infect Dis. 2016;63(5):e61–e111 and International ERS/ESICM/ESCMID/

ALAT guidelines for the management of hospital-acquired pneumonia and ventilator-associated pneumonia. Eur Respir J. 2017;50(3):1700582.

ICU, Intensive care unit; MDR, multidrug resistant; VAP, ventilator-associated pneumonia.

Fig. 68.6 Evolution of Potentially Pathogenic Microorganisms Present in Oropharyngeal Flora Related 

to Comorbidity, Antibiotic Treatment, and Colonization Pressure. *Transiently present in healthy carriers. 

**Producers of ESBL or with type ampC chromosomal beta-lactamases. ***Pseudomonas aeruginosa, Ste-

notrophomonas spp., Acinetobacter spp., Burkholderia spp. ESBL, extended-spectrum beta-lactamase; GNB, 

gram-negative bacilli; MDR, multidrug resistant; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, 

methicillin-sensitive S. aureus.
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Probable Microorganism Combined Antibiotic Treatment

Microorganisms from Table 68.1 plus: Antipseudomonal cephalosporin (ceftazidime or cefepime)*

Pseudomonas aeruginosa or

Klebsiella pneumoniae (ESBL1)† Carbapenem (imipenem, meropenem)*

Acinetobacter spp.† or

Other nonfermenting gram-negative bacilli Beta-lactam/beta-lactamase inhibitor (piperacillin-tazobactam)*

Methicillin-resistant Staphylococcus aureus (MRSA) 1

Legionella pneumophila ‡ Antipseudomonal fluoroquinolone (ciprofloxacin, levofloxacin)**

or

Aminoglycoside** (amikacin), gentamicin



Linezolid or vancomycin***

TABLE 68.2 Initial Empirical Antibiotic Treatment for Nosocomial and Ventilator-Associated 
Pneumonia in Patients With High Mortality Risk and/or Risk Factors for Infection by Multidrug-
Resistant Pathogens and Septic Shock

*The choice of beta-lactam is made as follows: patients who have not received any antipseudomonal beta-lactam within the last 30 days should 

be administered piperacillin-tazobactam or an antipseudomonal cephalosporin. Patients who have received these drugs should be given empirical 

therapy with a carbapenem. Patients with infection by ESBL-producing microorganisms should be treated with carbapenem regardless of the  

results of the antibiogram.

** American guidelines discourage the use of aminoglycosides as first choice for the second antipseudomonal therapy, whereas European  

guidelines are in favor. Potential use of an antipseudomonal fluoroquinolone should be considered in cases of renal failure or concomitant use  

of vancomycin.

***American guidelines recommend empirical therapy aimed against MRSA in units in which .10% of S. aureus isolates are methicillin resistant. 

European guidelines recommend empirical therapy aimed against MRSA in units in which .25% of S. aureus isolates are methicillin resistant. 

The antibiotic of choice is either vancomycin (except in patients allergic to this medication, with creatinine values $1.6 mg/dL, or in patients 

presenting with signs of empirical treatment failure after 48 hours of antibiotic therapy) or linezolid. (c) For epidemiologic surveillance, nasal and 

perineal cultures should be performed on admission and at 1-week intervals thereafter while remaining in the ICU.
†If an ESBL1 strain, such as K. pneumoniae or Acinetobacter spp. is suspected, a carbapenem is the first choice.
‡If L. pneumophila is suspected, the combination antibiotic regimen should include a macrolide (e.g., azithromycin), or a fluoroquinolone (e.g., 

ciprofloxacin, levofloxacin) should be used rather than an aminoglycoside.

ESBL, Extended-spectrum beta-lactamase; GNB, gram-negative bacilli.

were found in comparison with standard intravenous antibiotics (25% 
versus 44%) in the subcohort of patients with HAP/VAP. An innova-
tive algorithm based on the evidence gathered from clinical trials on 
the use of novel antibiotics against nosocomial pneumonia has been 
recently proposed by Zaragoza and collaborators.271 The algorithm 
envisions future empirical and targeted treatment for critically ill pa-
tients with nosocomial pneumonia, which could be potentially recom-
mended in the next decade.

Nebulized Antibiotics
Intravenous administration of antibiotics for nosocomial pneumonia 
has several limitations, including insufficient lung distribution, devel-
opment of adverse side effects, and exerting selective pressure for de-
velopment of MDR. Additionally, intravenous antibiotics are often 
underdosed in critically ill patients because of sepsis-related higher 
volumes of drug distribution and the influence of hyperdynamic 
states. Coadministration of nebulized antibiotics is a potential thera-
peutic alternative319 to overcome these limitations. Additionally, sys-
temic exposure to antibiotics and potential adverse effects are dra-
matically reduced by the aerosol route. Finally, nebulized antibiotics 
can potentially reduce the risk of developing MDR infections.320 In 
laboratory models, nebulized amikacin reached pulmonary concentra-
tions 30 times higher than intravenous administration. In a pivotal 
study by Lu and colleagues,321 20 patients with susceptible or interme-
diate-resistant gram-negative pathogens received nebulized ceftazi-
dime and amikacin, whereas 17 patients infected with susceptible 

strains received intravenous ceftazidime and amikacin. After 8 days of 
treatment, cure rates were similar among tested groups. However, ac-
quisition of treatment-associated antibiotic resistance was higher in 
the intravenous cohort. In a later study, Niederman and colleagues322 
randomized 69 mechanically ventilated patients with gram-negative 
VAP to receive aerosolized amikacin concomitantly with systemic an-
tibiotics. They found that amikacin distributed well throughout the 
lung parenchyma, with high tracheal and alveolar levels but with a se-
rum concentration below the renal toxicity threshold. Several factors 
play a critical role in lung deposition of nebulized antibiotics during 
MV.323 First, the extent and severity of lung infection critically affect 
their lung distribution.324 Second, vibrating plate nebulizers increase 
the efficiency of aerosol delivery to 40%–60%.325,326 Finally, humidifi-
cation and angular geometry of the ventilatory circuit should be taken 
into account during nebulization. In addition, ventilatory settings that 
ensure laminar inspiratory flow provide better distal lung deposition 
of aerosolized particles.327 Irrespective of the potential benefits of 
nebulized antibiotics and advances in the field, two large RCTs recently 
failed to find any improvement in major outcomes during treatment 
with nebulized antibiotics.328,329 As a good example, Niederman and 
collaborators328 randomized 508 VAP patients to receive aerosolized 
amikacin every 12 hours as an adjunct to standard intravenous antibi-
otics and found that mortality up to 32 days from commencement of 
therapy did not differ between study groups (OR + 0.841; 95% CI 
0.55–1.27; P 5 .43). In accordance with those marginal results, the lat-
est American guidelines1 recommended against the use of nebulized 
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Fig. 68.7 Algorithm for the Treatment of Patients with Suspicion of Nosocomial Respiratory Infection. 

SIRS comprises at least two of the following: temperature .38°C or ,36°C; heart rate .90 beats/min; re-

spiratory rate .20 breaths/min or partial pressure of carbon dioxide (PaCO2) ,32 mm Hg; and leukocytes 

.12,000/mm3, ,4000/mm3, or the presence of .10% immature neutrophils. CPIS, Clinical Pulmonary Infec-

tion Score; ICU, intensive care unit; MDR, multidrug resistant; MRSA, methicillin-resistant Staphylococcus 

aureus. SIRS, Systemic inflammatory response syndrome.

No septic shock

Single gram-negative agent (if

active for �90% gram-negative

bacteria in the ICU) �

anti-MRSA

Dual gram-negative coverage

as reported in Table 68.2 �

anti-MRSA

Septic shock

Mortality risk risk �15% and low risk

of harboring MDR pathogens as

defined in Box 68.3

Mortality risk �15% or high risk of

harboring MDR pathogens as

defined in Box 68.3

Do not administer antibiotics (if

patient fulfills all criteria)

Samples collected for

microbiology studies

Yes

No

Start empirical antibiotic treatment based on the local prevalence

of pathogens and the risk of harboring MDR pathogens and

mortality

Patient with low probability of pneumonia,

CPIS � 6 without SIRS and Gram staining of

respiratory secretion (–) or intracellular

organisms � 2%

Antibiotic Doses Interval of Administration Perfusion Time

Non-Antipseudomonal Cephalosporins
Ceftriaxone 2 g 24 hours ½–1 hour

Cefotaxime 2 g 6 hours ½–1 hour

Antipseudomonal Cephalosporins and other Classes
Ceftazidime 2 g 8 hours 2–3 hours

Cefepime 1–2 g 8 hours 2–3 hours

Imipenem 0.5 or 1 g 6 or 8 hours 1 hour

Meropenem 1 g 8 hours 2–3 hours

Piperacillin-tazobactam 4–0.5 g 6 hours 2–3 hours

Fluoroquinolones
Levofloxacin 500 mg 12 hours* ½ hour

Ciprofloxacin 400 mg 8 hours ½ hour

Amikacin 15–20 mg/kg 24 hours** ½–1 hour

Gentamicin 5-7 mg/Kg^ 24 hours 1/2 hour

Vancomycin 15 mg/Kg 8–12 hours*** 1–3 hours

Linezolid 600 mg 12 hours 1 hour

TABLE 68.3 Recommended Initial Intravenous Antibiotic Dosage for Empirical Treatment of 
Patients With Nosocomial and Ventilator-Associated Pneumonia

*Administer this dose for 3 days and after continue with 500 mg/24 h. Alternatively, administer 750 mg every 24 hours.

**Adjust the dosage according to pharmacokinetic/pharmacodynamic (PK/PD) parameters.

***Initiate this dose within 24 hours, measure trough blood levels before the following dosage, and adjust the levels according to values.

 

Dosages are based on normal renal and hepatic function.

^In case of multiple daily dosing (3 mg/Kg load, then 2 mg/kg every 8 hours), therapeutic monitoring is recommended to acheive goal peak

 

.8

 

mcg/ml and through

 

,

 

2mcg/ml
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antibiotics in VAP, whereas European guidelines2 favored inhaled anti-
biotics in addition to systemic therapy in VAP caused by gram-negative 
bacilli that are not responding to intravenous treatment alone (weak 
recommendation with low-quality evidence).

Antimicrobial Therapy in Special Situations
In geographic areas with a documented presence of community-ac-
quired MRSA, severe pneumonia with radiologic images of cavitation, 
and presence of gram-positive cocci in respiratory secretions, empiri-
cal treatment with linezolid or vancomycin may be appropriate. Re-
cently, an outbreak of MRSA and linezolid-resistant S. aureus (LRSA) 
was reported in an intensive care department of a 1000-bed tertiary 
care university teaching hospital in Madrid, Spain, and was associated 
with nosocomial transmission and extensive usage of linezolid.115,116 
Tigecycline may be a useful alternative in this setting, but clinical ex-
perience is scanty.

Infections by L. pneumophila serogroup 1 can be diagnosed by a 
Legionella urinary antigen test. This test should be routinely obtained 
if the hospital water supply is known to be colonized with L. pneu-

mophila serogroup 1. A fluoroquinolone or a macrolide would be an 
appropriate treatment for L. pneumophila infection.

Modifications of Therapy and Duration of Treatment
A suggested flowchart for the follow-up of patients with nosocomial 
pneumonia is shown in Fig. 68.8. After 72 hours, treatment should be 
adjusted based on microbiologic results. The initial beta-lactam should 
be continued if the microorganism is susceptible to the empirical beta-
lactam originally prescribed. If not, another beta-lactam should be 

introduced. The empirical antibiotic against MRSA should be discon-
tinued if the presence of this pathogen is not confirmed by cultures. 
Discontinuation of the fluoroquinolone, and especially the aminogly-
coside, should be considered after 3–5 days of treatment. The bacteri-
cidal activity of aminoglycosides and fluoroquinolones leads to a rapid 
reduction in the bacterial load during the first days of treatment. After 
this time, monotherapy may be sufficient. This tapering approach 
would decrease the emergence of resistant mutants and minimize 
nephrotoxicity caused by aminoglycosides.

The majority of VAP infections that occur in patients without im-
munodeficiency, cystic fibrosis, empyema, lung abscess, cavitation, or 
necrotizing pneumonia can be effectively treated with 8 days or less of 
antimicrobial therapy, provided that a good clinical response to ther-
apy has been observed.2 In a meta-analysis330 that pooled data from 
four RCTs comparing short (7–8 days) with long (10–15 days) treat-
ment periods, no difference in mortality was found. There was an in-
crease in antibiotic-free days for the short-course treatment, and a 
trend to lower relapse rates in the long-course treatment was observed 
(OR 5 1.67; 95% CI 5 0.99–2.83; P 5 .06).

Four situations may justify prolonged treatment: (1) infection by intra-
cellular microorganisms, such as Legionella spp.; (2) the presence of bio-
films or prosthetic devices; (3) development of tissue necrosis, formation 
of abscesses, or infection within a closed cavity, such as empyema; and (4) 
the persistence of the original infection (such as perforation  
or endocarditis). If the clinical course from the pneumonia is favorable, as 
defined by defervescence, improvement in partial pressure of oxygen/frac-
tion of inspired oxygen (PaO2/FiO2), and reduction in CRP levels within 
the first 3–5 days of antimicrobial therapy, treatment may be withdrawn 

 

Criteria for treatment failure*:

Day 3:

Fig. 68.8

 

Suggested Algorithm for the Follow-Up of Patients with Nosocomial Pneumonia and VAP.

*Criteria of treatment failure taken from Ioanas M, Ferrer M, Cavalcanti M, et al. Causes and predictors of

 

non-response to treatment of the ICU-acquired pneumonia.

 

Crit Care Med.

 

2004;32:938–945. †In cases in

 

which the etiologic agent is

 

Pseudomonas aeruginosa

 

or

 

Acinetobacter

 

spp., treatment should be maintained

 

for 14 days. ‡Patients with criteria of treatment failure and in whom MRSA is isolated should be administered

 

linezolid. If a GNB is isolated, consultation is recommended.

 

CPIS, Clinical Pulmonary Infection Score;

 

CRP,

 

C-reactive protein;

 

FiO2, fraction of inspired oxygen;

 

GNB,

 

gram-negative bacilli;

 

MRSA,

 

methicillin-resistant

Staphylococcus aureus;

 

PaO2, partial pressure of oxygen;

 

VAP,

 

ventilator-associated pneumonia.
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after 7 days. If the causative microorganism is a nonfermenting gram-
negative bacillus, the treatment can be extended beyond 14 days. A large 
prospective, multicenter, randomized trial study comparing the efficacy of 
8-day and 15-day antibiotic regimens for treating VAP suggested that an 
8-day regimen reduces antibiotic use and decreases the emergence of pul-
monary MDR bacteria without modification of the prognosis.331 How-
ever, this study observed that in cases of pneumonia produced by nonfer-
menting gram-negative bacilli, eradication of these microorganisms from 
bronchial secretions was less complete with the shorter regimen. On the 
other hand, the 14-day treatment regimen was associated with a trend 
toward colonization by MDR pathogens and a higher frequency of rein-
fection. Finally, antimicrobials may be withdrawn in patients with clinical 
suspicion of ICU-acquired pneumonia who have a CPIS lower than 6 on 
the third day of treatment. In this setting, the patient likely does not have 
pneumonia, or the pneumonia is sufficiently mild such that prolonged 
antibiotic treatment is not required. Finally, most recent European guide-
lines2 suggest that procalcitonin—an inflammatory biomarker investigated 
both for the diagnosis of VAP and response to treatment271—could play a 
role in appropriately shortening or prolonging duration of treatment in 
specific circumstances, such as inappropriate antibiotic treatments, infec-
tions caused by MDR or extensively drug-resistant microorganisms, or 
when using second-line antibiotics such as colistin and tigecycline.

Treatment Failure
At least 3 days of antibiotic treatment are needed to achieve clinical 
improvement. Thus treatment failure should be assessed between 3 
and 5 days after the initiation of antibiotic therapy. The rate of treat-
ment failure ranges between 30% and 50%, which highlights the sever-
ity and complexity of this pulmonary infection. In our previous obser-
vations,3 we developed a systematic definition of treatment failure 
composed of the following: (1) no improvement in PaO2/FiO2 or need 
for intubation because of pneumonia; (2) persistence of fever or hypo-
thermia, together with purulent respiratory secretions; (3) increase in 
the pulmonary infiltrates on chest radiograph of greater than or equal 
to 50%; or (4) occurrence of septic shock or multiple organ dysfunc-
tion syndrome. Thus we found that no improvement in the Sequential 
Organ Failure Assessment (SOFA) score and PaO2/FiO2 highly pre-
dicted worse 28-day mortality. Importantly, treatment failure could be 
a surrogate endpoint for clinical trials to compare novel treatments. 
Upon evidence of treatment failure, respiratory samples should be re-
obtained and the initial empirical therapy rapidly readjusted. CT scan 
or lung ultrasound332,333 may help to detect cavitation, pleural effusion, 
and other causes for treatment failure.

Implementation of Therapeutic Guidelines
Although guideline-recommended strategies may provide significant 
benefits for patients, their implementation is often difficult to 
achieve.334 Soo Hoo and colleagues335 developed hospital protocols to 
manage patients with severe HAP based on the 1996 ATS guidelines.336 
After the guidelines were introduced into clinical settings, the authors 
found that adequate antibiotic therapy was administered in more than 
81% of the patients with pneumonia, compared with 46% before im-
plementation (P , .01). Moreover, a lower mortality at 14 days was 
found after implementation of the guidelines (P 5 .03). Similarly, 
Ibrahim and coworkers developed a protocol to provide appropriate 
initial antibiotic treatment for patients with VAP and encouraged a 
7-day course of treatment.337 Patients with VAP who were treated as 
directed by the protocol more often received adequate antimicrobial 
treatment than those treated empirically (94%, in comparison to 48% 
before protocol implementation; P , .001). The length of treatment 
was reduced by 6 days, and a second episode of VAP was less likely to 
occur after implementation.

KEY POINTS

• Nosocomial pneumonia is a common complication occurring in critically ill 

patients and is the leading cause of nosocomial infection–related death. 

VAP develops in tracheally intubated patients.

• Etiologic agents for VAP differ according to the population of ICU patients, 

duration of hospital stay, and prior antimicrobial therapy. Nosocomial pneu-

monia caused by MDR pathogens is associated with the highest morbidity 

and mortality.

• Preventive strategies, grouped as bundles, should be implemented in hospital 

settings. Several preventive strategies have shown efficacy in decreasing the 

incidence of pneumonia. In particular, the most effective strategies focus on 

reduction of cross-transmission, diminishing the likelihood of aspiration 

across the tracheal tube cuff, and decreasing bacterial load in the oropharynx.

• In the presence of clinical suspicion of nosocomial pneumonia, diagnostic 

strategies should include an early collection of respiratory samples before 

starting or changing antibiotics.

• The choice of empirical treatment should be based on the most likely etio-

logic microorganisms and the antimicrobials likely to be active against 

these microorganisms. Response to therapy should be reassessed after  

3–5 days and antimicrobials adjusted or de-escalated to reduce the burden 

of the disease.
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INTRODUCTION

Metabolism in almost all living organisms is energized by the chemical 

reduction of oxygen (O2). As such, provision of O2 to tissues is of cen-

tral importance for living beings, especially in the high O2 consump-

tion (VO2) of mammals and birds. Accordingly, VO2 has evolved to be 

tightly related to the organism’s energy demands. The Fick principle, a 

statement of conservation of mass, indicates that VO2 is determined by 

the flow of blood and the extraction of O2 by tissues. As such, mainte-

nance of appropriate blood flow to match tissue needs is fundamental 

to normal homeostasis. This is evident in the tight linear relationship 

between cardiac output and VO2 under normal physiologic conditions.

It might be expected that there would be widespread agreement on 

the regulation of such a key factor as the control of cardiac output. 

However, two conflicting conceptual approaches remain. One is that of 

Levy and others,1,2 which argues that the arterial pressure produced by 

the heart is the force that determines blood flow in the circulation. The 

alternative approach is that of Arthur Guyton.3,4 He argued that the 

primary role of the heart in the generation of blood flow is to allow 

venous blood to drain back to the heart. In his argument, the heart can 

never pump out more than what comes back to it. The main force in 

Guyton’s approach is the recoil pressure created by the volume filling 

the veins and venules because this force determines what comes back 

to the heart to be pumped out again (Fig. 69.1). Arterial pressure then 

is determined by pumping a stroke volume against the vascular resis-

tance. The arterial pressure itself, though, does not determine the 

amount of flow in the circulation (except by acting as an afterload and 

inhibiting ejection) and, more importantly, what comes back to the 

heart. As a simple illustration of this point, the right ventricle (RV) and 

left ventricle (LV) produce the same blood flow but with very different 

pressures. This chapter presents the Guytonian view of the circulation 

universe.

THE GUYTONIAN UNIVERSE

Central to the Guytonian view is that the volume that fills vasculature 

structures creates an elastic recoil force by stretching the walls of ves-

sels (Fig. 69.2).5 This elastic force is present even when there is no 

blood flow. Evidence for this is that blood will flow from a cut vein in 

a person with an arrested heart. The average elastic recoil pressure that 

fills all vascular structures when there is no flow is called the mean 

circulatory filling pressure (MCFP). The role of the heart in this concept 

is “permissive” in that by emptying the blood from the ventricles, the 

upstream volume in the veins can return to the heart (see Fig. 69.2). 

This volume is then pumped out again.

Over 70% of blood volume resides in small veins and venules. Thus 

the elastic recoil force of these vessels, as determined by the volume 

distending them and the compliance of their walls, or its inverse elas-

tance, is the major determinant of the elastic recoil force. When blood 

is flowing, blood volume redistributes among the different vascular 

compartments based on the resistance into and out of each region and 

their relative compliances. Under flow conditions, the pressure in the 

veins and venules directly upstream from the heart is called the mean 

systemic filling pressure (MSFP, note the “S” instead of “C”) and is a 

major determinant of the return of blood flow to the heart. Under 

normal conditions, MCFP and MSFP are similar, but the relationship 

can change with alterations in cardiac function because of the changes 

in distribution of blood volume.

By lowering right atrial pressure (Pra) and central venous pressure 

(CVP), the heart allows venous volume to return to the heart. The 

heart, though, obviously has a second key function, which is its  

“restorative” function, in that it puts the blood back into the system 

(see Fig. 69.2). The compliance of arterial vessels is less than 1/40th of 

venous vessels. Thus putting the relatively small stroke volume into 

stiff arteries produces the high arterial pressure, but there is very little 

change in the pressure in the veins and venules, that is the MSFP, when 

this volume is removed from the massive systemic venous volume. As 

already mentioned, in the Guyton model arterial pressure does not 

determine cardiac output, but rather cardiac output and the down-

stream systemic arterial resistance determine arterial pressure. The 

stroke volume then distributes throughout the vasculature based on 

the distribution of regional vascular resistances.6 There is an additional 

determinant of arterial pressure, and that is a critical closing pressure 

proximal to the microcirculation (Fig. 69.3).6,7 This factor affects the 

position of the vascular resistance line and magnifies or offsets changes 

in the slope of the resistance line. The actual cardiac output is deter-

mined by the interaction of the return of blood to the heart from  

the veins and venules, which is called the return function, and cardiac 

function as defined by Ernest Starling.

Venous Return

It may seem strange that vascular compliance, a static property, is  

so important for the generation of blood flow in the circulation. The 

explanation is that pulsatile flow in a tube occurs from a region with a 
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Fig. 69.1 General model of the circulatory system. Cardiac output is 

determined by the interaction of a pump function, left side, and a return 

function, right side. L, Left heart; MSFP, mean systemic filling pressure; 

Q, cardiac output; R, right heart; Rv, resistance to venous return.
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high pressure to an area with a lower pressure. If the closed loop vas-

culature was made up only of stiff vessels, the pressure wave produced 

with each stroke volume would be instantaneously transmitted 

through the system and there would be no pressure difference to drive 

flow (Fig. 69.4). Thus for flow to occur, the pressure wave and volume 

pulse have to be transiently taken up in a region that has a higher 

compliance; that region is the veins and venules, which have a large 

volume at a low pressure and as such are very compliant (see Fig. 69.4). 

This is analogous to the characteristics of a bathtub (see Fig. 69.2). 

Drainage from a bathtub is determined by the height of the water 

above the hole at the bottom. Inflow from the tap only increases out-

flow from the tub by adding volume and raising the height of water in 

the tub, but the pressure coming out of the taps does not alter flow 

from the drain. Similarly, the pressure going into the veins and venules 

does not determine outflow from the veins; only the volume entering 

per time (i.e., flow) does this.

Based on this discussion, the determinants of the return function 

are the volume that stretches the vascular walls, the compliance of the 

walls of the veins and venules, and the resistance to flow between the 

venous system and the RV (see Fig. 69.2). The compliance of arteries 

and capillaries only add a very small component to the total vascular 

compliance and can be ignored for simplification.

Guyton provided a useful graphical approach to understanding the 

return function (Fig. 69.5). He plotted Pra on the x-axis because he con-

sidered it to be the variable being controlled, and thus the independent 

variable. The y-axis is flow (or venous return). The x-intercept is the 

MSFP. The lower the Pra, the greater the flow. The slope of the venous 

return line is 21/venous resistance (21/Rv). This inverted relationship 

occurs because the inflow pressure, MSFP, remains relatively constant and 

the outflow pressure, Pra, is lowered by the heart. The function then is 

plotted against the outflow pressure, which is Pra. When Pra falls below 

its surrounding pressure, which is atmospheric pressure when breathing 

spontaneously, the floppy veins collapse where they enter the thoracic 

cavity, which has a negative pressure relative to atmospheric pressure. 

This does not stop flow but creates a flow limitation, what is called a 

vascular waterfall.8 When that happens, lowering Pra further does not 

increase venous return. This can be very evident when attempts are made 

to increase the speed of a mechanical device supporting the heart and 

there is insufficient upstream pressure to support the flow. When intra-

thoracic pressure is raised by mechanical ventilation, the collapse of veins 

occurs when Pra is less than pleural pressure.

It is important to introduce another term, and that is capacitance 

(Fig. 69.6). By now it should be clear that the volume stretching veins 

and venules determines flow, rather than total blood volume. The rea-

son is that under resting conditions 70% of blood volume simply 

rounds out vessel walls but does not stretch them. This is called  

“unstressed” volume.9,10 Thus only about 30% of blood volume—the 

Fig. 69.2
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shows that after emptying is finished, the

 

volume that came out is the volume that stretched the balloon (i.e.,

 

stressed volume), and the volume re-

 

maining in the balloon is

 

unstressed volume.

  

The

 

right side

 

shows the equivalent of a bathtub in the veins and venules. Here the height is equivalent

 

to MSFP and is produced by the volume (stressed) above the outlet on the side of the tub. The volume below

 

the hole is

 

unstressed. By lowering right atrial pressure (i.e., emptying the ventricle), the heart is permissive

 

and allows volume to flow back to the heart. It also is (restorative), in that it puts the volume it got back into

 

the circulation during systole.
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Fig. 69.3 Pressure-flow relationship of systemic arterial vasculature. 

The line labeled SVR (systemic vascular resistance) shows the standard 

line of the inverse of vascular resistance from mean arterial to Pra/CVP 

(right atrial pressure/central venous pressure; 5 mm Hg in this example). 

A shows what the inverse resistance line would be if there is a critical 

closing pressure in arterioles of 42 mm Hg; the actual resistance is much 

less. B shows the effect of a decrease in this resistance; there is a rise in 

flow for the same mean pressure. C indicates what happens if the slope 

of the line did not change but the critical closing pressure decreased. The 

same flow (horizontal dotted line) can occur with a much lower mean 

arterial pressure. D shows what happens when there is both a decrease 

in resistance (the slope) and a fall in the critical closing pressure. There is 

a much higher flow for the same initial mean arterial pressure.
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Fig. 69.4 Importance of a compliance in a closed loop system with 

pulsatile flow. The figure shows a circuit with a “bellows” to pump the 

fluid, valves to control the direction of flow, and stiff pipes. When the 

bellows are pumped, no flow occurs because there is no region that 

can transiently take up volume and pressure, which is necessary to al-

low the pulse to go through the system. In the bottom part, there is an 

opening that allows a change in volume with a change in height, which 

is the equivalent of pressure. This is the equivalent of a compliance and 

allows pulsatile flow (insert shows mild pressure waves in this very 

compliant region).

P

Q = 0

Time

Fig. 69.5 Guyton’s venous return curve. Guyton placed cardiac out-

put (Q) on the y-axis and the right atrial pressure (Pra) on the x-axis. 

When Pra 5 mean systolic filling pressure (MSFP), there is no flow (x-

intercept). The lower the Pra, the greater the flow to a maximum value 

that occurs when the pressure inside the great vessels is less than the 

pressure surrounding them (atmospheric when breathing with room 

air). In the collapse range, flow does not stop; it just does not increase 

with more negative Pra. The slope of the venous return line before the 

collapse is 21/venous resistance (21/Rv). Q refers to flow.

Pra < MSFPPra = MSFP

Q

Q
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PMSF
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Fig. 69.6 Concept of capacitance. The bottom part shows a tub with 

the hole on the bottom and another with the hole on the side. When the 

hole is on the bottom, the force driving fluid out is the height of the 

water above the bottom (Pout). This is graphically shown with pressure 

(P) versus volume (V ) in the upper part of the figure. When the hole is 

on the side, only the volume above the hole (stressed volume) gener-

ates Pout and comes out.
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Cardiac Function

Output from the heart is determined by the rate of contractions (heart 

rate) and the amount ejected per beat (stroke volume), which in turn 

is determined by preload, afterload, and contractility11 (Fig. 69.7). The 

fundamental role of preload was demonstrated by Otto Frank and later 

by Ernest Starling.12 They appreciated that the greater the initial 

stretch of cardiac muscle before the onset of contraction, the greater 

the force produced by the muscle. Starling even correctly hypothesized 

that this was because stretch of muscle fibers increases overlap of 

chemically active sites, an insight obtained without knowing about the 

existence of actin and myosin in sarcomeres, which are the basis of the 

stressed volume—actually stretches vessel walls.9 This means that in a 

70-kg person, only about 1.3–1.4 L of a total blood volume of 5.5 L 

actually creates MSFP, the force that is critical for the return of blood 

to the heart. This needs to be considered when infusing liters of volume 

to increase cardiac output.
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current sliding filament hypothesis for muscle force development.12,13 

The significance of this length-tension property is that the exact vol-

ume that fills the heart during diastole is ejected on the next beat if all 

other properties, which are heart rate, contractility, and afterload, stay 

the same. Although the initial muscle length directly determines the 

force of contraction and the volume emptied, preload refers to a force, 

so that preload should be defined as the pressure required to stretch 

the sarcomere at a given compliance and not by the volume. This “law 

of the heart” provides perfect matching of what can be called the 

“stroke return” to the heart and the “stroke output,” or stroke volume. 

It also ensures that in the steady-state stroke output from the LV per-

fectly matches that of the RV. The importance of this can be under-

stood by some simple calculations. If the RV pumps 100 mL per beat 

with a heart rate of 70 beats/min and the LV pumps 99 mL per beat—

a 1% difference—and total blood volume is 5.5 L, in an hour and a half 

the total blood volume would be in the lungs! Thus matching of RV 

and LV outputs must be perfect over time. This can be a significant 

clinical problem when mechanical devices are used to bypass the ven-

tricles. Unlike cardiac muscle, these devices have minimal “preload” 

responsiveness. If RV output is set greater than LV output, pulmonary 

edema rapidly develops.

Unlike skeletal muscle, cardiac muscle cannot be stretched beyond 

a defined limit. Thus there is a maximal end-diastolic volume and 

consequently maximal stroke volume. When this limit is reached, fur-

ther volume loading only increases the diastolic pressure but does not 

increase muscle length and thus does not change stroke volume. Most 

often, cardiac filling is limited by the RV, which is very compliant 

within the range of normal diastolic volumes but has a sharp decrease 

in its compliance when filling becomes limited14,15 (see Fig. 69.7). This 

limit to RV filling normally occurs partially because of a limit to 

stretch imposed by the pericardium, but also by the limit to stretch 

imposed by the myocardial wall. When RV filling is limited, stroke 

volume of the LV is also affected because the LV only can put out what 

the RV heart transfers to it. This RV limitation provides a protective 

mechanism that prevents overfilling of the LV and a consequent in-

crease in pulmonary capillary pressures and pulmonary edema.

Ernest Starling provided a useful graphical approach to help illus-

trate the preload responsiveness of the heart (see Fig. 69.7). Right atrial 

diastolic pressure is plotted on the x-axis and the output of blood from 

the LV on the y-axis. (Starling actually plotted the output on the x-axis 

and Pra on the y-axis, but the real independent variable is Pra, which 

should be on the x-axis.16) This plot shows that cardiac output in re-

sponse to an increase in preload rises to a maximum value; beyond 

that point a sharp plateau appears. No further increase in cardiac out-

put occurs with further increases in Pra/CVP. The plot assumes that 

contractility, afterload, and heart rate remain unchanged. In this plot, 

the status of everything between the right atrium and the aortic output 

are included (see Fig. 69.1).

Another other way to understand function of the heart is through 

an analysis of the pressure-volume relationship of the ventricles  

(Fig. 69.8). In this analysis, there is a passive diastolic filling curve, a 

phase of isovolumetric contraction until the ventricular outflow valve 

opens, ejection of the stroke volume, then isovolumetric relaxation, 

followed again by the phase of passive filling. The pressure-volume 

plot gives a clear explanation for why the steady-state stroke volume 

must match stroke return. It also indicates the roles of preload, after-

load, contractility, and heart rate.

Preload is the final pressure before the onset of systole and, as such, 

determines the final stretch of myocardium before the onset of con-

traction. The passive filling curve also indicates the limit to ventricular 

filling (Figs. 69.8 and 69.9).

Afterload refers to the force (pressure) the myocardium faces after 

it begins to contract. The value is approximated by the pressure at the 

opening of the outflow valves from the ventricles (pulmonary valve for 

the RV and aortic valve for the LV). The afterload really should be the 

generated tension, but because ventricular volume during ejection is 

falling while the pressure is rising, the tension is quasi-constant. The 

greater the afterload, the smaller the stroke volume (see Figs. 69.8 and 

69.9). This restriction relates to the time available for contraction after 

valve opening, which will become clearer in the discussion that follows 

on contractility. Under normal conditions, changes in LV afterload 

only have a small effect on stroke volume, but the effect is much greater 

when contractility of the heart is decreased.

Fig. 69.7 Cardiac function curve. The plot shows the change in 

cardiac output (Q) with a change in right atrial pressure (Pra) or central 

venous pressure (CVP). An increase in heart rate (HR), contractility, or 

decrease in afterload move the curve upward, and the opposite actions 

move the curve down. Each curve is a set of outputs for a given preload 

with HR, contractility, and afterload constant.
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↑ Preload

↑ HR
↑ Contractility
↓ Afterload

↓ HR
↓ Contractility
↑ Afterload

Pra/CVP

Fig. 69.8 The ventricular pressure (P) versus volume (V) plot. In 

diastole there is a passive filling curve which has a sharp break. Systole 

begins at the end-diastolic volume-pressure (V-P) point with an isovolu-

metric rise in pressure until the aortic valve opens (closed circle). 

Blood is then ejected and ventricular volume decreases until the end-

systolic volume-pressure line is reached. This is at the end-systolic vol-

ume-pressure point. The outflow valve then closes, and there is isovolu-

metric relaxation back to the passive filling curve. The equivalents of 

preload, afterload, and contractility are shown. Forward stroke volume 

must match stroke return if all other factors are constant. SV, Stroke 

volume.

“Contractility”

“Afterload”ESV,ESP

SV

P

V

SV
“Return”

Passive
filling
curve

EDV,EDP
“Preload”

  

 



559CHAPTER 69 Core Principles of Cardiovascular Physiology and Pathophysiology in Critical Illness

The third property is contractility. This refers to the speed and ex-

tent of shorting of the muscle for a given afterload and preload. This 

property is best explained by what Suga and Sagawa called “a time 

varying elastance” (Fig. 69.10).11,17,18 In very careful studies in isolated 

hearts from rabbits, they showed that the ventricular muscle becomes 

progressively stiffer (i.e., increases its elastance) during the contrac-

tions phase and then relaxes. On a plot of developed pressure versus 

ventricular volume, this appears as an elastance line that becomes 

steeper and steeper during the cardiac contraction cycle and then re-

laxes. The steepest elastance line gives the maximum possible pressure 

for any volume in the ventricle. The steepness of the line is determined 

by how quickly the muscle can stiffen in the time available for myocar-

dial contraction. That time of contraction in turn depends on the 

amount of time for Ca21 to be released into the cytoplasm, the amount 

of Ca21 released, and how fast it is taken up during each cycle. These 

factors regulate the turnover of actin and myosin binding sites. 

Fig. 69.9 Effects of increased preload, decreased afterload, and increased contractility on the volume 

(V )-pressure (P). relationship of the ventricles. All three of these increase stroke volume (SV).

SV
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↑ Contractility
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Fig. 69.10 Suga and Sagawa’s concept of time-varying elastance. The slope of a line on the pressure 

versus volume relationship is elastance. During the contraction phase, at each instant during systole, all 

pressure-volume points fall on the same elastance. The numbers indicate the time during the cycle for each 

line. The top insert shows Ca21 moving into the cell during the plateau of the action potential. In this case, 

the inflow lasts 180 msec, which is what determines the time to the maximum elastance for the cycle. The 

left side shows isovolumetric contraction (i.e., no ejection). The right side shows the outflow valve opening 

at different times. The total cycle time is still always 180 msec, but the lower the opening pressure, the more 

the time to eject blood, and stroke volume (SV) thus is larger.
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Depression of cardiac function means that a lower maximum elastance 

slope is inscribed during the cycle. The consequence is a lower stroke 

volume for the same preload, afterload, and heart rate. The normal 

end-systolic elastance slope for the LV is very steep, which is why 

changes in afterload only have a small effect on stroke volume in a 

normal heart (see Fig. 69.9). The effect of afterload on the RV, though, 

is much greater because the maximum elastance of the RV is only 

about a third of that of the LV. The lesser slope of the elastance line of 

the RV accounts for the systolic pressure sensitivity of this ventricle.

Another factor that is considered by some to be a determinant of 

cardiac output is aortic elastance.19 This value is estimated from a line 

drawn from its end-diastolic volume and pressure point to the end-

systolic volume-pressure point. It thus incorporates stroke volume and 

the pressure generated in the aorta at the end of systole; the change in 

pressure for change in volume gives elastance units. However, this is 

simply a reflection of ventricular afterload, which is already considered 

in the pressure-volume analysis of the ventricle and is likely better esti-

mated by aortic valve opening. Based on Sagawa’s concept of a time-

varying elastance, the pressure generated in the aorta or pulmonary 

artery by ventricular ejection can never be higher than the pressure 

generated by the ventricle so that the aortic properties do not provide a 

load but do affect aortic valve opening. Furthermore, what is being 

called aortic elastance is a dynamic elastance and is dominated by vas-

cular resistance and the downstream critical closing pressure. Finally, 

active LV ejection ends in the middle to two-thirds of systole so that the 

ventricle is relaxing before the end-systolic pressure-volume point. The 

aortic elastance analysis therefore adds little information to the simple 

consideration that aortic valve opening gives an estimate of LV coupling 

with the aorta, and this is easily seen at the end-diastolic pressure.

Right Ventricular Limitation Versus Dysfunction

In critically ill patients, RV output is frequently the limiting factor  

for cardiac output. This is especially so in patients with sepsis and in 

those who are post cardiac surgery. Three terms need to be distin-

guished. If a normal RV with normal end-systolic elastance is exces-

sively filled, RV output becomes limited by the diastolic passive filling 

curve. Giving more volume will not increase LV output, but this is  

not failure of the RV. It is rather the physical limitation of its filling. 

When RV dysfunction is present, the end-systolic pressure-volume  

line is flatter and Pra/CVP must be greater for a given stroke volume, 

but if RV filling is not limited, stroke volume still can increase when 

there is an increase in venous return, allowing the LV stroke volume 

also to rise. When RV dysfunction is present, the limit of RV filling 

occurs at a lower Pra so that stroke volume is constrained to a lower 

range. The term RV failure should be used to indicate that there is 

both RV dysfunction and RV limitation so that the RV cannot pro-

vide adequate filling to the LV. It needs to be remembered that even 

if there is complete failure of RV contraction, Pra/CVP can never  

be higher than MSFP so that a high Pra/CVP only can occur by exces-

sive volume administration and an MSFP that rises above normal 

values.

INTERSECTION OF RETURN AND  

CARDIAC FUNCTION

Actual cardiac output is determined by the interaction of the cardiac 

function and the return function. This is well described by Guyton’s 

graphical analysis, which provides a mathematical solution to the inter-

action of these two functions (Fig. 69.11). Because the cardiac function 
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and venous return curves share the same vertical axis, they can be plot-

ted together (see Fig. 69.11). Where they intersect gives the “working” 

cardiac output, Pra, and venous return. With this analysis, respective 

changes in Pra/CVP and cardiac output indicate whether the process  

is the result of a primary change in cardiac function or in the return 

function.

Changes in Return Function
Role of Volume
One of the most common interventions in critically ill patients is the 

administration of a bolus of a fluid intended to increase cardiac out-

put and arterial pressure, but this often is done without consider-

ation of what volume can and cannot do. As in equation 1, a rise in 

blood pressure with a volume infusion must occur by increasing 

cardiac output because a volume infusion should not increase sys-

temic vascular resistance. Any rise in cardiac output occurs by in-

creasing MSFP and shifting the venous return curve to the right. This 

results in the venous return curve intersecting the cardiac function 

curve at a higher Pra/CVP and cardiac output. However, there are 

important caveats to seeking this response (Fig. 69.12). As already 

discussed (see Figs. 69.7 and 69.11), the cardiac function curve has a 

steep rise and a sharp plateau. When the VR curve intersects the 

plateau of the cardiac function curve, further increases in Pra/CVP 

do not change cardiac output and only provide “wasted preload”: 

that is, a rise in Pra/CVP with no change in cardiac output. Without 

an increase in cardiac output, there should be no change in blood 

pressure, and the only physiologic accomplishment is increased fluid 

filtration at the capillary level and consequent congestion of up-

stream organs and dilution of the hemoglobin concentration. It also 

needs to be emphasized that the ascending part of the cardiac func-

tion curve (see Fig. 69.7) is steep, so that even a 1 mm Hg increase in 

CVP should produce close to a 0.5 L/min increase in cardiac output 

and 2 mm Hg rise in Pra—a 1 L/min increase. Thus if Pra/CVP is 

increased by 2 mm Hg with a volume bolus and cardiac output does 

not increase, more volume is not the clinical answer and is only 

harmful. As a last point, cardiac output frequently rises without a 

change in blood pressure, especially when the systolic pressure ex-

ceeds 100 mm Hg. This likely occurs because the baroreceptors have 

become reset at a lower threshold so that the rise in arterial pressure 

produces peripheral dilatation to maintain a constant arterial pres-

sure. It can be shown in modeling studies that the maintenance of 

blood pressure allows for a larger increase in cardiac output because 

there is no associated increase in afterload to offset the increase in 

stroke volume.

There is an intrinsic mechanism for increasing stressed volume, 

and that control is to change capacitance (Figs. 69.6 and 69.13). A 

baroreceptor-induced activation of sympathetic pathways can contract 

the smooth muscle in the walls of small venules and veins, especially in 

the splanchnic region. This recruits unstressed volume into the stressed 

vascular volume, which is called a decrease in capacitance. A strong 

sympathetic response by this mechanism can recruit 10 mL/kg of un-

stressed volume into the stressed compartment. To put this into better 

perspective, in a 70-kg male this transfer would increase a stressed 

volume of 1400 mL by 700 mL:, a 50% increase, and this occurs in 

seconds because it is a reflex response. To do the equivalent with an 

infusion of a crystalloid would require over 2 L of fluid because of the 

distribution of the fluid between the vascular space and interstitial 

space. Capacitance also can be decreased by alpha-agonists such as 

norepinephrine. The importance of capacitance is that administration 

of alpha-adrenergic blocking drugs or narcotics removes this venous 

tone and can result in a rapid increase in capacitance, fall in MSFP, and 

fall in cardiac output. The clinical response should then be to give a 

volume bolus. Importantly, vascular smooth muscle only can constrict 

the vessel to some limit. When that limit is reached, this mechanism 

cannot be used by the body to defend its stroke volume. Furthermore, 

whenever MSFP is increased, it is likely that there also is increased 

capillary filtration and loss of vascular volume.

Fig. 69.13 Effect of a decrease in capacitance on cardiac output (Q). 

The bottom right is a cartoon of the major vascular components. A 

change in capacitance is the equivalent of lowering the opening on the 

side of the tub, which means mean systolic filling pressure (MSVP) is 

increased. The upper left shows the pressure vs. volume relationship 

(P-V) of the vasculature. The upper right shows a decrease in capaci-

tance in a vessel, which occurs if the circumference is reduced (note 

reduced circle). This produces a leftward shift of the P-V line and rise in 

MSFP for the same volume. The bottom left is the venous return–

cardiac function relationship. A decrease in capacitance shifts the ve-

nous return curve to the right, which intersects the cardiac function 

curve at a higher value and thus increases cardiac output (1) by the 

Starling mechanism. PRa, Right atrial pressure.

Fig. 69.12 Comparison of a change in cardiac function versus 

change in return function on cardiac output (Q) and right atrial pres-

sure (Pra). When cardiac function changes, the change in cardiac output 

and Pra/CVP go in opposite directions. When the venous return function 

changes, the changes in cardiac output and Pra/CVP go in the same  

direction. CVP, Central venous pressure; Q, cardiac output.
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Venous Resistance

The pressure gradient from the MSFP to the right atrium normally is 

only in the 4–8 mm Hg range because venous resistance is low, but it 

still is physiologically significant. A decrease in venous resistance can 

increase cardiac output because the VR curve then intersects the car-

diac function curve at a higher Pra/CVP. This likely is a factor in the 

high-cardiac-output states of early sepsis and liver disease. However, as 

with a rise in MSFP and rightward shift of the VR curve, this only is 

effective if the VR curve intersects the ascending part of the cardiac 

function curve.

Change in Cardiac Function

When cardiac function changes, changes in Pra/CVP and cardiac out-

put occur in opposite directions. For example, better cardiac function 

is associated with a fall in Pra/CVP and a rise in cardiac output (see 

Fig. 69.12). Large increases in cardiac output under physiologic condi-

tions, such as during exercise, primarily occur by heart rate increasing. 

The associated upward shift of the cardiac function curve with an in-

crease in heart rate makes the heart much more “preload sensitive” 

because the ascending part of the cardiac function curve is much 

steeper and the plateau higher. In a normal heart, any increase in con-

tractility, as characterized by a steeper end-systolic elastance curve, 

only mildly increases cardiac output (see Fig. 69.9). This underwhelm-

ing response takes place because the end-systolic pressure-volume line 

is already very steep, and making it steeper adds little to the stroke 

volume. However, if cardiac contractility is depressed, as in a patient 

who is septic or has another cause of depressed contractility, the effect 

of an inotrope can be marked.

In most shock states the blood pressure, and thus the afterload, is 

already low and little is gained by lowering systemic vascular resistance 

further; more often, clinicians try to increase resistance. However, 

some patients with cardiogenic shock present with an elevated sys-

temic vascular resistance. In these patients carefully lowering vascular 

resistance with a drug such as nitroprusside can be helpful. This also 

argues for not raising arterial pressure more than is physiologically 

necessary in cardiogenic shock because the rise in arterial pressure 

decreases stroke volume to a greater extent when contractility is  

depressed.

PHYSIOLOGICALLY BASED APPROACH  

AT THE BEDSIDE

A good place to start is with the consideration that arterial pressure is 

determined by the product of cardiac output and the systemic vascular 

resistance (Fig. 69.14). Because a decrease in blood pressure triggered 

the clinical concern and systemic vascular resistance is a calculated 

value, the first key variable to evaluate is cardiac output. If the cardiac 

output is normal or elevated, the primary pathologic process is a fall in 

systemic vascular resistance. Unfortunately, most of the time it is not 

easy to directly measure cardiac output, but it is still possible to make 

a clinical judgment of the cardiac output status based on peripheral 

temperature, lactate, central venous saturation, organ function, and 

clinical context. However, when the situation is critical and the assess-

ment of cardiac output uncertain, some measure of cardiac output is 

advantageous. It is important to appreciate that ejection fraction does 

indicate stroke volume or cardiac output, the variables that count. 

Thus if using echocardiography, a flow measurement may also be nec-

essary. If the problem is deemed to be primarily a decrease in systemic 

vascular resistance, that is, distributive shock, the differential diagnosis 

is very clear and is listed in Box 69.1. The primary therapy then is to 

restore peripheral resistance, and for that, norepinephrine is an ap-

propriate drug. The assumption is that the increased systolic pressure 

will result in a more normal distribution of blood flow by local meta-

bolic regulation. Some increase in cardiac output can be helpful, too, 

but when this is done by trying to increase preload with fluids, it must 

be remembered that fluid loading is also likely to increase capillary 

leak.

If a decrease in the cardiac output is considered the primary prob-

lem, it next needs to be determined whether the inadequate cardiac 

output is the result of decreased pump function or decreased return 

function (see Fig. 69.14). The Pra/CVP and clinical context give an 

indication of which it is. If the Pra/CVP is on the high side with a low 

cardiac output, the primary problem is depressed cardiac function, 

and inotropic therapy with dobutamine, epinephrine, or milrinone is 

indicated. It also is important to make sure that a low heart rate is not 

part of the problem. If Pra/CVP is on the low side, the return function 

is likely the primary problem and volume boluses are appropriate. In 

sepsis, norepinephrine also can be helpful because it constricts capaci-

tance vessels and thereby recruits unstressed into stressed volume and 

acts like a volume infusion without giving volume.20 Furthermore, 

norepinephrine does not increase venous resistance and may even  

decrease it, and it has a modest inotropic effect on the heart.

In this discussion only the Pra/CVP and not the pulmonary artery 

occlusion pressure has been used to assess preload status, even when 

the pulmonary occlusion pressure can be measured. This choice is 

made because Pra/CVP indicates the interaction of the heart as a 

whole with the venous return function.21 Concentrating on Pra/CVP 

is especially important when cardiac limitation occurs at the right 

heart because once there is RV limitation, filling of the left heart is not 

a variable that can be manipulated to improve cardiac output. If a 

pulmonary artery occlusion pressure can be obtained, that value can 

be a useful indicator of the risk of pulmonary edema and can be used 

to modify fluid therapy, or even encourage diuresis, but a low value 

may prove a flawed indication for giving volume.

It is not within the scope of this chapter to delve into the heart-lung 

interactions of shock, but one important physiologic concern must be 

BP = Cardiac output × SVR

Cardiac function
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Stroke volume
 Afterload
 Contractility
 Preload

Return function

 Stressed volume
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Fig. 69.14 Approach to managing shock. See text for details. BP, 

Blood pressure; Dob, dobutamine; Epi, epinephrine; Mil, milrinone; 

NE, norepinephrine; SVR, systemic vascular resistance; Vaso, vaso-

pressin.

BOX 69.1 Causes of a Distributive Vascular 
State

• Sepsis

• Drugs (vasodilators)

• Milrinone

• Nitroprusside

• Hydralazine

• Arterial-venous shunts

• Spinal/epidural anesthetics

• Spinal injury

• Cirrhosis

• Thyroid disease (hyperthyroidism)

• Anaphylaxis

• Corticosteroid deficiency

• Anemia (severe, long-standing)

• Beriberi (thiamine, B1) deficiency
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highlighted. When RV limitation is present and there is “wasted pre-

load,” application of a mode of positive-pressure ventilation can de-

compress the heart by shifting the intersection of cardiac function and 

venous return function. Because the person’s right heart likely is on the 

flat part of its function curve, lowering Pra/CVP will not decrease 

cardiac output. The decrease in transmural Pra/CVP may improve left-

sided filling pressure. Ventricular decompression also may improve 

coronary flow.

SUPPLY–DEMAND CONSIDERATIONS

The heart has high aerobic demands and minimal anaerobic reserves. 

Thus demand for O2 must be closely matched by the delivery of O2. 

The major determinants of cardiac O2 demand are heart rate, con-

tractility, and ventricular wall tension22 (Fig. 69.15). Wall tension is 

determined by the systolic pressure and the ventricular radius. There-

fore it should be evident that the determinants of myocardial O2 de-

mand overlap with the determinants of cardiac function, which are 

heart rate, preload, afterload, and contractility. An increase in heart 

rate, rate of rise of systolic pressure, peak systolic pressure, or ven-

tricular diameter all increase myocardial O2 demand. Delivery of O2 

to the heart is determined by the hemoglobin concentration, arterial 

O2 saturation, the pressure difference from the aorta to the myocar-

dial wall, and the coronary vascular resistance. When coronary vessels 

are normal, coronary vasodilatory reserves are very large; blood flow 

to heart can increase fivefold from resting heart rates to the maxi-

mum.23 However, this is not true when there are proximal coronary 

artery stenoses. In that situation the adverse impact of raising heart 

rate or arterial pressure needs to be considered. The effect of ino-

tropes is complicated. The increase in contractility and heart rate in-

crease myocardial O2 demand, but this can be offset by reducing the 

ventricular radius, which acts to reduce wall stress. The inotrope may 

increase a very low arterial pressure because of inadequate cardiac 

output, but in the setting of coronary narrowing it also will improve 

coronary perfusion, potentially improving contractile function. On 

the other hand, use of high doses of vasoconstrictor drugs may over-

ride local metabolic dilatation in heart muscle and decrease coronary 

perfusion while increasing myocardial O2 demand. Thus any inter-

ventions made in patients with obstructive coronary disease must be 

done with careful monitoring and consideration of all positive and 

negative consequences.

CONCLUSION

In the Guytonian universe it always is necessary to consider the effects 

of the underlying processes and treatments on cardiac function and 

return function. Directional changes in cardiac output and Pra/CVP 

give an indication of how these two functions are behaving. When 

managing cardiogenic shock, it is best to start by considering whether 

the problem is primarily distributive—that is a decrease in vascular 

resistance—or primarily inadequate cardiac output. If it is primarily 

inadequate cardiac output, the question becomes is the problem pri-

marily with cardiac function or the return function. The directional 

changes in cardiac output and Pra/CVP give the answer in a physiolog-

ically based approach to shock.

Demand
Heart rate
Contractility
Wall tension

T = P × r
(‘P’ is systolic
‘r’ is diastolic)

Supply
Coronary flow
 Pin-arterial
 “P-out”
 CorResist

O2 content
 PO2

 [Hb]Cardiac output
Preload

Afterload
Contractility
Heart rate

Fig. 69.15 Supply-demand balance of the heart. The left side shows 

the determinants of myocardial oxygen demand, and the right side 

shows the determinants of the supply of blood through the coronary 

circulation. The middle shows the determinants of cardiac function; 

these overlap with the demand factors. T is tension; P is systolic pres-

sure; r is the ventricular radius; Pin is the arterial pressure perfusing 

the coronary arteries; P-out is the outflow pressure, which is a critical 

closing pressure in the myocardial wall; CorResist is the coronary vascular 

resistance; and [Hb] is hemoglobin concentration.

 References for this chapter can be found at expertconsult.com.

• The four determinants of cardiac function are heart rate, preload, afterload, 

and contractility.

• The determinants of venous return are stressed volume, compliance of the 

systemic venous compartment, resistance to venous return, and right atrial 

pressure.

• The volume stretching the systemic veins creates the MSFP.

• The working cardiac output is determined by the intersection of cardiac 

function and return function.

• The heart only can pump out what comes back to it—in the steady state, 

stroke volume must equal stroke return.

• Stroke output by the ventricles is constrained by the limit of diastolic filling, 

and usually this occurs in the right heart.

• Venous return becomes limited when the pressure inside the great veins is 

less than their surrounding pressure; this is atmospheric pressure when not 

intubated.

• Normally only about 30% of blood volume is stressed, and it is this stressed 

volume that creates the force returning blood to the heart.

• Unstressed vascular volume can be recruited into stressed volume by reflex 

or alpha-adrenergic drugs; this is called a decrease in vascular capacitance.

• Capacitance can be increased by drugs that reduce sympathetic tone, MSFP, 

and the venous return function.

• Capacitance cannot be measured in an intact person and only can be esti-

mated clinically.

• The determinants of myocardial oxygen demand include heart rate, wall 

tension (which is determined by the ventricular radius and systolic  

pressure), and contractility; these same variables are key determinants of 

cardiac function.

KEY POINTS
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ANNOTATED REFERENCES

Guyton AC. Determination of cardiac output by equating venous return 

curves with cardiac response curves. Physiol Rev. 1955;35:123–129.

This is the classic paper by Guyton in which he presents his view of the  

circulation and the graphical approach.

Magder S. An approach to hemodynamic monitoring: Guyton at the beside. 

Crit Care. 2012;16:236–243.

This paper describes how Guyton’s concept of the interaction of cardiac  

and return functions can be used to determine whether a change in the  

cardiac function or a change in the return function produced the changes  

in hemodynamics.

Magder S. Starling resistor versus compliance. Which explains the zero-flow 

pressure of a dynamic arterial pressure-flow relation? Circ Res. 1990;67:

209–220.

This paper gives experimental evidence for the presence of a critical closing 

pressure (or Starling resistor) at the arteriolar level of the systemic circulation 

and its role in the determination of blood pressure.

Magder S. The meaning of blood pressure. Crit Care. 2018;22(1):257.

This review paper emphasizes the importance of the distribution of peripheral 

resistances in the control of regional flows and the effectiveness of a given 

blood pressure.

Patterson SW, Starling EH. On the mechanical factors which determine the 

output of the ventricles. J Physiol. 1914;48(5):357–379.

Starling’s classic paper in which he presents the experimental work for his law 

of the heart. In this paper he presents the cardiac function curve but has the 

cardiac output on the x-axis and filling pressures on the y-axis.

Permutt S, Riley S. Hemodynamics of collapsible vessels with tone: the vascu-

lar waterfall. J Appl Physiol. 1963;18(5):924–932.

In this paper Permutt and Riley show the experimental data for the concept 

of collapsible vessels developing flow limitation when the pressure inside the 

vessel is less than the pressure outside the vessel.

Sagawa K. The ventricular pressure-volume diagram revisited. Circ Res. 

1978;43:677–687.

Kiichi Sagawa’s presentation of his concept of time-varying elastance.
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DEFINITION AND CLINICAL MANIFESTATIONS

Acute coronary syndromes are a family of disorders that share similar 

pathogenic mechanisms and represent different points along a com-

mon continuum. They include ST elevation myocardial infarction 

(STEMI), non–ST segment elevation acute coronary syndrome (NSTE-

ACS), and unstable angina (UA) pectoris. These syndromes account  

for nearly 2 million hospitalizations annually in the United States, and 

if patients who die before reaching the hospital are included, the mor-

tality may be as high as 25%. The common link among the various 

acute coronary syndromes is the rupture of a vulnerable, but previously 

quiescent, coronary atherosclerotic plaque. Exposure of plaque con-

tents to the circulating blood pool triggers the release of vasoactive 

substances and activation of platelets and the coagulation cascade.  

The extent of resultant platelet aggregation, thrombosis, vasoconstric-

tion, and microembolization dictates the clinical manifestations of the 

syndrome.

Acute coronary syndromes were traditionally classified by the pres-

ence or absence of Q waves, but more recently the classification has 

shifted and has become based on the initial electrocardiogram (ECG). 

Patients are divided into three groups: (1) those with STEMI, (2) those 

without ST elevation but with enzyme evidence of myocardial damage 

(NSTE-ACS), and (3) those with UA. Classification according to a 

presenting ECG coincides with current treatment strategies because 

patients presenting with ST elevation benefit from immediate reperfu-

sion and should be treated with fibrinolytic therapy or urgent revascu-

larization. In contrast, fibrinolytic agents are not effective in patients 

without ST elevation.

PATHOPHYSIOLOGY OF ACUTE CORONARY 
SYNDROMES

Myocardial ischemia results from an imbalance between oxygen supply 

and demand and usually develops in the setting of obstructive athero-

sclerotic coronary artery disease, which limits blood supply. The 

pathophysiology of unstable coronary syndromes and myocardial in-

farction (MI) usually involves dynamic partial or complete occlusion 

of an epicardial coronary artery because of acute intracoronary throm-

bus formation.

The inciting event underlying the development of acute coronary 

syndromes is the rupture of an intracoronary atherosclerotic plaque.1 

The possible sequelae of plaque rupture include thrombus formation 

with a total occlusion resulting in STEMI, or dissolution of the throm-

bus, healing of the fissure, and clinical stabilization with subtotal  

occlusion, which can lead to either NSTE-ACS or UA.

Atherosclerotic plaques are composed of a lipid core, which includes 

cholesterol, oxidized low-density lipoproteins (LDLs), macrophages, 

and smooth muscle cells, covered by a fibrous cap. Plaque rupture oc-

curs when external mechanical forces exceed the tensile strength of the 

fibrous cap. After plaque rupture, the clinical consequences depend 

largely on the balance between prothrombotic and antithrombotic 

forces.2,3 The lipid core contains tissue factor and other thrombogenic 

materials that lead to platelet activation and aggregation. Fibrinolytic 

factors, such as tissue plasminogen activator, prostacyclin, and nitric 

oxide, act to counteract the potential for thrombosis. A major factor in 

the outcome of plaque rupture is blood flow. With subtotal occlusion, 

high-grade stenosis, or vasospasm, thrombus begins to propagate 

downstream in the arterial lumen. In contrast to the initial thrombi that 

are platelet rich, these thrombi contain large numbers of red cells en-

meshed in a web of fibrin. The former would be expected to respond 

best to antiplatelet therapy and the latter to antithrombotic and fibri-

nolytic therapy.

STEMI

Epidemiology
STEMI comprises approximately 25%–40% of ACS presentations, al-

though more recent data show a decline in the percentage of ACS 

caused by STEMI between 1999 and 2008.4,5 In-hospital mortality and 

1-year mortality rates from STEMI have decreased significantly with 

improvements in reperfusion therapy and guideline-directed medical 

therapy (GDMT); current in-hospital mortality can be as low as  

4%–6%, and 1-year mortality ranges from 7% to 18%.6,7 Nonetheless, 

not all eligible patients with STEMI receive reperfusion therapy; regis-

try data from 2017 estimated an overall early ECG miss rate of  

7%, with the majority of those patients being elderly, and variability up 

to 30% between multiple large-volume emergency departments.8

Women, people with diabetes, and patients with renal disease ap-

pear to have worse outcomes when presenting with STEMI. Approxi-

mately 23% of patients with STEMI in the United States have diabetes 

mellitus, and three-fourths of all deaths among patients with diabetes 

mellitus are related to coronary artery disease. Patients with chronic 

renal disease, particularly those on dialysis, are less likely to receive 

GDMT; only 45% of eligible patients on dialysis received reperfusion 

therapy, and only 70% received aspirin on admission. At discharge, 

only 67% of patients on dialysis were prescribed aspirin, and only 57% 

were prescribed beta-blockers.7,9 Women and patients on dialysis tend 

to have higher bleeding complications associated with antithrombotic 

therapy.9,10

Diagnosis and Treatment of STEMI
Symptoms suggestive of MI may be similar to those of ordinary angina 

but are typically greater in intensity and duration. Nausea, vomiting, 

and diaphoresis may be prominent features, and malaise and even 
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stupor attributable to low cardiac output can occur. Compromised left 

ventricular function may result in pulmonary edema with the develop-

ment of pulmonary bibasilar crackles and jugular venous distention; a 

fourth heart sound can be present with small infarcts or even mild 

ischemia, but a third heart sound is usually indicative of more exten-

sive damage.

A consensus group to standardize the definition of MI defines the 

changes diagnostic of STEMI as new ST elevation at the J-point $1 mm 

(0.1 mV) in at least two contiguous leads, except leads V2–V3, where 

the threshold is higher ($1.5 mm in women and $2 mm in men) or 

new left bundle branch block (LBBB).10,11 The specificity of new LBBB 

has been challenged by a multicenter, longitudinal study published in 

which 4% of patients presenting with possible ACS had an LBBB pre-

sumed to be new, and of these, only 39% were diagnosed with ACS.12 

Similar findings have been reported elsewhere.13 In the GUSTO-1 trial, 

of the 26,003 North American patients presenting with possible ACS, 

131 (0.5%) with confirmed acute MI had an LBBB.14 A new or pre-

sumed new LBBB should not be considered diagnostic of acute MI in 

isolation, but when the clinical presentation strongly suggests ACS, 

and especially when shock is present, LBBB should be regarded as a 

STEMI equivalent.

Patients presenting with suspected myocardial ischemia should 

undergo a rapid evaluation, continuous monitoring, and reassessment. 

(See Fig. 70.1 for an algorithm for the initial evaluation and manage-

ment of STEMI). The 2013 American College of Cardiology Founda-

tion/American Heart Association (ACCF/AHA) Guidelines for the 

Management of ST-Elevation Myocardial Infarction emphasize the 

importance of choosing some type of reperfusion therapy as soon as 

possible when appropriate. In addition to antiplatelet therapy, an early 

decision to perform percutaneous coronary intervention (PCI), trans-

fer to a PCI-capable facility, or administer fibrinolytic therapy should 

be made. The timeliness of reperfusion is as important as the choice of 

therapy.15

The preferred method for reperfusion in STEMI is PCI if it can be 

done in a timely manner, defined as the time from first medical contact 

(FMC) to device of less than 90 minutes. Emergency medical services 

(EMS) transport directly to a PCI-capable hospital for primary PCI is 

the recommended triage strategy for patients with STEMI.9 If a patient 

initially presents to a non–PCI-capable hospital and door in–door out 

time is anticipated to be less than 30 minutes, transfer to a PCI-capable 

hospital should be arranged if the FMC to device time is anticipated to 

be less than or equal to 120 minutes. If the FMC to device time is lon-

ger than 120 minutes, fibrinolytics should be considered, with proba-

ble transfer to a PCI-capable facility after fibrinolytic therapy for 

STEMI.9 Practical considerations regarding transport to a PCI-capable 

facility should be reviewed carefully before foregoing fibrinolytics for 

PCI.

Fibrinolytic Therapy
Evidence from multiple clinical trials demonstrates the ability of fi-

brinolytic agents administered early in the course of an acute MI to 

reduce infarct size, preserve left ventricular function, and reduce 
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short-term and long-term mortality.16–18 Patients treated early derive 

the most benefit.18

Indications for and contraindications to fibrinolytic therapy are 

listed in Box 70.1. Because of the small, but nonetheless significant, 

risk of bleeding complications (most notably, intracranial hemor-

rhage, which occurs in 0.7%–1.8% of high-risk patients treated with 

fibrinolytics), the selection of patients with acute MI for the adminis-

tration of a fibrinolytic agent should be undertaken with prudence and 

caution.19 This is of special importance in intensive care unit (ICU) 

patients, who may have a predisposition to bleeding complications 

because of multiple factors. In this setting, emergent coronary angiog-

raphy (with PCI as clinically indicated) is usually preferable.

Commonly administered fibrinolytics include the fibrin-specific 

agents tenecteplase, reteplase, and alteplase; the non–fibrin-specific 

agent streptokinase is infrequently used. After the administration of 

fibrinolytics for STEMI, the patient should be monitored for signs 

and symptoms of adequate reperfusion, as indicated by relief of 

symptoms and/or hemodynamic/electrical instability coupled with 

resolution of the highest initial ST elevation (preferably 50%, but at 

least some).20 Complete (or near-complete) ST segment resolution at 

60 or 90 minutes after fibrinolytic therapy is a useful marker of a 

patent infarct artery.21–23 If signs of adequate reperfusion are not 

evident within 90 minutes (“failed fibrinolysis”), patients should be 

urgently transferred to a PCI-capable facility with intent to perform 

rescue PCI.9 In patients with clinically successful fibrinolysis, trial 

data suggest that death, recurrent MI, recurrent ischemia, new or 

worsening heart failure (HF), or shock at 30 days is reduced with 

routine angiography compared with patients who underwent an 

ischemia-guided approach, with the greatest benefit in high-risk 

patients.24–27As such, in centers without angiographic capability, 

transfer to a PCI-capable facility after fibrinolytic therapy is recom-

mended.

Patients with STEMI and signs of shock or severe HF should be 

immediately transferred to a PCI-capable facility irrespective of when 

the MI occurred or when fibrinolytics were given.28

 In contrast to the treatment of STEMI, fibrinolytics have shown 

no benefit and an increased risk of adverse events when used for the 

treatment of NSTE-ACS or UA.29 Based on these findings, there is 

currently no role for fibrinolytic agents in these latter syndromes.

Primary PCI in Acute Myocardial Infarction
The major advantages of primary PCI over fibrinolytic therapy include 

a higher infarct artery patency with a higher rate of normal flow, lower 

rates of recurrent ischemia, reinfarction, the need for emergency re-

peat revascularization, and a lower risk of intracranial hemorrhage.17,30 

Placement of drug-eluting stents is now routine.31,32 Coronary angiog-

raphy also affords the ability to stratify risk based on the severity and 

distribution of coronary artery disease. Data from several randomized 

trials have indicated that PCI is preferable to fibrinolytic therapy for 

acute MI patients at a higher risk.30

Achieving reperfusion in a timely manner correlates with improve-

ment in the infarct size, left ventricular function, and survival.20,33 The 

ultimate goal is to restore adequate blood flow through the infarct-re-

lated artery to the infarct zone and to limit microvascular damage and 

reperfusion injury. The latter is accomplished with adjunctive and 

ancillary treatments that are discussed later.

Previous clinical practice guidelines recommended against PCI of 

non–culprit artery stenoses at the time of primary PCI in patients with 

STEMI. Recent randomized controlled trials since this recommenda-

tion have demonstrated that multivessel PCI at the time of culprit ar-

tery PCI or as a staged procedure may be safe and beneficial. The 

largest of these trials was the COMPLETE study, which demonstrated 

a significant decrease in a composite outcome of cardiovascular (CV) 

death or MI in those patients with complete revascularization.34 Given 

these findings, PCI of a non-culprit vessel may be considered either at 

the time of primary PCI or as a staged procedure in patients presenting 

with a STEMI.34,35 In patients with cardiogenic shock, however, multi-

vessel PCI was not shown to be effective, and so this is not recom-

mended in this setting.36

Coronary Artery Bypass Graft Surgery in Patients 
With STEMI
Subsets of patients who present with STEMI are better served with 

coronary artery bypass graft (CABG) surgery. Patients with failed PCI 

Box 70.1 Indications for and Contraindications to Fibrinolytic Therapy in ST Elevation 
Myocardial Infarction

Indications for Fibrinolytic Therapy When There Is a 

.120-Minute Delay From First Medical Contact to Primary 

Percutaneous Coronary Intervention

• Presentation within 12 hours of symptom onset (COR 1, LOE A)

• Evidence of ongoing ischemia 12–24 hours after symptom onset and a large 

area of myocardium at risk or hemodynamic instability (COR IIa, LOE C)

• Fibrinolytics are contraindicated for the treatment of ST depression (non–ST 

elevation acute coronary syndrome), except if true posterior myocardial in-

farction or when associated with ST elevation in lead aVR (COR III, LOE B)

Contraindications

Absolute

• Any prior intracranial hemorrhage

• Known structural cerebral vascular lesion (e.g., arteriovenous malformation)

• Known malignant intracranial neoplasm (primary or metastatic)

• Ischemic stroke within 3 months (EXCEPT acute ischemic stroke within 4.5 

hours)

• Suspected aortic dissection

• Active bleeding or bleeding diathesis (excluding menses)

• Significant closed-head or facial trauma within 3 months

• Intracranial or intraspinal surgery within 2 months

• Severe uncontrolled hypertension (unresponsive to emergency therapy)

• For streptokinase, prior treatment within the previous 6 months

Relative

• History of chronic, severe, poorly controlled hypertension

• Significant hypertension on presentation (SBP .180 mm Hg or DBP .110 

mm Hg)

• History of prior ischemic stroke .3 months

• Dementia

• Known intracranial pathology not covered in absolute contraindications

• Traumatic or prolonged (.10 minutes) cardiopulmonary resuscitation

• Major surgery (,3 weeks)

• Recent (within 2–4 weeks) internal bleeding

• Noncompressible vascular punctures

• Pregnancy

• Active peptic ulcer

• Oral anticoagulant therapy

COR, Class of recommendation; DBP, diastolic blood pressure; LOE, level of evidence; SBP, systolic blood pressure.
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or whose coronary anatomy is not amenable to PCI but who have 

ongoing symptoms of ischemia, cardiogenic shock, severe HF, or other 

high-risk features should be considered for CABG.37 CABG is also 

recommended in patients who require not only revascularization but 

also the repair of a mechanical defect, such as a ventricular septal de-

fect, free wall rupture, or papillary muscle rupture.9 The previously 

reported increased mortality in CABG patients who recently had a 

STEMI needs to be balanced against the need for revascularization. 

Consideration must be given to the timing of urgent CABG in relation 

to the administration of antiplatelet agents in patients with a recent 

STEMI. Table 70.1 provides a summary of these recommendations. 

The risk of major bleeding and mediastinal re-exploration is higher in 

patients on dual antiplatelet therapy, but if therapy can be held for  

3–5 days, the magnitude of this risk is uncertain.38,39 The risk of postop-

erative bleeding may be higher in patients previously given prasugrel.40

Adjunctive Therapy
Aspirin
Aspirin is the best known and the most widely used of all the antiplate-

let agents because of its low cost and relatively low toxicity. Aspirin 

inhibits the production of thromboxane A2 by irreversibly acetylating 

the serine residue of the enzyme prostaglandin H2 synthetase. Aspirin 

has been shown to reduce the mortality in acute infarction to the same 

degree as fibrinolytic therapy, and its effects are additive to fibrinolyt-

ics.41 In addition, aspirin reduces the risk of reinfarction.42,43 Unless 

contraindicated, all patients with a suspected ACS should be given as-

pirin as soon as possible at a dose of 162–325 mg of a non–enteric-

coated preparation. The maintenance dose is typically 81 mg daily.

Adenosine Diphosphate P2Y12 Receptor Blockers

Dual antiplatelet therapy with addition of an adenosine diphosphate 

P2Y12 receptor blocker is routine. P2Y12 inhibitors include clopidogrel, 

prasugrel, and ticagrelor.9

Clopidogrel is a prodrug that is converted in the liver to the active thiol 

metabolite via the cytochrome P-450 (CYP) 3A, 1A, 2B, and 2C subfami-

lies. The active metabolite binds irreversibly to the P2Y12 component of 

the adenosine diphosphate (ADP) receptor on the platelet surface, pre-

venting the activation of the GPIIb/IIIa receptor complex and reducing 

platelet aggregation for the remainder of the platelet’s lifespan, which is 

approximately 7–10 days. The onset of the inhibition of platelet aggrega-

tion is dose-dependent, within 2 hours of a loading dose, although peak 

effect is closer to 6 hours. A 600-mg loading dose of clopidogrel provides 

more rapid platelet inhibition and is preferred to a 300-mg loading dose.44

Prasugrel is a thienopyridine that irreversibly binds to the P2Y12 

component of the ADP receptor with a more rapid onset of action.45 

Like clopidogrel, prasugrel is a prodrug metabolized to both an active 

and inactive metabolite, but a higher proportion is metabolized to an 

active metabolite, resulting in a higher level of inhibition of platelet 

aggregation than clopidogrel. The onset of inhibition of platelet ag-

gregation can be achieved in less than 30 minutes with a loading dose 

of 60 mg, but peak effect occurs in approximately 4 hours.46

Ticagrelor is a reversible, non-thienopyridine P2Y12 receptor an-

tagonist that does not require metabolic conversion to the active drug. 

Like prasugrel, ticagrelor has a more rapid onset of action than clopi-

dogrel with ~41% inhibition of platelet aggregation within 30 minutes 

of an 180-mg loading dose and peak effect in approximately 2 hours.

Which P2Y12 receptor antagonist to use is dependent on the chosen 

reperfusion strategy. In those patients receiving fibrinolysis, early con-

comitant administration of clopidogrel has shown clear evidence of 

benefit with reduced endpoints of death, MI, or recurrent ischemia.47,48 

The TREAT trial compared the use of ticagrelor or clopidogrel after 

fibrinolysis after initial administration of clopidogrel in most (90%) 

patients. There was no difference in major, fatal, or intracranial bleed-

ing at 30 days and 1 year, and the composite outcome (vascular death, 

MI, or stroke) was also similar.49

When primary PCI is intended, recent randomized trials have 

demonstrated improved outcomes with the use of ticagrelor or pra-

sugrel, as discussed later. The choice of agent depends on various 

factors, including familiarity, local practice, and cost. In the random-

ized, double-blind TRITON-TIMI 38 trial, patients treated with 

prasugrel had a significant reduction in nonfatal MI when compared 

with those treated with clopidogrel.50 The rate of major bleeding was 

higher in the prasugrel group, as was the rate of life-threatening 

bleeding. A post hoc analysis of the TRITON-TIMI 38 trial identified 

either harm in patients with a history of transient ischemic attack 

(TIA) or stroke and no benefit in patients either older than 75 years 

or those weighing less than 60 kg. The Food and Drug Administra-

tion (FDA) has labeled a history of TIA and/or stroke as an absolute 

Drug
 

Recommendation
 

COR
 

LOE

Aspirin

Clopidogrel or ticagrelor

Eptifibatide or

tirofiban

Abciximab

Aspirin should not be withheld before urgent 

CABG

Discontinue at least 24 hours before urgent 

on-pump CABG

Discontinue at least 2 to 4 hours before

urgent CABG

Discontinue at least 12 hours before urgent CABG

I

I

I

I

C

B

B

B

TABLE 70.1 Timing of Urgent Coronary Artery Bypass in Patients 
With ST Elevation Myocardial Infarction in Relation to the Use of 
Antiplatelet Agents

Adapted from O’Gara PT, Kushner FG, Ascheim DD, et al. 2013 ACCF/AHA guidelines for the management 

of ST-elevation myocardial infarction: a report of the American College of Cardiology Foundation/American 

Heart Association Task Force on Practice Guidelines. Circulation. 2013;127:e362–e425.

CABG, Coronary artery bypass grafting; COR, class of recommendation; LOE, level of evidence.
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contraindication to prasugrel use, whereas weight less than 60 kg or 

age over 75 years remain relative contraindications.51

The PLATO trial compared ticagrelor with clopidogrel in 18,000 

patients presenting with ACS, 38% of whom had a STEMI; the pri-

mary endpoint (MI, stroke, or CV death) occurred less often with ti-

cagrelor, although there were more strokes and episodes of intracranial 

hemorrhage with ticagrelor.52 Interestingly, ticagrelor was less effective 

in North America than in the rest of the world, probably because of an 

interaction with the aspirin maintenance dose (more patients in the 

United States took a median aspirin dose $300 mg/dL).53 Hence, when 

ticagrelor is used with aspirin as a component of dual antiplatelet 

therapy, the dose of aspirin should not exceed 100 mg.54

The ISAR-REACT-5 trial compared prasugrel with ticagrelor in 

4018 patients who presented with ACS (41% of patients with STEMI) 

and showed an increased rate of the primary endpoint (a composite of 

death, MI, or stroke at 1 year) in the ticagrelor arm with similar rates 

of bleeding in both groups.55 This result was not expected based on the 

results of the PLATO and TRITON-TIMI 38 trials and might be ex-

plained by an open-label design or relatively fewer patients.

Dual antiplatelet therapy with aspirin and P2Y12 inhibition is given 

to all patients undergoing fibrinolysis or PCI, as described earlier. 

However, the data suggest that even patients not undergoing reperfu-

sion benefit from the addition of clopidogrel or ticagrelor to aspi-

rin.48,56 COMMIT-CCS-2 randomized over 45,000 patients, most with 

STEMI but only 54% treated with fibrinolytics and almost none 

treated with PCI, to 75 mg of clopidogrel daily.48 All-cause mortality 

was significantly reduced from 8.1% in the placebo group to 7.5% in 

the clopidogrel group, without increased bleeding in the clopidogrel 

group. A subanalysis of PLATO demonstrated benefit of ticagrelor 

compared with clopidogrel in patients with ACS and no reperfusion.56 

On the basis of these data, patients presenting with MI should be con-

sidered for clopidogrel or ticagrelor regardless of whether or not they 

underwent reperfusion therapy. Prasugrel has not shown superiority 

to clopidogrel in patients with ACS without reperfusion.

Glycoprotein IIb/IIIa Receptor Antagonists

Glycoprotein IIb/IIIa receptor antagonists inhibit the final common 

pathway of platelet aggregation, blocking the cross-linking of activated 

platelets.57 In the era of dual antiplatelet therapy using P2Y12 inhibitors 

and aspirin, the role of the addition of a glycoprotein IIb/IIIa inhibitor 

in primary angioplasty for STEMI is uncertain. Upstream use (before 

PCI) has failed to show benefit and is no longer recommended. Cur-

rent guidelines suggest that use of a glycoprotein IIb/IIIa inhibitor at 

the time of PCI for STEMI cannot be recommended as routine but 

may be beneficial and is typically considered on an individual patient 

basis. For example, the use of a glycoprotein IIb/IIIa inhibitor at the 

time of PCI may be appropriate if the patient has a large thrombus 

burden, has no or slow reflow, or there was insufficient loading with a 

P2Y12 receptor antagonist.58

Anticoagulants in Patients Undergoing PCI

For patients undergoing PCI who have already been treated with aspi-

rin and a P2Y12 inhibitor, both unfractionated heparin (UFH) and bi-

valirudin are acceptable anticoagulant regimens.58 Bivalirudin is a di-

rect thrombin inhibitor (DTI) that inhibits both clot-bound and 

circulating thrombin. It is an alternative to UFH in patients with a his-

tory of heparin-induced thrombocytopenia (HIT). Previous studies 

have concluded that bivalirudin is at least equivalent to heparin plus a 

glycoprotein IIb/IIIa inhibitor in reducing ischemic events.59–61 More 

recent trials, which reflect contemporary practices such as more fre-

quent potent antiplatelet agent use (ticagrelor or prasugrel), a radical 

approach to PCI, and decreased use of IIb/IIIa glycoprotein inhibitors, 

have concluded that compared with bivalirudin, heparin is similar in 

or reduces the incidence of major adverse ischemic events in the set-

ting of primary PCI, with no increase in bleeding complications.62,63 A 

2017 registry study evaluated outcomes in more than 65,000 patients 

with STEMI with an even distribution of administration of UFH and 

bivalirudin. After adjustment, there was no difference in outcomes but 

a higher rate of stent thrombosis with bivalirudin.64 Table 70.2 gives 

doses of antiplatelet and anticoagulant therapy for the management of 

STEMI.

Other Medical Therapies
Nitrates
Nitrates have a number of beneficial effects in acute MI. They reduce 

myocardial oxygen demand by decreasing preload and afterload and 

may also improve myocardial oxygen supply by increasing subendo-

cardial perfusion and collateral blood flow to the ischemic region.65 

Patients with ST elevation caused by occlusive coronary artery spasm 

may have dramatic resolution of ischemia with nitrates. In addition to 

their hemodynamic effects, nitrates reduce platelet aggregation. De-

spite these benefits, the GISSI-3 and ISIS-4 trials failed to show a 

significant reduction in mortality from routine acute and chronic 

nitrate therapy.66,67 Nonetheless, nitrates remain the first-line agents 

for the symptomatic relief of angina pectoris and when myocardial 

infarction is complicated by hypertension or congestive heart failure. 

Nitrates should be avoided in patients with right ventricular infarct, 

hypotension (systolic blood pressure [SBP] ,90 mm Hg or .30 mm 

Hg below baseline), hypertrophic cardiomyopathy, severe aortic ste-

nosis, or phosphodiesterase-5-inhibitor use within the previous  

24–48 hours.

Beta-Blockers

Beta-blockers are beneficial both in the early management of MI and 

as long-term therapy. In the prefibrinolytic era, early intravenous 

atenolol was shown to significantly reduce reinfarction, cardiac arrest, 

cardiac rupture, and death.68 However, more recent data have shown 

that although the early administration of intravenous beta-blockers 

followed by oral dosing may lower the reinfarction rate at 4 weeks, 

there may be an increase in the risk of developing HF and cardiogenic 

shock.69 Based on these findings, routine use of intravenous beta-

blockers in the absence of systemic hypertension is no longer recom-

mended. However, oral beta-blockers should be administered to pa-

tients within the first 24 hours of having a STEMI as long as the 

following conditions are not present: signs of HF, cardiogenic shock or 

a low-output state, significant atrioventricular (AV) conduction dis-

ease, or active wheezing because of reactive airway disease.9 Unless 

contraindicated, beta-blockers should be continued beyond the hospi-

talization.

Renin–Angiotensin–Aldosterone System Inhibitors

The renin–angiotensin–aldosterone system (RAAS) inhibitors include 

angiotensin-converting enzyme (ACE) inhibitors, angiotensin recep-

tor blockers (ARBs), and aldosterone antagonists. ACE inhibitors de-

crease circulating angiotensin II levels and increase levels of bradyki-

nin, which in turn stimulates production of nitric oxide by endothelial 

nitric oxide synthase. In the vasculature, ACE inhibition promotes 

vasodilation and tends to inhibit smooth muscle proliferation, platelet 

aggregation, and thrombosis.

ACE inhibitors have been shown unequivocally to improve hemo-

dynamics, functional capacity and symptoms, and survival in patients 

with chronic congestive heart failure and to prevent the development 

of congestive heart failure in patients with asymptomatic left ventricu-

lar dysfunction.70–72 This information was the spur for trials evaluating 
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 Drug

 

Dosing

Antiplatelet Therapy

GP IIb/IIIa Receptor Antagonists in Conjunction with

Unfractionated Heparin or Bivalirudin in Selected Patients

 

COR

 

LOE

Aspirin

Aspirin

Clopidogrel

Prasugrel

Ticagrelor

162–325 mg loading

81 to 325 mg daily maintenance

600 mg loading

75 mg daily maintenance for 1 year

60 mg loading

10 mg daily maintenance for 1 year

180 mg loading

90 mg twice a day maintenance for 1 year

I

IIa

IIa

IIa

I

I

I

I

I

I

I

B

A

B

B

A

B

B

B

B

B

B

Bolus, then infusionAbciximab

I

I

III:

Harm 

C

B

B

Unfractionated

heparin

Bolus to achieve therapeutic ACT

Bivalirudin Bolus, then infusion with or without prior

treatment with UFH; reduced dose with

renal impairment

Not recommended as the soleFondaparinux

anticoagulant for primary PCI

Eptifibatide Double bolus 10 minutes apart, then

infusion; reduce infusion by 50% with

CrCl < 50 mL/min

Tirofiban Bolus, then infusion; reduce infusion by

50% with CrCl < 30 mL/min

Anticoagulant Therapy

TABLE 70.2 Adjunctive Antiplatelet and Anticoagulant Therapy to 
Support Reperfusion With Primary Percutaneous Coronary Intervention

Adapted from O’Gara PT, Kushner FG, Ascheim DD, et al. 2013 ACCF/AHA guidelines for the management 

of ST-elevation myocardial infarction: a report of the American College of Cardiology Foundation/American 

Heart Association Task Force on Practice Guidelines. Circulation. 2013;127:e362–e425.

ACT, Activated clotting time; COR, class of recommendation; LOE, level of evidence; PCI, percutaneous 

coronary intervention; UFH, unfractionated heparin.

the benefit of the prophylactic administration of ACE inhibitors in the 

post-MI period.

The ACE inhibitor captopril was shown to improve survival in pa-

tients with left ventricular dysfunction (ejection fraction ,40%) after 

MI in the SAVE trial.73 A smaller but still significant reduction in mor-

tality was seen when all patients were treated with captopril in the 

ISIS-4 study, with greater benefits in patients with left ventricular dys-

function.67 The mechanisms responsible for the benefits of ACE in-

hibitors probably include limitation in the progressive left ventricular 

dysfunction and enlargement (remodeling) that often occur after in-

farction, but a reduction in ischemic events was seen as well.

Immediate intravenous ACE inhibition, particularly with enala-

prilat, has not been shown to be beneficial,74 but oral ACE inhibition 

should be started early in the hospital course after STEMI. An ACE 

inhibitor should be administered within the first 24 hours to all pa-

tients with a STEMI and left ventricular dysfunction or HF.9 Possible 

contraindications to ACE inhibitor use include hypotension, shock, or 

a history of renal failure or hyperkalemia with ACE inhibitor or ARB 

use. Baseline renal function should be taken into consideration when 

initiating an ACE inhibitor or an ARB, but renal failure is not an abso-

lute contraindication to their use. Patients should be started on low 

doses of oral agents and titrated to maximally tolerated doses. STEMI 

patients who are intolerant to an ACE inhibitor should be given an 

ARB. In particular, valsartan has been shown to be noninferior to cap-

topril in the VALIANT (Valsartan in Acute Myocardial Infarction) 

trial.75
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Aldosterone has also been implicated in deleterious left ventricular 

remodeling after MI. Early initiation (,7 days post MI) of the aldoste-

rone antagonist eplerenone has a proven mortality benefit and should 

be given to patients with STEMI and no contraindications who are 

already receiving an ACE inhibitor and beta-blocker and who have a 

left ventricular ejection fraction (EF) less than or equal to 40% and 

either symptomatic HF or diabetes mellitus.9,76 More recent data have 

pointed towards some benefit with aldosterone antagonists in patients 

presenting with a STEMI without HF,77,78 but the guidelines do not 

recommend their use in STEMI patients when HF is not present. Con-

traindications to the use of an aldosterone antagonist include creati-

nine greater than 2.5 mg/dL in men and more than 2.0 mg/dL in 

women or potassium higher than 5.0 mEq/L.

Lipid-Lowering Agents

Multiple studies have shown that statin use in patients after ACS can 

prevent death, recurrent MI, and stroke.79,80 Use of a high-intensity 

statin is preferred and should be initiated before discharge to improve 

compliance.7,9 In patients with ACS, high-intensity statin therapy 

should be given regardless of the LDL level. Among the currently avail-

able statins, only high-dose atorvastatin (80 mg daily) has been studied 

in clinical trials and shown to reduce death and ischemic events among 

patients with ACS.81,82 It is uncertain if this represents a class effect or 

is specific to atorvastatin. High-intensity rosuvastatin (20–40 mg 

daily) is known to lower LDL comparably to atorvastatin and may be 

used particularly in patients with intolerance to the latter.83 Contrain-

dications to statin use include a history of statin-induced rhabdomy-

olysis or significant myopathy and/or acute liver injury.

Calcium Channel Blockers

Randomized clinical trials have not demonstrated that routine use of 

calcium channel blockers improves survival after MI.84 In fact, meta-

analyses suggest that high doses of the short-acting dihydropyridine 

nifedipine increased mortality in MI.85 Adverse effects of calcium chan-

nel blockers include bradycardia, AV block, and an exacerbation of HF.

Oxygen

When given to normoxic patients with MI, supplemental oxygen has the 

potential to exert a direct vasoconstrictor effect on the coronary arteries.86 

The AVOID trial randomized 441 patients with confirmed STEMI to 

supplemental oxygen or none regardless of oxygen saturation and 

showed an increase in recurrent MI and cardiac arrhythmias and an in-

crease in myocardial infarct size on CMR with oxygen.87,88 The DETO2X 

trial randomized 6629 patients with MI and oxygen saturation .90% to 

supplemental oxygen or none and found no difference in all-cause mor-

tality at 1 year with oxygen use.88,89 Supplemental oxygen therapy in pa-

tients with STEMI but without hypoxia is no longer recommended.88,89

UA AND NSTE-ACS

UA and NSTE-ACS should be considered part of the spectrum of ACS, 

with elevated cardiac troponin differentiating NSTE-ACS from UA. The 

key to the initial management of patients with ACS who present without 

ST elevation is risk stratification. The overall risk of a patient is related 

to both the severity of preexisting heart disease and the degree of plaque 

instability. Risk stratification is an ongoing process, which begins with 

hospital admission and continues through discharge (Fig. 70.2).

The risk of ACS increases with age. ST segment depression on the 

ECG identifies patients at higher risk for clinical events.90 However, a 

normal 12-lead ECG does not exclude an NSTE-ACS and is seen in 

approximately 1%–6% of patients with ACS.91 For example, a left cir-

cumflex coronary artery occlusion can be “electrically silent” and may 

only be detected using posterior leads V7–V9. If there is a high clinical 

suspicion for ACS, a repeat ECG should be done in 15- to 30-minute 

intervals for the first hour.92 Nonspecific ST- and T-wave changes can 

be seen on ECG in the absence of ACS. See Table 70.3 for non-ACS 

causes of ST- and T-wave changes.

Cardiac Biomarkers in NSTE-ACS
Biochemical markers of cardiac injury are predictive of outcome. The 

preferred biomarker for the diagnosis of myocardial necrosis is troponin. 

Cardiac troponin T and cardiac troponin I are sensitive markers of car-

diac injury, particularly when used with the recommended diagnostic cut 

point of the 99th percentile of healthy controls.93,94 Newer high-sensitiv-

ity assays are now being used and have led to decreasing diagnosis of UA 

and an increase in the diagnosis of NSTE-ACS.11,95 Elevated levels of 

troponin T are associated with an increased risk of cardiac events and a 

higher 30-day mortality.96 Conversely, low levels are associated with low 

event rates, although the absence of troponin elevation does not guaran-

tee a favorable prognosis and is not a substitute for good clinical judg-

ment. Troponins are elevated in MI as early as 2–4 hours after symptom 

onset and may persist for several days after the initial event.

An elevated cardiac troponin level in the absence of overt ischemic 

heart disease is a common finding in both acute and nonacute pro-

cesses, particularly with newer, high-sensitivity assays. When serum 

cardiac troponin is present but the clinical information does not sug-

gest ACS, the clinician should look for other causes.

Approach to Revascularization of NSTE-ACS
Two predominant pathways have emerged in the management of patients 

with NSTE-ACS and are referred to as an early invasive approach or an 

ischemia-guided approach. An early invasive approach is defined as coro-

nary angiography within 24 hours of admission with PCI if appropriate.

Risk stratification is the key to managing patients with NSTE-ACS. 

Patients with NSTE-ACS who have refractory angina, hemodynamic 

or electrical instability, severe HF, or worsening mitral regurgitation 

and who lack serious comorbidities or contraindications should be 

taken urgently for cardiac catheterization.92 Recent subanalyses of tri-

als examining when to perform coronary angiography in UA/NSTE-

ACS have demonstrated improved outcomes with an early invasive 

strategy in patients with elevated risk scores (TIMI .2 or GRACE 

.140) without contraindications.97,98 When considering an invasive 

strategy, the patient’s ability to tolerate anticoagulation, antiplatelet, or 

antithrombotic therapy must be considered. An early invasive strategy 

should not be considered for patients who are deemed low risk or who 

have significant comorbidities such as bleeding, advanced liver or renal 

failure, end-stage lung disease, or advanced-stage cancer such that the 

risk of PCI outweighs the benefit.

When no indication for immediate angiography is present, patients 

should then undergo risk assessment with a risk calculator, most com-

monly the Thrombolysis in Myocardial Infarction (TIMI) risk score or 

the Global Registry of Acute Coronary Events (GRACE) risk score. 

These tools take into account patient and clinical factors to provide a 

prognosis after UA/NSTE-ACS.99,100 An initial strategy of medical 

management with attempts at stabilization and delayed invasive strat-

egy is warranted in patients with a lower risk.

Guideline-Directed Medical Therapy for UA/NSTE-ACS
Standard medical therapy for the early management of patients present-

ing with UA/NSTE-ACS includes analgesics, nitrates, and antiplatelet 

and antithrombotic therapy. Other medications that should be consid-

ered include high-dose statin, beta-blockers, and renin–angiotensin 

blockers. See Table 70.4 for a summary of recommendations for the use 

of medications in UA/NSTE-ACS.
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ASA 325 mg chewed

(Class I, LOE: A)

+

Clopidogrel 300/600 mg or

Ticagrelor 180 mg

(Class I, LOE: B)

Rapid ECG within 10 min of arrival to

emergency facility (Class I, LOE: C)

+

Cardiac biomarkers (initial and then

serial measurements) (Class I, LOE: A)

Enoxaparin SQ (Class I, LOE: A), or

Unfractionated heparin bolus then infusion

(Class I, LOE: B), or

Bivalirudin bolus then infusion (Class I, LOE: B), or

Fondaparinux SQ (Class I, LOE: B)

Risk stratification*

No or few cardiac risk factors, chest

pain atypical or resolved,

biomarkers/ECG normal, low risk score

(TIMI 0 or 1, GRACE <109)

Ischemia-guided strategy (Class

IIb, LOE: B)

Medical therapy

Beta-blocker (Class I, LOE: A)

High-intensity statin (Class I, LOE: A)

No refractory

chest pain

Non-invasive

evaluation

+ Refractory

chest pain

Coronary

angiography

Intermediate

At least 2 cardiac risk factors,

nonspecific ECG changes,

intermediate risk score

(GRACE 109–140)

Delayed invasive strategy

(within 25–72 h)

(Class IIa, LOE: B)

Low High

Refractory chest pain, heart

failure,

hemodynamic/electrical

instability

No Yes

Early invasive strategy

(within 24 h)

(Class I, LOE: B)

Immediate invasive

strategy (within 2 h)

(Class I, LOE: A)

Medical therapy

Beta-blocker (Class I, LOE: A)

High-intensity statin (Class I, LOE: A)

*
• ECG

• Cardiac
 biomarkers

• Ongoing or
 recurrent

 chest pain

• Cardiac risk

 factors

• Risk scores

NSTE-ACS/UA

Fig. 70.2 Algorithm for management of patients with definite or likely non–ST elevation acute coronary 

syndrome/unstable angina (NSTE-ACS/UA).  Based on risk stratification. ASA, Acetyl salicylic acid; ECG, 

electrocardiogram; GRACE, Global Registry of Acute Coronary Events (GRACE) risk score; LOE, level of evi-

dence; SQ, subcutaneous; TIMI, Thrombolysis in Myocardial Infarction (TIMI) risk score.

Disease/Condition ECG Finding

Left ventricular aneurysm ST elevation in precordial leads, Q waves, T-wave inversions (low amplitude)

Pericarditis or myocarditis Widespread concave ST elevation and PR depression throughout most of the leads

Reciprocal ST depression and PR elevation in lead aVR (± V1)

Right bundle branch block ST depressions and T-wave inversions in the right precordial leads

Left ventricular hypertrophy Downsloping ST segments into an inverted T wave in the lateral leads (“LV strain pattern”)

ST elevations and tall positive T waves are also common findings in leads V1 and V2

Hyperkalemia Peaked T waves

Prinzmetal angina ST elevation in an anatomic distribution

Stress-induced cardiomyopathy ST elevation

Brugada pattern “Coved” ST elevation in V1–V3

CNS disease Deep T-wave inversions

ST depression

Early repolarization J-point elevation of $0.1 mV in two adjacent leads

Widespread concave ST elevation, most prominent in the mid-to-left precordial leads (V2–V5)

No reciprocal ST depression to suggest ST elevation myocardial infarction (except in aVR)

TABLE 70.3 Non–Acute Coronary Syndrome Causes of ST- and T-Wave Changes on 
Electrocardiogram

CNS, Central nervous system.
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 Therapy

 
Oxygen

Nitrates

Analgesics

 

COR

 

LOE

Oxygen, only if SpO2 < 90% or respiratory distress

Sublingual nitroglycerin

Nitrates are contraindicated with recent phosphodiesterase inhibitor

use

I

IIb

III:

Harm 

I

I

III:

Harm 

C

B

B

C

B

B

Morphine sulfate for ongoing ischemic pain despite maximal

medical therapy

I

I

IIa

A

C

III B

C

Oral beta-blockers should be initiated within the first 24 hours, in the

absence of contraindications*

I A

I A

I A

I A

Initiate or continue high-intensity statin therapy† in patients with no

contraindications

Obtain a fasting lipid profile, preferably within 24 hours

Use of metoprolol succinate, carvedilol, or bisoprolol is recommended

in patients with non-ST-elevation acute coronary syndrome and

reduced systolic function with stabilized heart failure

Angiotensin-converting enzyme inhibitors should be started and

continued indefinitely in all patients with left ventricular ejection

fraction < 40% and those with hypertension, diabetes mellitus, or

stable chronic kidney disease unless contraindicated

Angiotensin receptor blockers should be given to patients intolerant

to angiotensin-converting enzyme inhibitors with a left ventricular

ejection fraction < 40%

Aldosterone blockade is recommended in patients post myocardial

infarction without significant renal dysfunction who have a left

ventricular ejection fraction < 40%, diabetes mellitus, or heart failure

who are receiving therapeutic doses of angiotensin-converting

enzyme inhibitors and beta-blockers

Reasonable to continue beta-blocker therapy in patients with normal

left ventricular function with non-ST-elevation acute coronary syndrome

Intravenous beta-blockers are contraindicated in patients with risk

factors for or evidence of shock

Nonsteroidal antiinflammatory drugs (except aspirin) should not be

initiated or should be discontinued

Beta-Blockers

IV nitroglycerin for persistent ischemia, heart failure, or hypertension

Statin Therapy

Renin–Angiotensin–Aldosterone Inhibitors

IIa C

TABLE 70.4 Recommendations for the Use of Medications 
in Non–ST Elevation Myocardial Infarction/Unstable Angina

Adapted from Amsterdam EA, Wenger NK, Brindis RG, et al. 2014 AHA/ACC guidelines for the manage-

ment of patients with non-ST-elevation acute coronary syndromes: a report of the American College of  

Cardiology/American Heart Association Task Force on Practice Guidelines. Circulation. 2014;130:e344–e426.

*Decompensated heart failure, low-output state, risk for cardiogenic shock, bradycardia, evidence of 

atrioventricular nodal conduction disease.
†Atorvastatin or rosuvastatin.

COR, Class of recommendation; IV, intravenous; LOE, level of evidence; SpO2, arterial blood oxygen saturation.
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Initial Antiplatelet/Anticoagulant Therapy in Patients 
With Definite or Likely NSTE-ACS
Antiplatelet Therapy
Antiplatelet therapy includes aspirin, P2Y12 receptor inhibitors, and 

glycoprotein IIb/IIIa inhibitors. As previously noted, aspirin is a main-

stay of therapy for all ACSs. A loading dose of 162 mg to 325 mg non–

enteric-coated aspirin is the initial antiplatelet therapy. Both the VA 

Cooperative Study Group42,101 and the Canadian Multicenter Trial102 

showed that aspirin reduces the risk of death or MI by approximately 

50% in patients with UA or NSTE-ACS. Aspirin also reduces events 

after resolution of an ACS, and 81 mg should be continued indefinitely 

if not contraindicated. In patients who are aspirin-intolerant (allergy 

or significant gastrointestinal [GI] intolerance), a loading dose of 

clopidogrel followed by a daily maintenance dose should be adminis-

tered.9

Similar to patients with STEMI, patients with NSTE-ACS and UA 

benefit from the use of P2Y12 receptor inhibitors in addition to aspirin. 

This benefit—a decrease in CV death, MI, or stroke—was established 

in the CURE trial and was seen not only in patients who underwent 

PCI but also in those managed medically.103

Ticagrelor has a faster onset of action when compared with clopi-

dogrel and has a faster recovery of platelet function. Patients with 

NSTE-ACS in the PLATO trial showed a reduction in the composite 

outcome of death from vascular causes, MI, or stroke in patients 

treated with ticagrelor compared with clopidogrel.52 Major bleeding 

events did not differ between the groups, although bleeding not related 

to CABG occurred more often with ticagrelor.

Prasugrel has a more rapid onset of action and can achieve a greater 

level of platelet inhibition when compared with clopidogrel. Taking 

into account the results of the TRITON-TIMI 38 and ISAR-REACT 5 

trials, prasugrel can be a useful alternative to clopidogrel considering 

that approximately 20%–25% of the population may be resistant to 

clopidogrel.104 It is reasonable to administer prasugrel if diagnostic 

coronary angiography and PCI are intended. However, the use of pra-

sugrel is not recommended for “up-front” therapy before planned PCI 

in patients with NSTE-ACS because of an increase in bleeding compli-

cations without a significant reduction in composite endpoints when 

compared with dosing at the time of PCI.105 The TRILOGY ACS trial 

compared prasugrel with clopidogrel in UA/NSTE-ACS patients 

treated with a noninvasive strategy and demonstrated no difference in 

the primary efficacy endpoint (a composite of death from CV causes, 

nonfatal MI, or nonfatal stroke).106 Table 70.5 summarizes the dosing 

of clopidogrel, prasugrel, and ticagrelor in the treatment of UA/NSTE-

ACS.

Anticoagulant Therapy

Heparin is an important component of primary therapy for patients 

with unstable coronary syndromes without ST elevation. When added 

to aspirin, heparin has been shown to reduce refractory angina and the 

development of MI,42 and a meta-analysis of the available data indi-

cates that the addition of heparin reduces the composite endpoint of 

death or MI.107

UFH, however, can be difficult to administer because the antico-

agulant effect is unpredictable in individual patients. Therefore acti-

vated partial thromboplastin time (APTT) or factor Xa levels must be 

monitored closely. The potential for heparin-associated thrombocyto-

penia is also a safety concern. The recommended regimen is weight-

based and adjusted using a standardized nomogram.

Low-molecular-weight heparins (LMWHs) have several advantages 

over UFH. Because they bind less avidly to heparin-binding proteins, 

there is less variability in the anticoagulant response and a more pre-

dictable dose-response curve, obviating the need to monitor APTT. 

The incidence of thrombocytopenia is lower (but not absent), and 

patients with HIT with antiheparin antibodies cannot be switched to 

LMWH. LMWH is less susceptible to inactivation by platelet factor 4. 

Finally, LMWHs have longer half-lives and can be given by subcutane-

ous injection.

Several trials have documented beneficial effects of LMWH ther-

apy in unstable coronary syndromes.108,109 Specific considerations 

with the use of LMWH include a decreased clearance in renal insuf-

ficiency and the lack of a commercially available test to measure the 

anticoagulant effect. Enoxaparin is dosed by weight and in the pres-

ence of impaired renal function (CrCl ,30 mL/min) the dose should 

be reduced.

Direct Thrombin Inhibitors
Bivalirudin is a DTI. As opposed to heparin, bivalirudin binds directly 

to both circulating and clot-bound thrombin and inhibits the conver-

sion of fibrinogen to fibrin in the final step of the clotting cascade. 

DTIs have several theoretical advantages over heparin. Heparin binds 

to a number of tissue and plasma proteins, which alters its bioavail-

ability and clearance. Heparin may also have a platelet-activating effect 

in ACS. Lastly, DTIs do not bind to platelet factor 4 and therefore avoid 

the problem of HIT.

Bivalirudin is the only DTI indicated for use in ACS and is recom-

mended in the setting of HIT. When an early invasive strategy is em-

ployed, more contemporary data have shown similar outcomes as 

compared with heparin without a difference in bleeding. Given this, in 

the era of DAPT and radial artery access, both bivalirudin and heparin 

are reasonable when coronary angiography is planned. When pursuing 

a conservative approach without intention of revascularization, 

LMWH or UFH should be used in preference to bivalirudin.92

Glycoprotein IIb/IIIa Antagonists

Previous studies had suggested reduced incidence of a composite 

outcome of death and MI with glycoprotein IIb/IIIa inhibition in 

NSTE-ACS,110 but these studies were conducted before the era of dual 

Drug Loading Dose Maintenance Dose

Clopidogrel 300 mg or 600 mg 75 mg

Prasugrel† 60 mg* 10 mg

Ticagrelor‡ 180 mg 90 mg BID

TABLE 70.5 Dosing of Clopidogrel, 
Prasugrel, and Ticagrelor in Patients With 
NSTEMI

Adapted from Amsterdam EA, Wenger NK, Brindis RG, et al. 2014 

AHA/ACC guidelines for the management of patients with non-ST- 

elevation acute coronary syndromes: a report of the American College 

of Cardiology/American Heart Association Task Force on Practice 

Guidelines. Circulation. 2014; 130:e344–e426.

*Recommended to be given at time of coronary angiography when 

percutaneous coronary intervention is intended.
†Net harm in patients with a history of cerebrovascular events and no 

clinical benefit in patients older than 75 years of age or those with low 

body weight (,60 kg) (Wiviott SD, Braunwald E, McCabe CH, et al. 

Prasugrel versus clopidogrel in patients with acute coronary syn-

dromes. N Engl J Med. 2007;357:2001–2015.)

‡The recommended maintenance dose of aspirin to be used with 

ticagrelor is 81 mg daily.
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antiplatelet therapy, which is now standard practice. The most recent 

data suggest a glycoprotein IIb/IIIa inhibitor can be given in addition 

to aspirin and an anticoagulant if the patient is considered high risk 

(troponin positive) and not pretreated with a P2Y12 inhibitor. If a 

high-risk patient is pretreated with a P2Y12 inhibitor, a glycoprotein 

IIb/IIIa inhibitor can be given at the time of PCI in addition to aspirin 

and an anticoagulant.92,111

Complications of Acute Myocardial Infarction
Ventricular Free Wall Rupture
Ventricular free wall rupture typically occurs during the first 5 days 

after an infarction and within 2 weeks in over 90% of cases. The inci-

dence of left ventricular free wall rupture in all comers with STEMI is 

low (about 1%). Not surprisingly, the incidence in those who die after 

STEMI is much higher, ranging from 7% to 26%.112–114 The classic 

patient is elderly, female, and presents with an anterior wall infarction. 

Early use of fibrinolytic therapy reduces the incidence of cardiac rup-

ture, but late use may actually increase the risk. Pseudoaneurysm with 

leakage may be heralded by chest pain, nausea, and restlessness, but 

frank free wall rupture presents as a catastrophic event with shock and 

electromechanical dissociation. Pericardiocentesis may be necessary to 

relieve acute tamponade, ideally in the operating room, because the 

pericardial effusion may tamponade the bleeding. Salvage is possible 

with expeditious thoracotomy and repair, either with a patch or by 

direct suturing.115 For those patients who make it to the operating 

room for repair, mortality approaches 60%.9

Ventricular Septal Rupture

Septal rupture presents as severe HF or cardiogenic shock, with a loud 

pansystolic murmur and parasternal thrill. Ventricular septal rupture 

most commonly occurs within 24 hours of reperfusion (typically with 

fibrinolytic therapy) in patients with a STEMI.116 The hallmark finding 

is a left-to-right intracardiac shunt (“step up” in oxygen saturation 

from the right atrium to the right ventricle), but the diagnosis is most 

easily made with echocardiography. Rapid institution of supportive 

pharmacologic measures and mechanical support, such as intraaortic 

balloon pumping, is necessary. Operative repair is the only viable op-

tion for long-term survival. Even if surgical repair is done promptly, 

mortality remains high, ranging from 20% to 87%.116–118

Acute Mitral Regurgitation

Ischemic mitral regurgitation is usually associated with inferior myo-

cardial infarction and ischemia or infarction of the posterior papillary 

muscle because of its singular blood supply. An anterior papillary 

muscle rupture can also occur, although is less common, as it is typi-

cally supplied by two coronary arteries. Papillary muscle rupture has a 

bimodal incidence, either within 24 hours or 3–7 days after an acute 

MI. It presents dramatically with pulmonary edema, hypotension, and 

cardiogenic shock. When a papillary muscle ruptures, the murmur of 

acute mitral regurgitation may be limited to early systole because of a 

rapid equalization of pressures in the left atrium and ventricle. More 

important, the murmur may be soft or inaudible, especially when the 

cardiac output is low.119

Echocardiography is extremely useful in the differential diagnosis, 

which includes free wall rupture, ventricular septal rupture, and infarct 

extension with pump failure. Hemodynamic monitoring with pulmo-

nary artery catheterization may also be helpful. Management includes 

afterload reduction with an intraaortic balloon pump or another me-

chanical circulatory support device as a temporizing measure. Inotropic 

or vasopressor therapy may also be needed to support cardiac output 

and blood pressure. Definitive therapy, however, is surgical valve repair 

or replacement, which should be undertaken as soon as possible be-

cause clinical deterioration can be sudden.119,120

RIGHT VENTRICULAR INFARCTION

Right ventricular infarction occurs in up to 30% of patients with an 

inferior infarction and is clinically significant in 10%.121 The combina-

tion of a clear chest radiograph with jugular venous distention in a 

patient with an inferior wall MI should lead to the suspicion of a co-

existing right ventricular infarct. The diagnosis is substantiated by 

demonstration of ST segment elevation in the right precordial leads 

(V3R–V5R) or by characteristic hemodynamic findings on right heart 

catheterization (elevated right atrial and right ventricular end-dia-

stolic pressures with normal to low pulmonary artery occlusion pres-

sure and low cardiac output). Echocardiography can demonstrate de-

pressed right ventricular contractility.122 Patients with cardiogenic 

shock on the basis of right ventricular infarction have a better progno-

sis than those with left-sided pump failure.120 This may be caused in 

part by the fact that the right ventricular function tends to return to 

normal over time with supportive therapy, although such therapy may 

need to be prolonged.123

In patients with right ventricular infarction, right ventricular pre-

load should be maintained with fluid administration. In some cases, 

however, fluid resuscitation may increase pulmonary capillary occlu-

sion pressure but may not increase cardiac output, and overdilation of 

the right ventricle can compromise left ventricular filling and cardiac 

output.123 Inotropic therapy may be more effective in increasing car-

diac output in some patients, and monitoring with serial echocardio-

grams may also be useful to detect right ventricular overdistention. 

Maintenance of AV synchrony is also important in these patients to 

optimize right ventricular filling.122 For patients with continued he-

modynamic instability, intraaortic balloon pumping may be useful, 

particularly because elevated right ventricular pressures and volumes 

increase wall stress and oxygen consumption and decrease right coro-

nary perfusion pressure, exacerbating right ventricular ischemia. Im-

mediate reperfusion of the occluded coronary territory is also cru-

cial.124 Percutaneous right ventricular mechanical support may be an 

option in selected cases as well.

CARDIOGENIC SHOCK

Epidemiology and Pathophysiology
Cardiogenic shock, resulting either from left ventricular pump failure 

or mechanical complications, represents the leading cause of in-hospi-

tal death after MI.125,126 Cardiogenic shock should be considered in the 

presence of persistent hypotension (SBP ,90 mm Hg or mean arterial 

pressure 30 mm Hg lower than baseline) with reduced cardiac index 

(,1.8 L/min/m2 without support or ,2.2 L/min/m2 with support) 

and adequate or elevated filling pressures.127 Patients may have cardio-

genic shock at initial presentation, but shock most often evolves over 

several hours.128

Cardiac dysfunction in patients with cardiogenic shock is usually 

initiated by MI or ischemia. The initial ischemic event leads to myocar-

dial dysfunction, which in turn worsens the ongoing ischemia, creating 

a downward spiral (Fig. 70.3). Compensatory mechanisms that retain 

fluid in an attempt to maintain cardiac output may add to the vicious 

cycle and further increase diastolic filling pressures. The interruption 

of this cycle of myocardial dysfunction and ischemia forms the basis 

for the therapeutic regimens for cardiogenic shock. Early recognition 

of cardiogenic shock and timely management (revascularization) are 

paramount to improved mortality.
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Fig. 70.3  The “downward spiral” in cardiogenic shock. Stroke volume and cardiac output fall with left 

ventricular (LV) dysfunction, producing hypotension and tachycardia that reduce coronary blood flow. Increas-

ing ventricular diastolic pressure reduces coronary blood flow, and increased wall stress elevates the myo-

cardial oxygen requirements. All of these factors combine to worsen ischemia. The falling cardiac output also 

compromises systemic perfusion. Compensatory mechanisms include sympathetic stimulation and fluid re-

tention to increase preload. These mechanisms can actually worsen cardiogenic shock by increasing myocar-

dial oxygen demand and afterload. Thus a vicious circle can be established. LVEDP, Left ventricular end-dia-

stolic pressure. (Adapted with permission from Hollenberg SM, Kavinsky CJ, Parrillo JE. Cardiogenic shock. 

Ann Intern Med. 1999;131:47–59.)

Initial Management
Maintenance of adequate oxygenation and ventilation is critical. Many 

patients require intubation and mechanical ventilation if only to re-

duce the work of breathing and facilitate sedation and stabilization 

before cardiac catheterization. Electrolyte abnormalities should be 

corrected, and morphine (or fentanyl if systolic pressure is compro-

mised) used to relieve pain and anxiety. Arrhythmias and a heart block 

may have important effects on cardiac output and should be corrected 

promptly with antiarrhythmic drugs, cardioversion, or cardiac pacing. 

Amiodarone is the preferred antiarrhythmic drug for sustained ven-

tricular or atrial tachyarrhythmias in the setting of cardiogenic shock.

Both pharmacologic and mechanical forms of circulatory support 

should be used to reverse hypotension and maintain organ and coro-

nary artery perfusion. Patients are commonly diaphoretic, and relative 

hypovolemia may be present in as many as 20% of patients with car-

diogenic shock, so fluid boluses, titrated to clinical endpoints of heart 

rate, urine output, and blood pressure, should be considered as an 

initial measure unless frank pulmonary edema is present. Patients who 

do not respond rapidly to initial fluid boluses or those with poor 

physiologic reserve should be considered for invasive hemodynamic 

monitoring. Optimal filling pressures vary from patient to patient; 

hemodynamic monitoring can be used to construct a Starling curve at 

the bedside, identifying the filling pressure at which the cardiac output 

is maximized. Maintenance of adequate preload is particularly impor-

tant in patients with a right ventricular infarction.

Vasopressor and inotropic agents remain the mainstay of first-line 

therapy in the management of cardiogenic shock. Catecholamine 

agents, such as norepinephrine, epinephrine, dopamine, dobutamine, 

and phenylephrine, have both vasopressor and inotropic effects, but it 

is useful to distinguish vasopressor effects (those aimed at maintaining 

blood pressure) and inotropic effects (those aimed at increasing myo-

cardial contractility and thus cardiac output) to allow for titration of 

dose to effect. When arterial pressure remains inadequate, therapy with 

vasopressor agents may be required to maintain coronary perfusion 

pressure to break the vicious cycle of progressive hypotension with 

further myocardial ischemia. The most commonly used vasopressors 

include norepinephrine, phenylephrine, and epinephrine. Norepineph-

rine acts on both a1- and β1-adrenergic receptors, thus producing 

potent vasoconstriction in addition to a modest increase in cardiac 

output129 and is the preferred first-line agent. A subgroup analysis of a 

multicenter randomized trial comparing norepinephrine with dopa-

mine in patients with shock demonstrated a lower 28-day mortality 

with norepinephrine.130 Phenylephrine, a selective a1-adrenergic ago-

nist, acts as a potent vasoconstrictor that augments systemic vascular 

resistance (SVR) without greatly affecting contractility or cardiac out-

put. Phenylephrine may be used when tachyarrhythmias limit therapy 

with other vasopressors. Epinephrine has potent β1-adrenergic receptor 

activity and moderate β2- and a1-adrenergic receptor effects. The net 

effect can be an increase in cardiac output and decreased SVR, with 

escalating doses causing a greater increase in SVR. Epinephrine is typi-

cally used in addition to norepinephrine in septic shock and for the 

management of hypotension after CABG.

Vasopressor infusions need to be titrated carefully in patients with 

cardiogenic shock to maximize coronary perfusion pressure with the 

least possible increase in myocardial oxygen demand. Hemodynamic 

monitoring, with serial measurements of cardiac output, filling pres-

sures, and other parameters, such as mixed venous oxygen saturation, 

can allow for titration of the dosage of vasoactive agents to the mini-

mum dosage required to achieve the chosen therapeutic goals.131 How-

ever, reperfusion therapy should not be delayed for the placement of a 

pulmonary artery catheter.

After initial stabilization and restoration of adequate blood pressure, 

tissue perfusion should be assessed. If tissue perfusion is adequate but 

significant pulmonary congestion remains, diuretics may be employed. 
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Vasodilators such as intravenous nitroglycerin or nitroprusside can be 

considered as well, depending on the blood pressure.

If tissue perfusion remains inadequate, cardiovascular support with 

inotropic agents should be initiated. There is no firm guideline-based 

recommendation regarding which inotropic agent to use in the setting 

of cardiogenic shock. Typically used inotropes include dobutamine, 

dopamine, and norepinephrine (which can act as both a vasopressor 

and inotrope). Dobutamine, a selective β1-adrenergic receptor agonist, 

can improve myocardial contractility and increase cardiac output. Do-

butamine may exacerbate hypotension in some patients and can pre-

cipitate tachyarrhythmia. Dobutamine is typically reserved for patients 

with SBP .80 mm Hg. Epinephrine can increase cardiac output but 

often at the expense of a substantial increase in myocardial oxygen de-

mand. In some situations, a combination of a vasopressor and an ino-

trope can be more effective than either agent used alone. Phosphodies-

terase inhibitors such as milrinone are less arrhythmogenic than 

catecholamines but have the potential to cause hypotension and should 

be used with caution in patients with tenuous clinical status.

Mechanical Support in Cardiogenic Shock
Intraaortic balloon counterpulsation (IABP) reduces the systolic after-

load and augments diastolic perfusion pressure, increasing cardiac out-

put and improving coronary blood flow, without an increase in oxygen 

demand.132 IABP does not, however, produce a significant improvement 

in blood flow distal to a critical coronary stenosis.132,133 The timing and 

utility of IABP in patients with STEMI complicated by cardiogenic 

shock, however, remain uncertain.134,135 The IABP-SHOCK II trial ran-

domized 600 patients with cardiogenic shock complicated by acute MI 

to either IABP or no IABP at the time of PCI. There was no difference in 

all-cause mortality at 30 days or 12 months: nor was there any significant 

difference in any of the subgroups.136 Some randomized patients in this 

trial received an IABP after PCI when they were hemodynamically stable 

and might not have been expected to derive great benefit. In addition, 

10% of patients in the control group crossed over to IABP therapy. IABP 

is widely available, is easy to place, and has a lower cost compared with 

other support devices; as such, IABP may still have some role in the 

stabilization of selected patients with cardiogenic shock.

In appropriate settings, more intensive support with mechanical 

circulatory support devices may also be implemented. Such devices in-

clude left ventricular assist devices (LVADs), such as the TandemHeart 

percutaneous left atrial–to–femoral arterial ventricular assist device or 

the Impella percutaneous transvalvular left ventricular assist device, and 

percutaneous cardiopulmonary bypass support with the use of extracor-

poreal membrane oxygenation (ECMO). The percutaneous LVADs 

provide better hemodynamics compared with IABP, with higher cardiac 

indices and mean arterial pressures and lower filling pressures and im-

prove metabolic parameters. Percutaneous LVADs, however, have not 

been shown to improve mortality in randomized trials.137

Reperfusion Therapy
Although fibrinolytic therapy reduces the likelihood of the subsequent 

development of shock after the initial presentation, it is clearly less  

effective in patients with cardiogenic shock than in those without138 

and has not been shown to reduce mortality in patients with estab-

lished cardiogenic shock.66,139

To date, emergency percutaneous revascularization is the only inter-

vention that has been shown to reduce mortality rates consistently in 

patients with cardiogenic shock. An extensive body of observational and 

registry studies has shown consistent benefits from revascularization.140 

These data have been confirmed in the SHOCK study, a randomized, 

multicenter international trial that assigned patients with cardiogenic 

shock to receive optimal medical management (including IABP and fi-

brinolytic therapy) or to cardiac catheterization with revascularization 

using percutaneous transluminal coronary angioplasty (PTCA) or 

CABG.29,141 The trial enrolled 302 patients and was powered to detect a 

20% absolute decrease in 30-day all-cause mortality rates. Mortality at 

30 days was 46.7% in patients treated with early intervention and 56% 

in patients treated with initial medical stabilization, but this difference 

did not quite reach statistical significance (P 5 .11).28 At 6 months, the 

absolute risk reduction with early invasive therapy in the SHOCK trial 

was 13%, and this risk reduction was maintained at 12 months.141 The 

subgroup analysis showed a substantial improvement in mortality rates 

in patients younger than 75 years of age at both 30 days and 6 months.141 

Put into perspective with the results from other randomized controlled 

trials of patients with acute MI, an important point emerges: despite the 

moderate relative risk reduction (0.72, confidence interval [CI] 0.54–

0.95) the absolute benefit is important, with 9 lives saved for 100 patients 

treated at 30 days (number needed to treat 10.8) and 13.2 lives saved for 

100 patients treated at 1 year in the SHOCK trial (number needed to 

treat 7.6). Based on these data, the presence of cardiogenic shock in the 

setting of acute MI is an indication for emergency revascularization, ei-

ther by percutaneous intervention or CABG.9

See Box 70.2 for a summary of complications caused by acute MI.

KEY POINTS

• ACSs are a family of disorders that exist along a clinical continuum. Prompt 

recognition and early initiation of treatment are paramount to decrease 

morbidity and mortality.

• Acute STEMI is a medical emergency requiring urgent treatment with revas-

cularization of the ischemic territory. After initial management, multiple 

medical therapies have been shown to provide clinical benefit.

• Improvements and advancements in reperfusion therapy and GDMT has 

greatly decreased the mortality attributable to STEMI.

• In patients with NSTE MI or UA, clinical trials have demonstrated improved 

outcomes with prompt antiplatelet and antithrombotic therapy. Reperfusion 

strategy is dependent on multiple factors, which dictate the decision be-

tween an early invasive or ischemic-guided approach.

• Complications of acute MI include ventricular free wall rupture and acute 

mitral regurgitation often the result of papillary muscle rupture. The treat-

ment for the majority of mechanical complications is generally surgical, 

with poor overall survival.

• Cardiogenic shock related to acute MI is a consequence of a hemodynamic 

spiral as a result of ischemia begetting myocardial dysfunction, which be-

gets further ischemia. Therapeutic interventions include prompt revascular-

ization, pharmacologic vasopressor and inotropic support, and various forms 

of mechanical circulatory support.

Cardiogenic shock

Mechanical

Rupture of the left ventricular free wall

Rupture of the interventricular septum

Acute mitral regurgitation

Left ventricular aneurysm

Ventricular arrhythmia

Bradycardia or atrioventricular block

Pericarditis

Bleeding

Box 70.2 Complications Caused by Acute 
Myocardial Infarction

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Amsterdam EA, Wenger NK, Brindis RG, et al. 2014 AHA/ACC guideline  

for the management of patients with non-ST-elevation acute coronary 

syndromes: a report of the American College of Cardiology/American 

Heart Association Task Force on Practice Guidelines. Circulation. 

2014;130(25):e344–e426.

The guideline statement document for the management of patients with  

non–ST elevation ACS syndromes, including updated recommendations for 

which patients to pursue early invasive strategy and which to pursue delayed 

invasive or ischemic-guided strategy.

Kofoed KF, Kelbaek H, Hansen PR, et al. Early versus standard care invasive 

examination and treatment of patients with non-ST-segment elevation 

acute coronary syndrome. Circulation. 2018;138(24):2741–2750.

Randomized trial evaluating optimal timing for coronary angiography  

and reperfusion in patients with NSTE-ACS that showed no difference in  

outcomes between a very early PCI strategy (,12 hours) and a delayed  

strategy (24–72 hours) except in higher-risk patients (GRACE score .140),  

in whom benefit from earlier intervention was found.

Levine GN, Bates ER, Blankenship JC, et al. 2015 ACC/AHA/SCAI focused  

update on primary percutaneous coronary intervention for patients with 

ST-elevation myocardial infarction: an update of the 2011 ACCF/AHA/

SCAI guideline for percutaneous coronary intervention and the 2013 

ACCF/AHA guideline for the management of ST-elevation myocardial  

infarction. J Am Coll Cardiol. 2016;67(10):1235–1250.

Update to guideline statement on primary percutaneous coronary interven-

tion in patients with STEMI. This update changed recommendations for  

PCI to non–culprit arteries to IIb from III. This was based on multiple  

randomized controlled trials showing reduction in cardiovascular composite 

outcomes with multivessel PCI. The statement also addresses aspiration  

thrombectomy during STEMI and makes routine use of this a class III  

recommendation.

O’Gara PT, Kushner FG, Ascheim DD, et al. 2013 ACCF/AHA guideline for 

the management of ST-elevation myocardial infarction: executive  

summary. A report of the American College of Cardiology Foundation/

American Heart Association Task Force on Practice Guidelines: Developed 

in collaboration with the American College of Emergency Physicians and 

Society for Cardiovascular Angiography and Interventions. Catheter 

Cardiovasc Interv. 2013;82(1):E1–E27.

The latest clinical guideline statement for care of patients with STEMI  

clearly displays current recommendations for the management of these  

patients with the discussion regarding the clinical trials that led to the class  

of recommendation.

Thiele H, Akin I, Sandri M, et al. PCI strategies in patients with acute myocardial 

infarction and cardiogenic shock. N Engl J Med. 2017;377(25):2419–2432.

Although the benefit of revascularization in patients with STEMI and  

cardiogenic shock is well established by the SHOCK trial, this randomized 

trial studied the utility of intervening on nonculprit vessels at the time of  

revascularization in patients with cardiogenic shock. Nonculprit PCI in this 

setting led to an increased incidence of death or severe renal failure requiring 

dialysis compared with culprit PCI only, suggesting that this strategy should 

not be employed routinely in patients with shock.
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CLINICAL PRESENTATION

The leading symptom of most supraventricular tachyarrhythmias, particu-

larly AV nodal reentry tachycardia and AV reentry tachycardia, is rapid, 

regular palpitations, usually with an abrupt onset; they can occur spontane-

ously or be precipitated by simple movements. A common feature  of  tachy-

cardias that involve circulation through the AV node is termination by the 

Valsalva maneuver. In younger individuals with no structural heart disease, 

the rapid heart rate can be the main pathologic finding. Other symptoms 

may include anxiety, dizziness, dyspnea, neck pulsation, central chest pain, 

weakness, and occasionally polyuria caused by the release of atrial natri-

uretic peptide in response to increased atrial pressures (more common in 

atrial tachycardia and AV nodal reentry tachycardia). Prominent jugular 

venous pulsations caused by atrial contractions against closed AV valves 

may be observed during AV nodal reentry or AV reentry tachycardia.

True syncope is relatively uncommon unless uncontrolled tachy-

cardia over 200 beats per minute is sustained for a long period, espe-

cially in patients who remain standing. Syncope has been reported in 

10%–15% of patients, usually just after onset of the arrhythmia or in 

association with a prolonged pause after its termination. However, in 

older patients with concomitant heart disease such as aortic stenosis, 

hypertrophic cardiomyopathy, and cerebrovascular disease, significant 

hypotension and syncope may result from profound hemodynamic 

collapse associated with only moderately fast ventricular rates.

It is essential to recognize that patients presenting with AV reentry 

tachycardia may also present with atrial fibrillation. If an accessory 

pathway has a short antegrade effective refractory period (,250 ms), 

it may conduct impulses to the ventricles at an extremely high rate and 

cause ventricular fibrillation. The incidence of sudden death is 0.15%–

0.39% per patient-year, and this may be the first manifestation of the 

disease in younger individuals.

Irregular palpitations may be the result of atrial premature beats, 

atrial flutter with varying AV conduction block, atrial fibrillation, or 

multifocal atrial tachycardia. Although highly symptomatic, these ar-

rhythmias usually have a benign hemodynamic prognosis. However, in 

patients with depressed ventricular function, uncontrolled atrial fibril-

lation can reduce cardiac output and precipitate hypotension and 

congestive heart failure. Atrial fibrillation in association with slow AV 

conduction or complete block (Frederick syndrome) may result in 

hemodynamic collapse. Inappropriate sinus tachycardia and nonpar-

oxysmal accelerated junctional rhythm are characterized by relatively 

slow heart rates and gradual onset and termination.

ELECTROCARDIOGRAPHY

Whenever possible, a 12-lead electrocardiogram (ECG) should  

be taken during the tachycardia. If a patient with an arrhythmia is 

CLASSIFICATION AND EPIDEMIOLOGY

Supraventricular arrhythmias include rhythms arising from the sinus 

node and the adjacent atrial tissue (inappropriate sinus tachycardia, 

sinoatrial reentry tachycardia), both the right and left atria (atrial 

tachycardia, flutter, and fibrillation), the atrioventricular (AV) node 

(AV nodal reentry tachycardia, accelerated ectopic junctional rhythm), 

and the AV node with involvement of an accessory pathway or multi-

ple pathways (AV reentry tachycardia) (Fig. 71.1).

Atrioventricular Nodal Reentry Tachycardia and 
Atrioventricular Reentry Tachycardia
AV nodal reentry tachycardia and AV reentry tachycardia are usually 

referred to as paroxysmal supraventricular tachycardias (SVTs). They 

are often seen in young patients with little or no structural heart dis-

ease, although a congenital heart abnormality giving rise to increased 

atrial pressure and dilatation (e.g., Ebstein anomaly, atrial septal de-

fect, Fallot tetralogy) can coexist in a small percentage of patients with 

these arrhythmias.1 The first presentation is common between age 12 

and 30 years, and the prevalence is approximately 2.5 per 1000. 

Women are twice as likely as men to present with AV nodal reentry 

tachycardia.

Atrial Flutter and Fibrillation
Atrial fibrillation is the most common supraventricular arrhythmia, 

affecting 1%–2% of the general population, especially the elderly. It is 

usually associated with cardiovascular pathologies, among which hy-

pertension and congestive heart failure prevail.2 About a third of pa-

tients, however, present with no underlying heart disease and are 

considered to have “lone” atrial fibrillation. The incidence of isolated 

atrial flutter is largely unknown and is believed to be in the range of 

0.037%–0.88% per 1000 person-years, but at least half of these  

patients also have atrial fibrillation as a coexistent arrhythmia.

Atrial Tachycardia
Atrial tachycardia affects 0.34%–0.46% of patients with arrhythmias. 

It is common in younger individuals after surgical correction of con-

genital heart disease and in the elderly, in whom it often occurs in  

association with atrial fibrillation.

Other Supraventricular Tachycardias
Inappropriate sinus tachycardia and sinoatrial reentry tachycardia are 

less well-defined clinical and electrocardiographic entities, and their 

prevalence and associated conditions are not well characterized. Sino-

atrial reentry tachycardia is found incidentally in 1.8%–16.9% of pa-

tients undergoing electrophysiologic studies for other supraventricular 

tachyarrhythmias.
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hemodynamically unstable, a monitor strip should be obtained from 

the defibrillator before electrical discharge.

Narrow-Complex Tachycardias
The typical ECG feature is narrow QRS complexes less than 120 ms. In 

this case, the tachycardia is almost always supraventricular, and the 

differential diagnosis relates to its mechanism (Fig. 71.2).

Wide-Complex Tachycardias
The differential diagnostic features of wide-complex tachycardias favor-

ing a supraventricular origin of the arrhythmia include but are not  

limited to preexistent bundle branch block; rate-dependent aberrancy; 

antidromic AV reentry tachycardia, when an accessory pathway conducts 

and excites the ventricles antegradely; and prominent electrolyte abnor-

malities (e.g., hypokalemia) or heart muscle disease (cardiomyopathy), 

all of which may result in QRS widening (Fig. 71.3). If the diagnosis of 

SVT cannot be proved, the patient should be treated as if ventricular 

tachycardia is present. Immediate direct current (DC) cardioversion is 

the treatment for any hemodynamically unstable tachycardia.

ATRIOVENTRICULAR NODAL  
REENTRY TACHYCARDIA

Mechanism
In AV nodal reentry tachycardia, there are two functionally and ana-

tomically different pathways within the AV node: one is characterized 

by a short effective refractory period and slow conduction, and the 

other has a longer effective refractory period and faster conduction. In 

sinus rhythm, the atrial impulse that depolarizes the ventricles usually 

conducts through the fast pathway. If the atrial impulse (e.g., an atrial 

premature beat) occurs early, when the fast pathway is still refractory, 

the slow pathway takes over in propagating the atrial impulse to the 

ventricles; the impulse then travels back through the fast pathway, 

which by then has recovered its excitability, thus initiating the most 

common “slow-fast,” or typical, AV nodal reentry tachycardia.

Electrocardiographic Presentation
In sinus rhythm, the ECG is usually normal unless other unrelated 

abnormalities are present. During AV nodal reentry tachycardia, the 

rhythm is regular, with narrow QRS complexes and a rate of 140–250 

beats per minute. The atria are activated retrogradely, producing in-

verted P waves in leads II, III, and aVF. Because atrial and ventricular 

depolarization occur simultaneously, the P waves are often obscured 

AV node

Sinus node

   AV node
reentry

tachycardia
20%

Atrial flutter and
fibrillation 30%

Accelerated
AV junctional
rhythm 1%

Sinus
tachycardia 35%

Atrial
tachycardia

4%

AV reentry
tachycardia
10%

Fig. 71.1 Supraventricular tachyarrhythmias encountered in the 

emergency setting. AV, Atrioventricular.

Narrow QRS
complex (<120 ms)

Regular

P wave
visible

P:QRS >1 P:QRS = 1

P wave
invisible

AVNRT

AVNRT

Irregular

AVRT
Atypical AVNRT
Atrial tachycardia

Short RP
interval

(<70 ms)

Long RP
interval

(>70 ms)

Atrial flutter
Atrial tachycardia

Atrial fibrillation
Atrial flutter with variable AV block
Atrial tachycardia with variable AV
  block
Multifocal atrial tachycardia

Fig. 71.2 Differential diagnosis for narrow QRS complex (presumably supraventricular) tachycardias. 

Note that ventricular tachycardia may present with narrow QRS complexes (e.g., fascicular tachycardia). AV, 

Atrioventricular; AVNRT, atrioventricular nodal reentry tachycardia; AVRT, atrioventricular reentry tachycardia.
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by the QRS complexes and cannot be detected on the surface ECG 

(Fig. 71.4A). However, in about one-third of cases of slow-fast AV 

nodal reentry tachycardia, a terminal positive deflection may be pres-

ent in lead aVR or V1 (or both), imitating right bundle branch block, 

or pseudo-S waves may be noted in the inferiorly oriented leads; these 

findings reflect retrograde activation of the atria. Tachycardia using 

these pathways in reverse (“fast-slow,” or long RP, tachycardia) is less 

common, occurring in 5%–10% of cases.

ATRIOVENTRICULAR REENTRY TACHYCARDIA

Accessory Pathways
AV reentry tachycardia occurs as a result of an anatomically distinct AV 

connection termed an accessory pathway, produced by incomplete 

separation of the atria and ventricles during fetal development. The 

most common AV accessory pathway (often called a Kent bundle) is 

located around the mitral or tricuspid annulus. In about 10% of cases, 

there are multiple pathways.

Accessory pathways are capable of conduction in either or both 

directions. Accessory pathways that are capable of antegrade conduc-

tion are referred to as manifest, demonstrating a delta wave during si-

nus rhythm when the atrial impulses conduct over the accessory 

pathway without encountering AV delay. The PR interval is short 

(,120 ms), and the QRS complex is wide; this occurs because the 

atrial impulse enters nonspecialized ventricular myocardium, and de-

polarization progresses slowly at first, giving rise to the delta wave be-

fore it is overtaken by a depolarization wavefront propagating via the 

normal conduction tissue. An accessory pathway that is capable of only 

retrograde conduction is termed concealed and does not produce a 

short PR interval or delta wave during sinus rhythm.

Mechanism and Electrocardiographic Presentation
The reentry circuit of orthodromic AV reentry tachycardia involves the 

AV node and an accessory pathway, with the impulses conducting from 

Broad QRS
complex (≥120 ms)

Antidromic
AVRT

Typical LBBB
or RBBB

Atypical BBB,
criteria for
aberrancy*
not seen

Assess QRS
morphology

Regular

No AV
dissociation

Yes,
P:QRS <1

Ventricular
tachycardia

Yes,
P:QRS >1

AV
dissociation

Probably
SVT

Probably
VT

Irregular

Atrial flutter
Atrial tachycardia

Atrial fibrillation in WPW syndrome
Atrial fibrillation with BBB
Atrial fibrillation with aberrancy
Atrial flutter with variable AV block or
Atrial tachycardia with variable AV block
  with BBB or aberrancy

Fig. 71.3 Differential diagnosis for wide QRS complex tachycardias. AV, Atrioventricular; AVRT, atrioven-

tricular reentry tachycardia; BBB, bundle branch block; LBBB, left bundle branch block; RBBB, right bundle 

branch block; SVT, supraventricular tachycardia; VT, ventricular tachycardia; WPW, Wolff-Parkinson-White. 

*Criteria for aberrancy: rate dependency, triphasic QRS complexes, rSR in V1 with R ., QRS width ,140 ms, 

QRS deflections are discordant in precordial leads, absence of fusion complexes and capture beats.

BA

DC

pppp

Fig. 71.4 A, Atrioventricular nodal reentry tachycardia, slow-fast type. 

Note narrow QRS complexes and absence of P waves. B, Atrioventricu-

lar reentry orthodromic tachycardia. Retrograde inverted P waves follow 

QRS complexes in leads II, III, and aVF. C, Atrioventricular reentry anti-

dromic tachycardia with wide QRS complexes. Electrocardiogram dur-

ing sinus rhythm with a QRS complex morphology identical to that seen 

during tachycardia may be helpful in the diagnosis. D, Atrial fibrillation in 

preexcitation syndrome with a fast ventricular rate response.
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the atria to the ventricles over the AV node and traveling in the reverse 

direction through the accessory pathway (see Fig. 71.4B). In antidromic 

AV reentry tachycardia, the reentrant impulses conduct antegradely 

from the atria to the ventricles via an accessory pathway and retro-

gradely via the AV node or a second accessory pathway (see Fig. 71.4C). 

Antidromic AV reentry tachycardia is uncommon (,10% of cases). 

Atrial fibrillation is usually encountered in patients with antegradely 

conducting pathways (see Fig. 71.4D).

Acute Management
In an emergency, distinguishing between AV nodal reentry tachycardia 

and AV reentry tachycardia may be difficult, but it is usually not critical 

because both tachycardias respond to the same treatment. If the pa-

tient is hemodynamically stable, vagal maneuvers, including carotid 

sinus massage, the Valsalva maneuver, and facial immersion in cold 

water (diving reflex), can terminate tachycardia in about 50% of pa-

tients (Box 71.1).3 Commercially available gel packs can be used as 

cold compresses instead of facial immersion, but the most important 

elements are wet nostrils and breath-holding.

Pharmacologic Termination
AV blocking agents, such as adenosine, verapamil, diltiazem, and beta-

blockers, are effective in terminating both AV nodal reentry and AV 

reentry tachycardia (Table 71.1).1

Adenosine

Intravenous (IV) adenosine is effective in diagnosing, slowing the rate, 

and often terminating narrow-complex tachycardias. Adenosine usu-

ally terminates AV nodal reentry tachycardia and AV reentry tachycar-

dia but rarely interrupts the atrial flutter circuit and does not suppress 

automatic atrial tachycardia; it can, however, produce high-degree AV 

block during which the tachycardia persists (Fig. 71.5). It has no effect 

on most ventricular tachycardias. Adenosine is advantageous com-

pared with verapamil because of its rapid onset and absence of a 

BOX 71.1 Vagal Maneuvers to Terminate 
Tachycardia

Carotid Sinus Massage

Ensure that there is no significant carotid artery disease (carotid bruits).

Monitor the electrocardiogram continuously.

Place the patient in the supine position with the head slightly extended.

Start with right carotid sinus massage.

Apply firm rotatory or steady pressure to the carotid artery at the level of the 

third cervical vertebra for 5 seconds.

If no response, massage the left carotid sinus.

Generally, right carotid sinus massage decreases sinus node discharge, and 

left carotid sinus massage slows atrioventricular conduction.

Do not massage both carotids at the same time.

A single application of carotid sinus pressure is effective in about 20%–30% 

of patients with paroxysmal supraventricular tachycardias; multiple appli-

cations terminate tachycardia in about 50% of patients.

Asystole is a potential but rare complication.

Valsalva Maneuver

Valsalva maneuver involves an abrupt voluntary increase in intrathoracic and 

intraabdominal pressures by straining.

Monitor the electrocardiogram continuously.

Place the patient in the supine position.

The patient should not take a deep inspiration before straining.

Ideally, the patient blows into a mouthpiece of a manometer against a pres-

sure of 30–40 mm Hg for 15 seconds.

Alternatively, the patient strains for 15 seconds while breath-holding.

Transient acceleration of tachycardia usually occurs during the strain phase as 

a result of sympathetic excess.

On release of strain, the rate of tachycardia slows because of the compensa-

tory increase in vagal tone (baroreceptor reflex); it may terminate in about 

50% of patients.

Termination of tachycardia may be followed by pauses and ventricular ectopics.

TABLE 71.1 Acute Pharmacologic Rate Control in Atrial Tachyarrhythmias

Drug

Route of  

Administration Dose Onset Potential Adverse Effects

Verapamil Intravenous 5–10 mg (0.075–0.15 mg/kg) over 2 min; if no response,  

additional 5–10 mg after 15–30 min; 3–10 mg every 4–6 h for rate 

control

3–5 min Hypotension, bradycardia, heart block, 

possible deterioration of ventricular 

function in the presence of organic 

heart disease

Diltiazem Intravenous 0.25 mg/kg over 2 min; if no response, additional 0.35 mg/kg  

after 15–30 min; followed by 5–15 mg/h infusion for rate  

control

2–7 min

Esmolol Intravenous 0.5 mg/kg over 1 min, followed by 0.05–0.2 mg/kg/min for 4 min;  

if no response after 5 min, 0.5 mg/kg for 1 min, followed by 0.1 

mg/kg for 4 min; infusion 0.05–0.2 mg/kg/min for rate control

2–3 min Hypotension, bradycardia, heart block, 

possible deterioration of ventricular 

function in the presence of organic 

heart disease

Metoprolol Intravenous 2.5–5 mg over 2 min followed by repeat doses if necessary  

(total 10–15 mg)

5 min

Atenolol Intravenous 2.5 mg over 2 min, followed by repeat doses if necessary  

(total 10 mg) or infusion 0.15 mg/kg for 20 min

5–10 min

Propranolol Intravenous 1 mg over 1 min (total 10–12 mg; 0.15 mg/kg) 5 min

Digoxin Intravenous 0.5–1 mg, followed by 0.25 mg every 2–4 h (maximum, 1.5 mg) 30–60 min Bradycardia, atrioventricular block, atrial 

arrhythmias, ventricular tachycardia

Intravenous amiodarone can also be effective for rate control, especially in patients with poor left ventricular function, but there is insufficient  

evidence to support this recommendation. The rate-slowing effect of amiodarone is usually delayed by 1–2 hours.
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negative inotropic effect in patients with poor left ventricular function 

and those with significant hypotension.

Adenosine is administered as a very rapid 3- to 6-mg IV bolus; if 

this is ineffective, another 6- to 12-mg bolus can be given 2–5 minutes 

later. Adenosine is metabolized very quickly, with an effective half-life 

of 10 seconds. Adverse effects, including dyspnea, facial flushing, and 

chest tightness, are therefore short-lived, but in about 12% of patients, 

adenosine may shorten the atrial effective refractory period and pro-

voke atrial flutter or fibrillation or accelerate conduction over the ac-

cessory pathway and produce a rapid ventricular response. In a pro-

portion of patients, ventricular premature beats and nonsustained 

ventricular tachycardia may occur after the successful termination of 

the SVT.4 Some individuals, particularly heart transplant recipients, 

are unusually sensitive to adenosine and require a lower dose (1 mg).

Verapamil and Diltiazem

Verapamil is administered as a 5- to 10-mg IV bolus over 2 minutes, 

and the effect on the tachycardia should occur in 5–10 minutes. If 

necessary, a second bolus of 10 mg can be given 30 minutes after the 

initial dose. Vagal maneuvers can be effective at this stage. Verapamil 

should not be used for wide-complex tachycardias. IV verapamil is 

contraindicated in patients with poor left ventricular function or heart 

failure, and it should not be administered after pretreatment with oral, 

or especially IV, beta-blockers. It should not be used for atrial fibrilla-

tion associated with preexcitation syndrome because it may result in 

acceleration of conduction over an antegradely conducting accessory 

pathway (especially with a short effective refractory period), resulting 

in a rapid ventricular response and ventricular fibrillation. Diltiazem 

is an alternative to verapamil, but diltiazem has been associated  

with lower effective rates. Diltiazem has the same contraindications as 

verapamil.

DC cardioversion or pharmacologic conversion with IV ibutilide, 

propafenone, or flecainide is appropriate for termination of atrial  

fibrillation with preexcitation.

Beta-Blockers

Among beta-blockers, esmolol, administered as an IV infusion at a rate 

of 50–200 mg/kg/min, is the agent of choice because of its rapid onset. 

More readily available IV metoprolol, atenolol, and propranolol can 

also be considered (see Table 71.1). Excessive bradycardia caused by AV 

node–blocking agents can be countered with IV injection of atropine 

0.6–2.4 mg in divided doses of 0.6 mg.

Other Antiarrhythmic Agents

Because adenosine, verapamil, diltiazem, and beta-blockers are so 

highly effective in terminating AV nodal reentry tachycardia and AV 

reentry tachycardia, specific antiarrhythmic drugs such as propafe-

none, flecainide, sotalol, ibutilide, and amiodarone are seldom needed 

in the acute setting. Digoxin is not useful because it is often ineffective 

and may facilitate conduction over the accessory pathway, shorten the 

atrial effective refractory period, and promote atrial fibrillation.

Atrial Pacing
In patients with implantable devices, antitachycardia pacing functions 

can be used to terminate the arrhythmia. However, there is also a risk 

of inducing atrial fibrillation with a rapid ventricular response in a 

patient with an antegradely conducting accessory pathway.

Long-Term Management
Patients with AV nodal reentry tachycardia and AV reentry tachycardia 

should be referred to a cardiologist for electrophysiologic evaluation 

and long-term management. Both pharmacologic and nonpharmaco-

logic alternatives, including ablation of an accessory pathway, are 

widely available.

ACCELERATED ATRIOVENTRICULAR RHYTHM

Accelerated AV rhythm is produced by abnormal automaticity in the 

AV node. It is a narrow QRS complex tachycardia (unless bundle 

branch block is present), with a ventricular rate ranging from 70 to 250 

beats per minute. AV dissociation is also present because the atria are 

activated normally by the sinus node impulse, whereas the ventricles 

are depolarized from an accelerated junctional site (Fig. 71.6). This 

arrhythmia is commonly the result of digitalis toxicity, and drug with-

drawal is the usual therapy. If the rate of the AV node pacemaker is not 

fast, atropine can be given to increase the sinus node discharge rate 

until the sinus node resumes its dominance.

ATRIAL FIBRILLATION AND ATRIAL FLUTTER

Atrial fibrillation with a fast ventricular response is the most com-

mon supraventricular arrhythmia encountered in the emergency 

department in both younger adults with first-onset arrhythmia and 

older patients presenting with decompensation. Atrial flutter shares 

these clinical presentations and requires similar initial therapy.  

The acute management of both arrhythmias is therefore considered 

together.

B

A

C

Fig. 71.5 A, Adenosine usually terminates atrioventricular reentry 

tachycardias. B and C, It rarely interrupts the atrial flutter circuit or sup-

presses automatic focal atrial tachycardia, but produces high-degree 

atrioventricular block during which the tachycardia persists.

Fig. 71.6 Accelerated junctional rhythm with independent sinus 

node activity.
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Atrial Flutter
Mechanism
Classification of atrial flutter is based on the ECG presentation and 

electrophysiologic mechanisms. The most common type is typical 

isthmus-dependent atrial flutter. Incisional reentry atrial flutter occurs 

after surgical correction for congenital heart disease. There are also 

various forms of atypical flutters, such as atypical right atrial isthmus-

dependent flutter (double-wave and lower loop reentry) and left atrial 

flutter, in which the circuit contains the pulmonary vein or mitral valve 

annulus.5

Typical, or isthmus-dependent, atrial flutter involves a macroreen-

trant right atrial circuit around the tricuspid annulus. The wavefront 

circulates down the lateral wall of the right atrium, through the eusta-

chian ridge between the tricuspid annulus and the inferior vena cava, 

and up the interatrial septum, giving rise to the most frequent pattern, 

referred to as counterclockwise flutter. Reentry can also occur in the 

opposite direction (clockwise or reverse flutter).

Electrocardiographic Presentation

Atrial flutter is usually an organized atrial rhythm with an atrial rate 

typically between 250 and 350 beats per minute. In the more common 

counterclockwise flutter, F waves are negative in leads II, III, aVF, and 

V5–6 and positive in leads V1–2 (Fig. 71.7A). Clockwise atrial flutter is 

typically characterized by positive F waves in leads II, III, and aVF and 

negative waves in leads V1–2.

Treatment with propafenone, flecainide, and amiodarone to pre-

vent recurrent atrial fibrillation without adding an AV-blocking agent 

(beta-blocker or nondihydropyridine calcium antagonist) can orga-

nize the arrhythmia into typical atrial flutter with AV conduction of 

1:1 or 2:1, producing a ventricular rate response of 150 beats per min-

ute or higher (see Fig. 71.7B). The probability of 1:1 conduction is 

increased in the presence of an accessory pathway with a short effective 

refractory period.

Long-Term Management

The precise mechanism of atrial flutter is important for long-term 

management (e.g., catheter ablation) but has little influence on the 

initial approach. Patients with all types of atrial flutter should be re-

ferred for electrophysiologic evaluation with a view to ablation. Atrial 

fibrillation may develop even after successful ablation, and the patient 

should be followed up carefully.

Atrial Fibrillation
Electrocardiographic Presentation
Atrial fibrillation is defined as rapid oscillations or fibrillatory F waves 

that vary in size, shape, and timing (see Fig. 71.7C). The ventricular 

response rate is variable and depends on the rate and regularity of atrial 

activity, the refractory properties of the AV node itself, and the balance 

between sympathetic and parasympathetic tone. RR intervals are irreg-

ular unless the patient has complete AV block or a paced rhythm.

Classification

The clinical classification of atrial fibrillation includes first detected, 

paroxysmal (up to 7 days), persistent (more than 7 days), long-standing 

persistent (.1 year), and permanent (accepted) forms of the arrhyth-

mia. Classification is essential for deciding between rhythm restoration 

and rate control. First-onset atrial fibrillation, if the duration of the 

episode is less than 48 hours, is a clear indication to restore sinus 

rhythm by either electrical or pharmacologic means. Because atrial fi-

brillation may be asymptomatic, the “first detected episode” should not 

be regarded as necessarily the true onset of the arrhythmia, in which 

case formal anticoagulation (see later discussion) and rate control may 

be preferred. Persistent or permanent atrial fibrillation should be 

treated initially by rate control and anticoagulation when appropriate.

Long-Term Management

Recognition of the pulmonary veins as the source of atrial premature 

beats or rapid atrial tachycardia that triggers atrial fibrillation or drives 

the atria prompted the development of ablation techniques that may 

“cure” the arrhythmia. In symptomatic permanent or persistent atrial 

fibrillation, AV node ablation and permanent pacing are effective in 

rate and symptom control. Any patient with first-onset or recurrent 

atrial fibrillation should be referred to a cardiologist for long-term 

management.

Acute Management

Acute therapy for atrial flutter and atrial fibrillation depends on the 

clinical presentation. Emergency electrical cardioversion is indicated 

for patients with hemodynamic collapse and progressively deteriorat-

ing left ventricular systolic function.

Direct Current Cardioversion

Atrial flutter can be converted with DC shock energy as low as 25–50 

J, but because a 100-J shock is virtually always successful, it should be 

considered as the initial shock strength. In recent-onset atrial fibrilla-

tion, sinus rhythm can be restored by a shock of 100 J, but it is gener-

ally recommended that cardioversion be started with an initial shock 

energy level of 200 J or greater. In patients with an arrhythmia of un-

known duration, heavier individuals, and those with chronic obstruc-

tive lung disease and pulmonary emphysema, an initial setting of 

300–360 J is appropriate. Success may occur on the third or subsequent 

attempt at an intensity that initially proved ineffective.

Rate Control

Rate control is pertinent to all atrial tachyarrhythmias, particularly if 

restoration of sinus rhythm is deferred. IV verapamil, diltiazem, and 

III VI

C

B

A

Fig. 71.7 A, Typical counterclockwise atrial flutter. F waves are negative 

in leads II, III, aVF, and V5–6 and positive in leads V1–2. B, Atrial flutter with 

1:1 atrioventricular conduction and a ventricular rate of 270 beats per 

minute in a patient treated with flecainide. C, Atrial fibrillation with fast, 

uncontrolled ventricular rate.
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beta-blockers can rapidly control the ventricular response rate in atrial 

fibrillation2 (see Table 71.1), but their efficacy may be less in atrial flut-

ter. The decrease in the ventricular rate (approximately 20%–30%), 

time to maximal effect (20–30 minutes), conversion rate (12%–25%), 

and adverse reactions (usually hypotension and bradycardia, although 

left ventricular dysfunction and high-degree heart block may also oc-

cur) are reportedly similar with both classes of drugs. Beta-blockers are 

preferable if thyrotoxicosis is suspected as a cause of the arrhythmia.

IV digoxin is no longer the treatment of choice when rapid rate 

control is essential because of the delayed onset of its therapeutic effect 

(.60 minutes). However, because of its positive inotropic action, 

digoxin may be safer to use in patients with poor ventricular function 

and moderately fast ventricular rates. Digoxin may convert flutter to 

fibrillation, in which rate control is easier to accomplish.

There is evidence that IV amiodarone may be effective in rate  

control when other AV node–blocking agents have no effect on the 

ventricular response or are contraindicated.

Pharmacologic Cardioversion

If the arrhythmia is hemodynamically stable and of recent onset, phar-

macologic cardioversion can be effective.

Flecainide and propafenone. Pharmacologic cardioversion of atrial 

fibrillation can be accomplished with the IC class of antiarrhythmic 

drugs—flecainide or propafenone—administered orally as a single 

dose of 300 or 600 mg, respectively (Table 71.2).2 Placebo-controlled 

randomized studies show an efficacy rate of 60%–80% between the 

third and eighth hour after drug ingestion. Both oral and IV routes of 

administration are equally effective, although with IV injection, resto-

ration of sinus rhythm can be achieved more quickly.

Flecainide is given as a slow IV injection of 2 mg/kg over 10– 30 

minutes, up to the maximum dose of 150 mg. Propafenone is admin-

istered as a slow IV injection of 1.5–3 mg/kg, up to 300–600 mg. Be-

cause these drugs can significantly slow the atrial rate (from 300–350 

beats/min to 200 beats/min), which may result in 1:1 AV conduction, 

beta-blockers or calcium antagonists with negative dromotropic ef-

fects on AV node conduction (verapamil, diltiazem) should be used 

concomitantly. Other cardiovascular effects include reversible QRS 

widening and (rarely) left ventricular decompensation. Because of 

their negative inotropic effects, flecainide and propafenone are contra-

indicated in patients with severe structural heart disease and a poor 

ejection fraction.

Class IC drugs are usually ineffective for the conversion of atrial 

flutter because they slow conduction within the reentrant circuit and 

prolong the flutter cycle length but rarely interrupt the circuit. These 

drugs pose the risk of increased (e.g., 2:1 or 1:1) AV conduction. Re-

ported efficacy rates are as low as 13%–40% with IV flecainide and 

propafenone.

Ibutilide. The class III agent ibutilide is administered intravenously 

as a 10-minute injection of 1–2 mg and is particularly effective in termi-

nating atrial flutter, with a success rate of about 60%. Its administration 

may be associated with excessive QT interval prolongation, however, 

because of rapid delayed rectifier potassium current (IKr) blockade, 

which may increase the risk of torsades de pointes. It is less effective in 

atrial fibrillation. Higher doses of ibutilide administered as two succes-

sive infusions of 1 mg are usually required to terminate fibrillation. The 

advantage of ibutilide is that it may be effective in the conversion of ar-

rhythmias of up to 30 days’ duration, but the success rate drops signifi-

cantly to 20%–30%. The safety of ibutilide in patients with poor left 

ventricular function is unknown.

Amiodarone. Amiodarone administered intravenously at a dose of 

5 mg/kg for 1 hour, followed by an infusion of 20 mg/kg over 24 hours, 

is effective in converting both atrial fibrillation and flutter, but the ef-

fect is significantly delayed.6,7 However, because of its ability to control 

the ventricular rate, low likelihood of torsades de pointes, and absence 

of a negative inotropic effect, amiodarone can be used safely in pa-

tients with significant structural heart disease and those who are criti-

cally ill.

Procainamide and sotalol. Procainamide administered as a slow IV 

injection of 1000 mg over 20–30 minutes, followed, if necessary, by an 

infusion of 2 mg/min over 1 hour, converts atrial flutter or fibrillation 

of less than 48 hours’ duration, but its efficacy is limited in longer-

lasting arrhythmias. It is less effective than propafenone, flecainide, 

and ibutilide.

Sotalol is not indicated for the pharmacologic cardioversion of atrial 

flutter or fibrillation because its efficacy does not exceed 11%–13%; 

however, it may satisfactorily control the ventricular rate.

Vernakalant. This drug is given by a short IV infusion (3 mg/kg 

over 10 minutes). If after a 15-minute waiting period the arrhythmia 

persists, a second infusion of 2 mg/kg may be given over 10 minutes. 

In recent-onset (,72 hours) atrial fibrillation, about 50% of cases will 

terminate on average 12 minutes from the start of the first infusion. 

Vernakalant may be given to patients with underlying structural heart 

TABLE 71.2 Antiarrhythmic Drugs for Pharmacologic Conversion of Atrial Tachyarrhythmias

Drug

Route of  

Administration Dose Potential Adverse Effects

Flecainide Oral or intravenous Loading oral dose 200–300 mg or slow injection 

1.5–2 mg/kg over 10–20 min; if no response, infusion  

1.5 mg/kg for 1 h, then 0.1–0.25 mg/kg over 24 h

Rapidly conducted atrial flutter, possible deterioration 

of ventricular function in the presence of organic 

heart disease, monomorphic ventricular tachycardia

Propafenone Oral or intravenous Loading oral dose 450–600 mg or 1.5–2 mg/kg over 

10–20 min, followed by infusion 5–10 mg/kg if needed

Ibutilide Intravenous 1 mg over 10 min; if no response, additional 1 mg QT prolongation, torsades de pointes, hypotension

Amiodarone Intravenous (preferably  

central line)

5–7 mg/kg over 30–60 min, followed by infusion  

20 mg/kg for 24 h (total 1200–1800 mg)

Hypotension, bradycardia, QT prolongation, torsades 

de pointes (?), gastrointestinal upset, constipation, 

phlebitis

Procainamide Intravenous 1000 mg over 30 min, followed by 2 mg/min infusion QRS widening, torsades de pointes, rapid atrial flutter

Vernakalant Intravenous 3 mg/kg over 10 min; after 15-min break, 2 mg/kg unless  

arrhythmia terminated

Hypotension, postfibrillation bradycardia
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therefore has the potential to greatly simplify cardioversion-related an-

ticoagulation therapy in low-risk individuals. Postcardioversion antico-

agulation should be considered if atrial fibrillation has been present for 

48 hours or more, or if thromboembolic risk factors are present.9,12

ATRIAL TACHYCARDIA

Mechanism
The mechanism of atrial tachycardia is attributed to enhanced auto-

maticity, triggered activity, or intraatrial reentry. Macroreentrant atrial 

tachycardia often occurs after surgery for congenital heart disease. Fo-

cal atrial tachycardia typically originates along the crista terminalis in 

the right atrium, in the pulmonary veins entering the left atrium, or 

around one of the atrial appendages.

Electrocardiographic Presentation
The heart rate varies from 120 to 250 beats per minute, P waves pre-

cede the QRS complexes, and PP intervals are regular (see Fig. 71.5B). 

The PR interval is linked to the rate of the tachycardia and is longer 

than in sinus rhythm at the same rate. P-wave morphology is usually 

different from that observed during sinus rhythm and depends on the 

site of origin. Left atrial tachycardia presents with negative P waves in 

leads I, aVL, V5, and V6. Automatic atrial tachycardia may present as an 

incessant variety, leading to tachycardia-induced cardiomyopathy.

Atrial Tachycardia With Atrioventricular Block
Tachycardia with AV block occurs commonly in patients with organic 

heart disease, and in 50%–75% of cases, it results from digitalis toxicity 

(Fig. 71.9). Digoxin-specific antibody fragments are available for the 

reversal of life-threatening overdosage.

Multifocal Atrial Tachycardia
This tachycardia presents as rapid, irregular atrial activity with discrete 

P waves of varying morphology and is considered a transitional 

rhythm between atrial tachycardia and fibrillation. However, it may 

occur in patients with chronic severe pulmonary disease as a result of 

theophylline or beta-agonist overdose. Elimination of the causative 

factor may reduce the need for antiarrhythmic therapy. IV verapamil 

can accomplish rate control.

Acute Management
DC cardioversion converts atrial tachycardia based on the reentry 

mechanism or triggered activity, but it may not terminate automatic 

tachycardia. Similarly, atrial overdrive pacing may slow the tachycardia 

rate but seldom suppresses the automatic focus.

It is generally accepted that beta-blockers and calcium antagonists, 

particularly verapamil, can either terminate the tachycardia or produce 

rate control. Adenosine can terminate atrial tachycardia, but the most 

common response to adenosine is to create AV block and thereby re-

veal the unaffected tachycardia (see Fig. 71.5B and C).

Flecainide, propafenone, sotalol, and amiodarone are effective in 

converting atrial tachycardia. If the arrhythmia occurs as a result of 

digitalis intoxication, therapy includes the cessation of digoxin and IV 

administration of potassium.

disease but not to patients with grades II/IV congestive heart failure. 

Proarrhythmia effects are uncommon, but hypotension and postter-

mination bradycardia may occur.8

The choice of an antiarrhythmic agent for cardioversion is illus-

trated in Fig. 71.8.

Atrial Pacing

Burst overdrive atrial pacing can terminate atrial flutter in about 80% 

of cases and is feasible after cardiac surgery, when patients frequently 

have epicardial atrial pacing wires, or in patients with implantable 

dual-chamber pacemakers and defibrillators. High-frequency (50 Hz 

or 3000 beats/min) atrial pacing is available in some of the latest mod-

els for the termination of early-onset atrial fibrillation, but its efficacy 

has not yet been established. Atrial burst overdrive pacing may induce 

sustained atrial fibrillation, although short periods of fibrillation often 

precede conversion to sinus rhythm.

Anticoagulation
Anticoagulation is imperative if the arrhythmia persists for more than 

24–48 hours or if its duration is unknown. Atrial flutter and atrial fi-

brillation pose similar risks of thromboembolism, and the same criteria 

for anticoagulation should be applied in patients with either arrhyth-

mia. In hemodynamically stable arrhythmias of more than 48 hours or 

of unknown duration, rate control and 3 weeks of anticoagulation with 

warfarin (international normalized ratio 2.0–3.0) should be considered 

before any intervention (electrical or pharmacologic cardioversion, 

catheter ablation).9

Transesophageal Echocardiography–Guided 
Cardioversion
If, for any reason, deferral of cardioversion is not indicated, the trans-

esophageal echocardiography–guided approach, with short-term anti-

coagulation using low-molecular-weight heparin, is a safe and effective 

alternative.10 It may be clinically beneficial in patients with recent-onset 

arrhythmias or in individuals at high risk of bleeding complications 

during prolonged anticoagulation therapy.11 Compared with unfrac-

tionated heparin, low-molecular-weight heparin therapy does not in-

volve prolonged IV administration or laboratory monitoring and 

Recent-onset AF
(<48 hours)

Hemodynamic
instability

VernakalantAmiodarone

DC cardioversion Structural heart disease

CHF II/IV IV flecainide or
IV propafenone

IV ibutilide

Yes No

Yes No

Yes No

Fig. 71.8 Choice of antiarrhythmic for pharmacologic cardiover-

sion of atrial fibrillation. AF, Atrial fibrillation; CHF, congestive heart 

failure; DC, direct current; IV, intravenous.

Fig. 71.9 Atrial tachycardia with varying atrioventricular block 

caused by digitalis toxicity.
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tients at risk of thromboembolism. It contains a complete review of the evi-

dence base for anticoagulation in atrial fibrillation.

Blomström-Lundvist C, Scheiman MM, Aliot EM, et al. ACC/AHA/ESC 

guidelines for the management of patients with supraventricular arrhyth-

mias—executive summary. A report of the American College of Cardiol-

ogy/American Heart Association Task Force on Practice Guidelines and 

the European Society of Cardiology Committee for Practice Guidelines 

(Writing Committee to develop guidelines for the management of patients 

with supraventricular arrhythmias). J Am Coll Cardiol. 2003;42:1493–1531.

These practice guidelines describe a range of generally accepted approaches to 

the diagnosis and management of supraventricular tachyarrhythmias (ex-

cluding atrial fibrillation) and provide insight into the multiple mechanisms 

defined by electrophysiologic studies, with a focus on both acute and long-

term therapies.

Camm AJ. Atrial fibrillation: Is there a role for low-molecular-weight heparin? 

Clin Cardiol. 2001;24:I15–I19.

This review paper summarizes evidence emerging from clinical studies that 

clearly supports both the use of transesophageal echocardiography–based 

cardioversion protocols and the introduction of low-molecular-weight heparin 

for anticoagulation in atrial fibrillation. Clinical settings in which low-

molecular-weight heparin may offer advantages over unfractionated heparin 

and warfarin are discussed.

Fuster V, Rydén LE, Asinger RV, et al. Task force report: ACC/AHA/ESC guide-

lines for the management of patients with atrial fibrillation. Eur Heart J. 

2001;22:1852–1923.

These guidelines incorporate a comprehensive review of the latest information 

about the classification, epidemiology, mechanisms, and clinical presentations 

of atrial fibrillation. Practical approaches to acute and long-term manage-

ment of this arrhythmia are discussed at length. An extensive list of references 

covers various aspects of atrial fibrillation.

Mehta D, Wafa S, Ward DE, et al. Relative efficacy of various physical manoeu-

vres in the termination of junctional tachycardia. Lancet. 1988;1:1181–1185.

This paper compares the ability of four vagotonic physical maneuvers to ter-

minate paroxysmal supraventricular tachycardias that involve the AV node as 

part of their reentrant circuits. It shows that these tachycardias can be termi-

nated without resorting to pharmacologic therapy in more than half of pa-
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KEY POINTS

• SVT is characterized by narrow QRS complexes, but differentiating SVT from 

ventricular tachycardia may be necessary when bundle branch block, rate-

dependent aberrancy, and antidromic AV reentry tachycardia are present.

• If the diagnosis of SVT cannot be proved, the arrhythmia should be treated 

as ventricular tachycardia.

• Immediate DC cardioversion is the treatment for any hemodynamically un-

stable tachycardia.

• In hemodynamically stable paroxysmal junctional tachycardias (AV nodal 

reentry tachycardia and AV reentry tachycardia), vagotonic maneuvers 

should be tried first because they may terminate tachycardia in about 50% 

of patients without the need to resort to pharmacologic therapy.

• IV adenosine, verapamil, and esmolol are first-line drug therapies for paroxys-

mal junctional tachycardias, but adenosine and verapamil should not be used 

for wide-complex tachycardias and atrial fibrillation with preexcitation.

• DC cardioversion or pharmacologic conversion with IV ibutilide or flecainide 

is appropriate for the termination of atrial fibrillation associated with pre-

excitation syndrome.

• IV verapamil, diltiazem, esmolol, metoprolol, and propranolol can rapidly 

accomplish rate control in atrial fibrillation but may be less effective in 

atrial flutter.

• Beta-blockers are preferable in atrial fibrillation associated with thyrotoxicosis.

• Pharmacologic cardioversion of atrial fibrillation in the absence of severe 

underlying heart disease can be attained using oral or IV flecainide or 

propafenone, vernakalant, and IV ibutilide, but the last is more effective in 

atrial flutter.

• Propafenone, flecainide, and vernakalant may result in atrial flutter with 

slow atrial rates and 2:1 or 1:1 AV conduction; verapamil, diltiazem, or beta-

blockers should be available to treat this complication. Ibutilide can signifi-

cantly prolong the QT interval and cause polymorphic ventricular tachycar-

dia that, if sustained, may require DC cardioversion.

• IV amiodarone should be considered as first-line drug therapy in patients 

with severely impaired left ventricular function.

• Accelerated AV rhythm and atrial tachycardia with AV block commonly oc-

cur as a result of digitalis toxicity; digitalis withdrawal is the usual therapy.

• Anticoagulation is indicated if atrial fibrillation or flutter persists for more 

than 48 hours or if the duration is unknown; anticoagulation and rate control 

should be the initial therapy in these patients.

• An alternative approach is transesophageal echocardiography, to exclude 

the presence of atrial thrombi or dense spontaneous echocontrast, and 

short-term anticoagulation with low-molecular-weight heparin, followed by 

DC or pharmacologic cardioversion.

• Patients with paroxysmal junctional tachycardias, atrial tachycardia, atrial 

flutter, and first-onset or recurrent atrial fibrillation should be referred to a 

cardiac electrophysiologist/cardiologist for assessment and long-term man-

agement planning; effective nonpharmacologic therapies are available for 

these arrhythmias.

Long-Term Management
Patients with atrial tachycardia should be referred to a cardiologist 

because the arrhythmogenic focus can be found and ablated in up to 

86% of cases.

INAPPROPRIATE SINUS TACHYCARDIA

Inappropriate sinus tachycardia is a persistent increase in resting heart 

rate unrelated or out of proportion to the level of physical or  

emotional stress. It is found predominantly in women and is not un-

common in health professionals. Sinus tachycardia caused by intrinsic 

 References for this chapter can be found at expertconsult.com.

sinus node abnormalities such as enhanced automaticity or abnormal 

autonomic regulation of the heart, with excess sympathetic and re-

duced parasympathetic input, is not unusual. The main therapy is 

beta-blockers, although ivabradine, a drug that blocks the main cur-

rent responsible for diastolic depolarization in the sinus node, is being 

increasingly used in Europe.13 In general, sinus tachycardia is a sec-

ondary phenomenon, and the underlying cause should be actively  

investigated. Depending on the clinical setting, acute causes include 

fever, hypotension, infection, anemia, thyrotoxicosis, hypovolemia, 

acute heart failure, acute pulmonary embolism, and shock. Sinus 

tachycardia may be associated with the abuse of drugs such as  

amphetamines.
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Ventricular Arrhythmias
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rectifier (IK1). Because this K1 channel is open at rest, it “anchors” the 

membrane potential to a voltage close to the K1 equilibrium potential. 

Because of its inward rectification properties, IK1 is turned off during 

depolarization, which is critical for maintaining the action potential 

duration.

Phase 0 is the initial rapid upstroke of the action potential. Trigger-

ing an action potential requires depolarization to a level between 270 

and 280 mV, which is the threshold for activation of fast voltage-gated 

Na1 channels (INa)
3 and is normally achieved upon arrival of another 

action potential. The INa drives the membrane potential toward the 

Na1 equilibrium potential, reversing the membrane potential to ap-

proximately 120 mV (overshoot). This is phase 0 of the action poten-

tial and is followed by repolarization in four phases (Fig. 72.2).

Phase 1 is the early rapid repolarization period that occurs just after 

the upstroke (phase 0) of the action potential. Phase 1 is produced by 

activation and subsequent inactivation of a “transient” K1 current (ITo) 

and is composed of “fast” recovering (ITof) and slowly recovering (ITos) 

currents. ITof is thought to be the predominant contributor to ITo in 

ventricular myocardium.4 Because K1 channels that produce ITo are 

expressed at higher levels in the subendocardium and mid-myocar-

dium than in the subendocardium, ITo contributes to the repolariza-

tion inhomogeneity.5

Phase 2, the plateau phase, is produced by Ca21 influx via opening 

of L-type voltage-gated Ca21 channels (ICa-L)6,7 and K1 efflux via a 

delayed rectifier K1 channel (IK). Both ICa and IK are activated by the 

initial depolarization produced by Na1 influx during phase 0. The 

relatively small inward (ICa) and outward currents (IK) produce little 

net current, resulting in a near-flat phase 2. During the plateau phase, 

Ca21 channels slowly inactivate with time and Ca21 influx decreases, 

but the K1 current (IK) increases with time, producing a net increase 

in outward current near the end of phase 2.

Phase 3 corresponds to the late strong repolarization and is pro-

duced by the delayed rectifier K1 current. The delayed rectifier K1 

current (IK) has a rapid (IKr) and a slow (IKs) component.8,9 Although 

both IKs and IKr are critical for producing the strong repolarization, 

they possess quite different activation and inactivation kinetics. The 

magnitude of IKr is greater than that of IKs during the rapid repolariza-

tion phase, and therefore IKr plays an important role in bringing the 

cell membrane potential back toward the resting state. Both are impli-

cated in acquired and heritable forms of long QT syndrome.10 Near the 

end of the repolarization phase, IK1 begins to increase as the cell mem-

brane potential returns toward 290 mV and thus partly contributes to 

the final setting of the resting potential.

Phase 4 is the resting fully repolarized state and is produced by re-

opening of the inward rectifier background K1 channels as the cell 

membrane potential is brought close to 290 mV. During this phase, 

the ionic balance is restituted by the action of the Na/K pump. This is 

an important phase that allows diastolic filling of the relaxed ventricle.

Cardiac arrhythmias are common in critically ill patients and a fre-

quent reason for hospital admission to areas with capability for con-

tinuous electrocardiographic monitoring and personnel trained in 

their recognition and management (e.g., intensive care units [ICUs] 

and telemetry units).

Arrhythmias are supraventricular if they originate above the atrio-

ventricular (AV) node, such as in atrial tissue or pulmonary veins. 

They may compromise stroke volume and create hemodynamic insta-

bility because of excessive heart rate and/or reduced ventricular filling 

after losing the atrial contribution to preload. However, in the absence 

of accessory conduction pathways bypassing the AV node (e.g., Wolf-

Parkinson-White syndrome), supraventricular arrhythmias are rarely 

life-threatening and may be managed without immediate urgency by 

pharmacologic or electrical means. In contrast, arrhythmias such as 

ventricular tachycardia (VT) and ventricular fibrillation (VF) that 

originate in the ventricular tissue may be life-threatening and require 

immediate treatment.

NORMAL ELECTROPHYSIOLOGY

Anatomic Synopsis
The electrical impulse originates in the sinoatrial (SA) node, located 

high on the right atrium near its junction with the superior vena cava 

(Fig. 72.1). The impulse propagates through muscle fibers and special-

ized internodal pathways (composed of Purkinje-type fibers) to con-

verge on the AV node, located in the interatrial septum near the tricus-

pid valve. The impulse then travels through the bundle of His, its left 

and right branches, and the Purkinje system to activate both ventricles 

simultaneously. A ring of fibrous tissue interposed between the atria 

and the ventricles prevents spread of the impulse through muscle fi-

bers, enabling the AV node to function as a relay and filter, preventing 

1:1 conduction under conditions of very rapid atrial activation such as 

atrial flutter (rate ,300 s–1) or atrial fibrillation (rate ,600 s–1).

Action Potential and Pacemaker Activity
Action Potential

Action potentials, once initiated in pacemaker cells, propagate through 

both atria and ventricles. The electrical impulse depolarizes cardiac 

myocytes and opens voltage-dependent Ca21 channels. Influx of Ca21 

causes Ca21-induced Ca21 release via ryanodine receptors located in 

the sarcoplasmic reticulum to activate contractile proteins and elicit 

contraction. Each action potential is produced as a result of time- and 

voltage-dependent opening and closing of different types of plasma 

membrane ion channels, mainly involving influx of Na1 and Ca21 

(inward currents) and efflux of K1 (outward currents).1–3

Cells from the Purkinje system and muscle tissue have a stable rest-

ing potential of approximately 290 mV (negative inside), largely as a 

result of a background (also called leak) K1 current known as inward 
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(~400 cm·s21) and muscle cells (~100 cm·s21). Pacemaker activity of 

SA and AV node cells results from slow phase 4 depolarization 

(known as prepotential or pacemaker potential) to ~240 mV. Slow 

depolarization involves opening of the hyperpolarization-activated 

inward Na1 current (also known as the “funny current,” IF) and 

opening of T-type voltage-gated Ca21 channels (ICa-T). The T-type 

Ca21 channel is activated at a more negative membrane potential 

than that of the L-type Ca21 channel and thus contributes to the 

pacemaker potential. The phase 3 repolarization produced by activa-

tion of the delayed rectifier K1 current (IK) is a prerequisite for sub-

sequent activation of IF. IK is large at the beginning of phase 3 but 

decreases quickly with time as the cell membrane potential becomes 

negative, and this event helps start the subsequent slowly depolariz-

ing pacemaker potential (phase 4). Cells of the His–Purkinje system 

have latent prepotential activity and can become active when SA or 

AV node activity is depressed or their impulses are blocked (i.e., “es-

cape rhythm”). Muscle cells exhibit prepotential activity only under 

abnormal circumstances.

The preceding paragraphs describe the primary ionic mechanisms 

that produce phase 0 through phase 4 of the cardiac action potentials. 

Other ion channels, antiporters, pumps, and receptor agonists can 

also modulate the shape of the action potential in response to various 

stimuli such as high sympathetic tone and hypoxia. For example, a 

nonselective cationic channel gated at resting potential by intracellu-

lar Ca21 is present in cardiac myocytes. This channel produces an in-

ward Na1 current (INS)
12 that may contribute to delayed afterdepolar-

izations when Ca21 is released from the sarcoplasmic reticulum. 

IK(ATP) is a K1 current carried through channels inhibited by intracel-

lular adenosine triphosphate (ATP) and is opened under conditions 

of ischemia and hypoxia. IK(ATP) contributes to action potential short-

ening and the characteristic ST-segment elevation observed during 

myocardial ischemia.13,14

The sarcolemmal Na1/Ca21 exchanger is another important modu-

lator of the action potential. Because it exchanges one Ca21 for three 

Na1, it generates a current (INa/Ca) whose direction depends on Na1 

and Ca21 gradients and the membrane potential.14,15

Adrenergic receptor stimulation also modulates the action poten-

tial by modifying channel activity.16–18 For example, beta-1 adrenocep-

tor stimulation increases ICa-L activity and Ca21 influx, enhancing 

inotropic action. Beta-1 adrenoceptor stimulation also activates K1 

channels, shortening the action potential duration.19 Alpha-1 adreno-

ceptor stimulation acting via Gq protein on the Na1/K1 pump, K1 

channels, and phospholipase C can alter impulse initiation and repo-

larization, an effect linked to triggered arrhythmias via early and de-

layed afterdepolarizations and abnormal automaticity during ischemia 

and reperfusion.20,21

Muscarinic receptors (M1) coupled to Gi protein are highly ex-

pressed in pacemaker and atrial cells. M1 receptor stimulation by ace-

tylcholine released from the efferent vagus nerve innervating the cells 

of the SA and AV nodes produces slowing of the heart rate and con-

duction velocity, which is a parasympathetic response.22

Cardiomyocytes can also react to mechanical forces through 

stretch-activated ion channels and other mechanisms, including me-

chanical modulation of Ca21 handling and interaction with other 

mechanosensitive cells.23,24 These mechanisms are probably involved 

in commotion cordis,25 precordial thump,26 and fist pacing.27

MECHANISMS OF VENTRICULAR 
TACHYARRHYTHMIAS

Abnormalities in impulse generation and conduction are responsible 

for the genesis and maintenance of ventricular tachyarrhythmias.

SA node

Right
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AV node
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ventricle

Left
atrium
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bundle

Left
ventricle

Fig. 72.1  Conduction system of the heart. AV, Atrioventricular; SA, si-

noatrial.
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Fig. 72.2  Action potential of a cardiac muscle cell, depicting the main 

underlying inward and outward currents and respective gene products. 

Distinctive phases of the action potential are numbered. Voltage (mV) 

refers to the potential on the intracellular side of the plasma membrane 

relative to an outside reference. Notice that resting potential is negative 

inside at approximately 290 mV, indicating the cell at rest is polarized 

(phase 4). Beginning of the action potential is signaled by a rapid reduc-

tion in such potential, with inside voltage reaching 0 mV (depolarization) 

and then becoming transiently positive (overshoot) during phase 0, to 

be followed by phases 1, 2, and 3 as voltage returns to resting potential 

on phase 4.

Pacemaker Activity

In cells of the SA and AV nodes, voltage-gated Na1 channels are in 

the inactive state, and phase 0 is produced by ICa-L.11 Because the ac-

tivation kinetics of ICa-L are slower than that of INa, phase 0 is slanted 

and in part responsible for the slow SA and AV node conduction 

velocity (,50 cm·s21) relative to that in the His-Purkinje system 
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Abnormalities in Impulse Generation
Abnormalities in impulse generation are generally the result of auto-

maticity or triggered activity.

Automaticity

Automaticity refers to the emergence of ectopic pacemaker activity 

resulting from enhanced normal automaticity or development of ab-

normal automaticity.

Enhanced normal automaticity occurs when cells with intrinsic 

pacemaker potentials (e.g., cells from the AV node or His–Purkinje 

system) that are normally suppressed by the SA node fire at rates that 

escape such suppression. This phenomenon may result from effects on 

phase 4 prepotentials yielding earlier development of action potentials 

(i.e., less maximal polarization, faster depolarization, or lower thresh-

old potential) or from shortening of the action potential duration with 

earlier return to phase 4. Enhanced normal automaticity is usually the 

result of adrenergic stimulation, which increases the slope of the pace-

maker potential by acting on IF.

Development of abnormal automaticity refers to impulses origi-

nating in cells without intrinsic pacemaker potential and typically oc-

curs by generation of depolarizing currents during phase 4 (e.g., isch-

emia).28 Abnormal automaticity can develop in atrial and ventricular 

muscle cells and in specialized tissues other than the SA and AV node. 

Examples include accelerated idioventricular rhythms and some VTs 

developing 24–72 hours after acute myocardial infarction.29

Triggered Activity

Triggered activity refers to arrhythmias that arise from afterdepolariza-

tions, defined as alterations in membrane potential that occur during 

repolarization.30 Afterdepolarizations are considered early if they de-

velop during phase 2, phase 3, or early phase 4 of the action potential and 

are characterized by transient retardations in repolarization (Fig. 72.3). 

If of enough magnitude, they can trigger an “extra” action potential. 

Early afterdepolarizations are typically associated with conditions that 

prolong the action potential (e.g., increased sympathetic tone, exoge-

nous catecholamines, hypoxia, acidosis, bradycardia, etc.), enabling in-

creased Ca21 entry through ICa-L
31 and can trigger torsades de pointes, a 

form of VT. In the setting of heart failure, Ca21 sparks occurring during 

phase 2 or phase 3 consequent to loss of synchrony in Ca21 release at the 

start of the action potential can generate enough INa/Ca current to trigger 

early afterdepolarizations.32

Afterdepolarizations are considered delayed if they develop in late 

phase 4 and may also reach the threshold for triggering an action poten-

tial (see Fig. 72.3). The main underlying abnormality is intracellular 

Ca21 overload, triggering Ca21 release from the sarcoplasmic reticu-

lum31 and depolarizing currents (i.e., inward INa/Ca currents).33 Delayed 

afterdepolarizations are classically associated with digitalis toxicity; 

however, they can also occur with myocardial stretch, hypertrophy, 

catecholamines, ischemia, and reperfusion. In heart failure, increased 

expression of the Na1-Ca21 exchanger along with abnormalities in the 

ryanodine receptor predispose to delayed afterdepolarizations.33

Abnormalities in Impulse Conduction (Reentry)
Abnormalities in impulse conduction leading to reentry account for 

the vast majority of sustained VTs. Reentry occurs when a propagating 

impulse reenters and reexcites a region of previously excited tissue af-

ter its refractory period is over. Several forms of reentry have been 

described, including circus movement, phase 2, and reflection.34

Circus Movement

Circus movement is the most widely studied reentry model and en-

compasses four distinct models: ring, leading circle, figure of eight, and 

spiral wave.

The ring model is the simplest,35 and it is useful to illustrate the basic 

mechanism of reentry (Fig. 72.4). The ring model requires two contigu-

ous paths separated by unexcitable tissue. One path—b in Fig. 72.4—has 

a zone of unidirectional block, whereas the other path—a in Fig. 72.4—

allows slow but bidirectional conduction. Once the impulse traveling 

path a reaches path b, it propagates retrogradely to subsequently reenter 

path a. To establish reentry, the circling impulse wavelength must be 

shorter than the reentry circuit path length, allowing its leading edge to 

find tissue in an excitable state. The circling impulse wavelength is the 

product of conduction velocity and refractory period, and conditions 

that slow conduction or shorten refractoriness favor reentry. The ring 

model commonly involves AV accessory pathways and the AV node. Re-

entry is usually triggered by the arrival of a premature beat. Unidirec-

tional block may result from increased refractoriness caused by anatomic 

abnormalities (e.g., fibrosis, accessory pathway, bundle branch block) or 

functional defects (e.g., ischemia, action of drugs).

The leading circle model is similar to the ring model but without 

requiring anatomic obstacles and can develop in structurally uniform 

myocardium by a properly timed premature impulse.36

The figure-of-eight model was first described in experimental myo-

cardial infarction. It encompasses two reentry circuits moving along-

side a functional conduction block (ischemia or infarct) in opposite 

directions, forming a pretzel-like configuration.37

Early afterdepolarizations

Delayed afterdepolarizations

Fig. 72.3  Afterdepolarizations (dotted lines). Early afterdepolarizations 

are retardations in repolarization with prolongation in action potential du-

ration (upper figure). Delayed afterdepolarizations represent spontaneous 

depolarizations that occur after repolarization is over (lower figure). After-

depolarizations that reach a threshold trigger an action potential.

NORMAL REENTRY

Slow
conduction

Unidirectional
block

ba

Fig. 72.4  Ring model of reentry.
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The spiral wave model is a more complex version of the leading 

circle model and involves a core and filaments and can be described as 

reentry in two dimensions.38 It has been used to explain monomorphic 

and polymorphic VTs and VF. In monomorphic VT, the spiral wave is 

anchored and unable to drift, whereas in polymorphic VTs—such as 

torsades de pointes—the spiral is thought to drift. In VF, the spiral 

wave is thought to break up into multiple rotating spiral waves that 

continuously extinguish and re-create. Yet some authors have pro-

posed a single rapidly shifting spiral, and others have postulated a 

stationary rotor whose frequency of excitation is exceedingly high, re-

sulting in multiple areas of intermittent block.39

Phase 2

Phase 2 reentry refers to local reexcitation consequent to repolarization 

heterogeneity with areas of markedly shortened repolarization—es-

sentially obliterating phase 2 of the action potential—next to areas of 

normal repolarization. Local reexcitation may precipitate VT during 

myocardial ischemia.40 Action potentials of normal duration may al-

ternate with ones of shorter duration during myocardial ischemia, 

yielding beat-to-beat alternans (temporal dispersion) and site-to-site 

alternans (spatial dispersion) and promote regions with conduction 

block and regions with injury current, leading to reentry and VTs. The 

degree of spatial and temporal dispersion progresses during ischemia, 

suggesting this mechanism may be an important trigger of VT and VF 

during acute myocardial ischemia.41,42 In the surface electrocardio-

gram (ECG), dispersion of the action potential duration manifests as 

T-wave alternans, which is a predictor of VF.43

Reflection

Reflection refers to a back-and-forth propagation of the impulse over 

the same functionally unexcitable tissue, with recurrent activation of 

the proximal region as a result of electrotonic currents.44 The area of 

unexcitable tissue could result from ischemia and lead to extrasystolic 

activity. Reflection differs from classic reentry in that the impulse trav-

els along the same pathway in both directions.

PREEXISTING CONDITIONS PREDISPOSING TO 
VENTRICULAR ARRHYTHMIAS

Channelopathies
The term channelopathies has been coined to identify a group of dis-

eases caused by abnormalities on ion channels.45,46 These abnormali-

ties distort the action potential, primarily accentuating the inherent 

instability of repolarization and increase the risk of polymorphic VT 

of the torsades de pointes type. Channelopathies may be hereditary or 

acquired.

Hereditary Channelopathies
Most hereditary channelopathies originate from mutations in genes 

encoding for Na1, K1, and Ca21 channels and are largely represented by 

congenital long QT syndrome (LQTS),47–51 Brugada syndrome,52–55 and 

catecholaminergic polymorphic ventricular tachycardia (CPVT).56–58 

Less common channelopathies include short QT syndrome (SQTS)59 

and early repolarization syndrome (ERS).60–62 All contribute with vary-

ing penetrance to sudden cardiac arrest in young individuals.63,64

Long QT Syndrome

LQTS was first described in 1957 by Jervell and Lange-Nielsen in pa-

tients with long QT intervals, episodes of torsades de pointes, and 

deafness.65 The syndrome is transmitted by autosomal recessive 

inheritance and is known as Jervell and Lange-Nielsen syndrome. In 

1963 and 1964, Romano and colleagues66 and Ward67 independently 

reported patients with an almost identical disorder but without deaf-

ness. The syndrome is transmitted by autosomal dominant inheritance 

and is known as Romano-Ward syndrome. Of 17 genes reported as be-

ing causative for LQTS, only 3 genes (KCNQ1, KCNH2, SCN5A) are 

considered definitive genes for typical LQTS, 9 genes (ANKB, KCNE1, 

KCNE2, KCNJ2, CAV3, SCN4b, AKAP9, SNTA1, KCNJ5) are classified 

as having limited evidence, and 4 genes (CALM1, CALM2, CALM3, 

TRDN) are found to have strong or definitive evidence as a cause of 

LQTS with atypical features, including neonatal AV block. The remain-

ing CACNA1C gene has moderate evidence for causing LQTS.68

Jervell and Lange-Nielsen syndrome and Romano-Ward syndrome 

are primarily responsible for LQTS1 and account for nearly 50% of all 

genotyped families. LQTS2 accounts for nearly 40%, and long LQTS3 

for about 5%. The remaining types are much less frequent.69

The common mechanistic thread is a perturbed balance between 

INa and IK during phase 2 of the action potential, yielding prolongation 

of repolarization, slowed ICa-L inactivation, late Ca21 influx, and early 

afterdepolarizations, predisposing to torsades de pointes.70

LQTS should be suspected in young individuals who present with 

syncope or episodes of sudden cardiac arrest precipitated by exercise, 

emotional distress, or conditions that prolong the QT interval. A fam-

ily history of unexplained syncope or sudden cardiac arrest should 

raise suspicion. The diagnosis should be suspected when the corrected 

QT interval ( QTc QT
(ms) (ms)

 ⋅ −R R ) exceeds 470 ms in males (nor-

mal ,422 ms) and 480 ms in females (normal ,432 ms). Genetic test-

ing for identifying the various LQTS subtypes is becoming readily avail-

able.69 Genes with limited evidence for disease causation should not be 

routinely tested in the evaluation of patients and families with LQTS.68

The clinical implication is based on the application of precision 

medicine in clinical care and requires the accurate and appropriate use 

of genetic testing to optimize the care of patients and families. In ad-

dition to LQTS, several studies have shown that even milder prolonga-

tion of the QTc in adults (.450 ms in men and .470 ms in women) 

increases the risk of sudden cardiac arrest.71

Recently, mutations in calmodulin genes CALM1 and CALM2  

have been shown to cause an extremely severe form of LQTS with QT 

prolongation .600 ms, T-wave alternans, cardiac arrest in infancy, and 

intermittent 2:1 AV block.72,73

A recent study showed that patients with LQTS have a significantly 

higher incidence of diabetes and higher incidence of neurologic 

(mostly epilepsy) and psychiatric disorders, suggesting that LQTS may 

be considered a multiorgan disease.74

The management of LQTS starts with discontinuing all drugs 

known to prolong the QT interval and correcting electrolyte imbal-

ances and metabolic conditions that could trigger torsades de pointes. 

Restriction of participation in athletic activities is generally recom-

mended along with use of beta-blockers and antiarrhythmic agents 

(e.g., mexiletine or flecainide). In selected cases an implantable defi-

brillator, cardiac sympathetic denervation, or both may be necessary.

Catecholaminergic Polymorphic Ventricular Tachycardia

CPVT is a highly malignant arrhythmogenic disorder that may present 

with sudden cardiac arrest induced by exercise or emotion, typically in 

children or adolescents without structural heart disease.58 CPVT is associ-

ated with two main mutations that affect Ca21 handling by the sarcoplas-

mic reticulum. One involves an autosomal dominant mutation on the 

ryanodine receptor gene RyR2 (i.e., CPVT type 1). The mutation reduces 

the affinity of FKBP12.6 for RyR2, lowering the threshold for Ca21 release 

from the sarcoplasmic reticulum.57 Beta-adrenergic stimulation intensifies 

Ca21 release and in part explains the effects of exercise and emotion.
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The second is an autosomal recessive mutation on the calsequestrin 

2 gene CASQ2 (CPVT type 2). Within the sarcoplasmic reticulum, the 

CASQ2 protein serves as the major Ca21 reservoir. The mutation 

causes a negatively charged domain that alters Ca21 binding.56

The ECG at rest is typically normal with occasional U waves and 

bradycardia. Beta-blockers are the cornerstone of therapy, with an 

implantable cardioverter defibrillator (ICD) indicated in high-risk in-

dividuals. Flecainide inhibits the RyR2 receptor and can suppress or 

terminate the arrhythmias. Familial screening is indicated once the 

diagnosis is established.

Short QT Syndrome

SQTS is a more recently described syndrome59 characterized by tall 

and peaked T waves with QT intervals #300 ms insensitive to changes 

in heart rate in structurally normal hearts. Individuals are at risk of 

developing atrial fibrillation and VF. A family history may be present, 

including sudden death at a young age.

The shortened QT interval results from increased outward K1 cur-

rents during phase 2 and phase 3 of the action potential associated with 

autosomal dominant mutations in the KCNH2, KCNJ2, and KCNQ1 

genes.

ICD implantation is a class I recommendations in survivors of 

cardiac arrest and in patients with spontaneous sustained VT with or 

without syncope. Among various drugs, quinidine and sotalol could be 

effective by prolonging the QT interval.59

Brugada Syndrome

Another important hereditary channelopathy is Brugada syndrome, de-

scribed in 1992 by the Brugada brothers,52–55 who reported sudden car-

diac arrest in individuals with structurally normal hearts but ST-segment 

elevation in V1–V3 and a QRS resembling right bundle branch block.

Brugada syndrome exhibits predominantly an autosomal domi-

nant pattern of inheritance, with an average worldwide prevalence of 

5:10,000.75 Mutations have been identified in 10 genes.76 Loss of func-

tion caused by a mutation in the SCN5A gene (encoding for the INa 

alpha subunit) accounts for approximately 20% of cases. The other 

80% depends on mutations involving GPD1-L, CACNA1C, CACNB2, 

SCN1B, KCNE3, SCN3B, MOG1, KCNE5, and KCND3.76

The predominant genetic defect of the SCN5A gene leads to an ac-

celerated inactivation of INa, leaving ITo unopposed and resulting in 

rapid repolarization with shortened action potential duration. In addi-

tion, the predominant epicardial expression of ITo allows normally 

depolarized endocardium to reexcite, prematurely repolarizing the 

epicardium and generating reentry, which in turn, can precipitate 

polymorphic VT.

The ST-segment elevation can adopt various shapes related to the 

severity of the INa/ITo imbalance. With increasing severity, saddleback, 

coved, and triangular shapes are recognized.70 These changes are dynamic 

and can change in the same affected individual, as shown in Fig. 72.5.

Brugada syndrome exhibits variable expressivity, reduced penetrance, 

and “mixed phenotypes” where families may include members with Bru-

gada syndrome and members with SQTS, LQTS, atrial fibrillation, disease 

of the conduction system, and even structural heart disease.75

Genetic testing can be useful when there is a personal and family 

history along with the characteristic electrocardiographic pattern 

identified at rest or after drug challenge.

Patients with Brugada syndrome may have concealed or intermit-

tent forms, unmasked (or precipitated) by febrile states, vagotonic 

agents, alpha-adrenergic agonists, beta-adrenergic blockers, tricyclic or 

tetracyclic antidepressants, a combination of glucose and insulin and 

hypokalemia, and alcohol and cocaine toxicity.77 Concealed Brugada 

syndrome can be unmasked by class IC antiarrhythmic drugs—for 

example, ajmaline (1 mg/kg intravenous [IV] in 5 minutes), flecainide 

(2 mg/kg IV in 10 minutes), or procainamide (10 mg/kg IV in 10 min-

utes). Such testing carries a 0.5% risk of precipitating VF. Ajmaline is 

favored because of its shorter half-life.76 The test is considered positive 

if an additional 1-mm ST-segment elevation (0.08 second after the J 

point) occurs in leads V1, V2, and V3. The test has high specificity and 

high sensitivity (94% and 80%, respectively).78

Patients with suspected Brugada syndrome should be referred to 

specialized centers on inherited arrhythmias, which focus on counsel-

ing in daily life activities (e.g., avoiding excessive alcohol intake, treat-

ing fever aggressively, and decreasing exercise activity progressively). A 

familial screening should be performed to achieve early identification 

of affected relatives who could be at risk. The second step is a discus-

sion on the therapeutic approach. The preferred management of Bru-

gada syndrome is ICD implantation54 after risk assessment, with a 

strong recommendation in symptomatic patients with a spontaneous 

ECG pattern. Less clear is the indication of ICD implantation in pa-

tients with intermediate risk.79

Quinidine and hydroquinidine can prevent spontaneous changes 

in the ECG and reduce the risk of VT and VF, presumably through 

inhibition of ITo.
80–82 However, because of limited data, it cannot be 

suggested for primary prevention, and the use should be discussed on 

a case-by-case basis in highly specialized centers.83 Recently, ablation of 

the substrate located in the anterior epicardial region of the right ven-

tricular outflow tract has been shown to reduce episodes of VF in pa-

tients with an ICD.84 Determining which patients need pharmacologic 

treatment and those who would benefit from more aggressive treat-

ment such as sympathectomies and implantable defibrillators is not 

always clear.

In addition, several diseases, such as myocardial ischemia, acute 

pericarditis, pulmonary embolism, right ventricular compression, and 
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Fig. 72.5  Representative tracings in a patient with Brugada syndrome, 

demonstrating dynamic changes in V1–V2 after resuscitation from car-

diac arrest. Type 1 refers to the coved-type ST-T configuration, whereas 

type 2 and type 3 refer to the saddleback ST-T configuration. (From 

Wilde AA, Antzelevitch C, Borggrefe M, et al.; Study Group on the Mo-

lecular Basis of Arrhythmias of the European Society of Cardiology. 

Proposed diagnostic criteria for the Brugada syndrome: Consensus re-

port. Circulation. 2002;106:2514–2519.)
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metabolic disorder (e.g., hyperkalemia or hypokalemia and hypercal-

cemia) can exhibit a Brugada-like type 1 ECG pattern.85,86 These Bru-

gada syndrome phenocopies cannot be differentiated from true Bru-

gada syndrome because of their identical ECG patterns, and a 

systematic diagnostic approach needs to avoid misdiagnosis.79

Early Repolarization and Early Repolarization Syndrome

Early repolarization is generally defined by a J-point elevation on the 

ECG .0.1 mV in two adjacent leads with a slurred or notched mor-

phology affecting the inferior and/or lateral leads.87 It is a condition 

commonly affecting between 1% and 5% of the general population,60 

with a higher incidence up to 13% in certain populations.88 Early re-

polarization was previously thought to be a completely benign finding; 

however, studies and case reports suggest a higher risk of arrhythmias, 

mainly idiopathic VF in such patients,61,62,89 and is common in patients 

who present with idiopathic VF and experience recurrence of VF.90

Early repolarization is mainly sporadic; however, genetic inheri-

tance is being noted in the literature, and a wide array of both loss-of-

function and gain-of-function genetic mutations have been re-

ported.91–93 Some studies have stratified the risk of developing 

arrhythmia based on the patterns of early repolarization on ECG.87 

Type 1 is associated with early repolarization in the lateral leads. This 

pattern is thought to be largely benign. Type 2 is associated with early 

repolarization in the inferior or inferolateral leads and is associated 

with a moderate level of risk. Type 3 is associated with early repolariza-

tion in the inferior, lateral, and right precordial leads and appears to be 

associated with the highest relative risk.94

It is important to differentiate between early repolarization in which 

only the classic ECG findings are found in an asymptomatic individual 

with ERS, which includes the classic ECG findings of early repolarization 

in a survivor of sudden cardiac death (SCD) with evidence of VF after an 

extensive workup has ruled out any other cardiac abnormalities.95

A class 1 recommendation for patients with asymptomatic early 

repolarization on the ECG is to observe. In this patient population in 

the acute setting of VF requiring defibrillation, isoproterenol was 

shown to be effective in suppressing the episode.96 ICD is a class 1 

recommendation in patients with ERS who are survivors of SCD.97

Acquired Channelopathies
Acquired channelopathies are common, with advanced heart failure 

being an important cause affecting the expression of ion channels re-

gardless of the primary etiology.98 There is downregulation of ITo and 

IK1 causing QT prolongation, possibly an adaptive response allowing a 

longer interval for excitation-contraction. Yet it predisposes to inho-

mogeneous repolarization, early afterdepolarizations, and triggered 

arrhythmias. There is also upregulation of the Na1/Ca21 exchanger—

responsive in part to downregulation of the sarcoplasmic reticulum 

Ca21-ATPase (SERCA2a)99—yielding larger INa/Ca, also predisposing to 

delayed afterdepolarizations and triggered arrhythmias.

An increasingly important mechanism of acquired channelopa-

thies is the use of drugs that prolong the QT interval; most of them are 

associated with drugs that block IKr, which is carried by subunits of the 

human ether-á-go-go (HERG) gene.100 The list is long and includes 

antiarrhythmic and non-antiarrhythmic drugs. The University of Ari-

zona’s Health Sciences Center maintains a list of drugs categorized 

based on their potential to induce torsades de pointes (available at 

www.crediblemeds.org) and includes drugs with known risk, drugs 

with possible risk, drugs with conditional risk, and drugs to avoid in 

congenital LQTS.

The importance of drug-induced LQTS has mandated pharmaceu-

tical companies to screen early in the process of drug development, 

mostly for effects on the HERG gene product.100

Other Conditions
The QT interval may be prolonged by cocaine abuse, organophosphate 

compounds, subarachnoid hemorrhage, stroke, myocardial ischemia, 

fasting using liquid protein–modified diets, autonomic neuropathy, 

and human immunodeficiency virus disease.101–105 Electrolyte abnor-

malities can not only prolong but also shorten the QT interval. Some 

of these conditions and others not associated with channelopathies are 

discussed next.

Electrolyte Abnormalities

Electrolyte abnormalities rarely precipitate but often contribute to VTs, 

mostly in relation to abnormalities in serum K1, Mg21, and Ca21.106

Hypokalemia (serum K1 ,3.5 mM) makes the resting membrane 

potential more negative, rendering cells less excitable and reducing the 

firing rate of pacemaker cells. Hypokalemia also prolongs the QT in-

terval and flattens the T wave,10 consequent to a dependency of Ikr 

conductivity on the square root of extracellular K1 and resulting in a 

prolongation of repolarization at lower serum K1, an effect more pro-

nounced in the mid-myocardial region (greater IKr/Iks ratio).

Hyperkalemia (serum K1 .5.5 mM) makes the resting membrane 

potential less negative, rendering cells more excitable. By increasing IKr, 

hyperkalemia accelerates repolarization and shortens the action potential, 

explaining the characteristic peaked and tall T waves. With severe hyperka-

lemia, the rise rate of phase 0 is reduced, slowing conduction and leading—

at very high serum K1 levels—to widespread blocks (i.e., widened P waves 

and widened QRS interval). A very rapid serum K1 rise can precipitate VF, 

probably by reentry after developing areas of conduction block.

Mg21 is a cofactor of the Na1/K1 pump and hence important for 

maintaining intracellular K1 and the resting membrane potential. 

Mg21 also modulates the effects of various K1 and Ca21 channels. 

Hypomagnesemia is associated with QT prolongation and increased 

risk of ventricular arrhythmias. This effect is usually compounded by 

other electrolyte deficits, including hypokalemia and hypocalcemia.

Serum Ca21 is also important. Hypocalcemia increases the QT in-

terval—predisposing to VT—whereas hypercalcemia exerts the oppo-

site effects, reducing the QT interval. Changes in intracellular calcium 

contribute to arrhythmias associated with acute ischemia and reperfu-

sion and may be important in the genesis of VT induced by exercise 

and by digitalis.

Hypothermia

Moderate (32°C–35°C) and severe (,32°C) hypothermia can predis-

pose to VTs by QT prolongation and QT dispersion.107 Typically, pa-

tients with hypothermia develop J waves (also known as Osborn waves) 

in the ECG, which reflect accentuation of the inhomogeneity of repo-

larization caused by the predominant distribution of ITo in subepicar-

dial and mid-myocardial regions.108

Hypoglycemia

Acute hypoglycemia can trigger VT and VF in patients with diabetes 

mellitus.109 The mechanism involves QT prolongation by direct sup-

pression of repolarizing K1 currents. In addition, the neuroendocrine 

stress response to hypoglycemia, via release of catecholamines, favors 

intracellular Ca21 entry and reduction in serum K1, further com-

pounding the risk, especially in patients with coronary artery disease, 

acute myocardial infarction, left ventricular hypertrophy, autonomic 

neuropathy, congestive heart failure, and those taking medications that 

prolong the QT interval.

Arrhythmogenic Right Ventricular Cardiomyopathy

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is charac-

terized by progressive replacement of the right ventricular muscle cells 
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by fibrous tissue and fat.110 ARVC may be familial with autosomal 

dominant inheritance.111 Patients present with palpitations and syn-

cope, and this is an important cause of sudden cardiac arrest in sub-

jects younger than 35 years, especially when related to exercise.112

The ECG is abnormal in 90% of cases, showing T-wave inversions 

beyond lead V1 and epsilon waves in leads V1–V3. The QRS complex 

may be widened (.110 ms), with complete or incomplete right bundle 

branch block morphology. There are ventricular premature beats with 

left bundle branch configuration.

CLINICAL DIAGNOSIS

The first element to recognize is wide QRS complexes. They may indi-

cate an origin in ventricular tissue; however, supraventricular ectopic 

activity can produce wide QRS complexes in the presence of preexis-

tent or rate-dependent bundle branch blocks or aberrant pathways. 

The diagnostic clue is dissociation from atrial activity, which is often 

difficult to establish, having to rely on other indirect features, as dis-

cussed later. Ventricular arrhythmias present in several forms.113

Premature Ventricular Contractions
Premature ventricular contractions (PVCs) are isolated ventricular ecto-

pic beats. The QRS is typically wide with opposing T-wave polarity and a 

full compensatory pause. PVCs may present one after each normal QRS 

in the form of bigeminy and also as couplets (two consecutive PVCs).

Ventricular Tachycardia
VT is defined as three or more consecutive ventricular ectopic beats 

with a rate typically greater than 100 bpm, often ranging between 130 

and 170 bpm. QRS complexes are 120 ms or longer. However, wide 

QRS complex tachycardias can also be supraventricular when the 

impulse originates above the bifurcation of the His bundle but is 

conducted with aberrancy (see later).114 VTs are classified as mono-

morphic if all QRS complexes have similar morphology and polymor-

phic if they have variable morphology. VTs are considered nonsus-

tained if they last less than 30 seconds and sustained if they last 30 

seconds or longer.

Nonsustained VTs are rarely symptomatic but are an independent 

risk factor for sudden cardiac death in patients with severe congestive 

heart failure.115 Most sustained VTs present with palpitations, chest 

discomfort, and weakness or with more severe symptoms such as diz-

ziness, angina, syncope, seizures, and even SCD.

Monomorphic Ventricular Tachycardia

Monomorphic VTs are the most common type of VTs and are usually 

associated with structural heart disease. The mechanism is commonly 

reentry operating within or around damaged myocardium. Examina-

tion of the jugular veins may show cannon A waves, indicative of AV 

dissociation.

A standard 12-lead ECG reveals a wide-complex tachycardia with 

regular complexes of similar morphology. A representative tracing is 

shown in Fig. 72.6. Establishing the diagnosis requires excluding the 

possibility of supraventricular tachycardia (SVT) with aberrancy. It is 

appropriate to assume that a wide-complex tachycardia is VT until 

proven otherwise in patients with myocardial ischemia, heart failure, 

and hemodynamic instability. SVT with aberrancy should be sus-

pected if there is a history of previous aberrant rhythms, accessory 

pathways, and baseline or rate-induced bundle branch block. The 

ECG should be examined for evidence of AV dissociation (i.e., P 

waves and QRS complexes at uncoupled rates), which is specific for 

VT. Use of an esophageal lead could be useful by amplifying atrial 

potentials.

Some special forms of VT tend to be mistaken for SVT with aber-

rancy.116 These include bundle branch reentrant tachycardia, in 

which the impulse travels down the right bundle branch, across the 

interventricular septum, and up the left bundle branch.117 The mor-

phology resembles SVT with left bundle branch block (LBBB) and is 

common among patients with nonischemic dilated cardiomyopa-

thy.118 Right ventricular outflow tract tachycardia is another condi-

tion caused by triggered activity from delayed afterdepolarizations 

that most commonly originate in the right ventricular outflow 

tract.119 The tachycardia usually presents with LBBB morphology 

and right axis deviation. Right ventricular outflow tract tachycardias 

occur in structurally normal hearts, typically in young individuals, 

and are responsive to verapamil or adenosine.120 Finally, there 

are fascicular tachycardias that originate from either fascicle of  

the left bundle branch. They occur in structurally normal hearts, 

mimic SVT with aberrancy, and are responsive to beta-blockers and 

verapamil.121

ECG algorithms are available to help differentiate VT from SVT. A 

widely accepted four-step algorithm was developed by Brugada and 

colleagues in the early nineties and reported to have 98.7% sensitivity 

and 96.5% specificity for VT.122 However, more recent studies found 

the Brugada criteria to have lower sensitivity and specificity when used 

by emergency department physicians and cardiologists.123 Vereckei and 

II

V1

III

  Fig. 72.6

 

ECG tracing (leads II, III, and V1) showing couplets followed by an 11-beat episode of nonsustained

 

monomorphic ventricular tachycardia.
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colleagues proposed a simpler criteria based on analysis of aVR and 

reported greater sensitivity and specificity.124 The aVR lead is useful 

because in normal sinus rhythm and in SVTs, the ventricular activa-

tion wavefront moves away from aVR, typically yielding a QS complex 

and not an R wave, which is the step 1 criterion in the new algorithm 

(Fig. 72.7).

Polymorphic Ventricular Tachycardia

Polymorphic VTs have irregular rhythms, usually compromise hemo-

dynamic function, and may quickly degenerate into VF. Variation in 

QRS morphology represents changes in the electrical axis. One special 

form of polymorphic VT is torsades de pointes. This is a descriptive 

term denoting a rotating electrical axis in 180 degrees along an imagi-

nary axis (“twisting points”); it is typically associated with LQTS. 

Representative tracings are shown in Fig. 72.8.

Accelerated Idioventricular Rhythm

Accelerated idioventricular rhythm (AIVR) is a form of automatic 

ventricular arrhythmia characterized by regularly wide QRS complexes 

with a rate between 50 and 120 bpm. It is often slightly faster than the 

underlying sinus rhythm. AIVR does not produce symptoms, and the 

treatments for VT do not apply.125 Its presence may indicate underly-

ing myocardial ischemia.

Ventricular Fibrillation

VF is recognized by the abrupt onset of irregular waveforms of varying 

contour, duration, and amplitude without identifiable QRS and T 

waves accompanied by the ability of the heart to generate blood flow 

precipitating unconsciousness within seconds. VTs or SVTs that con-

duct through accessory pathways (e.g., Wolff-Parkinson-White syn-

drome) may be the initiating rhythm. Generalized seizures and agonal 

breathing may follow.

ACUTE MANAGEMENT

PVCs and episodes of nonsustained VT are of little hemodynamic 

significance in the structurally normal heart and may occur associated 

with the use of stimulants, electrolyte abnormalities, hypoxemia, cat-

echolamine discharge, and medications, to name a few conditions. The 

management should focus on removing contributing factors. The risk 

of progression to sustained VT is low. Even the notorious R-on-T phe-

nomenon has been shown to be of prognostic significance for develop-

ment of VF only in patients with a predisposing substrate such as 

Brugada syndrome.126 Antiarrhythmic drugs are typically not required. 

Persistence of nonsustained VT after an episode of critical illness 

should prompt assessment of underlying cardiac substrate and possi-

ble triggers.

The management of sustained VTs requires concurrent diagnostic 

and therapeutic interventions.83 This is particularly the case in pulseless 

VT, polymorphic VT, and VF, when delivery of unsynchronized electrical 

shocks and advanced cardiac life support should be instituted without 

delay. In less urgent situations, treatment should focus on identifying the 
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Fig. 72.7  aVR algorithm for distinguishing wide-complex monomorphic 

ventricular tachycardia (VT) from supraventricular tachycardia (SVT). VT is 

diagnosed whenever the analysis of aVR yields a positive answer to each 

successive step. In step 4, Vi and Vt refer to ventricular activation veloc-

ity measured as the vertical excursion (in millivolts) during the initial (Vi) 

and terminal 40 ms (Vt) of the QRS complex. When the initial or terminal 

40 ms displays both positive and negative deflections, the sum of their 

absolute values (disregarding polarity) is used to calculate Vi and Vt, with 

the ratio Vi/Vt determining whether the rhythm is VT or SVT. (From 

Vereckei A, Duray G, Szenasi G, et al. Application of a new algorithm in 

the differential diagnosis of wide QRS complex tachycardia. Eur Heart J. 

2007;28:589–600.)

A

B

Fig. 72.8  Torsades de pointes. A, Patient with a demand ventricular 

pacemaker developed QT prolongation (≈640 milliseconds, seen during 

paced rhythm) after treatment with amiodarone for recurrent ventricular 

tachycardia (VT). An episode of torsades de pointes developed that 

spontaneously terminated with resumption of a paced ventricular 

rhythm. B, Tracing from a young boy with congenital long QT syndrome 

and marked prolongation of the QTU interval (≈600 milliseconds). TU 

alternans is noted before a late premature complex, occurring on the 

downslope of the TU wave, which initiates an episode of VT. (From 

Braunwald E, Zipes D, Libby P, eds. Heart Disease: A Textbook of Car-

diovascular Medicine, 6th ed. Philadelphia: Saunders; 2001:868.)
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substrate and the triggering events. Arrhythmogenic conditions com-

monly present in critically ill patients include hemodynamic and respi-

ratory abnormalities, endogenous or exogenous adrenergic states, acid-

base and electrolyte imbalances, presence of proarrhythmic drugs, 

prolongation of the QT interval, ongoing myocardial ischemia, and 

mechanical stimulation of cardiac structures. Often, the treatment of 

these factors suffices to terminate the arrhythmic episode. Specific anti-

arrhythmic interventions should take into consideration the type of 

rhythm and the degree of hemodynamic stability.

Ventricular Arrhythmias With Preserved Blood Flow
Monomorphic Ventricular Tachycardia

Direct-current synchronized cardioversion and IV antiarrhythmic 

agents are acceptable first-line options. Antiarrhythmic agents have 

the advantage of having a persistent effect after termination of the 

event and that anesthetic agents are not required; however, patients 

may experience adverse effects, including hypotension and in-

creased susceptibility to arrhythmias, given that most agents cause 

QT prolongation.

The American College of Cardiology/American Heart Associa-

tion/European Society of Cardiology (ACC/AHA/ESC) 2017 guide-

lines for management of patients with ventricular arrhythmias83 rec-

ognize various drugs available in IV formulation for VT, including 

beta-blockers, sotalol, lidocaine, and amiodarone, with availability 

contingent on the specific country. Close monitoring is recom-

mended, as IV procainamide can cause transient hypotension,127 es-

pecially in patients with severe left ventricular dysfunction. For pa-

tients with sustained monomorphic VT who are hemodynamically 

unstable, are refractory to electrical shocks, or have recurrent episodes 

despite procainamide or other agents, IV amiodarone is considered a 

reasonable choice.128,129 The initial effect of amiodarone is to slow 

down AV nodal conduction and block adrenergic stimulation. How-

ever, effects on ventricular conduction and refractoriness develop 

more gradually, achieving the maximal effect only after weeks or 

months of treatment.130,131

When sustained monomorphic VTs are associated with an acute 

ischemic substrate (i.e., unstable angina or myocardial infarction), li-

docaine is considered a reasonable initial choice.132 Calcium channel 

blockers such as verapamil and diltiazem should not be used to termi-

nate wide-QRS-complex tachycardia of unknown origin, especially 

when myocardial dysfunction is present.

Addition of a second antiarrhythmic agent is discouraged to avoid 

compounding proarrhythmic effects. Thus a single agent should be 

used and proceed to direct-current synchronized electrical cardiover-

sion if optimal dosing fails.

Direct-current synchronized cardioversion should be considered 

first-line treatment in patients who are unstable or in those with bor-

derline blood pressure who could experience further deterioration by 

the vasodilator and antiinotropic effects of antiarrhythmic agents. 

Monophasic waveform electric shocks at an initial energy of 100 J or 

higher are effective, with comparable or lower energy levels expected 

to be effective using biphasic waveform electric shocks. Transvenous 

pacing with override pacing can terminate monomorphic VT and 

should be considered in instances of failed cardioversion or frequent 

recurrence despite antiarrhythmic medication.

Ventricular Arrhythmias With Cessation of Effective 
Blood Flow
Cessation of blood flow occurs with pulseless VT, VF, and polymor-

phic VT. The immediate priority is to reestablish an organized elec-

trical activity with mechanically competent pump function, typi-

cally requiring the unsynchronized delivery of electric shocks, with 

cardiopulmonary resuscitation contingent on the duration of the 

arrhythmia and the response to electrical shocks.

Ventricular Fibrillation and Pulseless Ventricular Tachycardia

Current resuscitation algorithms consider VF and pulseless VT as 

rhythms requiring delivery of electric shocks upon their recogni-

tion through an automated external defibrillator or through man-

ual defibrillators along with quality chest compressions. If VT/VF 

persists after the third shock, IV amiodarone is recommended.133 

The energy level of the initial electric shock depends on the specific 

device. For biphasic waveform defibrillators, the energy level typi-

cally ranges from 150 to 200 J. The specific energy level should be 

selected based on the manufacturer’s specification. If the available 

defibrillator uses monophasic waveforms, the energy level should 

be 360 J. The probability of survival after VF and pulseless VT is 

inversely related to the time elapsed between the onset of the ar-

rhythmia and the delivery of electric shocks and the quality of 

cardiopulmonary resusciation.134

Electrical storm is a rather uncommon but highly lethal phenome-

non defined as recurrent episodes of VF occurring mainly during an 

acute myocardial infarction, and conventional antiarrhythmic drug 

therapy—including lidocaine and procainamide—often fails to secure 

a stable sinus rhythm.

Polymorphic Ventricular Tachycardia

Polymorphic VT with cessation of effective blood flow is treated as VF 

with unsynchronized shocks at the same energy as for VF. As with all 

ventricular arrhythmias, substantial effort must be directed at identify-

ing and correcting the causes.

Polymorphic VT with a normal QT interval is most frequently as-

sociated with acute myocardial ischemia but also with cardiomyopa-

thies, idiopathic polymorphic VT, and catecholaminergic VT. In this 

setting, use of IV beta-blockers135 or IV amiodarone136 is effective. 

Coronary angiography should be considered for recurrent polymor-

phic VT when ischemia is suspected.137

Polymorphic VT with prolonged QT interval is usually associated 

with bradycardia. The management includes discontinuation of drugs 

that prolong the QT interval, correction of electrolyte abnormalities, 

and avoidance of catecholamines. In the setting of congenital LQTS, 

beta-blockers (or sympathetic interruption), pacing, and implantation 

of an ICD should be considered. In the acquired forms of LQTS, IV 

magnesium, overdrive pacing, and beta-blockers after pacing are rec-

ommended interventions, with recent work suggesting the potential 

for treatment through gene therapy.138,139

CONCLUSION

VTs are important and common manifestations of cardiac and extra-

cardiac abnormalities in critically ill patients. In addition to the tradi-

tional assessment based on ECGs and hemodynamic manifestations, 

understanding and recognizing the processes that affect ion channels, 

pumps, exchangers, and signaling mechanisms are important for 

proper management. There is also increased awareness that mutations 

affecting cardiac channels are prevalent and clinically relevant. The 

intensivist should be alert and prepared to identify them and provide 

the necessary initial treatment and referral when appropriate. Initial 

enthusiasm for antiarrhythmic agents has diminished as the pro-ar-

rhythmic effects of various compounds have become evident. Some 

drugs are no longer recommended as first-line agents, whereas others 

have become components of accepted algorithms. More emphasis is 

currently being placed on understanding arrhythmogenic mechanisms 

and on correcting the precipitating and maintaining factors.
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 References for this chapter can be found at expertconsult.com.

KEY POINTS

• Hereditary and acquired abnormalities in cardiac ion channels can alter the 

action potential, mostly by prolonging repolarization, and predispose to VTs, 

especially torsades de pointes.

• Ventricular arrhythmias are the result of abnormalities in impulse genera-

tion (automaticity and triggered activity) and impulse conduction (reentry).

• Proper management of VTs requires assessment of precipitating and sus-

taining conditions; often, the removal of these conditions is all that is 

needed.

• A long QT interval in the baseline ECG should prompt a diligent search for 

possible drugs, metabolic abnormalities, or hereditary channelopathies.

• VTs in critically ill patients are often precipitated by cardiac, metabolic, and 

respiratory processes.

• AV dissociation is a reliable sign that a wide-complex tachycardia is ven-

tricular; this may be evident on the surface 12-lead ECG or after analyzing 

an esophageal lead.

• Direct-current synchronized cardioversion should be considered first-line 

treatment in patients with VT who are hemodynamically unstable or have 

heart failure.

Antzelevitch C. Basic mechanisms of reentrant arrhythmias. Curr Opin Car-

diol. 2001;16:1–7.

This article discusses various mechanisms of reeentrant arrhythmias with 

special reference to circus movement, reflection, and phase 2 reentry. Reentry 

is an important mechanism of cardiac arrhythmias.

Antzelevitch C, Yan GX, Ackerman MJ, et al. J-wave syndromes expert consen-

sus conference report: emerging concepts and gaps in knowledge. Euro-

pace. 2017;19:665–694.

This article focuses on J-wave syndromes, including Brugada syndrome and 

early repolarization syndrome, reviewing emerging concepts and the assess-

ment of new evidence for or against particular diagnostic procedures and 

treatment interventions.

Fowler ED, Wang N, Hezzell M, et al. Arrhythmogenic late Ca(21) sparks in 

failing heart cells and their control by action potential configuration. Proc 

Natl Acad Sci U S A. 2020;117:2687–2692.

Wit AL. Afterdepolarizations and triggered activity as a mechanism for clinical 

arrhythmias. PACE. 2018;41(8):883–896.

These two articles discuss underlying mechanisms responsible for early and 

delayed afterdepolarizations, which have been implicated in the arrhythmo-

genesis of sudden cardiac arrest in patients with heart failure and chan-

nelopathies.

Marban E. Cardiac channelopathies. Nature. 2002;415:213–218.

Genetic alterations of various ion channels are responsible for several herita-

ble cardiac arrhythmias that predispose to sudden death. Understanding the 

fundamental defects in channelopathies helps provide the basis for new treat-

ment strategies and can help tailor pharmacologic and gene therapies.
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Conduction Disturbances and Cardiac 
Pacemakers

Lorenzo Pitisci, Georgiana Bentea, Ricardo E. Verdiner, and Ruben Casado-Arroyo

CONDUCTION DISTURBANCES

Patients admitted to the intensive care unit (ICU) frequently have 

conduction disturbances because of their acute medical condition or 

underlying risk factors. The clinical manifestation varies broadly from 

asymptomatic to life-threatening events. Locating and understanding 

the conduction disturbances are vital to stratifying the patient’s risk 

and choosing the best medical or invasive therapy option.

Normal Cardiac Conduction
Depolarization of the myocardium begins spontaneously from a spe-

cialized group of cells forming the sinoatrial (SA) node located in the 

superior and posterior portion of the right atrium (RA). They are 

regulated by the sympathetic and parasympathetic nervous system. 

The activity of the cells cannot be seen on a surface electrocardiogram 

(ECG).

SA depolarization spreads through the right then left atrium, re-

sulting in the P wave seen on the surface ECG. Because the atria and 

ventricles are electrically isolated, the impulse must travel through the 

atrioventricular (AV) node, located in the lower part of the atrial sep-

tum and regulated by the sympathetic and parasympathetic nervous 

system as well, to generate the PR interval on ECG.

The impulse is transmitted to the ventricles through the bundle of 

His, dividing into right and left bundle branches to finally diffusely 

ramify to form the Purkinje network, resulting in the QRS wave on 

ECG. The ventricular repolarization can be observed as the T wave on 

ECG. The atria repolarization is hidden by the ventricular depolariza-

tion (QRS).

Bradycardia
Bradycardia is defined as a heart rate (HR) ,60 bpm. It can be divided 

into two categories: sinus node dysfunction (SND), when the rate of 

impulses arising from the SA node is lower than expected, and AV 

block, when there is failure to propagate the impulse from the atrium 

to the ventricle. SND and AV block share common etiologies and may 

be present at the same time. Nevertheless, their prognosis and treat-

ment are not the same. A high-quality 12-lead surface ECG is manda-

tory to help differentiate them. Etiologies of bradyarrhythmia are 

listed in Table 73.1.

Sinus Node Dysfunction

SND refers to a number of conditions causing symptoms and inap-

propriate atrial rates (bradycardia, sinus pauses, and sinus arrest).1-4 

Symptoms could include weakness, chronotropic incompetence (in-

ability to reach a targeted heart rate), palpitations, and syncope. The 

mechanism is either an inner pacemaker defect or an SA block  

(Table 73.2). Degenerative age-related SA fibrosis is the main cause of 

SND, affecting patients in their seventies and eighties. The fibrotic 

process, however, is not just limited to the SA. SND is often associated 

with AV node fibrosis as well. Patients with symptoms attributable to 

SND have a higher risk of cardiovascular events, including syncope, 

atrial fibrillation, and heart failure (HF). Moreover, the development 

of chronotropic incompetence with age is associated with an in-

creased risk of cardiovascular death and overall mortality. Usually, 

SND is chronic and the result of irreversible causes. Even when  

clinical presentation is acute and potentially reversible, as in acute 

myocardial infarction, electrolyte/metabolic disturbances, dysthy-

roidism, and iatrogenesis (e.g., beta-blocker [BB] use), symptoms are 

typically mild, stable, and generally do not require therapy apart from 

correcting the metabolic disturbances and stopping the medication 

that generated the syndrome. In brady-tachy syndrome (a variant of 

SND), SND is responsible for pauses after termination of atrial 

tachyarrhythmia and often needs either invasive ablation of the ar-

rythmia, permanent pacing, or both. Table 73.3 shows a description 

of the different etiologies of SND.

Atrioventricular Block

AV block encompasses all possible lesions, congenital or acquired, that 

may interrupt or delay the normal propagation of the sinus node im-

pulse to the ventricles. The most common cause is degenerative. Con-

genital (Fallot, transposition of the great arteries, etc.) and systemic 

disorders (amyloidosis, Fabry disease, etc.) are rarer nonreversible 

etiologies (Table 73.4). As block level and position are associated with 

different prognoses and therapeutic options, locating block sites helps 

in understanding the mechanism and stratifying the patient’s risk. AV 

node location (supra-Hisian) is characterized by a slower progression 

of the disease and a more sustained and reliable junctional escape 

mechanism with better response to chronotropic drugs (atropine, 

isoproterenol). On surface ECG, the QRS complex is usually thin. In 

contrast, intra- and infra-Hisian AV blocks are characterized by a 

broader QRS complex (.120 ms), poorer prognosis, faster progres-

sion, less reliable junctional escape mechanism, and poor or paradoxi-

cal response to chronotropic drugs. Some clinical maneuvers can help 

to identify the level of the disease. Carotid sinus massage, which in-

creases the vagal tone and slows the sinus rate and conduction through 

the AV node, would further deteriorate nodal block. It may improve 

the infra-Hisian block by improving the His-Purkinje conduction of 

slower sinus beats. Atropine, isoproterenol, and exercise would im-

prove a supra-Hisian block but would deteriorate an infra-Hisian 

block.

AV blocks are also categorized according to a three-degree scale. In 

first-degree AV block (BAV 1°), every P wave is conducted to the ven-

tricles with an increased conduction delay (PR .200 ms) (Fig. 73.1A). 

BAV1° is usually asymptomatic and requires no treatment.
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Intrinsic Extrinsic

Idiopathic (aging) degeneration

Ischemic heart disease

Infiltrative heart disease: sarcoidosis, amyloidosis, hemochromatosis

Vasculitis because of collagenopathies: rheumatoid arthritis, systemic lupus  

erythematosus

Infective heart disease: myocarditis, endocarditis, Lyme disease, Chagas  

disease

Surgical trauma: catheter ablation procedures, valve replacement (including 

transcatheter aortic valve implantation)

Congenital diseases

Myopathies (Dannon disease)

Exaggerated vagal activity: vasovagal, situational, carotid sinus  

hypersensitivity

Drug effects: antiarrhythmics, digoxin, clonidine, opioids, lithium,  

dexmedetomidine

Electrolyte disturbances: hyperkalemia

Hypothyroidism

Hypothermia

Hypoxia

Increased intracranial pressure

TABLE 73.1 Etiologies of Bradyarrhythmias

 Sinus Bradycardia Sinus Pause/Arrest Sinus Node Exit Block

Bradycardia-Tachycardia 

Syndrome

Definition and 

pathogenesis

SA node discharges at 

rates inferior to the 

physiologic needs of 

the individual.

No spontaneous SA 

node impulse forma-

tion (automaticity) 

longer than 3 sec 

(85% of such cases 

are symptomatic).5

First-degree SA exit block reflects a conduction  

delay of the SA impulse in the perinodal region

Second-degree SA exit block is a periodic failure of 

the sinus impulse to exit the sinus node.

Mobitz I (Wenckebach) when the SA node dis-

charges at a constant rate with progressive pro-

longation of conduction within the perinodal area 

(hence electrical impulses reach the atrial myo-

cardium with a progressive delay).

Mobitz II includes the failure of multiple impulses 

to exit the sinus node.

Third-degree SA exit block reflects a complete  

conduction block in the SA junction.

Alternating paroxysms of regular 

or irregular atrial tachyarrhyth-

mias and sinus node dysfunction.

The syndrome occurs in more 

than 50% of individuals with  

SA node dysfunction.6

ECG patterns Sinus rhythm of less 

than 60 bpm,  

40–50 bpm in  

athletes and healthy 

young individuals.7

The absence of P waves 

with sinus pause, 

which is not equal to 

the sum of PP  

intervals.

First-degree SA exit block cannot be identified on a 

regular ECG. It can be observed during direct 

electrophysiologic recording by measuring SA 

conduction time.

Second-degree SA exit block: Mobitz I (Wencke-

bach) is characterized by a progressive shortening 

of the PP interval until block occurs with a pause 

of less than two times the shortest PP interval.

Mobitz II is characterized by constant PP intervals 

and a pause that equals the sum of PP intervals.

Third-degree SA exit block cannot be accurately 

distinguished from sinus arrest in the surface 

ECG.

Alternating sinus pauses with epi-

sodes of paroxysmal AF, atrial 

flutter, or re-entrant atrial  

tachycardias.

TABLE 73.2 Types of Sinus Node Dysfunction

AF, Atrial fibrillation; ECG, electrocardiogram; SA, sinoatrial.

In second-degree AV blocks (BAV 2°), some P waves are not con-

ducted to the ventricles. BAV 2° are divided into two types:

 1. Mobitz I is defined by a progressively longer PR period on consecu-

tive beats, ultimately followed by a blocked P wave. The next PR 

period is then reset to the shortest duration and it repeats (Wencke-

bach conduction). The block location is usually nodal (72%) (see 

Fig. 73.1B).

 2. Mobitz II does not follow the same scheme and preserves a certain 

degree of P-wave conduction (see Fig. 73.1C). The block location is 

usually intra-Hisian (20%) or infra-Hisian (80%).

The clinical presentation of first-degree AV block is usually be-

nign and only very rarely are symptoms felt to be directly related to 

first-degree AV block. There are no signs or symptoms that are either 

sensitive or specific for first-degree AV block.

Most patients with high AV block will present with some degree of 

symptoms, though the severity of the symptoms can be quite variable. 

Symptoms in high AV block (Mobitz II) may include fatigue, dyspnea, chest 

pain, presyncope, syncope, Stokes-Adams attack, and sudden cardiac arrest.

The P:R ratio is used to describe how many P and QRS waves are 

contained in one repetitive block. The higher the ratio, the more severe 

the block. A case of 2:1 BAV 2° can be particularly challenging to de-

termine whether it is Mobitz type I or II.

High-degree or high-grade blocks refer to more than two consecu-

tive nonconducted P waves without a complete loss of AV conduction 
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Electrolyte disturbances Hyperphosphatemia or hypophosphatemia

Acidosis

Hypoglycemia

Hypoxemia/hypercapnia Sleep apnea, alcohol and/or drug abuse

Ischemia Acute myocardial infarction

Heart surgery Maze procedure

Valve replacement

Infectious Lyme disease

Acute rheumatic fever

Diphtheria, Legionella, psittacosis, typhoid fever, 

Listeria, malaria, leptospirosis, dengue fever

Viral syndrome

Dysthyroidism Hypothyroidism

Hypervagotonia Stress, pain, carotid compression, other

Drugs Beta-blockers

Non-dihydropyridine calcium channel blockers

Digoxin and antiarrhythmic drugs

Lithium, methyldopa, risperidone, cisplatin, inter-

feron

Autoimmune disease Sarcoidosis, ankylosing spondylitis, rheumatoid 

arthritis, scleroderma, lupus

TABLE 73.4 Etiologies of Reversible 
Conduction Disturbances

Congenital Sinus Node Dysfunction
Long QT syndrome, Brugada syndrome, congenital heart disease, noncompaction cardiomyopathy

Acquired Sinus Node Dysfunction
Myocardial ischemia

Infective heart disease

Dengue fever, Chagas disease, encephalitis, endocarditis, Legionnaires disease, typhoid, diphtheria, rheumatic carditis

Autoimmune diseases

Systemic lupus erythematosus, systemic sclerosis

Infiltrative diseases

Hemochromatosis, cardiac lipomatosis, amyloidosis

Endocrine disease

Hypothyroidism, hyperthyroidism, hyperparathyroidism, phaeochromocytoma

Autonomic dysfunction

Carotid hypersensitivity syndrome, athletic training, intracranial hypertension

Drugs

Antiarrhythmics, digitalis, ticagrelor, lacosamide, carbamazepine, lithium, ropinirole, ranitidine, clonidine, diphenylhydantoin

Iatrogenic

Cardiac surgery procedures, especially for congenital pathologies

Radiofrequency catheter ablation of arrhythmias

Percutaneous coronary intervention: right coronary artery stent implantation because of iatrogenic occlusion of sinus node artery

TABLE 73.3 Etiologies of Sinus Node Dysfunction

(Fig. 73.2). These latter types are more intra- or infra-Hisian and as-

sociated with a poorer prognosis.

In cases of acute myocardial infarction, acute AV blocks secondary 

to right or circumflex coronary artery (responsible for AV and His 

bundle vascularization in most of the cases) occlusion are usually 

nodal and associated with a good prognosis and rapid recovery. Those 

A

B

C
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Fig. 73.1 Atrioventricular Block.  A, Electrocardiogram from a patient 

with first-degree atrioventricular block. The PR interval is approximately 

290 milliseconds. All P waves are being conducted to the ventricles. The 

PR interval is constant. B, Electrocardiogram rhythm strip from a patient 

with second-degree atrioventricular block type I. Note progressive  

prolongation of the PR interval until failure of conduction occurs. The 

pattern of conduction is 3:2. C, Electrocardiogram demonstrating sec-

ond-degree atrioventricular block type II. The PR interval is constant 

before and after the blocked P waves. The QRS complex is widened.

I

Fig. 73.2 Complete Heart Block.  The PR intervals are irregular because 

the ventricles and atria represent two independent sources of depolar-

ization.

  

 



601CHAPTER 73 Conduction Disturbances and Cardiac Pacemakers

Symptomatic AV block

Unstable

Unstable

Transvenous or

transcutaneous

temporary pacing

Stable

Resolution Remain

No further

treatment

Refer for

permanent

pacing

Evaluate and treat reversible cause

Atropine

Isoproterenol

Stable

Assess hemodynamic

 

secondary to left anterior descending artery (LAD) occlusion (respon-

sible for right and left anterior bundle brunch vascularization) are as-

sociated with a poorer prognosis (infra-Hisian location) and fatal 

ventricular arrythmia.

Laboratory testing. Measurements of electrolytes, glycemia, pH, 

renal function, thyroid function, and Lyme serologic testing (if clinical 

suspicion of Lyme carditis) should be performed in any acute bradyar-

rhythmia, as they are common and reversible causes that can be treated 

promptly with possible normalization of conductance disturbances.

Imaging in patients with conduction disorder. Conduction distur-

bances are encountered in a wide range of cardiovascular and systemic 

disease with very different prognoses and treatments. Assessment of 

heart structure and function is highly useful in order to exclude  

cardiomyopathies, valvular heart diseases, tumors, infections (endo-

carditis with abscess formation), congenital anomalies, infiltrative 

processes, great vessel disease, and pericardial diseases. Except for sinus 

bradycardia and first-degree AV block with no evidence of structural 

heart disease, it is recommended to perform a transthoracic echocar-

diography. This is especially true in newly identified left bundle branch 

block (LBBB; patients with LBBB have a higher prevalence of both 

noncardiovascular and cardiovascular comorbidities, including struc-

tural heart disease),8 AV block Mobitz II, and high-grade AV block. 

Magnetic resonance imaging (MRI) can be helpful in diagnosing an 

infiltrative or dilated cardiomyopathy. Cardiac computed tomography 

(CT) is helpful for the assessment of valve calcification and coronary 

artery disease.

Acute medical therapy for bradycardia. The initial management of 

the patient with AV block depends on the presence and severity of any 

signs and symptoms related to the ventricular rate (Fig. 73.3). Unstable 

patients may require pharmacologic therapy and, in some cases, 

should also receive temporary pacing to increase heart rate and cardiac 

output. Once the patient is hemodynamically stable, assessment and 

treatment for any potentially reversible causes should occur, followed 

by placement of a permanent pacemaker for patients without an iden-

tifiable reversible etiology.

Regarding the pharmacologic therapy, atropine should be used in 

patients with symptomatic bradycardia or hemodynamic (HD) com-

promise with SND except in patients with heart transplant, in which 

paradoxical heart block is observed.9,10 Isoproterenol may be used 

in symptomatic bradycardia/HD compromise with SND, but there  

are no data to either support or discourage its use in sinus 

bradycardia.7,10,11Atropine should be used in patients with symptom-

atic bradycardia or HD compromise with second- or third-degree AV 

block with caution when the block location is thought to be intranodal 

or infranodal because of paradoxical worsening of conduction.7 Iso-

proterenol may be used in patients with symptomatic bradycardia or 

HD compromise with second- or third-degree AV block if the likeli-

hood of myocardial ischemia is low.

Calcium channel blocker– or beta-blocker–induced SND and/or AV 

block. Patients with bradycardia-induced symptoms or hemodynamic 

instability caused by BBs, calcium channel blocker (CCB) overdose, or 

high-dose insulin therapy should be given glucagon intravenously to 

increase heart rate and to improve symptoms. Only if bradycardia is the 

result of CCB therapy should intravenous (IV) calcium be adminis-

trated to improve symptoms. Hypercalcemia is rare, but close monitor-

ing is mandatory and central vein infusion is preferred. Hemodialysis 

Fig. 73.3

 

Acute Management of Symptomatic Atrioventricular (AV) Block.
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may be needed in specific circumstances, although this is uncommon. 

Given the low toxicity of these antidotes in relation to the severity and 

the low frequency of BB/CCB overdose, there are no randomized trials 

to support their use in clinical practice.

Digoxin overdose–induced SND and/or AV block. Bradycardia-in-

duced symptoms or hemodynamic instability by digoxin overdose 

should be reversed with digoxin Fab antibody fragment. Observational 

studies have reported a clinical response within 30–45 minutes.5,6,12 

Bradycardia can be treated with atropine and hypotension with IV 

boluses of isotonic crystalloid in the meantime. Hemodialysis is not 

recommended. Potassium levels should be monitored. Adverse effects 

include HF, tachycardia, and hypokalemia; allergic reactions are rare.

Bradycardia in heart transplant and spinal cord injury. SND in the 

context of denervation after spinal cord injury or after heart transplant 

is challenging, as atropine may have a paradoxical effect.9 Administra-

tion of oral theophylline was associated in two studies of 15 and 29 

patients with increased HR .90 bpm. The evidence concerning ami-

nophylline is less clear.

Patients with bradycardia-induced symptoms or hemodynamic 

instability with spinal cord injury should be given aminophylline or 

theophylline orally for 4–6 weeks to improve heart rate and symptoms.

Temporary pacing for bradycardia SND. Temporary pacing should 

be used for acute treatment of severe symptomatic bradycardia or 

ventricular arrythmia triggered during bradycardia with hemody-

namic instability when medical treatment is failing. It can be delivered 

transcutaneously until an internal temporary right ventricular (RV) 

lead is inserted.

Permanent pacing for bradycardia. If all reversible causes of brady-

cardia are excluded and/or corrected, permanent pacing is considered. 

A large number of patients are treated with BBs or CCBs, and studies 

have shown that the withdrawal of these drugs rarely reversed the AV 

block and only delayed the permanent pacemaker insertion.13–15 Be-

cause AV block secondary to sarcoidosis rarely recovers, many clini-

cians choose an early strategy to pacemaker implantation in these 

particular cases (Table 73.5).

Heart surgery and TAVI. Symptomatic and/or hemodynamic insta-

bility caused by SND and, most frequently, AV block are not rare after 

cardiac surgery. The aortic and tricuspid valves are located just next to 

the AV node and the mitral valve next to the bundle of His. Temporary 

epicardial leads are recommended during heart valve surgery. Perma-

nent pacing is recommended after 5–7 days of persisting symptoms.

Transcatheter aortic valve implantation (TAVI) procedures are at 

high risk of periprocedural conduction disturbances requiring perma-

nent pacing (12.6%–17.5% in recent registers).16,17 The most robust 

preprocedural predictor is the presence of right bundle branch block 

(RBBB) (multivariable odds ratio: 2.8–46.7 times).17 If there is no 

previous RBBB and no conduction changes peri- or post-procedure, 

the temporary pacemaker can be removed as early as the first 24 hours. 

If complete AV block or high-degree AV block occurs, permanent pac-

ing is recommended.17

CARDIAC IMPLANTED DEVICES

Permanent Pacing
Many patients have implanted cardiac devices such as pacemakers and 

defibrillators. These devices are made of one pulse generator contain-

ing the battery and one to three leads connected to the RA, RV, or left 

ventricle (LV) either through the endocardium or epicardium. Every 

pacemaker patient should have a card containing all information 

about the device (leads, brand, type, and implantation date). When the 

information is missing or incomplete, chest x-ray can be helpful to 

understand how many leads are present, if their integrity is preserved, 

and if their position is correct. An intracardiac leadless pacemaker can 

be implanted instead if there are potential hazards with using a con-

ventional device. In a prospective multicenter study evaluating its im-

plantation in 725 patients, 719 devices were deployed with success, 

with a 96% primary safety endpoint (complication rate was about 4%, 

with cardiac perforation/tamponade 1.6%, HF 0.9%, and fistula or 

aneurysm at puncture site 0.7%). No dislodgment was observed.18 

Specific brand controllers are available to modify parameters and re-

trieve information such as battery life, pacing threshold and sensitivity, 

and lead impedance.

Temporary Cardiac Pacing
About 20% of patients presenting with bradycardia in the emergency 

room will need temporary pacing.10 In general, any patient with bra-

dycardia causing symptoms or hemodynamic instability that is unre-

sponsive to atropine ought to be considered for temporary pacing. 

These devices (transcutaneous or endocardial) are typically used tran-

siently to compensate for an acute symptomatic bradycardia until it 

resolves or a permanent pacemaker can be placed.

Transcutaneous pacing was introduced in the 1950s.19 Pacemakers 

pads are placed anteriorly (right upper chest and lateral to the apex of 

the heart) or in an anteroposterior position. The generator unit is 

typically set to 70 bpm, and the current is increased up to 40–80 mA 

for adults until the myocardium captures the signal at every beat based 

on continuous ECG monitoring and arterial pulse check. For safety, 

the current is then set 10 mA above the upper capture limit.20,21

Because of the sedation required and possible AV asynchrony, 

transcutaneous pacing is only used as a fast bridge to transvenous en-

docardial pacing. The latter is more stable and much better tolerated 

by patients. Using the Seldinger wire technique, an electrode catheter 

is inserted through a sheath in either the femoral, subclavian, or jugu-

lar vein. Under fluoroscopy and/or echo guidance,22 the electrode is 

connected to a pulse generator pacing at maximum output at 70 bpm 

and advanced cautiously in the right ventricle. The device is positioned 

properly when the surface ECG shows 70 bpm paced with LBBB mor-

phology, and the position is confirmed with a chest x-ray, fluoroscopy, 

or echo.

Adverse complications of endocardial pacing range from 14% to 

40% and are linked to the extent of pacing23,24: venous thromboses, 

pulmonary emboli (femoral approach mostly), perforation, life-

threatening arrythmia, loss of capture, and death. Because the elec-

trode is passively applied against the endocardium, dislodgment is 

common (lateral head movement when introduced through the jugu-

lar approach as an example). Temporary pacing should be as short of 

Pacing Mode Indication

VVI(R) Symptomatic bradycardia and AV asynchrony (atrial 

tachyarrhythmia)

AAI(R) Symptomatic sinus node dysfunction if AV node con-

duction preserved

DDD(R) Symptomatic bradycardia and AV synchrony (i.e., SND 

and AV block)

DDI(R) Idem DDD/DDDR and paroxysmal supraventricular 

tachycardia

DOO/VOO Asynchrony mode (i.e., MRI mode)

TABLE 73.5 Pacing Modes

A, atrial; AV, atrioventricular; D, A1V; O, no response to sensing; I, in-

hibition; MRI, magnetic resonance imaging; SND, sinus node dysfunc-

tion; R, responsiveness; V, ventricular.
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Problem Solution

Pacing Stimuli Present With Loss of Capture
Lead dislodgment or malposition (hours and days after  

implantation)

Reposition of the lead

Inflammation at the electrode interface Reposition of the lead and/or increasing the output of the pulse generator

Increase in capture threshold (several months after implantation) Increase output, identify etiology

Subthreshold pacemaker output programming Increase output

Lead failure Identify problem (loss of capture, undersensing or oversensing, insulation breach) 

and provide the specific treatment

Battery depletion Change battery

Recording system artifact Identify problem

Pacing Stimulus With Failure to Sense (Undersensing) Generally, management should implicate programming the sensitivity to a more 

sensitive value, avoiding inappropriate sensing of noncardiac signals and also:

Inadequate signal Identify problem (low amplitude of the signal, slew rate or inappropriate frequent 

content)

Pacemaker programmed to a value insufficient to sense intrinsic activity Change the programmed sensitivity

Change in native signal since implantation Identify etiology

Ectopic beats ECG to confirm the ectopic cardiac activity

Lead maturation Evaluate the change in sensing

Lead failure, most frequently insulation failure Replace the lead

Pulse generator failure Replace the generator, not the leads

Environmental electric fields Identify the electric field

Magnet application Remove the magnet

Noise detection Identify the etiology

Management of undersensing Evaluate the characteristics of the native signals to determine why they are not 

being sensed; program the sensitivity

Electromagnetic Interference
Therapeutic radiation Evaluation before and after the procedure

External cardioversion Avoid the delivery of energy to the pulse generator

Evaluation before and after the procedure

Magnetic resonance imaging Evaluation before and after the procedure

Electrocautery Use bipolar cautery, reprogramming, or magnet application

TABLE 73.6 Management of Pacing System Malfunction

case of physical activity). The fifth describes any anti-tachycardia 

functions or resynchronization function. Unipolar sensing and pacing 

use the pulse generator as the anode and the distal lead as the cathode. 

This arrangement is very sensitive to noise. Bipolar sensing and pac-

ing use the lead’s distal part as the anode and cathode, allowing less 

noise, more robust sensing, and lower energy consumption. The  

pacemaker and intracardiac device must be controlled by a trained 

cardiologist.

Complications of Pacing and Management (Table 73.6)
Undersensing: Failure to Sense
Undersensing refers to a situation in which a spontaneous depolariza-

tion of the observed cavity occurs and is not recognized by the device 

and so does not inhibit an impulse generation by the pacemaker  

(Fig. 73.4). There are multiple causes of undersensing, such as inade-

quate cardiac signal, pacemaker programmed to a value insufficient to 

sense intrinsic activity, change in native signal after implantation, ec-

topic beats, lead maturation, lead failure, pulse generator failure, envi-

ronmental electrical fields, magnet application, and noise detection. 

Undersensing can be responsible for asynchrony and precipitating HF. 

a duration as possible. Fewer complications were reported with jugular 

access and fluoroscopic or echo-guided lead placement.22,25 When 

durable temporary pacing is needed (i.e., infection), a temporary pace-

maker with active fixation leads is more suitable.26 Importantly, tem-

porary pacing should never delay emergency cardiac reperfusion in the 

case of ischemia-induced bradycardia.

When establishing temporary pacing, the pacing threshold should 

be determined, and the pacing energy should then be set at two to 

three times this minimum output. Thresholds should be checked daily.

Pacing Modes
The North American Society of Pacing and Electrophysiology and the 

British Pacing and Electrophysiology Group created a code consisting 

of five letters to describe pacemaker functions known as the NBG 

pacemaker (see Table 73.5). The first letter indicates the cavities that 

are paced. The second letter indicates the cavities that are sensed. The 

third letter indicates the response of the device if the programmed 

event occurs. The fourth letter indicates if a special rate function is 

activated (i.e., rate responsiveness function using accelerometers in-

side the pulse generator allowing the basal heart rate to increase in 

ECG,

 

Electrocardiogram.
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Fig. 73.4 Failure to Sense.  Atrial and ventricular pacing spikes are 

seen around the intrinsic QRS complexes. Pacemaker activity does not 

lead to capture.

Position and integrity of the lead must be checked by x-ray and the 

device controlled by a trained cardiologist.

Oversensing

Oversensing refers to a situation in which a signal (noise, far-field) is 

interpreted as a spontaneous depolarization of the observed cavity, 

which then inhibits the impulse generation of the device. Pacemaker-

dependent patients will have a poor tolerance for this type of event. 

This was common in the past with unipolar leads but is now quite rare.

Failure to Capture

Failure to capture occurs when a pacing stimulus is generated, but fails 

to trigger myocardial depolarization the expected cavity (Fig. 73.5). 

There are various causes of failure to capture, including lead dislodge-

ment or malposition, inflammation and fibrosis at the electrode/

myocardial interface, increase in capture threshold, subthreshold pace-

maker output programming, lead failure, battery depletion, and re-

cording system artifact. Position and integrity of the lead must be 

checked by x-ray and the device controlled by a trained cardiologist.

Fusion

Fusion refers to the situation in which the cavity depolarization is trig-

gered by the intrinsic rhythm and pacemaker firing at the same time, 

resulting in a hybrid QRS.

Pseudo-fusion refers to a similar phenomenon, but the pacemaker 

firing does not affect the intrinsic QRS shape (Fig. 73.6).

D2

V2

Fig. 73.5 Failure to Pace.  An unduly long interval passes after the third 

QRS complex before another beat occurs. The pacemaker should have 

fired before this intrinsic beat.

V2

Fig. 73.6 With fusion, the pacemaker fires at the same time as the 

intrinsic rhythm, resulting in a hybrid QRS.

Cardiac Implanted Devices
• A cardiologist or electrophysiologist should be consulted when

cardiac implanted device malfunction is suspected.

• Placingamagnetoverapermanentpacemakertemporarily“repro-

grams” the pacer into an asynchronous mode (causing the pace-

maker to fire at its preprogrammed rate regardless of the underly-

ing intrinsic rhythm).

• MRImaybesafe inapacemakerpatient if thecardiac implanted
device is MRI compatible, is programmed, and is monitored. Veri-

fication of the leads and manufacturer-guaranteed MRI compati-

bility are mandatory.

• Pacemakerfailurehasthreecauses:
 a. Output/capture failure: Output failure is suspected if the heart 

rate is below the programmed lower rate and pacing spikes are 

absent. Capture failure can occur when the generated pacing 

stimulus does not initiate myocardial depolarization. Output or 

capture failure can also occur if the appropriate cardiac cham-

ber is not paced.

 b. Detection: Problems with detecting intracardiac signals. In un-

dersensing, the pacemaker fails to detect spontaneous myocar-

dial depolarization, which results in asynchronous pacing. In 

oversensing, the pacemaker senses electrical signals that it 

should not normally encounter, which results in inappropriate 

inhibition of the pacing stimulus.

 c. Pseudo-malfunction: The pacemaker appears to be malfunc-

tioning when in fact it is actually normal pacemaker behavior 

(e.g., rate-related).

ANNOTATED REFERENCE

Kusumoto FM, Schoenfeld MH, Barrett C, et al. 2018 ACC/AHA/HRS guide-

line on the evaluation and management of patients with bradycardia and 

cardiac conduction delay: executive summary: a report of the American 

College of Cardiology/American Heart Association Task Force on Clinical 

Practice Guidelines, and the Heart Rhythm Society. Circulation. 

2019;140(8):e333–e381.

These are the latest guidelines available.

KEY POINTS

Conduction Disturbances

• Patient history, drug list, and physical examination help make the correct 

diagnosis and determine choice of therapy.

• AV node block is most often caused by medications, ischemia, or increased 

parasympathetic tone. In most cases they are reversible. Infranodal blocks, 

however, are rarely reversible.

• When symptomatic bradyarrhythmia is present, negative chronotropic drugs 

should be withdrawn unless required for other purposes.

• Locating the site of an AV block helps stratify patient risk and prognosis:

 a. Asymptomatic first-degree and second-degree Mobitz I AV blocks are 

mostly nodal and do not require treatment.

 b. Symptomatic second-degree Mobitz II AV blocks and third-degree AV 

blocks are usually infranodal and often require definitive pacing.

• After heart surgery, bradyarrhythmias are frequent, especially after aortic 

valve surgery or TAVI. In symptomatic patients, temporary pacing is recom-

mended. A decision about permanent pacemaker placement should not be 

made before 5–7 days after the procedure.

 References for this chapter can be found at expertconsult.com.
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MYOCARDITIS

Myocarditis is defined as inflammation of heart muscle.1 Many different 

etiologic agents have been implicated in this disease, but viral infections 

are the most common cause. Myocarditis can be associated with autoim-

mune and other systemic diseases and can be caused by adverse drug 

reactions.2 The clinical picture of myocarditis varies widely, from asymp-

tomatic patients who fully recover without specific therapy and who 

suffer no long-term sequelae, to critically ill patients with heart failure 

and cardiogenic shock. There are no standardized, specific, and widely 

agreed-upon criteria for making the diagnosis of myocarditis or for de-

termining a specific cause in many patients.3 Last, there has been contro-

versy regarding the most appropriate medical therapy for this condition.

On pathologic examination of myocardial biopsy specimens or at 

autopsy, myocarditis is usually apparent as infiltration of myocardium 

with lymphocytes, macrophages, and fibroblasts, accompanied by 

myocyte necrosis (myocytolysis).3 It is this type of myocarditis, termed 

lymphocytic myocarditis, that will be referred to in this chapter unless 

otherwise specified. Other types of inflammatory reactions are seen 

less frequently in myocarditis and involve giant cells, eosinophils, or 

granulomas and can be associated with specific clinical conditions.

The global incidence of myocarditis is estimated at 22 cases/100,000 

annually. It is more common in males, and more severe cases tend to 

occur in women and children.4 In most patients with myocarditis, a 

specific cause is not found.5 It is presumed that in North America and 

Europe, the most common etiologic agent is viral.1 Identification of 

particular viral etiologies may vary by geography and over time. Cox-

sackie B enterovirus was felt to be the most common cause up to the 

1990s, but human herpesvirus 6, cytomegalovirus, and parvovirus B19 

have been implicated as causative agents more frequently over the past 

20 years.2 Hepatitis C has also been found to be a common etiology in 

some populations.6 Other viral causes include H1N1 influenza A, 

Epstein-Barr virus (EBV), and herpes simplex 1 and 2. Myocarditis is a 

common finding in patients infected with human immunodeficiency 

virus (HIV). However, the causative agent responsible in these cases may 

be HIV or a secondary viral infection such as cytomegalovirus.1,6,7 Infec-

tious illnesses such as Lyme disease, acute rheumatic fever, and diphthe-

ria often have myocarditis as a prominent feature. In Central and South 

America, the most common cause of myocarditis is the protozoan Try-

panosoma cruzi, the cause of Chagas disease (Table 74.1). Systemic and 

autoimmune diseases such as systemic lupus erythematosus (SLE), poly-

myositis, scleroderma, sprue, Whipple disease, and sarcoidosis can be 

complicated by myocarditis, and myocarditis can be a feature of infiltra-

tive cardiomyopathies seen in hemochromatosis or amyloidosis. Other 

specific forms of myocarditis include hypersensitivity or eosinophilic 

myocarditis, which can be caused by allergic reactions to medications, 

including smallpox vaccination,8 and giant cell myocarditis (GCM). 

Lastly, myocarditis can be associated with doxorubicin cardiomyopathy 

or with peripartum cardiomyopathy (Box 74.1).9–11

In 2020 an international pandemic of an acute respiratory illness 

occurred, called coronavirus disease 2019 (COVID-19), caused by infec-

tion with a novel coronavirus, the severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2). The illness is characterized by pneumo-

nia, often progressing to acute respiratory failure. Seven to twenty-eight 

percent of patients hospitalized with this illness demonstrate acute 

cardiac injury, defined as a combination of elevated serum troponin, 

electrocardiogram (ECG) changes consistent with myocardial injury, 

and/or left ventricular (LV) systolic dysfunction demonstrated on ECG. 

Myocarditis may be a mechanism of cardiac injury in some of these 

patients. However, there have only been a very small number of patients 

with a diagnosis of myocarditis that was confirmed by cardiac magnetic 

resonance imaging (MRI) or tissue sampling. One report described 

cardiomegaly, localized ST-segment elevation on ECG, marked tropo-

nin elevation, and acute heart failure associated with low left ventricular 

ejection fraction (LVEF) in a patient with COVID-19 pneumonia. An-

other report described biventricular heart failure and cardiac MRI find-

ings diagnostic of acute myocarditis. LV function returned to normal 

within weeks in both cases.12,13 One report described a patient with 

cardiogenic shock; impaired LV systolic function; no coronary artery 

obstruction; and endomyocardial biopsy showing low-grade interstitial 

and endocardial inflammation with macrophages, myocyte lysis, and 

viral particles seen in interstitial cells.14 There have also been reports of 

a mild mononuclear cell infiltrate on myocardial specimens at autopsy 

in patients who died from COVID-19 illness.15 Other causes of myocar-

dial damage are also likely in these patients, including infection-medi-

ated coronary vasculitis, microvascular coronary thrombosis, stress 

cardiomyopathy, exacerbation of atherosclerotic coronary artery dis-

ease, oxygen supply-demand mismatch, and a hyperinflammatory state 

causing a cardiomyopathy similar to that associated with sepsis.16

Unfortunately, it is difficult to make a clinical diagnosis of a specific 

viral cause of myocarditis. Antiviral antibody titers in acute- and con-

valescent-phase sera do not aid in the diagnosis, as viruses are highly 

prevalent in the general population, and antibody levels vary over time 

and do not correlate well with the onset of symptoms of acute myocar-

ditis.17,18 Viral cultures of tissue specimens are unreliable.5 The identi-

fication of viral genomes incorporated in myocyte DNA by the use of 

methods such as polymerase chain reaction (PCR) is highly suggestive 

but does not specifically prove that the virus is the cause.

PATHOGENESIS

Based on observations of human myocarditis and murine models of 

the disease caused by coxsackie B3, the pathogenesis of viral myocar-

ditis can be described in three stages.2,19 The first stage is initiated by 
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INFECTIOUS MYOCARDITIS

Bacterial Staphylococcus, Streptococcus, pneumococcus, meningococcus, gonococcus, Salmonella, Corynebacterium diphtheriae, Hae-

mophilus influenzae, Mycobacterium tuberculosis, Mycoplasma pneumoniae, Brucella

Spirochetal Borrelia burgdorferi, (Lyme disease), Leptospira (Weil disease)

Fungal Aspergillus, Actinomyces, Blastomyces, Candida, Coccidioides, Cryptococcus, Histoplasma, Mucormycoses, Nocardia, Sporothrix

Protozoal Trypanosoma cruzi, Toxoplasma gondii, Entamoeba, Leishmania

Parasitic Trichinella spiralis, Echinococcus granulosus, Taenia solium

Rickettsial Coxiella burnetii (Q fever), Rickettsia rickettsii (Rocky Mountain spotted fever), R. tsutsugamushi

Viral RNA viruses: coxsackieviruses A and B, echoviruses, polioviruses, influenza A and B viruses, respiratory syncytial virus, mumps 

virus, measles virus, rubella virus, hepatitis C virus, dengue virus, yellow fever virus, Chikungunya virus, Junin virus, Lassa  

fever virus, rabies virus, human immunodeficiency virus-1

DNA viruses: adenoviruses, parvovirus B19, cytomegalovirus, human herpes virus-6, Epstein-Barr virus, varicella-zoster virus, 

herpes simplex virus, variola virus, vaccinia virus

IMMUNE-MEDIATED MYOCARDITIS

Allergens Tetanus toxoid, vaccines, serum sickness

Drugs: penicillin, cefaclor, colchicine, furosemide, isoniazid, lidocaine, tetracycline, sulfonamides, phenytoin, phenylbutazone, 

methyldopa, thiazide diuretics, amitriptyline

Alloantigens Heart transplant rejection

Autoantigens Infection-negative lymphocytic, infection-negative giant cell

Associated with autoimmune or immune-oriented disorders: systemic lupus erythematosus, rheumatoid arthritis, Churg-Strauss 

syndrome, Kawasaki disease, inflammatory bowel disease, scleroderma, polymyositis, myasthenia gravis, insulin-dependent 

diabetes mellitus, thyrotoxicosis, sarcoidosis, Wegener granulomatosis, rheumatic heart disease (rheumatic fever)

TOXIC MYOCARDITIS

Drugs Amphetamines, anthracyclines, cocaine, cyclophosphamide, ethanol, fluorouracil, lithium, catecholamines, interleukin-2,  

trastuzumab, clozapine

Heavy metals Copper, iron, lead (rare, more commonly causes intramyocyte accumulation)

Miscellaneous Scorpion sting, snake and spider bites, bee and wasp stings, carbon monoxide, inhalants, phosphorus, arsenic, sodium azide

Hormones Phaeochromocytoma, vitamins: beriberi

Physical agents Radiation, electric shock

TABLE 74.1 Causes of Myocarditis/Inflammatory Cardiomyopathy

From Caforio ALP, Pankuweit S, Arbustini E, et al. Current state of knowledge on aetiology, diagnosis, management and therapy of myocarditis:  

a position statement of the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur Heart J. 2013;34:

2636–2648.

BOX 74.1 Distinct Forms of Myocarditis

Active viral

Postviral (lymphocytic): common form of acute myocarditis

Hypersensitivity

Autoimmune

Infectious

Giant cell myocarditis

From Haas G: Etiology, evaluation, and management of acute myocar-

ditis. Cardiol Rev. 2001;9:88–95.

viral infection and replication within myocytes. Viral proteases and 

activation of proinflammatory cytokines initiate myocyte damage.20 

The presence of this viral replication phase is difficult to detect clini-

cally, because patients may be asymptomatic during this phase or may 

only have nonspecific viremic symptoms. In addition, there is no rapid 

screening test to confirm most viral infections. Parvovirus B19 may 

preferentially infect endothelial cells in coronary arteries, venules, and 

capillaries, and myocardial damage may be a result of impaired blood 

flow.21

The second stage involves host immune activation. Stimulation of 

cellular immunity and humoral responses attenuates viral proliferation 

and can result in recovery from the illness. However, unabated immune 

activation can result in activated T cells targeting myocardial antigens 

that cross-react with viral peptides. This leads to release of cytokines 

such as tumor necrosis factor, interleukin-1, and interleukin-6, result-

ing in further damage to myocytes and the cytoskeleton.1,20 Activation 

of CD4 cells and antibody production plays a less important pathoge-

netic role. This secondary immune response to viral infection may play 

a greater role in disease pathogenesis than the primary infection and 

may be genetically influenced. Incomplete clearing of virus or recurrent 

viral replication may also cause persistence of inflammation and myo-

cardial damage. Evidence supporting these mechanisms includes the 

following: Myocardial biopsy with recombinant DNA techniques can 

detect viral genomes in 20%–35% of patients. Tissue-specific autoanti-

bodies have been detected in 25%–73% of patients with evidence of 

myocarditis on biopsy, with antibodies directed against contractile, 

structural, and mitochondrial myocyte proteins. Inappropriate expres-

sion of the major histocompatibility complex can frequently be demon-

strated on biopsy specimens.1 Elevated levels of inflammatory cytokines 

are detected in patients with active myocarditis.
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Either persistent overactivation of cellular immune activity or in-

complete clearing with persistent or recurrent viral replication can 

lead to the third stage, which is marked by cellular apoptosis, ongoing 

necrosis, and fibrosis. Significant myocardial damage leads to LV dila-

tation and remodeling, neurohormonal activation, systolic dysfunc-

tion, and manifestations of heart failure.20,22 These processes can then 

abate, with reduction in LV size and improvement of LV function, or 

can continue to progress with development of dilated cardiomyopathy, 

worsening ventricular function, and chronic heart failure. Chronic 

dilated cardiomyopathy is the major long-term sequela of acute myo-

carditis (Fig. 74.1).

CLINICAL PRESENTATION AND DIAGNOSIS

The incidence of myocarditis is difficult to determine, as many cases 

are mild with subclinical disease. Myocarditis is diagnosed on clinical 

grounds, as there are no specific clinical diagnostic criteria. The pre-

sentation of myocarditis varies widely. Patients can be asymptomatic, 

as myocarditis is found in 1%–10% of autopsy specimens of young 

adults who had no history of cardiac illness. Myocarditis can be found 

at autopsy in up to 20% of cases of young, apparently healthy adults 

who die suddenly and unexpectedly.1,5,11 It is estimated to be the third 

most common cause of sudden cardiac death in young athletes.4

Patients with myocarditis most commonly present with dyspnea 

(72%), chest pain (32%), and symptoms of arrhythmia (18%).23 The 

presentation may be indistinguishable from acute coronary syndromes 

caused by coronary artery disease. There may be a preceding viral 

prodrome with fever, malaise, and arthralgias. Physical examination 

can show fever, tachycardia, S3 and S4 gallop sounds, and a pericardial 

rub if pericarditis is present. Signs of heart failure can be present, in-

cluding pulmonary rales and wheezes, elevated jugular venous pres-

sure, and peripheral edema. Murmurs of mitral regurgitation and tri-

cuspid regurgitation may be heard. Infrequently, the presentation is 

fulminant and severe, with acute heart failure, pulmonary edema, and 

cardiogenic shock.5

The differential diagnosis includes acute myocardial infarction 

(AMI), isolated pericarditis, or chest pain from pulmonary causes, in-

cluding pulmonary embolism or pneumonia. Generalized sepsis is also 

a consideration. Myocarditis involving the right ventricle may mimic 

findings in right ventricular (RV) cardiomyopathy.

Laboratory findings can include leukocytosis, eosinophilia, and an 

elevated erythrocyte sedimentation rate. The cardiac biomarkers cre-

atine phosphokinase (CPK), troponin T, and troponin I may be ele-

vated, with sensitivity of troponin I reported at 34%–53% and speci-

ficity of 89%.18,24 Rheumatologic serologic markers and HIV status 

should be evaluated in selected cases.

The 12-lead ECG is an insensitive test for the diagnosis of myocar-

ditis. ECG findings are nonspecific and include sinus tachycardia and 

nonspecific ST-segment depression and T-wave inversion most often. 

Patients may present with chest pain and ST-segment elevation with a 

Viral infection
Entry via cell surface receptors

viral replication

Immune response

Innate

Cytokine production

(TNF, INF, interleukins)

Release of nitric oxide

Acquired

Monocytes and macrophages

T lymphocytes

B lymphocytes

Antibodies

Autoantibodies

Direct myocardial injury
Apoptosis

Necrosis

Direct myocardial injury
Apoptosis

Necrosis

Resolution
Immune system downregulated

No further myocardial injury

Autoimmune myocarditis
Immune response remains active

Ongoing myocardial injury

Dilated cardiomyopathy
Ongoing immune response

Ongoing myocardial injury

Viral

clearance

Viral

persistence

Fig. 74.1  The pathogenesis of viral myocarditis involves direct myocardial injury from viral infection in addition 

to immunomediated myocyte damage from cytokines, proteases, and autoantibodies. The outcome of these 

processes can be healing of inflammation and resolution of ongoing active myocarditis or chronic dilated 

cardiomyopathy. INF, Interferon; TNF, tumor necrosis factor. (Adapted from Blauwer LA, Cooper LT. Myocar-

ditis. Prog Cardiovasc Dis. 2010;52:274–288.)
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picture mimicking AMI or acute pericarditis. More severe cases can be 

associated with supraventricular or ventricular arrhythmias, conduc-

tion disturbances, and heart block.1 QTc prolongation over 440 msec, 

QRS duration over 120 msec, and abnormal QRS axis have been as-

sociated with a poorer prognosis.25

Echocardiography is essential to diagnose and quantitate regional 

and global LV wall motion abnormalities, LV and RV size and function, 

the presence of pericardial effusion, and valvular regurgitation. RV 

involvement may be seen in 25% of patients.18 Fulminant myocarditis 

is characterized by a nondilated left ventricle with severe systolic dys-

function and increased wall thickness reflecting myocardial edema.26 

Pericardial effusion may be present. Cardiac catheterization and coro-

nary angiography are often necessary to exclude acute ischemia result-

ing from coronary artery disease as the cause of chest pain or acute 

heart failure (Box 74.2).

Cardiac Magnetic Resonance Imaging
There is increasing use of cardiac MRI with contrast enhancement as 

a noninvasive method to diagnose myocarditis.27–30 Diagnostic crite-

ria were published in 2009 called the “Lake Louise criteria.”31 These 

include (1) focal or diffuse myocardial edema in T2-weighted im-

ages, (2) early gadolinium enhancement (EGE) on T1 imaging indi-

cating myocardial hyperemia, and (3) late gadolinium enhancement 

(LGE) indicating necrosis and fibrosis specifically located in subepi-

cardial or mid-myocardial regions.32 Myocardial edema may be local-

ized or global and is not always associated with EGE. LGE may be 

diffuse or patchy, and is most often seen in basal and mid-inferolat-

eral segments of the left ventricle or the base of the interventricular 

septum (see Box 74.2 and Fig. 74.2). Diagnostic sensitivity is im-

proved when all three techniques are assessed. In a meta-analysis of 

reported studies, diagnostic accuracy of these criteria are 83%, with 

a sensitivity of 80% and specificity of 87%. Diagnostic accuracy is 

68% when only LGE is present. Novel cardiac MRI T1 and T2 map-

ping procedures are being investigated and are proposed to supple-

ment the Lake Louise criteria to improve diagnostic accuracy. These 

techniques offer quantitative tissue characterization and may correct 

for technical limitations of standard cardiac MRI techniques.33 Car-

diac MRI is more likely to be abnormal when performed more than 

7 days after onset of symptoms. It may also detect pericardial inflam-

mation and effusion (seen in 32%–57% of patients) and gives infor-

mation regarding LV function. Cardiac MRI can also be used to di-

rect myocardial biopsy in patients with patchy uptake.31,34,35

Advantages of cardiac MRI include that it is noninvasive and low 

risk, sampling error is avoided (a problem with endomyocardial bi-

opsy, see later), and it can be used serially over time to assess a patient’s 

course. However, cardiac MRI may be normal in patients with milder 

forms of myocarditis, and it does not distinguish between viral and 

other etiologies of the disease. It is also more difficult to apply in criti-

cally ill patients with cardiogenic shock.

The value of cardiac MRI in estimating prognosis is unclear. Prog-

nosis is better in patients with edema and hyperemia but without 

LGE.32 However, in a series of 203 consecutive patients with a diagno-

sis of myocarditis, all of whom had LGE and 70% of whom presented 

with chest pain, 10.8% experienced a major cardiac event (sudden 

death, heart failure, serious ventricular arrhythmia, or cardiac trans-

plant). A multivariate analysis concluded that only reduced LVEF was 

an independent predictor of major events. Extent, pattern, and loca-

tion of LGE were not significant predictors.36 It is important to realize 

that cardiac MRI may provide diagnostic information regarding myo-

carditis; however, it does not predict clinical outcomes.

ENDOMYOCARDIAL BIOPSY

Percutaneous endomyocardial biopsy (EMB) is used to aid in the di-

agnosis of myocarditis and is considered the definitive diagnostic 

technique. The Dallas criteria have been accepted as the standard for 

histopathologic diagnosis, but the utility of the Dallas criteria is 

strongly debated (see later). These criteria define “active myocarditis” 

as the presence of an inflammatory myocardial infiltrate (more than 

five lymphocytes per high-power field) accompanied by myocyte ne-

crosis. “Borderline myocarditis” is defined as inflammation without 

myocyte necrosis. However, there is no difference in prognosis in pa-

tients with either of these biopsy results. Thus lymphocyte infiltration 

(with or without myocyte necrosis) is the most important diagnostic 

criterion. A more recent pathologic definition of myocarditis is the 

presence on EMB of a focal or diffuse mononuclear cell infiltrate of 

lymphocytes and macrophages, with .14 cells/mm2, with ,4 mono-

cytes/mm2 and CD-3–positive lymphocytes .7/mm2,4 which empha-

sizes that immunohistochemistry to identify upregulated human 

leukocyte antigen (HLA) proteins and examining specimens for viral 

genomes using PCR should also be performed.25,37,38 Viral myocarditis 

is considered to be present when there is evidence for active inflam-

mation with a positive molecular test for virus on EMB, and autoreac-

tive or autoimmune myocarditis is diagnosed when inflammation is 

present without viral markers.39 Findings in eosinophilic myocarditis 

BOX 74.2  Results of ECG, Laboratory 
Testing, and Imaging in Acute Myocarditis

ECG, Holter, or Stress Test

AV block I–III, bundle branch block, sinus arrest

Extrasystoles

Supraventricular tachycardia, atrial fibrillation

Ventricular tachycardia, ventricular fibrillation, asystole

ST-segment and T-wave changes (ST-segment elevation, T-wave inversion)

Intraventricular conduction delay

New Q waves

Low voltage

Seromarkers for Myocardial Necrosis

Troponin elevation

Creatine kinase elevation

Cardiac Imaging

Echocardiography/angiography

Regional or global systolic or diastolic dysfunction, with or without LV dilatation

Increased wall thickness

Pericardial effusion

Intracavitary thrombi

CMR

Edema

Hyperemia or capillary leak (early gadolinium enhancement)

Irreversible injury (necrosis, scar; late gadolinium enhancement)

Regional or global systolic or diastolic dysfunction, with or without LV dilatation

Increased wall thickness

Pericardial effusion

Intracavitary thrombi

Modified with permission from Caforio AL, Pankuweit S, Arbustini E,  

et al. Current state of knowledge on aetiology, diagnosis, management, 

and therapy of myocarditis: a position statement of the European  

Society of Cardiology Working Group on Myocardial and Pericardial  

Diseases. Eur Heart J. 2013;34:2636–2648.

AV, Atrioventricular; CMR, cardiovascular magnetic resonance; ECG, 

electrocardiogram; LV, left ventricular.
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include intense eosinophilic infiltrate with histiocytes, lymphocytes, 

and plasma cells. Pathology of GCM shows infiltration with giant 

cells, with lymphocytes and myonecrosis but without granulomas.

A positive EMB has a high positive predictive value, but there are a 

number of significant limitations. A high frequency of interobserver 

variation has been noted among pathologists in applying the Dallas 

criteria. Biopsies are not sensitive in diagnosing myocarditis, as various 

series have reported positive RV biopsy results in only 10%–67% of 

patients with myocarditis suspected on clinical grounds or with re-

cent-onset idiopathic dilated cardiomyopathy. This variability may 

relate to the timing of biopsies in respect to the stage or chronicity of 

the patient’s illness. In addition, sampling error is possible when myo-

cardial inflammation is patchy and not global or may predominantly 

involve the LV free wall.37 Thus diagnostic yield is improved by per-

forming a biopsy earlier in a patient’s clinical course, taking more than 

six biopsy specimens, and performing LV biopsies. In addition, im-

munohistochemical staining for HLAs can improve diagnostic sensi-

tivity. EMB may also be useful to diagnose persistence of viral activity. 

Novel analyses assess viral transcription activity and messenger RNA 

(mRNA) expression.19,40,41 EMB should be performed in centers with a 

high-volume experience and with proven safety and availability of ap-

propriate pathologic techniques.42 Recent reports indicate a very low 

rate of serious complications related to EMB in experienced centers, 

,0.1%.39 It is important to emphasize that a negative biopsy finding 

does not preclude the diagnosis of myocarditis.

In the majority of patients, diagnosis is made on clinical grounds 

combined with cardiac MRI findings, and the clinical course is one of 

steady improvement. EMB is not necessary in these patients. EMB 

should be strongly considered in cases of suspected myocarditis when 

pathology results will affect management decisions. An American 

Heart Association/American College of Cardiology/European Society 

of Cardiology (AHA/ACC/ESC) scientific statement offered recom-

mendations concerning the appropriate use of EMB based on patients’ 

clinical presentations.43 EMB was deemed useful, beneficial, and effec-

tive (class I indication) in patients with acute heart failure with hemo-

dynamic compromise after causes such as coronary artery disease are 

excluded. EMB in this setting is necessary to diagnose GCM and eo-

sinophilic myocarditis, which most often present with severe heart 

failure or arrhythmias, as immunosuppressive therapy is mandated in 

these conditions. A class I indication for EMB was also recommended 

for patients with new-onset, subacute heart failure or duration of ill-

ness of 2 weeks to 3 months and who fail to improve with medical 

therapy for heart failure or who demonstrate severe ventricular ar-

rhythmia or advanced heart block. EMB should be considered if causes 

such as sarcoidosis or autoimmune disease are suspected.44 EMB 

should always be performed before initiating immunosuppressive 

therapy (Box 74.3).

An algorithm has been proposed outlining the steps in the evalua-

tion of patients suspected of having acute myocarditis (Fig. 74.3).

CLINICAL COURSE

The clinical course of acute myocarditis is variable. The majority of 

patients diagnosed with myocarditis will improve, and those with mild 

symptoms most often recover without complications. Eight to twelve 

percent of young, apparently healthy adults who die suddenly from a 

cardiac cause are found to have myocarditis at autopsy, suggesting that 

patients even with apparently mild illness can suffer fatal arrhythmias.19 

In over 50% of patients, clinically recognized myocarditis will resolve in 

4 weeks. However, 25% will develop persistent abnormalities of ven-

tricular function, and roughly 10% to 20% may develop dilated cardio-

myopathy with chronic, severe heart failure.3,38 Fifteen to twenty-five 

percent of patients who present with new-onset dilated cardiomyopa-

thy have evidence of antecedent myocarditis.3 Patients with heart failure 

DCBA

Fig. 74.2  Cardiac magnetic resonance imaging with late gadolinium enhancement (LGE): normal and abnor-

mal findings in myocarditis. A, Normal myocardium with no evidence of LGE. B, Regional subepicardial en-

hancement of the lateral wall (arrow). C, Subepicardial enhancement of lateral and midwall enhancement of 

the septum (arrows). D, Diffuse subepicardial enhancement. (From Friedrich MG, Sechtem U, Schulz-Menger 

J, et al. Cardiovascular magnetic resonance in myocarditis: a JACC white paper. J Am Coll Cardiol. 

2009;53[17]:1475–1487.)

BOX 74.3 Indications for Endomyocardial 
Biopsy

Exclusion of potential common etiologies of dilated cardiomyopathy (familial, 

ischemic, alcohol, postpartum, cardiotoxic exposures) and the following:

Subacute or acute symptoms of heart failure refractory to standard manage-

ment

Substantial worsening of left ventricular (LV) systolic function despite optimal 

pharmacologic therapy

Suspicion for giant cell myocarditis: younger patient, severe acute heart fail-

ure, hemodynamically significant ventricular arrhythmia, advanced heart 

block

Suspicion of eosinophilic myocarditis: severe heart failure with rash, fever, 

peripheral eosinophilia

Suspicion or diagnosis of systemic autoimmune disease such as systemic 

lupus erythematosus, scleroderma, or polyarteritis nodosum

New-onset cardiomyopathy in the presence of suspected sarcoidosis or amy-

loidosis
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Fig. 74.3  Diagnostic Algorithm for Suspected Acute Myocarditis. CABG, coronary artery bypass grafting; 

CMR, cardiac magnetic resonance; EM, endomyocardial; PCI, percutaneous coronary intervention; PCR, 

polymerase chain reaction;  Rx, treatment. (Adapted from Nelson KH, Li T, Afonso L. Diagnostic approach and 

role of MRI in the assessment of acute myocarditis. Cardiol Rev. 2009;17:24–30.)

and LV dysfunction will experience spontaneous resolution of their  

illness within 12 months in up to 40% of cases, without long-term  

sequelae. Roughly one-quarter of patients with acute myocarditis and 

ejection fraction below 35% will improve, one-half will develop chronic 

cardiomyopathy and heart failure, and one-quarter will deteriorate and 

may be candidates for cardiac transplantation.45

A minority of patients with acute myocarditis present critically ill 

with acute severe heart failure and cardiogenic shock. This presenta-

tion is termed fulminant myocarditis (FM). Most often these patients 

give a history of symptoms of a viral illness during the previous 

weeks, with a distinct time of onset of heart failure symptoms. These 

patients require hemodynamic support, including inotropes, vaso-

pressors, and possibly mechanical circulatory support. This presenta-

tion is contrasted with that of patients with myocarditis who have 

chest pain and may have heart failure but not cardiogenic shock, 

termed nonfulminant myocarditis (NFM). These patients demonstrate 

a less distinct time of onset of heart failure symptoms and do not re-

quire vasoactive support. Direct cytolysis of myocytes caused by viral 

infection and replication is felt to be particularly important in FM. 

Early and extensive loss of myocytes and myocardial tissue leads to the 

rapid development of severe heart failure.

An early study comparing FM with NFM included 147 patients 

with heart failure caused by biopsy-positive active myocarditis, with 

ejection fraction less than 40%. Ten percent of patients were diag-

nosed with FM and 90% had NFM.9 With aggressive treatment, 

patients with FM actually had better long-term survival rates: 93% at 

1 year and 93% at 11 years. Patients with NFM had an 85% 1-year 

survival rate and a 45% survival rate at 11 years.10 However, this early 

reported experience has not been confirmed in more contemporary 

studies (see later).
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PROGNOSIS

It is important to examine the patient population under study and the 

criteria used for diagnosing myocarditis in any series assessing progno-

sis and mortality. No clinical markers reliably predict which patients 

with myocarditis will recover or worsen.10 Early trials reported a 1-year 

mortality rate of 20% and 5-year mortality of 56% in patients with 

biopsy-confirmed lymphocytic myocarditis.46 Another earlier trial re-

ported 181 patients with myocarditis confirmed by EMB using the 

Dallas criteria, immunohistochemical staining, and PCR. LV biopsy 

was performed in 90% of patients. Patients were followed for an aver-

age of 59 months, and 22% died or received cardiac transplantation. 

Multivariate analysis concluded that functional class III and IV heart 

failure and a positive immunohistochemical result were the only pre-

dictors of a poor outcome, and treatment with beta-blockers was as-

sociated with better outcomes40 (Fig. 74.4).

In more contemporary reports, the prognosis for patients who 

present with chest pain and other features similar to acute coronary 

syndrome, without heart failure or reduced LVEF, is favorable. In a 

series of 203 consecutive cases of acute myocarditis confirmed with 

LGE on CMR, 70% presented with chest pain without hemodynamic 

compromise, and none of these patients suffered cardiac arrest or re-

quired heart transplantation.36 More recent series have shown that 

patients with FM have worse outcomes compared with NFM. In a re-

port of 187 consecutive patients with acute myocarditis with symp-

toms ,30 days, 80% underwent cardiac MRI and 27% had EMB. A 

reported 25.5% of FM patients died in hospital or required cardiac 

transplantation, and 18.2% died in hospital. Serious ventricular dys-

rhythmia and complete heart block occurred more often. Nine-year 

survival was 64%. In contrast, none of the NFM patients died or re-

quired transplant, and 9-year survival was 100%. LVEF was signifi-

cantly lower in the FM group, and a lower LVEF correlated with a 

poorer prognosis. Females had a lower incidence of myocarditis, but 

their disease was more severe. Women comprised 57% of the FM 

group and only 12% of NFM. In FM, LVEF did tend to improve during 

the first few weeks of follow-up, but few recovered to normal, and 

LVEF was more likely to be abnormal at long-term follow-up than in 

NFM.47 In another retrospective series of 220 patients with duration of 

illness ,30 days and abnormal EMB, 165 patients had FM. Sixty-day 

mortality in this group was 27.8%, and 1-year mortality was 43%, 

compared with 1.8% and 9%, respectively, in 55 patients with NFM. 

GCM was associated with the worst prognosis. In patients with lym-

phocytic myocarditis, 60-day mortality was 19.5% in FM and 0% in 

NFM. Average LVEF was 22% in FM and 32% in NFM. Life-threaten-

ing ventricular arrhythmia occurred in 46.9% of FM and 16.7% of 

NFM. Mechanical circulatory support was used in 69% of FM and was 

not used in NFM. In patients with FM and eosinophilic myocarditis, 

60-day mortality was 21%48 (Figs. 74.5 and 74.6).

Thus contrary to early reports, the short- and long-term prognosis 

of FM is worse than NFM. The presence of early and severe hemody-

namic compromise is the major determinant of a poorer outcome.

GIANT CELL MYOCARDITIS

GCM is a distinct form of myocarditis, characterized by severe heart 

failure, life-threatening ventricular arrhythmias, and high-grade heart 

block. The pathogenesis is not clearly defined, although autoimmune 

mechanisms involving CD4 T lymphocytes are believed to play an 

important role. Usually the heart alone is affected without multisystem 

illness, but occasionally it is associated with an autoimmune disease 

such as inflammatory bowel disease, celiac disease, or rheumatoid ar-

thritis or with neoplasm such as thymoma or lymphoma.49 It has a 

rapidly progressive course, without significant likelihood of spontane-

ous resolution. On EMB, a diffuse or multifocal infiltration with in-

flammatory giant cells and lymphocytes is seen with myonecrosis. 

Eosinophils and plasma cells may be seen. Granulomas and fibrosis are 

not present. This differs from the myocarditis occurring with sarcoid-

osis in that patients with GCM have a more acute and severe illness, 

patients tend to be younger, and granulomas are not present on EMB 

as they are in sarcoidosis.

One retrospective study reported on 63 patients with biopsy-

confirmed GCM.50 Seventy-five percent presented with heart failure; 

14% presented with severe ventricular arrhythmias; and 11% with 

chest pain, an abnormal ECG, or heart block. Other series report a 

presentation mimicking AMI in 6%–19% with complete heart block 

in 5%–8%.51

The prognosis of untreated GCM is poor, with median survival of 

5.5 months and 89% dying or undergoing heart transplant. EMB is 

essential to make this diagnosis in order to initiate immunosuppressive 

therapy early in the course of the disease. In uncontrolled series, im-

munosuppressive therapy was associated with improved survival from 

3 months in 30 patients not given immunosuppressive drugs to 11.5 

months in patients given prednisone plus azathioprine and 12.6 

months in patients in whom cyclosporine was added. More recent re-

ports describe 5-year survival without cardiac transplant of 52%–75% 

with multidrug immunosuppression. Implantable cardioverter defi-

brillator (ICD) therapy is often used. Initial experience indicated that 

the prognosis after heart transplant was worse compared with other 

forms of heart disease, although more recent results describe similar 

posttransplant survival.51

EOSINOPHILIC MYOCARDITIS

Eosinophilic myocarditis, also termed hypersensitivity myocarditis, is a 

rare form of myocarditis characterized by eosinophilic infiltration 

and degranulation on endomyocardial biopsy. It is believed that 
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Fig. 74.4  Prognosis for patients with acute myocarditis was predicted 

by three factors: NYHA functional class, positive immunohistology for 

myocarditis at EMB, and therapy with beta-blockers. EMB, Endomyo-

cardial biopsy; NYHA, New York Heart Association. (From Kindermann I, 

Kindermann M, Kandolf R, et al. Predictors of outcome in patients with 

suspected myocarditis. Circulation. 2008;118:639–648.)
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Fig. 74.5  Prognosis in Fulminant Myocarditis According to Histologic Type of Myocarditis. Giant cell 

myocarditis (GCM) vs. eosinophilic myocarditis (EM) vs. lymphocytic myocarditis (LM). (From Ammirati E, 

Veronese G, Brambatti M, et al. Fulminant versus acute nonfulminant myocarditis in patients with left ven-

tricular systolic dysfunction. J Am Coll Cardiol. 2019;74:299–311.)

pathogenesis involves a direct role of eosinophil-mediated myocyte 

damage. There can be associated arteritis. This entity is distinct from 

eosinophilic endocarditis (Loffler endocarditis). The clinical manifes-

tations are not specific, aside from a high incidence of eosinophilia in 

peripheral blood. Patients usually present with heart failure caused by 

LV systolic dysfunction. Fever and rash may be present. Untreated, the 

disease is often rapidly fatal.8

The cause is believed to be a hypersensitivity reaction, usually to 

medication or, rarely, in association with parasitic infections. Drugs 

most often implicated are sulfonamides, diuretics, angiotensin-con-

verting enzyme (ACE) inhibitors, cephalosporins, digoxin, or dobu-

tamine. Eosinophilic myocarditis has been reported to occur weeks 

after smallpox vaccination, with an incidence of 1 in 16,000 vacci-

nated.52 Untreated, the clinical course is unfavorable, often with 

rapidly worsening heart failure and sudden death caused by ventric-

ular arrhythmia. Treatment involves discontinuing all potentially 

offending medication and the use of high-dose corticosteroids with 

azathioprine.44 Excellent responses to immunosuppressives, in addi-

tion to some spontaneously resolving illness, have been reported.53,54

Eosinophilic myocardial infiltration has been reported in 2%–7% 

of myocardial biopsy specimens of patients awaiting cardiac transplan-

tation or in the explanted heart after transplant. The cause is unclear, 

but dobutamine therapy, sodium bisulfite used as a preservative in 

dobutamine solutions, and the use of LV assist devices have been im-

plicated. The presence of eosinophilic myocarditis in this setting did 

not have an adverse affect on posttransplant survival and did not recur 

in the transplanted heart.55,56

Immune Checkpoint Inhibitor–Associated Myocarditis
Immune checkpoint inhibitors (ICIs) are a new class of medication 

effectively used to treat certain cancers, including melanoma, lung 

cancers, and lymphoma. These drugs are monoclonal antibodies that 
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Fig. 74.6  Survival curves in all patients with fulminant myocarditis (FM) vs. nonfulminant myocarditis (NFM) 

and in patients with lymphocytic myocarditis and FM vs. NFM. (From Ammirati E, Veronese G, Brambatti M, 

et al. Fulminant versus acute nonfulminant myocarditis in patients with left ventricular systolic dysfunction. J 

Am Coll Cardiol. 2019;74:299–311.)

block the regulatory checkpoints on T cells that maintain self-toler-

ance, resulting in activation and increased function of T cells. After 

these drugs were approved for use as cancer chemotherapy, an adverse 

effect, acute lymphocytic myocarditis, was reported.57 Although this 

complication is uncommon, it is the most severe adverse effect of these 

drugs and has a high fatality rate. Current incidence is estimated at 

0.06%–2.4% of patients treated with these drugs. Patients with this 

complication most often present with new-onset heart failure. Other 

presentations include chest pain, cardiac arrhythmia, cardiogenic 

shock, pericardial effusion, and cardiac tamponade. Other organ sys-

tems may also be affected, including skeletal muscle myositis and 

hepatitis, although half of patients with myocarditis do not demon-

strate other organ involvement. These drugs can block one of three 

different checkpoints, and drugs that block cytotoxic T-lymphocyte 

antigen 4 (CTLA-4) are reported to have a higher incidence of myocar-

ditis. Combining two of these drugs is also associated with increased 

risk. Endomyocardial biopsy reveals inflammatory infiltrates with T 

lymphocytes and, less commonly, macrophages and giant cells, with 

variable fibrosis. Inflammation involving the conduction system and 

sinus node is also reported. Seventy-five percent of cases present 

within 6 months of beginning treatment and often present within the 

first few weeks after the initial dose.58,59

A review of 88 reported cases with ICI-associated myocarditis de-

scribed that in addition to symptoms of heart failure, patients pre-

sented with weakness, chest pain, syncope, and fever. More than 90% 

of patients had significant elevation of serum troponin, and 91% had 

ECG abnormalities such as ST-segment changes, including pathologic 

ST-segment elevation, bundle branch block, and heart block including 

complete heart block. Seventy-seven percent had LVEF ,50% on ECG. 

Sustained ventricular tachycardia (VT) and low cardiac output syn-

drome/cardiogenic shock were frequent. The mortality rate of ICI-as-

sociated myocarditis was 50%, three-quarters of these the result of 
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cardiac causes.60 Another series reported similar characteristics, and 

46% of these patients died or suffered cardiogenic shock, complete 

heart block, or cardiac arrest.61 In both series, initial LVEF at diagnosis 

was not predictive of prognosis. At present there is no specific screen-

ing methodology recommended that can result in early recognition of 

this condition.

Treatment of ICI-associated myocarditis involves cessation of che-

motherapy and urgent administration of high-dose corticosteroids, 

such as 1000 mg methylprednisolone daily. Additional immunosup-

pressive agents such as mycophenolate and tacrolimus may also be 

considered. Supportive care is also recommended, including therapies 

for heart failure, pacemakers, antiarrhythmic drugs, and mechanical 

support as appropriate. If the patient improves, ICI therapy should not 

be resumed.62

THERAPY

General Management of Heart Failure
The treatment of myocarditis is based on the clinical presentation. 

Patients with mild disease can be treated expectantly, with avoidance 

of strenuous exercise for several weeks.3 Animal models indicate that 

strenuous exercise can worsen myocarditis. Elimination of unneces-

sary medications is important in patients with eosinophilia. Nonste-

roidal antiinflammatory drugs should be avoided because they may 

worsen myocarditis.5 The routine use of anticoagulants for prophylaxis 

of systemic emboli is not recommended. Patients who present with 

symptoms of arrhythmia or heart failure should be hospitalized, with 

continuous cardiac rhythm monitoring performed for evaluation of 

potential life-threatening arrhythmias or conduction abnormalities. If 

these are diagnosed, they are treated in a similar matter as in patients 

with other causes of heart disease, using antiarrhythmic drugs or pace-

makers. However, a period of observation is recommended to assess 

for improvement of cardiac function before implantation of an ICD.

There are data in murine models of myocarditis supporting the use 

of ACE inhibitors, angiotensin blockers, and beta-blockers. These 

drugs reduce inflammation and lessen necrosis and fibrosis.2,3,19,34 

There are convincing data in humans supporting the use of these 

medications in addition to aldosterone antagonists in patients with 

dilated cardiomyopathy. Therefore in patients with myocarditis and 

heart failure, the use of standard multidrug medical therapy for heart 

failure and LV systolic dysfunction is indicated.3,11 These medications 

have been shown to improve symptoms, prolong life, and regress the 

adverse LV remodeling in patients with dilated cardiomyopathy of 

various causes.63–65

Treatment with ACE inhibitors should be initiated at low doses, 

with upward titration to maximally tolerated doses. Potential side ef-

fects include renal insufficiency, hyperkalemia, and angioedema. Rela-

tive contraindications to the use of ACE inhibitors include renal fail-

ure, hyperkalemia, bilateral renal artery stenosis, and hepatic failure. 

Patients with hypotension should be treated with parenteral vasopres-

sors or circulatory assist devices before initiation of low-dose ACE in-

hibitor therapy.

In one study, beta-adrenergic blockade was associated with im-

proved survival in a multivariate analysis of patients with acute myo-

carditis.40 Large randomized controlled clinical trials of patients with 

chronic heart failure with reduced LVEF, including patients with idio-

pathic dilated cardiomyopathy, have unequivocally shown benefit from 

beta-blockers in patients with LV systolic dysfunction,66–68 and these 

agents should also be used in patients with heart failure caused by 

myocarditis. Beta-blockers should be initiated after patients are on a 

stable dose of ACE inhibitors and when signs of fluid overload have 

resolved. Contraindications to beta-blocker therapy include broncho-

spastic disease or severe chronic obstructive lung disease, heart block, 

or significant underlying bradycardia. Hypotension should be cor-

rected before initiating beta-blocker therapy.

Digoxin has been shown in animal models to decrease levels of 

cytokines, but digoxin was associated with adverse outcomes in one 

murine model of myocarditis. Digoxin can be used to control rapid 

ventricular rates in patients with atrial fibrillation. The use of digoxin 

should be considered in patients with significant LV systolic dysfunc-

tion, after ACE inhibitors and beta-blockers have been initiated. How-

ever, no survival benefit for digoxin has ever been shown in patients 

with heart failure resulting from dilated cardiomyopathy.69 Contrain-

dications to the use of digoxin include renal failure or heart block.

Lastly, the use of the aldosterone antagonist spironolactone has been 

shown to have symptomatic and survival benefit in patients with 

chronic systolic heart failure.70 In experimental models, these agents can 

reverse the progressive myocardial fibrosis that occurs in the remodeling 

process of dilated cardiomyopathy. These agents have not been studied 

in patients with myocarditis, but their use should be strongly considered 

in patients with severe LV dysfunction (ejection fraction ,35%) and 

symptomatic heart failure.2 Contraindications to the use of aldosterone 

antagonists include renal insufficiency with serum creatinine levels 

above 2.0 mg%, or hyperkalemia. Serum potassium levels needs to be 

carefully monitored during initiation and dose titration.

In critically ill patients with severe heart failure and low cardiac 

index without serious hypotension, parenteral vasodilators should be 

used. Intravenous nitroprusside reduces systemic vascular resistance, 

mean systemic arterial pressure, and pulmonary capillary wedge pres-

sure and can improve the cardiac index. It is used with invasive hemo-

dynamic monitoring with a pulmonary artery catheter to best gauge 

the appropriate dose of medication and to accurately assess response 

to therapy. Prolonged use of nitroprusside is associated with accumu-

lation of the toxic metabolites. Intravenous nitroglycerin is also an ef-

fective venodilator and coronary vasodilator with a less arterial dilat-

ing property than nitroprusside. The use of nitroglycerin in cases of 

myocarditis has not been studied. Patients often develop tolerance to 

this drug.

Patients with severe myocarditis may develop cardiogenic shock, 

respiratory failure, and end-organ hypoperfusion. In these instances, 

treatment with inotropic agents or vasopressors is indicated. Dobu-

tamine is a potent beta1-agonist with less beta2- and alpha-agonist 

properties. Dobutamine has favorable short-term hemodynamic ef-

fects, increasing myocardial contractility, reducing systemic vascular 

resistance, and reducing pulmonary capillary wedge pressure. How-

ever, dobutamine can be proarrhythmic, and patients can develop 

tolerance to the drug. Milrinone is a parenteral inotropic agent that 

works by inhibiting phosphodiesterase. This drug leads to increased 

inotropy and decreased systemic vascular resistance and pulmonary 

capillary wedge pressure, with resultant increased stroke volume and 

cardiac index. Milrinone may cause hypotension. It is less proar-

rhythmic than dobutamine, and it does not induce tolerance.71,72 

Arterial vasoconstrictors such as norepinephrine and dopamine can 

be used in patients with refractory hypotension and poor end-organ 

perfusion.

In patients with fulminant myocarditis and cardiogenic shock 

not responding to pharmacologic therapy, mechanical circulatory 

support with intraaortic balloon counterpulsation (IABP), percuta-

neous mechanical ventricular assist devices (p-VADs), or extracor-

poreal membrane oxygenation (ECMO) should be used. ECMO is 

often used in children with fulminant myocarditis. Mechanical cir-

culatory support improves hemodynamics, end-organ perfusion, 

and coronary flow and may allow for beneficial reverse remodeling 
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Heart failure with  

left ventricular (LV) 

systolic dysfunction

Loop diuretics

Beta-blockers (metoprolol succinate, carvedilol, 

bisoprolol)

Angiotensin-converting enzyme (ACE) inhibitors or 

angiotensin receptor blockers

Aldosterone blockers

Digoxin

Severe heart failure 

with reduced  

cardiac output

Intravenous vasodilators (nitroprusside,  

nitroglycerin)

Intravenous inotropes (milrinone, dobutamine),  

vasopressors (norepinephrine)

Cardiogenic shock  

not responding to 

medical therapy

Intraaortic balloon counterpulsation 

Extracorporeal membrane oxygenation (ECMO)

Mechanical circulatory support: percutaneous or 

implanted ventricular assist device (VAD)

Cardiac transplantation

TABLE 74.2 Medical Therapy for Heart 
Failure in Acute Myocarditis and Advanced 
Supportive Therapies

and spontaneous resolution of LV dysfunction to occur. Patients 

with fulminant myocarditis should be given a reasonable time to 

recover ventricular function before cardiac transplantation is per-

formed. Cardiac transplantation is the final option for treating 

critically ill patients with myocarditis (Table 74.2).

Immunosuppressive Therapy
Because autoimmune mechanisms are responsible for myocardial in-

jury and the clinical manifestations of myocarditis, therapy with im-

munosuppressive drugs has been studied. Given the high rate of 

spontaneous recovery of LV function, placebo-controlled trials are 

essential to properly evaluate the effects of therapy. In addition, het-

erogeneous patient populations, consisting of patients with acute 

myocarditis and chronic dilated cardiomyopathy, have been included 

in older immunosuppressive trials, confounding the interpretation of 

results.

High-dose daily prednisone therapy was used for a 3-month course 

in 102 patients with dilated cardiomyopathy, 59% of whom were clas-

sified as having “reactive” myocarditis on endomyocardial biopsy.73 

The authors found a significant improvement in LVEF at 3 months in 

treated patients with reactive myocarditis, but this improvement was 

not sustained at 9 months. Improvement did not occur in patients 

with nonreactive biopsies treated with prednisone. No significant mor-

tality benefit from immunosuppressive treatment was noted, although 

this was not a prespecified primary endpoint.

The Myocarditis Treatment Trial enrolled 111 patients with a posi-

tive endomyocardial biopsy finding and LVEF ,45%. These patients 

had a protracted clinical course, with a duration of illness of less than 

2 years.46 Three treatment groups were compared: daily prednisone 

plus azathioprine, prednisone plus cyclosporine, and placebo. Mortal-

ity was 20% at 1 year and 56% at 3 years. These investigators found no 

difference in ejection fraction at week 28 or week 52, no change in LV 

size at week 28, and no difference in 1-year mortality between treated 

and untreated groups. Their conclusion was that these immunosup-

pressive strategies were not beneficial. Significant limitations of this 

study include a 30% dropout rate and significant interobserver vari-

ability among pathologists’ diagnoses of biopsy specimens despite us-

ing the Dallas criteria.

In view of the limitations of histopathologic diagnosis using the 

Dallas criteria, another group of investigators used immunohisto-

logic markers of inflammation, upregulation of HLA, to diagnose 

active myocarditis as an indication for immunosuppressive ther-

apy.74 These criteria have the advantage of indicating that autoim-

munity is playing a role in pathogenesis. Also, because HLA is dis-

tributed throughout the entire myocardium, biopsy sampling error 

is eliminated as a confounding variable in assessing response to 

therapy. These patients also had a more chronic course of disease. 

Eighty-four of 202 patients with idiopathic dilated cardiomyopathy 

with duration .6 months and ejection fraction under 40% were 

found to have strong expression of HLA in biopsy specimens and 

were randomized to receive placebo or prednisone plus azathioprine 

for 3 months. At 3 months follow-up, a significant improvement in 

the prespecified secondary endpoints of LVEF, LV volumes, and 

functional capacity was seen in the treated group, and this improve-

ment was maintained at 2 years (71.8% improvement in the treated 

group vs. 30.8% in the untreated group). However, there was no 

improvement in the prespecified composite primary endpoints of 

death, cardiac transplant, or hospital readmission. This study was 

limited by a 31% dropout rate.

In another study, patients with positive EMB specimens and pro-

gressive heart failure who responded to 6 months of therapy with 

prednisone and azathioprine were more likely to have circulating car-

diac autoantibodies and no viral genome in their myocardium as 

compared with nonresponders.75 Another randomized, placebo con-

trolled trial of prednisone plus azathioprine was performed in 85 pa-

tients with chronic heart failure (.6 months illness) with active lym-

phocytic myocarditis on EMB and absence of viral genome on PCR. 

There was significant improvement in LVEF in the treated group (aver-

age ejection fraction increased from 26.5% to 45.6%) and no improve-

ment in controls (average ejection fraction 27.7%–21.3%). In addi-

tion, there was significant improvement in LV dimensions and patients’ 

functional status in the group receiving immunosuppression. This 

study suggests that this therapy may have favorable effects in patients 

who persist with active myocardial inflammation after the virus has 

been cleared76 (Fig. 74.7).

Studies have suggested that in patients with heart failure and low 

ejection fraction, intravenous immunoglobulin (IVIg) has a pro-

nounced antiinflammatory effect as measured by circulating levels of 

inflammatory markers.77 Uncontrolled studies suggested benefit in 

patients with myocarditis from treatment with IVIg.78,79 However, a 

placebo-controlled double-blind trial of IVIg in patients with myocar-

ditis or idiopathic dilated cardiomyopathy of less than 6 months’ dura-

tion showed no significant improvement with therapy as assessed by 

ejection fraction or functional capacity at 6 and 12 months.80 In this 

study, average LVEF improved from 25 ± 8% at baseline to 41 ± 17% 

at 6 months in both treated and untreated groups. The 1-year event-

free survival rate was 91.9% in both groups, indicating a favorable 

prognosis. Therefore the use of IVIg is not supported by any random-

ized trial.81

In summary, there is no evidence that patients with lymphocytic 

myocarditis or idiopathic dilated cardiomyopathy benefit from the 

routine use of immunosuppressive therapy. This treatment should be 

considered in patients with myocarditis who develop early signs of 

severe heart failure or who experience progressive worsening of LV 

function. EMB should be performed before initiating immunosup-

pression, and active inflammation should be seen, preferentially with-

out viral genome detected on immunohistology. Immunosuppressive 

therapy should be used in patients with myocarditis associated with 

autoimmune diseases such as SLE, eosinophilic or granulomatous 

forms of the disease, and in GCM (Box 74.4).

  

 



616 PART V Cardiovascular

BOX 74.4 Indications for 
Immunosuppressive Therapy in Myocarditis

Inflammation present on endomyocardial biopsy and:

 1. Continued severe heart failure symptoms despite good medical therapy

 2. Progressive worsening of heart failure symptoms or LV systolic function 

despite good medical therapy

 3. Fulminant myocarditis

 4. Presence of giant cell myocarditis

 5. Presence of eosinophilic myocarditis

 6. Presence of myocarditis in association with a systemic autoimmune disease 

(e.g., SLE, inflammatory bowel disease, polymyositis).

LV, Left ventricular; SLE, systemic lupus erythematosus.
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Fig. 74.7  Left ventricular function and size at baseline (pink bars) and at 

6 months (blue bars) in patients with myocarditis. Group 1 was treated 

with immunosuppressive therapy and group 2 with placebo. (From Frus-

taci A, Russo MA, Chimenti C. Randomized study on the efficacy of 

immunosuppressive therapy in patients with virus-negative inflamma-

tory cardiomyopathy: The TIMIC trial. Eur Heart J. 2009;30:1999.)

SUMMARY

The most common cause of myocarditis is viral infection, and autoim-

mune mechanisms are involved in the pathogenesis. Patients with 

myocarditis can present with acute chest pain, mimicking acute isch-

emic heart disease or other cardiopulmonary illnesses, or can present 

with heart failure. A smaller percentage of patients present with acute 

severe heart failure and cardiogenic shock. Oral and parenteral phar-

macologic therapies that are used in patients with heart failure not 

caused by myocarditis are also used in these patients. FM is character-

ized by severe heart failure and cardiogenic shock. These patients need 

intensive, aggressive pharmacologic therapy and may require me-

chanical circulatory support. Cardiac MRI is an important tool in the 

diagnosis of myocarditis and may help with prognostication. EMB is a 

safe technique used to diagnose myocarditis in sicker patients and to 

decide on immunosuppressive therapy, although it is limited by sam-

pling error and by current histopathologic techniques for assessing 

disease activity. Newer immunohistologic methods may better define 

those patients who will respond to immunosuppressive therapy. Pa-

tients with myocarditis and progressive myocardial failure despite 

conventional heart failure therapy should be considered for immuno-

suppressive therapy on a case-by-case basis.

STRESS CARDIOMYPATHY

A distinctive cardiomyopathy with acute onset, frequently precipitated 

by emotional or physical stress, is termed stress cardiomyopathy. This 

cardiomyopathy was first described in patients in Japan in 199182 and 

has subsequently been described elsewhere.83,84 It is characterized by the 

sudden onset of chest pain and/or dyspnea, ECG changes mimicking 

AMI, and mild elevation of serum troponin. The syndrome is precipi-

tated by extreme emotional or physical stress in .70% of cases.85 The 

characteristic LV wall motion abnormality, seen in 75%–80% of cases, 

is akinesis or dyskinesis of a large area of the LV apex (Figs. 74.8 and 

74.9). Coronary artery stenosis is not present or does not contribute to 

the cause. Other names for the cardiomyopathy are transient apical bal-

looning syndrome (TABS), describing the distinctive LV wall motion 

abnormality, or takotsubo, so named because the takotsubo pot used by 

Japanese fishermen to trap octopus has a shape similar to the left ven-

tricle in this condition (“short neck, round flask”).84–87 Particular diag-

nostic criteria have been proposed (Box 74.5).

Precipitators of stress cardiomyopathy include arguments with 

family members, the death of loved ones, or sudden financial setbacks. 

Physical stresses include medical procedures such as thoracentesis or 

biopsy, institution of cancer chemotherapy or hemodialysis, and hip 

fracture and noncardiac surgeries. Stress cardiomyopathy in younger 

males can be associated with substance abuse disorders or withdrawal. 

A similar acute cardiomyopathy can occur as a complication of acute 

central nervous system illnesses, including subarachnoid hemorrhage, 

ischemia or hemorrhagic stroke, head trauma, and encephalitis. This is 

termed neurogenic stunned myocardium. The pathophysiology is felt to 

be similar to stress cardiomyopathy (see later).

Stress cardiomyopathy has been reported to occur in approxi-

mately 1.7%–2.2% of admissions for acute coronary syndrome in Ja-

pan and the United States,88,89 with an annual incidence of 15–30 per 

100,000 in the United States. It may be more common than currently 

recognized. There is a marked preponderance for postmenopausal 

females to be affected by this condition, 86%–100% in reported series, 
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Fig. 74.8  End-diastolic and end-systolic apical four- and two-chamber echocardiographic views demonstrating 

the typical apical and mid-ventricular wall motion abnormalities seen in stress cardiomyopathy. (From Gianni 

M, Dentali F, Grandi AM, et al. Apical ballooning syndrome or takotsubo cardiomyopathy: a systematic review. 

Eur Heart J. 2006;27:1523–1529.)

Diastole Systole

Fig. 74.9  Left ventriculogram showing typical wall motion abnormalities in stress cardiomyopathy. Arrows in 

systole indicate hyperkinesis of basal inferior and anterior segments, with dyskinesia of remaining wall seg-

ments. (From Sharkey SW, Lesser JR, Zenovich AG, et al. Acute and reversible cardiomyopathy provoked by 

stress in women from the United States. Circulation. 2005;111:472–479.)

with a mean age of 63–67 years. Many subsequent reports have de-

scribed this condition in younger patients, including a subset of pa-

tients with cannabis use disorder. Sixty-six to ninety percent of pa-

tients will present with chest pain, and 15%–20% will present with 

dyspnea, pulmonary edema, or shock. ECG is abnormal in 95% of 

cases. The most common abnormalities seen are ST-segment eleva-

tion in precordial leads (40%) or in lead aVR or marked T-wave inver-

sions in the precordial leads. ST-segment depression is uncommon. 

These findings are indistinguishable from acute coronary syndromes 

caused by coronary artery disease. Elevation of creatine kinase-MB 

(CK-MB) and troponin is seen in the majority of patients, but the 

enzyme rise is typically lower than would be expected, given the 

marked ECG and LV wall motion abnormalities. Serum brain natri-

uretic peptide (BNP) levels tend to be markedly elevated.90

 Correct diagnosis involves emergency coronary angiography to 

exclude acute coronary syndrome resulting from obstructive coronary 

artery disease. Echocardiography and left ventriculography show mod-

erate-to-severe LV dysfunction in these patients, with characteristic 
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BOX 74.5 Diagnostic Criteria for Stress 
Cardiomyopathy According to the Heart 
Failure Association of the European Society 
of Cardiology

 1. Transient regional wall motion abnormalities of left ventricle or right ven-

tricle myocardium, which are frequently, but not always, preceded by a 

stressful trigger (emotional or physical).

 2. The regional wall motion abnormalities usually extend beyond a single 

epicardial vascular distribution and often result in circumferential dysfunc-

tion of the ventricular segments involved.

 3. The absence of culprit atherosclerotic coronary artery disease, including 

acute plaque rupture, thrombus formation, and coronary dissection or other 

pathologic conditions, to explain the pattern of temporary LV dysfunction 

observed (e.g., hypertrophic cardiomyopathy, viral myocarditis).

 4. New and reversible electrocardiography abnormalities (ST-segment eleva-

tion, ST-segment depression, LBBB, T-wave inversion, and/or QTc prolonga-

tion) during the acute phase (3 months).

 5. Significantly elevated serum natriuretic peptide (BNP or NT-proBNP) during 

the acute phase.

 6. Positive but relatively small elevation in cardiac troponin measured with 

conventional assay (i.e., disparity between the troponin level and the 

amount of dysfunctional myocardium present).

 7. Recovery of ventricular systolic function on cardiac imaging at follow-up 

(3–6 months).

BNP, Brain natriuretic peptide; LBBB, left bundle branch block; LV, left 

ventricular; NT-proBNP, N-terminal-pro hormone BNP.

Adapted from de Chazal H, Del Buono M, Keyser-Marcus, L, et al. 

Stress cardiomyopathy diagnosis and treatment. J Am Coll Cardiol. 

2018;72:1955–1971.

hyperkinesis of inferior-basal and basal-septal segments, with severe 

hypokinesis or dyskinesis involving mid-anteroseptal, apical, and infe-

rior-apical wall segments. A small percentage of patients will demon-

strate different contraction abnormalities, with akinesis involving the 

mid-anterior and mid-inferior walls, with normal motion or hyper-

contractility of the apex and basal segments, or akinesis localized to 

basal segments or particular regions of the left ventricle. The right 

ventricle is affected rarely. Thrombus in the left ventricle is not uncom-

mon. Acutely, LVEF is reduced to 20%–40%.85,86 Up to 20% of patients 

may demonstrate an LV outflow tract gradient resulting from basal 

septal hyperkinesis and transient systolic anterior motion of the ante-

rior leaflet of the mitral valve.83,84

Patients with stress cardiomyopathy often present critically ill, with 

pulmonary edema (15%–45%), hypotension, and shock. Cardiogenic 

shock can develop because of marked LV systolic dysfunction and de-

creased stroke volume. Shock can also be exacerbated by the develop-

ment of an LV outflow tract gradient. Cardiogenic shock has been re-

ported in 5% of patients at presentation and has occurred during the 

course of the illness in 6%–46% of patients in different series.83,85–88 

Ventricular arrhythmia, including torsades de pointes, is seen in 5%–

10% of patients, and atrial fibrillation may occur in 5%–15%.

Suspicion of stress cardiomyopathy and urgent diagnosis are impor-

tant, as therapy and prognosis differ substantially from acute coronary 

syndromes caused by coronary artery disease. Stress cardiomyopathy 

should not be treated with thrombolytic therapy, as coronary occlusion 

is not involved in the pathogenesis. Beta-blocker therapy is recom-

mended, although registries have not shown improved in-hospital 

outcomes with this medication. Anticoagulation is recommended if LV 

thrombus is diagnosed. If cardiogenic shock develops, treatment with 

IABP is advised. Inotropic therapy should be used judiciously or not at 

all. Dobutamine and other beta-agonists may worsen cardiogenic shock 

by increasing hyperkinesis of the basal portion of the heart and causing 

or aggravating an LV outflow tract gradient. There have been case re-

ports of patients with stress cardiomyopathy whose hypotension pro-

gressed to frank cardiogenic shock after initiation of inotropic therapy. 

Because a hyperadrenergic state has been proposed to be the major 

pathogenic mechanism, empiric use of beta-blockers while patients are 

being supported with IABP has been used successfully. Echocardiogra-

phy can be useful to guide therapy. For those with extensive wall motion 

abnormalities but no outflow obstruction, IABP support without beta-

blockers is recommended. Administration of the alpha-agonist phenyl-

ephrine can also be considered in cases with a high LV outflow tract 

gradient, as this drug increases afterload, causing LV dilatation and a 

decrease in mitral valve systolic anterior motion and lowering of intra-

ventricular gradients. The initial course may be complicated by severe 

ventricular arrhythmia.

Stress cardiomyopathy has a prognosis that approximates that of 

acute coronary syndromes, with an in-hospital mortality rate of 4%.91 

Aggressive therapy of hemodynamic compromise and cardiogenic 

shock is indicated. In almost all patients, the marked apical wall motion 

abnormalities begin to improve within days, and LV function can be 

expected to recover to normal during the ensuing 1–6 months. How-

ever, in a small percentage of patients wall motion abnormalities may 

persist for up to 1 year. Follow-up in various series has shown recovery 

of LVEF to normal in most instances. The large majority of survivors 

will recover completely with normal functional status. The long-term 

prognosis is good. In one series, only 2 out of 72 patients had recur-

rence of TABS within 13 months. In another series, the recurrence of 

TABS was calculated at 2.9% per year. Over a 4-year follow-up, long-

term survival of patients who recovered from TABS was equivalent to 

sex- and age-matched control groups without a history of TABS.85,92

The pathogenesis of TABS is unknown. A hyperadrenergic state, 

precipitated by acute stress and causing myocardial stunning, is pro-

posed, with activation of noradrenergic neurons and release of sys-

temic catecholamines and norepinephrine and neuropeptides in the 

myocardium, which can be toxic to myocytes and can cause vascular 

dysfunction. One study documented supraphysiologic levels of serum 

catecholamines and stress neuropeptides in patients during the acute 

phase of the illness, likely caused by adrenal and sympathoneuronal 

hyperactivity. The apex of the left ventricle may be more sensitive to 

the deleterious effects of adrenergic hyperstimulation than other LV 

wall segments.86 Transient multivessel coronary spasm has also been 

proposed, but this has not been demonstrated at the time of acute 

coronary angiography in the vast majority of patients. Additionally, in 

most patients the extent of LV wall motion abnormality is larger than 

the distribution of a single coronary artery. Cardiac MRI has not 

shown evidence of infarction or myocarditis.89

In summary, stress cardiomyopathy should be suspected in patients 

who present with symptoms and ECG findings consistent with AMI, 

who have the typical large apical wall motion abnormality seen on 

echocardiography or left ventriculography, and whose symptoms are 

precipitated by severe emotional or physical stress. Diagnosis is con-

firmed when urgent cardiac catheterization and coronary angiography 

demonstrate no significant coronary artery occlusion or stenosis.

TACHYCARDIA-INDUCED CARDIOMYOPATHY

A sustained rapid heart rate can lead to the acute development of LV 

dilation and systolic dysfunction, with symptoms of heart failure. This 

is termed tachycardia-induced cardiomyopathy (TICMP). The defini-

tion includes sustained heart rate over 100/min, exclusion of other 

causes of LV dysfunction, and complete recovery to baseline after ad-

equate control of heart rate.93 This can occur in otherwise normal 

hearts, or tachycardia may exacerbate heart failure in patients with 
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preexisting cardiomyopathy. Supraventricular or ventricular arrhyth-

mias of any type can lead to this syndrome. Arrhythmias that may be 

responsible for TICMP include atrial fibrillation, atrial flutter, auto-

matic atrial tachycardia, atrioventricular (AV) node re-entry tachycar-

dia, supraventricular tachycardia (SVT) involving accessory pathways, 

accelerated junctional tachycardia, VT (from RV and LV sites), sus-

tained rapid cardiac pacing, and even very frequent premature ven-

tricular contractions or prolonged, sustained ventricular bigeminy. 

The development of TICMP is related to the rate of the tachycardia 

and the duration of the arrhythmia, and in TICMP caused by ven-

tricular arrhythmia, the frequency, site of origin, and coupling inter-

vals are important.93,94 It is not known how long the tachycardia needs 

to be present in order to cause LV dysfunction, but sustained arrhyth-

mia for days to weeks is likely necessary. The presence of an underlying 

predisposing substrate has been postulated, as not all patients with 

sustained tachycardia will develop cardiomyopathy.95

 Animal models of TICMP have been established and studied to elu-

cidate pathophysiologic mechanisms and clinical correlates. In these 

models, sustained, rapid atrial or ventricular pacing leads to severe biven-

tricular systolic and diastolic dysfunction with four-chamber dilation and 

change in LV geometry to a more spherical shape. Within 24 hours of 

initiating rapid pacing, there is a fall in cardiac output and blood pressure. 

During the first week, pulmonary artery pressure rises, and there is an 

increase in left and right ventricular filling pressures. Neurohormonal 

activation occurs typical for dilated cardiomyopathy. Cardiac output and 

ejection fraction fall and ventricular volume increases over 3–5 weeks. 

When pacing is discontinued, cardiac output improves to near normal in 

48 hours, and hemodynamics are normal within 4 weeks. Ejection frac-

tion recovers to normal in 1–2 weeks, although end-diastolic volume re-

mains high at 12 weeks, suggesting persistent remodeling. Structural 

cardiac changes seen include myocyte hypertrophy, apoptosis, and altered 

extracellular matrix. Proposed pathophysiologic mechanisms include 

myocardial energy depletion, ischemia, matrix remodeling with fibrosis, 

and altered myocyte handling of calcium.95–98

One study described EMB results in 19 patients diagnosed with 

TICMP. Compared with biopsy specimens in patients with inflamma-

tory cardiomyopathy and dilated cardiomyopathy from other nonisch-

emic causes, there was less fibrosis in TICMP (63% “mild,” 37% “mod-

erate”), more frequent infiltration with macrophages, and less 

prominent T lymphocytes. Electron microscopy revealed severely dis-

turbed mitochondrial distribution.93

TICMP can occur at any age, from infants to the elderly. It has been 

reported to occur in fetuses with sustained SVT, which resolved with 

correction of the arrhythmia.96 The incidence and prevalence of 

TICMP are not known. One study analyzed patients who were hospi-

talized for treatment of heart failure who had rapid atrial fibrillation 

and no prior diagnosis of cardiac illness. One-third of this group were 

determined to have TICMP. These patients had smaller ventricles ini-

tially and had better long-term prognosis, with lower rehospitalization 

and mortality rates.99 In other observations, males were more fre-

quently affected than females, the mean heart rate was 122/min, 84% 

of patients had atrial fibrillation as the inducing arrhythmia, and the 

average LVEF was 30%, with improvement by 15% at follow-up.93 Pa-

tients with rapid atrial fibrillation and cardiomyopathy treated with 

AV node ablation also show improved cardiac function over time, in-

dicating that tachycardia was more important in the pathophysiology 

than the lack of atrial-ventricular synchrony.

The diagnosis of TICMP should be suspected in any patient with 

impaired ventricular function in the setting of sustained SVT or VT. 

The diagnosis is clear when LV function before the onset of tachycardia 

was demonstrated to be normal and no intercurrent illness other than 

the arrhythmia has occurred. The diagnosis is confirmed when LV 

function rapidly improves with correction of the arrhythmia.

Treatment of TICMP is to rapidly restore normal heart rate. This 

can be done with parenteral rate-slowing medication, including beta-

blockers such as esmolol or metoprolol, or calcium channel blockers 

such as diltiazem. Verapamil may aggravate hypotension and LV dys-

function and should be avoided. Adenosine can rapidly convert AV 

nodal re-entry tachycardia to sinus rhythm. Intravenous digoxin can 

also be considered, although its onset of action is delayed. Type I drugs 

such as procainamide can be prescribed for SVT associated with acces-

sory pathways. Electrical cardioversion and ablation techniques can 

rapidly terminate supraventricular and ventricular arrhythmias and 

restore sinus rhythm. In patients with atrial flutter or atrial fibrillation, 

reliable control of the heart rate to a range of 60–90 per minute is a 

reasonable alternative to conversion of the arrhythmia to sinus rhythm.

In patients with TICMP who have received appropriate arrhythmia 

therapy, heart failure symptoms improve rapidly. LV systolic function 

will generally recover to normal within 4 weeks if there is no other 

underlying heart disease. Twenty-four to forty-eight hour cardiac 

rhythm monitoring is often necessary to ensure that heart rate is con-

trolled during activity and at rest.96 In a report of 11 patients with 

atrial flutter and abnormal systolic function who underwent atrial flut-

ter ablation, ejection fraction improved from an average of 31% at 

baseline to 41% within 7 months of ablation. Lack of resolution of 

cardiomyopathy was predicted by a lower baseline ejection fraction.100 

A series of 24 patients with TICMP was reported whose cardiomyopa-

thy initially resolved with arrhythmia control but who experienced 

repeated rapid decline in LV function and recurrent heart failure when 

their arrhythmias recurred. These patients again had improvement or 

normalization of ejection fraction after repeated arrhythmia control 

within 6 months. However, three of the patients died suddenly and 

unexpectedly, emphasizing that structural and electrical abnormalities 

may persist on a chronic basis.101

KEY POINTS

• Myocarditis is most often caused by a viral infection. Myocardial damage is 

mediated through activation of cellular immune mechanisms.

• The clinical course of myocarditis can be benign, with complete resolution, 

or the illness can be more severe, with the development of dilated cardio-

myopathy and congestive heart failure. Cardiogenic shock and fatal arrhyth-

mias can occur.

• The pharmacologic therapy of heart failure associated with myocarditis is 

similar to therapy used in other forms of dilated cardiomyopathy Severe 

cases may require the use of mechanical circulatory support.

• FM is an infrequent but severe form of myocarditis marked by severe heart 

failure and cardiogenic shock, requiring treatment with vasopressors, ino-

tropes, and at times mechanical circulatory support. The prognosis is worse 

than in NFM. Significant improvement in LV function often occurs.

• Cardiac MRI is useful for the diagnosis of myocarditis. EMB can also be 

used for diagnosis and to decide on immunosuppressive therapy in severe 

cases.

• Immunosuppressive therapy based on the EMB results should not be used 

routinely in the treatment of myocarditis but should be strongly considered in 

patients who have severe heart failure early in the course of the illness, who 

have clinical characteristics of a treatable form of myocarditis, or whose 

condition deteriorates despite the use of conventional heart failure treatment.

• Stress cardiomyopathy, also called TABS, is an acute, severe cardiomyopa-

thy often precipitated by emotional or physical stress, with a presentation 

similar to AMI. Patients will usually make a full recovery after intensive 

care during the acute phase of the illness.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Ammirati E, Veronese G, Brambatti M, et al. Fulminant versus acute nonful-

minant myocarditis in patients with left ventricular systolic dysfunction. J 

Am Coll Cardiol. 2019;74:299–311.

An analysis from an international registry compares the clinical course of pa-

tients with fulminant versus nonfulminant myocarditis and analyzes the clin-
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Cooper LT, Baughman K, Feldman AM, et al. The role of endomyocardial bi-

opsy in the management of cardiovascular disease: a scientific statement 

from the American Heart Association, the American College of Cardiology 

and the European Society of Cardiology. Circulation. 2007;116:2216–2233.

This paper presents the ACC/AHA/ESC recommendations for the indications 

for and utility of endomyocardial biopsy.

de Chazal H, Del Buono M, Keyser-Marcus L, et al. Stress cardiomyopathy  

diagnosis and treatment. J Am Coll Cardiol. 2018;72:1955–1971.

A comprehensive review of stress cardiomyopathy.

Ferreira V, Schulz-Menger J, Holmvang G, et al. Cardiovascular magnetic reso-

nance in nonischemic myocardial inflammation. J Am Coll Cardiol. 2018;

72:3158–3176.

This paper provides recommendations regarding current usefulness and diag-

nostic criteria in the use of cardiac MRI for the diagnosis of myocarditis.

Fun G, Luo H, Qiu Y, et al. Myocarditis. Circ Res. 2016;118:496–514.

Excellent review of clinical presentation of myocarditis and postulated mech-

anisms of disease.
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ETIOLOGY AND CLASSIFICATION OF  
PERICARDIAL DISEASE

The spectrum of pericardial diseases consists of congenital defects, 

pericarditis (dry, effusive, effusive-constrictive, or constrictive), neo-

plasms, and cysts. The etiologic classification comprises infectious 

pericarditis, pericarditis in systemic autoimmune diseases, type 2 

(auto) immune process, postmyocardial infarction syndrome, and 

autoreactive (chronic) pericarditis.1,2

PERICARDIAL SYNDROMES

Congenital Defects of the Pericardium
Congenital defects of the pericardium are found in 1 in 10,000 autop-

sies. Pericardial absence can be partial left (70%), partial right (17%), 

or total bilateral (rare). Additional congenital abnormalities occur in 

approximately 30% of patients. Most patients with total pericardial 

absence are asymptomatic. Homolateral cardiac displacement and 

augmented heart mobility impose an increased risk for traumatic aor-

tic dissection.3 Partial left-side defects can be complicated by hernia-

tion and strangulation of the heart through the defect (causing chest 

pain, shortness of breath, syncope, or sudden death). Surgical pericar-

dioplasty (Dacron, Gore-Tex, or bovine pericardium) is indicated for 

imminent strangulation.

Acute Pericarditis
Acute pericarditis is dry, fibrinous, or effusive, independent of its etiol-

ogy. The major symptoms are retrosternal or left precordial chest pain 

(which radiates to the trapezius ridge, can be pleuritic or simulate 

ischemia, and varies with posture) and shortness of breath. A pro-

drome of fever, malaise, and myalgia is common, but elderly patients 

may not be febrile. A pericardial friction rub can be transient and 

monophasic, biphasic, or triphasic. A pleural effusion may be present. 

The heart rate is usually rapid and regular. Echocardiography is essen-

tial to detect effusion and concomitant heart or paracardial disease 

(Table 75.1).4–11

Hospitalization and symptomatic treatment are warranted. Non-

steroidal antiinflammatory drugs (NSAIDs) are the mainstay. Indo-

methacin should be avoided in elderly patients owing to its effect on 

reducing flow in the coronaries. Ibuprofen (300–800 mg TID) is 

preferred for its rare side effects, favorable impact on coronary 

blood flow, and large dose range.4 Colchicine 0.5 mg at least twice 

daily for 3 months added to aspirin or another NSAID reduced the 

recurrence rate impressively in the COPE trial,12 even at the first 

episode of pericarditis or even as monotherapy in “idiopathic” effu-

sions. Colchicine is well tolerated, with fewer side effects than 

NSAIDs. Systemic corticosteroids should be restricted to connective 

tissue diseases and autoreactive or uremic pericarditis. Intrapericar-

dial steroid application, as long-acting crystalloid triamcinolone, is 

effective for autoreactive effusions and avoids systemic side effects.2

Chronic Pericarditis
Chronic (.3 months) pericarditis includes effusive (inflammatory or 

hydropericardium in heart failure), adhesive, and constrictive forms.4 

Symptoms (chest pain, palpitations, and fatigue) are usually mild and 

related to the degree of cardiac compression and pericardial inflamma-

tion. The detection of curable causes (e.g., tuberculosis; toxoplasmosis; 

myxedema; or viral, autoimmune, and systemic diseases) allows suc-

cessful specific therapy. Symptomatic treatment and pericardiocentesis 

should be applied, if indicated. For recurrences, the etiology should be 

investigated intensely, and if no specific therapy is effective, balloon 

pericardiotomy or pericardiectomy may be considered.

Recurrent Pericarditis
The term recurrent pericarditis encompasses (1) the intermittent type 

(symptom-free intervals without therapy) and (2) the incessant type 

(discontinuation of antiinflammatory therapy precipitates a relapse). 

Massive pericardial effusion, overt tamponade, or constriction is rare. 

Symptomatic management relies on exercise restriction and regimens 

used for acute pericarditis. Colchicine may be effective when NSAIDs 

and corticosteroids fail to prevent relapses.12,13 It should be considered 

the first-choice treatment for recurrent pericarditis according to the 

CORE trial. Corticosteroids should be used only in patients with a 

poor general condition or in frequent crises.4 A common mistake 

could be to use a dose too low to be effective or to taper the dose too 

rapidly. The recommended regimen is prednisone 1–1.5 mg/kg for at 

least 1 month. If patients do not respond adequately, azathioprine 

(75–100 mg/day) or cyclophosphamide can be added.14

Corticosteroids should be tapered over a 3-month period. Toward 

the end of the taper, introduce antiinflammatory treatment with col-

chicine (0.5 mg BID or TID) or an NSAID. Renewed treatment should 

continue for 3–6 months. Recently, it has been demonstrated in “idio-

pathic” pericarditis that previous corticosteroid treatment was a risk 

factor for recurrence or chronicity. Therefore corticosteroids should be 

administered after the definite exclusion of viral or bacterial infection 

of the pericardium. Pericardiectomy is indicated only for frequent and 

highly symptomatic recurrences resistant to medical treatment.15

Pericardial Effusion and Cardiac Tamponade
Pericardial effusion may appear as transudate (hydropericardium), 

exudate, pyopericardium, or hemopericardium. Large effusions are 

common with neoplastic, tuberculous, cholesterol, and uremic peri-

carditis and with myxedema and parasitoses. Loculated effusions  

are more common when scarring has supervened (e.g., postsurgical, 
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TABLE 75.1 Diagnostic Pathway and Sequence of Performance in Acute Pericarditis

Diagnostic Measure Characteristic Findings

Obligatory

Auscultation Pericardial rub (monophasic, biphasic, or triphasic)

ECG* Stage I: anterior and inferior concave ST-segment elevation. PR-segment deviations opposite to P-wave polarity.

Early stage II: all ST junctions return to the baseline. PR segments deviated.

Late stage II: T waves progressively flatten and invert.

Stage III: generalized T-wave inversions in most or all leads.

Stage IV: ECG returns to prepericarditis state.

Echocardiography Effusion types B to D (Horowitz).

Signs of tamponade.

Blood analyses Erythrocyte sedimentation rate, C-reactive protein, lactate dehydrogenase, leukocytes (inflammation markers).

Troponin I,† CK-MB (markers of myocardial involvement).

Chest radiograph Ranging from normal to “water bottle” shape of the heart shadow.

Performed primarily to reveal pulmonary or mediastinal pathology.

Mandatory in Tamponade, Optional in Large/Recurrent Effusions or if Previous Tests Inconclusive in Small Effusions

Pericardiocentesis/drainage Polymerase chain reaction and histochemistry for etiopathogenetic classification of infection or neoplasia.

Optional or if Previous Tests Inconclusive

CT Effusions, pericardium, and epicardium.

MRI Effusions, pericardium, and epicardium.

Pericardioscopy, pericardial/epicardial biopsy Establishing the specific etiology.

CK-MB, Creatine kinase-MB; CT, computed tomography; ECG, electrocardiogram; MRI, magnetic resonance imaging.
*Typical lead involvement: I, II, aVL, aVF, and V3–V6. The ST segment is always depressed in aVR, frequently in V1, and occasionally in V2. Stage IV 
may not occur, and there are permanent T-wave inversions and flattenings. If an ECG is first recorded in stage III, pericarditis cannot be differenti-
ated by ECG from diffuse myocardial injury, “biventricular strain,” or myocarditis. ECG in early repolarization is very similar to stage I. Unlike stage 
I, this ECG does not acutely evolve, and J-point elevations are usually accompanied by a slur, oscillation, or notch at the end of the QRS just be-
fore and including the J point (best seen with tall R and T waves—large in an early repolarization pattern). Pericarditis is likely if, in lead V6, the J 
point is greater than 25% of the height of the T-wave apex (using the PR segment as a baseline).
†A rise in cardiac muscle troponin I (cTnI) was detected in 38/118 patients (32.2%); more frequently in younger, male patients; and with ST-segment ele-
vation and pericardial effusion at presentation. An increase beyond 1.5 ng/mL was rare (7.6%) and associated with CK-MB elevation. cTnI increase was 
not a negative prognostic marker for the incidence of recurrences, constrictive pericarditis, cardiac tamponade, or residual left ventricular dysfunction.

 Data from Refs. 2, 3, and 7–19.

posttraumatic, or purulent pericarditis). Effusions that develop slowly 

can be remarkably asymptomatic, whereas rapidly accumulating smaller 

effusions can present as tamponade. Cardiac tamponade is the decom-

pensated phase of cardiac compression caused by effusion accumula-

tion, leading to increased intrapericardial pressure. Heart sounds are 

distant. Orthopnea, cough, and dysphagia, occasionally with episodes of 

unconsciousness, can be observed. Insidiously developing tamponade 

may present as signs of its complications (renal failure, abdominal 

plethora, shock liver, worsening of glaucoma,16 and mesenteric isch-

emia). Tamponade without two or more inflammatory signs (typical 

pain, pericardial friction rub, fever, or diffuse ST-segment elevation) is 

usually associated with a malignant effusion (likelihood ratio, 2.9).17

Electrocardiography demonstrates low QRS and T-wave voltages, 

PR-segment depression (Fig. 75.1), ST-segment/T-wave changes, bun-

dle branch block, and electrical alternans (rarely seen in the absence of 

tamponade).4 Microvoltage and electrical alternans are reversible after 

the drainage of the effusion and resolution of the inflammatory pro-

cess.11 In chest radiography, large effusions are depicted as globular 

cardiomegaly with sharp margins (“water bottle” silhouette) (Fig. 75.2). 

The size of effusions noted during echocardiography can be graded as 

(1) small (echo-free space in diastole ,10 mm), (2) moderate (10–20 

mm; Fig. 75.3), (3) large ($20 mm), or (4) very large ($20 mm and 

V1

I

II

III

aVR

aVL

aVF

V2

V3

V4

V5

V6

Fig. 75.1 Typical electrocardiographic changes in acute pericarditis: 

PR depression (small arrow) and concave ST-segment elevation 

(large arrow).
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compression of the heart). In large pericardial effusions, the heart may 

move freely within the pericardial cavity (“swinging heart”), inducing 

pseudoprolapse and pseudosystolic anterior motion of the mitral valve, 

paradoxical motion of the interventricular septum, and midsystolic 

aortic valve closure (Table 75.2).18–20 Up to one-third of patients with 

an asymptomatic large pericardial chronic effusion develop unexpected 

cardiac tamponade. Triggers for tamponade include hypovolemia, par-

oxysmal tachyarrhythmia, and intercurrent acute pericarditis.

Constrictive Pericarditis
Constrictive pericarditis is a rare, but severely disabling, consequence 

of chronic inflammation of the pericardium, leading to impaired fill-

ing of the ventricles and reduced ventricular function. Until recently, 

increased pericardial thickness has been considered an essential diag-

nostic feature of constrictive pericarditis. However, in a large surgical 

series from the Mayo Clinic, constriction was present in 18% of pa-

tients with normal pericardial thickness.21 Tuberculosis, mediastinal 

irradiation, and previous surgical procedures are frequent. Constric-

tive pericarditis may rarely develop only in the epicardial layer in pa-

tients with a previously removed parietal pericardium.22 Transient 

constrictive pericarditis is an uncommon but important entity because 

pericardiectomy is not indicated in these patients.23

Patients complain of fatigue, peripheral edema, breathlessness, and 

abdominal swelling, which may be aggravated by a protein-losing 

enteropathy. In decompensated patients, venous congestion, hepato-

megaly, pleural effusions, and ascites may occur. Hemodynamic im-

pairment can be additionally aggravated by systolic dysfunction 

caused by myocardial fibrosis or atrophy. Differential diagnosis has to 

include acute dilatation of the heart, pulmonary embolism, right ven-

tricular infarction, pleural effusion, chronic obstructive lung disease, 

and restrictive cardiomyopathy. The best way to distinguish constric-

tive pericarditis from restrictive cardiomyopathy is by Doppler and/or 

tissue Doppler echocardiographic analysis of respiratory changes with 

or without changes in preload.24 However, physical findings, an elec-

trocardiogram (ECG), chest radiography (see Fig. 75.2, right), com-

puted tomography (CT) (Fig. 75.4, left), magnetic resonance imaging 

(MRI) (see Fig. 75.4, right), hemodynamics, and endomyocardial bi-

opsy may be helpful as well.4

Pericardiectomy is the only treatment for permanent constriction. 

The indications are based on clinical symptoms, echocardiographic 

findings, CT/MRI, and heart catheterization. A primary installation of 

cardiopulmonary bypass (CPB) is not recommended, as diffuse bleed-

ing can occur after systemic heparinization. Pericardiectomy for con-

strictive pericarditis has a mortality rate of 6%–12%,25 and complete 

normalization of cardiac hemodynamics is reported in only 60% of 

patients. Major complications include acute perioperative cardiac in-

sufficiency and ventricular wall rupture. Cardiac mortality and mor-

bidity with pericardiectomy are mainly caused by the presence of 

myocardial atrophy or myocardial fibrosis that was not recognized 

before surgery. The exclusion of patients with extensive myocardial fi-

brosis and/or atrophy has reduced the mortality rate of pericardiec-

tomy to 5%. Postoperative low cardiac output should be treated by 

fluid substitution and catecholamines, high doses of digitalis, and in-

traaortic balloon pump in the most severe cases. If indications for 

surgery are established early, long-term survival after pericardiectomy 

corresponds to that of the general population. However, if severe 

clinical symptoms are present for a longer period before surgery, even 

complete pericardiectomy may not achieve total restitution.

Pericardial Cysts
Congenital pericardial cysts are uncommon; they may be unilocular or 

multilocular, with a diameter ranging from 1 to 5 cm. Inflammatory 

cysts comprise pseudocysts, in addition to encapsulated and loculated 

pericardial effusions, caused by rheumatic pericarditis, bacterial infec-

tion (particularly tuberculosis), trauma, and cardiac surgery. Most pa-

tients are asymptomatic, and cysts are detected incidentally on chest 

Fig. 75.2 Chest radiographs in a patient with a very large pericardial effusion—”water bottle” sign 

(left)—and in a patient with constrictive pericarditis and pericardial calcifications (white arrows, right).

Fig. 75.3 Echocardiographic findings in a small to moderate peri-

cardial effusion (white arrows). Long-axis parasternal view. Ao, Aortic 
root; LA, left atrium; LV, left ventricle; RV, right ventricle.
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TABLE 75.2 Diagnosis of Cardiac Tamponade

Clinical presentation Elevated systemic venous pressure,* hypotension,† pulsus paradoxus,‡ tachycardia,§ dyspnea, or tachypnea with clear lungs

Precipitating factors Drugs (cyclosporine, anticoagulants, thrombolytics), recent cardiac surgery, indwelling instrumentation, blunt chest trauma,  

malignancies, connective tissue disease, renal failure, septicemiaI|

ECG Can be normal or nonspecifically changed (ST-T wave), electrical alternans (QRS, rarely T), bradycardia (end stage),  

electromechanical dissociation (agonal phase)

Chest radiograph Enlarged cardiac silhouette with clear lungs

M-mode/two-dimensional  

echocardiogram

Diastolic collapse of the anterior RV free wall,¶ RA collapse, LA and rarely LV collapse, increased LV diastolic wall thickness 

“pseudohypertrophy,” IVC dilatation (no collapse in inspiration), “swinging heart”

Doppler Tricuspid flow increases and mitral flow decreases during inspiration (reverse in expiration)

Systolic and diastolic flows are reduced in systemic veins in expiration, and reverse flow with atrial contraction is increased

M-mode color Doppler Large respiratory fluctuations in mitral/tricuspid flows

Cardiac catheterization Confirmation of the diagnosis and quantification of the hemodynamic compromise

RA pressure is elevated (preserved systolic 3 descent and absent or diminished diastolic and descent)

Intrapericardial pressure is also elevated and virtually identical to RA pressure (both pressures fall in inspiration)

RV mid-diastolic pressure is elevated and equal to the RA and pericardial pressures (no dip-and-plateau configuration)

Pulmonary artery diastolic pressure is slightly elevated and may correspond to the RV pressure

Pulmonary capillary wedge pressure is also elevated and nearly equal to intrapericardial and RA pressure

LV systolic and aortic pressures may be normal or reduced

Documenting that pericardial aspiration is followed by hemodynamic improvement**

Detection of coexisting hemodynamic abnormalities (LV failure, constriction, pulmonary hypertension)

Detection of associated cardiovascular diseases (cardiomyopathy, coronary artery disease)

RV/LV angiography Atrial collapse and small hyperactive ventricular chambers

Coronary angiography Coronary compression in diastole

ECG, Electrocardiogram; IVC, inferior vena cava; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
*Jugular venous distention is less notable in hypovolemic patients or in “surgical tamponade.” An inspiratory increase or lack of fall of pressure in 
the neck veins (Kussmaul sign), when verified by tamponade or after pericardial drainage, indicates effusive-constrictive disease.
†Heart rate is usually greater than 100 beats per minute but may be lower in patients with hypothyroidism or uremia.
‡Pulsus paradoxus is defined as a drop in systolic blood pressure greater than 10 mm Hg during inspiration, while diastolic blood pressure remains 
unchanged. It is easily detected by simply feeling the pulse, which diminishes significantly during inspiration. Clinically significant pulsus para-
doxus is apparent when the patient is breathing normally. When this sign is present only in deep inspiration, it should be interpreted with caution. 
The magnitude of pulsus paradoxus is evaluated by sphygmomanometry. If pulsus paradoxus is present, the first Korotkoff sound is not heard 
equally well throughout the respiratory cycle, but only during expiration at a given blood pressure. The blood pressure cuff is therefore inflated 
above the patient’s systolic pressure. Then it is slowly deflated, while the clinician observes the phase of respiration. During deflation, the first Ko-
rotkoff sound is intermittent. Correlation with the patient’s respiratory cycle identifies a point at which the sound is audible during expiration but 
disappears when the patient breathes in. As the cuff pressure drops further, another point is reached when the first blood pressure sound is audi-
ble throughout the respiratory cycle. The difference in systolic pressure between these two points is the clinical measure of pulsus paradoxus. 
Pulsus paradoxus is absent in tamponade complicating an atrial septal defect and in patients with significant aortic regurgitation.
§Occasional patients are hypertensive, especially if they have preexisting hypertension.
||Febrile tamponade may be misdiagnosed as septic shock.
¶Right ventricular collapse can be absent in elevated right ventricular pressure and right ventricular hypertrophy or in right ventricular infarction.
**If after drainage of the pericardial effusion, the intrapericardial pressure does not fall below atrial pressure, effusive-constrictive disease should 
be considered.

Data from Refs. 31–41.

Fig. 75.4 Computed tomography findings in constrictive pericarditis (left). White vertical arrows are depicting 
thickened pericardium and pericardial calcification. The magnetic resonance imaging results of a patient with 
effusive-constrictive pericarditis are shown in the right image. Horizontal arrows show a loculated pericardial 
effusion, and the vertical arrow shows thickened pericardium.
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radiographs as an oval, homogeneous radiodense lesion, usually at the 

right cardiophrenic angle. However, patients can also present with chest 

discomfort, dyspnea, cough, or palpitations, owing to compression of 

the heart. Echocardiography is useful, but additional imaging by CT 

(density readings) or MRI is often needed.26 Treatment of congenital 

and inflammatory cysts involves percutaneous aspiration and ethanol 

sclerosis.27 If this is not feasible, video-assisted thoracotomy or surgical 

resection may be necessary. Echinococcal cysts usually originate from 

ruptured hydatid cysts in the liver and lungs. Their surgical excision is 

not recommended; percutaneous aspiration and instillation of ethanol 

or silver nitrate after pretreatment with albendazole (800 mg/day for  

4 weeks) is recommended instead.27

SPECIFIC FORMS OF PERICARDITIS

Viral Pericarditis
Viral pericarditis is the most common infection of the pericardium. 

Inflammatory abnormalities are the result of direct viral attack, the 

immune response (antiviral or anticardiac), or both. Early viral repli-

cation in pericardial and epimyocardial tissue elicits cellular and  

humoral immune responses against the virus and/or cardiac tissue. 

Deposits of immunoglobulin (Ig) M, IgG, and occasionally IgA can be 

found in the pericardium and myocardium for years. Various viruses 

can cause pericarditis, including enteroviruses, echoviruses, adenovi-

ruses, cytomegaloviruses, Epstein-Barr virus, herpes simplex, herpes 

human virus 6 (HHV6), influenza viruses, parvovirus B19 (PVB19), 

hepatitis C, and human immunodeficiency virus (HIV). In the past 

few years, PVB19 and HHV6 have been increasing and enteroviruses, 

echoviruses, and adenoviruses have been decreasing as causes; these 

trends have also been observed in myocarditis. Attacks of enteroviral 

pericarditis follow the seasonal epidemics of coxsackievirus A and B 

and echovirus infections. Cytomegalovirus (CMV) pericarditis has an 

increased incidence in immunocompromised and HIV-infected hosts. 

Infectious mononucleosis may also present as pericarditis.

Diagnosing viral pericarditis is not possible without evaluating 

pericardial effusion and/or pericardial/epicardial tissue, preferably by 

polymerase chain reaction (PCR) or in situ hybridization. A fourfold 

rise in serum antibody levels is suggestive, but not diagnostic, of viral 

pericarditis.

Treatment of viral pericarditis is directed toward resolving symp-

toms (see “Acute Pericarditis”), preventing complications, and eradi-

cating the virus. In patients with chronic or recurrent symptomatic 

pericardial effusion and confirmed viral infection, the following spe-

cific treatments are under investigation28:

 1. CMV pericarditis: hyperimmune globulin once per day 4 mL/kg on 

days 0, 4, and 8 and 2 mL/kg on days 12 and 16

 2. Coxsackievirus B pericarditis: interferon alfa or interferon beta  

2.5 3 106 IU/m2 subcutaneously three times per week

 3. Adenovirus, PVB19, and HHV6 perimyocarditis: immunoglobulin 

treatment with 20 g or more intravenously on days 1 and 3 for 6 to 

8 hours, which may be repeated and combined with ganciclovir to 

become effective for virus elimination

Pericardial manifestations of HIV infection can result from infec-

tive, noninfective, and neoplastic (Kaposi sarcoma and/or lymphoma) 

diseases. Infective (myo)pericarditis results from local HIV infection 

and/or from other viral, bacterial (e.g., Staphylococcus aureus, Klebsiella 

pneumoniae, Mycobacterium avium, M. tuberculosis), and fungal coin-

fections (Cryptococcus neoformans). In progressive disease, the inci-

dence of echocardiographically detected pericardial effusion may be 

up to 40%. Cardiac tamponade is rare. During treatment with retrovi-

ral compounds, lipodystrophy can develop (best demonstrated by 

MRI), with intense paracardial fat deposition leading to heart failure. 

Treatment is generally symptomatic, whereas in large effusions and 

cardiac tamponade, pericardiocentesis is necessary. The use of cortico-

steroid therapy is contraindicated except in patients with secondary 

tuberculous pericarditis, as an adjunct to tuberculostatic treatment.29

Bacterial Pericarditis
Purulent pericarditis in adults is rare but always fatal if not treated.30,31 

The mortality rate in treated patients is 40%, mostly because of cardiac 

tamponade, toxicity, and constriction. It is usually a complication of 

an infection originating elsewhere in the body, arising by contiguous 

spread or hematogenous dissemination.32 Predisposing conditions are 

pericardial effusion, immunosuppression, chronic diseases (e.g., alco-

hol abuse, rheumatoid arthritis), cardiac surgery, and chest trauma. 

The disease appears as an acute, fulminant infectious illness of short 

duration. Percutaneous pericardiocentesis must be promptly per-

formed, and the obtained pericardial fluid should undergo Gram 

staining, acid-fast staining, and fungal staining, followed by cultures of 

the pericardial and body fluids. Rinsing of the pericardial cavity, com-

bined with effective systemic antibiotic therapy, is mandatory (anti-

staphylococcal antibiotic plus aminoglycoside, followed by tailored 

antibiotic therapy according to the pericardial fluid and blood culture 

results).30 Intrapericardial instillation of antibiotics (e.g., gentamicin) 

is useful but not sufficient. Frequent irrigation of the pericardial cavity 

with urokinase or streptokinase using large catheters may liquefy the 

purulent exudate,31 but open surgical drainage through a subxiphoid 

pericardiotomy is preferable. Pericardiectomy is required in patients 

with dense adhesions, a loculated and thick purulent effusion, recur-

rence of tamponade, persistent infection, and progression to constric-

tion.30 Surgical mortality is up to 8%.

Tuberculous Pericarditis
In the past decade, tuberculous pericarditis in developed countries has 

been primarily seen in immunocompromised patients, such as those 

with acquired immunodeficiency syndrome (AIDS). The mortality 

rate in untreated effusive tuberculous pericarditis approaches 85%. 

Pericardial constriction occurs in 30%–50% of patients.

The clinical presentation is variable: acute pericarditis with or with-

out effusion; cardiac tamponade; silent, often large, pericardial effusion 

with a relapsing course; toxic symptoms with persistent fever; acute 

constrictive pericarditis; subacute constriction; effusive-constrictive or 

chronic constrictive pericarditis; and pericardial calcifications. The di-

agnosis is made by identification of M. tuberculosis in the pericardial 

fluid or tissue and/or the presence of caseous granulomas in the pericar-

dium. Importantly, PCR can identify the DNA of M. tuberculosis rapidly 

from only 1 mL of pericardial fluid. Increased adenosine deaminase ac-

tivity and interferon gamma concentration in pericardial effusion are 

also diagnostic, with a high sensitivity and specificity. Both pericardios-

copy and pericardial biopsy have also improved the diagnostic accuracy 

for tuberculous pericarditis (Fig. 75.5). Pericardial biopsy enables rapid 

diagnosis with better sensitivity than pericardiocentesis (100% vs. 33%).

Pericarditis in a patient with proven extracardiac tuberculosis is 

strongly suggestive of a tuberculous etiology (several sputum cultures 

should be taken). The tuberculin skin test may be falsely negative in 

25%–33% of tests and falsely positive in 30%–40% of patients. The 

more accurate enzyme-linked ImmunoSpot test detects T cells specific 

for M. tuberculosis antigen.33 Perimyocardial tuberculous involvement 

is also associated with high serum titers of antimyolemmal and anti-

myosin antibodies. The diagnostic yield of pericardiocentesis in tuber-

culous pericarditis ranges from 30% to 76% according to methods 

used for analyzing pericardial effusions. Pericardial fluid demonstrates 

high specific gravity, high protein levels, and a high white blood cell 

count (from 0.7 to 54 3 109/L).
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Various antituberculous drug combinations of different durations 

(6, 9, or 12 months) have been used.34,35 Prevention of constriction in 

chronic pericardial effusion of undetermined etiology by “ex iuvanti-

bus” antitubercular treatment was not successful. The use of cortico-

steroids remains controversial.34,35 A meta-analysis of patients with 

effusive and constrictive tuberculous pericarditis34,35 suggested that 

tuberculostatic treatment combined with corticosteroids might be as-

sociated with fewer deaths and less frequent need for pericardiocente-

sis or pericardiectomy. If given, prednisone should be administered in 

relatively high doses (1–2 mg/kg/day) because rifampicin induces its 

liver metabolism.4 This dose is maintained for 5–7 days and progres-

sively reduced in 6–8 weeks. If constriction develops despite combina-

tion therapy, pericardiectomy is indicated.

Pericarditis in Renal Failure
Renal failure is a common cause of pericardial disease, producing large 

pericardial effusions in up to 20% of patients. Two forms have been 

described:

 1. Uremic pericarditis: this occurs in 6%–10% of patients with ad-

vanced renal failure (acute or chronic) before dialysis has been in-

stituted or shortly thereafter. It results from inflammation of the 

visceral and parietal pericardium and correlates with the degree of 

azotemia (blood urea nitrogen .60 mg/dL).

 2. Dialysis-associated pericarditis: this occurs in up to 13% of patients 

on maintenance hemodialysis and occasionally with chronic peri-

toneal dialysis. It is the result of inadequate dialysis and/or fluid 

overload. Pathologic examination of the pericardium shows adhe-

sions between the thickened pericardial membranes (“bread and 

butter” appearance). The clinical features may include transient 

pericardial rubs, fever, and pleuritic chest pain, but many patients 

are asymptomatic. Because of autonomic impairment in uremic 

patients, the heart rate may remain slow (60–80 beats/min) during 

tamponade, despite fever and hypotension. Anemia, caused by in-

duced resistance to erythropoietin, may worsen the clinical picture. 

The ECG may not show the typical diffuse ST-segment/T-wave el-

evations observed with other causes of acute pericarditis, owing to 

a lack of myocardial inflammation.36 If the ECG is typical of acute 

pericarditis, intercurrent infection must be suspected.

Most patients with uremic pericarditis respond rapidly to hemodi-

alysis or peritoneal dialysis with resolution of chest pain and the peri-

cardial effusion. To avoid hemopericardium, heparin-free hemodialysis 

should be used. Hypokalemia and hypophosphatemia should be pre-

vented by supplementing the dialysis solution when appropriate. In-

tensified dialysis usually leads to resolution of the pericarditis within 

1–2 weeks.37 Peritoneal dialysis, which does not require heparinization, 

may be therapeutic in pericarditis resistant to hemodialysis or if hepa-

rin-free hemodialysis cannot be performed. NSAIDs and systemic 

corticosteroids have limited success when intensive dialysis is ineffec-

tive.38 Cardiac tamponade and large chronic effusions resistant to di-

alysis must be treated with pericardiocentesis. Large, nonresolving 

symptomatic effusions should be treated with intrapericardial instilla-

tion of corticosteroids after pericardiocentesis or subxiphoid pericardi-

otomy (triamcinolone hexacetonide 50 mg every 6 hours for 2–3 

days).38 Pericardiectomy is indicated only in severely symptomatic pa-

tients refractory to other treatment owing to its potential morbidity 

and mortality. After renal transplantation, pericarditis has also been 

reported in 2.4% of patients. Uremia or infection (CMV) may be the 

causes.

Autoreactive Pericarditis and Pericarditis in Systemic 
Autoimmune Diseases
The diagnosis of autoreactive pericarditis is established using the fol-

lowing criteria2:

 1. Pericardial fluid containing increased number of lymphocytes, in 

addition to mononuclear cells greater than 5000/mm3 (autoreactive 

lymphocytic) or antibodies (e.g., antisarcolemmal) against heart 

muscle tissue (autoreactive antibody mediated)

 2. Inflammation in epicardial/endomyocardial biopsy samples of 

more than 14 cells/mm2

 3. Exclusion of active viral infection both in the pericardial effusion 

and endomyocardial/epimyocardial biopsy samples (no virus isola-

tion, no IgM titer against cardiotropic viruses in the pericardial 

effusion, and PCR negative for major cardiotropic viruses)

 4. Tuberculosis, Borrelia burgdorferi, Chlamydia pneumoniae, and 

other bacterial infections excluded by PCR and/or cultures

 5. Neoplastic infiltration absent in the pericardial effusion and biopsy 

samples

 6. Exclusion of systemic metabolic disorders and uremia

For autoreactive pericarditis, intrapericardial treatment with tri-

amcinolone is effective, with rare side effects.

Pericarditis occurs in many systemic autoimmune diseases: rheu-

matoid arthritis, systemic lupus erythematosus, progressive systemic 

sclerosis, polymyositis/dermatomyositis, mixed connective tissue dis-

ease, seronegative spondyloarthropathies, systemic and hypersensitivity 

vasculitides, Behçet syndrome, granulomatosis with polyangiitis, and 

sarcoidosis.4 Intensified treatment of the underlying disease and symp-

tomatic management are indicated.

The Postcardiac Injury Syndrome:  
Postpericardiotomy Syndrome
Postcardiac injury syndrome develops within days to months after 

cardiac injury, pericardial injury, or both.4,39,40 It resembles postmyo-

cardial infarction syndrome, with both conditions appearing to be 

variants of a common immunopathologic process. Pericardial effusion 

also occurs after orthotopic heart transplantation (21% of patients). It 

is more frequent in patients receiving aminocaproic acid during the 

operation.41 Cardiac tamponade after open heart surgery is more com-

mon after valve surgery than after coronary artery bypass grafting and 

may be related to the preoperative use of anticoagulants.42

Warfarin administration in patients with early postoperative peri-

cardial effusion imposes the greatest risk, particularly in those who did 

not undergo pericardiocentesis and drainage of the effusion.43 Symp-

tomatic treatment is generally the same as in acute pericarditis (NSAIDs 

Fig. 75.5 Flexible percutaneous pericardioscopy and epicardial bi-

opsy (arrow).
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or colchicine for several weeks or months), but this has been ques-

tioned recently.44 In patients undergoing cardiac surgery, perioperative 

use of colchicine compared with placebo reduced the incidence of 

postpericardiotomy syndrome but with an increased rate of gastroin-

testinal adverse effects.45 Long-term (3–6 months) oral corticosteroids, 

or preferably pericardiocentesis and intrapericardial instillation of tri-

amcinolone (300 mg/m2), are therapeutic options in refractory forms. 

Redo surgery is rarely needed.

Postinfarction Pericarditis
Two forms of postinfarction pericarditis can be distinguished: an 

“early” form (pericarditis epistenocardiaca) and a “delayed” form 

(Dressler syndrome). Epistenocardiac pericarditis, caused by direct 

exudation, occurs in 5%–20% of transmural myocardial infarctions 

but is rarely discovered clinically. Dressler syndrome occurs from  

1 week to several months after myocardial infarction and has symptoms 

and manifestations similar to those of postcardiac injury syndrome. It 

does not require a transmural infarction, and it can also appear as an 

extension of epistenocardiaca pericarditis. Its incidence is 0.5%–5% 

and is lower still in patients treated with thrombolytics (,0.5%) but 

more frequent in cases of pericardial bleeding after antithrombotic 

treatment. Of note, ECG changes are often overshadowed by myocar-

dial infarction changes. Stage I ECG changes are uncommon and  

suggest “early” postmyocardial infarction syndrome, whereas failure  

to evolve or “resurrection” of previously inverted T waves strongly  

suggests myocardial infarction pericarditis. Postinfarction pericardial 

effusion greater than 10 mm is most frequently associated with hemo-

pericardium, and two-thirds of these patients may develop tamponade/

free wall rupture.46 Urgent surgical treatment is lifesaving. If immediate 

surgery is not available or contraindicated, pericardiocentesis and in-

trapericardial fibrin glue instillation could be an alternative in subacute 

tamponade.46,47 Ibuprofen, which increases coronary flow, is the agent 

of choice. Aspirin, up to 650 mg every 4 hours for 2–5 days, has also 

been successfully applied. Corticosteroids can be used for refractory 

symptoms but may delay healing after the infarction.4

Traumatic Pericardial Effusion and Hemopericardium in 
Aortic Dissection
Direct pericardial injury can be induced by accidents or iatrogenic 

wounds. Iatrogenic tamponade occurs most frequently in percutane-

ous mitral valvuloplasty, during or after transseptal puncture, particu-

larly if no biplane catheterization laboratory is available and a small 

left atrium is present. Whereas puncture of the interatrial septum is 

asymptomatic, passage through the free wall induces immediate chest 

pain. If high-pressure–containing structures are punctured, rapid de-

terioration occurs. However, if only the atrial wall is perforated, tam-

ponade may be delayed for 4–6 hours. Rescue pericardiocentesis is 

successful in 95%–100% of cases, with less than 1% mortality.

Transection of the coronary artery and acute or subacute cardiac 

tamponade occur very rarely during percutaneous coronary interven-

tions.48 A breakthrough in the treatment of coronary perforation has 

been the development of membrane-covered graft stents.

During right ventricular endomyocardial biopsy, the catheter may 

pass through the myocardium, particularly when the bioptome has not 

been opened before reaching the endocardial border or has been di-

rected toward the right ventricular free wall instead of toward the 

septum. Frank cardiac perforations are accompanied by sudden brady-

cardia and hypotension. Perforation rates of 0.3%–5% have been re-

ported, leading to tamponade and circulatory collapse in less than half 

of cases.49 The incidence of pericardial hemorrhage with left ventricu-

lar endomyocardial biopsy is lower (0.1%–3.3%). Severe complica-

tions, leading to procedure-related mortality, were reported in only 

0.05% of more than 6000 cases in a worldwide survey and in none of 

the 2537 patients at our center.49

Pacemaker leads penetrating the right ventricle or epicardial elec-

trodes may cause pericarditis with tamponade, adhesions, or constric-

tion.50,51 A right bundle branch block instead of the usual left bundle 

branch block is a clue that this has occurred.

Blunt chest trauma is a major risk of motor vehicle accidents. The 

deceleration force can lead to myocardial contusion with intrapericar-

dial hemorrhage, cardiac rupture, pericardial rupture, or herniation. 

Transesophageal echocardiography or immediate CT should be per-

formed. Pericardial laceration and partial extrusion of the heart into 

the mediastinum and pleural space may also occur after injury.

In dissection of the ascending aorta, pericardial effusion can be 

found in 17%–45% of patients and 48% of autopsy cases. In a clinical 

series of aortic dissection, pericardial tamponade was found by CT, 

MRI, or echocardiography in 17%–33% of patients with type I dissec-

tion, 18%–45% with type II dissection, and 6% with type III dissec-

tion. Pericardiocentesis is contraindicated, owing to the risk of intensi-

fied bleeding and extension of the dissection.52 Surgery should be 

performed immediately.

Neoplastic Pericarditis
Primary tumors of the pericardium are 40 times less common than 

metastatic ones.4 Mesothelioma, the most common primary tumor, is 

almost always incurable. The most common secondary malignant tu-

mors are lung cancer, breast cancer, malignant melanoma, lymphoma, 

and leukemia. Effusions may be small or large with imminent tampon-

ade (frequent recurrences) or constriction. Tamponade may even be 

the initial sign of malignant disease. With small effusions, most pa-

tients are asymptomatic. The onset of dyspnea, cough, chest pain, 

tachycardia, and jugular venous distention is observed when the vol-

ume of fluid exceeds 500 mL. Pulsus paradoxus, hypotension, cardio-

genic shock, and paradoxical movement of the jugular venous pulse 

are important signs of cardiac tamponade. The diagnosis is based on 

confirmation by cytology or biopsy of malignant infiltration within 

the pericardium. Of note, in almost two-thirds of patients with docu-

mented malignancy, pericardial effusion is caused by nonmalignant 

diseases (e.g., radiation pericarditis, opportunistic infections). The 

chest radiograph, CT, and MRI may reveal mediastinal widening, a 

hilar mass, or pleural effusion.4 The analysis of pericardial fluid and 

pericardial or epicardial biopsy is essential for the confirmation of 

malignant pericardial disease.

Cardiac tamponade is an absolute indication for pericardiocentesis. 

In suspected neoplastic pericardial effusion without tamponade,  

systemic antineoplastic treatment as baseline therapy can prevent re-

currences in up to 67% of cases. However, pericardial drainage is rec-

ommended in all patients with large effusions because of the high  

recurrence rate (40%–70%).46–55 Prevention of recurrences may be 

achieved by intrapericardial instillation of sclerosing agents, cytotoxic 

agents, or immunomodulators. Intrapericardial treatment tailored to 

the type of the tumor indicates that administration of cisplatin is effec-

tive in secondary lung cancer, and intrapericardial instillation of thiotepa 

appears to be highly effective in breast cancer pericardial metastases.56–58 

No patient in these studies showed signs of constrictive pericarditis. 

Tetracyclines as sclerosing agents also control malignant pericardial 

effusions in around 85% of cases, but side effects and complications 

are quite frequent: fever (19%), chest pain (20%), and atrial arrhyth-

mias (10%).55 Although intrapericardial administration of radionu-

clides has yielded very good results, it is not widely accepted because of 

the logistic problems connected with radioactivity. Radiation therapy 

is very effective (93%) in controlling malignant pericardial effusions in 

patients with radiosensitive tumors, such as lymphoma and leukemia. 
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However, radiotherapy of the heart itself can cause myocarditis and 

pericarditis.

RARE FORMS OF PERICARDIAL DISEASE

Fungal pericarditis occurs mainly in immunocompromised patients or 

in the course of endemic, acquired fungal infections. It is caused by 

endemic (Histoplasma, Coccidioides) or opportunistic fungi (Candida, 

Aspergillus, Blastomyces) and semifungi (Nocardia, Actinomyces). Diag-

nosis is obtained by staining and culturing pericardial fluid or tissue. 

Antifungal antibodies in serum are also helpful in establishing the di-

agnosis. Treatment with fluconazole, ketoconazole, itraconazole, am-

photericin B, liposomal amphotericin B, or amphotericin B lipid 

complex is indicated. NSAIDs can support the treatment with antifun-

gal drugs. Patients with histoplasmosis pericarditis do not need anti-

fungal therapy but respond to NSAIDs given for 2–12 weeks. Sulfon-

amides are the drugs of choice for nocardiosis. A combination of three 

antibiotics, including penicillin, should be given for actinomycosis. 

Pericardiocentesis or surgical treatment is indicated for hemodynamic 

impairment. Pericardiectomy is indicated in fungal constrictive peri-

carditis.

Radiation pericarditis may begin during exposure (very rare) or 

months to years later, with a latency of up to 15–20 years. Its occur-

rence is influenced by the applied source, dose, fractionation, duration, 

radiation-exposed volume, form of mantle field therapy, and age of the 

patient. The effusion may be serous or hemorrhagic, later on with fi-

brinous adhesions or constriction; it is typically without tissue calcifi-

cation. The symptoms may be masked by the underlying disease or 

chemotherapy. Imaging should start with echocardiography, followed 

by cardiac CT or MRI, if necessary. Pericarditis without tamponade 

may be treated conservatively, but effusions respond favorably to intra-

pericardial triamcinolone instillation. Pericardiocentesis and fluid 

analysis can rule out neoplastic progression to the pericardium.59 Peri-

cardial constriction occurs in up to 20% of patients, requiring pericar-

diectomy. Operative mortality is high (21%) and postoperative 5-year 

survival is poor (1%), mostly because of myocardial fibrosis.

Chylopericardium refers to a communication between the pericar-

dium and thoracic duct. It may be the result of trauma, congenital 

anomalies, complications of open heart surgery, mediastinal lymphan-

giomas, lymphangiomatous hamartomas, lymphangiectasis, and ob-

struction or anomalies of the thoracic duct. Infection, tamponade, or 

constriction may aggravate the prognosis. The pericardial fluid is ster-

ile, odorless, and opalescent, with a milky white appearance and the 

microscopic finding of fat droplets. The chylous nature of the fluid is 

confirmed by its alkaline reaction, specific gravity between 1010 and 

1021, Sudan III stain for fat, and high concentrations of triglycerides 

(5–50 g/L) and protein (22–60 g/L). Enhanced CT, alone or combined 

with lymphography, can identify not only the location of the thoracic 

duct but also its lymphatic connection to the pericardium.

Treatment depends on the etiology and amount of chylous accu-

mulation. Chylopericardium after thoracic or cardiac operations is 

preferably treated by pericardiocentesis and diet (medium-chain tri-

glycerides).60 If further production of chylous effusion continues, 

surgical treatment is mandatory. When conservative treatment and 

pericardiocentesis fail, creation of a pericardioperitoneal window is a 

reasonable option.61 Alternatively, when the course of the thoracic duct 

is precisely identified, its ligation and resection just above the dia-

phragm is the most effective treatment.

Drug- and toxin-related pericarditis, tamponade, adhesions, fibrosis, 

or constriction may be induced by several drugs.4 Mechanisms include 

drug-induced lupus reactions, idiosyncrasy, “serum sickness,” foreign 

substance reactions, and immunopathy. Management is based on dis-

continuation of the causative agent and symptomatic treatment.

Pericardial effusion in hypothyroidism occurs in 5%–30% of pa-

tients.4 Fluid accumulates slowly, and tamponade occurs rarely. In 

some cases, cholesterol pericarditis may be observed. The diagnosis is 

based on serum levels of thyroxine and thyroid-stimulating hormone. 

Bradycardia, low QRS voltage and T-wave inversion or flattening on 

the ECG, cardiomegaly on a chest radiograph, and pericardial effusion 

on echocardiography, in addition to a history of radiation-induced 

thyroid dysfunction, myopathy, ascites, pleural effusion, and uveal 

edema may be observed.62 Therapy with thyroid hormone decreases 

the pericardial effusion.

Pericardial effusion and constriction in pregnancy may manifest as a 

minimal to moderate, clinically silent hydropericardium by the third 

trimester. Cardiac compression is rare. ECG changes of acute pericar-

KEY POINTS

• The diagnosis of acute pericarditis is based on clinical presentation (chest 

pain, pericardial friction rub) and typical four-stage ECG changes. For etio-

logic diagnosis, pericardiocentesis, pericardioscopy, and pericardial/epicar-

dial biopsy may be necessary.

• Echocardiography is essential in all patients with pericarditis to detect peri-

cardial effusion and determine its physiologic significance and to check for 

signs of constriction, concomitant heart disease, or paracardial pathology.

• A large proportion of patients usually classified as having “idiopathic” 

pericarditis actually have viral and autoreactive pericarditis. The diagnosis 

of viral pericarditis is not possible without the evaluation of pericardial ef-

fusion and/or pericardial/epicardial tissue, preferably by PCR or in situ  

hybridization.

• PCR identification of M. tuberculosis, high adenosine deaminase activity, 

and interferon gamma concentration in pericardial effusion are diagnostic 

with a high sensitivity and specificity for tuberculous pericarditis.

• Pericardiocentesis is indicated for cardiac tamponade; for a high suspicion 

of purulent, tuberculous, or neoplastic pericarditis; or in patients with a very 

large effusion without signs of tamponade (.20 mm in echocardiography 

in diastole). Electrical alternans and pulsus paradoxus are clinically impor-

tant signs of the advanced stages of cardiac tamponade and indicate the 

need for prompt pericardial drainage.

• Aortic dissection is a major contraindication to pericardiocentesis. Relative 

contraindications include uncorrected coagulopathy; anticoagulant therapy; 

thrombocytopenia less than 50,000/mm3; and small, posterior, and locu-

lated effusions.

• In cardiac wounds, postinfarction myocardial rupture, or dissecting aortic 

hematoma, emergency cardiac surgery is lifesaving. Loculated effusions 

may require open surgery or thoracoscopic drainage.

• Postinfarction pericardial effusions larger than 10 mm in diastole are fre-

quently associated with cardiac rupture. Urgent surgical treatment is indicated.

• Intrapericardial instillation of antineoplastic (e.g., cisplatin, thiotepa) and/or 

sclerosing agents (e.g., gentamicin) can prevent recurrences of neoplastic 

pericardial effusions. Intrapericardial instillation of triamcinolone is highly 

effective in preventing recurrences in patients with autoreactive pericardial 

effusion and avoids the adverse effects of systemic corticosteroid therapy.

• Pericardiectomy is the only treatment for permanent constrictive pericardi-

tis. However, surgery should not be performed too early to avoid operating 

on patients with transient constriction. Even more important is not to per-

form surgery too late or in patients with myocardial fibrosis and/or atrophy. 

If indications for surgery are established early enough, long-term survival 

after pericardiectomy corresponds to that of the general population.
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ANNOTATED REFERENCES

Maisch B, Ristić AD, Pankuweit S. Intrapericardial treatment of autoreactive 

pericardial effusion with triamcinolone; the way to avoid side effects of 

systemic corticosteroid therapy. Eur Heart J. 2002;23:1503–1508.

First clinical study on autoreactive pericarditis and intrapericardial treat-

ment with triamcinolone, showing high efficacy and low incidence of side ef-

fects during follow-up.

Maisch B, Ristić AD, Pankuweit S, et al. Neoplastic pericardial effusion: effi-

cacy and safety of intrapericardial treatment with cisplatin. Eur Heart J. 

2002;23:1625–1631.

Study on intrapericardial treatment of neoplastic pericardial effusion reveal-

ing higher efficacy of cisplatin in lung cancer patients than in breast cancer 

patients.

Maisch B, Ristić A, Seferovic PM, et al. Interventional pericardiology. Heidel-

berg: Springer; 2011.

The most recent book on pericardial diseases focusing on recent advances in 

diagnosis and interventional treatment, including original data on pericar-

dioscopy and pericardial and epicardial biopsy, in addition to pericardiocen-

tesis, percutaneous balloon pericardiotomy, and surgical procedures for peri-

cardial diseases.

Maisch B, Seferović PM, Ristić AD, et al. Guidelines on the diagnosis and 

management of pericardial diseases executive summary; the Task Force on 

the Diagnosis and Management of Pericardial Diseases of the European 

Society of Cardiology. Eur Heart J. 2004;25:587–610.

First European Society of Cardiology guidelines for the diagnosis and treat-

ment of pericardial diseases.

Seferović PM, Ristić AD, Maksimović R, et al. Diagnostic value of pericardial 

biopsy: improvement with extensive sampling enabled by pericardioscopy. 

Circulation. 2003;107:978–983.

Recent study on pericardial biopsy revealing the contribution of endoscopic 

guidance to the diagnostic value of the procedure.

ditis in pregnancy should be distinguished from the slight ST-segment 

depression and T-wave changes seen in normal pregnancy. Occult 

constriction becomes manifest in pregnancy because of the increased 

blood volume. Most pericardial disorders are managed as in nonpreg-

nant women.63,64 However, caution is necessary because high-dose as-

pirin may prematurely close the ductus arteriosus, and colchicine is 

contraindicated in pregnancy. Pericardiotomy and pericardiectomy 

can be safely performed if necessary and do not impose a risk for sub-

sequent pregnancies.64,65

Fetal pericardial fluid can be detected by echocardiography after 20 

weeks’ gestation and is normally 2 mm or less in depth. A greater 

amount of fluid should raise questions about the possibility of Rh 

disease (hydrops fetalis), neoplasia, hypoalbuminemia, immunopathy, 

or maternally transmitted mycoplasmal or other infections.
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 28. Maisch, B., Ristić, A. D., & Seferovic, P. M. (2000). New directions in diag-

nosis and treatment of pericardial disease: an update by the taskforce on 

pericardial disease of the World Heart Federation. Herz, 25, 769–780.

 29. Hakim, J. G., Ternouth, I., Mushangi, E., Siziya, S., Robertson, V., & Malin, 

A. (2000). Double blind randomised placebo controlled trial of adjunctive 

prednisolone in the treatment of effusive tuberculous pericarditis in HIV 

seropositive patients. Heart, 84, 183–188.

 30. Goodman, L. J. (2000). Purulent pericarditis. Current Treatment Options 

in Cardiovascular Medicine, 2, 343–350.

 31. Ustünsoy, H., Celkan, M. A., Sivrikoz, M. C., Kazaz, H., & Kilinç, M. 

(2002). Intrapericardial fibrinolytic therapy in purulent pericarditis. 

 European Journal of Cardio-Thoracic Surgery, 22, 373–376.

 32. Keersmaekers, T., Elshot, S. R., & Sergeant, P. T. (2002). Primary bacterial 

pericarditis. Acta Cardiologica, 57, 387–389.

 33. Ewer, K., Deeks, J., Alvarez, L., Bryant, G., Waller, S., Andersen, P., et al. 

(2003). Comparison of T-cell-based assay with tuberculin skin test for  

diagnosis of Mycobacterium tuberculosis infection in a school tuberculosis 

outbreak. Lancet, 361, 1168–1173.

 34. Mayosi, B. M., Ntsekhe, M., Volmink, J. A., & Commerford, P. J. (2002). 

Interventions for treating tuberculous pericarditis. Cochrane Database of 

Systematic Reviews, (2), CD000526.

 35. Ntsekhe, M., Wiysonge, C., Volmink, J. A., Commerford, P. J., &  

Mayosi, B. M. (2003). Adjuvant corticosteroids for tuberculous pericardi-

tis: promising, but not proven. Quarterly Journal of Medicine, 96, 593–599.

 36. Gunukula, S. R., & Spodick, D. H. (2001). Pericardial disease in renal pa-

tients. Seminars in Nephrology, 21, 52–57.

 37. Connors, J. P., Kleiger, R. E., Shaw, R. C., Voiles, J. D., Clark, R. E.,  

Harter, H., et al. (1976). The indications for pericardiectomy in the  

uremic pericardial effusion. Surgery, 80, 689–694.

 38. Wood, J. E., & Mahnensmith, R. L. (2001). Pericarditis associated with re-

nal failure: evolution and management. Seminars in Dialysis, 14, 61–66.

 39. Maisch, B., Berg, P. A., & Kochsiek, K. (1979). Clinical significance of im-

munopathological findings in patients with post-pericardiotomy syndrome: 

I. Relevance of antibody pattern. Clinical and Experimental Immunology, 38, 

189–197.

 40. Maisch, B., Schuff-Werner, P., Berg, P. A., & Kochsiek, K. (1979). Clinical 

significance of immunopathological findings in patients with post-peri-

cardiotomy syndrome: II. the significance of serum inhibition and rosette 

inhibitory factors. Clinical and Experimental Immunology, 38, 198–203.

 41. Quin, J. A., Tauriainen, M. P., Huber, L. M., McIntire, D. D., Kaiser, P. A., 

Ring, W. S., et al. (2002). Predictors of pericardial effusion after orthotopic 

  

 



e2

heart transplantation. Journal of Thoracic and Cardiovascular Surgery, 124, 

979–983.

 42. Kuvin, J. T., Harati, N. A., Pandian, N. G., Bojar, R. M., & Khabbaz, K. R. 

(2002). Postoperative cardiac tamponade in the modern surgical era. An-

nals of Thoracic Surgery, 74, 1148–1153.

 43. Matsuyama, K., Matsumoto, M., Sugita, T., Nishizawa, J., Yoshioka, T., 

Tokuda, Y., et al. (2001). Clinical characteristics of patients with constric-

tive pericarditis after coronary bypass surgery. Japanese Circulation Jour-

nal, 65, 480–482.

 44. Meurin, P., Tabet, J. Y., Thabut, G., Cristofini, P., Farrokhi, T., Fischbach, 

M., et al. (2010). Nonsteroidal anti-inflammatory drug treatment for 

postoperative pericardial effusion: a multicenter randomized, double-

blind trial. Annals of Internal Medicine, 152, 137–143.

 45. Imazio, M., Cecchi, E., Demichelis, B., Chinaglia, A., Coda, L., Ghisio, A., 

et al., COPPS Investigators. (2007). Rationale and design of the COPPS 

trial: a randomised, placebo-controlled, multicentre study on the use of 

colchicine for the primary prevention of postpericardiotomy syndrome. 

Journal of Cardiovascular Medicine, 8, 1044–1048.

 46. Figueras, J., Juncal, A., Carballo, J., Cortadellas, J., & Soler, J. S. (2002).  

Nature and progression of pericardial effusion in patients with a first 

myocardial infarction: relationship to age and free wall rupture. American 

Heart Journal, 144, 251–258.

 47. Joho, S., Asanoi, H., Sakabe, M., Nakagawa, K., Kameyama, T., Hirai, T.,  

et al. (2002). Long-term usefulness of percutaneous intrapericardial  

fibrin-glue fixation therapy for oozing type of left ventricular free wall 

rupture: a case report. Circulation Journal, 66, 705–706.

 48. Liu, F., Erbel, R., Haude, M., & Ge, J. (2000). Coronary arterial perfora-

tion: prediction, diagnosis, management, and prevention. In: S. G. Ellis, & 

D. R. Holmes (Eds), Strategic approaches in coronary intervention (2nd ed., 

pp. 501–514). Philadelphia: Lippincott.

 49. Maisch, B. (2000). Myokardbiopsien und perikardioskopien. In: O. M. 

Hess & R. W. R. Simon (Eds.), Herzkatheter: einzatz in diagnostik und ther-

apie (pp. 302–349). Berlin: Springer.

 50. Spindler, M., Burrows, G., Kowallik, P., Ertl, G., & Voelker, W. (2001). 

Postpericardiotomy syndrome and cardiac tamponade as a late complica-

tion after pacemaker implantation. Pacing and Clinical Electrophysiology, 

24(9 Pt 1), 1433–1434.

 51. Elinav, E., & Leibowitz, D. (2002). Constrictive pericarditis complicating 

endovascular pacemaker implantation. Pacing and Clinical Electrophysiol-

ogy, 25, 376–377.

 52. Erbel, R., Alfonso, F., Boileau, C., Dirsch, O., Eber, B., Haverich, A., et al. 

(2001). Diagnosis and management of aortic dissection. European Heart 

Journal, 22, 1642–1681.

 53. Erbel, R. (2001). Diseases of the aorta. Heart, 86, 227–234.

 54. Tsang, T. S. M., Seward, J. B., & Barnes, M. E. (2000). Outcomes of primary 

and secondary treatment of pericardial effusion in patients with malignancy. 

Mayo Clinic Proceedings, 75, 248–253.

 55. Zwischenberger, J. B., Sanker, A. B., & Lee, R. (2000). Malignant pericar-

dial effusion. In: H. J. Pass, J. B. Mitchell, D. H. Johnson, A. T. Turrisi III,  

& J. D. Minna (Eds.), Lung cancer. Principles and practice (pp. 1038–1046). 

Philadelphia: Lippincott Williams & Wilkins.

 56. Bishiniotis, T. S., Antoniadou, S., Katseas, G., Mouratidou, D., Litos, A. G., 

& Balamoutsos, N. (2000). Malignant cardiac tamponade in women with 

breast cancer treated by pericardiocentesis and intrapericardial adminis-

tration of triethylenethiophosphoramide (thiotepa). American Journal of 

Cardiology, 86, 362–364.
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Emergency Heart Valve Disorders

Jason P. Linefsky and Catherine M. Otto

Key concepts in the management of a critically ill patient with valvular 
heart disease are the use of echocardiography to provide an accurate 
diagnosis of disease severity and the appropriate use of invasive hemo-
dynamic monitoring to optimize loading conditions. Physical examina-
tion is not reliable for diagnosing the presence or severity of valvular 
heart disease, particularly in patients with acute hemodynamic com-
pensation. Handheld echocardiography may provide clues to the pres-
ence of valve disease but does not replace the need for a complete diag-
nostic study when this diagnosis is suspected. With acute valve 
regurgitation or prosthetic valve thrombosis, urgent surgical interven-
tion may be necessary. In critically ill patients who are poor surgical 
candidates, rapid relief of valve obstruction can be lifesaving, including 
transcatheter balloon valvotomy for rheumatic mitral stenosis or trans-
catheter aortic valve implantation for calcific aortic stenosis (Fig. 76.1).

MITRAL REGURGITATION

Etiology

Mitral regurgitation may be caused by disease or the distortion of any 
component of the mitral valve apparatus—the mitral annulus, leaflets, 
chordae, and papillary muscles—and by alterations in left ventricular 
(LV) geometry or systolic function (Fig. 76.2).1 Primary causes of 
acute mitral regurgitation include endocarditis and myxomatous valve 
disease (mitral valve prolapse) with spontaneous chordal rupture 2 
Bacterial endocarditis results in acute mitral regurgitation because of 
the destruction of valve tissue, often with leaflet perforation.3

Acute secondary mitral regurgitation may be the result of an acute 
cardiomyopathy (e.g., takotsubo cardiomyopathy) or coronary disease 
with acute myocardial infarction or papillary muscle rupture Moder-
ate to severe mitral regurgitation caused by papillary muscle involve-
ment or regional myocardial dysfunction complicates 12% of acute 
myocardial infarctions and is associated with an increased risk of heart 
failure or death.4,5

Iatrogenic acute mitral regurgitation is a rare complication of bal-
loon mitral valvotomy.6 Acute mitral regurgitation also may compli-
cate the use of transaortic axial flow ventricular assist devices if the 
catheter interferes with normal mitral valve closure or disrupts the 
valve apparatus when the device is removed.7

The management of acute mitral regurgitation differs depending 
on the cause, making the identification of the correct etiology essential 
during evaluation.

Clinical Presentation

Acute mitral regurgitation presents with acute pulmonary edema and 
is a surgical emergency (Figs. 76.3 and 76.4).8 Mitral chordal rupture 
results in the acute presentation of heart failure, often in patients un-
aware of the diagnosis of mitral valve prolapse. Patients with mitral 

valve perforation caused by endocarditis present with pulmonary 
edema superimposed on the signs and symptoms of endocarditis. 
Papillary muscle rupture or dysfunction after myocardial infarction 
(MI) usually presents several days after acute MI; in some cases, the 
initial presentation is of acute pulmonary edema, with the MI being 
clinically silent.

Chronic mitral regurgitation is usually well tolerated even when 
there is a superimposed hemodynamic load such as systemic infection, 
pregnancy, or trauma. However, mitral regurgitant severity may acutely 
worsen by at least two mechanisms. An increase in afterload, for ex-
ample, with a hypertensive crisis, may increase regurgitant severity 
caused by an increased driving pressure from the left ventricle to the 
left atrium. An alteration in the LV geometry, for example, with ven-
tricular dilation caused by decompensated heart failure may change 
the orientation of the papillary muscles such that leaflet closure is 
impaired, resulting in a larger regurgitant orifice area.9 In this situa-
tion, a vicious cycle may ensue where LV dilation worsens mitral regur-
gitant severity, which increases LV dilation.

Diagnosis

A high level of clinical suspicion is needed to make a diagnosis of acute 
mitral regurgitation (Table 76.1).8 Acute pulmonary edema often ob-
scures the signs and symptoms of the underlying disease process. The 
classical finding is a holosystolic murmur at the apex, radiating to the 
axilla. Although there is some correlation between murmur loudness 
and regurgitant severity with chronic regurgitation, the murmur may 
be soft with acute severe mitral regurgitation. In patients with severe 
mitral regurgitation after MI, a murmur cannot be appreciated in up 
to 50% of patients.

Thus in patients presenting with acute pulmonary edema or car-
diogenic shock, prompt echocardiography is essential. Transthoracic 
images are often diagnostic, allowing the identification of the etiology 
of valve dysfunction, quantitation of regurgitant severity, estimation of 
pulmonary pressures, and measurement of ventricular size and systolic 
function. If transthoracic images are nondiagnostic, transesophageal 
echocardiography (TEE) can be performed at the bedside in the inten-
sive care unit (ICU). TEE provides excellent images of valve anatomy 
and the Doppler evaluation of valve function.

Other diagnostic tests are based on the clinical presentation. Mul-
tiple blood cultures should be obtained in febrile patients with sys-
temic or pulmonary edema to exclude the possibility of endocarditis. 
In patients with an abnormal electrocardiogram (ECG), chest pain, or 
a history of coronary artery disease, coronary angiography may be 
needed.

In patients with acute pulmonary edema or cardiogenic shock after 
MI, the differential diagnosis includes acute mitral regurgitation, a 
ventricular septal defect, or a contained rupture of the ventricular free 
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Fig. 76.1 Flowchart for the Diagnosis and Management of Acute Valvular Heart Disease. Echocardiogra-

phy is recommended in all acutely ill patients with heart failure or cardiogenic shock because physical examina-

tion is not reliable to exclude significant valvular heart disease. Management depends on both valve hemody-

namics (stenosis or regurgitation) and the etiology of valve dysfunction. IABP, intraaortic balloon pump; MVP, 

mitral valve prolapse; PBMV, percutaneous mitral balloon valvotomy; PCI, percutaneous coronary intervention; 

PM, papillary muscle; PVL, paravalvular leak; TAVI, transcatheter aortic valve implantation; TEER, transcatheter 

edge-to-edge repair; ViV, valve in valve.
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Vegetation

Leaflet prolapse

Leaflet perforation

Regional wall motion

abnormality

Ruptured PM head

Regional wall motion

abnormality

Leaflet tethering

Tethered or ruptured

chordae by tangled

guidewire/catheter

Apical ballooning

Hyperkinetic basal LV

SAM

PM rupture Ischemic Device-related Takotsubo

Fig. 76.2 Schematic Examples of the Cause of Acute Mitral Regurgitation. LV, Left ventricle; PM, papillary 

muscle; SAM, systolic anterior motion. (From Watanabe N. Acute mitral regurgitation. Heart. 2019;105:671–677.)

wall. All these possibilities can be diagnosed by echocardiography in an 
experienced center.

When imaging is nondiagnostic or discrepant with clinical find-
ings, invasive hemodynamic monitoring with a Swan-Ganz catheter 
for the measurement of pulmonary pressure and cardiac output may 
be considered in patients with suspected acute mitral regurgitation. At 
the time of placement, oxygen saturations in the right atrium, right 

ventricle, and pulmonary artery should be measured. A ventricular 
septal defect results in a “step-up” in oxygen saturation between the 
right atrium and ventricle secondary to oxygenated blood from the left 
ventricle entering the right ventricle. The pulmonary artery balloon-
occluded (wedge) pressure tracing should be examined for the pres-
ence of a giant “v-wave,” which supports the diagnosis of acute mitral 
regurgitation but is not always present.
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A B

Fig. 76.3 Two-dimensional transesophageal echocardiogram (A) in a 72-year-old male with known mitral valve 

prolapse; ruptured chordae resulted in flail of the mitral posterior leaflet (arrow) and acute worsening of 

symptoms. Color Doppler (B) shows severe eccentric mitral regurgitation with a mosaic pattern through the 

noncoapting mitral valve. AO, Aorta; LA, left atrium; LV, left ventricle.

A B

a

AO

TV

LAA

MV
p

Fig. 76.4 Three-dimensional (3D) echocardiography of the same patient as in Fig. 76.3 in both diastole (A) 

and systole (B). 3D imaging provided a “surgeon’s view,” allowing instant viewing of the mitral valve en face 

to assist operative planning for potential repair. In systole, the posterior leaflet (p) can be seen to prolapse 

above the anterior (a) leaflet, and ruptured chordae with flail segments can be seen (arrow). AO, Aorta; LAA, 

left atrial appendage; MV, mitral valve; TV, tricuspid valve.

BOX 76.1 Therapeutic Approach to Acute 
Valve Dysfunction

 1. Accurate diagnosis with echocardiography; differentiates acute valve dys-

function from acute decompensation with chronic valve disease.

 2. Treat the underlying disease process associated with decompensation (en-

docarditis, acute myocardial infarction, anemia, etc.).

 3. Optimize loading conditions using diuretics, vasodilators, and other agents 

with invasive hemodynamic monitoring.

 4. Consult the cardiac surgery team as soon as the diagnosis is made.

 5. Intraaortic balloon pump for acute mitral regurgitation.

 6. Consider surgical or percutaneous intervention.

Physical examination Unreliable

Consider valve dysfunction in all patients with pul-

monary edema

Echocardiography 

(transthoracic)

Accurate diagnosis of etiology of disease

Quantitation of severity of stenosis or regurgitation

Measurement of ventricular ejection fraction

Estimation of pulmonary pressures

Transesophageal 

echocardiography

Sensitive for detection of valvular vegetations

Detection of paravalvular abscess

Essential for prosthetic mitral valve dysfunction

Useful for prosthetic aortic valve dysfunction

Right heart  

catheterization

Not reliable for the diagnosis of valve disease

May be helpful for optimizing loading conditions

Chest computed  

tomography

Sensitive and specific for diagnosis of aortic  

dissection

Angiography Used when coronary angiography is needed

TABLE 76.1 Diagnostic Approach to Acute 
Valve Dysfunction

Management

In patients with acute heart failure associated with chronic mitral re-
gurgitation, management is directed at treating the process leading to 
decompensation and optimizing loading conditions (Box 76.1). For 
example, in a patient with a systemic infection, treating the infection, 
controlling fever and tachycardia, and invasive monitoring to optimize 
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preload and afterload are used. Medical therapy typically includes af-
terload reduction with nitroprusside or other vasodilators and preload 
reduction with diuretics.10 The goal is to support the patient through 
the period of decompensation. Typically, hemodynamics returns to the 
baseline-compensated state after the acute illness.

In contrast, acute severe mitral regurgitation is a medical and surgi-
cal emergency. Mortality is extremely high without the restoration of 
valve competence; even with prompt valve surgery, the 30-day mortal-
ity is 23%.11 Medical stabilization should occur concurrently with 
consultation by a cardiac surgeon. Acutely, the placement of an in-
traaortic balloon pump (IABP) provides optimal afterload reduction 
while improving diastolic coronary blood flow. Advanced circulatory 
support with extracorporeal membrane oxygenation (ECMO) or a 
ventricular assist device also has been used successfully for patient 
stabilization in some cases.12,13 However, valve replacement or repair is 
the definitive therapy for acute severe mitral regurgitation, with the 
timing and type of intervention dependent on mitral regurgitation 
etiology and patient factors.

Spontaneous chordal rupture can usually be treated early with 
mitral valve repair. Some high-risk patients may be candidates for 
mitral transcatheter edge-to-edge repair (TEER) with placement of a 
clip that attaches to both the anterior and posterior leaflet, reducing 
mitral regurgitation severity while creating a double-orifice valve in 
diastole.14

 In patients with endocarditis, acute severe mitral regurgitation is 
an indication for early surgical intervention (during the initial hospi-
talization), without waiting for completion of antibiotic therapy. 
Other indications for early surgical intervention in patients with endo-
carditis include any valve dysfunction causing heart failure, paravalvu-
lar abscess formation, infection caused by highly resistant organisms, 
or persistent infection despite appropriate antibiotic therapy.15–17 In a 
large prospective multicenter study, early surgery was associated with 
a lower mortality than medical therapy (12% vs. 21%).18 Valve repair 
is preferred but may not be possible, depending on the extent of tissue 
destruction.

In patients with acute ischemic mitral regurgitation, treatment de-
pends on the exact etiology of valve dysfunction.19 In patients with 
acute mitral regurgitation caused by a regional wall-motion abnormal-
ity, myocardial function and mitral regurgitation may improve after 
percutaneous revascularization.20 In these patients, the use of an IABP 
and medical therapy may be advantageous during the acute episode, 
with weaning of therapy as myocardial function improves.

Mitral regurgitation caused by partial or complete papillary muscle 
rupture requires surgical intervention. Although the risk of surgery is 
high, with an operative mortality rate of about 50%, the outcome is 
worse with medical therapy, with a mortality of 75% at 24 hours and 
95% within 2 weeks after complete papillary muscle rupture. With the 
use of echocardiography, partial papillary muscle rupture can be rec-
ognized; prognosis in these patients depends on the extent of myocar-
dial damage and severity of mitral regurgitation. With partial papillary 
muscle rupture, some surgeons prefer to stabilize the patient and delay 
surgery for 6–8 weeks after MI to avoid operating on the necrotic myo-
cardial tissue. However, many patients cannot be stabilized, so acute 
intervention must be considered. Risk factors for adverse outcomes 
with surgery include older age, female gender, and poor LV systolic 
function.

Given the high risk of surgical intervention in many patients with 
acute severe mitral regurgitation, other options also should be consid-
ered (Table 76.2). Mitral TEER reduces mitral regurgitation by clip-
ping together the two leaflets of the mitral valve, both reducing mitral 
regurgitation severity and creating a double-orifice valve in diastole 
with some degree of stenosis. TEER is currently recommended for the 

treatment of symptomatic severe primary mitral regurgitation when 
surgical risk is high or prohibitive, active infection has been excluded, 
and valve anatomy is amenable to this approach.17,21 In patients with 
acute ischemic mitral regurgitation caused by papillary muscle rup-
ture, prompt surgical intervention continues to be recommended,22 
although TEER might be considered in decompensated patients with a 
high surgical risk.23

AORTIC REGURGITATION

Etiology

The most common causes of acute aortic regurgitation are endocardi-
tis, rupture of a congenital aortic leaflet fenestration, blunt trauma, 
and acute aortic dissection.24,25 Endocarditis results in aortic regurgita-
tion by the destruction of the valve leaflet tissue, with a high percent-
age of cases also having paravalvular abscess formation.26,27Aortic dis-
section results in acute aortic regurgitation either because of the 
enlargement of the aortic annulus, resulting in inadequate central 
closure of the leaflets, or extension of dissection into the valve region, 
resulting in a flail aortic valve leaflet.

Clinical Presentation

The acute backflow of blood from the aorta to the left ventricle in di-
astole results in an acute elevation in LV end-diastolic pressure, with 
consequent pulmonary edema. Because there is no time for compensa-
tory LV dilation, forward cardiac output falls abruptly owing to the 
regurgitant flow across the valve in diastole, so patients with acute 
aortic regurgitation also may be in cardiogenic shock. Decreased coro-
nary perfusion pressure results in diffuse subendocardial ischemia, 
further impairing ventricular function.

Diagnosis

The clinical diagnosis of acute aortic regurgitation differs markedly 
from that of chronic aortic regurgitation (Fig. 76.5).24,25 In contrast to 
the high-pitched diastolic decrescendo murmur of chronic aortic re-
gurgitation, there is a “to-and-fro” murmur across the aortic valve that 
many clinicians fail to recognize as an indication of aortic regurgita-
tion. The pulse pressure is narrow because of the low forward stroke 
volume, and peripheral signs of aortic regurgitation are not seen. As 
with acute mitral regurgitation, physical examination findings are of-
ten subtle, so a high index of suspicion and prompt echocardiography 
are needed to make this diagnosis.

Acute aortic regurgitation should be considered in patients with 
signs or symptoms of endocarditis, with a personal or family history of 
aortic root disease, and with a presentation consistent with acute aortic 

Commonly accepted Mitral balloon valvotomy for rheumatic mitral  

stenosis

Edge-to-edge mitral valve repair with MitraClip

Aortic balloon valvuloplasty

Transcatheter aortic valve replacement

Transcatheter pulmonary valve replacement in  

congenital heart disease

Investigational Transcatheter mitral valve implantation

Transcatheter mitral annuloplasty repair techniques

Paravalvular leak closures

Transcatheter valve placement within surgical  

bioprosthetic valve (“valve-in-valve”)

TABLE 76.2 Catheter-Based Techniques for 
Valve Interventions

  

 



634 PART V Cardiovascular

dissection.28 Endocarditis causing acute aortic regurgitation may be the 
first presentation of a congenital bicuspid aortic valve but increasingly 
is seen on normal trileaflet valves, often associated with drug use.29

Echocardiography allows the imaging of the aortic valve and root 
and determination of the severity of aortic regurgitation based on a 
combination of two-dimensional (2D) imaging and pulsed, continu-
ous-wave, and color Doppler modalities (Figs. 76.6 and 76.7).30 The 
continuous-wave Doppler curve shows a steep diastolic slope corre-
sponding to the rapid equalization of diastolic pressure in the aorta 
and left ventricle. With severe acute regurgitation, there is no pressure 
gradient at end diastole, so cuff diastolic blood pressure is equal to LV 
end-diastolic pressure. Echocardiography also allows the accurate as-
sessment of LV size and systolic function. When the differential diag-
nosis includes aortic dissection, transthoracic echocardiography (TTE) 
is inadequate to exclude this possibility. Instead, TEE or computed 
tomography (CT) images should be obtained.

Management

Acute aortic regurgitation is a surgical emergency.24 Preoperative man-
agement is supportive, with ventilatory support and invasive hemody-
namic monitoring. While the diagnosis is being made, therapy may 
include the use of diuretics, inotropic agents, and nitroprusside or 
other vasodilators in an attempt to stabilize hemodynamics.24 How-
ever, an IABP is contraindicated, as inflation of the balloon in the de-
scending thoracic aorta in diastole will increase the amount of back-
flow across the aortic valve.31

If acute aortic regurgitation is the result of aortic dissection, acute 
surgical intervention is needed. The surgical approach may be the 
replacement of the ascending aorta and valve with a combined pros-
thetic valve and aortic graft. When the valve leaflets are normal, some 
centers will preserve the native valve by reimplanting the native valve 
(and coronary arteries) in the prosthetic conduit (called the David 

procedure).
When acute aortic regurgitation is the result of endocarditis, surgi-

cal options include a mechanical valve, a heterograft tissue valve such 
as a porcine aortic valve or bovine pericardial valve, or a cryopreserved 
homograft aortic valve. Rarely, the patient may undergo valve repair if 
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Fig. 76.5 Left ventricular (LV) and central aortic (Ao) pressures and cor-

responding Doppler velocity curves are shown for chronic (purple lines) 

and acute (green lines) aortic regurgitation. The shape of the velocity 

curve is related to the instantaneous pressure differences across the 

valve over the cardiac cycle, as stated in the Bernoulli equation. With 

acute aortic regurgitation (AR), aortic pressures fall more rapidly and 

ventricular diastolic pressure rises more rapidly, resulting in a steeper 

deceleration slope on the Doppler curve. (From Otto CM. Textbook of 

Clinical Echocardiography. 5th ed. Philadelphia: Saunders; 2013:316.)

A B

Fig. 76.6 Endocarditis Resulting in Acute Severe Aortic Regurgitation. In a long-axis view of the aortic 

valve (A), a flail aortic valve leaflet is seen (arrow), with the leaflet (arrow) prolapsing into the left ventricular 

outflow tract in diastole. Color-flow Doppler imaging (B) in the same view shows a broad jet of diastolic flow 

filling the outflow tract, consistent with severe regurgitation. Ao, Aorta; LA, left atrium; LV, left ventricle.
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Fig. 76.7 Same patient as Fig. 76.6. Continuous-wave Doppler recording 

of flow across the aortic valve shows an increased antegrade velocity in 

systole (S) consistent with a high transaortic stroke volume. In diastole 

(D), a dense signal of retrograde flow is seen, with a steep deceleration 

slope (arrow) consistent with rapid equalization of pressures between 

the aorta and left ventricle in diastole from acute regurgitation.

A

B

Fig. 76.8 In a patient with mitral stenosis, the long-axis view (A) dem-

onstrates the classic findings of the diastolic doming of leaflets (arrows) 

caused by commissural fusion, with thickening predominantly at the 

leaflet tips. In the short-axis view (B), the restricted mitral orifice with 

fusion of the commissures is visualized, providing accurate measure-

ment of the valve area by direct planimetry. In this case, the valve area 

of 0.7 cm2 indicates severe valve obstruction. Ao, Aorta; LA, left atrium; 

LV, left ventricle; MVA, mitral valve area; RV, right ventricle.

there is a simple perforation with adjacent normal leaflet tissue and no 
evidence of active infection.

MITRAL STENOSIS

Etiology and Clinical Presentation

Mitral stenosis is almost always the result of rheumatic disease, with 
only rare cases of calcific mitral stenosis seen in the elderly. Rheumatic 
mitral stenosis is a slowly progressive disease with an insidious decline 
in exercise tolerance and symptom onset over many years.32 However, 
in an asymptomatic patient with compensated moderate or severe 
mitral stenosis, acute decompensation can occur in the setting of in-
creased systemic hemodynamic demands. Because mitral stenosis is 
more common in women (80% of cases) and occurs during the repro-
ductive years, the most common emergency presentation of mitral 
stenosis is a pregnant woman with heart failure. Many of these patients 
are unaware of the underlying valve disease and are initially diagnosed 
during pregnancy. The clinical presentation may also be caused by or 
exacerbated by the onset of atrial fibrillation.

A large atrial myxoma may mimic the clinical presentation of mi-
tral stenosis, presenting with acute hemodynamic compromise caused 
by obstruction of the mitral valve orifice by the tumor mass.

Diagnosis

The apical diastolic rumble and opening snap of mitral stenosis is chal-
lenging to appreciate even in a quiet room with optimal patient position-
ing and is frequently inaudible in the ICU setting. However, the diagnosis 
is easily made by TTE, with the mitral leaflet showing the characteristic 
findings of rheumatic disease: commissural fusion, chordal shortening 
and fusion, and restriction of the diastolic opening of the leaflets (Fig. 
76.8).33 The mitral valve area can be quantitated by 2D or three-dimen-
sional planimetry or the Doppler pressure half-time method, with severe 
stenosis defined as a valve area of less than 1.5 cm2. TTE also provides 
information on LV size and systolic function, left atrial size, pulmonary 
pressure, and any associated valve lesions. If evaluation for left atrial 
thrombus is needed, TTE has a sensitivity of only 60% compared with 
that of nearly 100% of the transesophageal approach.

Management

Most patients with mitral stenosis and acute decompensation can be 
managed conservatively with the treatment of the superimposed ill-
ness. Efforts should be directed toward decreasing overall metabolic 
demand and increasing oxygen delivery by controlling fever, maintain-
ing a normal hemoglobin level, and providing supplemental oxygen. If 
atrial fibrillation is present, rate control is essential, preferably with 
conversion back to sinus rhythm. Even when sinus rhythm is present, 
beta-blockers may improve ventricular diastolic filling by prolonging 
the duration of diastole as the heart rate is decreased.34 Invasive hemo-
dynamic monitoring and ventilatory support may be needed when 
severe heart failure is present.

In patients who do not respond to conservative therapy, emergency 
intervention should be considered. The optimal intervention is percuta-
neous balloon mitral valvotomy (PBMV), which typically results in an 
increase in mitral valve area to more than 1.5 cm2 (Fig. 76.9).35 PBMV 
can be safely performed even during pregnancy.36–38 Patients with a left 
atrial thrombus, coexisting moderate to severe mitral regurgitation, or 
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heavily calcified and deformed mitral valves are not candidates for 
PBMV; in these patients, surgical mitral valve replacement may be 
needed.

AORTIC STENOSIS

Etiology and Clinical Presentation

Valvular aortic stenosis in adults most often is the result of calcification 
of a normal trileaflet or congenital bicuspid valve (Fig. 76.10A). Rheu-
matic aortic stenosis is less common and is invariably accompanied by 
mitral valve involvement. In younger adults, congenital aortic stenosis 
may be encountered; some of these patients have restenosis after prior 
commissurotomy in childhood.

Like mitral stenosis, aortic valve stenosis is a chronic, slowly pro-
gressive disease that presents acutely only in patients who have not 
been receiving regular medical care or with previously asymptomatic 
moderate to severe stenosis who present with acute decompensation 
caused by a superimposed systemic condition.39–41 Young women with 
congenital aortic stenosis may present with angina or heart failure dur-
ing pregnancy. In older adults, asymptomatic patients with moderate 
to severe valve obstruction may present with heart failure in the setting 
of pneumonia, anemia, or other conditions with increased metabolic 
demands.

Diagnosis

Classic physical examination findings for aortic stenosis include a de-
layed and decreased carotid upstroke, a narrow pulse pressure, a single 
second heart sound (S2), and a systolic ejection murmur at the aortic 
region that radiates to the carotids. However, although a grade 4 mur-
mur (palpable thrill) with a single S2 and diminished carotids is specific 
for severe stenosis, these findings are very insensitive for the diagnosis. 
In particular, when a patient is decompensated, the murmur may be 
soft, and carotid upstrokes may be altered by coexisting vascular disease 
or loading conditions.42

Echocardiography provides reliable evaluation of aortic stenosis se-
verity based on the maximum velocity through the narrowed orifice, 
mean pressure gradient, and valve area, calculated with the continuity 
equation (see Fig. 76.10B). Disease severity is a continuum, and velocities 
may be relatively low despite severe stenosis when stroke volume is re-
duced. In general, stenosis can be graded as severe (jet velocity .4 m/sec 

or a valve area ,1.0 cm2 with a lower jet velocity), moderate (jet velocity, 
3–4 m/sec ), or mild (jet velocity ,3 m/sec). Echocardiography also 
allows the evaluation of ventricular systolic and diastolic function and 
any associated valve disease.31

Management

Most patients with decompensated aortic stenosis can be managed 
conservatively by (1) treating the underlying disease process that led to 
decompensation and (2) restoring the patient’s normal loading condi-
tions. However, in patients who have denied symptoms or have not 
been receiving medical care, the first presentation of severe aortic ste-
nosis may be syncope or pulmonary edema. In these patients, aortic 
stenosis is the cause of decompensation, as evidenced by very severe 
valve obstruction, often with a low ejection fraction. Treatment is ur-
gent aortic valve replacement, with transcatheter aortic valve implan-
tation now replacing surgical intervention for most patients with acute 
decompensation. Although patients undergoing emergency transcath-
eter valve implantation have a higher 30-day (8.7% vs. 4.3%) and 

A B C D

Fig. 76.9 This 48-year-old female underwent percutaneous balloon mitral valvotomy (PBMV) for severe symp-

tomatic rheumatic mitral stenosis and acute pulmonary edema. The transesophageal echocardiogram four-

chamber view demonstrates restricted diastolic mitral valve opening with hockey-stick deformation and se-

verely enlarged left atrium (A). Continuous-wave Doppler before PBMV measures a severely elevated mean 

gradient of 15 mm Hg (B). Fluoroscopic images show the use of an Inoue balloon distally inflated across the 

mitral valve via a transseptal catheter (C). The initial distal inflation stabilizes the position of the balloon, al-

lowing for full inflation to split the mitral valve commissures; a waist (white arrows) in the balloon is seen 

from the resistance of the mitral valve (D). Successful PBMV reduced the mean gradient to 6 mm Hg and 

relieved the patient’s symptoms. LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

A B

Fig. 76.10 A, In this 26-year-old pregnant woman with a loud systolic 

murmur, the long-axis view shows doming of the aortic valve in systole 

(arrow). Short-axis images confirmed a unicuspid aortic valve. B, Contin-

uous-wave Doppler examination of the aortic valve demonstrates a 

high-velocity signal consistent with severe aortic stenosis. The maxi-

mum velocity of 4.2 m/sec corresponds to a maximum transaortic pres-

sure gradient of 69 mm Hg and a mean gradient of 41 mm Hg. Valve 

area, calculated by the continuity equation, was 0.8 cm2. Ao, Aorta; LA, 

left atrium; LV, left ventricle.
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1-year mortality (29.1% vs. 17.5%) than patients undergoing a non-
emergent procedure, these adverse outcomes primarily are related to 
baseline patient characteristics, with data strongly supporting the ben-
efit of relief of valve obstruction when severe stenosis is the cause of 
clinical decompensation.43–46

If there is any delay in availability of valve replacement, the cau-
tious use of nitroprusside may improve hemodynamics if the mean 
arterial pressure is above 60 mm Hg.47,48 If aortic valve replacement is 
temporarily contraindicated, primarily because of an active infection, 
balloon aortic valvuloplasty might be considered.

RIGHT-SIDED VALVE DISEASE

Pulmonic valve disease is almost always congenital in origin, with a 
chronic disease course. Tricuspid valve stenosis is rare and usually ac-
companies rheumatic mitral valve disease. Tricuspid valve endocarditis 
often results in acute severe regurgitation; pulmonic valve endocarditis 
is rare. Cases of acute traumatic disruption of the tricuspid valve with 
blunt chest trauma have been described, although myocardial contu-
sion or thoracic aorta disruption is more common.49 Acute severe tri-
cuspid regurgitation results in a low forward cardiac output and signs 
of an elevated right atrial pressure.17,50 Numerous studies show that 
significant tricuspid regurgitation is associated with adverse cardiovas-
cular outcomes. The role of transcatheter procedures for reduction of 
tricuspid regurgitant severity is currently under investigation.

PROSTHETIC VALVES

Mechanical Valves

Prosthetic mechanical heart valves are highly durable, with complica-
tions most often the result of valve thrombosis or paravalvular regur-
gitation. Valve thrombosis occurs in the setting of inadequate antico-
agulation and may result in functional valve stenosis if movement of 
the valve occluder is restricted or valve regurgitation if the clot pre-
vents full closure of the valve. The clinical presentation of valve throm-
bosis is similar to that of native valve stenosis or regurgitation. Echo-
cardiography provides key information on the presence and severity of 
valve dysfunction. TEE is especially important with mitral prosthetic 
valves (Fig. 76.11); the valve itself blocks ultrasound penetration from 
a transthoracic approach.

The treatment of prosthetic valve thrombosis depends on the se-
verity of valve obstruction. Evaluation includes TTE and TEE to detect 

a thrombus and evaluate valve hemodynamics, plus either fluoroscopy 
or cine-computed tomographic imaging to evaluate valve occluder 
motion. When only a small thrombus and mild hemodynamic com-
promise are present, conservative therapy with full-dose intravenous 
anticoagulation for several days may be adequate. When severe stenosis 
is present, either repeat surgical intervention or slow-infusion, low-
dose fibrinolytic therapy is recommended.17 Fibrinolytic therapy suc-
cess rates are .90%, with rates of embolic events and major bleeding 
both ,2%. Surgical intervention has a 30-day mortality as high as 
10%–15%. The decision between surgery and systemic fibrinolysis 
should be made by a heart valve team with consideration of multiple 
factors, including availability of surgical expertise, clinical symptoms, 
thrombus burden, and patient choice. Fibrinolytic therapy is reason-
able with left-sided thrombosis, with mild symptoms of recent onset 
or a small clot burden and patients who are high-to-prohibitive-risk 
surgical candidates.17,51–53

Paravalvular regurgitation early after valve replacement may be re-
lated to suture dehiscence at a site of annular calcification. Paravalvular 
regurgitation may be associated with hemolytic anemia, which can be 
treated conservatively if mild, but may require reoperation if severe re-
current anemia is present. The new onset of paravalvular regurgitation 
should prompt careful evaluation for endocarditis (see Chapter 117). 
Paravalvular regurgitation has been successfully treated with percutane-
ous techniques in high-risk surgical candidates with refractory heart 
failure and hemolytic anemia (Fig. 76.12).23,54,55

Tissue Valves

Tissue valves are subject to the degeneration of the leaflets, with super-
imposed calcification that may result in stenosis or regurgitation. Usu-
ally, this is a slowly progressive process with presentation 10–15 years 
after valve implantation.56 As with native valve disease, acute decom-
pensation may occur in patients with chronic prosthetic valve dysfunc-
tion if there is a superimposed hemodynamic stress. Valve thrombosis 
also is a concern with bioprosthetic valves, particularly after transcath-
eter aortic valve implantation.57

Acute regurgitation of a tissue valve can result from endocarditis 
or a leaflet tear caused by tissue degeneration. Tears in the valve leaflet 
typically occur adjacent to an area of calcification secondary to the 
increased stress on the normal leaflet tissue. As with mechanical 
valves, both transthoracic and transesophageal imaging are needed 
for the full evaluation of suspected prosthetic tissue valve dysfunc-
tion. Treatment is similar to that for native valves, with medical stabi-
lization followed by surgery for repeat valve replacement. However, 

A B C D

Fig. 76.11 Transesophageal echocardiogram of a thrombosed bileaflet mechanical mitral valve in a 43-year-old 

female who stopped anticoagulation for a dental procedure with inadequate bridging. In systole (A), the bright 

occluder can be seen in a closed position, causing reverberation artifact into the left ventricle (LV). During di-

astole (B), there is a minimal opening of the occluder (white arrow) from the acute thrombus. Color-flow Dop-

pler (C) shows flow primarily through only one side of the valve, whereas there is only a very narrow jet at the 

site of the stuck leaflet. Continuous-wave Doppler (D) estimated a severely elevated mean gradient of 24 mm 

Hg, and the patient required emergent surgical valve replacement with a bioprosthesis. LA, Left atrium.
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many patients are at a very high surgical risk because of advanced age, 
comorbidities, and repeated sternotomy; in these patients, a trans-
catheter bioprosthetic “valve-in-valve” implantation may be per-
formed at experienced centers.58,59

A B

Fig. 76.12 Severe paravalvular leak in a 72-year-old male with a history 

of multiple mitral valve (MV) replacements because of previous endo-

carditis presenting with symptomatic heart failure and hemolytic ane-

mia. Two-dimensional transesophageal color Doppler (A) shows eccen-

tric regurgitation around the closed prosthetic MV occluder (*) during 

systole. Three-dimensional echocardiography (B) assists with paravalvu-

lar closure of the defect using an Amplatzer plug (black arrow). A sec-

ond plug is required in this case and can be seen being deployed via a 

transseptal catheter (white arrow) during diastole with an open MV oc-

cluder. IAS, Interatrial septum; LA, left atrium; LV, left ventricle; RVOT, 

right ventricular outflow tract.

KEY POINTS

• Echocardiography is the first step in the diagnosis of acute valve disease; 

physical examination is not reliable, and valve disease should be consid-

ered in all patients with acute heart failure.

• Acute mitral regurgitation may be the result of primary diseases of the valve 

apparatus, such as spontaneous chordal rupture or endocarditis, or second-

ary to an acute cardiomyopathy or acute ischemic heart disease.

• Treatment of acute mitral regurgitation depends on the cause of valve dys-

function, ranging from coronary revascularization for acute ischemia to 

emergency surgery for a flail leaflet or ruptured papillary muscle. Medical 

therapy, an IABP, or an LV support device may be needed for stabilization 

before intervention.

• Acute aortic valve regurgitation may be primary diseases of the valve leaf-

lets, such as endocarditis, or because of aortic dissection with distortion of 

normal aortic valve anatomy.

• Endocarditis causes destruction of valve tissue with acute regurgitation and 

heart failure. Early surgery, before completion of antibiotic therapy, im-

proves clinical outcomes.

• In critically ill patients who are poor surgical candidates, rapid relief of 

valve obstruction can be lifesaving, including transcatheter balloon valvot-

omy for rheumatic mitral stenosis or transcatheter aortic valve implantation 

for calcific aortic stenosis.

• Prosthetic valve thrombosis may require acute surgical intervention, with 

selected patients responding to increased anticoagulation or fibrinolytic 

therapy.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Kolte D, Khera S, Vemulapalli S, et al. Outcomes following urgent/emergent 
transcatheter aortic valve replacement: insights from the STS/ACC TVT 
Registry. JACC Cardiovasc Inter. 2018;11(12):1175–1185.
Of the 40,042 patients who underwent transcatheter aortic valve implanta-

tion (TAVI) in the Society of Thoracic Surgeons and the American College of 

Cardiology Transcatheter Valve Therapy (STS/ACC TVT) Registry, about 

10% were considered an emergency procedure. Successful placement of the 

device and procedural complication rates were similar for patients undergo-

ing an emergency procedure compared with the rest of the patients; however, 

there were higher rates of acute kidney injury and/or new dialysis (8.2% vs. 

4.2%; P ,.001), 30-day mortality (8.7% vs. 4.3%, adjusted hazard ratio: 

1.28, 95% confidence interval: 1.10–1.48), and 1-year mortality (29.1% vs. 

17.5%, adjusted hazard ratio: 1.20, 95% confidence interval: 1.10–1.31).

Lalani T, Cabell CH, Benjamin DK, et al. Analysis of the impact of early sur-
gery on in-hospital mortality of native valve endocarditis: use of propen-
sity score and instrumental variable methods to adjust for treatment-selec-
tion bias. Circulation. 2010;121(8):1005–1013.
In this prospective study of 1552 patients with native valve endocarditis, the 

46% who underwent early surgery were compared with the 54% who were 

treated medically. Overall survival was significantly better with early surgery, 

with an estimated absolute risk reduction of 11%. Propensity score subgroup 

analysis identified patients most likely to benefit from early surgery as those 

with paravalvular complications, systemic embolization, infection with 

Staphylococcus aureus, and stroke.

Maheshwari V, Barr B, Srivastava M. Acute valvular heart disease. Cardiol Clin. 
2018;36(1):115–127.
This review article summarizes the clinical presentation, diagnosis, and  

management of acute valvular heart disease. It provides additional echocar-

diographic illustrations and references to complement this chapter.

Sun JC, Davidson MJ, Lamy A, et al. Antithrombotic management of patients 
with prosthetic heart valves: current evidence and future trends. Lancet. 
2009;374:565–576.
This review of antithrombotic therapy for prosthetic valves covers preventive 

anticoagulation and management of thrombotic complications. For obstruc-

tive valve thrombosis, the authors recommend thrombolytic therapy and 

echocardiographic monitoring, with surgery reserved for patients with contra-

indications to thrombolysis or those who do not respond to thrombolytic ther-

apy. Smaller (,5 mm) nonobstructive thrombi can usually be managed with 

standard anticoagulation alone.

Watanabe N. Acute mitral regurgitation. Heart. 2019;105:671–677.
State-of-the-art review article that highlights the key differences between 

acute and chronic mitral regurgitation, discusses iatrogenic causes of acute 

mitral regurgitation, and presents current surgical and transcatheter options 

for treatment.
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Pulmonary hypertension (PH) is defined by an elevated mean pulmo-

nary artery pressure (mPAP) of .20 mm Hg and may be precapillary 

or postcapillary in etiology.1 Precapillary PH is further characterized 

by an elevated pulmonary vascular resistance (PVR) of $3 Wood units 

and a pulmonary arterial wedge pressure of #15 mm Hg. Manage-

ment of postcapillary PH, which is caused by left-sided heart dysfunc-

tion, typically involves treating the underlying process. Medications 

used to treat precapillary PH are often not only ineffective for postcap-

illary PH but may in fact be harmful, potentially leading to the devel-

opment of pulmonary edema or systemic hypotension.

The World Health Organization (WHO) categorizes PH into five 

groups based on their underlying pathophysiology: (1) pulmonary 

arterial hypertension (PAH), (2) PH caused by left heart disease, (3) 

PH caused by lung diseases and/or hypoxia, (4) PH caused by pulmo-

nary artery obstructions, and (5) PH with unclear and/or multifacto-

rial mechanisms. PAH can be idiopathic (IPAH, previously known as 

primary PH [PPH]) or may occur in association with a variety of un-

derlying disease processes, such as collagen vascular disease, portal 

hypertension, congenital systemic-to-pulmonary shunts, drug or toxin 

exposure, or human immunodeficiency virus (HIV) infection.2 IPAH 

is principally a disease of young women, but it can affect all age groups 

and both sexes. A genetic predisposition may underlie a substantial 

proportion of these cases and is referred to as heritable pulmonary arte-

rial hypertension (HPAH).3–9

Initial therapy may be directed at an underlying cause or contributing 

factors, such as using continuous positive airway pressure (CPAP) and 

supplemental oxygen for PH associated with obstructive sleep apnea. 

After the identification and treatment of underlying associated disorders 

and contributing factors, specific therapy for PAH should be considered. 

IPAH carried a very poor prognosis (median survival rate of approxi-

mately 2.8 years from the time of diagnosis) through the mid-1980s. 

Subsequently, a number of therapeutic options have been developed, and 

14 have been approved by the U.S. Food and Drug Administration (FDA), 

falling into three classes of drugs: (1) prostanoids, including epoprostenol 

(intravenous), treprostinil (subcutaneous, intravenous, inhaled, or oral), 

iloprost (inhaled), and selexipag (oral); (2) endothelin receptor antago-

nists (ERAs), including bosentan, ambrisentan, and macitentan (all oral); 

and (3) drugs acting on the nitric oxide pathway, including the phospho-

diesterase (PDE) type-5 inhibitors, sildenafil and tadalafil (both oral), 

and the guanylate cyclase activator, riociguat (oral).

DIAGNOSIS

Symptoms, Signs, and Clinical History
As a result of the insidious onset of symptoms, PAH is often advanced 

at the time of diagnosis. Dyspnea upon exertion is the most common 

presenting symptom, but it is sometimes attributed to deconditioning 

or another cardiorespiratory ailment. Chest pain mimicking angina 

pectoris may also occur. Patients with advanced disease may present 

with syncope or signs and symptoms of right-sided heart failure, in-

cluding lower extremity edema, jugular venous distention, and ascites.

The clinical history should focus initially on the exclusion of un-

derlying causes of PH. Important clues to an underlying condition 

might include a previous history of a heart murmur, deep venous 

thrombosis (DVT) or pulmonary embolism, Raynaud phenomenon, 

arthritis, arthralgias, rash, heavy alcohol consumption, hepatitis, heavy 

snoring, daytime hypersomnolence, morning headache, and morbid 

obesity. A careful family history should be obtained. Medication expo-

sure, particularly to appetite suppressants and amphetamines, should 

be noted. Cocaine is a powerful vasoconstrictor that may contribute to 

the development of PH, and intravenous drug use has also been associ-

ated with the development of PAH.

Physical Examination
Signs of PAH may not become apparent until late in the disease. Find-

ings such as an accentuated second heart sound, a systolic murmur 

over the left sternal border, jugular venous distention, peripheral 

edema, and ascites might suggest the presence of PH and right ven-

tricular (RV) dysfunction. Associated systemic diseases, such as colla-

gen vascular disease or liver disease, may also become apparent during 

routine examination.

Laboratory Evaluation
Laboratory evaluation can provide important information in detecting 

associated disorders and contributing factors. A collagen vascular 

screen including antinuclear antibodies, rheumatoid factor, and eryth-

rocyte sedimentation rate is often helpful in detecting autoimmune 

disease, although some patients with IPAH will have a low-titer posi-

tive antinuclear antibody test.10 The scleroderma spectrum of disease, 

particularly limited scleroderma, or the CREST syndrome (i.e., calci-

nosis, Raynaud phenomenon, esophageal dysfunction, sclerodactyly, 

and telangiectasias), has been associated with an increased risk of the 

development of PAH.11,12 Liver function tests (aspartate aminotrans-

ferase, alanine aminotransferase, and alkaline phosphatase) may be 

elevated in patients with RV failure and passive hepatic congestion but 

may also be associated with underlying liver disease. Liver disease with 

portal hypertension has been associated with the development of PH. 

Thyroid disease may occur with increased frequency in patients with 

IPAH and should be excluded with thyroid function testing.13 HIV 

testing and hepatitis serologic studies should be performed. Routine 

laboratory studies, such as complete blood cell count, complete meta-

bolic panel, prothrombin time, and partial thromboplastin time, are 

recommended during the initial evaluation and as indicated to moni-

tor the patient’s long-term clinical status.
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Echocardiography
Transthoracic echocardiography (TTE) is the initial test of choice in 

assessing the severity of PH and detecting left-sided heart disease. 

Findings may include elevated peak tricuspid regurgitant jet veloc-

ity, elevated estimated pulmonary artery systolic pressure, RV  

enlargement, flattening of the interventricular septum, and com-

pression of the left ventricle.14 Bubble contrast echocardiography 

may detect a right-to-left shunt, but exclusion of a left-to-right in-

tracardiac shunt may require cardiac catheterization with an oxim-

etry series. Echocardiography may be useful as part of a long-term 

follow-up,15,16 although not all patients have suitable echocardio-

graphic windows.

Radiographic Evaluation and Exclusion of 
Thromboembolic Disease
Chest radiography may reveal an enlargement of the central pulmo-

nary vessels and evidence of RV enlargement. Evidence of parenchy-

mal lung disease may also be apparent. When parenchymal lung  

disease is suspected, pulmonary function testing and high-resolution 

computed tomography (CT) of the chest may be indicated. Because of 

its high sensitivity, ventilation/perfusion (V/Q) scanning is the imag-

ing modality of choice to exclude chronic thromboembolic disease–re-

lated PH (CTEPH), which is among the most preventable and treatable 

causes of PH. Diffuse mottled perfusion can be seen in IPAH, whereas 

larger segmental and subsegmental mismatch defects are suggestive of 

CTEPH. Because any process that leads to decreased perfusion without 

an associated decrease in ventilation will result in a mismatch, V/Q 

scanning lacks specificity for CTEPH. CT pulmonary angiography 

(CTPA) is thus an important adjunct to V/Q scanning, not only to 

exclude other disease processes in which similar mismatch defects can 

be seen but also to define the extent and location of thromboembolic 

disease before surgical evaluation. Although CTPA remains the imag-

ing modality of choice for acute pulmonary embolism, it lacks the 

sensitivity of V/Q scanning for CTEPH, particularly at the subsegmen-

tal level, and caution should be exercised when using it to exclude 

CTEPH.17

Pulmonary Function Testing
Pulmonary function testing is indicated to detect underlying paren-

chymal lung disease. The diffusing capacity is often reduced in pulmo-

nary vascular disease, consistent with impaired gas exchange.

Right-Sided Heart Catheterization and  
Vasoreactivity Testing
Right-sided heart catheterization remains an important part of the 

evaluation. Left-sided heart dysfunction and intracardiac shunts 

can be excluded, the degree of PH can be accurately quantified, 

cardiac output can be measured, and PVR can be calculated. Acute 

pulmonary vasoreactivity can be assessed using a short-acting agent, 

such as prostacyclin (epoprostenol), inhaled nitric oxide, or intrave-

nous adenosine. The consensus definition of a positive acute vaso-

dilator response in a patient with PAH is a decrease in mPAP by $10 

mm Hg to #40 mm Hg with increased or unchanged cardiac out-

put. The primary objective of acute vasodilator testing in patients 

with PAH is to identify the subset of patients who might be effec-

tively treated with oral calcium channel blockers; response to a 

short-acting pulmonary vasodilator has been shown to be predictive 

of a response to calcium channel blockers.18 Unstable patients or 

those in severe right-sided heart failure who would not be candi-

dates for treatment with calcium channel blockers need not un-

dergo vasodilator testing.

TREATMENT

General Care

Warfarin, Oxygen, Diuretics, Digoxin, and Vaccination
Although earlier studies suggested improved survival with oral antico-

agulation in PAH,19 the benefits were primarily seen in patients with 

IPAH and not present in those with other forms of PAH. More recent 

studies have not only failed to demonstrate a survival advantage in 

patients with IPAH treated with anticoagulation, but they have dem-

onstrated an increased mortality in patients with PAH secondary to 

most other causes.20 Generally, patients with PAH who are treated with 

chronic intravenous epoprostenol are anticoagulated in the absence  

of contraindications, owing in part to the additional risk of catheter-

associated thrombosis. All patients with CTEPH should receive life-

long anticoagulation.

Hypoxemia is a pulmonary vasoconstrictor and can contribute to 

the development or progression of PAH. It is generally considered 

important to maintain oxygen saturations greater than 90% at all 

times, although data supporting the role of supplemental oxygen in 

PH are largely based on expert opinion or extrapolated from clinical 

trials that evaluated its use in patients with chronic obstructive pulmo-

nary disease (COPD). Although no randomized controlled trials have 

yet addressed the role of supplemental oxygen in PH, a post hoc analy-

sis of data from a large, observational study demonstrated improved 

survival among patients with PAH and severely reduced diffusing ca-

pacity who were treated with supplemental oxygen.21

Diuretics are indicated in patients with evidence of RV failure and 

volume overload. Careful dietary restriction of sodium and fluid in-

take is important in the management of patients with PAH and right-

sided heart failure. Rapid and excessive diuresis may produce systemic 

hypotension, renal insufficiency, and syncope. Serum electrolytes and 

measures of renal function should be followed closely in patients  

receiving diuretic therapy.

Although not extensively studied in PAH, digitalis is sometimes 

used in refractory RV failure or atrial dysrhythmias. Drug levels should 

be followed closely, particularly in patients with impaired renal  

function.

Because of the potentially devastating effects of respiratory infec-

tions in patients with PH, immunization against influenza, coronavi-

rus disease 2019 (COVID-19), and pneumococcal pneumonia is 

recommended.

Calcium Channel Blockers

Patients with IPAH who respond to vasodilators and calcium channel 

blockers generally have improved survival.18 Unfortunately, this tends 

to represent a relatively small proportion of patients, comprising less 

than 20% of patients with IPAH and even fewer patients with other 

causes of PAH.

Prostacyclin Receptor Agonists

Prostacyclin, a metabolite of arachidonic acid produced primarily in 

the vascular endothelium, is a potent systemic and pulmonary vasodi-

lator that also has antiplatelet aggregatory effects. A relative deficiency 

of endogenous prostacyclin may contribute to the pathogenesis of 

PAH.22

Epoprostenol. Epoprostenol therapy is complicated by the need for 

continuous intravenous infusion. The drug is unstable at room tempera-

ture and is generally best kept cold before and during infusion. It has a 

very short half-life in the bloodstream (,6 minutes), is unstable in an 

acidic pH, and cannot be taken orally. Because of the short half-life, the 

risk of rebound worsening with abrupt or inadvertent interruption of 
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the infusion, and its effects on peripheral veins, it should be administered 

through an indwelling central venous catheter. Common side effects of 

epoprostenol therapy include headache, flushing, jaw pain with initial 

mastication, diarrhea, nausea, a blotchy erythematous rash, and muscu-

loskeletal aches and pain (predominantly involving the legs and feet). 

These tend to be dose dependent and often respond to a cautious reduc-

tion in dose. Severe side effects can occur with an overdose of the drug. 

Acutely, overdosage can lead to systemic hypotension. Chronic overdos-

age can lead to the development of a hyperdynamic state and high- 

output cardiac failure.23 Abrupt or inadvertent interruption of the epo-

prostenol infusion should be avoided because this may lead to a rebound 

worsening of PH, with symptomatic deterioration and even death. Other 

complications of chronic intravenous therapy with epoprostenol include 

line-related infections, catheter-associated venous thrombosis, systemic 

hypotension, thrombocytopenia, and ascites.

Treprostinil. Treprostinil, a prostacyclin analog with a half-life of 3 

hours, is stable at room temperature. A placebo-controlled, random-

ized trial demonstrated that continuous subcutaneous treprostinil 

improved exercise tolerance, although the 16-meter median difference 

between treatment groups in 6-minute walking distance was relatively 

modest.24 Treprostinil also improved hemodynamic parameters. Com-

mon side effects included headache, diarrhea, nausea, rash, and jaw 

pain. Side effects related to the infusion site were common (85% of 

patients complained of infusion-site pain, and 83% had erythema or 

induration at the infusion site). Treprostinil is also approved for both 

intravenous delivery based on bioequivalence with the subcutaneous 

route and as an inhaled preparation administered in doses of  

18–54 mg, four times daily.25

A multicenter, randomized, double-blind, placebo-controlled trial 

evaluating the use of inhaled treprostinil in patients with PH second-

ary to interstitial lung disease demonstrated a small improvement in 

exercise capacity and 15% reduction in N-terminal pro-B-type natri-

uretic peptide (a biomarker of cardiac overload) after 16 weeks, with-

out any increase in serious adverse events, thus making it one of the 

only medications to demonstrate clinical efficacy in this population.26

Inhaled iloprost. Iloprost is a chemically stable prostacyclin analog 

with a serum half-life of 20–25 minutes27 and is a potent pulmonary 

vasodilator. In uncontrolled and controlled studies of iloprost for vari-

ous forms of PAH,28,29 inhaled iloprost at a total daily dose of 15–45 mg 

divided in 6–9 inhalations improved functional class, exercise capacity, 

and pulmonary hemodynamics for periods up to 1 year of follow-up. 

The treatment was generally well tolerated except for mild coughing, 

minor headache, and jaw pain in some patients. The most important 

drawback of inhaled iloprost is the relatively short duration of action, 

requiring the use of six to nine inhalations per day.

Beraprost. Beraprost sodium is an orally active prostacyclin ana-

log30 that is absorbed rapidly under fasting conditions. It has been 

evaluated in patients with intermittent claudication,31 Raynaud phe-

nomenon, and digital necrosis from systemic sclerosis,32 with variable 

results. Although several small, open, uncontrolled studies reported 

beneficial hemodynamic effects with beraprost in patients with IPAH, 

two randomized double-blind, placebo-controlled trials have shown 

only modest improvement and suggest that beneficial effects of bera-

prost may diminish with time.33,34

Selexipag. Selexipag is a selective nonprostanoid prostacyclin re-

ceptor agonist that is administered orally. Its efficacy in patients with 

PAH was demonstrated in a randomized, double-blind, placebo-

controlled trial.35 The primary endpoint was a composite of death 

from any cause or complication related to PAH (disease progression, 

hospitalization, initiation of parenteral prostanoid or long-term oxy-

gen, need for lung transplantation, or need for balloon atrial septos-

tomy). The primary endpoint occurred in significantly fewer patients 

randomized to the selexipag group, primarily because of a decrease in 

disease progression and decreased hospitalizations. Approximately 

80% of patients enrolled were already on PH therapy (either ERAs, 

PDEs, or both) at the time of enrollment, but an additional benefit of 

selexipag was still present in a subgroup analysis of these patients. 

Headache, diarrhea, nausea, and jaw pain were the most common 

adverse events.

Endothelin Receptor Antagonists

Endothelin-1 is a vasoconstrictor and a smooth muscle mitogen that 

may contribute to the pathogenesis of PAH. Endothelin-1 expression, 

production, and concentration in plasma36,37 and lung tissue38 are 

elevated in patients with PAH, and these levels are correlated with 

disease severity. The main adverse effects associated with ERAs are 

peripheral edema, hepatotoxicity, and potent teratogenicity.

Bosentan. Bosentan is a dual ERA that has been shown to improve 

pulmonary hemodynamics and exercise tolerance and delay the time to 

clinical worsening in patients with PAH.39 The most frequent and po-

tentially serious side effect with bosentan is dose-dependent abnormal 

hepatic function (as indicated by elevated levels of alanine aminotrans-

ferase and aspartate aminotransferase). Because of the risk of potential 

hepatotoxicity, the FDA requires that liver function tests be performed 

at least monthly in patients receiving this drug. Bosentan may also be 

associated with the development of anemia, which is typically mild. 

Hemoglobin and hematocrit should also be checked regularly.

Ambrisentan. Ambrisentan is a selective ERA that has shown effi-

cacy in PAH. In a double-blind, placebo-controlled, randomized, 

multicenter study, patients with PAH were randomized to one  

of three doses of ambrisentan ranging from 2.5 to 10 mg once daily 

for 12 weeks. Patients receiving ambrisentan had statistically signifi-

cant improvements in exercise capacity, time to clinical worsening, 

quality of life, and dyspnea.40

Macitentan. Macitentan is a dual ERA that reduces disease progres-

sion in PAH and is associated with a low incidence of liver function ab-

normality and peripheral edema. In a double-blind, placebo-controlled, 

randomized, multicenter study, patients with PAH were randomized to 

a once-daily dose of either 3 mg macitentan, 10 mg macitentan, or pla-

cebo for a median duration of 85 weeks.41 The primary endpoint (com-

posite of death, atrial septostomy, lung transplantation, initiation of 

prostanoid, or worsening of PAH) was significantly lower in both maci-

tentan groups compared with placebo. Patients receiving macitentan 

also had improved exercise capacity and cardiac hemodynamics (de-

creased PVR and increased cardiac output). The incidence of peripheral 

edema and elevation of serum aminotransferases was similar in all three 

groups, although a higher incidence of nasopharyngitis, headache, and 

anemia was seen with macitentan.

Cyclic Guanosine Monophosphate Pathway Enhancers

Nitric oxide (NO) is a potent vasodilator and one of the principal me-

diators of pulmonary vascular tone. It is synthesized from L-arginine 

by NO synthases and exerts its effects on vascular smooth muscle 

through activation of soluble guanylate cyclase (sGC), leading to in-

creased production of cyclic guanosine monophosphate (cGMP). 

cGMP acts directly on vascular smooth muscle and leads to vasodila-

tion and decreased cellular proliferation. PAH is associated with both 

decreased production of endogenous NO and increased production of 

phosphodiesterase type 5 (PDE5), an enzyme that hydrolyzes cGMP 

and limits intracellular signaling.42,43 Drugs that selectively inhibit 

cGMP-specific PDEs (or PDE5 inhibitors) augment the pulmonary 

vascular response to endogenous or inhaled NO in models of PH.44,45

Sildenafil. Sildenafil, an oral medication initially approved for erec-

tile dysfunction, is a potent specific PDE5 inhibitor that blocks acute 
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hypoxic pulmonary vasoconstriction in healthy adult volunteers and 

acutely reduces mPAP in patients with PAH.46 Several randomized 

studies have demonstrated sildenafil’s efficacy in PAH, both as mono-

therapy and in combination with other agents.47,48 Sildenafil treatment 

in animal models with experimental lung injury reduced PAP, but gas 

exchange worsened owing to impaired V/Q mismatch.49,50 Accordingly, 

caution is advised when using sildenafil to treat PH in patients with 

severe lung disease. Side effects commonly observed include headache, 

dyspepsia, and flushing.

Tadalafil. Tadalafil, another oral PDE5 inhibitor previously ap-

proved for erectile dysfunction, is approved for the treatment of PAH 

based on a randomized clinical trial demonstrating increased exercise 

capacity and decreased time to clinical worsening.51 Unlike sildenafil, 

it has the advantage of once-daily administration, although side effects 

appear to be similar.

Riociguat. Riociguat is a novel agent that increases production of 

cGMP through stimulation of sGC. In a randomized placebo-controlled 

trial, patients treated with oral riociguat for 12 weeks had improved 

exercise capacity, pulmonary hemodynamics, and decreased time to 

clinical worsening.52 Riociguat is the only drug approved for the treat-

ment of inoperable CTEPH, and it has been shown to both improve 

exercise capacity and decrease vascular resistance in this population.53 

Common side effects include headache, dyspepsia, and dizziness. It 

should not be used in combination with PDE inhibitors because of the 

risk of systemic hypotension, and its use is contraindicated in pregnancy 

because of teratogenicity.

Combination Therapy

The AMBITION trial demonstrated that treatment-naïve PAH pa-

tients treated with the initial combination therapy of ambrisentan and 

tadalafil had a significant reduction in the relative risk of disease pro-

gression.54 Additionally, greater reductions in N-terminal pro-brain 

natriuretic peptide and greater improvements in exercise capacity were 

observed in patients who were treated with monotherapy compared 

with those using either agent alone. Based on these findings, many 

experienced clinicians have begun initiating PAH treatment with the 

combination of an ERA and a PDE5 inhibitor.

Nitric Oxide

NO contributes to the maintenance of normal vascular function and 

structure. It is particularly important in the normal adaptation of the 

lung circulation at birth, and impaired NO production may contribute 

to the development of neonatal PH.

Inhaled nitric oxide. Inhaled NO has been shown to have potent 

and selective pulmonary vasodilator effects during brief treatment of 

adults with IPAH.55 It is an effective pulmonary vasodilator in new-

borns with PH (persistent PH of the newborn [PPHN]); children with 

congenital heart disease; and patients with postoperative PH, acute 

respiratory distress syndrome, or those undergoing lung transplanta-

tion.56 It is of substantial benefit in PPHN, decreasing the need for 

support with extracorporeal membrane oxygenation (ECMO).57 Al-

though inhaled NO has been used in diverse clinical settings, especially 

in intensive care medicine, FDA approval for this therapy is limited to 

newborns with hypoxemic respiratory failure at this time.

In chronic PAH, the use of inhaled NO has been primarily for acute 

testing of pulmonary vasoreactivity during cardiac catheterization or 

for acute stabilization of patients during deterioration.

Lung Transplantation

PAH accounts for only 2.7% of adult lung transplants58 and is gener-

ally reserved for those who are failing despite the best available medical 

therapy. Lung transplantation in general is challenging, but it is even 

more so in patients whose primary indication for transplant is PAH.59 

Patients transplanted for PAH have a higher 3-month mortality rate 

(23%) than those transplanted for any other indication.58 However, 

patients with PAH who survive to 1 year posttransplant have a higher 

median long-term survival (10.0 years) than groups transplanted for 

most other indications, including both COPD (7.0 years) and intersti-

tial lung disease (ILD) (6.9 years).58

The higher early mortality in PAH patients may be related to 

higher anesthetic and operative risks, the need for cardiopulmonary 

bypass,60 and the increased occurrence of postoperative reperfusion 

pulmonary edema in patients with PAH undergoing single-lung 

transplantation. In this situation, reperfusion pulmonary edema may 

be aggravated by the increased blood flow to the newly engrafted lung. 

In addition, V/Q mismatching can be particularly severe.61 Most cen-

ters therefore seem to prefer bilateral lung transplantation for patients 

with PAH.62 The International Society for Heart and Lung Transplan-

tation (ISHLT) recommends early referral for patients with PAH to 

ensure there is adequate time to both complete the transplant evalua-

tion and find a suitable graft. Referral should be considered for all 

patients with significant RV dysfunction or progressive disease despite 

appropriate therapy, need for parenteral prostacyclin, high-risk vari-

ants (e.g., pulmonary veno-occlusive disease), signs of hepatic or renal 

dysfunction secondary to PAH, or life-threatening complications such 

as hemoptysis.63

Special Situations in the Intensive Care Unit
DVT Prophylaxis
Patients with PAH are likely at increased risk for DVT and are certainly 

at increased risk for poor outcomes as the result of DVT. Patients with 

PAH are prone to a more sedentary lifestyle and to chronic venous 

congestion of the lower extremities owing to increased right-sided 

cardiac filling pressures. Hospitalization in the intensive care unit 

(ICU), often with discontinuation of anticoagulation in anticipation 

of invasive procedures, likely places these patients at even higher risk 

for DVT. For these reasons, meticulous attention must be paid to DVT 

prophylaxis.

Procedures and Surgery

Procedures and surgery in patients with PAH can be associated with 

substantially increased operative and perioperative risks. In addition, 

appropriate precautions should be undertaken to optimize outcomes. 

As always, careful consideration should be given to whether an invasive 

procedure is absolutely necessary.

Vasovagal Events

Patients with severe PAH are prone to vasovagal events. Pain, nausea, 

vomiting, or even defecation can lead to a vasovagal event in patients 

with severe PAH, as cardiac output may be disproportionately depen-

dent on heart rate. Moreover, the bradycardia and systemic vasodilata-

tion that accompany a vasovagal event can result in an abrupt decrease 

in systemic arterial pressure, leading to syncope or even cardiopulmo-

nary arrest. Therefore patients should be closely monitored for their 

heart rate during invasive procedures, with readily available atropine 

or a similar agent.

Avoidance of Hypoxemia and Hypercarbia

Hypoxemia and hypercarbia are both pulmonary vasoconstrictors and 

can contribute to the worsening of PH. Oversedation can lead to ven-

tilatory insufficiency and precipitate clinical deterioration. Caution 

should be used in laparoscopic procedures in which carbon dioxide is 

used for abdominal insufflation, because absorption can lead to hy-

percarbia. The induction of anesthesia and intubation for surgical 
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procedures can be a particularly high-risk period for patients with 

PAH because of the increased risk for vagal events, hypoxemia, hyper-

carbia, and shifts in intrathoracic pressure with associated changes in 

cardiac filling pressures.

Pregnancy

The hemodynamic changes in pregnancy are substantial, and volume 

shifts occur immediately postpartum, with cardiac filling pressures 

increasing as a result of decompression of the vena cava and the return 

of uterine blood into the systemic circulation. The changes induced by 

pregnancy impose a significant hemodynamic stress in women with 

IPAH, leading to an estimated 30%–50% mortality rate.64,65 Because of 

high maternal and fetal morbidity and mortality rates, most experts 

recommend effective contraception and early fetal termination in the 

event of pregnancy.66 There have been case reports of successful treat-

ment of pregnant IPAH patients with chronic intravenous epopros-

tenol,67–69 inhaled NO,70–72 and oral calcium channel blockers.73 ERAs 

and guanylate cyclase stimulants (riociguat) are classified as terato-

genic and should be avoided in this setting. In general, management 

includes early hospitalization for monitoring, supportive therapy with 

cautious fluid management, supplemental oxygen, diuretics, and do-

butamine, as needed. The use of a pulmonary artery catheter for close 

hemodynamic monitoring and titration of vasodilator and cardiotonic 

therapy also has been recommended. Recommendations regarding the 

mode of delivery remain controversial.

Portopulmonary Hypertension

Patients with chronic liver disease have an increased prevalence of 

pulmonary vascular disease.74,75 Two forms of pulmonary vascular 

disease can complicate chronic liver disease: (1) hepatopulmonary 

syndrome (HPS) and (2) portopulmonary hypertension (PPHTN). 

Both tend to occur in patients with chronic, late-stage liver disease, and 

each may increase the risk associated with liver transplantation.

Hypoxemia and intrapulmonary shunting characterize HPS. 

Shunting manifests echocardiographically as the late appearance (after 

three to five cardiac cycles) of bubble contrast in the left side of the 

heart. Treatment is generally supportive with supplemental oxygen, 

although patients with HPS and severe hypoxemia should be evaluated 

for liver transplant, which remains the only definitive treatment. Hy-

poxemia improves or resolves altogether in the majority of patients 

with HPS posttransplant.

PPHTN occurs in patients with chronic, late-stage liver disease and 

portal hypertension.76 It often differs hemodynamically from IPAH, 

and these differences may affect the approach to therapy. Patients with 

PPHTN have lower pulmonary arterial diastolic and mean pressures, 

higher cardiac outputs, and lower pulmonary and systemic resis-

tances.77 Later-stage patients may develop hemodynamic findings 

similar to those of patients with IPAH, and this group may have a 

poorer prognosis and be at higher risk with attempted liver transplan-

tation. It is occasionally possible to turn a patient who is an otherwise 

marginal candidate for liver transplant resulting from PPHTN into an 

acceptable one through aggressive treatment of the PAH. Supplemen-

tal oxygen should be used as needed to maintain saturations $90% at 

all times, and diuretic therapy should be used to control edema and 

ascites. There have been a number of case reports and small case series 

describing the use of intravenous epoprostenol for treatment of 

PPHTN,78–82 although management of PAH in PPHTN is largely ex-

trapolated from studies that evaluated PAH secondary to other causes. 

Unlike HPS, transplant is not a treatment for PPHTN; although pa-

tients may demonstrate an improvement in PH after liver transplanta-

tion,83 others may worsen. It may be possible to wean a select few pa-

tients off PAH medications after liver transplantation, but this should 

probably be done very gradually and under close observation. Because 

of the potential for hepatoxicity, caution is advised when using ERAs 

in this population.

ANNOTATED REFERENCES

Barst RJ, Rubin LJ, Long WA, et al. A comparison of continuous intravenous 

epoprostenol (prostacyclin) with conventional therapy for primary pul-

monary hypertension. The Primary Pulmonary Hypertension Study 

Group. New Engl J Med. 1996;334(5):296–302.

This prospective, multicenter, randomized, and controlled trial showed that 

chronic therapy with intravenous epoprostenol improved exercise capacity, 

cardiopulmonary hemodynamics, and survival in patients with IPAH.

Lane KB, Machado RD, Pauciulo MW, et al. Heterozygous germline mutations 

in BMPR2, encoding a TGF-beta receptor, cause familial primary pulmo-

nary hypertension. Nat Genet. 2000;26:81–84.

Deng Z, Morse JH, Slager SL, et al. Familial primary pulmonary hypertension 

(gene PPH1) is caused by mutations in the bone morphogenetic protein 

receptor-II gene. Am J Hum Genet. 2000;67:737–744.

These seminal papers report that mutations in the BMPR2 gene, encoding a 

TGF-beta receptor, cause familial PAH. This important discovery may pro-

vide critical insight into the mechanisms underlying the development of 

IPAH and ultimately lead to better targeted and more effective therapy.

Rich S, Kaufmann E, Levy PS. The effect of high doses of calcium-channel 

blockers on survival in primary pulmonary hypertension. New Engl J Med. 

1992;327:76–81.

This study showed that a subset of patients with IPAH demonstrate vasoreac-

tivity and will respond to chronic therapy with oral calcium channel blockers.

Rubin LJ, Badesch DB, Barst RJ, et al. Bosentan therapy for pulmonary arterial 

hypertension. New Engl J Med. 2002;346:896–903.

This international, prospective, multicenter, randomized, placebo-controlled, 

double-blind trial showed that endothelin receptor blockade with bosentan 

improved the exercise capacity in patients with IPAH and PAH occurring in 

association with collagen vascular disease.

KEY POINTS

• The evaluation of patients with PH is directed at the detection of underlying 

contributing factors and associated conditions, such as left-sided cardiac 

dysfunction, congenital heart disease, pulmonary thromboembolic disease, 

collagen vascular disease, parenchymal lung disease, obstructive sleep 

apnea, liver disease, amphetamine or appetite suppressant use, intrave-

nous drug use, or HIV infection.

• Patients with severe PH are particularly prone to vasovagal events, and 

when these occur they can lead to severe consequences, including syncope, 

cardiopulmonary arrest, and death.

• Hypoxemia and hypercarbia are both pulmonary vasoconstrictors and can 

contribute to the worsening of PH.

• The induction of anesthesia and intubation for surgical procedures can be a 

particularly high-risk time for patients with PAH, as they are at risk for vagal 

events, hypoxemia, hypercarbia, and shifts in intrathoracic pressure with 

associated changes in cardiac filling pressures.

 References for this chapter can be found at expertconsult.com.
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Hypertensive Crisis: Emergency and Urgency

Shweta Bansal and Stuart L. Linas

Hypertension is a common problem, and population data suggest its 

incidence is increasing globally. One billion individuals worldwide 

now have hypertension.1 Nearly one in three US adults has hyperten-

sion. Compared with two-thirds in the past decade, currently half of 

these individuals do not have their blood pressure under control. One-

third of those in whom it is not controlled are unaware of their diag-

nosis.2,3 The exact risk of hypertensive crisis is not clear, but most au-

thors estimate it to be less than 1%. A carefully conducted descriptive 

analysis from the Nationwide Emergency Department (ED) Sample’s 

ED visits report hypertensive emergencies in fewer than 2 in 1000 adult 

ED visits and 6 in 1000 visits carrying any diagnosis of hypertension in 

2013. These data reveal a prevalence much lower than previously 

thought.4–6

Hypertensive emergency is defined as an elevated blood pressure as-

sociated with evidence of acute end-organ damage. With acute damage 

to vital organs such as the kidney, heart, and brain, there is a significant 

risk of morbidity in hours without therapeutic intervention. Both the 

absolute level of blood pressure and the time course of the elevation 

determine the development of an emergency. In general with hyper-

tensive emergency, the diastolic blood pressure is above 120 mm Hg. 

However, in children, gravid females, and previously normotensive 

individuals, hypertensive emergencies may occur with relatively minor 

increases in blood pressure. It is very important to identify this syn-

drome early to prevent end-organ damage and institute appropriate 

therapy as soon as the diagnosis is made. Malignant hypertension is  

a specific syndrome in which a markedly elevated blood pressure is 

associated with hypertensive neuroretinopathy.

Individuals with hypertensive urgency have an elevated blood pres-

sure (systolic blood pressure [SBP] often .180 mm Hg and diastolic 

pressure often .115 mm Hg) without evidence of acute end-organ 

damage. Hypertensive urgency may be associated with chronic, stable 

complications such as stable angina, previous myocardial infarction, 

chronic congestive heart failure, chronic renal failure, previous tran-

sient ischemic attacks, or previous cerebrovascular accident with no 

threat of an acute insult. The focus of this chapter is on both types of 

hypertensive crises, with the emphasis on hypertensive emergency.

PATHOPHYSIOLOGY OF HYPERTENSIVE 
EMERGENCY

The precise pathophysiology of hypertensive emergency is unknown. 

An abrupt increase in blood pressure is one of the initiating events in 

the transition from simple hypertension or normotension to hyper-

tensive emergency. The product of cardiac output and peripheral 

vascular resistance determines blood pressure. The initial blood pres-

sure increase is likely secondary to an increase in vascular resistance. 

Considerable evidence suggests that mechanical stress in the arterio-

lar wall leads to vascular myogenic responses and disruption of en-

dothelial integrity.7 With disruption of vascular integrity, diffuse 

microvascular lesions develop.8,9 Fibrinoid necrosis of the arterioles 

and myointimal proliferation are seen in vulnerable organs and are 

considered the histologic hallmark of hypertensive emergency.8,9 

Endothelial damage also causes impaired production of nitric oxide. 

These maladaptive responses result in increases in peripheral resis-

tance and set up a vicious cycle, where relative hypoperfusion from 

vasoconstriction causes a further increase in vasoactive hormones. 

For example, hypoperfusion causes activation of the renin–angiotensin–

aldosterone system, and evidence suggests angiotensin II may directly 

injure the vascular wall by activation of genes for proinflammatory 

cytokines (e.g., interleukin-6) and also of nuclear factor kB.10,11 

Other vascular-toxic influences may contribute to increased periph-

eral vascular resistance, including hyperviscosity; immunologic fac-

tors; and other hormones, including catecholamines, vasopressin, 

and endothelin.12–14 The end result of these changes is a significant 

increase in peripheral vascular resistance, with ischemia of heart, 

brain, and kidneys.

In considering hypertensive emergencies and their treatment, the 

impact of blood pressure on cerebrovascular physiology is impor-

tant. For example, hypertensive encephalopathy is a distinct clinical 

syndrome that occurs when rapidly rising central perfusion pres-

sures (CPPs) exceed the ability of the central nervous system (CNS) 

to autoregulate. Autoregulation of cerebral blood flow (CBF) refers 

to the ability of the brain to maintain a constant CBF as the CPP 

varies between 60 and 150 mm Hg. In the setting of chronic hyper-

tension, the range of autoregulation is increased to a range of 80–

160 mm Hg. Autoregulation of CBF is a function of CPP (derived 

from the mean arterial pressure [MAP] minus the venous pressure) 

and cerebral vascular resistance (CVR), according to the following 

equation:

CBF 5 CPP/CVR

Under normal physiologic conditions, the backflow in the cerebral 

venous system or venous pressure is near zero, and the arterial pressure 

determines the CPP. With acute brain injury, as seen with subarach-

noid hemorrhage, stroke, and intracranial hemorrhage, the ability of 

the brain to autoregulate and maintain CBF is impaired. Inability to 

autoregulate CBF is also seen in hypertensive emergency when the 

MAP is greater than 140 mm Hg. Failure of autoregulation leads to 

transmission of elevated blood pressure resulting in endothelial dam-

age, with blood–brain barrier disruption leading to fluid and protein 

transudation, vasogenic edema, and further cerebral vasoconstriction 

causing infarcts in the brain.
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DIAGNOSIS OF HYPERTENSIVE EMERGENCIES

Medical History, Physical Examination, and Laboratory 
Evaluation
From 40% to 50% of hypertensive emergencies arise in patients with 

preexisting hypertension without identifiable secondary causes.15,16 

Essential hypertension is the underlying disorder in the majority of 

Black individuals.17–19 In contrast, from 50% to 60% of white patients 

with malignant hypertension have an identifiable cause (Box 78.1). 

Renovascular hypertension secondary to either fibromuscular dyspla-

sia or atherosclerosis is not uncommon. Hypertensive emergency can 

occur in individuals with no hypertensive history, as in preeclampsia, 

pheochromocytoma, drug withdrawal, and acute glomerulonephritis. 

A medication history, including over-the-counter medications and il-

legal drug use, should be ascertained from every patient. Malignant 

hypertension is a unique clinical and pathologic syndrome where in-

creases in blood pressure and target-organ damage are caused by 

changes in the vasculature characterized by fibrinoid necrosis and a 

proliferative endarteritis. Risk factors associated with the development 

of malignant hypertension include age between 30 and 50 years,20 male 

gender,7 Black background,16 and smoking (increases the risk by 2.5- 

to 5-fold).21

The clinical presentation of hypertensive emergency may include 

headache that is generally located occipitally or anteriorly, with a steady 

quality. Other symptoms include visual complaints (scotoma, diplopia, 

hemianopsia, blindness), neurologic symptoms (focal deficits, stroke, 

transient ischemic attacks, seizures, confusion, somnolence), ischemic 

chest pain, renal symptoms (nocturia, polyuria, hematuria), back pain 

(aortic aneurysm), and gastrointestinal complaints (nausea, vomiting). 

Weight loss occurs as the high levels of circulating renin and angioten-

sin induce a diuresis.22 These patients often present with intravascular 

volume depletion, which has strong implications for treatment.

The blood pressure is measured in both arms with the patient lying 

and standing. Pathologic processes such as atherosclerosis, Monckeberg 

medial calcification, and metastatic calcification as experienced in end-

stage renal disease (ESRD), cause stiffening of the vascular wall, which 

can prevent vessel compression by external compression with a blood 

pressure cuff. This results in an artificial and at times extreme increase 

in the systolic and diastolic blood pressures, or “pseudohypertension.” 

Clues to pseudohypertension include a markedly elevated blood pres-

sure in an individual without evidence of end-organ damage. The diag-

nosis is suggested by a palpable radial artery despite proximal compres-

sion with a sphygmomanometer (Osler maneuver).23

A dilated funduscopic examination should be performed on all 

individuals. Arteriolar thickening reflects chronic hypertension and is 

manifested by increased light reflex, vascular tortuosity, and arteriove-

nous nicking where the arterioles cross the venules. These changes 

have no prognostic significance with regard to hypertensive emer-

gency. However, as hypertension increases in severity, there are addi-

tional findings caused by the breakdown of the blood–retina barrier, 

leading to retinal hemorrhage and leakage of lipids, causing hard exu-

dates or cotton-wool spots as a result of nerve ischemia and swelling of 

the optic nerve with papilledema.24

A complete cardiovascular examination should include a careful 

evaluation for evidence of left ventricular hypertrophy and heart failure 

and peripheral pulse examination for absence or delay suggestive of 

aortic dissection. Chest x-ray or point-of-care ultrasonography can be 

used to discriminate cardiac from noncardiac dyspnea.25,26 Examination 

of the abdomen should include evaluation for enlarged kidneys, as seen 

with polycystic kidney disease, and for evidence of aortic aneurysm. Last, 

a careful neurologic examination should be done to rule out any evi-

dence of a cerebrovascular accident. Alterations in mental status may 

indicate a stroke or hypertensive encephalopathy. The initial laboratory 

evaluation should include a serum sodium, chloride, potassium, bicar-

bonate, creatinine and blood urea nitrogen, complete blood count (with 

a peripheral smear to identify schistocytes), prothrombin time, activated 

partial thromboplastin time, serum and urine toxicology screen, preg-

nancy test when appropriate, an electrocardiogram, and a urinalysis 

(Box 78.2). Evidence of intravascular hemolysis is common and may 

make it difficult to differentiate hypertensive emergency from primary 

vasculitis with secondary hypertension.27,28 The renin–angiotensin–

aldosterone axis is markedly activated, as evidenced by hypokalemia and 

metabolic alkalosis.4,29 The blood urea nitrogen and creatinine are often 

BOX 78.1 Syndromes of Hypertensive 
Crisis

Malignant hypertension

Nonmalignant hypertension with target-organ disorders

Patient requiring emergency surgery with poorly controlled hypertension

Hyperviscosity syndrome

Postoperative patient

Renal transplant patient: acute rejection, transplant renal artery stenosis

Quadriplegic patient with autonomic hyperreflexia

Severe burns

Acute aortic dissection

Intracranial hemorrhage, ischemic stroke, or subarachnoid hemorrhage

Hypertensive encephalopathy

Myocardial ischemia/acute left ventricular failure

Preeclampsia/eclampsia

Antiphospholipid antibody syndrome

Acute renal failure

Scleroderma renal crisis

Chronic glomerulonephritis

Reflux nephropathy

Analgesic nephropathy

Acute glomerulonephritis

Radiation nephritis

Ask-Upmark kidney

Chronic lead intoxication

Renovascular hypertension

Fibromuscular dysplasia

Atherosclerosis

Endocrine hypertension

Congenital adrenal hyperplasia

Pheochromocytoma

Oral contraceptives

Aldosteronism

Cushing disease/syndrome

Systemic vasculitis

Atheroembolic renal crisis

Drugs

Oral contraceptives

Nonsteroidal antiinflammatory agents

Atropine

Corticosteroids

Sympathomimetics

Erythropoietin

Lead intoxication

Cyclosporine

Catecholamine excess states

Pheochromocytoma

MAO/tyramine interaction

Antihypertensive withdrawal

Cocaine intoxication, sympathomimetic overdose

MAO, Monoamine oxidase.

  

 



646 PART V Cardiovascular

should raise suspicion of another etiology; and (4) in comparison with an 

acute CNS bleed, mental status with hypertensive encephalopathy im-

proves within 24–48 hours of treatment.

TREATMENT OF HYPERTENSIVE EMERGENCY

Patients with hypertensive emergency are best treated parenterally 

with intensive care monitoring by arterial cannulation or automated 

blood pressure cuff measurement. In general, the need to lower the 

blood pressure and the rate at which this should occur are dictated by 

the clinical setting. Excessive falls in pressure should be avoided, given 

the potential for resulting in renal, cerebral, and coronary ischemia.

In most but not all settings, blood pressure can be reduced acutely 

by 20%–25% within minutes to hours.4 Although the autoregulatory 

range of CBF is reset upward in chronic hypertension, the lower limit 

of the autoregulation remains approximately 25% below the resting 

MAP in patients with both normotension and chronic hypertension.32 

When the arterial blood pressure falls below this lower limit, CBF pro-

gressively decreases and symptoms of low CBF, including nausea, yawn-

ing, hyperventilation, clamminess, and syncope, develop. To protect 

cerebral function, after an initial reduction of blood pressure by 20% 

within the first hour, blood pressure is further reduced over the next 

2–6 hours to the 160/110 mm Hg range as long as the patient remains 

stable.4 Assuming continued stability, the blood pressure may then be 

decreased to 140/90 mm Hg over the next 24–48 hours.4 With these 

decreases in blood pressure, CBF autoregulation is usually maintained. 

There are several clinical settings where additional issues and alternative 

approaches to reducing blood pressure should be considered. In isch-

emic stroke, immediate reduction of blood pressure is usually not indi-

cated except when the blood pressure is over 220/120 mm Hg or the 

patient requires thrombolytic therapy. Recent data indicate that acute 

blood pressure reduction is of no benefit (CATIS trial) or even harmful 

(SCAST trial).33,34 In intracerebral hemorrhage (ICH), acute lowering 

of SBP to 140 mm Hg is recommended based on weak evidence. Results 

of the INTERACT2 study support this recommendation, although fur-

ther lowering to 126 mm Hg did not result in any additional benefit in 

the ATACH2 trial.35,36 In acute aortic dissection, if the patient tolerates 

it, a rapid blood pressure reduction in 15–30 minutes to a SBP under 

100 mm Hg is clinically warranted. Finally, more rapid reduction in 

blood pressure is also recommended in patients with active unstable 

angina or congestive heart failure with pulmonary edema.

Exceptions to rapid blood pressure reduction may include older 

patients with carotid stenosis, given that these individuals are particu-

larly susceptible to CNS hypoperfusion. Significant reduction of blood 

pressure in the setting of ischemic stroke may not be beneficial (dis-

cussed later). Overall, blood pressure management in patients with 

stroke or intracranial bleeding is controversial, because the loss of CBF 

autoregulation and the presence of brain edema require high systemic 

pressures to provide adequate cerebral perfusion.

SPECIFIC TREATMENT RECOMMENDATIONS FOR 
HYPERTENSIVE EMERGENCY BASED ON ETIOLOGY

General Comments on Medications Used to Treat 
Hypertensive Emergency
The classes of parenteral antihypertensive agents available to treat hyper-

tensive emergency include direct vasodilators (sodium nitroprusside, ni-

troglycerin), alpha- and beta-adrenergic blockers (labetalol), alpha-adren-

ergic blockade (phentolamine), angiotensin-converting enzyme (ACE) 

inhibitors (enalaprilat), calcium channel blockers (nicardipine and clevi-

dipine), and dopamine agonists (fenoldopam). Some of the advantages 

and disadvantages of these medications are detailed in Table 78.1. There is 

BOX 78.3 Differential Diagnosis 
of Hypertensive Encephalopathy

Cerebral infarction

Subarachnoid hemorrhage

Intracerebral hemorrhage

Subdural or epidural hematoma

Brain tumor or other mass lesion

Seizure disorder

Central nervous system vasculitis

Encephalitis/meningitis

Drug ingestion

Drug withdrawal

BOX 78.2 Proposed Diagnostic Studies 
in Patients With Suspected Hypertensive 
Emergency

Laboratory Analysis

• Hemoglobin, platelet count

• Serum creatinine, sodium, potassium, bicarbonate, lactic dehydrogenase 

(LDH), haptoglobin, prothrombin time, activated partial thromboplastin time

• Serum and urine toxicology screen

• Quantitative urinalysis for protein, urine sediment for erythrocytes, leuko-

cytes, cylinders, and casts

Diagnostic Examination

• ECG (ischemia, arrhythmias, left ventricular hypertrophy)

• Fundoscopy

On Indication

• Troponin-T, creatine kinase (CK) and its isoenzyme MB (CK-MB)

• Pregnancy test

• Peripheral blood smear (for assessment of schistocytes)

• Plasma renin activity and plasma aldosterone levels, serum metanephrines

• Connective tissue disorders serology

• Chest x-ray (fluid overload)

• Transthoracic echocardiography (cardiac structure and function) or point-of-

care cardiac and lung ultrasound (cardiac pulmonary edema)

• CT (or MRI) brain (intracranial hemorrhage)

• CT angiography of thorax and abdomen (acute aortic disease)

• Renal ultrasound (postrenal obstruction, kidney size, left-to-right difference)

CT, Computed tomography; ECG, electrocardiogram; MRI, magnetic 

resonance imaging.

elevated. The urinalysis may show small amounts of proteinuria and 

hematuria with occasional erythrocyte casts.7 Marked increases in pro-

teinuria suggest a primary glomerular process such as glomerulonephri-

tis as the etiology of the elevated blood pressure.

If hypertensive encephalopathy is suspected, magnetic resonance im-

aging (MRI) of the brain should be performed. Edema seen posteriorly, 

particularly in the parieto-occipital regions (a finding earlier called poste-

rior leukoencephalopathy and now the widely accepted term posterior 

reversible encephalopathy syndrome [PRES]) and rarely in the brainstem, 

is a manifestation of hypertensive encephalopathy.30,31 It is important to 

consider and eliminate other conditions with a similar clinical presenta-

tion (Box 78.3). Several important diagnostic considerations help exclude 

other causes of altered mental status: (1) symptoms of generalized brain 

dysfunction tend to develop over time (12–24 hours) with hypertensive 

encephalopathy, as compared with acutely in ischemic stroke or cerebral 

hemorrhage; (2) focal neurologic findings are unusual with hypertensive 

encephalopathy unless there is an associated bleed; (3) papilledema is 

almost always noted with hypertensive encephalopathy and, if absent, 
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Drug Name and Mechanism  

of Action Indications/Advantages/Dose

Disadvantages/Adverse Effects/ 

Metabolism Cautions

Sodium Nitroprusside

Nitric oxide compound; vasodilation of  

arteriolar and venous smooth muscle

Increases cardiac output by decreasing  

afterload 

Useful in most hypertensive emergencies

Onset of action immediate, duration of  

action 1–2 minutes

Dose: 0.25 mg/kg/min

Maximum dose: 8–10 mg/kg/min

Contraindicated in high-output cardiac failure, congenital optic 

atrophy. Anemia and liver disease at risk of cyanide toxicity: 

acidosis, tachycardia, change in mental status, almond smell 

on breath. Risk of thiocyanate toxicity with renal disease:  

psychosis, hyperreflexia, seizure, tinnitus. Cautious use with 

increased intracranial pressure. Do not use maximum dose for 

more than 10 minutes. Crosses the placenta.

Nitroglycerin

Directly interacts with nitrate receptors on 

vascular smooth muscle

Primarily dilates venous bed

Decreases preload

Use with symptoms of cardiac ischemia, periop-

erative hypertension in cardiac surgery

Initial dose: 5 mg/min

Maximum dose: 100 mg/min

Contraindicated in angle-closure glaucoma, increased intracra-

nial pressure. Blood pressure decreased secondary to de-

creased preload, cardiac output—avoid when cerebral or  

renal perfusion compromised. Caution with right ventricular  

infarct.

Labetalol

Beta- and alpha-adrenergic blockade

Alpha:beta-blocking ratio is 1:7

Onset of action 2–5 minutes, duration  

3–6 hours

Bolus 20 mg, then 20–80 mg every  

10 minutes for maximum dose 300 mg

Infuse at 0.5–2 mg/min

Avoid in bronchospasm, bradycardia, congestive heart failure, 

greater than first-degree heart block, second/third trimester 

pregnancy. Use caution with hepatic dysfunction, inhalational 

anesthetics (myocardial depression). Enters breast milk.

Esmolol

Cardioselective beta-1-adrenergic  

blocking agent

Use with aortic dissection

Use during intubation, intraoperative, and  

postoperative hypertension

Onset of action 60 seconds, duration  

10–20 minutes

200–500 mg/kg/min for 4 minutes, then infuse 

50–300 mg/kg/min

See labetalol. Not dependent on renal or hepatic function for 

metabolism (metabolized by hydrolysis in red blood cells).

Fenoldopam

Postsynaptic dopamine-1 agonist;  

decreases peripheral vascular resis-

tance; ten times more potent than  

dopamine as vasodilator

May be advantageous in kidney disease,  

increases renal blood flow, increases  

sodium excretion, no toxic metabolites

Initial dose: 0.1 mg/kg/min, with titration every 

15 minutes

No bolus

Contraindicated in glaucoma (may increase intraocular pressure) 

or allergy to sulfites; hypotension, especially with concurrent 

beta-blocker. Check serum potassium every 6 hours. Concur-

rent acetaminophen may significantly increase blood levels. 

Dose-related tachycardia.

Hydralazine

Primarily dilates arteriolar vasculature

Primarily used in pregnancy/eclampsia

Dose: 10 mg every 20–130 minutes;  

maximum dose 20 mg

Decreases blood pressure in 10–20 minutes

Duration of action 2–4 hours

Reflex tachycardia; give beta-blocker concurrently. May exacer-

bate angina. Half-life 3 hours, affects blood pressure for  

100 hours. Depends on hepatic acetylation for inactivation.

Phentolamine

Alpha-adrenergic blockade

Used primarily to treat hypertension from  

excessive catecholamine excess (e.g.,  

pheochromocytoma)

Dose: 5–15 mg

Onset of action 1–2 minutes, duration  

3–10 minutes

Beta-blockade is generally added to control tachycardia or  

arrhythmias. As in all catecholamine excess states,  

beta-blockers should never be given first, as the loss of  

beta-adrenergically mediated vasodilatation will leave alpha- 

adrenergically mediated vasoconstriction unopposed and 

result in increased pressure.

Nicardipine

Dihydropyridine calcium channel blocker; 

inhibits transmembrane influx of calcium 

ions into cardiac and smooth muscle

Onset of action 10–20 minutes, duration  

1–4 hours

Initial dose: 5 mg/h to maximum of 15 mg/h

Avoid with congestive heart failure, cardiac ischemia. Adverse 

effects include tachycardia, flushing, headache.

Clevidipine

Short-acting dihydropyridine calcium  

channel antagonist47

Initial dose: 1 mg/h; can be increased to  

21 mg/h

Reduces blood pressure without affecting cardiac filling pres-

sures or causing reflex tachycardia. It has been endorsed as 

first-line treatment option for acute ischemic stroke

Enalaprilat

Angiotensin-converting enzyme inhibitor

Onset of action 15–20 minutes, duration  

12–24 hours

Dose: 1.25–5 mg every 6 hours

Response not predictable, with high renin states may see acute 

hypotension. Hyperkalemia in setting of reduced glomerular 

filtration rate. Avoid in pregnancy.

Trimethaphan

Nondepolarizing ganglionic blocking agent; 

competes with acetylcholine for postsyn-

aptic receptors

Used in aortic dissection

Dose: 0.5–5 mg/min

Does not increase cardiac output. No inotropic cardiac effect. 

Disadvantages include parasympathetic blockade, resulting in 

paralytic ileus and bladder atony and development of tachy-

phylaxis after 24–96 hours of use.

TABLE 78.1 Treatment of Hypertensive Crisis: Intravenous Medications
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no consensus on the most effective antihypertensive medications in the 

setting of a CNS insult and no large randomized trials demonstrating the 

superiority of a given agent. Rather, the choice of antihypertensive therapy 

should be individualized to the patient and clinical setting. With the avail-

ability of newer agents such as nicardipine, clevidipine, and fenoldopam, 

most authors now caution against the use of nitroprusside, which can in-

crease intracranial pressure (ICP) and has a low safety margin. Vasodila-

tors increase blood volume and therefore have the potential to increase 

ICP. Animal and human studies in the setting of a normal ICP show no 

effect of nitroprusside on ICP.27–29 However, in studies on animals and 

humans with preexisting increased ICP, nitroprusside further increased 

the ICP, likely reflecting vasodilatation on the background of decreased 

cranial compliance.37–41 When sodium nitroprusside is contraindicated, 

other treatment options include labetalol and nicardipine. Fenoldopam, 

which is an agonist of the vasodilator dopamine-1 receptor, shares with 

nitroprusside a rapid onset and short duration of action. In addition, in 

contrast to nitroprusside, fenoldopam increases renal blood flow, induces 

natriuresis, and produces no toxic metabolites.42–46

Malignant Hypertension
As noted earlier, malignant hypertension is a specific syndrome char-

acterized by markedly elevated pressures in conjunction with hyper-

tensive neuroretinopathy. Funduscopic examination often reveals 

flame-shaped hemorrhages, cotton-wool spots, or papilledema. Malig-

nant hypertension is also associated with nephropathy, encephalopa-

thy, microangiopathic hemolytic anemia, and cardiac ischemia. Un-

treated malignant hypertension is a rapidly fatal disorder, with a 

mortality of more than 90% within 1 year, as reported in a classic series 

by Kincaid-Smith and colleagues.8 In this series, deaths were the result 

of renal failure (19%), congestive heart failure (13%), renal failure plus 

congestive heart failure (48%), stroke (20%), and myocardial infarc-

tion (1%). More contemporary studies report 7%–15% mortality over 

5 years in patients with treated malignant hypertension compared with 

2.5% in matched hypertensive controls.48,49 In these cohorts, patients 

with malignant hypertension had a more favorable cardiovascular risk 

profile compared with hypertensive controls but a higher prevalence of 

renal insufficiency.48,49

Aggressive therapy to prevent progressive ischemic injury in malig-

nant hypertension is critical. Nitroprusside had been the preferred 

agent; however, because of concerns related to increased ICP, cyanide 

toxicity in the setting of anemia or liver disease, thiocyanate toxicity in 

the setting of renal failure, and the availability of the newer agents, its 

utility has decreased over the years. A number of parenteral agents, 

including fenoldopam and nicardipine, have been used as successful 

alternatives to nitroprusside. If nitroprusside is used, thiocyanate levels 

should be monitored and the duration of therapy kept to less than  

72 hours whenever possible. Fenoldopam has no toxic metabolites and 

may protect renal function.42–46 Premature discontinuation of paren-

teral therapy may cause rebound hypertension. Oral therapy is usually 

started after the pressure has been stabilized on parenteral therapy, and 

the latter is then slowly weaned.

Renal failure is common with malignant hypertension, and, in a 

vicious cycle, the renal failure exacerbates the hypertension. Aggressive 

treatment can arrest and reverse renal damage. Because the arterio-

lopathy of malignant hypertension includes fixed anatomic lesions, 

initial lowering of blood pressure may worsen renal function. Dialysis 

may be required in patients presenting with a creatinine greater than 

4.5 mg/dL.50 In the majority of patients, renal function begins to im-

prove after 2 weeks of therapy. Of the patients who require dialysis, 

50% will regain sufficient function to discontinue dialysis.51 Recovery 

of renal function is predicted when the combined length of both  

kidneys is 20.2 cm or more but is felt to be unlikely when the length is 

14.2 cm or less.52 The mean time to recovery is approximately 2–3 

months, but recovery after up to 26 months has been reported.53 In 

patients with malignant hypertension secondary to glomerulonephri-

tis, eventual deterioration to ESRD may occur despite blood pressure 

control.54 In contrast, renal function tends to remain well preserved in 

patients without underlying glomerulonephritis if the blood pressure 

is well controlled.

Hypertensive Encephalopathy
In hypertensive encephalopathy, the MAP exceeds the limits of auto-

regulation, and brain edema develops from extravasation of plasma 

proteins. If hypertensive encephalopathy is untreated, coma and death 

may follow.55 The challenge of hypertensive encephalopathy is appro-

priate lowering of blood pressure in the setting of CNS ischemia and 

edema. The hallmark of hypertensive encephalopathy is improvement 

within 12–24 hours of adequate blood pressure reduction. The MAP 

should be cautiously reduced by no more than 15% over 2–3 hours. 

Neurologic complications have been reported from reductions in MAP 

of 40% or more.56

Hypertensive encephalopathy is one of the medical conditions be-

lieved to cause reversible posterior leukoencephalopathy, a condition 

that results from reversible vasogenic subcortical edema without in-

farction.30,31 This syndrome is characterized by headache, decreased 

alertness, changes in behavior including confusion and diminished 

speech, seizures, and alterations in visual perceptions. It is rapidly re-

versible with lowering of the blood pressure.30,31 An MRI examination 

shows characteristic findings, including white matter edema in the 

posterior cerebral hemispheres.30

There is a growing literature supporting a shared pathologic pro-

cess between hypertensive encephalopathy and eclampsia. Both syn-

dromes have the same clinical features and imaging findings. Eclamp-

sia during pregnancy, in addition to postpartum eclampsia, has also 

been associated with reversible posterior leukoencephalopathy.30,31

In previously normotensive patients, including those with eclamp-

sia, blood pressure should be normalized. If the mental status worsens 

with treatment, the pressure should be allowed to increase until neu-

rologic symptoms resolve and then be reduced to within the normal 

range over several days to allow restoration of autoregulation.

Ischemic Cerebral Infarction
When the CPP decreases below the level of autoregulation, ischemia 

develops. In response, there may be a marked elevation in arterial 

blood pressure to maintain perfusion, which tends to spontaneously 

return to baseline 24–48 hours after the acute event. Thus treatment of 

acutely increased blood pressure may not be required. After an isch-

emic cerebrovascular accident, it is also important to consider other 

causes that may contribute to an increase in blood pressure, including 

a full bladder, nausea, pain, preexisting hypertension, hypoxia, or in-

creased ICP. Oftentimes, simply calming the patient, treating the pain, 

and relieving a full bladder may reduce the blood pressure.

Data from animal studies show that in the area surrounding the 

ischemic infarct, there are “neurons at risk” that rely on collateral cir-

culation to maintain perfusion.57 These neurons are nonfunctional but 

not dead, a phenomenon referred to as ischemic penumbra, and they 

can potentially be rescued by reperfusion.58 The degree to which this 

occurs in humans is not known. In addition, in acute stroke, autoregu-

lation is impaired, and CBF is therefore not preserved in a predictable 

manner. As a result of these changes, acute reductions in blood pres-

sure could potentially increase the area of infarct, resulting in severe 

clinical consequences.

Comprehensive guidelines for the treatment of stroke recommend 

that for patients determined to be candidates for administration of 
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intravenous recombinant tissue plasminogen activator, the blood pres-

sure must be reduced if the SBP is .185 mm Hg or the diastolic blood 

pressure is .110 mm Hg, and the patient must be carefully monitored 

before, during, and after administration of this compound. The same 

blood pressure criteria have been used in recent trials examining the 

effect of thrombectomy with or without prior thrombolysis.59–61 

Thrombolytic therapy is contraindicated if the blood pressure is 

.185/100 mm Hg.62

Questions remain as to how to manage individuals with ischemic 

stroke who are not candidates for thrombolysis. There are no good 

data from randomized controlled trials to guide blood pressure man-

agement. A prospective observational study analyzing the impact of 

blood pressure lowering in the setting of ischemic stroke in 1092 pa-

tients suggested an improved outcome at 3 months with modest re-

ductions in SBP between 10 and 27 mm Hg. However, the authors 

noted that the benefit of blood pressure reduction waned with age. If 

the systolic pressure was lowered by more than 27 mm Hg, the odds 

ratio for a poor outcome at 3 months increased more than 5-fold at age 

70–76 years, nearly 10-fold for 76–80 years, and nearly 15-fold in pa-

tients older than 80 years.63 Moreover, recently published randomized 

controlled studies, where patients were enrolled as long as 30–48 hours 

after stroke onset, do not show any significant difference in mortality 

and functional outcome with aggressive hypertension treatment.33,34 In 

the absence of any definitive data, the current recommendation is that 

if there is no indication for acute lowering of the blood pressure (e.g., 

acute ischemic damage to vital organs such as cardiac ischemia or 

aortic dissection), then the threshold for treatment should be a SBP 

over 220 mm Hg or a diastolic blood pressure over 120 mm Hg, with 

the aim to lower the blood pressure 15%–25% over the first 24 hours 

in the acute phase of ischemic stroke.62

Subarachnoid Hemorrhage
Approximately 10% of cerebrovascular accidents are caused by sub-

arachnoid hemorrhage, which remains a devastating entity with a 

mortality rate of 50%–60% at 30 days and a 50% dependency rate in 

survivors.64 Subarachnoid hemorrhage increases ICP and decreases 

cerebral perfusion, causing global ischemia. Complications include an 

ICH or the development of hydrocephalus. Management of these pa-

tients is significantly different from those with ischemic stroke. In 

contrast to ischemia, intracranial bleeding induces intense vasospasm 

in neighboring vessels 4–12 days after the initial bleed, increasing the 

risk for significant cerebral ischemia. The mental status evaluation may 

be used to guide therapy, with an intact mental status implying ade-

quate cerebral perfusion.

Markedly elevated pressures increase the risk of rebleeding. The 

goal is a 20%–25% reduction in blood pressure over 6–12 hours, but 

not to less than 160–180/100 mm Hg.65 Labetalol and nicardipine are 

the preferred agents, as they have no significant adverse effects on ICP 

or CPP.4 There are clinical data to show that treatment with oral ni-

modipine within 4 days of the acute event decreases vasospasm and 

cerebral ischemia.46 Nimodipine may also directly protect against isch-

emic damage to nerve cells by blocking calcium uptake into cells.

Intracerebral Hemorrhage
ICH accounts for 10%–20% of all strokes and affects more than 1 mil-

lion people worldwide annually.66,67 Hypertension is a major risk 

factor; 75% of affected individuals have preexisting hypertension.68 

Although patients with ICH may present with nausea, vomiting, 

change in mental status, hypertension, headache, and a focal neuro-

logic examination, the definitive diagnosis must be made by neuroim-

aging. Unlike ischemic stroke, where blood pressure generally returns 

to normal within 24–48 hours, in ICH, the most rapid decline in blood 

pressure occurs in the first 24 hours, but it may remain elevated for 

7–10 days.58 The hematoma compresses normal tissue, creating an 

area of ischemia, increasing ICP, and further decreasing CPP. Auto-

regulation is altered, making cerebral perfusion critically dependent on 

systemic blood pressure.69

There is no clear consensus on the appropriate treatment of hyper-

tension in the setting of acute ICH. The central issue is whether aggres-

sive lowering of blood pressure reduces the risk of intracerebral bleeding 

without disrupting blood flow to collateral areas. Some argue that de-

creasing blood pressure lowers the risk of hemorrhage extension, edema, 

and associated systemic complications, particularly when SBP exceeds 

200 mm Hg, a level associated with hematoma growth in some stud-

ies.66,68,69 A retrospective analysis of 76 patients with ICH and hyperten-

sion showed that maximum SBP was significantly associated with hema-

toma enlargement, particularly if the SBP was $160 mm Hg.70 The 

greatest risk of hematoma extension is in the first few hours after the 

initial result and can occur in up to a third of affected individuals.71,72 

Others argue that not treating hypertension allows continued perfusion 

of areas at risk from low blood flow.69 Taking these factors into account, 

two recent randomized controlled trials, INTERACT2 and ATACH2, 

evaluated the impact of rapid lowering of elevated blood pressure within 

6 hours or 4.5 hours of symptom onset, achieved over 1 hour, on death 

and disability in patients with ICH and SBP between 150 and 220 mm 

Hg or more than 180 mm Hg, respectively.35,36 The mean minimal 

achieved SBP was 150 mm Hg and 126 mm Hg, respectively, in the  

INTERACT2 and ATACH2 trials. Although there was no significant  

reduction in death and disability in the two trials, patients assigned to 

intensive treatment had improved functional outcomes at 3 months in 

INTERACT2 and worse renal adverse events in ATACH2.35,36

The recommendation is as follows for treatment of hypertension in 

ICH73: (1) If there is no suspected elevation of the ICP and the SBP is 

150–180 mm Hg, consider aggressive lowering of SBP to 140 mm Hg. 

(2) In the setting of suspected ICH, ICP should be monitored and 

consideration given to aggressive lowering of the blood pressure with 

continuous or intermittent intravenous medication when the SBP is 

over 180 mm Hg or the MAP is over 130 mm Hg, keeping the CPP 

above 60–80 mm Hg. (3) Aggressive lowering of blood pressure using 

intravenous medication and blood pressure monitoring every 5 min-

utes should be considered when the SBP is over 220 mm Hg or the 

MAP is over 150 mm Hg. The optimal goal blood pressure is uncer-

tain, but an SBP of 140–160 mm Hg is a reasonable target.

There is no consensus on the agent of choice. Concern revolves 

around the impact of different antihypertensives on ICP. Common to 

all agents is a decrease in MAP and a decrease in CPP. Vasodilating 

agents may increase CBF and in the setting of decreased cranial compli-

ance may potentially increase ICP, further decreasing CPP.40,69 The 

combination of decreased cerebral compliance, decreased CBF, and  

altered autoregulation—as occurs in chronic hypertension—makes the 

administration of any antihypertensive agent potentially dangerous. No 

large randomized studies are available to guide therapy. Combination 

alpha- and beta-blockers are recommended when antihypertensive 

treatment is indicated in ICH. Risks of this therapy include worsening 

of bradycardia associated with the Cushing response. However, in the 

setting of normal cranial compliance and an increased ICP, vasodilators 

are probably safe. Because of the very high levels of circulating catechol-

amines with an intracerebral bleed, beta-blockade is added when vaso-

dilator therapy alone is ineffective.

Head Trauma
Head trauma complications include skull fractures, epidural hemato-

mas, subdural hematomas, intracerebral hematomas, and diffuse axo-

nal damage. With trauma, there is often edema. Acute increases in ICP 
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are initially prevented by flow of blood and cerebrospinal fluid (CSF) 

from the cranial vault. However, with increasing edema, ICP eventually 

increases. In most trauma centers, ICP monitoring has become the 

standard of care.74 Anywhere from 31% to 61% of patients with a 

closed head injury may have defective autoregulation.75 If autoregula-

tion is intact, increasing the MAP will cause vasoconstriction and 

produce no change in ICP. With altered autoregulation, increasing the 

MAP may cause vasodilatation, increasing blood volume and leading 

to edema and increased ICP. The goal is to maintain a minimum CPP 

of 70 mm Hg and an MAP above 90 mm Hg. If an antihypertensive 

agent is needed, a major consideration is its impact on ICP. A combi-

nation alpha- and beta-blocker or nicardipine may be preferred when 

there is decreased intracranial compliance and increased ICP.76,77 In 

the absence of ICH, vasodilators may be preferred.

Aortic Dissection
Aortic dissection begins with a tear in the intima of the aorta that is 

propagated by the aortic pulse wave. Myocardial contractility, heart 

rate, and blood pressure contribute to the aortic pulse wave. There are 

two types of aortic dissections: type A and type B. Type A dissections 

are often associated with a tear in the intima of the proximal aorta next 

to a coronary artery and may extend to the aortic arch.78 Type B dis-

sections occur in the descending aortic arch and usually begin with an 

intimal tear next to the subclavian artery.79 Risk factors for dissection 

include advanced atherosclerosis, Marfan syndrome, Ehlers-Danlos 

syndrome, and coarctation of the aorta.80 Symptoms occur as the ex-

panding hematoma causes pressure on the vasculature. This may cause 

myocardial infarction, stroke, spinal cord or bowel infarction, and 

acute renal failure. Kidney ischemia may develop, leading to refractory 

hypertension.81 Dissection to the aortic root can precipitate acute aor-

tic insufficiency, and rupture of the ascending aorta leads to hemoperi-

cardium and tamponade.82

Both types of dissections may present with severe, often tearing 

pain in the chest, back, or abdomen, accompanied by diaphoresis, 

nausea, or vomiting. Dissection is often, but not always, associated 

with hypertension.83 Discrepancies in peripheral pulses may be ob-

served. Chest pain is reportedly present in only half of individuals with 

type B dissections.84 The diagnosis may be confirmed with computed 

tomography (CT) or MRI. Multiplane transesophageal echocardiogra-

phy is also used. Type A dissections usually require surgery to prevent 

the catastrophic consequences of great vessel occlusion, aortic insuffi-

ciency, or tamponade. Type B dissections may usually be treated 

medically85,86 unless there is rupture, in which case open or endovas-

cular repair is indicated. A recent meta-analysis suggested that endo-

vascular repair may be preferred.85

Treatment for both type A and type B dissections is initiated based 

on clinical suspicion alone, given the high mortality associated with 

this entity. The first goal of treatment is to decrease myocardial con-

tractility and heart rate with a beta-blocking agent. Reasonable initial 

targets are a heart rate less than 60 beats per minute and an SBP be-

tween 100 and 120 mm Hg. Esmolol has advantages in the acute set-

ting because of its short half-life and ability to titrate to effect. Next, 

the blood pressure is reduced to the lowest tolerable level until pain is 

relieved. Relief of pain suggests arrest of ongoing aortic dissection. In 

addition to beta-blockade, vasodilators may be required to control 

blood pressure. The most established agent has been nitroprusside; 

however, nicardipine, nitroglycerin, and fenoldopam are appropriate 

for this situation.87 Prior treatment with beta-blockade prevents reflex 

cardiac stimulation and a potential increase in the aortic pulse wave 

seen with nitroprusside. Even normotensive individuals should be 

treated with antihypertensive medications to keep the heart rate and 

shear forces low.

Pulmonary Edema
Many patients who present with pulmonary edema have long-standing 

antecedent hypertension with concentric left ventricular hypertrophy 

and well-preserved systolic contraction.88,89 They develop acute dia-

stolic dysfunction in response to abrupt increases in cardiac afterload 

because of increased systemic blood pressure.90 With poor diastolic 

relaxation, the left ventricle requires markedly elevated filling pres-

sures, leading to pulmonary venous hypertension and edema. The 

therapeutic goal is to decrease afterload, improve diastolic relaxation, 

and decrease pulmonary pressure. Vasodilators are the agents of 

choice, as they improve diastolic relaxation and lower pulmonary  

venous pressure.91 A beta-blocker may also be used. Nitroprusside is 

often used because it reduces preload and afterload, improving left 

ventricular function and reducing myocardial oxygen demand. Modest 

decreases in pressure improve symptoms markedly. In less emergent 

settings, ACE inhibitors or calcium channel antagonists have been 

shown to improve diastolic function and cause regression of concen-

tric ventricular hypertrophy.92

In patients with left ventricular failure secondary to poor systolic 

function, vasodilators are the agents of choice. Nitroglycerin is pre-

ferred with cardiac ischemia. Nitroprusside may be used in patients 

refractory to nitrites. Whereas nitroglycerin dilates intercoronary  

collateral vessels more than small resistance arterioles and improves 

perfusion of ischemic myocardium, nitroprusside dilates resistance 

arterioles predominantly, thereby resulting in a potential steal of blood 

flow away from ischemic areas. Diuretics are used to reduce left ven-

tricular end-diastolic volume.

In the setting of acute myocardial infarction, acute catecholamine 

release and sympathetic outflow contribute to hypertension. The hy-

pertension usually resolves in a few hours with sedation and pain con-

trol alone. Diastolic blood pressures over 100 mm Hg should be treated 

with nitroglycerin. The pressure is rapidly, but cautiously, reduced to 

near-normotensive levels; overshoot hypotension can worsen coronary 

perfusion. Therapy can usually be stopped within 24 hours. There is 

considerable evidence that early use of beta-blocking agents may reduce 

ultimate infarct size independent of blood pressure control.93

Perioperative Hypertension
Perioperative hypertension is a major risk factor for the development of 

postoperative hypertension.94 Whenever possible, it is preferred to post-

pone elective surgery until the blood pressure has been well controlled 

over days to weeks. However, when waiting is not an option, lowering the 

blood pressure to below 180/110 mm Hg before noncardiac surgery is 

recommended.94 In patients with chronic hypertension on adequate 

treatment, oral medications should be taken the morning of surgery. 

Adequate blood pressure control reduces the risk of bleeding from suture 

lines, premature graft closure, and ischemic damage to organs at risk.

Induction of anesthesia and surgical stimuli increase sympathetic 

activity, causing elevated blood pressure both intraoperatively and post-

operatively. This response may be exaggerated in uncontrolled hyperten-

sion, with decreased use of deep anesthesia and absence of prolonged 

sedation. As anesthesia continues, there is generally a fall in blood pres-

sure. Rapid and wide fluctuations in blood pressure leading to intraop-

erative hypotension, stroke, myocardial ischemia, or acute renal failure 

are more common in individuals with a hypertensive history.

Patients taking hypertensive therapy before surgery should continue 

treatment after surgery, changing to an equivalent intravenous medica-

tion if they are unable to take oral medications. If patients have been on 

a beta-blocker or clonidine, this medication should be continued post-

operatively to prevent rebound hypertension. Effective pain control  

and avoidance of hypoxia may be sufficient to treat the hypertension. If 

intravenous medication is necessary, nitroglycerin is preferred for the 
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post–coronary bypass patient. Fenoldopam, with its impact on increas-

ing renal blood flow, is also recommended, especially in clinical settings 

where renal ischemia is a risk. Clevidipine has been gaining popularity 

in this setting because of its rapid onset and short duration of action 

with limited effect on cardiac preload and output. However, there is 

limited experience with this drug, and cost is an issue.95

Catecholamine-Associated Hypertension
Hypertensive emergency related to excess catecholamine secretion can 

result from the ingestion of sympathomimetic agents such as cocaine; 

amphetamines; phencyclidine, phenylpropanolamine (diet pills); de-

congestants such as ephedrine and pseudoephedrine; and other agents, 

including atropine, ergot alkaloids, and tricyclic antidepressants. It 

may also be caused by tyramine ingestion in conjunction with mono-

amine oxidase (MAO) inhibitor therapy, autonomic dysfunction, 

withdrawal from certain antihypertensive medications, and pheochro-

mocytoma (Box 78.4). Critically elevated pressures can result and 

cause myocardial infarction, aortic dissection, and stroke.

Pheochromocytoma is a rare cause of hypertension.96 Excess cat-

echolamine secretion by the tumor results in a sustained elevation of 

blood pressure in the majority of cases, and peripheral catechol-

amine uptake and storage lead to paroxysmal symptoms when the 

catecholamines are released in response to stimuli. Symptoms of 

pheochromocytoma include headache, palpitations, hypertension, 

anxiety, abdominal pain, and diaphoresis. Patients may present with 

orthostatic changes in blood pressure, a clue to the diagnosis.97 For 

the patient with hypertensive emergency, the treatment of choice is 

the short-acting parenteral alpha-antagonist phentolamine. After 

blood pressure reduction, beta-blockade is generally added to con-

trol tachycardia or arrhythmias. As in all catecholamine excess states, 

beta-blockers should not be used as initial therapy. Loss of beta- 

adrenergically mediated vasodilatation leaves alpha-adrenergically 

mediated vasoconstriction unopposed and results in increased pres-

sure. An oral regimen of the nonselective alpha-antagonist phenoxy-

benzamine can be used in less critical situations. Labetalol has been 

effective in treating hypertension related to pheochromocytoma in 

selected patients. However, as its beta-blockade exceeds its alpha-

blocking effect, severe hypertension has been reported.98

Gestational Hypertension, Preeclampsia, and Eclampsia
Gestational hypertension is defined as an SBP of at least 140 mm Hg 

and a diastolic blood pressure of at least 90 mm Hg on two separate 

blood pressure measurements done 6 hours apart. It occurs after  

20 weeks of pregnancy in patients known to previously be normoten-

sive.99 Up to 50% of these women develop preeclampsia if gestational 

hypertension develops before 30 weeks of gestation. Preeclampsia is 

defined as gestational hypertension with 300 mg or more of protein on 

a 24-hour urine (urine dipstick 11). A 24-hour urine is necessary be-

cause dipstick urine protein correlates poorly with 24-hour urine 

protein in gestational hypertension.100 Preeclampsia should also be 

suspected in patients with hypertension developing after 20 weeks’ 

gestation and is associated with nausea, vomiting, cerebral symptoms, 

abnormal liver function tests, and thrombocytopenia, even in the ab-

sence of proteinuria. Preeclampsia develops in 5% of all pregnancies 

and occurs twice as often in primigravid versus multigravid women.101 

Preeclampsia also appears in women with a history of multiple preg-

nancies but with a new partner.101 In the setting of molar pregnancy, it 

is seen in up to 70% of individuals.102 During normal pregnancy, blood 

pressure is initially decreased and then slowly rises toward the normal 

range during the third trimester. In preeclampsia, intravascular vol-

ume is low despite peripheral edema, and the renin–angiotensin 

system is activated. Progression to seizures defines eclampsia and may 

occur with diastolic pressures of as low as 100 mm Hg. Clinical treat-

ment includes bedrest and parenteral magnesium.

With regard to hypertensive treatment in pregnancy, the optimal 

blood pressure has not been defined; however, emerging evidence is 

suggesting to individualize treatment target decisions taking other risk 

factors into account.101a The goal is to prolong the pregnancy until the 

fetus can be delivered and reduce maternal complications. In the case of 

mild preeclampsia, there are no large studies to guide therapy.101 With 

more severe preeclampsia, treatment is given to prevent cerebral hem-

orrhage. The recommendation is to initiate antihypertensive therapy 

when the SBP is above 160 mm Hg or the diastolic blood pressure is 

above 110 mm Hg. Intravenous labetalol and nicardipine have been 

shown to be a safe and effective treatment to keep the SBP 140–155 mm 

Hg and the diastolic blood pressure 90–105 mm Hg.101 Treatment with 

hydralazine is no longer recommended, as it has been associated with 

adverse perinatal outcomes.103 A good blood pressure control has been 

reported with the use of oral nifedipine. Fewer doses were required and 

less time needed to achieve control, and the adverse-effect profile was 

similar to intravenous labetolol.104 In an updated opinion, the Ameri-

can College of Obstetricians and Gynecologists Committee added oral 

nifedipine as a first-line therapy.105 Concern for neuromuscular block-

ade and severe hypotension with the contemporaneous use of nifedip-

ine and magnesium sulfate were not substantiated in a large retrospec-

tive review.106 However, because both drugs are calcium antagonists, 

careful monitoring is advisable. Nitroprusside should be avoided be-

cause of the risk of cyanide toxicity in the fetus. ACE inhibitors should 

also be avoided because of their potential impact on the fetal kidney.

Other Hypertensive Situations
The renal crisis of scleroderma is an aggressive form of malignant hy-

pertension in which proliferative endarteritis precedes hypertension. 

Ischemic-induced activation of the renin–angiotensin system causes 

the hypertension. The incidence of this condition among patients with 

scleroderma ranges from 8% to 13%, and it is more common among 

Blacks.107 Progression to ESRD occurs in 1–2 months without treat-

ment. Aggressive pressure control with ACE inhibitors leads to a long-

term survival of about 50%–70%.108

Hypertension is a feature of both primary and secondary antiphos-

pholipid antibody syndromes, occurring in up to 93% of patients.109 

Malignant hypertension occurs in this syndrome secondary to both 

microvasculopathy and emboli to the renal artery. Antihypertensive 

treatment is similar to that for malignant hypertension. Successful 

treatment outcomes have been reported with anticoagulation.109

One-fourth of patients with extensive second- or third-degree 

burns develop severe hypertension in the first few days, likely the result 

of high levels of circulating catecholamines and renin. Nitroprusside 

BOX 78.4 Tyramine-Containing Foods

Chianti wine

Chicken liver

Soy sauce

Yeast

Avocados

Fermented sausage

Bananas

Canned figs

Coffee

Certain beers
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and phentolamine (in countries where it is still available) are other 

treatments.

Drugs that inhibit the vascular endothelial growth factor pathway 

have been approved for use in several malignancies. Its increased use 

has shown an increased incidence in proteinuria and hypertension, 

which can be severe and associated with acute end-organ damage.110,111 

There is some evidence that renin–angiotensin system blockade and a 

low-sodium diet were helpful in controlling blood pressure.112

Patients with transverse spinal cord lesions at the T6 level or higher, 

including patients with Guillain-Barré syndrome, have dysreflexia in 

which noxious stimuli in dermatomes below the level of the lesion 

trigger a massive sympathetic discharge. This leads to severe hyperten-

sion, bradycardia, diaphoresis, and headache. In 90% of patients, dis-

tention of the bladder or bowel causes the dysreflexia, and prompt 

decompression leads to resolution of hypertension.113 Drugs that have 

been used successfully in treating this condition include nitroprusside, 

phentolamine, and labetalol.

HYPERTENSIVE URGENCY

Hypertensive urgency refers to patients in whom blood pressure is se-

verely elevated, but based on detailed history, physical examination, and 

laboratory evaluation, there is no evidence of acute end-organ damage 

related to the current episode of hypertension, although there may be 

evidence of previous hypertension-induced end-organ damage. Al-

though long-term control of blood pressure in this setting can prevent 

complications resulting from stroke, myocardial infarction, or conges-

tive heart failure, there is no evidence that acute reduction of blood 

pressure results in any improvement in short- or long-term prognosis. 

Unfortunately, the term urgency is a misnomer and has led to overly 

aggressive management of many patients. Aggressive treatment with 

intravenous drugs or even oral agents, such as clonidine or nifedipine, 

to rapidly lower blood pressure can lead to cumulative effects causing 

hypotension, sometimes after discharge from the emergency room. A 

recent retrospective cohort analysis reported prevalence of hypertensive 

urgency in 4.6% of office visits. Referrals to the emergency department 

compared with home management were associated with more hospital-

ization but no difference in major adverse cardiovascular events at  

7 days, 1 month, or 6 months.114 A more appropriate clinical term to 

describe this condition is severe uncomplicated hypertension, because 

there is no need for urgent reduction of blood pressure, as would be 

required in patients with true hypertensive emergencies (Box 78.5).

The treatment of choice is gradual pressure reduction over a few 

days in the outpatient setting. The choice of antihypertensive agent is 

based on ease of administration and side-effect profile rather than on 

rapid blood pressure reductions. Frequently, restarting a previously 

effective regimen is all that is necessary. It is critically important to 

follow these patients over the next 24–48 hours to ensure the blood 

KEY POINTS

• Hypertension crisis is defined as new or progressive end-organ damage 

associated with high blood pressure and requires immediate blood pressure 

control over the course of minutes to hours.

• Hypertensive urgency defines a very high blood pressure in the absence of 

end-organ damage, is a misnomer, and does not require acute reduction of 

blood pressure; rather, acute aggressive reduction could be harmful.

• The pathophysiology of hypertensive emergency is not clear but is proposed 

to involve a sudden rise in blood pressure causing vascular myogenic re-

sponse and endothelium damage resulting in an increase in vasoactive 

hormones and vessel damage (fibrinoid necrosis and myointimal prolifera-

tion). This sets up a vicious cycle of an increase in peripheral vascular resis-

tance and worsening of hypertension.

• Management of hypertension emergencies begins with careful assessment 

of blood pressure, end-organ damage (most of the time brain, heart, and 

kidney), identification of reversible insults, and institution of parenteral 

antihypertensives in most circumstances.

• The choice of antihypertensives and level of blood pressure reduction de-

pend on the etiology and type of hypertensive organ damage.

 References for this chapter can be found at expertconsult.com.

BOX 78.5 Severe Uncomplicated 
Hypertension

Severe hypertension (diastolic blood pressure .115 mm Hg) in association 

with one or more of the following:

Chronic renal failure

Chronic congestive heart failure

Stable angina

Previous myocardial infarction

Transient ischemic attacks

Previous cerebrovascular accident

ANNOTATED REFERENCES

Adams Jr HP, del Zoppo G, Alberts MJ, et al. Guidelines for the early manage-

ment of adults with ischemic stroke: a guideline from the American Heart 

Association/American Stroke Association Stroke Council, Clinical Cardiol-

ogy Council, Cardiovascular Radiology and Intervention Council, and the 

Atherosclerotic Peripheral Vascular Disease and Quality of Care Outcomes 

in Research Interdisciplinary Working Groups: the American Academy of 

Neurology affirms the value of this guideline as an educational tool for 

neurologists. Stroke. 2007;5:1655–1711.

Recent guidelines on total management (including blood pressure control)  

after ischemic stroke.

Fleisher LA, Beckman JA, Brown KA, et al. ACC/AHA 2007 guidelines on peri-

operative cardiovascular evaluation and care for noncardiac surgery; exec-

utive summary: a report of the American College of Cardiology/American 

Heart Association Task Force on Practice Guidelines (Writing Committee 

to Revise the 2002 Guidelines on Perioperative Cardiovascular Evaluation 

for Noncardiac Surgery). Circulation. 2007;116:1971–1996.

Consensus statement on the management of hypertension (and other cardio-

vascular issues) in the perioperative period.

Freedman BI, Sedor JR, et al. Hypertension-associated kidney disease: perhaps 

no more. JASN. 2008;19:2047–2051.

Editorial review of the role of blood pressure in the pathogenesis of ESRD.  

It suggests that the excess risk of ESRD in African Americans is related to a  

genetic variant of motor protein nonmuscular myosin 2a (MYH9).

Kincaid-Smith P, McMichael J, Murphy EA. The clinical course and pathology 

of hypertension with papilloedema (malignant hypertension). Q J Med. 

1958;27:117–153.

Classical description of clinical events in malignant hypertension.

 Lee VH, Wijdicks EF, Manno EM, et al. Clinical spectrum of a reversible pos-

terior leukoencephalopathy syndrome. Arch Neurol. 2008;2:205–210.

Retrospective review of a single-center experience with reversible posterior 

leukoencephalopathy syndrome. Largest series to document neuroimaging  

improvement in association with clinical improvement.

pressure is appropriately reduced. Although medicolegal issues may 

pressure physicians into loading these patients with medication to 

observe on-the-spot control of their blood pressure, this practice has 

been questioned as having no clear rational scientific basis.
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Ohwaki K, Yano E, Nagashima H, et al. Blood pressure management in acute 

intracerebral hemorrhage: relationship between elevated blood pressure 

and hematoma enlargement. Stroke. 2004;35:1364–1367.

Retrospective assessment of 170 consecutive patients with acute intracerebral 

hemorrhage and relationship between blood pressure and hematoma enlarge-

ment. Systolic pressure less than 150 mm Hg may lessen the risk.

Trivedi M, Coles JP. Blood pressure management in acute head injury. J Inten-

sive Care Med. 2009;24:96–107.

Review of physiology of cerebral autoregulation and options for managing  

cerebral hemodynamics and systemic blood pressure after head injury.

Wadei HM, Textor SC. Hypertension in the kidney transplant recipient. 

Transpl Rev. 2010;24:105–120.

Careful recent review of diagnosis and management of hypertension after 

kidney transplantation.
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Pathophysiology and Classification of Shock States

Mark E. Astiz

PATHOPHYSIOLOGY OF SHOCK

Circulatory shock represents a final common pathway of cardiovascu-

lar failure. Septic shock is the most common cause of shock followed 

by cardiogenic and hypovolemic shock.1 Mortality remains high, par-

ticularly for patients with septic and cardiogenic shock, where it ap-

proaches 40%.2,3 From a physiologic perspective, circulatory shock is 

defined as a syndrome in which blood flow is inadequate to meet cel-

lular metabolic requirements.4 Clinically, shock is manifested by organ 

hypoperfusion, which is most evident in the skin and peripheries, 

kidneys, and brain. The principal signs of circulatory shock are as fol-

lows: cool, clammy, and cyanotic extremities; decreased pulses; oliguria 

with a urine output ,0.5 mL/kg/h; and confusion, disorientation, and 

obtundation.

Mechanisms Underlying Impaired Cardiovascular 
Performance
The development of shock is related to alterations in the components 

of the circulatory system that regulate cardiovascular performance. 

The first component is intravascular volume, which regulates mean 

circulatory pressures and venous return to the heart. Decreases in in-

travascular volume limit venous return to the heart and cardiac out-

put. The heart is the second component. Cardiac output is determined 

by heart rate, contractility, and loading conditions. Abnormalities in 

rhythm and heart rate may limit cardiac output. Impaired cardiac 

contractility decreases effective ventricular ejection and compromises 

stroke volume. Abnormalities in valvular function may also limit car-

diac output. The third component is the resistance circuit; it consists 

of the arteriolar bed, where the major decreases in vascular resistance 

occur. Arteriolar tone plays an important role in ventricular loading 

conditions, arterial pressure, and distribution of systemic blood flow. 

Excessive decreases in arteriolar tone lead to hypotension and limit 

effective organ perfusion, whereas excessive increases in arteriolar tone 

impede cardiac ejection by increasing ventricular afterload. Differ-

ences in arteriolar tone between organs can result in maldistribution 

of blood flow and mismatching of blood supply with tissue metabolic 

demands. The capillaries are the fourth component. They are the site 

of nutrient exchange and fluid flux between the intravascular and ex-

travascular spaces. Increases in capillary permeability result in tissue 

edema and loss of intravascular volume. Decreases in capillary cross-

sectional area, secondary to either obstruction or impairment in endo-

thelial cell function, compromise nutrient blood flow. The opening of 

arteriovenous connections, which bypass the capillary network, may 

play a role in tissue hypoperfusion. The venules are the fifth compo-

nent. They are the site of the lowest shear stress in the circulatory 

system and are thus the site most prone to occlusion from alterations 

in cell rheology. Venular resistance contributes 10%–15% of total  

vascular resistance. Increases in venular tone increase capillary hydro-

static pressures, thereby promoting the extravascular movement of 

fluid. The sixth component is the venous capacitance circuit. More 

than 80% of the total blood volume resides in large-capacitance ves-

sels. Increases in venous tone decrease venous capacitance, redistribut-

ing blood volume centrally and thereby increasing venous return to the 

heart. Decreases in venous tone increase venous capacitance and de-

crease effective arterial blood volume and venous return. The seventh 

component is mainstream patency. Obstruction of the systemic or 

pulmonary circuit impedes ventricular ejection, and venous obstruc-

tion limits venous return to the ventricles.

Hemodynamic Assessment
Circulatory performance can be assessed from hemodynamic param-

eters. A low heart rate may limit cardiac output, whereas an increased 

heart rate can compromise stroke volumes by limiting ventricular fill-

ing times. Bradyarrhythmias indicate structural abnormalities, effects 

of drugs, hypoxia, or other metabolic stimuli. Severe bradyarrhythmias 

can also represent reflex-mediated responses, as occurs in cases of se-

vere hemorrhagic shock and acute inferior wall myocardial infarction. 

Tachyarrhythmias may be the result of underlying cardiac disease or 

pharmacologic or environmental stimuli. Alternatively, increases in the 

heart rate may reflect compensatory responses to maintain cardiac 

output.

In patients with circulatory shock, blood pressure should be moni-

tored using intravascular measurements.4 Vasoconstriction related to 

compensatory mechanisms to maintain arterial pressure and the use of 

pharmacologic agents limits the accuracy of noninvasive measure-

ments. This is particularly true in hypodynamic forms of circulatory 

failure.

For most vital organs, autoregulatory and neuronal mechanisms 

maintain blood flow independent of blood pressure at a mean arterial 

pressure of 60–130 mm Hg. At either higher or lower levels of pressure, 

blood flow becomes linearly dependent on blood pressure. Diseases 

such as hypertension can shift this relationship and increase the critical 

level of arterial pressure required for organ perfusion. Similarly, im-

paired autoregulatory mechanisms present in a variety of pathologic 

states expand the range of pressure-dependent blood flow.

The level of arterial pressure is not a reliable indicator of circula-

tory performance and tissue perfusion.5,6 In states of hypodynamic 

circulatory shock such as traumatic injury, cardiac failure, and ob-

structive shock, hypotension is a late marker of critical hypoperfusion. 

As cardiac output falls, blood pressure is initially maintained by in-

creases in peripheral vascular resistance largely mediated by the sym-

pathoadrenal system. It is only after these mechanisms have been ex-

hausted that hypotension develops. Accordingly, tissue hypoperfusion 

may be present despite normal levels of blood pressure as blood flow 
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is redirected toward more vital organs. Conversely, hypotension may 

exist without evidence of organ hypoperfusion. In some vasodilated 

states, increases in cardiac output maintain vital organ blood flow  

despite decreased levels of arterial pressure.

Filling pressures have traditionally been used as measures of  

ventricular preload and to guide fluid resuscitation. However these 

measurements correlate poorly with blood volume, end-diastolic vol-

umes, and fluid responsiveness.7 Echocardiographic techniques can 

provide an alternative assessment of chamber size and end-diastolic 

volumes, whereas fluid responsiveness is best assessed with dynamic 

measurements that reflect the response of stroke volume to changes in 

loading conditions. Examples include respiratory variations in pulse 

pressure, velocity time integral, and stroke volume on mechanical 

ventilation. Alternatively, changes in stroke volume may be assessed 

during passive leg raising or after volume challenge.

Cardiac output can be measured by multiple techniques.4,8 Pulmo-

nary artery thermodilution has been supplanted by less-invasive tech-

niques, including lithium dilution, bioreactance, echocardiography, 

esophageal Doppler, and arterial pulse contour analysis. Echocardio-

graphic measurements and esophageal Doppler can be used to assess 

ventricular ejection and provide diagnostic information regarding the 

presence of pericardial tamponade and valvular function. The re-

sponse of stroke volume to changes in ventricular loading during fluid 

infusion is also useful to assess cardiac function. A good response in-

dicates preserved cardiac function, whereas lack of response may be 

related to either cardiac dysfunction or inadequate fluid volumes. 

However, the adequacy of cardiac output in meeting tissue metabolic 

demands must be assessed independently by monitoring indices of 

tissue perfusion and oxygen metabolism. A low cardiac output may be 

adequate when metabolic requirements are decreased—for example, 

in deep sedation or hypothermia. In contrast, an increased cardiac 

output may not be adequate when metabolic requirements are in-

creased or maldistribution of blood flow exists, such as in septic shock.

Systemic vascular resistance is an indicator of arterial tone; it is 

calculated from cardiac output and arterial pressure. Increases in sys-

temic vascular resistance are the result of vasoconstriction and repre-

sent compensatory mechanisms directed at maintaining blood pres-

sure in the setting of a decreased cardiac output. Excessive increases in 

vascular resistance increase ventricular afterload and the impedance to 

ejection. Decreases in vascular resistance are the result of vasodilation, 

decreases in blood viscosity, or presence of arteriovenous connections. 

Vasodilation may be pathologic, as occurs in septic shock and liver 

disease, or it may be adaptive, as occurs in hyperdynamic stress after 

major surgery and traumatic injury. Venous tone is much harder to 

assess clinically. In most cases, changes in venous tone parallel changes 

in arterial tone. Modest increases in central venous pressures in the 

setting of large-volume infusion and the absence of intravascular vol-

ume loss suggest decreased venous tone.

CLASSIFICATION OF SHOCK

Hinshaw and Cox proposed a classification of circulatory shock in-

volving four subsets: hypovolemic, cardiogenic, distributive, and ob-

structive.9 This classification can be simplified into two categories with 

typical hemodynamic profiles (Table 79.1). The first category, hypody-

namic shock, includes the hypovolemic, cardiogenic, and obstructive 

shock subsets. The second category, hyperdynamic shock, includes the 

distributive shock subset.

The central features of hypodynamic shock are a low cardiac index 

and a high-resistance vasoconstricted state. Increased oxygen extrac-

tion and lactic acidosis usually parallel the decrease in cardiac output. 

In cases of hypodynamic shock, the development of organ dysfunction 

is directly related to inadequate global blood flow. Common causes of 

hypovolemic shock are hemorrhage, dehydration, and massive capil-

lary leak. Acute decreases in blood volume of 25% result in tachycardia 

and orthostatic hypotension. The loss of 40% of blood volume is as-

sociated with severe hypotension and clinical shock. Decreased filling 

pressures are the hallmark of hypovolemic shock, in contrast to cardio-

genic shock in which filling pressures are elevated. Acute myocardial 

infarction involving 40% or more of ventricular mass is the most com-

mon cause of cardiogenic shock. Cardiomyopathies and severe valvu-

lar lesions are other important causes of cardiogenic shock. Severe 

stress may also induce severe reversible cardiac dysfunction. Finally, 

obstructive shock is most commonly caused by pericardial tamponade, 

acute pulmonary embolism, and tension pneumothorax. Dynamic 

obstruction to left ventricular output may also lead to circulatory 

shock. Because filling pressures are usually increased in these settings 

(owing to outflow obstruction, impaired ventricular filling, and de-

creased ventricular compliance), distinguishing between obstructive 

shock and cardiogenic shock can be difficult.

Hyperdynamic circulatory shock is characterized by a high cardiac 

index and a low-resistance vasodilated state. Filling pressures may be 

increased or normal, depending on volume status and myocardial 

competence. Common causes of hyperdynamic shock include sepsis, 

anaphylaxis, drug intoxications, spinal shock, and adrenal insuffi-

ciency. The underlying hemodynamic defect is maldistribution of 

blood flow and/or blood volume such that effective nutrient blood 

flow is compromised. In contrast to hypodynamic shock, oxygen ex-

traction may be normal or decreased despite evidence of hypoperfu-

sion.10 Direct mediator-related effects coupled with tissue hypoperfu-

sion lead to cellular injury and organ dysfunction in patients with 

septic shock.

A considerable overlap may exist between these different syn-

dromes. Early in septic and anaphylactic shock, before fluid infusion, a 

significant hypovolemic component usually exists. Hypovolemia may 

also be present in a small group of patients presenting with shock 

secondary to acute myocardial infarction. In the presence of severe 

 MAP PAWP, LVEDV CO SVR SvO2 Lactate

Hypodynamic
Hypovolemic hemorrhage, dehydration ↓ ↓ ↓ ↑ ↓ ↑

Cardiogenic myocardial infarction ↓ ↑ ↓ ↑ ↓ ↑

Obstructive pulmonary embolism, pericardial tamponade, tension pneumothorax ↓ ↔↑ ↓ ↑ ↓ ↑

Hyperdynamic
Distributive sepsis, adrenal insufficiency, anaphylaxis ↓ ↔↓ ↔↑ g ↔↑ ↑

TABLE 79.1 Circulatory Shock Hemodynamic Profiles

CO,

 

Cardiac output;

 

LVEDV,

 

left ventricular end-diastolic volume;

 

MAP,

 

mean arterial pressure;

 

PAWP,

 

pulmonary arterial wedge pressure;

SvO2, venous oxygen saturation;

 

SVR,

 

systemic vascular resistance.
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sepsis-related myocardial depression, patients with septic shock can 

develop a hypodynamic profile. Similarly, patients in cardiogenic 

shock after myocardial infarction and cardiac surgery may demon-

strate significant vasodilation because of the activation of mediator 

cascades while on cardiopulmonary bypass.11 Alternatively, dynamic 

left ventricular outflow obstruction related to systolic anterior move-

ment of the mitral valve may complicate ischemic and stress-related 

cardiogenic shock.12

Progression of Shock
Critical reductions in tissue perfusion elicit a complex set of reflexes 

that are directed at maintaining cardiac output and arterial pressure.13 

Activation of the sympathetic nervous system increases heart rate and 

contractility. The release of catecholamines, angiotensin, vasopressin, 

and endothelins increases arteriolar and venous tone, thereby increas-

ing arterial blood pressure and shifting blood volume from the ca-

pacitance vessels to the central circulation. In addition, blood flow is 

redirected from skeletal muscle, subcutaneous tissue, and splanchnic 

circulation to the heart and brain. Vasopressin and activation of the 

renin–angiotensin system serve to enhance water and sodium reten-

tion, thereby protecting intravascular blood volume.

Progression of the shock state is marked by further declines in 

blood pressure that compromise coronary perfusion and cardiac per-

formance. Increases in peripheral vascular resistance increase afterload 

and impede left ventricular ejection. Damage-associated molecular 

patterns are activated, initiating a systemic inflammatory response. 

Terminal phases of shock are marked by the development of an endo-

theliopathy with resulting damage to the endothelial glycocalyx, break-

down in paracellular tight junctions, and increase in microvascular 

permeability.14 Microvascular vasomotor dysfunction is marked by 

loss of arteriolar tone with paradoxically increased venular resistance. 

Leukostasis, impaired erythrocyte rheology, platelet activation, and 

activation of the coagulation cascade further impair microvascular 

blood flow.

This pathophysiology is altered in hyperdynamic forms of circula-

tory failure such as septic shock, in which inflammatory mediators 

released by interaction of microbial-associated molecular patterns 

with pattern-recognition receptors play a prominent role.15 These pa-

tients are characterized by arterial and venous vasodilation coupled 

with an increased cardiac output. The influence of vasodilatory sub-

stances such as nitric oxide and prostacyclin predominates over the 

effects of endogenous and exogenous vasopressor substances. In some 

forms of vasodilatory shock, inappropriately low levels of vasopressin, 

cortisol, and angiotensin II may contribute to refractoriness to cate-

cholamines. Decreases in capillary cross-sectional area, secondary to 

the interactions of activated leukocytes, platelets, endothelial cells, and 

activation of the clotting cascade, limit effective nutrient blood flow 

despite the increase in cardiac output.16 Concomitant injury to the 

endothelial glycocalyx and paracellular tight junctions increases  

microvascular permeability, resulting in loss of intravascular fluid. 

Progressive hypotension, which is refractory to fluid infusion and  

vasopressors, results in worsening tissue hypoperfusion, acidosis, and 

organ failure. A hypodynamic circulation develops as a terminal event.

Oxidative Metabolism in Shock
The primary metabolic defect in circulatory shock is impaired oxida-

tive metabolism with resulting cellular and organ failure. This impair-

ment is most commonly the result of decreases in tissue oxygen supply 

caused by either global decreases in blood flow or maldistribution of 

blood flow at a regional or microcirculatory level. Systemic oxygen 

consumption may initially be increased yet inadequate to meet tissue 

metabolic requirements; however, the terminal phases of all forms of 

shock are characterized by decreases in oxygen consumption. In ex-

perimental studies, mortality is directly related to the cumulated defi-

cit in oxygen metabolism.17

Oxygen delivery is determined by cardiac output, hemoglobin con-

centration, and arterial oxygen saturation. Under normal circum-

stances, oxygen consumption is independent of oxygen delivery and 

cardiac output (Fig. 79.1). Increases in cellular oxygen extraction, from 

a normal level of 25% to a maximum of level of 80%, maintain oxygen 

consumption as blood flow is reduced. When oxygen extraction is 

maximized, a critical level of oxygen delivery (DO2crit) is reached be-

low which oxygen consumption decreases and anaerobic metabolism 

ensues. Alterations in vasomotor reflexes caused by sepsis or drugs 

limit maximal oxygen extraction, resulting in critical tissue hypoxia 

and anaerobic metabolism at higher levels of oxygen delivery.

Aerobic adenosine triphosphate (ATP) generation is dependent on 

glycolysis occurring in the cytoplasm and oxidative phosphorylation 

occurring in the mitochondria (Fig. 79.2). Under anaerobic condi-

tions, ATP generation is limited to the 2 moles of ATP generated in the 

cytoplasm, compared with the 38 moles of ATP generated aerobically. 

The decreased entry of pyruvate into the citric acid cycle results in the 

accumulation of lactic acid and the generation of additional hydrogen 

ions from the hydrolysis of ATP. Accordingly, the presence of lactic 

acidosis serves as an indicator of critical cellular deficits in high-energy 

phosphate metabolism. The normal level of lactate is 0.4–1.2 mEq/L. 

Levels greater than 1.5 mEq/L are associated with an increased mortal-

ity rate in septic shock.18

Oxidative metabolism may also be altered by mechanisms indepen-

dent of tissue hypoperfusion. Indeed, decreased mitochondrial activity in 

sepsis has been postulated to be potentially adaptive and represent a state 

of hibernation. Alternatively, inflammatory mediators, including nitric 

oxide, oxygen radicals, calcium, and tumor necrosis factor, may directly 

Oxygen consumption (VO2)/
oxygen delivery (DO2)

VO2

DO2

DO2

Lactate

critcrit

Pathologic: sepsis,
inflammation, drugs
Physiologic

Fig. 79.1 Oxygen consumption–oxygen delivery relationships. Oxygen 

consumption (VO2) is independent of oxygen delivery (DO2) until a critical 

level of DO2 is reached at which oxygen extraction is maximized. At that 

level of oxygen delivery (DO2crit), VO2 becomes linearly dependent on 

DO2, and anaerobic metabolism manifested by lactic acidosis ensues. This 

relationship shifts upward and to the right when the ability of the tissues 

to extract oxygen is impaired because of alterations in the distribution of 

blood flow.
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impair mitochondrial function. Decreased mitochondrial biogenesis, 

mitochondrial swelling, increased mitochondrial autophagy, and de-

creased mitochondrial respiratory complex activity have all been ob-

served in patients with septic shock.19,20 Similarly, impaired mitochon-

drial function has been described in animal models of traumatic and 

hemorrhagic shock. The specific role of mitochondrial abnormalities in 

organ dysfunction in shock is still being elucidated and could potentially 

lead to mitochondrial-based therapeutic interventions.19,20

The accumulation of tissue carbon dioxide (CO2) parallels the de-

crease in oxygen metabolism in circulatory shock.21 Increases in tissue 

CO2 levels are manifested by venous hypercapnia and decreases in ve-

nous pH. The resulting widening of the arterial-venous CO2 gradient 

is proportional to the degree of circulatory failure.22 The normal gradi-

ent is less than 5 mm Hg, and it increases to 40 mm Hg or more during 

cardiac arrest. Decreased clearance of CO2 generated by oxidative pro-

cesses is responsible for the initial increase in tissue CO2 levels. With 

the onset of anaerobic metabolism, a tissue CO2 excess is generated 

from the titration of anaerobically derived acids by bicarbonate. The 

increase in tissue CO2 levels has been associated with impaired myo-

cardial performance in vitro.

Monitoring Perfusion Failure
Acute circulatory failure can be identified by clinical evaluation focus-

ing on mentation, urine output, and peripheral perfusion. Heart rate, 

arterial pressure, and cardiac output are important but correlate poorly 

with survival in critically ill patients.5,6 The primary difficulty with each 

of these measures is in the early stages of circulatory failure where com-

pensatory mechanisms may frequently obfuscate the degree of systemic 

hypoperfusion.23 Similarly, despite stabilization after initial resuscitative 

efforts, patients with septic shock and high-risk surgical patients will 

frequently have evidence of persisting deficits in tissue perfusion that 

are associated with increased mortality.5,24 These observations have led 

to the use of indices of tissue oxygen metabolism as markers of tissue 

perfusion and the adequacy of resuscitative efforts.

Mixed venous oxygen saturation (SvO2), measured on blood taken 

from the pulmonary artery, is used as an index of tissue oxygenation. 

Venous blood is in equilibrium with the tissues. Mixed venous blood, 

representing a weighted mean of all the venous effluents, reflects over-

all tissue oxygenation. Because increased oxygen extraction is the pri-

mary compensatory mechanism to maintain oxygen consumption, 

decreases in SvO2 are an early marker of compromised tissue perfu-

sion. In cardiogenic shock, SvO2 tracks cardiac function and systemic 

perfusion.2 The same is not true in septic shock and other settings, 

where the relationship between venous blood and tissue oxygenation 

is altered by maldistribution of blood flow.10 In these circumstances, 

the ability of the tissues to extract oxygen is limited by decreases in 

effective nutrient flow such that SvO2 may be normal or increased de-

spite the presence of tissue hypoxia and anaerobic metabolism. Ac-

cordingly, although mixed venous desaturation is indicative of tissue 

hypoxia, normal levels do not preclude tissue hypoperfusion.

Central venous oxygen saturation (ScvO2), measured in samples 

taken from the superior vena cava and right atrium, serves as an alter-

native to SvO2. In critically ill patients, ScvO2 is generally 5% higher 

than SvO2; however, the correlation is inconsistent depending, in part, 

on the location of the tip of the central venous catheter. Although 

targeting therapy to ScvO2 does not improve outcome in septic shock, 

persistence of ScvO2 ,70% of levels is associated with increased mor-

tality in sepsis and identifies a group of patients that could benefit 

from efforts to increase oxygen delivery.25

Lactate concentration is a useful marker of critical hypoperfusion. 

Increases in lactate levels indicate the presence of anaerobic metabo-

lism and tissue energy deficits. Although the initial blood level of lac-

tate has prognostic significance, the inability to clear lactate over time 

is more discriminating and is associated with increased mortality in a 

broad range of critically ill patients.26,27 In patients with septic shock, 

factors other than hypoperfusion may contribute to lactate accumula-

tion. These factors include increased muscle ATPase activity, increased 

hepatic flux of alanine from skeletal muscle, decreased pyruvate dehy-

drogenase activity, decreased hepatic clearance of lactate, and dysfunc-

tional mitochondrial respiration. Despite these concerns, increases in 

lactate concentration are associated with decreases in the intracellular 

redox potential in patients with septic shock, suggesting that it is a use-

ful marker of cellular energy metabolism.28

Oxygen consumption and oxygen delivery are global markers of 

systemic oxygen metabolism. Oxygen consumption, a measure of 

overall metabolic requirements, is calculated from cardiac index, he-

moglobin, and arterial and venous oxygen saturation. It can also be 

measured directly from expired gases. Oxygen delivery is calculated 

from cardiac output, hemoglobin, and arterial saturation; it is a mea-

sure of the total amount of oxygen being delivered to the tissues.  

Although increased values of oxygen consumption and oxygen deliv-

ery have been observed in survivors compared with nonsurvivors, 

considerable overlap exists between the two groups. Efforts to titrate 

therapy to values associated with survival, “optimal goals,” have pro-

duced mixed results.29 These differences, in part, reflect the varying 

metabolic requirements of individual patients and the heterogeneity in 

the response of the control and treatment groups to hemodynamic 

interventions.

The decrease in CO2 clearance in circulatory shock can be used to 

monitor ongoing perfusion failure. Widening of the gap between cen-

tral venous and arterial partial pressure of CO2 (PCO2) to .6 mm Hg 

can be used to identify patients who may not be adequately resusci-

tated despite ScvO2 .70%.30 End-tidal CO2 measurements are useful 

in monitoring perfusion during cardiopulmonary resuscitation. 

Glucose

Pyruvate

Acetyl CoA

Citric acid
cycle

2ATP

2ATP

NADH/FADH2

Electron 
transfer chain

ADP

–NO
–ONOO

–O2

34ATP

Lactate

Cytoplasm
Anaerobic

Mitochondria

Aerobic

O2 H2O

CELLULAR OXIDATIVE METABOLISM

Fig. 79.2 Cellular oxidative metabolism. Glucose is metabolized an-

aerobically in the cytoplasm and aerobically in the mitochondria under 

conditions of normal tissue perfusion. Under conditions of shock, high-

energy phosphate generation (adenosine triphosphate [ATP]) is limited 

to anaerobic pathways. Nitric oxide (NO), peroxynitrite (ONOO2), and 

superoxide (O2
2) are potential inhibitors of the electron transfer chain. 

ADP, Adenosine diphosphate; FADH2, reduced flavin adenine dinucleo-

tide; NADH, reduced nicotinamide adenine dinucleotide.
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 Cardiac arrest results in marked decreases in pulmonary blood flow and 

accompanying decreases in CO2 excretion. End-tidal CO2 values move 

toward zero during arrest and increase with successful resuscitation.31

There have been many attempts to use measures of local or regional 

perfusion as indices of overall systemic perfusion. These are all predi-

cated on the premise that decreased blood flow to specific organs may 

serve as an early indicator of systemic hypoperfusion. Toe temperature, 

subcutaneous oxygen tensions, transcutaneous oxygen tension, gastric 

tonometry, sublingual tonometry, laser Doppler, and near-infrared 

spectroscopy are some examples of regional measures that did not 

achieve widespread clinical use. Newer efforts aimed at tissue oxygen 

monitoring include the use of specialized urinary catheters to track 

bladder tissue oxygen levels. A recent study revisited the importance of 

monitoring peripheral tissue perfusion by comparing interventions 

guided by digital capillary refill time (CRT) with those guided by lac-

tate clearance in patients with septic shock.32 No significant differences 

in mortality and organ failure were observed between the two groups. 

However, lower Sequential Organ Failure Assessment (SOFA) scores 

and lower mortality in the CRT patients with less severe organ dys-

function suggest that regional measures may be complementary to 

systemic measures in assessing for underlying tissue hypoperfusion.

An area of current interest is the monitoring of the microcirculation 

in critically ill patients. Techniques such as orthogonal polarization spec-

tral imaging, sidestream dark-field imaging, and more recently, incident 

dark-field imaging have been used to directly visualize microcirculatory 

flow using handheld vital microscopy. Alterations in microcirculatory 

function have been described in a number of disease states.33 Decreases 

in capillary blood flow have correlated with mortality in patients with 

septic and cardiogenic shock. Using these techniques, evidence of im-

paired microvascular blood flow has been reported in critically ill pa-

tients despite improvement in systemic hemodynamic variables. This 

incongruence between the response of the macrocirculation and that of 

the microcirculation may have important clinical implications.34 Opti-

mal techniques, the most discriminating measurements, and whether 

titration of therapy to these indices of microcirculatory blood flow will 

affect the outcome remain to be elucidated.33

Organ Failure
The primary causes of organ dysfunction in circulatory shock are isch-

emic injury, mediator-related organ dysfunction, and reperfusion injury. 

Ischemic injury occurs when anaerobic metabolism ensues and high-

energy phosphate production falls below the level required to maintain 

cellular pumps and membrane integrity. It is the major factor contribut-

ing to organ failure in patients with cardiogenic and hypovolemic shock. 

The direct effect of inflammatory mediators, coupled with an ischemic 

injury, plays a major role in organ dysfunction in septic shock. Tumor 

necrosis factor, nitric oxide, and superoxide radicals are examples of 

mediators directly affecting cellular and organ function. Reperfusion 

injury occurs upon restoration of tissue perfusion after an absence of 

blood flow (Fig. 79.3). The initial injury is related to the release of oxy-

gen radicals, increased membrane permeability, and intracellular cal-

cium accumulation. The later phase involves cytokines, activated neu-

trophils, endothelial cell dysfunction, and microvascular occlusion.35 

Reperfusion injury may be important in hemorrhagic and traumatic 

shock; its role in cardiogenic shock and septic shock is less clear.

Cardiac dysfunction is related to ischemia and myocardial necrosis 

in shock secondary to myocardial infarction. Reperfusion injury may 

play a role in patients after acute coronary revascularization. Myocar-

dial depressant substances such as nitric oxide and cytokines cause 

myocardial depression in patients in septic shock and possibly in hem-

orrhagic shock.36 Impaired responsiveness to catecholamines and ad-

renergic receptor downregulation occur in septic and cardiogenic 

shock. Increases in pulmonary vascular resistance cause right ventricu-

lar failure in patients with pulmonary embolism and may be impor-

tant in septic shock, particularly when acute respiratory distress syn-

drome is present.

Respiratory failure frequently complicates circulatory shock. Car-

diac failure, fluid overload, and acute lung injury related to the release 

of inflammatory mediators and activation of neutrophils result in  

increased lung water and intrapulmonary shunt. Dead space may be 

increased because of either underlying disease and/or pulmonary vas-

cular endothelial damage in acute lung injury syndromes. Decreased 

respiratory muscle perfusion, coupled with hypoxia and increased 

work of breathing, contributes to respiratory muscle failure. In patients 

with septic shock, inflammatory mediators may also directly impair 

diaphragmatic activity.37

Renal dysfunction in shock is related to multiple mechanisms. Ini-

tially, as cardiac output decreases, glomerular filtration is maintained 

by increases in efferent arteriolar tone. Release of atrial natriuretic 

peptide related to increased atrial pressures may help protect renal 

blood flow in patients with cardiogenic shock. As shock progresses, the 

increases in afferent arteriolar tone result in renal ischemia and acute 

tubular necrosis. The activation of neutrophils and endothelial cells 

coupled with tubular epithelial cell injury and intrarenal shunting also 

plays important roles in renal injury associated with septic shock.38

A characteristic pattern that involves centrilobar necrosis and 

marked transaminase elevation is observed in patients with ischemic 

hepatic injury associated with hypodynamic circulatory states.39 Activa-

tion of Kupffer cells and release of inflammatory mediators exacerbate 

ischemic injury in patients in septic and traumatic shock. In septic 

shock, hepatobiliary transporters and canalicular cell contractility are 

impaired, resulting in intrahepatic cholestasis. Hepatic metabolic fail-

ure and impaired amino acid clearance are also features of septic shock.

Splanchnic mucosal blood flow is compromised early in shock, as 

blood flow gets redirected to more vital organs Splanchnic hypoperfu-

sion related to shock and the use of vasopressors contribute to the 

development of stress ulceration, acalculous cholecystitis, intestinal 

necrosis, and pancreatitis. Loss of the integrity of the intestinal barrier 

leads to the release of inflammatory mediators into the mesenteric 

Reperfusion Injury

Oxygen Radical Formation

Lipid Mediator Release 

Increased intracellular calcium

Membrane injury

Cytokine release

Neutrophil activation/chemotaxis

Endothelial cell dysfunction

Microvascular occlusion 

Tissue Injury 

Reperfusion

Fig. 79.3 Reperfusion injury. Under ischemic conditions, adenosine 

triphosphate (ATP) is metabolized to hypoxanthine and xanthine dehy-

drogenase is converted into xanthine oxidase. During reperfusion, super-

oxide is produced from hypoxanthine and oxygen by xanthine oxidase. 

Superoxide and its metabolites produce cellular injury and membrane 

disruption, resulting in the release of prostanoids and leukotrienes. The 

lipid mediators and oxygen radicals act as chemoattractants for neutro-

phils, which injure tissues through the release of elastases, proteases, 

and additional oxygen radicals.
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lymphatics and, less frequently, the translocation of bacteria, which in 

turn contribute to organ failure.40

Thrombocytopenia is observed in a majority of patients with sep-

tic shock. The coagulation cascade is activated in septic and traumatic 

shock by the pathogen and damage-associated molecular patterns.14 

Disseminated intravascular coagulation is marked by impaired fibri-

nolysis and increased consumption of clotting factors. Clinical mani-

festations are bleeding and microvascular thrombosis. Large-volume 

asanguineous fluid resuscitation may unmask these tendencies by  

additional hemodilution of clotting factors and platelets. The devel-

opment of hypothermia exacerbates coagulopathies in patients with 

circulatory shock.

Disorientation and delirium are common in patients in shock. 

Hypotension, metabolic abnormalities, hypoxia, and medications all 

contribute to neurologic dysfunction. Alterations in cerebrovascular 

reactivity and direct toxic effects of inflammatory mediators may also 

play a role in cerebral injury.41 Severe hypotension, mean arterial pres-

sure well below 60 mm Hg, can result in ischemic injury of the arterial 

border zones in the cortex and spinal cord. In some survivors of critical 

illness, long-term impairment of cognitive function has been reported.

Microvascular blood flow is impaired in all forms of circulatory 

failure.14,16,33 The microcirculation is characterized by heterogeneous 

blood flow and decreased capillary perfusion. Rheologic abnormalities 

of neutrophils and erythrocytes impede microvascular blood flow. 

Increased expression of neutrophil integrins, platelet P-selectin, endo-

thelial cell adhesion molecules, and thrombin activation result in cel-

lular aggregation and microvascular obstruction. Decreased endothe-

lial cell nitric oxide synthetase activity impairs normal vasodilatory 

reflexes and decreases the microvascular response to hypoxia.

Shock is associated with impairment of regulation of immunologic 

function. Immunosuppressive substances, including interleukin-10, 

transforming growth factor beta, and adenosine, are released that de-

crease cellular and humoral immunity. Altered signaling in afferent 

and efferent neural pathways contributes to impaired immune homeo-

stasis. Dendritic cell- and monocyte-mediated antigen processing is 

impaired, as is neutrophil function. Apoptosis of lymphocytes, den-

dritic cells, and monocytes is increased. In addition, expansion of 

myeloid-derived suppressor cells may contribute to the persistent in-

flammation, immunosuppression, and catabolism syndrome resulting 

in recurrent infections and prolonged intensive care unit (ICU) stay.42

CLINICAL ASPECTS OF SHOCK

Approach to Circulatory Shock
The approach to patients with circulatory shock involves restoration of 

cardiopulmonary stability and rapid assessment of the underlying 

disease process (Fig. 79.4). Patients should be assessed for clinical evi-

dence of organ hypoperfusion. Initial efforts should be directed at 

achieving a minimal level of blood pressure and ventilation associated 

with survival. The VIP approach prioritizes these efforts by focusing 

on ventilation, infusion, and pump activity.43 Subsequent interven-

tions should be focused on restoration of perfusion and organ func-

tion. A systematic approach, which incorporates physiologic end-

points, indices of systemic perfusion, and an algorithm for therapeutic 

interventions based on the pathophysiology of the underlying shock 

state, results in the best outcomes.4 Definitive therapy depends on the 

cause of the shock state and may require additional diagnostic and 

therapeutic interventions. These efforts should be pursued in a timely 

manner and, by necessity, may need to occur concurrently with resus-

citative efforts. Finally, deviation from the expected clinical course and 

response to therapy should prompt a reassessment of the presumed 

cause of the shock state.

APPROACH TO CIRCULATORY SHOCK

Identify hypoperfusion
Cold clammy extremities

oliguria
altered mental status
elevated lactate level

Stabilize respiratory and
circulatory status

Airway control, ventilatory support,
achieve a viable blood pressure

(fluids, vasoactive drugs)

Restore systemic perfusion
Improved mental status, increased urine

output, lactate clearance, increased ScvO2

Definitive therapy
Surgery, drainage, revascularization,

embolectomy, endoscopic intervention,
antibiotics

Fig. 79.4 Initial approach to patients with circulatory shock. ScvO2, 

Central venous oxygen saturation.

KEY POINTS

• Circulatory shock is defined as a syndrome in which blood flow is inade-

quate to meet cellular metabolic requirements. The principal clinical mani-

festation of shock is that of organ hypoperfusion, which is most evident in 

the peripheral circulation, kidneys, and brain.

• The development of shock is related to alterations in the major components 

of the circulatory system that regulate cardiovascular performance. These are 

intravascular volume, cardiac function, arteriolar resistance, capillary circula-

tion, venules, the venous capacitance circuit, and mainstream patency.

• Circulatory performance can be assessed from the cardiac rate and rhythm, 

arterial blood pressure, cardiac filling pressures, cardiac output, and sys-

temic vascular resistance. Although shock is frequently defined by hypoten-

sion, the level of arterial pressure is not a reliable indicator of circulatory 

performance and tissue perfusion.

• Circulatory shock can be divided into four subsets: hypovolemic, cardio-

genic, distributive, and obstructive. This classification can be simplified into 

two broad categories with typical hemodynamic profiles. The first category, 

hypodynamic shock, includes the hypovolemic, cardiogenic, and obstructive 

shock subsets. The second category, hyperdynamic shock, includes distribu-

tive shock. The central features of hypodynamic shock are a low cardiac 

output and vasoconstriction manifested by a high vascular resistance. Hy-

perdynamic circulatory shock is characterized by a high cardiac output, and 

vasodilation is manifested by a low vascular resistance.

• The primary metabolic defect in circulatory shock is impaired oxidative me-

tabolism. This impairment is most commonly caused by decreases in tissue 

oxygen supply owing to either global decreases in blood flow or maldistribu-

tion of blood flow. Cellular oxidative metabolism may also be impaired by 

mechanisms independent of tissue hypoperfusion. Accumulation of tissue 

CO2 parallels the development of tissue hypoxia in circulatory shock.

• Controversy exists over the optimal manner in which to monitor tissue 

perfusion in patients with circulatory shock. Commonly used variables such 

as heart rate, arterial pressure, and cardiac output correlate poorly with 

survival in critically ill patients. These observations have led to the use of 

indices of systemic oxygen metabolism as markers of tissue perfusion and 

the adequacy of resuscitative efforts.
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 References for this chapter can be found at expertconsult.com.

• The primary causes of organ dysfunction in circulatory shock are ischemic 

injury related to tissue hypoperfusion, mediator-related organ dysfunction, 

and reperfusion injury. The relative importance of these mechanisms varies 

with the cause of the shock state and the specific organ being examined.

• The approach to patients with circulatory shock involves a rapid assessment 

of the underlying disease process and restoration of cardiopulmonary sta-

bility. The patient should be assessed for the etiology of the shock syn-

drome and evidence of organ hypoperfusion. Initial efforts to achieve car-

diopulmonary stability should focus on ventilation, fluid infusion, and 

cardiac function. Restoration of systemic perfusion and definitive therapy 

directed at the etiology of the shock state should follow.

ANNOTATED REFERENCES

Cecconi M, De Backer D, Antonelli M, et al. Consensus on circulatory shock 

and hemodynamic monitoring. Task Force of the European Society of  

Intensive Care Medicine. Intensive Care Med. 2014;40:1795–1818.

Comprehensive overview of the clinical approach to circulatory shock, which 

is still applicable.

Hernandez G, Ospina-Tascon G, Daimiani L, et al. Effect of a resuscitation 

strategy targeting peripheral perfusion status vs. serum lactate levels on 

28-day mortality among patients with septic shock: the ANDROMEDA 

SHOCK randomized clinical trial. JAMA. 2019;321:654–664.

Despite being a negative trial (lack of statistical difference between groups), 

the data serve to re-emphasize the value of clinical assessment in monitoring 

perfusion failure.

Hinshaw LB, Cox BG. The fundamental mechanisms of shock. New York: 

Plenum Press; 1972.

The subsets of shock described in this text formed the basis for all subsequent 

classifications of shock.

Weil MH, Afifi AA. Experimental and clinical studies in lactate and pyruvate as 

indicators of the severity of acute circulatory failure (shock). Circulation. 

1970;41:989–1000.

This was a classic study defining the importance of monitoring lactate in  

assessing perfusion failure in critically ill patients. A relationship between in-

creased lactate levels and mortality was demonstrated. No added  

discrimination was observed when lactate levels were compared with  

lactate/pyruvate ratios.

Weil MH, Rackow EC, Trevino R, et al. Differences in acid-base state between 

venous and arterial blood during cardiopulmonary resuscitation. N Engl J 

Med. 1986;315:153–156.

This study was one of the first to reexamine the significance of CO2 accumu-

lation in patients with circulatory failure. Marked increases in mixed venous 

PCO2 in patients during cardiac arrest were reported.
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INTRODUCTION

Shock can be defined as a state of circulatory failure to deliver suffi-

cient oxygen to balance the demands of the tissues, which results in 

tissue hypoxia: a deficiency in the bioavailability of oxygen to the tis-

sues of the body. Circulatory shock assessment is often a challenging 

and common clinical scenario (i.e., up to one-third of patients admit-

ted to the intensive care unit [ICU] are in circulatory shock1). This 

should be considered a time-related syndrome needing prompt recog-

nition to avoid multiorgan dysfunction and death. For this purpose, 

the assessment of clinical and nonclinical signs of acute circulatory 

dysfunction is of pivotal importance to define and target the thera-

peutic strategy at the bedside. First of all, the source of the hemody-

namic instability should primarily be presumed by the physical  

examination of the patient and from details retrieved from the past 

and present medical history. For instance, in the large multicentric 

randomized European Sepsis Occurrence in Acutely Ill Patients II 

(SOAP II) trial, acute circulatory dysfunction was related to septic 

shock in the vast majority of the 1679 ICU patients enrolled (62%), 

whereas cardiogenic shock (16%), hypovolemic shock (16%), and 

other types of distributive (4%) or obstructive (2%) shock were less 

frequent.2 Considering this prevalence, a de novo acute circulatory 

failure presented in the emergency department should be primarily 

considered a septic event, and accordingly treated, in the absence of 

any evident clinical signs of a different pattern (i.e., an evident fluid 

or blood loss, signs and symptoms of severe right or left acute ven-

tricle dysfunction). The challenge of shock management is to balance 

fluid administration (preload), heart contractility, and vascular tone 

(afterload) to avoid the detrimental effects of over-resuscitation or 

under-resuscitation.3–5 Basically, circulatory shock may be caused by a 

deficit related to the pump (heart function or heart flow) or by re-

duced circulatory flow. Hypovolemia can be “absolute” after severe 

hydration defects, plasma, or blood loss; it can be “relative” when fluid 

administration is insufficient to compensate for a loss in vascular tone 

in the context of sepsis or anaphylaxis (or use of large doses of seda-

tive drugs). In that context, there is a discrepancy between the content 

(volume) and vascular capacity, and abnormal sympathetic tone is 

associated with altered capillary recruitment. The clinical examina-

tion is a cornerstone in shock, but is notoriously inaccurate in assess-

ing the exact value of cardiac output (CO) and the intravascular  

volume status.6,7 For these reasons, the goal of shock management can 

be achieved only adding bedside quantitative and qualitative evalua-

tion of cardiovascular system function, based on an integrated  

approach of clinical examination, critical care echocardiography, and 

hemodynamic monitoring.1

FROM MACRO TO MICRO CIRCULATION: 
PATHOPHYSIOLOGY OF INADEQUATE  
OXYGEN USE BY THE CELLS

To better understand the systemic effects of the imbalance between 

oxygen delivery and consumption, some basic concepts of oxygen de-

livery to the cells and cellular energy metabolism should be appraised 

(Fig. 80.1).

 1. Global oxygen delivery (DO2) is the total oxygen carried by blood 

to the cells and is calculated as the product of the oxygen content 

in arterial blood (CaO2) and CO.

DO2 5 CO * CaO2 5 CO * (1.36 3 Hb * %saturation) 

         1 (0.003 3 PO2)

Dissolved oxygen contributes little to total oxygen content because 

of the limited solubility.

 2. The DO2 continuously balances the peripheral oxygen uptake or 

consumption (VO2). Failure to maintain the DO2:VO2 ratio is ini-

tially compensated by increased oxygen extraction and a fall in 

mixed venous oxygen content. The normal ratio of delivery to con-

sumption (DO2:VO2 ratio) is approximately 5:1. In fact, DO2 and 

VO2 are linked by a simple relationship called the oxygen extraction 

ratio (ERo2 2 %). Under physiologic conditions, DO2 is larger than 

VO2 and the ERo2 is roughly 20% (<2.4 mL O2/kg/min for a 12 mL 

O2/kg/min DO2). This DO2:VO2 ratio is high enough that cellular 

respiration is not supply dependent, and VO2 is predominantly a 

function of tissue oxygen demand: “consumption drives delivery.” 

VO2 becomes supply dependent when the DO2:VO2 ratio falls be-

low 2:1, producing a biphasic DO2:VO2 relationship.8 This critical 

level of the DO2:VO2 relationship (the so-called “critical DO2”) cor-

responds to the maximal oxygen extraction.

 3. Cells require oxygen for the production of adenosine triphosphate 

(ATP), the principal energy source. ATP is hydrolyzed to adenosine 

diphosphate (ADP) and inorganic phosphate (Pi) by ATPs in the 

cytosol:

ATP ↔ ADP 1 Pi 1 H1 (yielding 7.3 kcal/mol)

Energy released is used for the maintenance of membrane integrity, 

ionic pumps, and other specialized functions, such as contractility 

of muscle cells and impulse transmission in neurons.

 4. Because the body’s stores of ATP will last no more than a few min-

utes, it must be continuously synthesized, and under physiologic 

conditions, the vast majority of ATP molecules are generated by the 

process of oxidative phosphorylation of glucose. Aerobic generation 

of ATP occurs in the mitochondria via oxidative phosphorylation 
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along the electron transport chain in which reduced nicotine ade-

nine dinucleotide (NADH) and reduced flavin adenine dinucleotide 

(FADH2) are reduction-oxidized (redox) by molecular oxygen:

NADH 1 ½ O2 1 H1 ↔ H2O 1 NAD1

This yields 52.6 kcal/mol, which is used in the electron transport 

chain to create ATP from ADP 1 Pi 1 H1.

The first stage of oxidative phosphorylation is the conversion of glu-

cose to pyruvic acid; this occurs in the cytoplasm. The second stage, the 

oxidation of pyruvic acid, can only occur in the mitochondria as part 

of the Krebs (citric acid) cycle (Fig. 80.1). Oxidative phosphorylation 

is a more efficient process than substrate-level phosphorylation, yield-

ing up to eight times more ATP than the anaerobic pathway per mole 

of glucose. In fact, this process produces a net 36 molecules of ATP (or 

1270 kJ of available energy) for every glucose molecule oxidized.

 5. Anaerobic generation of ATP occurs in the cytosol and in the mito-

chondria via ATP-generating reactions that catalyze the following 

substrates with ADP into ATP:

1,3-Diphosphoglycerate 1 ADP ↔*3-diphosphoglycerate 1 ATP*

Phosphoenolpyruvate 1 ADP ↔** pyruvate 1 ATP

1,3-Succinyl CoA 1 ADP ↔*** succinate 1 ATP

* 5 Phosphoglycerate kinase (related enzyme)

** 5 Pyruvate kinase (related enzyme)

*** 5 Succinyl CoA synthase (related enzyme)

 6. Lactate increase in blood level is the consequence of alterations in 

cellular energy metabolism caused by acquired derangements in 

cellular respiration. Lactate is produced according to the following 

cytoplasmic reaction:

Pyruvate 1 NADH 1 H1 ↔ Lactate 1 NAD1

This biochemical reaction promotes lactate formation, causing a 

10-fold lactate/pyruvate ratio. Hence, the lactate increase in the 

blood is the result of a pyruvate production exceeding its use by 

the mitochondria. Because the pyruvate is essentially produced 

via glycolysis, any increase in glycolysis, regardless of its origin, 

can cause lactatemia. Pyruvate is principally metabolized into the 

mitochondria by means of the aerobic oxidation pathway, using 

the Krebs cycle. The synthesis of lactate in the cell is dependent on 

the ATP/ADP and NADH/NAD ratios, which are both related to 

the oxygen use in the mitochondria. In fact, hypoxia inhibits mi-

tochondrial oxidative phosphorylation, leading to a decrease in 

the ATP/ADP ratio and an increase in the NADH/NAD ratio. This 

metabolic condition inhibits both the pyruvate carboxylase (con-

verting pyruvate into oxaloacetate) and the pyruvate dehydroge-

nase (converting pyruvate into acetyl CoA).9 When the physio-

logic pathway of pyruvate use is affected by alterations in the 

redox potential of the cell, the excess of pyruvate concentration is 

shifted to lactate production and to the less efficient anaerobic 

glycolysis.

According to Connett and colleagues,10 it is possible to define three 

theoretical thresholds of cell hypoxia:

 1. The first is crossed when cellular oxygen decreases but ATP produc-

tion is maintained at a level sufficient to match ATP demand by 

metabolic adaptation (i.e., redox recruitment, alteration of phos-

phorylation states, increased glycolysis). The critical level of mito-

chondrial PO2 for oxidative phosphorylation depends on the ability 

of a cell to adapt the phosphorylation process metabolically and the 

level of ATP demand.

 2. The second occurs when steady-state ATP turnover can be main-

tained only by the production of ATP from anaerobic glycolysis by 

the Embden-Meyerhof pathway. This highly inefficient pathway 

generates only 2 molecules of ATP per 1 molecule of glucose me-

tabolized. For highly metabolic tissues such as the brain, kidney, 

and liver, anaerobic glycolysis is too cumbersome to be effective, 

and these organs develop ATP depletion rapidly under hypoxic 

conditions. Dysoxia can be defined below this threshold.

 3. The third threshold is crossed when glycolysis becomes insufficient 

to produce enough ATP to maintain cell function and structural 

integrity. This last step leads to cellular damage and death.
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Fig. 80.1 Schematic Illustration of the Energetic Substrate Metabolism in Cells. NADH and FADH2 

are redox cofactor created during the Krebs cycle and used during the last part of cellular respiration, the 

electron transport chain. ATP, Adenosine triphosphate; FADH2, reduced flavin adenine dinucleotide; NADH, 

reduced nicotinamide adenine dinucleotide.
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FROM MICRO TO MACRO CIRCULATION: SYSTEMIC 
TARGETS OF RESUSCITATION FROM CIRCULATORY 
SHOCK

Circulatory shock is a clinical diagnosis based on signs and symptoms 

of inadequate tissue perfusion. This implies an often-neglected physi-

ologic cornerstone (Table 80.1): there is no correlation between the 

pure CO and mean arterial pressure (MAP) measurements, and shock. 

Moreover, whenever present, this correlation is not linear. Clearly, very 

low values of CO and MAP are harmful; however, neither their abso-

lute values nor the changes in response to therapy accurately reflect the 

adequacy of peripheral blood flow. In other words, normal or even 

high values of CO and MAP could be insufficient if metabolic demand 

is unbalanced (Fig. 80.2).

As a matter of fact, the ability of ICU physicians to correctly esti-

mate CO values at the bedside is particularly misleading. In a recent 

review, physicians’ estimates of CO based on clinical examinations 

were correct in 42%–62% (more or less the accuracy of flipping a 

coin), and two studies reported that 20%–25% of the CO estimations 

were completely incongruent (meaning that the estimated CO was 

increased, whereas the objective CO was decreased or vice versa).6 For 

this reason, the diagnosis of circulatory shock should be mainly based 

on the clinical assessment of DO2-VO2 mismatch.

Eighty years ago, Ebert et al. described the skin of septic shock pa-

tients as being “pale, often sweaty.”11 Mottling skin has been recently 

proposed using a semiquantitative approach based on mottling exten-

sion around the knee: a clinical score ranging from 0 (indicating no 

mottling) to 5 (an extremely severe mottling area that goes beyond the 

fold of the groin). Scores $4 and persistence of high values during the 

first 6 hours after ICU admission were both associated with the lowest 

chance of survival.12 An increase in mottling was associated with in-

creased lactate levels and decreasing urinary output, but not with CO 

values, confirming that the progression of shock cannot be assessed 

only by CO.12,13

Physiological 

Variables Advantages Drawbacks Clinical Utility

Blood pressure Easy to perform

Costless index

Target value

(SBP .90 mm Hg,

MAP .65 mm Hg)

Low SBP and MAP, when taken  

alone, are not predictors of fluid  

responsiveness

Part of the bedside standard clinical examination

Hypotension must be promptly recognized and when asso-

ciated with tachycardia should trigger the clinician to 

start fluid resuscitation unless clear evidence of severe 

cardiac failure

SI Easy to perform

Costless index

(normal value 0.5–0.7)

Linear and inverse correlation 

with CO

SI .1 could also be increased in 

cardiogenic and obstructive shock

Useful index facing a shocked patient

SI $1 is a possible sign of hypovolemia, but a cardiogenic 

component of the shock must be excluded

CRT Easy to perform

Costless index

Operator dependent

Affected by different durations of  

pressure, ambient, and skin  

temperatures

Part of the bedside standard clinical examination in the ICU

If CRT #2 seconds, should be considered normal

To standardize the maneuver, use just enough pressure to  

remove the blood at the tip of the physician’s nail, illus-

trated by the appearance of a thin white distal crescent 

(blanching) under the nail, for 15 seconds

Skin mottling Easy to perform

Costless index

Operator dependent

Not applicable in patients with dark skin

Affected by the ambient and skin  

temperatures

Part of the bedside standard clinical examination in the ICU

Should be standardized considering a score ranging from 0 

(indicating no mottling) to 5 (an extremely severe mot-

tling area that goes beyond the fold of the groin)

Lactate Quickly available

May trigger further evaluation 

in subclinical (cryptic) shock

Target value (#2 mmol/L)

Normolactatemia does not exclude ACD

It is not a direct measure of  

tissue perfusion

Influenced by lactate clearance

Lactate normalization is indicative of successful  

resuscitation

Persistence of severe hyperlactatemia (.10 mmol/L for 

.24 h) is associated with negative prognosis

Patients with lactate level .2 mmol/L should be carefully 

monitored

Patients with persistent lactate level .4 mmol/L should be 

considered for ICU admission

ScVO2 Quickly available

Target value

(when low at presentation)

Need for a CVC in the superior  

cava vein

The optimization of low ScVO2 (,70%) has been success-

fully used in a protocolized approach to septic shock

Normal or high values are less indicative of the degree of 

shock

DPCO2 Quickly available

Target value (2–6 mm Hg)

Need for a CVC in the superior  

cava vein

High values (.6 mm Hg) can identify inadequate resusci-

tated patients (insufficient blood flow to the tissues)

TABLE 80.1 Physiologic Targets and Goals During Circulatory Shock

See the text for further explanations.

ACD, Acute circulatory dysfunction; CO, cardiac output; CRT, capillary refill time; CVC, central venous catheter; DPCO2 (also called GAP CO2), 

the venous-to-arterial CO2 tension difference; ICU, intensive care unit; MAP, mean arterial pressure; SBP, systolic blood pressure; ScVO2, central 

venous oxygen saturation; SI, shock index.
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Another easy-to-learn, inexpensive, repeatable, and reliable bedside 

clinical parameter is the capillary refill time (CRT). The CRT measures 

the time required to recolor the tip of a finger after pressure is applied 

to cause blanching. Because this maneuver depends on the applied 

pressure, Ait-Oufella and colleagues recommended using just enough 

pressure to remove the blood at the tip of the physician’s nail, illus-

trated by the appearance of a thin white distal crescent under the nail, 

for 15 seconds.11 CRT at 6 hours after inclusion was strongly predictive 

of 14-day mortality (area under the curve of 0.84 [75 - 94]). Hernán-

dez and colleagues reported that CRT ,4 seconds detected 6 hours 

after resuscitation was associated with resuscitation success, with nor-

malization of lactate levels 24 hours after the occurrence of severe 

sepsis/septic shock.14 A prospective cohort study of 1320 adult patients 

hospitalized in the emergency room for hypotension showed a consis-

tent association between CRT and in-hospital mortality.15

Serum lactate is a more objective metabolic surrogate to guide fluid 

resuscitation. The Surviving Sepsis Campaign guideline suggests guid-

ing resuscitation to normalize lactate in patients with elevated levels.16 

Irrespective of the source, increased lactate levels are associated with 

worse outcomes,17 and lactate-guided resuscitation significantly re-

duced mortality as compared with resuscitation without lactate moni-

toring.16 Because serum lactate is not a direct measure of tissue perfu-

sion,18 this single value is less informative than the trend of lactate 

clearance. However, serum lactate normalization is indicative of shock 

reversal, whereas severe hyperlactatemia is associated with very poor 

outcomes. Recently published data showed that lactate .4 mmol/L 

associated with hypotension led to a mortality rate of 44.5% in ICU 

patients with severe sepsis or septic shock.17 For instance, a large retro-

spective study showed that a subgroup of ICU patients with severe 

hyperlactatemia (lactate .10 mmol/L) had a 78.2% chance of mortal-

ity, which increased up to 95% if hyperlactatemia persisted for more 

than 24 hours.19

The venous-to-arterial CO2 tension difference (DPCO2) and cen-

tral venous oxygen saturation (ScVO2) provides adjunctive relevant 

clinical information. According to a modified Fick equation, DPCO2 is 

linearly linked to CO2 generation and inversely linked to CO.20 DPCO2 

ranges between 2 and 6 mm Hg under normal conditions and should 

be considered as a marker of the adequacy of blood flow to wash out 

the CO2 produced by the tissues rather than as a marker of tissue oxy-

gen deficit.20

ScvO2 reflects the balance between oxygen delivery and consump-

tion, being a surrogate value of mixed venous oxygen saturation (nor-

mally the ScvO2 is 2%–3% lower than SvO2).21 Because a low ScvO2 is 

indicative of inadequate oxygen delivery, this parameter has been previ-

ously considered a therapeutic target in the management of early phases 

of septic shock.22–24 However, this approach has been challenged by the 

negative results of three subsequent large multicenter randomized con-

trolled trials25–27 and is no longer recommended.16 Given that the ARISE, 

PROMISE, and PROCESS trials probably included populations of less 

severe critically ill patients with respect to the study of Rivers and col-

leagues22 (i.e., lower baseline lactate levels, ScvO2 at or above the target 

value at the admission, and lower mortality in the control group25–27), 

Signs of tissue dysoxia

Does my initial therapy improve the signs
of tissue dysoxia?

LactatesCRT Mottling Skin ScVO2GAP CO2

Yes

Yes

Yes

No

ResuscitationReassess

Use of critical care echocardiography
to reduce diagnostic uncertainity

Consider hemodynamic
monitoring

Can the manipulation of
CO improve tissue

perfusion?

Shock is present irrespective
of CO and MAP values 

Fig. 80.2 Schematic Illustration of an Integrated Approach to Circulatory Shock. The clinical presentation 

and examination, with the past medical history of the patient, are key aspects of initial diagnosis. Consider 

the source of hemodynamic instability starting from the most common: septic shock n cardiogenic shock n 

hypovolemic shock n distributive n obstructive. Whenever available, the critical care echocardiography (i.e., 

an oriented and focused echocardiographic examination performed and interpreted at the bedside by the in-

tensivists) could help in the initial diagnosis and further assessment of the response to fluid therapy. CO, 

Cardiac output; CRT, capillary refill time; GAP CO2, the venous-to-arterial CO2 tension difference; MAP, mean 

arterial pressure; ScVO2, central venous oxygen saturation.
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the normalization of low ScvO2 in the early phase of septic shock can still 

be considered a good predictor of successful resuscitation. On the con-

trary, the persistence of high blood values of ScvO2 is associated with 

mortality in septic shock patients, probably indicating an irreversible 

impairment of the oxygen extraction by the cells.28

Arterial blood pressure (ABP) depends on several factors: the 

amount of blood ejected by the heart, the arterial compliance, and the 

systemic vascular resistance; the arterial system modulates vessel tone 

in order to keep perfusion pressure (i.e., MAP) constant.

Although arterial hypotension is not per se a sign of acute circula-

tory dysfunction, a systolic ABP lower than 90 mm Hg (or less than  

40 mm Hg in previously hypertensive patients) or a MAP less than  

65 mm Hg should be promptly recognized. Facing a shocked patient in 

the first minutes, one of the fundamental questions should be if she or 

he would benefit from fluid therapy. The MAP value alone is not suf-

ficient to trigger fluid resuscitation: a low MAP may not be associated 

with hypovolemic or septic shock or, in contrast, might be maintained 

adequately thanks to a compensatory mechanism like an increase in 

vascular resistance.1 Moreover, low systolic ABP could be associated 

with either a normal or a low diastolic ABP-value (i.e., 40 mm Hg). As 

one of the main determinants of diastolic ABP is the arteriolar tone, a 

low systolic and diastolic ABP suggest a low vascular tone, especially in 

the presence of tachycardia, and therefore the need for an early vaso-

pressor may be warranted.29

Tachycardia is an important early sign of shock, but it can also be 

caused by pain, anxiety, fever, anemia, or inflammation. For these rea-

sons, it should not be used alone as a predictor of fluid responsive-

ness.1,30 In a patient in shock, both hypotension and tachycardia 

should trigger the clinician to start fluid resuscitation unless clear evi-

dence of severe cardiac failure is present.

A useful and easy indicator of hypovolemia is the “shock index” 

(SI): that is, the ratio of heart rate divided by systolic blood pressure 

(HR/SBP). This index was originally described in trauma patients, but 

its relevance has also been demonstrated in septic patients.31 The SI has 

a linear and inverse correlation with the CO, and in healthy adults the 

normal range is 0.5–0.7. A value $1 is related to the extent of hypovo-

lemia, but it is important to underline that it could also be increased in 

cardiogenic and obstructive shock. Therefore with an SI $1, fluid 

therapy should be started, while always checking for a possible cardiac 

component of the shock.29

Another insidious marker of possible hypoperfusion is urinary out-

put.29 Oliguria is a nonspecific symptom and could already be present 

with mild dehydration. Moreover, urinary output may not reflect sys-

temic hypoperfusion during early circulatory dysfunction: some neuro-

hormonal compensatory mechanisms could be responsible for preserv-

ing and sometimes even increasing renal blood flow, and in this case extra 

fluids could alter renal perfusion by increasing venous congestion. In 

synthesis, fluid administration does not necessary lead to a restoration of 

normal diuresis, and oliguria could be the result of profound intrarenal 

microcirculatory abnormalities that are not related to hypoperfusion.32

Finally, an attractive method to investigate a hypovolemic status is 

the passive leg raising (PLR) test. It can be considered a brief and com-

pletely reversible “self-volume challenge” because of the shift of around 

300 mL of blood from the legs to the intrathoracic compartment to 

avoid the risk of fluid overload. Of course, the effect of PLR is time 

limited, with the apex of the increasing CO occurring 1 minute after 

starting the manuver.33,34 The reliability of the PLR is known to be 

significant when a direct measurement of the CO is available. However, 

changes in the pulse pressure after the PLR (i.e., the difference between 

systolic and diastolic pressure) could be useful in the assessment of 

fluid responsiveness, despite a lower sensitivity and specificity as com-

pared with changes in CO.35

A PHYSIOLOGIC CAUSE-RELATED APPROACH  
TO CIRCULATORY SHOCK

Circulatory Shock Caused by CO Limitation 
(Cardiogenic, Obstructive)
Cardiogenic shock is characterized by a global reduction in DO2 be-

cause of a reduction in CO caused by either a myocardial dysfunction 

(myogenic injury—infectious, viral, or ischemic disease; a major val-

vular disease; a severe arrhythmia) or a mechanical obstacle to the 

cardiac flow (pulmonary embolism, tension pneumothorax, or a 

raised pericardial pressure). Cardiogenic shock complicates 5%–10% 

of cases of acute myocardial infarction and is the leading cause of 

death after this event.

Principles of treatment of myocardial dysfunction (see also Chapters 70 

and 74): The characteristic of cardiogenic shock after myocardial  

dysfunction is the peripheral vasoconstriction and vital end-organ 

damage, which reflect ineffective CO and insufficient circulatory com-

pensation. This compensatory effect may initially improve coronary 

and peripheral perfusion; however, it contributes to increased cardiac 

afterload, which exacerbates the damage in the myocardium. Inotropes 

are routinely used to improve CO in cardiogenic shock, but at the  

expense of tachyarrhythmias, increased myocardial VO2, and adverse 

effects on regional blood flow. Vasopressors could be used in this setting 

and should be titrated to a MAP with a typical goal of .65 mm Hg. 

Vasopressin has less pulmonary vasoconstriction than norepinephrine 

and may be more beneficial as a first-line vasopressor in patients with 

acute right ventricle failure.36

Specific treatments of CO limitation-related mechanic conditions 

are reported elsewhere in this book (see Chapters 65, 66, 75, and E9).

Circulatory Shock Caused by Volume Depletion: 
Decreased CaO2 (Anemia)
The goals of initial resuscitation for hemorrhagic shock are (1) to ar-

rest ongoing bleeding, (2) to restore the effective circulating blood 

volume, and (3) to restore tissue perfusion. The modern management 

protocol of hemorrhagic shock has been mainly developed based on 

the treatment of trauma patients. This involves prompt control of the 

source of bleeding by means of damage control surgery and has been 

expanded to the early management of trauma patients as damage con-

trol resuscitation, with the purpose of preventing the lethal triad of 

coagulopathy, hypothermia, and acidosis. A degree of hypotension is 

permitted in this context, and fluid repletion should avoid hemodilu-

tion and should be mainly based on transfusion of red blood cells, 

plasma, and platelets in a high unit ratio (.1:2) or reconstituted whole 

blood in a 1:1:1 unit ratio. Specific principles of the treatment of hy-

povolemic shock resulting from hemoglobin loss are reported in 

Chapters 125 and 141.

Circulatory Shock Caused by Volume Depletion: Decreased Cao2 

(Hypoxemia, Poisoning)

Hemoglobin’s capacity to carry O2 can also be limited by structural 

damages inhibiting its physiologic activity. For instance, during carbon 

monoxide poisoning, a decrease in DO2 results from a loading compe-

tition on hemoglobin between carbon monoxide and O2 and is “maxi-

mized” by abnormal O2 use (carbon monoxide interacts with oxidative 

phosphorylation) and a decrease in ERO2 capabilities. In this particu-

lar case, shock is both quantitative and distributive. In the presence of 

severe hypoxemia because of an acute respiratory disorder, decreased 

SaO2 leads to a decreased CaO2, and Do2 that largely depends on an 

associated increase in CO. Specific principles of the treatment of poi-

soning are reported in Chapter 140. For a comprehensive evaluation of 

hypoxemic disorders, please refer to Part IV of this book.
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Circulatory Shock Caused by Decreased ERO2: 
Distributive Shock
This type of shock is related to:

 1. Altered flow redistribution among organs secondary to inflamma-

tion (mainly caused by sepsis), anaphylaxis, or some drugs (e.g., 

large doses of sedative agents)

 2. Decrease in capillary recruitment secondary to altered vascular re-

activity, increased intravascular coagulation, increased blood cell 

adhesion, and/or endothelial edema

 3. Abnormal mitochondrial function (mitochondrial injury or dys-

function) described as “cytopathic hypoxia,” or more precisely as 

cytopathic dysoxia, a situation in which cells cannot synthesize ATP 

despite having sufficient global DO2.

Although septic shock is one of the distributive shocks, the patho-

physiology of septic shock is different from other distributive shock 

diseases. The pathophysiology and the clinical course of septic shock 

are more complex and vary over the course of the disease, with variable 

degrees of intravascular volume depletion, peripheral vasodilation, 

and cardiac dysfunction. Specific principles of the treatment of septic 

shock are reported in Chapter 118.

KEY POINTS

• Shock can be defined as a state of circulatory failure to deliver sufficient 

oxygen to balance the demands of the tissues, which results in tissue  

hypoxia—a deficiency in the bioavailability of oxygen to the tissues of the 

body.

• The challenge of shock management is to balance fluid administration 

(preload), heart contractility, and vascular tone (afterload) to avoid the  

detrimental effects of over-resuscitation or under-resuscitation.

• Shock is caused by a septic source in the vast majority of critically ill pa-

tients, whereas cardiogenic, hypovolemic, and other types of distributive or 

obstructive shock are less frequent.

• Circulatory shock is a clinical diagnosis based on signs and symptoms of 

inadequate tissue perfusion. This implies an often-neglected physiologic 

cornerstone: there is not (always) a correlation between the pure CO and 

MAP measurements and shock.

• The clinical examination is a cornerstone in shock but is notoriously inac-

curate to assess the exact value of CO and the intravascular volume status.

• The goal of shock management can be achieved only by adding bedside 

quantitative and qualitative evaluation of cardiovascular system function, 

based on an integrated approach of clinical examination, critical care echo-

cardiography, and hemodynamic monitoring.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Cecconi M, De Backer D, Antonelli M, et al. Consensus on circulatory shock 

and hemodynamic monitoring. Task force of the European Society of  

Intensive Care Medicine. Intensive Care Med. 2014;40(12):1795–1815.

The European Society of Intensive Care Medicine invited 12 experts to form  

a task force to update a previous consensus (Antonelli et al. Intensive Care 

Med. 2007;33:575–590). The task force was developed to answer the follow-

ing questions: (1) What are the epidemiologic and pathophysiologic features 

of shock in the ICU? (2) Should we monitor preload and fluid responsiveness 

in shock? (3) How and when should we monitor stroke volume or CO in 

shock? (4) What markers of regional and microcirculation can be monitored, 

and how can cellular function be assessed in shock? (5) What is the evidence 

for using hemodynamic monitoring to direct therapy in shock?

Cecconi M, Hernandez G, Dunser M, et al. Fluid administration for acute  

circulatory dysfunction using basic monitoring: narrative review and  

expert panel recommendations from an ESICM task force. Intensive Care 

Med. 2019;45(1):21–32.

An international team of experts in the field of fluid resuscitation was invited 

by the ESICM to form a task force to systematically review the evidence con-

cerning fluid administration using basic monitoring. The work included a 

particular emphasis on pre-ICU hospital settings and resource-limited set-

tings. The work focused on four main questions: (1) What is the role of clini-

cal assessment to guide fluid resuscitation in shock? (2) What basic monitor-

ing is required to perform and interpret a fluid challenge? (3) What defines a 

fluid challenge in terms of fluid type, ranges of volume, and rate of adminis-

tration? (4) What are the safety endpoints during a fluid challenge?

De Backer D, Biston P, Devriendt J, et al. Comparison of dopamine and  

norepinephrine in the treatment of shock. N Engl J Med. 2010;362(9):

779–789.

Pivotal randomized controlled study assigning patients with hypotension  

persisting despite fluid administration either to norepinephrine infusion or to 

dopamine infusion to restore normal blood pressure. The results showed that 

the rate of arrhythmia was significantly higher in the dopamine group than 

in the norepinephrine group. Moreover, among patients whose shock was  

cardiogenic in nature, the 28-day mortality was significantly higher in the 

dopamine group than in the norepinephrine group.

Hernández G, Ospina-Tascón GA, Damiani LP, et al. Effect of a resuscitation 

strategy targeting peripheral perfusion status vs. serum lactate levels on 

28-day mortality among patients with septic shock: the ANDROMEDA 

SHOCK Randomized Clinical Trial. JAMA. 2019;321(7):654–664.

Multicenter randomized controlled trial showing that among patients with 

septic shock, a resuscitation strategy targeting normalization of capillary refill 

time, compared with a strategy targeting serum lactate levels, did not reduce 

all-cause 28-day mortality.

Vincent JL, De Backer D. Circulatory shock. N Engl J Med. 2013;369(18):

1726–1734.

A review and initial assessment of shock states, summarizing recent  

findings of the literature, clinical approaches, and goals of management  

of circulatory failure.
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Use of Inotropes for Achieving Supranormal Levels of 
Oxygen Delivery or for Being Incorporated in a  
Goal-Directed Therapeutic Approach
High-Risk Surgical Patients

The concept of attempting to achieve supranormal hemodynamic end-

points emerged from studies in high-risk surgical patients. In a prospective 

study in high-risk patients undergoing surgery, Shoemaker and colleagues 

showed that the use of supranormal hemodynamic values as therapeutic 

endpoints was associated with a reduction in mortality rate from 33% to 

4%.4 In the protocol group, dobutamine and dopamine were given as 

inotropic drugs, even in the absence of evidence of reduced cardiac con-

tractility, when volume resuscitation (and packed red blood cells, if neces-

sary) failed to achieve supranormal values of oxygen delivery4 (.600 mL/

min/m2). Thereafter, some debate concerning the perioperative fluid 

management strategy has emerged, especially during abdominal surgery. 

On the one hand, restricted perioperative fluid management could  

decrease the rate of postoperative complications and promote faster  

recovery.5–7 On the other hand, randomized trials did not confirm the 

supposed benefits of fluid restriction on recovery after elective surgery.8,9 

Excessive fluid restriction could lead to higher rates of acute kidney injury 

and renal replacement therapy9 and more postoperative complications 

such as anastomotic leaks and surgical site infection.10

In fact, the most important point was not the use of the perioperative 

fluid strategy itself, but rather the use of a goal-directed strategy based 

on stroke volume,11–13 oxygen delivery index,14,15 or cardiac index.16 In 

these randomized studies, the volume of intraoperative fluids was de-

creased,14,15 unchanged,16 or increased.11–13 Nevertheless, in all these 

studies, postoperative complications or hospital length of stay was de-

creased. The potential beneficial effects of intraoperative goal-directed 

fluid therapy in elective major abdominal surgery in terms of morbidity 

and hospital and ICU length of stay were confirmed in a meta-analysis.17 

Two reviews confirmed that a deliberate perioperative increase in oxygen 

delivery above supranormal values using fluid infusion and various 

inotropic drugs (dobutamine, dopamine, epinephrine, dopexamine) in 

high-risk patients undergoing surgery was associated with a decreased 

mortality rate and postoperative complications.18,19 It is important to 

emphasize that (1) benefits are most pronounced in patients receiving 

fluid and inotropic therapy as opposed to fluids alone to achieve supra-

normal values of cardiac index or oxygen delivery with the use of mini-

mally invasive cardiac output monitors,20 (2) benefits related to the use 

of an intraoperative goal-directed therapy could also concern low- and 

moderate-risk patients,21 and (3) such an early goal-directed therapy 

(EGDT) is not considered after complications have already developed.19 

However, more recently, the interest of perioperative goal-directed 

RATIONALE FOR USING INOTROPIC THERAPY IN 
THE CRITICALLY ILL

Two different objectives for using inotropes in the critically ill have 

been considered: (1) the attempt to improve cardiac function in pa-

tients with low blood flow related to reduced myocardial contractility 

and (2) the attempt to achieve supranormal values of cardiac output in 

order to prevent or reduce oxygen debt; in this situation, inotropes 

might be given after volume resuscitation, even in the absence of for-

mally documented myocardial depression.

Use of Inotropes for Reversing Impaired Myocardial 
Contractility
The first category of situations where inotropic therapy is generally 

considered includes cardiogenic shock, acute heart failure, or acute 

exacerbation of chronic heart failure. However, although the use of 

such therapy in these clinical conditions seems logical on a classic 

pathophysiologic basis, no demonstration of a beneficial impact on 

morbidity and mortality can be found in the literature. Moreover, 

almost all the commercially available inotropes have been shown to 

be associated with an increased mortality rate when given on a 

long-term basis to patients with chronic heart failure. It has been 

postulated that the long-term use of inotropes leads to the deterio-

ration of left ventricular function through the acceleration of myo-

cardial cell apoptosis.1 Additionally, the beneficial effects on the 

mortality rate with agents known to have negative inotropic effects 

such as beta-blockers is now well established in patients with 

chronic heart failure with preserved ejection fraction2 or reduced 

ejection fraction.3 Therefore inotropic therapy is generally reserved 

for patients with cardiogenic shock. Under these conditions, clini-

cians can expect short-term positive effects of intravenous inotro-

pic therapy, allowing cardiovascular stabilization. Inotropic therapy 

can also be used in patients with refractory heart failure who are 

waiting for mechanical circulatory support (left ventricular assist 

devices, extracorporeal life support) and/or cardiac transplanta-

tion. In those with potentially reversible causes of acute heart fail-

ure (such as myocardial infarction or acute myocarditis), short-

term inotropic therapy must be considered as an appropriate 

bridge to coronary revascularization or recovery. The development 

of bedside echocardiography in the intensive care unit (ICU) 

should allow the appropriate use of inotropic therapy because this 

method provides a more accurate assessment of systolic cardiac 

function than traditional invasive methods such as pulmonary ar-

tery catheterization.
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therapy has been questioned.22,23 In a pragmatic, multicenter random-

ized trial in high-risk patients undergoing major gastrointestinal  

surgery, Pearse and colleagues assessed the clinical effectiveness of a  

deliberate perioperative strategy including fluid administration and 

dopexamine to achieve and maintain a maximal stroke volume.23 When 

compared with usual care, goal-directed therapy was not associated with 

a significant reduction in moderate or major postoperative complica-

tions.23 Nevertheless, after incorporating these results into an updated 

systematic review and meta-analysis, the deliberate perioperative strat-

egy was associated with a significant reduction in the percentage of  

patients who developed postoperative complications.23 It is important 

to note that in the group of usual care, fluid administration was based 

on central venous pressures and could be considered, in part, as goal-

directed therapy.23 It remains unclear, however, whether potential bene-

fits could be related to the increased oxygen delivery per se or other an-

tiinflammatory effects of catecholamines.24 In this regard, it has been 

demonstrated that the increased oxygen delivery per se improved micro-

vascular flow and tissue oxygenation.25 Nevertheless, an experimental 

study of murine septic shock has shown that dopexamine infusion per 

se reduces the systemic inflammatory response, attenuates leukocyte 

infiltration, and prevents hepatic and renal injury at doses that have no 

effects on global or regional hemodynamics.26 The issue of drug dosage 

is also essential. A recent meta-analysis has suggested that in the setting 

of major surgery, dopexamine at low doses, but not at high doses, could 

improve outcome.27 From all these findings, it is still reasonable to con-

sider the increase in cardiac output and oxygen delivery toward supra-

normal values during the perioperative period in high-risk patients  

undergoing elective major surgery and to guide the perioperative man-

agement of these high-risk patients by hemodynamic monitoring.28

Critically Ill Patients

It was debated whether a supranormal hemodynamic target approach 

can be applied to patients admitted to the ICU for acute illnesses. On 

the one hand, a pathologic oxygen consumption/supply dependency, 

presumably the result of impaired oxygen extraction capacities, has 

been reported in various categories of acute illnesses such as sepsis29 

and acute respiratory distress syndrome.30 Such a phenomenon was 

reported to correlate with the presence of increased blood lactate, to be 

a marker of global tissue hypoxia,29 and to be associated with a poor 

outcome.31 This so-called pathologic oxygen consumption/supply depen-

dency would incite the clinician to increase oxygen delivery toward 

supranormal values to overpass its critical level. However, such an ag-

gressive therapeutic approach has been seriously questioned since the 

publication of randomized clinical trials performed in patients with 

acute illnesses and who did not demonstrate any benefit from the de-

liberate manipulation of hemodynamic variables toward values higher 

than physiologic values.32,33 In one of these studies, the mortality rate 

was higher in the group of patients assigned to receive an aggressive 

treatment aimed at achieving supranormal values of oxygen delivery.32 

It was postulated that the deleterious consequences of the use of high 

doses of dobutamine in patients in the protocol group were responsi-

ble for the increased mortality rate. It should be noted that (1) the 

patients in the protocol group received high doses of the inotropic 

agent despite no evidence of any deficit of inotropic function and that 

(2) in most of these patients the aggressive inotropic support failed to 

achieve the target value of oxygen consumption (170 mL/min/m2). 

The later analysis of the subgroup of septic patients in a study showed 

that survivors were characterized by their ability to increase both oxy-

gen delivery and oxygen consumption, regardless of their group of 

randomization.34 Nonsurviving patients were characterized by their 

inability to increase oxygen consumption despite the increase in  

oxygen delivery, suggesting a more marked impairment of peripheral 

oxygen extraction in nonsurvivors than in survivors.34 In addition, the 

ability to increase cardiac output and oxygen delivery was also signifi-

cantly reduced in nonsurvivors than in survivors, suggesting a decrease 

in cardiac reserve in patients who will die.34 This is not a surprising 

finding because the degree of myocardial dysfunction in septic shock 

correlates with an increased risk of death. In this regard, it has been 

suggested that the response to a dobutamine challenge has a prognos-

tic value in septic patients because in two prospective studies survivors 

were able to increase both oxygen consumption and oxygen delivery in 

response to dobutamine, whereas nonsurvivors were unable to in-

crease either oxygen delivery or oxygen consumption or both.35,36

Data from all the results of randomized controlled studies indicate 

that a deliberative attempt to achieve supranormal hemodynamic tar-

gets in the general population of critically ill patients is no longer rec-

ommended.37,38 Nevertheless, in the early phase of septic shock with 

low blood flow and oxygen delivery, an aggressive hemodynamic 

therapy, including inotropes, aimed at rapidly normalizing the central 

venous oxygen saturation (ScvO2) as a surrogate of oxygen delivery, 

was demonstrated to result in a better outcome in a monocenter,  

randomized controlled trial.39 This result has led to the popularity of 

the concept of EGDT with (ScvO2) as the main hemodynamic target. 

Nevertheless, three recent multicenter, randomized studies have shown 

that EGDT using (ScvO2) did not reduce all-cause mortality,40–42 dura-

tion of organ support, or hospital length of stay.40,41 In addition, com-

pared with usual care, EGDT resulted in higher hospitalization costs43 

and was associated with increased utilization of ICU resources.44 How-

ever, compared with the study by Rivers and colleagues,39 patients 

included in the three multicenter, randomized controlled trials40–42 

were fluid resuscitated before randomization, such that the average 

baseline (ScvO2) was already higher than 70% (the target of the EGDT 

arm). Such a fact certainly accounted for the absence of superiority of 

EGDT over the control arms in these studies.40–42 This clearly cannot 

rule out the strategy of increasing oxygen delivery and targeting 

(ScvO2) higher than 70% when (ScvO2) is lower than 70%, as this was 

the case in the majority of the patients in the study by Rivers et al.39 

Thus in the early phase of septic shock and maybe in other acute  

illnesses, it could be essential to rapidly restore normal global blood 

flow conditions to avoid further deleterious consequences of systemic 

hypoperfusion. In later stages of the disease, with inflammatory pro-

cesses and organ dysfunction already developed, no evidence of benefit 

from a further increase in oxygen delivery has been shown in the  

literature. Nevertheless, it seems likely that cardiac output should be 

kept in the normal range by using fluids and/or inotropes to prevent 

worsening of the insult. It should be stressed that even in the EGDT 

approach, their use should not only be based on ScvO2 but also on the 

presence of established cardiac dysfunction, which is at best diagnosed 

on echocardiography,35,45 and after checking that hypovolemia and 

hypotension have been already corrected.37

PHARMACOLOGIC PROPERTIES OF INOTROPIC 
AGENTS

Different inotropic drugs are available. Some of them act on adrener-

gic receptors located at the surface of the cardiomyocytes, whereas 

others exert their effects into the myocardial cell. The different treat-

ments targeting inotropy and their pharmacologic properties have 

been summarized in a recent review.46

Adrenergic Signalization
Both natural and synthetic catecholamines increase the Ca21 cytosolic 

concentration, which is directly related to the force of contraction 

(Fig. 81.1). Ca21 fixes on the troponin C Ca21-specific binding site, 
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inducing a conformational change that leads to the fixation of the 

myosin head to the actin filament. Hydrolysis of the adenosine tri-

phosphate (ATP) molecule located on the myosin head to adenosine 

diphosphate (ADP) simultaneously induces the flexion of the myosin 

neck and the shortening of the contractile apparatus.

A rapid overview of the physiologic response to adrenergic receptor 

stimulation is essential to understand the pharmacologic properties of 

these drugs. Receptors of the adrenergic system are classed as alpha-1, 

alpha-2, beta-1, beta-2, and dopaminergic receptors. Activation of the 

beta-1 receptors and, to a lesser degree, the alpha-1 receptors, is re-

sponsible for the inotropic effect of adrenergic agents.

Beta-1 Adrenergic Receptors

Beta-adrenergic receptors are transmembrane proteins located in the 

sarcolemma. The beta-1 receptor subtype is mainly represented in the 

human heart. Its stimulation induces inotropic, lusitropic, chrono-

tropic, and dromotropic effects that result from the enhancement in 

Ca21 cytosolic concentration. Binding of a beta-1 agonist agent to its 

receptor stimulates the Gs protein. Guanosine diphosphate, normally 

fixed to the stimulatory as subunit of the Gs protein, is replaced by 

guanosine triphosphate, and the as–guanosine triphosphate complex 

binds to adenyl cyclase, which then becomes activated. Cyclic adenos-

ine monophosphate (cAMP) is formed from ATP and activates protein 

kinase A. Protein kinase A phosphorylates and activates several cellular 

structures as follows:

• Theryanodinereceptorsofthesarcoplasmicreticulum,leadingto
the enhanced extrusion of Ca21 out of the sarcoplasmic reticulum. 

Indeed, the main part of the Ca21 cytosolic content needed for 

contraction is provided by the sarcoplasmic Ca21 store. The entry 

of Ca21 through the membrane L-type channels modifies the 

molecular conformation of the ryanodine receptor of the sarco-

plasmic reticulum. Parts of these ryanodine receptors are Ca21 

channels that enable the massive release of Ca21 out of the sarco-

plasmic reticulum (see Fig. 81.1).

• The sarcolemmal L-type Ca21 channels, increasing their opening 

time. This leads to an increased amount of cytosolic Ca21 available 

for sarcoplasmic reticulum Ca21 release and for contraction. The 

increase in intracytosolic Ca21 concentration also leads to the acti-

vation of calmodulin. This ubiquitous protein enables the phos-

phorylation of other proteins once it has fixed Ca21.

• The myosin light chain through the myosin light chain ATPase.
This phosphorylation enhances the responsiveness of the cardiac 

contractile protein to Ca21 and helps increase the affinity of myosin 

for actin, thus participating in the inotropic effect.

• The phospholamban and the sarcolemmal Na1/Ca21 exchanger, 

leading to a faster decrease in Ca21 cytosolic concentration after 

contraction and accounting for the lusitropic effect. Indeed, relax-

ation is dependent on Ca21 reuptake by the sarcoplasmic reticulum 

through the sarcoendoplasmic reticulum Ca21 ATPase pump. The 

activity of sarcoendoplasmic reticulum Ca21 ATPase is normally 

inhibited by phospholamban located in the sarcoplasmic reticulum 

membrane near the Ca21 pump. The phosphorylation of phos-

pholamban relieves this inhibition, and Ca21 uptake by the sarco-

plasmic reticulum is thus stimulated.

Beta-2 Adrenergic Receptors

The beta-2 receptor subtype is mainly represented in noncardiac struc-

tures. Beta-2 adrenergic stimulation induces arterial and venous relax-

ation. The effects of beta-2 stimulation in vascular smooth muscle re-

sult from a different activation pathway: once the Ca21 intracytosolic 

concentration increases, it fixes the calmodulin regulatory protein, and 

the Ca21–calmodulin complex activates the myosin light chain kinase, 

leading to the inhibition of phosphorylation of the myosin light chain 

and finally smooth muscle relaxation.

Alpha-Adrenergic Receptors

When an agonist fixes the alpha-1 receptor, Gh, which is one of the 

G-protein family, it stimulates phospholipase C, which splits phospha-

tidyl inositol into inositol triphosphate and 1,2-diacylglycerol. Inositol 

triphosphate stimulates the release of Ca21 from the sarcoplasmic re-

ticulum. Alpha-2 adrenoreceptor stimulation inhibits adenylate cy-

clase and reduces cAMP intracellular concentration. Alpha adrenore-

ceptors are not prominent in the cardiac tissue but are in the vascular 

wall. Cardiac alpha-1 stimulation induces a positive inotropic effect; 

alpha-1 and alpha-2 stimulations induce potent arterial and venous 

constriction.

Pharmacologic Properties of Inotropic Agents Used  
in Clinical Practice
Epinephrine

Epinephrine is the main physiologic adrenergic hormone of the adre-

nal medullar gland. It is a potent stimulator of alpha, beta-1, and 

beta-2 receptors. The alpha-adrenergic effect is responsible for a 

marked arterial and venous vasoconstriction. Epinephrine increases 

systolic arterial pressure, but its effect on vasculature is partly counter-

acted by beta-2–mediated vasodilation. Diastolic blood pressure is 

thus only slightly affected by epinephrine, and the increase in mean 

arterial pressure (MAP) is less than that with norepinephrine.

Through cardiac beta-1 stimulation, epinephrine increases heart 

rate and inotropism. The effects of the combination of the latter, along 

with the alpha-mediated venous constriction promoting venous return 

and cardiac preload, results in an increase in cardiac output. Epinephrine 

Fig. 81.1 Mechanisms of Action of Inotropic Agents at the Cellular 

Level. Schematic Representation. Beta-1 agonist agents fix the beta-1 

receptor and stimulate the formation of cyclic adenosine monophos-

phate (cAMP) from AMP through adenylate cyclase. cAMP activates 

protein kinase A (PKa), which provokes extrusion of Ca21 from the sar-

coplasmic reticulum into the cytosol through phosphorylated ryanodine 

receptors. Ca21 fixes troponin C (Tnc) and finally activates the fixation 

of actin on myosin filaments. Phosphodiesterase (PDE) inhibitors also 

increase the cAMP concentration by inhibiting its degradation. Ca21 

sensitizers increase inotropism through enhancement of troponin C 

sensitivity for Ca21. Cardiac myosin activators increase the activity of 

the ATPase of the myofibrils, increasing the contractile force of the 

cardiomyocytes without increasing the amount of ATP molecules re-

quired for contraction. Istaroxime inhibits the Na1/K1-ATPase, increas-

ing the activity of the sarcoplasmic reticulum calcium ATPase pump and 

increasing the reuptake of Ca21 by the sarcoplasmic reticulum.
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also facilitates ventricular relaxation and enhanced coronary blood flow 

through the increase in myocardial oxygen consumption.

Norepinephrine

Norepinephrine is the physiologic mediator released by the postgangli-

onic adrenergic nerves. It is a potent alpha and beta-1 adrenergic ago-

nist, but it has little activity on beta-2 receptors. Through its alpha-

adrenergic effect, norepinephrine induces potent arterial and venous 

constriction. It increases systolic and diastolic blood pressure, left ven-

tricular afterload, and cardiac filling pressures. Its alpha-adrenergic 

effect also induces the reduction of peripheral venous capacitance and 

thus results in decreased unstressed venous blood volume and in-

creased stressed venous blood volume. This is responsible for increased 

mean systemic filling pressure, venous return pressure gradient, and 

venous return.47,48 Beta-1 stimulation results in a positive inotropic 

effect and an increase in stroke volume. However, the chronotropic 

effect is counteracted by baroreflex stimulation after vasoconstriction. 

Consequently, the heart rate is unchanged or reduced, and the cardiac 

output can be unchanged. The coronary blood flow is enhanced by 

norepinephrine because of coronary vasodilation secondary to en-

hanced cardiac metabolism and the normalization of diastolic blood 

pressure when low.

Dopamine

Dopamine is the immediate physiologic precursor of norepinephrine 

and epinephrine. The cardiovascular effects of dopamine are mediated 

by several types of receptors that are activated at different dopamine 

concentrations and by norepinephrine produced by the transforma-

tion of dopamine.

At low rates of administration (,5 mg/kg/min), dopamine acti-

vates D1 receptors located in renal, mesenteric, cerebral, and coronary 

vessels and induces vasodilation without affecting arterial blood pres-

sure. At higher and intermediate rates of administration (5–10 mg/kg/

min), dopamine predominantly stimulates the beta-1 adrenergic re-

ceptor and thus enhances inotropism and increases heart rate. At such 

rates of infusion, dopamine increases systolic blood pressure without 

altering diastolic blood pressure because stroke volume is enhanced 

and arterial vascular tone is only slightly altered. Norepinephrine re-

sulting from dopamine transformation contributes to these cardiovas-

cular effects. At higher rates of administration (10–20 mg/kg/min), 

dopamine predominantly activates vascular alpha-1 adrenergic recep-

tors and induces arterial and venous vasoconstriction, counteracting 

D1-receptor–mediated vasodilation. This vasoconstriction increases 

arterial blood pressure, venous return, and cardiac filling pressures. At 

higher rates of administration, the hemodynamic effects of dopamine 

are similar to those of norepinephrine.

Dobutamine

Dobutamine is a synthetic adrenergic agonist derived from dopamine. 

Its effects on adrenergic receptors are complex, but do not result from 

endogenous transformation to norepinephrine. Dobutamine simulta-

neously activates different adrenergic receptors with some opposite 

effects. In fact, the clinically used drug is a racemic mixture of a (2) 

enantiomer, activating alpha-1 adrenergic receptors, and of a (1) en-

antiomer, activating beta-1 and beta-2 receptors. The alpha-1 and 

beta-1 adrenergic stimulation results in inotropic and chronotropic 

effects. Dobutamine does not exert any intrinsic vascular effect be-

cause the vasoconstriction induced by alpha-1 stimulation is counter-

acted by the beta-2–mediated vasodilating effect. Nevertheless, hypo-

tension caused by a beta-2–induced decreased vascular tone is a 

potential side effect of dobutamine when this agent is not able to in-

crease stroke volume, as is frequently the case in septic shock, where 

beta-1 adrenergic receptors can be moderately sensitive to beta-1 ad-

renergic stimulation.49

Dopexamine

Dopexamine is a synthetic catecholamine inducing beta-2 and dopa-

minergic-receptor activation, with no effect on alpha-adrenergic re-

ceptors and a weak direct effect on beta-1 adrenergic receptors. It also 

exerts indirect effects through the inhibition of the neuronal reuptake 

of norepinephrine. Its administration induces vasodilation and the 

inotropic effect with substantially increased stroke volume.

Isoproterenol

Isoproterenol (or isoprenaline) is a potent synthetic beta-adrenergic 

agonist with a very low affinity for alpha-adrenergic receptors. Through 

its potent beta-2–mediated vasodilating effect, it induces a fall in dia-

stolic and mean blood pressure, whereas the systolic blood pressure is 

increased because of the increase in stroke volume related to its beta-1 

adrenergic activation. The combination of the latter effect and the 

marked increase in heart rate leads to an enhanced cardiac output. The 

resulting increase in myocardial oxygen consumption is not compen-

sated for by coronary blood flow enhancement so that isoproterenol 

infusion may lead to myocardial ischemia, especially in the case of 

preexisting coronary artery disease. Because of its proischemic and 

hypotensive effects, isoproterenol is no longer used as an inotropic 

agent in clinical practice in the absence of bradycardia.

Phosphodiesterase Inhibitors

Despite the major role of catecholamines in the management of criti-

cally ill patients with inadequate cardiac output, problems such as 

tachycardia, arrhythmias, increased myocardial oxygen consumption, 

excessive vasoconstriction, or loss of effectiveness with prolonged ex-

posure to beta-agonists may occur. Thus other inotropic drugs such as 

phosphodiesterase inhibitors (milrinone and enoximone) have been 

proposed for the management of myocardial dysfunction. These syn-

thetic drugs inhibit the peak III isoform of phosphodiesterase, which 

catalyzes cAMP (see Fig. 81.1). By increasing intracellular cAMP con-

centration, they induce a potent vasodilation of the arterial and venous 

system through the relaxation of vascular smooth muscle. The left 

ventricular preload is reduced to a greater extent than with dobuta-

mine. At the cardiac level, phosphodiesterase inhibitors induce an 

inotropic effect similar to that induced by dobutamine. The heart rate 

is increased only at high rates of administration. The resulting effect is 

an increase in cardiac output. Because the enhancement of cAMP in-

tracellular concentration also promotes the reuptake of Ca21 by the 

sarcoplasmic reticulum, phosphodiesterase inhibitors facilitate ven-

tricular relaxation. Finally, because beta-agonists exert their action by 

increasing the production of cAMP, phosphodiesterase inhibition 

could enhance their adrenergic effects. This is the pharmacologic basis 

for the synergic association of beta-agonists and phosphodiesterase 

inhibitors.

Ca21 Sensitizers

Ca21 sensitizers increase the sensitivity of troponin C for Ca21 

and, hence, the force and the duration of cardiomyocyte contraction 

(see Fig. 81.1). Levosimendan is the leading drug of this therapeutic 

class. The advantage of levosimendan over classical inotropes is that it 

increases the force of contraction without enhancing the influx of 

Ca21 into the cytosol and thus without increasing the risk of arrhyth-

mias related to this ionic alteration. Some degree of phosphodiester-

ase III inhibitory activity probably also contributes to the inotropic 

effect of these drugs. It also induces vasodilation by opening ATP-

dependent K1 channels.50
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Cardiac Myosin Activators

Omecamtiv mecarbil is the leading drug of cardiac myosin activators. 

These drugs increase the activity of ATPase of the myofibrils, increas-

ing the contractile force of the cardiomyocytes without increasing the 

concentration of ATP molecules required for contraction (i.e., without 

increasing the myocardial oxygen consumption).51 Additionally, these 

substances increase the cardiac contractile force without the poten-

tially deleterious increase in intracytoplasmic Ca21 concentration. 

Cardiac myosine activators have been tested in animal studies in which 

their inotropic properties have been well demonstrated.51 In humans, 

two recent studies have demonstrated that cardiac myosin activators 

are a valuable new class of therapeutic agents in systolic heart fail-

ure.52,53 Cardiac myosin activators are well tolerated,52,53 including 

during exercise in patients with ischemic cardiomyopathy.54 These 

agents improve cardiac systolic function in a dose- and concentration-

related manner,52,53 without significant changes in diastolic function.53 

In patients hospitalized for acute heart failure with a left ventricular 

ejection fraction #40% (the ATOMIC-AHF study), administration of 

omecamtiv mecarbil did not improve dyspnea but was well tolerated.55 

In patients with chronic heart failure with a left ventricular ejection 

fraction #40% (the COSMIC-HF study), the oral administration of 

omecamtiv mecarbil for several weeks improved cardiac function 

without any adverse effects.56 An ongoing trial (the GALACTIC-HF 

study) is evaluating the long-term outcome of patients with chronic 

heart failure receiving omecamtiv mecarbil (available at www.clinical-

trials.gov, identifier: NCT02929329).

Istaroxime

Istaroxime is a new drug that inhibits Na1/K1-ATPase, increasing the 

activity of the sarcoendoplasmic reticulum Ca21 ATPase pump by reliev-

ing phospholamban inhibition.57 It induces some inotropic and lusi-

tropic effects.58 In animals, istaroxime was demonstrated to decrease the 

end-diastolic volume of the left ventricle and increase the left ventricular 

ejection fraction. In patients with decompensated heart failure without 

hypotension, istaroxime decreased the pulmonary artery occlusion pres-

sure and improved the diastolic function of the left ventricle.59 In pa-

tients with acute heart failure, istaroxime decreased pulmonary artery 

occlusion pressure, decreased heart rate in a dose-dependent manner, 

and increased systolic blood pressure without any effects on neurohor-

mones or troponin levels.60 A recent randomized controlled trial has 

shown that istaroxime improved both systolic and diastolic function of 

patients with heart failure with reduced ejection fraction without sig-

nificant cardiac adverse effects (arrhythmias and hypotension).61

Nitric Oxide Donors

Nitric oxide donors improve cardiac function by direct positive cAMP-

independent lusitropic and inotropic effects.62 These drugs enhance 

sarcoendoplasmic reticulum Ca21 uptake via modifications of phos-

pholamban, sarcoendoplasmic reticulum Ca21 ATPase pump, and ry-

anodine receptor. Moreover, nitric oxide donors improve myofilament 

Ca21 sensitivity.63 A human study has shown that nitric oxide donors 

increase cardiac output and decrease both right and left filling pressures 

in patients with systolic heart failure without any adverse effects.63

Ongoing phase I and II trials are testing a new second generation of 

nitric oxide donors in healthy volunteers (available at www.clinicaltri-

als.gov, identifier: NCT02819271) and in patients with heart failure 

(available at www.clinicaltrials.gov, identifier: NCTNCT02157506).

Decrease in Beta-Adrenergic Response
It is well recognized that the response to beta-adrenergic stimulation is 

decreased in chronic cardiac failure. This may be a response to the in-

creased activity of the sympathetic nervous system, which may itself be 

a response to the reduced cardiac output. Therefore this negative ret-

rocontrol of the beta-adrenergic response could act as a protection 

against excessive adrenergic stimulation. The cellular mechanisms in-

volved are a downregulation of beta-1 adrenergic receptors and a 

stimulation of the Gi protein of the adenyl cyclase system. The de-

crease in beta-1 adrenergic receptors could result from a decrease in 

beta-adrenergic receptor mRNA and to an increased internalization 

and degradation of these receptors. These latter mechanisms are 

mainly related to the phosphorylation of beta-1 adrenergic receptors 

by the beta-adrenoreceptor kinase, which is activated. The high level of 

nitric oxide production during heart failure contributes to the attenu-

ation of the beta-adrenergic response. The effects of exogenous cate-

cholamines during exacerbations of chronic heart failure can thus be 

reduced.

Similarly, there is evidence for a decreased responsiveness of the 

myocardium to beta-adrenergic stimulation during septic shock.49 

This phenomenon may be more likely to occur in the later phase (.24 

hours) than in the early phase of the septic process.64 This may be ex-

plained by the inhibition of adenyl cyclase activation because of an 

overexpression of the Gi protein65 at the gene level.66

HEMODYNAMIC EFFECTS OF INOTROPIC AGENTS 
IN CRITICALLY ILL PATIENTS

Effects on Cardiac Output
Dobutamine

Dobutamine is the beta-adrenergic agent most widely used in critically 

ill patients when an increase in cardiac output through an increase in 

myocardial contractility is desired.

In patients with acute heart failure, dobutamine increases cardiac 

output and heart rate and decreases pulmonary artery occlusion pres-

sure through a dose-response manner (from 0 to 15 mg/kg/min).67 In 

patients with cardiogenic shock, dobutamine is also able to increase 

cardiac output while decreasing pulmonary artery occlusion pres-

sure.68

In patients with septic shock and depressed myocardial function, 

dobutamine is expected to increase stroke volume and heart rate be-

cause of its beta-1 adrenergic properties and exert a vasodilatory effect 

because of its beta-2 adrenergic properties. Accordingly, an increase in 

cardiac output and a decrease in systemic vascular resistance (SVR) 

with dobutamine were reported in septic patients.69,70 This emphasizes 

the need to give a potent vasopressive agent to patients with septic 

shock when dobutamine is administered to support cardiac function 

in the presence of depressed myocardial contractility. One potential 

advantage of dobutamine is a decrease in cardiac filling pressures that 

could allow an additional volume infusion to improve further cardiac 

output when necessary. A change from dopamine to dobutamine was 

shown to result in lower right and left ventricular filling pressures and 

an increase in right ventricular ejection fraction for the same pulmo-

nary artery pressure and right ventricular end-diastolic volume, sug-

gesting that dobutamine exerts a more favorable effect on cardiac 

contractility than dopamine.71 This has justified the recommendation 

to administer dobutamine rather than dopamine when the use of ino-

tropic drugs is judged necessary in patients with severe sepsis or septic 

shock.37,38 However, because of the alteration of the beta-1 adrenergic 

pathway in the septic heart, the effect on stroke volume and cardiac 

output of a beta-1 agonist agent such as dobutamine may be attenu-

ated in patients with sepsis compared with those without sepsis. In 

this regard, infusion of dobutamine at 5 mg/kg/min, a dose able to 

increase cardiac output substantially in patients with acute heart  

failure,57 has been reported to exert variable effects in the context of 
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sepsis. For example, dobutamine at 5 mg/kg/min was reported to in-

duce a substantial increase in cardiac output in some studies in pa-

tients with severe sepsis69,72 but to have no significant effect on cardiac 

output in some studies investigating patients with septic shock.73–77 It 

is likely that these differences in response to dobutamine were related 

to various individual factors, including differences in the vasopressor 

coadministered and in the degree of myocardial depression and/or 

beta-receptor downregulation. In this regard, Silverman and colleagues 

showed that incremental doses of dobutamine (0, 5, 10 mg/kg/min) 

produced a dose-related increase in cardiac output in patients with 

sepsis without shock but no increase in cardiac output in patients with 

septic shock, even for the highest dose.49 Interestingly, they also found 

that the post–beta-adrenergic receptor signal transmission was im-

paired only in patients of the septic shock group and that impairment 

of beta-adrenergic receptor responsiveness found in both groups was 

significantly more marked in the septic shock group.49 These findings, 

which allow divergent results of numerous studies to be recon-

ciled,69,72–80 emphasize the unpredictability of the effects of beta-agonist 

agents in patients with sepsis. It must be stressed that the absence of 

positive cardiac response to dobutamine seems to be a marker of poor 

outcome in septic shock patients.35,36,77 Because dobutamine also has 

potentially harmful effects (e.g., myocardial ischemia, cardiac arrhyth-

mias), monitoring its effects on cardiac output to check its efficacy is 

mandatory, especially in patients who are not responding to initial 

therapy.37

Dopamine

In patients with acute heart failure, dopamine increased stroke volume 

and cardiac output at 4 mg/kg/min, but not at higher doses, presum-

ably because of an increase in left ventricular afterload. It was also re-

ported that pulmonary artery occlusion pressure increased with dopa-

mine, whereas it decreased with dobutamine.81 Similar results were 

observed in patients with cardiogenic shock receiving a dose of 15 mg/

kg/min of either agent.68

In patients with septic shock, it was reported that the restoration of 

an adequate MAP with dopamine was mainly produced by the increase 

in cardiac output, whereas minimal effects on SVR were observed de-

spite relatively high doses of this agent.82 Dopamine was even demon-

strated to increase cardiac output markedly, whereas SVR fell in septic 

patients without shock.83 Conversely, in another study in patients with 

severe septic shock, cardiac output did not increase significantly with 

dopamine at doses of up to 25 mg/kg/min, whereas SVR either did not 

change or significantly increased.84 This emphasizes the great hetero-

geneity of the response to dopamine among patients with sepsis. This 

also emphasizes the difficulty in predicting clinical hemodynamic ef-

fects from pharmacologic properties because of interindividual differ-

ences in terms of the severity of the insult, underlying diseases, comor-

bidities, integrity of the neuro-vegetative status, drugs concomitantly 

prescribed, and other factors.

Epinephrine and Norepinephrine

Although these agents have beta-1 adrenergic properties and are thus 

able to increase myocardial contractility, they are used as vasoconstric-

tive agents in cases of severe hypotension because they also have potent 

alpha-adrenergic properties. Nevertheless, significant increases in car-

diac output with these drugs have been reported in patients with sep-

sis.82,85,86 In this regard, norepinephrine was shown to increase cardiac 

output to the same extent as dopamine for the same increase in MAP.82 

However, the effects of norepinephrine on cardiac output depend on 

its effect on cardiac preload87,88 through an increase in mean systemic 

filling pressure.89 By contrast, epinephrine appeared as a potent inotro-

pic agent in most studies in patients with sepsis.75,90

Dopexamine

The pharmacologic properties of dopexamine should result in a com-

bination of inotropic, afterload-reducing, and renal vasodilating ef-

fects, which could be useful for the management of the acute exacerba-

tion of congestive heart failure. In this regard, dopexamine was 

reported to substantially increase cardiac output in patients with heart 

failure without altering blood pressure: at doses of up to 4 mg/kg/min, 

the majority of the effects resulted from an increase in stroke volume. 

At higher doses, the increase in heart rate made a greater contribu-

tion.91 In cases of human sepsis, dopexamine produced a dose-depen-

dent increase in stroke volume and heart rate but a dose-dependent 

decrease in SVR.92 This underlines the marked vasodilating effect of 

this drug, which should not be administered in severe sepsis in the 

absence of a potent vasopressor. Under these conditions, dopexamine 

at doses ranging from 1 to 4 mg/kg/min could still enhance cardiac 

output without altering blood pressure.93

Phosphodiesterase Inhibitors

In patients with heart failure, phosphodiesterase inhibitors signifi-

cantly increased cardiac output and stroke volume, whereas blood 

pressure slightly decreased because of a decrease in SVR, confirming 

the combined inotropic and vasodilating effects of these agents.94 Be-

cause of the ability of beta-agonist agents to increase cAMP levels, 

thereby providing an increased substrate for phosphodiesterase in-

hibitors, the combination of these two types of drugs would be attrac-

tive. Synergic effects on the cardiac output of dobutamine and enox-

imone have been observed in patients with heart failure.95

Ca21 Sensitizers

It has been well demonstrated that levosimendan induces some beneficial 

hemodynamic effects in patients with acute heart failure, with an en-

hanced cardiac output and a decreased pulmonary artery occlusion pres-

sure.96 In the LIDO study, levosimendan was shown to improve hemody-

namic performance more effectively than dobutamine in patients with 

low-output heart failure.96 Unlike dobutamine, levosimendan can keep 

its effects on cardiac performance in patients receiving beta-blockers.96,97

Istaroxime

Only a few clinical trials have studied the effect of istaroxime, a new 

inotropic-lusitropic agent. Two studies demonstrated that in patients 

with systolic heart failure, istaroxime increased cardiac index59,98 and 

decreased pulmonary artery occlusion pressure and heart rate.59

Effects on Arterial Oxygen Content
The aim of inotropic therapy in critically ill patients with reduced 

cardiac contractility is not only to increase cardiac output but also to 

ultimately improve oxygen delivery to the tissues. Thus attention 

should be paid to the effects of these drugs on arterial oxygen content. 

Inotropes may affect arterial oxygen tension through several mecha-

nisms. First, the reduction in lung filtration pressure resulting from an 

improvement in cardiac function may decrease intrapulmonary shunt 

fraction and thus improve arterial oxygenation. Second, the increase in 

cardiac output may result in an increased venous admixture.99 On the 

other hand, the increased mixed venous blood oxygen tension result-

ing from increased cardiac output may improve arterial oxygenation in 

the presence of ventilation/perfusion mismatching and may thus com-

pensate for the increased venous admixture. Accordingly, when look-

ing at published data, it appears that even if the venous admixture in-

creased with the administration of an inotropic agent, no significant 

change in arterial oxygen tension was observed.100,101 Therefore when 

an inotropic agent increases cardiac output in critically ill patients, it 

generally increases oxygen delivery to the same extent.69,82,102,103
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Effects on Tissue Oxygen Utilization

Even though an inotropic agent results in a large increase in oxygen de-

livery, its effectiveness in reducing oxygen deficit depends on its capacity 

to provide oxygen in the most hypoxic tissues. This concern is particu-

larly crucial because, first, the redistribution of blood flow is a character-

istic pattern of shock states and, second, inotropic drugs may also have 

vasoactive properties that interact with blood flow distribution.

Cardiogenic Shock

In this setting, the redistribution of blood flow is recognized as a po-

tent compensatory mechanism, which, in response to reduced global 

oxygen delivery, attempts to redirect blood flow from nonvital organs 

with a low oxygen extraction ratio toward vital organs with a high 

oxygen extraction ratio such as the heart or the brain. It must be kept 

in mind that the administration of drugs with vasoactive properties 

may interfere with the vasoregulation of regional blood flow. The ex-

tent to which this interference is beneficial in increasing oxygen supply 

and oxygen consumption in hypoxic areas remains speculative. This 

emphasizes the need to monitor, as far as possible, the perfusion and/

or function of critical organs.

Septic Shock

The maldistribution of flow at the macrocirculatory level and the mi-

crocirculatory level mainly contributes to defective tissue utilization 

and eventually to tissue oxygen debt in sepsis, even when systemic 

oxygen delivery is greater than normal. Besides sepsis-induced micro-

thrombosis, sepsis-induced alteration in vascular reactivity is a major 

cause of the altered distribution of blood flow between and within 

organs. In addition, severe sepsis can modify the impact of endoge-

nous catecholamines and adrenergic drugs on regional blood flows, 

given that a depressed vascular responsiveness to vasoactive agents is 

likely to occur in this setting. This hypothesis may account for the 

absence of the reduction of renal blood flow observed during norepi-

nephrine administration in bacteremic animals in comparison with 

controls.104

In cases of human sepsis, numerous studies have examined the ef-

fects of adrenergic agents on splanchnic perfusion. Their findings have 

sometimes varied either because of differences in the methods used for 

assessing this regional circulation (e.g., gastric tonometry, laser-Dop-

pler flowmetry, indocyanine green dilution) or because of the hetero-

geneity of the studied populations (e.g., differences in the severity of 

the septic insult, underlying diseases, or therapy coadministered). 

However, from the findings of the majority of these studies, some rea-

sonable conclusions can be drawn. First, dobutamine is likely to exert 

a beneficial effect on gut mucosal perfusion,70,73,75,79,105 probably via a 

beta-2 adrenergic effect.106 Dobutamine may also improve hepatic 

microcirculation via a beta-1 adrenergic effect.107 Second, dopamine 

may have deleterious effects on gut mucosal perfusion,82 despite its 

potential vasodilating action through mesenteric dopaminergic recep-

tors. Third, epinephrine is probably the adrenergic agent with the least 

desirable effects on the splanchnic vasculature, as most studies showed 

a lower splanchnic blood flow with epinephrine than norepinephrine 

alone108 or in combination with dobutamine,73,75,109 even for similar 

global hemodynamic effects. Fourth, dopexamine can exert a favorable 

effect on splanchnic perfusion110 comparable to that of dobutamine74 

and that is likely to be related to a beta-2 adrenergic effect.

Regarding the effects of inotropic agents on renal circulation in 

patients with sepsis, two major points must be kept in mind. First, an 

alpha-adrenergic agent such as norepinephrine is able to increase renal 

blood flow and urine output,84,111–113 despite its potential vasocon-

stricting effect on the afferent glomerular arteries. This is probably 

because of the beneficial effect of increasing MAP when the renal 

blood flow is dependent on its perfusion pressure as it occurs in the 

presence of profound systemic hypotension. Otherwise, the sepsis-in-

duced depressed responsiveness of afferent glomerular arteries to the 

action of norepinephrine cannot be excluded. Accordingly, there is 

more evidence that norepinephrine increases, rather than decreases, 

renal blood flow and urine output when given to patients with sepsis 

to increase the MAP toward normal values.84,111,112,114 Moreover, it has 

been demonstrated in patients with septic shock that elevating the 

MAP to up to 85 mm Hg with incremental doses of norepinephrine 

was not associated with a decrease in urine output.113,115,116 Second, 

although dopamine at low doses (,5 mg/kg/min) is pharmacologically 

able to vasodilate renal arteries through its action on dopaminergic 

receptors, the systematic administration of low doses of dopamine in 

critically ill patients, including patients with sepsis, does not result in 

improved outcome117 and is no longer recommended. Finally, no study 

focused on the renal effects of levosimendan in patients with septic 

shock. Nevertheless, a study showed that in postoperative cardiac pa-

tients, levosimendan infusion increased both renal blood flow and 

glomerular filtration, likely via its vasodilatory effects.118

Catecholamines can also exert proper effects on the microcircula-

tion. First, the administration of 5 mg/kg/min of dobutamine was 

shown to improve sublingual microvessel perfusion measured with 

orthogonal polarizing spectral imaging in patients with septic shock.119 

Interestingly, these changes were independent of changes in systemic 

hemodynamic variables.119 The improvement of sublingual microcir-

culation seems to occur only in patients with severe alterations at 

baseline.120 Nevertheless, the effect of dobutamine on microcirculation 

is still debated. The administration of 5 mg/kg/min in patients with 

sepsis having hyperlactatemia and a cardiac index of greater than or 

equal to 2.5 L/min/m2 failed to improve sublingual perfused vessel 

density or microvascular flow index in spite of a significant increase in 

systemic hemodynamics.102 Compared with the administration of 

5 mg/kg/min of dobutamine, an infusion of low doses of levosimendan 

improved sublingual microcirculatory blood flow patients with septic 

shock, probably via its vasodilatory effects.121 Two studies showed no 

significant effect of increasing MAP with norepinephrine on sublin-

gual microvessels in patients with septic shock who had already been 

resuscitated.85,86 However, another study conducted in patients with 

septic shock requiring norepinephrine for arterial hypotension resis-

tant to fluid administration demonstrated that increasing the MAP 

from 65 to 85 mm Hg by titrating norepinephrine doses allowed the 

improvement of sublingual microvessel circulation.122 Thus at least 

nonworsening, or even improvement, of microcirculation can result 

from norepinephrine infusion in patients with septic shock even when 

a MAP of up to 85 mm Hg is targeted. It is noteworthy that in patients 

with septic shock who also have a history of chronic hypertension, 

improved sublingual microcirculation was reported when the usual 

patient’s level (averaged value 93 mm Hg) was targeted compared with 

65 mm Hg.120 This result is in agreement with the results of a multi-

center, randomized clinical trial showing that this specific population 

of patients may benefit from a higher MAP target, at least in terms of 

renal function, than the population of patients with no chronic hyper-

tension.123 Nevertheless, a recent study showed that targeting a MAP 

up to 85–90 mm Hg, as compared with 65 mm Hg, improved sublin-

gual microcirculation in septic shock patients with or without a his-

tory of chronic hypertension.124 Finally, inotropic drugs may also exert 

nonhemodynamic effects that could affect cellular metabolism and/or 

organ function.24,125 For example, the administration of epinephrine in 

patients with septic shock was demonstrated to increase blood lactate 

level independently of tissue hypoxia by the stimulation of skeletal 

muscle cell Na1/K1-ATPase, which accelerates aerobic glycolysis and 

thus the production of pyruvate, and hence of lactate, into the cell.126 
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This metabolic effect is assumed to be related to the activation of the 

beta-2 adrenergic receptors located at the surface of the skeletal muscle 

cells.127 In addition, catecholamines may modulate cytokine response 

to sepsis, trauma, or major surgery through beta-adrenergic receptor 

activation.24 It remains to be evaluated whether this effect (inhibition 

of proinflammatory cytokines and enhancement of proinflammatory 

cytokine production) plays a beneficial role in the reversal of tissue 

hypoxia and organ dysfunction.

MAIN INDICATIONS OF INOTROPIC THERAPY IN 
PATIENTS WITH CIRCULATORY FAILURE

Acute Heart Failure and Cardiogenic Shock
For the American College of Cardiology Federation/American Heart 

Association, inotropic agents should be considered in patients with 

heart failure, in those who are refractory to other therapies, and in 

those who are suffering consequences from end-organ hypoperfu-

sion.128,129 In practice, inotropes should be restricted to patients with 

systolic dysfunction who have a low cardiac index and evidence of 

systemic hypoperfusion and/or congestion.128,129 In the European So-

ciety of Cardiology guidelines, inotropes should be considered in pa-

tients with acute heart failure and in patients having hypotension 

(systolic blood pressure ,90 mm Hg) and/or symptoms of hypoperfu-

sion despite adequate filling status to increase cardiac output, increase 

blood pressure, and maintain end-organ function.3 Overall, these indi-

cations clearly limit the use of inotropic agents to patients with acute 

heart failure and low systolic blood pressure, most likely to have in-

creased mortality rates with a strong inverse correlation between sys-

tolic blood pressure and survival.130 For the European Society of Car-

diology, dobutamine is currently the first-line inotropic agent in the 

presence of acute heart failure with low systolic arterial blood pres-

sure.3 Levosimendan is currently considered the first-choice drug over 

dobutamine in patients with acute heart failure treated by beta-blocker 

therapy if beta-blockade is thought to be contributing to hypoperfu-

sion.3 For the American Heart Association, dobutamine and dopamine 

are both cited as inotropic agents,128,129 whereas levosimendan is in-

stead considered as a rescue therapy.129 Twenty years ago, the SHOCK 

trial registry (1190 patients) reported that dopamine and dobutamine 

were used in 89% and 70%, respectively, of patients with cardiogenic 

shock resulting from massive acute myocardial infarction.131 However, 

the use of dopamine is still a matter of debate. In a study comparing 

dopamine with norepinephrine as the first-line vasopressor agent in 

the treatment of shock, the use of dopamine was associated with a 

greater number of cardiac arrhythmias.132 In addition, in a predefined 

subgroup analysis, the authors reported that the use of dopamine was 

associated with an increased risk of death in the subgroup of 280 pa-

tients with cardiogenic shock.132 Finally, a multicenter, placebo-con-

trolled clinical trial demonstrated that the use of low-dose dopamine 

in patients with acute heart failure and renal dysfunction had no sig-

nificant effect on the 72-hours’ cumulative urine volume and did not 

improve renal function, assessed by the change in cystatin C levels.133

Epinephrine was compared with the combination of norepineph-

rine and dobutamine in patients with dopamine-resistant cardiogenic 

shock—for example, with a cardiac index of less than 2.2 L/min/m2 and 

a MAP of less than 60 mm Hg.134 Epinephrine or norepinephrine-do-

butamine were titrated to obtain a MAP of greater than 65 mm Hg.134 

Epinephrine infusion was as effective as the combination of norepi-

nephrine and dobutamine to improve cardiac index and oxygen-de-

rived parameters. Nevertheless, epinephrine infusion induced arrhyth-

mia, increased blood lactate level, and impaired splanchnic circulation.134 

More recently, epinephrine was compared with norepinephrine in  

patients with cardiogenic shock after acute myocardial infarction.135 

Epinephrine or norepinephrine were titrated to obtain a MAP .65 mm 

Hg. Changes in cardiac index were similar for the first 72 hours with 

epinephrine and norepinephrine infusion. Nevertheless, epinephrine 

infusion was associated with tachycardia, increased cardiac double 

product (an indirect marker of myocardial oxygen consumption), and 

increased blood lactate level. More importantly, epinephrine infusion 

was associated with a higher incidence of refractory cardiogenic shock, 

leading to early termination of the study.135

It must be stressed that the intravenous administration of catechol-

amines such as dobutamine was shown to be associated with an in-

creased risk of death in patients with acute heart failure.136,137 This 

emphasizes their restrictive use to patients in whom pump failure re-

sults in severe hypotension and peripheral hypoperfusion.3,128,129

Phosphodiesterase inhibitors have been proposed as an alternative 

to beta-adrenergic agents. However, results of trials of long-term oral 

phosphodiesterase inhibitor therapy in chronic heart failure and of the 

OPTIME-CHF study in the acute decompensation of congestive heart 

failure138 have been disappointing. Thus the use of these agents is 

limited to a few categories of patients: (1) patients with advanced heart 

failure awaiting transplantation in whom intravenous milrinone could 

be better tolerated than dobutamine and its use may allow the con-

tinuation of beta-blocker therapy controlling arrhythmias or myocar-

dial ischemia139; (2) patients with acute decompensation of chronic 

heart failure, who are unable to achieve stabilization with the standard 

treatment; and (3) patients with long-term beta-blocker use, in whom 

short-term intravenous milrinone may even be preferred to dobuta-

mine.140 Enoximone, another phosphodiesterase inhibitor, was tested 

in patients with advanced heart failure. As with milrinone, the results 

were disappointing. Low doses of enoximone could not improve all-

cause mortality or the 6-minute walk test distance.141 There is now 

clear evidence that phosphodiesterase inhibitors such as beta-agonists 

can exert both short-term beneficial hemodynamic effects and serious 

adverse effects that make them deleterious in terms of long-term out-

come. It is likely that their adverse effects (e.g., arrhythmias, increased 

risk of myocardial ischemia) are related to the increased cAMP con-

centration in the cytosol of the cardiomyocyte.142

The initial enthusiasm in the use of Ca21 sensitizers in patients with 

heart failure has attenuated in recent years. In the LIDO study, com-

pared with dobutamine, levosimendan significantly decreased mortal-

ity rate and improved the hemodynamic condition.96 Nevertheless, 

these positive results have been contradicted in two large-scale studies. 

In the REVIVE study,143 even though levosimendan improved the com-

posite judgment criteria of clinical signs of heart failure at 5 days com-

pared with placebo, the mortality rate was not significantly changed. In 

the SURVIVE study,144 levosimendan was not better than dobutamine 

in increasing the survival rate in patients with acute heart failure requir-

ing inotropic support. A meta-analysis concluded that in patients with 

acute severe heart failure, levosimendan improved hemodynamic pa-

rameters when compared with placebo, without showing evidence of 

survival benefit.145 However, recent meta-analyses demonstrated that 

levosimendan reduced mortality rate when compared with dobutamine 

and decreased hospital length of stay in the overall population of car-

diologic patients, including but not restricted to patients with heart 

failure.146,147 Another indication of levosimendan may be patients with 

heart failure receiving concomitant use of beta-blocker therapy, a situ-

ation where higher doses of dobutamine are usually required to have 

some efficacy. In such patients, dobutamine was shown to be as effective 

as levosimendan in the first 24 hours of treatment to increase cardiac 

index and decrease pulmonary artery occlusion pressure.148 However, at 

48 hours, levosimendan still efficiently improved hemodynamics, 

whereas dobutamine did not.148 It must be noted that in a post hoc 
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analysis of the SURVIVE trial, patients previously receiving beta-

blocker therapy had improved short-term survival with levosimendan 

compared with dobutamine.148 Moreover, when compared with pla-

cebo, levosimendan improved contractility in patients with acute heart 

failure after myocardial infarction149 and levosimendan provided rapid 

and durable symptomatic relief.150 Nevertheless, levosimendan induced 

hypotension149,150 or cardiac arrhythmias.150 A systematic review found 

no significant beneficial effects of levosimendan for low cardiac output 

syndromes in the general population of critically ill patients.151 A new 

randomized trial (levoheartShock study) will start soon to compare the 

effects of an early use of levosimendan with placebo on top of a conven-

tional strategy of inotrope use on a combined morbidity-mortality 

endpoint in patients with cardiogenic shock (available at www.clinical-

trials.gov, identifier: NCT04020263). In two recent large randomized 

controlled trials (CHEETAH and LEVO-CTS), levosimendan, as com-

pared with placebo, did not improve the outcome of patients with sys-

tolic heart failure undergoing cardiac surgery,152,153 although levosi-

mendan reduced the use of inotropes after surgery.153 Finally, a recent 

meta-analysis of several small trials showed that repeated administration 

of levosimendan in outpatient settings with advanced heart failure may 

improve hemodynamics, symptoms, and biomarkers and decrease the 

rate of rehospitalization of these patients.154 The recent LION-HEART 

study155 confirmed that intermittent intravenous administration of levo-

simendan in outpatients with advanced heart failure reduced biomarkers, 

decreased the rate of hospitalization at 12 months, and improved the 

quality of life of these patients, without any significant adverse effects. 

Nevertheless, such a strategy of levosimendan use still deserves further 

studies, such as the ongoing randomized controlled trial (LeoDOR 

study, available at www.clinicaltrials.gov, identifier: NCT3437226).156 

Currently, all these disappointing results have slowed down the com-

mercialization of levosimendan in many countries. Nevertheless, levo-

simendan may be an interesting therapeutic option to treat takotsubo 

syndrome or to facilitate weaning from venoarterial extracorporeal 

membrane oxygenation.157

Nitric oxide synthase inhibitors have been proposed to be used in pa-

tients with cardiogenic shock, in whom nitric oxide production is in-

creased, and may exert deleterious effects on cardiac function and vascular 

tone.158 Tilarginine is a nonselective nitric oxide synthase inhibitor devel-

oped for treating acute heart failure. However, in the TRIUMPH study, 

tilarginine was unable to improve the survival rate in patients with cardio-

genic shock at 3 months in comparison with placebo.159 These negative 

results have interrupted the clinical development of this new drug.

Septic Shock
Treating or not treating septic-induced myocardial depression has been a 

matter of debate. First, it has been thought that left ventricular dilatation 

and low ventricular ejection fraction denote adaptive mechanisms and 

then, if so, treating it is questionable. In this regard, left ventricular ejec-

tion fraction was reported to be lower and left ventricular end-diastolic 

volume to be higher in survivors,160,161 although a meta-analysis showed 

no difference between survivors for the two parameters. Second, because 

of the potential, but not constant, hyporesponsiveness of the beta-recep-

tors, the efficacy of beta-agonists is not guaranteed. Third, side effects 

may occur with these drugs (tachycardia, arrhythmias, and hypotension). 

It must be stressed that there is an association of inotrope use during 

septic shock with mortality.162 For all these reasons, inotropes, and 

among them dobutamine, should be not systematically administered 

even when a septic myocardial depression is suspected. It should be re-

served for situations where cardiac dysfunction is accompanied by a low 

or inadequate cardiac output and signs of tissue hypoperfusion in spite 

of preload optimization.37 The potential interest of administering dobu-

tamine in patients with septic shock experiencing septic cardiomyopathy 

in order to reduce tissue hypoperfusion and associated organ dysfunc-

tions will be investigated in a study that will start soon (ADAPT study, 

available at www.clinicaltrials.gov, identifier: NCT04166331). Bidimen-

sional echocardiography45,163 is the best tool to diagnose a severe decrease 

in cardiac contractility. However, bedside echocardiography is not avail-

able in all general ICUs; hence, the Surviving Sepsis Campaign recom-

mends the use of dobutamine in patients with septic shock who show 

evidence of persistent hypoperfusion despite adequate fluid loading and 

the use of vasopressors.38 Because dobutamine can exert vasodilatory ef-

fects, its use requires the concomitant use of a vasopressor such as norepi-

nephrine. In septic shock, it is clearly recommended to use norepineph-

rine as the first-choice agent rather than dopamine because the latter is 

associated with increased mortality.164 Epinephrine is a potent inotrope 

with vasopressive properties that could be used as an alternative to the 

combination of dobutamine and norepinephrine. A randomized study in 

patients with septic shock and a presumed cardiac dysfunction found no 

significant difference in patient outcome between epinephrine alone and 

a combination of norepinephrine and dobutamine.165 However, this 

study has been criticized for a lack of statistical power. In the condition of 

depressed vascular tone and reduced myocardial function, despite similar 

effects on systemic blood flow and pressure, epinephrine was shown to be 

inferior to the combination of dobutamine and norepinephrine in terms 

of splanchnic perfusion73,75,109 or to norepinephrine alone in terms of 

myocardial oxygen consumption.166 A meta-analysis showed that the use 

of norepinephrine in patients with sepsis reduced the mortality rate, 

whereas the use of epinephrine did not.167 For all these reasons, epineph-

rine is not recommended as the first-choice drug when the treatment of 

impaired cardiac contractility is considered.49 The use of levosimendan 

has been proposed as an alternative to dobutamine in cases of severe 

septic myocardial depression that no longer responds to dobutamine 

administration.168 The rationale for using levosimendan is that the sensi-

tivity of Ca21 to myofilament is reduced during sepsis, probably because 

of an abnormal phosphorylation of the troponin complex at the site 

where the Ca21 ion binds to troponin C.169 Because levosimendan can 

improve not only left ventricular function but also right ventricular per-

formance through pulmonary vasodilation,170,171 it might be useful in 

cases of septic myocardial depression with associated lung injury. Re-

cently, a randomized controlled study (LeoPARDS)172 showed that sys-

tematic levosimendan infusion, when added to standard care, failed to 

reduce mortality or organ dysfunction at day 28 in patients with septic 

shock. Importantly, patients receiving levosimendan required a higher 

dosage of norepinephrine, had more atrial fibrillation, and were less likely 

to be weaned from mechanical ventilation.172 A major criticism of this 

study was that levosimendan was administered in patients without docu-

mented cardiac dysfunction in the majority of cases and thus in patients 

who could have suffered from side effects without getting any benefit in 

terms of cardiac function. In this regard, dobutamine was administered 

in less than 10% of the standard care group, suggesting that the incidence 

of cardiac depression was low in this study.173 It must be noted that a 

subgroup analysis of the LeoPARDS study reported no benefit of levosi-

mendan in patients with septic shock and biochemical evidence of myo-

cardial injury or dysfunction, as attested by increased cTnI and Nt-

proBNP blood levels.174 It is important to note that the concept of using 

beta-blockers in septic conditions to prevent systemic adrenergic activa-

tion has recently emerged. In an experimental model, esmolol infusion 

had no significant effect on cardiac index or systemic arterial pressure 

and may prevent septic cardiac dysfunction by a preload effect induced 

by the decrease in heart rate.175 In patients with septic shock, esmolol 

infusion was associated with a preserved stroke volume and microcircula-

tion and a decrease in norepinephrine requirement.176 In this regard, a 

randomized clinical trial was conducted in patients with septic shock and 

heart rate of greater than 90 beats/min.177 Esmolol infusion decreased 
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heart rate, increased stroke volume and left ventricular stroke work index, 

and decreased arterial blood lactate level and fluid requirements. Al-

though mortality rate was not the primary endpoint, it should be noted 

that esmolol infusion was associated with a significant decrease in 28-day 

mortality.177 Esmolol infusion also can decrease the arterial elastance of 

tachycardic patients with septic shock and thus might improve the car-

diovascular efficiency in such patients.178 Nevertheless, patients with se-

vere cardiac dysfunction (i.e., cardiac index #2.2 L/min/m2 in the pres-

ence of a pulmonary artery occlusion pressure .18 mm Hg) were 

excluded.177,178 As a consequence, the presence of cardiac dysfunction 

during sepsis cannot be considered as an indication for beta-blockers and 

should be still considered as a contraindication for their use. The effect of 

landiolol, a new highly selective beta-blocker with a short-acting effect, is 

currently tested against placebo in patients with septic shock with cases 

of tachycardia or tachyarrhythmia.179

In summary, given all the available data, it is still recommended to 

choose the combination of norepinephrine and dobutamine when ino-

tropic therapy is given to reverse cardiac dysfunction in severe sepsis.

KEY POINTS

• Inotropic therapy is considered in patients with cardiogenic shock. In these 

situations, clinicians expect short-term positive effects of intravenous ino-

tropic drugs, allowing cardiovascular stabilization.

• Inotropic therapy might also be considered in high-risk surgical patients, 

even in the absence of formally documented myocardial depression, to 

achieve supranormal levels of oxygen delivery during the perioperative pe-

riod to prevent tissue hypoxia and organ dysfunction. Such a therapeutic 

attitude, which is still debated in the perioperative context, is not recom-

mended routinely for critically ill patients with established circulatory 

shock.

• Most inotropic agents enhance myocardial contractility by increasing the 

Ca21 concentration in the cytosol of cardiomyocytes after producing an in-

crease in cytosolic cAMP concentration. Synthetic and natural catechol-

amines enhance cAMP formation after fixing beta-1 adrenergic receptors at 

the cellular surface, whereas phosphodiesterase inhibitors decrease cAMP 

degradation.

• Beta-1 adrenergic agents, such as dobutamine, dopamine, and epinephrine, 

are the most potent inotropic agents.

• Because of the downregulation of beta-1 adrenergic receptors, the myocar-

dial effects of exogenous catecholamines can be attenuated after a few 

days of administration.

• Sepsis-induced decreased responsiveness of the myocardium to beta-adren-

ergic stimulation may also result in the attenuation of cardiac effects of exog-

enous catecholamine administration in patients suffering from septic shock.

• The drugs given to increase cardiac contractility may also exert vasoactive 

effects that may interfere with the regulation of regional blood flow. The 

extent to which this interference is beneficial in increasing oxygen supply in 

hypoxic areas remains speculative. This emphasizes the need to monitor, as 

far as possible, the perfusion and/or function of critical organs when such 

agents are given to patients in circulatory shock.

 References for this chapter can be found at expertconsult.com.
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patients without shock. This study provides strong evidence of a septic shock–

related myocardial hyporesponsiveness to catecholamines that may contribute 

to the reduced myocardial performance observed in this critical illness.

ANNOTATED REFERENCES

De Backer D, Aldecoa C, Njimi H, et al. Dopamine versus norepinephrine in

the treatment of septic shock: a meta-analysis.

 

Crit Care Med.

 

2012;

40(3):725–730.

The objective of this meta-analysis was to compare the effects of norepineph-

rine and dopamine on outcome and adverse events in patients with septic

  

 

http://expertconsult.com
http://expertconsult.com


e1

 18. Hamilton, M. A., Cecconi, M., & Rhodes, A. (2011). A systematic review 

and meta-analysis on the use of preemptive hemodynamic intervention to 

improve postoperative outcomes in moderate and high-risk surgical pa-

tients. Anesthesia and Analgesia, 112, 1392–1402.

 19. Cecconi, M., Corredor, C., Arulkumaran, N., Abuella, G., Ball, J., Grounds, 

R. M., et al. (2013). Clinical review: goal-directed therapy—what is the 

evidence in surgical patients? The effect on different risk groups. Critical 

Care, 17, 209.

 20. Arulkumaran, N., Corredor, C., Hamilton, M. A., Ball, J., Grounds, R. M., 

Rhodes, A., et al. (2014). Cardiac complications associated with goal-di-

rected therapy in high-risk surgical patients: a meta-analysis. British Jour-

nal of Anaesthesia, 112, 648–659.

 21. Ramsingh, D. S., Sanghvi, C., Gamboa, J., Cannesson, M., & Applegate, R. 

L., II. (2013). Outcome impact of goal directed fluid therapy during high 

risk abdominal surgery in low to moderate risk patients: a randomized 

controlled trial. Journal of Clinical Monitoring and Computing, 27, 

249–257.

 22. Pestana, D., Espinosa, E., Eden, A., Nájera, D., Collar, L., Aldecoa, C., et al. 

(2014). Perioperative goal-directed hemodynamic optimization using 

noninvasive cardiac output monitoring in major abdominal surgery: a 

prospective, randomized, multicenter, pragmatic trial: POEMAS Study 

(PeriOperative goal-directed thErapy in Major Abdominal Surgery).  

Anesthesia and Analgesia, 119, 579–587.

 23. Pearse, R. M., Harrison, D. A., MacDonald, N., Gillies, M. A., Blunt, M., 

Ackland, G., et al. (2014). Effect of a perioperative, cardiac output-guided 

hemodynamic therapy algorithm on outcomes following major gastroin-

testinal surgery: a randomized clinical trial and systematic review. JAMA, 

311, 2181–2190.

 24. Uusaro, A., & Russell, J. A. (2000). Could anti-inflammatory actions of 

catecholamines explain the possible beneficial effects of supranormal oxy-

gen delivery in critically ill surgical patients? Intensive Care Medicine, 26, 

299–304.

 25. Jhanji, S., Vivian-Smith, A., Lucena-Amaro, S., Watson, D., Hinds, C. J., & 

Pearse, R. M. (2010). Haemodynamic optimisation improves tissue micro-

vascular flow and oxygenation after major surgery: a randomised con-

trolled trial. Critical Care, 14, R151.

 26. Bangash, M. N., Patel, N. S., Benetti, E., Collino, M., Hinds, C. J., Thiemer-

mann, C., et al. (2013). Dopexamine can attenuate the inflammatory re-

sponse and protect against organ injury in the absence of significant effects 

on hemodynamics or regional microvascular flow. Critical Care, 17, R57.

 27. Pearse, R. M., Belsey, J. D., Cole, J. N., & Bennett, E. D. (2008). Effect of 

dopexamine infusion on mortality following major surgery: individual 

patient data meta-regression analysis of published clinical trials. Critical 

Care Medicine, 36, 1323–1329.

 28. Vincent, J. L., Pelosi, P., Pearse, R., Payen, D., Perel, A., Hoeft, A., et al. 

(2015). Perioperative cardiovascular monitoring of high-risk patients: a 

consensus of 12. Critical Care, 19, 224.

 29. Vincent, J. L., Roman, A., De Backer, D., & Kahn, R. J. (1990). Oxygen  

uptake/supply dependency. effects of short-term dobutamine infusion. 

American Review of Respiratory Disease, 142, 2–7.

 30. Ranieri, V. M., Giuliani, R., Eissa, N. T., Corbeil, C., Dambrosio, M., 

Chassé, M., et al. (1992). Oxygen delivery-consumption relationship in 

septic adult respiratory distress syndrome patients: the effects of positive 

end-expiratory pressure. Journal of Critical Care, 7, 150–157.

 31. Bihari, D., Smithies, M., Gimson, A., & Tinker, J. (1987). The effects of  

vasodilation with prostacyclin on oxygen delivery and uptake in critically 

ill patients. New England Journal of Medicine, 317, 397–403.

 32. Hayes, M. A., Timmins, A. C., Yau, E. H., Palazzo, M., Hinds, C. J., &  

Watson, D. (1994). Elevation of systemic oxygen delivery in the treatment 

of critically ill patients. New England Journal of Medicine, 330, 1717–1722.

 33. Gattinoni, L., Brazzi, L., Pelosi, P., Latini, R., Tognoni, G., Pesenti, A., et al. 

(1995). A trial of goal-oriented hemodynamic therapy in critically ill pa-

tients. SvO2 Collaborative Group. New England Journal of Medicine, 333, 

1025–1032.

 34. Hayes, M. A., Timmins, A. C., Yau, E. H., Palazzo, M., Watson, D., & 

Hinds, C. J. (1997). Oxygen transport patterns in patients with sepsis  

syndrome or septic shock: influence of treatment and relationship to  

outcome. Critical Care Medicine, 25, 926–936.

REFERENCES

 1. Singh, M., Roginskaya, M., Dalal, S., Menon, B., Kaverina, E., Boluyt, M. 

O., et al. (2010). Extracellular ubiquitin inhibits beta-AR-stimulated apop-

tosis in cardiac myocytes: role of GSK-3beta and mitochondrial pathways. 

Cardiovascular Research, 86, 20–28.

 2. Lund, L. H., Benson, L., Dahlstrom, U., Edner, M., & Friberg, L. (2014). 

Association between use of beta-blockers and outcomes in patients 

with heart failure and preserved ejection fraction. JAMA, 312, 

2008–2018.

 3. Ponikowski, P., Voors, A. A., Anker, S. D., Bueno, H., Cleland, J. G., Coats, 

A. J., et al. (2016). 2016 ESC Guidelines for the diagnosis and treatment of 

acute and chronic heart failure: The Task Force for the diagnosis and 

treatment of acute and chronic heart failure of the European Society of 

Cardiology (ESC). Developed with the special contribution of the Heart 

Failure Association (HFA) of the ESC. European Journal of Heart Failure, 

18, 891–975.

 4. Shoemaker, W. C., Appel, P. L., Kram, H. B., Waxman, K., & Lee, T. S. 

(1988). Prospective trial of supranormal values of survivors as therapeutic 

goals in high-risk surgical patients. Chest, 94, 1176–1186.

 5. Lobo, D. N., Bostock, K. A., Neal, K. R., Perkins, A. C., Rowlands, B. J., & 

Allison, S. P. (2002). Effect of salt and water balance on recovery of gastro-

intestinal function after elective colonic resection: a randomised con-

trolled trial. Lancet, 359, 1812–1818.

 6. Brandstrup, B., Tønnesen, H., Beier-Holgersen, R., Hjortsø, E., Ørding , 

H., Lindorff-Larsen, K., et al. (2003). Effects of intravenous fluid restric-

tion on postoperative complications: comparison of two perioperative 

fluid regimens: a randomized assessor-blinded multicenter trial. Annals of 

Surgery, 238, 641–648.

 7. Ljungqvist, O., Scott, M., & Fearon, K. C. (2017). Enhanced recovery after 

surgery: a review. JAMA Surgery, 152, 292–298.

 8. MacKay, G., Fearon, K., McConnachie, A., Serpell, M. G., Molloy, R. G., & 

O’Dwyer, P. J. (2006). Randomized clinical trial of the effect of postopera-

tive intravenous fluid restriction on recovery after elective colorectal sur-

gery. British Journal of Surgery, 93, 1469–1474.

 9. Myles, P. S., Bellomo, R., Corcoran, T., Forbes, A., Peyton, P., Story, D., et 

al. (2018). Restrictive versus liberal fluid therapy for major abdominal 

surgery. New England Journal of Medicine, 378, 2263–2274.

 10. Futier, E., Constantin, J. M., Petit, A., Chanques, G., Kwiatkowski, F.,  

Flamein, R., et al. (2010). Conservative vs restrictive individualized  

goal-directed fluid replacement strategy in major abdominal surgery:  

a prospective randomized trial. Archives of Surgery, 145, 1193–1200.

 11. Benes, J., Chytra, I., Altmann, P., Hluchy, M., Kasal, E., Svitak, R., et al. 

(2010). Intraoperative fluid optimization using stroke volume variation  

in high risk surgical patients: results of prospective randomized study. 

Critical Care, 14, R118.

 12. Cecconi, M., Fasano, N., Langiano, N., Divella, M., Costa, M. G., Rhodes, 

A., et al. (2011). Goal-directed haemodynamic therapy during elective total 

hip arthroplasty under regional anaesthesia. Critical Care, 15, R132.

 13. Scheeren, T. W., Wiesenack, C., Gerlach, H., & Marx, G. (2013). Goal- 

directed intraoperative fluid therapy guided by stroke volume and its vari-

ation in high-risk surgical patients: a prospective randomized multicentre 

study. Journal of Clinical Monitoring and Computing, 27, 225–233.

 14. Lobo, S. M., Ronchi, L. S., Oliveira, N. E., Brandão, P. G., Froes, A., Cun-

rath, G. S., et al. (2011). Restrictive strategy of intraoperative fluid mainte-

nance during optimization of oxygen delivery decreases major complica-

tions after high-risk surgery. Critical Care, 15, R226.

 15. Bartha, E., Arfwedson, C., Imnell, A., Fernlund, M. E., Andersson, L. E., & 

Kalman, S. (2013). Randomized controlled trial of goal-directed haemo-

dynamic treatment in patients with proximal femoral fracture. British 

Journal of Anaesthesia, 110, 545–553.

 16. Mayer, J., Boldt, J., Mengistu, A. M., Rohm, K. D., & Suttner, S. (2010). 

Goal-directed intraoperative therapy based on autocalibrated arterial 

pressure waveform analysis reduces hospital stay in high-risk surgical  

patients: a randomized, controlled trial. Critical Care, 14, R18.

 17. Rollins, K. E., & Lobo, D. N. (2016). Intraoperative goal-directed fluid 

therapy in elective major abdominal surgery: a meta-analysis of random-

ized controlled trials. Annals of Surgery, 263, 465–476.

  

 



e2

 35. Vallet, B., Chopin, C., Curtis, S. E., Dupuis, B. A., Fourrier, F., Mehdaoui, 

H., et al. (1993). Prognostic value of the dobutamine test in patients with 

sepsis syndrome and normal lactate values: a prospective, multicenter 

study. Critical Care Medicine, 21, 1868–1875.

 36. Rhodes, A., Lamb, F. J., Malagon, I., Newman, P. J., Grounds, R. M., & 

Bennett, E. D. (1999). A prospective study of the use of a dobutamine 

stress test to identify outcome in patients with sepsis, severe sepsis, or sep-

tic shock. Critical Care Medicine, 27, 2361–2366.

 37. Cecconi, M., De Backer, D., Antonelli, M., Beale, R., Bakker, J., Hofer, C., 

et al. (2014). Consensus on circulatory shock and hemodynamic monitor-

ing. Task force of the European Society of Intensive Care Medicine. Inten-

sive Care Medicine, 40, 1795–1815.

 38. Rhodes, A., Evans, L. E., Alhazzani, W., Levy, M. M., Antonelli, M., Ferrer, 

R., et al. (2017). Surviving Sepsis Campaign: International Guidelines for 

Management of Sepsis and Septic Shock: 2016. Intensive Care Medicine, 

43, 304–377.

 39. Rivers, E., Nguyen, B., Havstad, S., Ressler, J., Muzzin, A., Knoblich, B.,  

et al. (2001). Early goal-directed therapy in the treatment of severe sepsis 

and septic shock. New England Journal of Medicine, 345, 1368–1377.

 40. Peake, S. L., Delaney, A., Bailey, M., Bellomo, R., Cameron, P. A., Cooper, 

D. J., et al. (2014). Goal-directed resuscitation for patients with early sep-

tic shock. New England Journal of Medicine, 371, 1496–1506.

 41. Yealy, D. M., Kellum, J. A., Huang, D. T., Barnato, A. E., Weissfeld, L. A., 

Pike, F., et al. (2014). A randomized trial of protocol-based care for early 

septic shock. New England Journal of Medicine, 370, 1683–1693.

 42. Mouncey, P. R., Osborn, T. M., Power, G. S., Harrison, D. A., Sadique, M. 

Z., Grieve, R. D., et al. (2015). Trial of early, goal-directed resuscitation for 

septic shock. New England Journal of Medicine, 372, 1301–1311.

 43. Rowan, K. M., Angus, D. C., Bailey, M., Barnato, A. E., Bellomo, R., Canter, R. 

R., et al. (2017). Early, goal-directed therapy for septic shock - a patient-level 

meta—analysis. New England Journal of Medicine, 376, 2223–2234.

 44. Angus, D. C., Barnato, A. E., Bell, D., Bellomo, R., Chong, C. R., Coats, T. 

J., et al. (2015). A systematic review and meta-analysis of early goal- 

directed therapy for septic shock: the ARISE, ProCESS and ProMISe  

Investigators. Intensive Care Medicine, 41, 1549–1560.

 45. Teboul, J. L., Saugel, B., Cecconi, M., De Backer, D., Hofer, C. K., Monnet, 

X., et al. (2016). Less invasive hemodynamic monitoring in critically ill 

patients. Intensive Care Medicine, 42, 1350–1359.

 46. Maack, C., Eschenhagen, T., Hamdani, N., Heinzel, F. R., Lyon, A. R., 

Manstein, D. J., et al. (2019). Treatments targeting inotropy. European 

Heart Journal, 40, 3626–3644.

 47. Persichini, R., Silva, S., Teboul, J. L., Jozwiak, M., Chemla, D., Richard, C., 

et al. (2012). Effects of norepinephrine on mean systemic pressure and ve-

nous return in human septic shock. Critical Care Medicine, 40, 3146–3153.

 48. Maas, J. J., Pinsky, M. R., de Wilde, R. B., de Jonge, E., & Jansen, J. R. 

(2013). Cardiac output response to norepinephrine in postoperative car-

diac surgery patients: interpretation with venous return and cardiac func-

tion curves. Critical Care Medicine, 41, 143–150.

 49. Silverman, H. J., Penaranda, R., Orens, J. B., & Lee, N. H. (1993). Impaired 

beta-adrenergic receptor stimulation of cyclic adenosine monophosphate 

in human septic shock: association with myocardial hyporesponsiveness 

to catecholamines. Critical Care Medicine, 21, 31–39.

 50. Tavares, M., Rezlan, E., Vostroknoutova, I., Khouadja, H., & Mebazaa, A. 

(2008). New pharmacologic therapies for acute heart failure. Critical Care 

Medicine, 36, S112–S120.

 51. Teerlink, J. R. (2009). A novel approach to improve cardiac performance: 

cardiac myosin activators. Heart Failure Reviews, 14, 289–298.

 52. Cleland, J. G., Teerlink, J. R., Senior, R., Nifontov, E. M., Mc Murray, J. J., 

Lang, C. C., et al. (2011). The effects of the cardiac myosin activator, 

omecamtiv mecarbil, on cardiac function in systolic heart failure: a dou-

ble-blind, placebo-controlled, crossover, dose-ranging phase 2 trial. Lan-

cet, 378, 676–683.

 53. Teerlink, J. R., Clarke, C. P., Saikali, K. G., Lee, J. H., Chen, M. M., Escan-

don, R. D., et al. (2011). Dose-dependent augmentation of cardiac systolic 

function with the selective cardiac myosin activator, omecamtiv mecarbil: 

a first-in-man study. Lancet, 378, 667–675.

 54. Greenberg, B. H., Chou, W., Saikali, K. G., Escand√≥n, R., Lee, J. H., Chen, 

M. M., et al. (2015). Safety and tolerability of omecamtiv mecarbil during 

exercise in patients with ischemic cardiomyopathy and angina. JACC 

Heart Failure, 3, 22–29.

 55. Teerlink, J. R., Felker, G. M., McMurray, J. J. V., Ponikowski, P., Metra, M., 

Filippatos, G. S., et al. (2016). Acute treatment with omecamtiv mecarbil 

to increase contractility in acute heart failure: the ATOMIC-AHF study. 

Journal of the American College of Cardiology, 67, 1444–1455.

 56. Teerlink, J. R., Felker, G. M., McMurray, J. J., Solomon, S. D., Adams, K. F., 

Jr., Cleland, J. G., et al. (2016). Chronic Oral Study of Myosin Activation to 

Increase Contractility in Heart Failure (COSMIC-HF): a phase 2, pharma-

cokinetic, randomised, placebo-controlled trial. Lancet, 388, 2895–2903.

 57. Ferrandi, M., Barassi, P., Tadini-Buoninsegni, F., Bartolommei, G., Moli-

nari, I., Tripodi, M. G., et al. (2013). Istaroxime stimulates SERCA2a and 

accelerates calcium cycling in heart failure by relieving phospholamban 

inhibition. British Journal of Pharmacology, 169, 1849–1861.

 58. Micheletti, R., Palazzo, F., Barassi, P., Giacalone, G., Ferrandi, M., Schia-

vone, A., et al. (2007). Istaroxime, a stimulator of sarcoplasmic reticulum 

calcium adenosine triphosphatase isoform 2a activity, as a novel therapeu-

tic approach to heart failure. American Journal of Cardiology, 99, 24A–32A.

 59. Shah, S. J., Blair, J. E., Filippatos, G. S., Macarie, C., Ruzyllo, W., Korewicki, 

J., et al. (2009). Effects of istaroxime on diastolic stiffness in acute heart 

failure syndromes: results from the Hemodynamic, Echocardiographic, 

and Neurohormonal Effects of Istaroxime, a Novel Intravenous Inotropic 

and Lusitropic Agent: a Randomized Controlled Trial in Patients Hospi-

talized with Heart Failure (HORIZON-HF) trial. American Heart Journal, 

157, 1035–1041.

 60. Gheorghiade, M., Blair, J. E., Filippatos, G. S., Macarie, C., Ruzyllo, W., 

Korewicki, J., et al. (2008). Hemodynamic, echocardiographic, and neuro-

hormonal effects of istaroxime, a novel intravenous inotropic and lusi-

tropic agent: a randomized controlled trial in patients hospitalized with 

heart failure. Journal of the American College of Cardiology, 51, 2276–2285.

 61. Carubelli, V., Zhang, Y., Metra, M., Lombardi, C., Felker, G. M., Filippatos, 

G., et al. (2020). Treatment with 24 hour istaroxime infusion in patients 

hospitalised for acute heart failure: a randomised, placebo-controlled trial. 

European Journal of Heart Failure, 22, 1684–1693.

 62. Paolocci, N., Katori, T., Champion, H. C., St John, M. E., Miranda, K. M., 

Fukuto, J. M., et al. (2003). Positive inotropic and lusitropic effects of 

HNO/NO- in failing hearts: independence from beta-adrenergic signaling. 

Proceedings of the National Academy of Sciences of the United States of 

America, 100, 5537–5542.

 63. Sabbah, H. N., Tocchetti, C. G., Wang, M., Daya, S., Gupta, R. C., Tunin, R. 

S., et al. (2013). Nitroxyl (HNO): a novel approach for the acute treatment 

of heart failure. Circulation Heart Failure, 6, 1250–1258.

 64. Abi-Gerges, N., Tavernier, B., Mebazaa, A., Faivre, V., Paqueron, X., Payen, 

D., et al. (1999). Sequential changes in autonomic regulation of cardiac 

myocytes after in vivo endotoxin injection in rat. American Journal of 

Respiratory and Critical Care Medicine, 160, 1196–1204.

 65. Bernardin, G., Kisoka, R. L., Delporte, C., Robberecht, P., & Vincent, J. L. 

(2003). Impairment of beta-adrenergic signaling in healthy peripheral 

blood mononuclear cells exposed to serum from patients with septic 

shock: involvement of the inhibitory pathway of adenylyl cyclase stimula-

tion. Shock, 19, 108–112.

 66. Matsuda, N., Hattori, Y., Akaishi, Y., Suzuki, Y., Kemmotsu, O., & Gando, 

S. (2000). Impairment of cardiac beta-adrenoceptor cellular signaling by 

decreased expression of G(s alpha) in septic rabbits. Anesthesiology, 93, 

1465–1473.

 67. Teboul, J. L., Graini, L., Boujdaria, R., Berton, C., & Richard, C. (1993). 

Cardiac index vs oxygen-derived parameters for rational use of dobuta-

mine in patients with congestive heart failure. Chest, 103, 81–85.

 68. Richard, C., Ricome, J. L., Rimailho, A., Bottineau, G., & Auzepy, P. (1983). 

Combined hemodynamic effects of dopamine and dobutamine in cardio-

genic shock. Circulation, 67, 620–626.

 69. Vincent, J. L., Roman, A., & Kahn, R. J. (1990). Dobutamine administra-

tion in septic shock: addition to a standard protocol. Critical Care Medi-

cine, 18, 689–693.

 70. Joly, L. M., Monchi, M., Cariou, A., Chiche, J. D., Bellenfant, F., Brunet, F., 

et al. (1999). Effects of dobutamine on gastric mucosal perfusion and he-

patic metabolism in patients with septic shock. American Journal of Respi-

ratory and Critical Care Medicine, 160, 1983–1986.

  

 



e3

 71. Vincent, J. L., Reuse, C., & Kahn, R. J. (1988). Effects on right ventricular 

function of a change from dopamine to dobutamine in critically ill pa-

tients. Critical Care Medicine, 16, 659–662.

 72. Creteur, J., De Backer, D., & Vincent, J. L. (1999). A dobutamine test can 

disclose hepatosplanchnic hypoperfusion in septic patients. American 

Journal of Respiratory and Critical Care Medicine, 160, 839–845.

 73. Levy, B., Bollaert, P. E., Lucchelli, J. P., Sadoune, L. O., Nace, L., & Larcan, A. 

(1997). Dobutamine improves the adequacy of gastric mucosal perfusion 

in epinephrine-treated septic shock. Critical Care Medicine, 25, 1649–1654.

 74. Levy, B., Nace, L., Bollaert, P. E., Dousset, B., Mallie, J. P., & Larcan, A. 

(1999). Comparison of systemic and regional effects of dobutamine and 

dopexamine in norepinephrine-treated septic shock. Intensive Care Medi-

cine, 25, 942–948.

 75. Duranteau, J., Sitbon, P., Teboul, J. L., Vicaut, E., Anguel, N., Richard, C., 

et al. (1999). Effects of epinephrine, norepinephrine, or the combination 

of norepinephrine and dobutamine on gastric mucosa in septic shock. 

Critical Care Medicine, 27, 893–900.

 76. Jellema, W. T., Groeneveld, A. B., Wesseling, K. H., Thijs, L. G., Westerhof, 

N., & van Lieshout, J. J. (2006). Heterogeneity and prediction of hemody-

namic responses to dobutamine in patients with septic shock. Critical 

Care Medicine, 34, 2392–2398.

 77. Kumar, A., Schupp, E., Bunnell, E., Ali, A., Milcarek, B., & Parrillo, J. E. 

(2008). Cardiovascular response to dobutamine stress predicts outcome in 

severe sepsis and septic shock. Critical Care, 12, R35.

 78. De Backer, D., Moraine, J. J., Berre, J., Kahn, R. J., & Vincent, J. L. (1994). 

Effects of dobutamine on oxygen consumption in septic patients. Direct 

versus indirect determinations. American Journal of Respiratory and Criti-

cal Care Medicine, 150, 95–100.

 79. Gutierrez, G., Clark, C., Brown, S. D., Price, K., Ortiz, L., & Nelson, C. 

(1994). Effect of dobutamine on oxygen consumption and gastric muco-

sal pH in septic patients. American Journal of Respiratory and Critical Care 

Medicine, 150, 324–329.

 80. Cariou, A., Pinsky, M. R., Monchi, M., Laurent, I., Vinsonneau, C., Chiche, 

J. D., et al. (2008). Is myocardial adrenergic responsiveness depressed in 

human septic shock? Intensive Care Medicine, 34, 917–922.

 81. Leier, C. V., Heban, P. T., Huss, P., Bush, C. A., & Lewis, R. P. (1978). Com-

parative systemic and regional hemodynamic effects of dopamine and do-

butamine in patients with cardiomyopathic heart failure. Circulation, 58, 

466–475.

 82. Marik, P. E., & Mohedin, M. (1994). The contrasting effects of dopamine 

and norepinephrine on systemic and splanchnic oxygen utilization in hy-

perdynamic sepsis. JAMA, 272, 1354–1357.

 83. Day, N. P., Phu, N. H., Mai, N. T., Bethell, D. B., Chau, T. T., Loc, P. P., et 

al. (2000). Effects of dopamine and epinephrine infusions on renal hemo-

dynamics in severe malaria and severe sepsis. Critical Care Medicine, 28, 

1353–1362.

 84. Martin, C., Papazian, L., Perrin, G., Saux, P., & Gouin, F. (1993). Norepi-

nephrine or dopamine for the treatment of hyperdynamic septic shock? 

Chest, 103, 1826–1831.

 85. Jhanji, S., Stirling, S., Patel, N., Hinds, C. J., & Pearse, R. M. (2009). The 

effect of increasing doses of norepinephrine on tissue oxygenation and 

microvascular flow in patients with septic shock. Critical Care Medicine, 

37, 1961–1966.

 86. Dubin, A., Pozo, M. O., Casabella, C. A., Pálizas, F., Jr., Murias, G., Mo-

seinco, M. C., et al. (2009). Increasing arterial blood pressure with norepi-

nephrine does not improve microcirculatory blood flow: a prospective 

study. Critical Care, 13, R92.

 87. Hamzaoui, O., Georger, J. F., Monnet, X., Ksouri, H., Maizel, J., Richard, 

C., et al. (2010). Early administration of norepinephrine increases cardiac 

preload and cardiac output in septic patients with life-threatening hypo-

tension. Critical Care, 14, R142.

 88. Monnet, X., Jabot, J., Maizel, J., Richard, C., & Teboul, J. L. (2011). Nor-

epinephrine increases cardiac preload and reduces preload dependency 

assessed by passive leg raising in septic shock patients. Critical Care Medi-

cine, 39, 689–694.

 89. Hamzaoui, O., Jozwiak, M., Geffriaud, T., Sztrymf, B., Prat, D., Jacobs, F., 

et al. (2018). Norepinephrine exerts an inotropic effect during the early 

phase of human septic shock. British Journal of Anaesthesia, 120, 517–524.

 90. Bollaert, P. E., Bauer, P., Audibert, G., Lambert, H., & Larcan, A. (1990). 

Effects of epinephrine on hemodynamics and oxygen metabolism in do-

pamine-resistant septic shock. Chest, 98, 949–953.

 91. Smithies, M., Yee, T. H., Jackson, L., Beale, R., & Bihari, D. (1994). Pro-

tecting the gut and the liver in the critically ill: effects of dopexamine. 

Critical Care Medicine, 22, 789–795.

 92. Colardyn, F. C., Vandenbogaerde, J. F., Vogelaers, D. P., & Verbeke, J. H. 

(1989). Use of dopexamine hydrochloride in patients with septic shock. 

Critical Care Medicine, 17, 999–1003.

 93. Kiefer, P., Tugtekin, I., Wiedeck, H., Bracht, H., Geldner, G., Georgieff, 

M., et al. (2000). Effect of a dopexamine-induced increase in cardiac in-

dex on splanchnic hemodynamics in septic shock. American Journal of 

Respiratory and Critical Care Medicine, 161, 775–779.

 94. Ludmer, P. L., Wright, R. F., Arnold, J. M., Ganz, P., Braunwald, E., & Co-

lucci, W. S. (1986). Separation of the direct myocardial and vasodilator 

actions of milrinone administered by an intracoronary infusion tech-

nique. Circulation, 73, 130–137.

 95. Thuillez, C., Richard, C., Teboul, J. L., Annane, D., Bellissant, E., Auzepy, 

P., et al. (1993). Arterial hemodynamics and cardiac effects of enoxim-

one, dobutamine, and their combination in severe heart failure. Ameri-

can Heart Journal, 125, 799–808.

 96. Follath, F., Cleland, J. G., Just, H., Papp, J. G., Scholz, H., Peuhkurinen, 

K., et al. (2002). Efficacy and safety of intravenous levosimendan com-

pared with dobutamine in severe low-output heart failure (the LIDO 

study): a randomised double-blind trial. Lancet, 360, 196–202.

 97. Mebazaa, A., Nieminen, M. S., Filippatos, G. S., Cleland, J. G., Salon, J. E., 

Thakkar, R., et al. (2009). Levosimendan vs. dobutamine: outcomes for 

acute heart failure patients on beta-blockers in SURVIVE. European 

Journal of Heart Failure, 11, 304–311.

 98. Ghali, J. K., Smith, W. B., Torre-Amione, G., Hayons, W., Rayburn, B. K., 

Amato, A., et al. (2007). A phase 1-2 dose-escalating study evaluating the 

safety and tolerability of istaroxime and specific effects on electrocardio-

graphic and hemodynamic parameters in patients with chronic heart failure 

with reduced systolic function. American Journal of Cardiology, 99, 47A–56A.

 99. Lynch, J. P., Mhyre, J. G., & Dantzker, D. R. (1979). Influence of cardiac 

output on intrapulmonary shunt. Journal of Applied Physiology: Respira-

tory, Environmental and Exercise Physiology, 46, 315–321.

 100. Jardin, F., Eveleigh, M. C., Gurdjian, F., Delille, F., & Margairaz, A. (1979). 

Venous admixture in human septic shock: comparative effects of blood 

volume expansion, dopamine infusion and isoproterenol infusion on 

mismatching of ventilation and pulmonary blood flow in peritonitis. 

Circulation, 60, 155–159.

 101. Regnier, B., Safran, D., Carlet, J., & Teisseire, B. (1979). Comparative hae-

modynamic effects of dopamine and dobutamine in septic shock. Inten-

sive Care Medicine, 5, 115–120.

 102. Hernandez, G., Bruhn, A., Luengo, C., Regueira, T., Kattan, E., Fuent-

ealba, A., et al. (2013). Effects of dobutamine on systemic, regional and 

microcirculatory perfusion parameters in septic shock: a randomized, 

placebo-controlled, double-blind, crossover study. Intensive Care Medi-

cine, 39, 1435–1443.

 103. Mallat, J., Benzidi, Y., Salleron, J., Lemyze, M., Gasan, G., Vangrunder-

beeck, N., et al. (2014). Time course of central venous-to-arterial carbon 

dioxide tension difference in septic shock patients receiving incremental 

doses of dobutamine. Intensive Care Medicine, 40, 404–411.

 104. Peng, Z. Y., Critchley, L. A., & Fok, B. S. (2005). The effects of increasing 

doses of noradrenaline on systemic and renal circulations in acute bacte-

raemic dogs. Intensive Care Medicine, 31, 1558–1563.

 105. Neviere, R., Mathieu, D., Chagnon, J. L., Lebleu, N., & Wattel, F. (1996). 

The contrasting effects of dobutamine and dopamine on gastric mucosal 

perfusion in septic patients. American Journal of Respiratory and Critical 

Care Medicine, 154, 1684–1688.

 106. Shepherd, A. P., Riedel, G. L., Maxwell, L. C., & Kiel, J. W. (1984). Selec-

tive vasodilators redistribute intestinal blood flow and depress oxygen 

uptake. American Journal of Physiology, 247, G377–G384.

 107. Fink, T., Heymann, P., Taha-Melitz, S., Taha, A., Wolf, B., Rensing, H.,  

et al. (2013). Dobutamine pretreatment improves survival, liver function, 

and hepatic microcirculation after polymicrobial sepsis in rat. Shock, 40, 

129–135.

  

 



e4

 108. De Backer, D., Creteur, J., Silva, E., & Vincent, J. L. (2003). Effects of do-

pamine, norepinephrine, and epinephrine on the splanchnic circulation 

in septic shock: which is best? Critical Care Medicine, 31, 1659–1667.

 109. Meier-Hellmann, A., Reinhart, K., Bredle, D. L., Specht, M., Spies, C. D., 

& Hannemann, L. (1997). Epinephrine impairs splanchnic perfusion in 

septic shock. Critical Care Medicine, 25, 399–404.

 110. Seguin, P., Laviolle, B., Guinet, P., Morel, I., Malledant, Y., & Bellissant, E. 

(2006). Dopexamine and norepinephrine versus epinephrine on gastric 

perfusion in patients with septic shock: a randomized study 

[NCT00134212]. Critical Care, 10, R32.

 111. Albanese, J., Leone, M., Garnier, F., Bourgoin, A., Antonini, F., & Martin, 

C. (2004). Renal effects of norepinephrine in septic and nonseptic pa-

tients. Chest, 126, 534–539.

 112. Albanese, J., Leone, M., Delmas, A., & Martin, C. (2005). Terlipressin or 

norepinephrine in hyperdynamic septic shock: a prospective, random-

ized study. Critical Care Medicine, 33, 1897–1902.

 113. Deruddre, S., Cheisson, G., Mazoit, J. X., Vicaut, E., Benhamou, D., & 

Duranteau, J. (2007). Renal arterial resistance in septic shock: effects of 

increasing mean arterial pressure with norepinephrine on the renal resis-

tive index assessed with Doppler ultrasonography. Intensive Care Medi-

cine, 33, 1557–1562.

 114. Desjars, P., Pinaud, M., Potel, G., Tasseau, F., & Touze, M. D. (1987). A 

reappraisal of norepinephrine therapy in human septic shock. Critical 

Care Medicine, 15, 134–137.

 115. LeDoux, D., Astiz, M. E., Carpati, C. M., & Rackow, E. C. (2000). Effects 

of perfusion pressure on tissue perfusion in septic shock. Critical Care 

Medicine, 28, 2729–2732.

 116. Bourgoin, A., Leone, M., Delmas, A., Garnier, F., Albanese, J., & Martin, 

C. (2005). Increasing mean arterial pressure in patients with septic 

shock: effects on oxygen variables and renal function. Critical Care Medi-

cine, 33, 780–786.

 117. Bellomo, R., Chapman, M., Finfer, S., Hickling, K., & Myburgh, J. (2000). 

Low-dose dopamine in patients with early renal dysfunction: a placebo-

controlled randomised trial. Australian and New Zealand Intensive Care 

Society (ANZICS) Clinical Trials Group. Lancet, 356, 2139–2143.

 118. Bragadottir, G., Redfors, B., & Ricksten, S. E. (2013). Effects of levosi-

mendan on glomerular filtration rate, renal blood flow, and renal oxy-

genation after cardiac surgery with cardiopulmonary bypass: a random-

ized placebo-controlled study. Critical Care Medicine, 41, 2328–2335.

 119. De Backer, D., Creteur, J., Dubois, M. J., Sakr, Y., Koch, M., Verdant, C.,  

et al. (2006). The effects of dobutamine on microcirculatory alterations 

in patients with septic shock are independent of its systemic effects.  

Critical Care Medicine, 34, 403–408.

 120. Enrico, C., Kanoore Edul, V. S., Vazquez, A. R., Pein, M. C., Pérez de la Hoz, R. 

A., Ince, C., et al. (2012). Systemic and microcirculatory effects of dobutamine 

in patients with septic shock. Journal of Critical Care, 27, 630–638.

 121. Morelli, A., Donati, A., Ertmer, C., Rehberg, S., Lange, M., Orecchioni, A.,  

et al. (2010). Levosimendan for resuscitating the microcirculation in patients 

with septic shock: a randomized controlled study. Critical Care, 14, R232.

 122. Thooft, A., Favory, R., Salgado, D. R., Taccone, F. S., Donadello, K., De 

Backer, D., et al. (2011). Effects of changes in arterial pressure on organ 

perfusion during septic shock. Critical Care, 15, R222.

 123. Asfar, P., Meziani, F., Hamel, J. F., Grelon, F., Megarbane, B., Anguel, N., 

et al. (2014). High versus low blood-pressure target in patients with sep-

tic shock. New England Journal of Medicine, 370, 1583–1593.

 124. Fiorese Coimbra, K. T., de Freitas, F. G. R., Bafi, A. T., Pinheiro, T. T., Nunes, 

N. F., de Azevedo, L. C. P., et al. (2019). Effect of increasing blood pressure 

with noradrenaline on the microcirculation of patients with septic shock and 

previous arterial hypertension. Critical Care Medicine, 47, 1033–1040.

 125. Trager, K., DeBacker, D., & Radermacher, P. (2003). Metabolic alterations 

in sepsis and vasoactive drug-related metabolic effects. Current Opinion 

in Critical Care, 9, 271–278.

 126. Levy, B., Gibot, S., Franck, P., Cravoisy, A., & Bollaert, P. E. (2005). Rela-

tion between muscle Na1K1 ATPase activity and raised lactate concen-

trations in septic shock: a prospective study. Lancet, 365, 871–875.

 127. Levy, B., Desebbe, O., Montemont, C., & Gibot, S. (2008). Increased  

aerobic glycolysis through beta2 stimulation is a common mechanism 

involved in lactate formation during shock states. Shock, 30, 417–421.

 128. Yancy, C. W., Jessup, M., Bozkurt, B., Butler, J., Casey, D. E., Jr., Drazner, 

M. H., et al. (2013). 2013 ACCF/AHA guideline for the management of 

heart failure: executive summary: a report of the American College of 

Cardiology Foundation/American Heart Association Task Force on prac-

tice guidelines. Circulation, 128, 1810–1852.

 129. van Diepen, S., Katz, J. N., Albert, N. M., Henry, T. D., Jacobs, A. K., 

Kapur, N. K., et al. (2017). Contemporary management of cardiogenic 

shock: a scientific statement from the american heart association.  

Circulation, 136, e232–e268.

 130. Gheorghiade, M., Abraham, W. T., Albert, N. M., Greenberg, B. H., 

O’Connor, C. M., She, L., et al. (2006). Systolic blood pressure at admis-

sion, clinical characteristics, and outcomes in patients hospitalized with 

acute heart failure. JAMA, 296, 2217–2226.

 131. Hochman, J. S., Buller, C. E., Sleeper, L. A., Boland, J., Dzavik, V., San-

born, T. A., et al. (2000). Cardiogenic shock complicating acute myocar-

dial infarction—etiologies, management and outcome: a report from the 

SHOCK Trial Registry. SHould we emergently revascularize Occluded 

Coronaries for cardiogenic shocK? Journal of the American College of 

Cardiology, 36, 1063–1070.

 132. De Backer, D., Biston, P., Devriendt, J., Madl, C., Chochrad, D., Aldecoa, 

C., et al. (2010). Comparison of dopamine and norepinephrine in the 

treatment of shock. New England Journal of Medicine, 362, 779–789.

 133. Chen, H. H., Anstrom, K. J., Givertz, M. M., Stevenson, L. W., Semigran, 

M. J., Goldsmith, S. R., et al. (2013). Low-dose dopamine or low-dose 

nesiritide in acute heart failure with renal dysfunction: the ROSE acute 

heart failure randomized trial. JAMA, 310, 2533–2543.

 134. Levy, B., Perez, P., Perny, J., Thivilier, C., & Gerard, A. (2011). Compari-

son of norepinephrine-dobutamine to epinephrine for hemodynamics, 

lactate metabolism, and organ function variables in cardiogenic shock. A 

prospective, randomized pilot study. Critical Care Medicine, 39, 450–455.

 135. Levy, B., Clere-Jehl, R., Legras, A., Morichau-Beauchant, T., Leone, M., 

Frederique, G., et al. (2018). Epinephrine versus norepinephrine for car-

diogenic shock after acute myocardial infarction. Journal of the American 

College of Cardiology, 72, 173–182.

 136. Abraham, W. T., Adams, K. F., Fonarow, G. C., Costanzo, M. R., Berkow-

itz, R. L., LeJemtel, T. H., et al. (2005). In-hospital mortality in patients 

with acute decompensated heart failure requiring intravenous vasoactive 

medications: an analysis from the Acute Decompensated Heart Failure 

National Registry (ADHERE). Journal of the American College of Cardiol-

ogy, 46, 57–64.

 137. Tacon, C. L., McCaffrey, J., & Delaney, A. (2012). Dobutamine for pa-

tients with severe heart failure: a systematic review and meta-analysis of 

randomised controlled trials. Intensive Care Medicine, 38, 359–367.

 138. Cuffe, M. S., Califf, R. M., Adams, K. F., Jr., Benza, R., Bourge, R., Co-

lucci, W. S., et al. (2002). Short-term intravenous milrinone for acute ex-

acerbation of chronic heart failure: a randomized controlled trial. JAMA, 

287, 1541–1547.

 139. Mehra, M. R., Ventura, H. O., Kapoor, C., Stapleton, D. D., Zimmerman, 

D., & Smart, F. W. (1997). Safety and clinical utility of long-term intrave-

nous milrinone in advanced heart failure. American Journal of Cardiol-

ogy, 80, 61–64.

 140. Metra, M., Nodari, S., D’Aloia, A., Muneretto, C., Robertson, A. D., Bris-

tow, M. R., et al. (2002). Beta-blocker therapy influences the hemody-

namic response to inotropic agents in patients with heart failure: a ran-

domized comparison of dobutamine and enoximone before and after 

chronic treatment with metoprolol or carvedilol. Journal of the American 

College of Cardiology, 40, 1248–1258.

 141. Metra, M., Eichhorn, E., Abraham, W. T., Linseman, J., Böhm, M., Cor-

balan, R., et al. (2009). Effects of low-dose oral enoximone administra-

tion on mortality, morbidity, and exercise capacity in patients with ad-

vanced heart failure: the randomized, double-blind, placebo-controlled, 

parallel group ESSENTIAL trials. European Heart Journal, 30, 3015–3026.

 142. Teerlink, J. R., Metra, M., Zacà, V., Sabbah, H. N., Cotter, G., Gheorghi-

ade, M., et al. (2009). Agents with inotropic properties for the manage-

ment of acute heart failure syndromes. Traditional agents and beyond. 

Heart Failure Reviews, 14, 243–253.

 143. Cleland, J. G., Freemantle, N., Coletta, A. P., & Clark, A. L. (2006). Clini-

cal trials update from the American Heart Association: REPAIR-AMI, 

  

 



e5

ASTAMI, JELIS, MEGA, REVIVE-II, SURVIVE, and PROACTIVE.  

European Journal of Heart Failure, 8, 105–110.

 144. Mebazaa, A., Nieminen, M. S., Packer, M., Cohen-Solal, A., Kleber, F. X., 

Pocock, S. J., et al. (2007). Levosimendan vs dobutamine for patients 

with acute decompensated heart failure: the SURVIVE Randomized 

Trial. JAMA, 297, 1883–1891.

 145. Delaney, A., Bradford, C., McCaffrey, J., Bagshaw, S. M., & Lee, R. (2010). 

Levosimendan for the treatment of acute severe heart failure: a meta-

analysis of randomised controlled trials. International Journal of Cardiol-

ogy, 138, 281–289.

 146. Landoni, G., Biondi-Zoccai, G., Greco, M., Greco, T., Bignami, E., Mo-

relli, A., et al. (2012). Effects of levosimendan on mortality and hospital-

ization. A meta-analysis of randomized controlled studies. Critical Care 

Medicine, 40, 634–646.

 147. Pollesello, P., Parissis, J., Kivikko, M., & Harjola, V. P. (2016). Levosimen-

dan meta-analyses: is there a pattern in the effect on mortality? Interna-

tional Journal of Cardiology, 209, 77–83.

 148. Bergh, C. H., Andersson, B., Dahlström, U., Forfang, K., Kivikko, M., 

Sarapohja, T., et al. (2010). Intravenous levosimendan vs. dobutamine in 

acute decompensated heart failure patients on beta-blockers. European 

Journal of Heart Failure, 12, 404–410.

 149. Husebye, T., Eritsland, J., Müller, C., Sandvik, L., Arnesen, H., Seljeflot, I., 

et al. (2013). Levosimendan in acute heart failure following primary per-

cutaneous coronary intervention-treated acute ST-elevation myocardial 

infarction. Results from the LEAF trial: a randomized, placebo-con-

trolled study. European Journal of Heart Failure, 15, 565–572.

 150. Packer, M., Colucci, W., Fisher, L., Massie, B. M., Teerlink, J. R., Young, J., 

et al. (2013). Effect of levosimendan on the short-term clinical course of 

patients with acutely decompensated heart failure. JACC Heart Failure, 1, 

103–111.

 151. Koster, G., Wetterslev, J., Gluud, C., Zijlstra, J. G., Scheeren, T. W., van der 

Horst, I. C., et al. (2015). Effects of levosimendan for low cardiac output 

syndrome in critically ill patients: systematic review with meta-analysis 

and trial sequential analysis. Intensive Care Medicine, 41, 203–221.

 152. Landoni, G., Lomivorotov, V. V., Alvaro, G., Lobreglio, R., Pisano, A., 

Guarracino, F., et al. (2017). Levosimendan for hemodynamic support 

after cardiac surgery. New England Journal of Medicine, 376, 2021–2031.

 153. Mehta, R. H., Leimberger, J. D., van Diepen, S., Meza, J., Wang, A.,  

Jankowich, R., et al. (2017). Levosimendan in patients with left ventricu-

lar dysfunction undergoing cardiac surgery. New England Journal of 

Medicine, 376, 2032–2042.

 154. Silvetti, S., & Nieminen, M. S. (2016). Repeated or intermittent levosi-

mendan treatment in advanced heart failure: an updated meta-analysis. 

International Journal of Cardiology, 202, 138–143.

 155. Comín-Colet, J., Manito, N., Segovia-Cubero, J., Delgado, J., García Pini-

lla, J. M., Almenar, L., et al. (2018). Efficacy and safety of intermittent in-

travenous outpatient administration of levosimendan in patients with 

advanced heart failure: the LION-HEART multicentre randomised trial. 

European Journal of Heart Failure, 20, 1128–1136.

 156. Oliva, F., Comin-Colet, J., Fedele, F., Fruhwald, F., Gustafsson, F., Kivikko, 

M., et al. (2018). Repetitive levosimendan treatment in the management 

of advanced heart failure. European Heart Journal Supplements, 20(Suppl. 

1), I11–I20.

 157. Cholley, B., Levy, B., Fellahi, J. L., Longrois, D., Amour, J., Ouattara, A., et 

al. (2019). Levosimendan in the light of the results of the recent random-

ized controlled trials: an expert opinion paper. Critical Care, 23, 385.

 158. Topalian, S., Ginsberg, F., & Parrillo, J. E. (2008). Cardiogenic shock. 

Critical Care Medicine, 36, S66–S74.

 159. Investigators, T., Alexander, J. H., Reynolds, H. R., Stebbins, A. L., Dzavik, 

V., Harrington, R. A., et al. (2007). Effect of tilarginine acetate in patients 

with acute myocardial infarction and cardiogenic shock: the TRIUMPH 

randomized controlled trial. JAMA, 297, 1657–1666.

 160. Parker, M. M., Shelhamer, J. H., Bacharach, S. L., Green, M. V., Natanson, 

C., Frederick, T. M., et al. (1984). Profound but reversible myocardial de-

pression in patients with septic shock. Annals of Internal Medicine, 100, 

483–490.

 161. Vieillard-Baron, A. (2011). Septic cardiomyopathy. Annals of Intensive 

Care, 1, 6.

 162. Wilkman, E., Kaukonen, K. M., Pettila, V., Kuitunen, A., & Varpula, M. 

(2013). Association between inotrope treatment and 90-day mortality in 

patients with septic shock. Acta Anaesthesiologica Scandinavica, 57, 

431–442.

 163. Vieillard-Baron, A., Caille, V., Charron, C., Belliard, G., Page, B., & Jardin, 

F. (2008). Actual incidence of global left ventricular hypokinesia in adult 

septic shock. Critical Care Medicine, 36, 1701–1706.

 164. De Backer, D., Aldecoa, C., Njimi, H., & Vincent, J. L. (2012). Dopamine 

versus norepinephrine in the treatment of septic shock: a meta-analysis. 

Critical Care Medicine, 40, 725–730.

 165. Annane, D., Vignon, P., Renault, A., Bollaert, P. E., Charpentier, C., Mar-

tin, C., et al. (2007). Norepinephrine plus dobutamine versus epineph-

rine alone for management of septic shock: a randomised trial. Lancet, 

370, 676–684.

 166. Ducrocq, N., Kimmoun, A., Furmaniuk, A., Hekalo, Z., Maskali, F., 

Poussier, S., et al. (2012). Comparison of equipressor doses of norepi-

nephrine, epinephrine, and phenylephrine on septic myocardial dysfunc-

tion. Anesthesiology, 116, 1083–1091.

 167. Oba, Y., & Lone, N. A. (2014). Mortality benefit of vasopressor and ino-

tropic agents in septic shock: a Bayesian network meta-analysis of ran-

domized controlled trials. Journal of Critical Care, 29, 706–710.

 168. Morelli, A., De Castro, S., Teboul, J. L., Singer, M., Rocco, M., Conti, G., 

et al. (2005). Effects of levosimendan on systemic and regional hemody-

namics in septic myocardial depression. Intensive Care Medicine, 31, 

638–644.

 169. Tavernier, B., Li, J. M., El-Omar, M. M., Lanone, S., Yang, Z. K., Trayer, I. 

P., et al. (2001). Cardiac contractile impairment associated with in-

creased phosphorylation of troponin I in endotoxemic rats. FASEB Jour-

nal, 15, 294–296.

 170. Morelli, A., Teboul, J. L., Maggiore, S. M., Vieillard-Baron, A., Rocco, M., 

Conti, G., et al. (2006). Effects of levosimendan on right ventricular af-

terload in patients with acute respiratory distress syndrome: a pilot 

study. Critical Care Medicine, 34, 2287–2293.

 171. Russ, M. A., Prondzinsky, R., Carter, J. M., Schlitt, A., Ebelt, H., Schmidt, 

H., et al. (2009). Right ventricular function in myocardial infarction 

complicated by cardiogenic shock: improvement with levosimendan. 

Critical Care Medicine, 37, 3017–3023.

 172. Gordon, A. C., Perkins, G. D., Singer, M., McAuley, D. F., Orme, R. M., 

Santhakumaran, S., et al. (2016). Levosimendan for the prevention of 

acute organ dysfunction in sepsis. New England Journal of Medicine, 375, 

1638–1648.

 173. Hamzaoui, O., & Teboul, J. L. (2017). Levosimendan in sepsis. New England 

Journal of Medicine, 376, 799.

 174. Antcliffe, D. B., Santhakumaran, S., Orme, R. M. L., Ward, J. K.,  

Al-Beidh, F., O’Dea, K., et al. (2019). Levosimendan in septic shock in 

patients with biochemical evidence of cardiac dysfunction: a subgroup 

analysis of the LeoPARDS randomised trial. Intensive Care Medicine, 45, 

1392–1400.

 175. Aboab, J., Sebille, V., Jourdain, M., Mangalaboyi, J., Gharbi, M., Mansart, 

A., et al. (2011). Effects of esmolol on systemic and pulmonary hemody-

namics and on oxygenation in pigs with hypodynamic endotoxin shock. 

Intensive Care Medicine, 37, 1344–1351.

 176. Morelli, A., Donati, A., Ertmer, C., Rehberg, S., Kampmeier, T., Orecchi-

oni, A., et al. (2013). Microvascular effects of heart rate control with es-

molol in patients with septic shock: a pilot study. Critical Care Medicine, 

41, 2162–2168.

 177. Morelli, A., Ertmer, C., Westphal, M., Rehberg, S., Kampmeier, T., Ligges, 

S., et al. (2013). Effect of heart rate control with esmolol on hemody-

namic and clinical outcomes in patients with septic shock: a randomized 

clinical trial. JAMA, 310, 1683–1691.

 178. Morelli, A., Singer, M., Ranieri, V. M., D’Egidio, A., Mascia, L., Orecchi-

oni, A., et al. (2016). Heart rate reduction with esmolol is associated with 

improved arterial elastance in patients with septic shock: a prospective 

observational study. Intensive Care Medicine, 42, 1528–1534.

 179. Unger, M., Morelli, A., Singer, M., Radermacher, P., Rehberg, S., Trimmel, 

H., et al. (2018). Landiolol in patients with septic shock resident in an 

intensive care unit (LANDI-SEP): study protocol for a randomized con-

trolled trial. Trials, 19, 637.

  

 



Heart disease remains the leading cause of death in both men and 

women among African Americans, Hispanics, and Caucasians in 

the United States, accounting for nearly 650,000 deaths annually.1 

Significant progress has been made over the past few decades in 

defining and recognizing cardiogenic shock (CS), and although 

there are many potential causes of this condition, acute myocardial 

infarction (AMI) with a large loss of functioning myocardium is 

the most frequent.2,3 Despite advances in early reperfusion and 

mechanical support treatment approaches, CS remains the most 

common cause of in-hospital mortality after AMI, with rates ex-

ceeding 50%.2

In 1912 James Herrick was the first to link observations of pa-

tients with AMI with autopsy findings of patients who had died 

from CS.3 His contention at the time, which was initially rejected by 

the medical community, was that AMI was not always immediately 

fatal and that efforts were needed to diagnose and treat the condi-

tion while the patient was still alive.3 It was not until the mid-to-late 

20th century when selective coronary angiography became available 

in humans that DeWood and others reported evidence of coronary 

occlusion in patients suffering AMIs.4 These findings laid the foun-

dational basis for developing interventional and medical treatments 

for AMI to intervene and support patients who were diagnosed with 

CS. A standard definition of CS was proposed by Binder and col-

leagues in 1955, which included factors such as a systolic blood 

pressure less than 80 mm Hg and tachycardia to greater than  

100 bpm with signs of peripheral vascular collapse.5 At the time this 

definition was developed, the mortality associated with CS after 

AMI was still close to 100%.5

Over the past several decades, the general definition of CS has 

evolved into a severe impairment of myocardial performance that re-

sults in diminished cardiac output (CO), end-organ perfusion, and 

hypoxia.6 Despite an updated definition, a level of uncertainty in the 

outcomes of CS persists, with some contemporary clinical trials lack-

ing uniformity in their definitions for identifying CS. For instance, al-

though the SHOCK (Should We Emergently Revascularize Occluded 

Coronaries for Cardiogenic Shock) and Intra-Aortic Balloon Pump 

(IABP)-SHOCK II trials used systolic blood pressure #90 mm Hg for 

$30 minutes, their exact parameters for confirming end-organ hypo-

perfusion were diverse (Table 82.1).7,8 Clinically CS is recognized to be 

on a continuum, but the presence of hypotension refractory to volume 

resuscitation and features of end-organ hypoperfusion requiring phar-

macologic or mechanical support are the crux of this diagnosis.9 AMI 

remains the instigator of 81% of CS events.10 Furthermore, the inci-

dence of CS in myocardial infarction has remained relatively constant 

in recent decades (,7%) and remains the leading cause of death in  

patients with AMI.7

HISTORY OF MECHANICAL CIRCULATORY 
SUPPORT

The evolution of mechanical circulatory support (MCS) dates to the 

early 1950s when Gibbon developed the prototype cardiopulmonary 

bypass (CPB) apparatus.11 In the years that followed, Lillehei, Kirklin, 

and others applied the heart-lung machine to facilitate open heart 

surgery; their pioneering work and early observations led directly to 

the development of modern MCS systems.12–14 Their initial publica-

tions introduced the concept that left ventricular (LV) decompression 

and myocardial rest could afford enhanced cardiac recovery after the 

insult of open heart surgery. Clinical use of extracorporeal CPB for 

heart surgery became widespread in the early 1960s. Simultaneously, 

several groups of investigators were testing means of MCS for use 

outside the operating room to support patients in CS. The current 

modes of MCS are derivations of those originally developed.

The decision on the type of MCS used is based on the acuity of the 

patient’s presentation, level of flow or adjunctive CO, and the overall 

goals of therapy. This decision often changes as the patient’s clinical 

picture evolves. MCS devices include the intraaortic balloon pump 

(IABP), continuous flow pumps with or without an oxygenator, percu-

taneous devices, and durable continuous flow pumps. Temporary 

MCS devices are used in CS as a bridge to recovery (BTR), bridge-to-

bridge with a long-term implantable MCS device, bridge to transplant 

(BTT), or bridge to decision. Some temporary MCS devices can be 

inserted percutaneously, whereas others require surgical implantation. 

Long-term MCS devices are used as a BTR, a BTT, or the definitive 

means of treatment for the patient’s remaining lifespan—that is, desti-

nation therapy (DT). These devices have been employed for a variety 

of causes of CS, including AMI, inability to wean from CPB (postcar-

diotomy CS), acute decompensation of chronic heart failure (HF), 

acute myocarditis, peripartum cardiomyopathy, HF secondary to acute 

or chronic valvular heart disease, and congenital heart defects.

History of Aortic Counterpulsation
The concept of arterial counterpulsation was introduced in 1961 by 

Clauss and coworkers. It involved use of an external “ventricular” 

chamber that filled with blood from a catheter in the iliac artery and 

was subsequently compressed by a piston. Compression of the “ven-

tricle” was synchronized to either the QRS complex of an electrocar-

diogram (ECG) or the impulse of a pacemaker so that a counterpulse 

of blood was delivered into the arterial system during diastole.15 It was 

demonstrated in dogs that cardiac stroke work and LV end-systolic 

pressures were substantially reduced with the use of a counterpulsa-

tion into the aorta. The following year, Moulopoulus and associates 

adapted the model to create an IABP that could provide a similar 

Mechanical Support in Cardiogenic Shock

Laura M. Seese, Arman Kilic, and Thomas G. Gleason

82

677

 



678 PART V Cardiovascular

Clinical Definition SHOCK Trial IABP-SHOCK II ESC HF Guidelines

Cardiac disorder that results in 

both clinical and biochemical 

evidence of tissue hypoperfu-

sion

Clinical criteria:

SBP ,90 mm Hg for .30 minutes OR 

support to maintain SBP .90 mm Hg 

AND end-organ hypoperfusion (urine 

output ,30 mL/hr or cool extremities)

Hemodynamic criteria: CI of ,2.2L·m22 

AND PCWP .15 mm Hg.

Clinical criteria:

SBP ,90 mmHg for .30 minutes OR 

catecholamines to maintain SBP  

.90 mm Hg AND clinical pulmonary 

congestion AND impaired organ  

perfusion (altered mental status, 

cold/clammy skin and extremities, 

urine output ,30 mL/hr or lactate 

.2.0 mmol/L)

Clinical criteria:

SBP ,90 mm Hg with adequate volume 

and clinical or laboratory signs of hypo-

perfusion. Clinical hypoperfusion: cold 

extremities, oliguria, mental confusion, 

dizziness, narrow pulse pressure.

Laboratory hypoperfusion:

metabolic acidosis, elevated serum  

lactate, elevated serum creatinine

TABLE 82.1 Available Definitions of Cardiogenic Shock

From van Diepen S, Katz JN, Albert NM, et al. Contemporary management of cardiogenic shock: A scientific statement from the American Heart 

Association. Circulation. 2017;136(16):e232–e268.

CI, confidence interval; PCWP, pulmonary capillary wedge pressure; SBP, systolic blood pressure.

counterpulsation without the need for blood reservoirs.16 The investi-

gators used a balloon that was rapidly inflated and deflated with car-

bon dioxide during native diastole. The IABP was subsequently 

adapted and described for clinical use by Kantrowitz and colleagues in 

1968.17 There is little difference in the modern IABP and that originally 

described, other than the availability of different-sized balloons (30- to 

50-mL balloons), the use of helium instead of carbon dioxide, and 

subtle differences in the materials used to make the catheters.

History of Mechanical Assist Devices
The need for effective MCS devices with more options for greater  

cardiac flow support became apparent in the 1950s during the devel-

opment of CPB for open heart surgery. The first attempt at isolated 

extracorporeal LV support was with a simple roller pump in 1962.18 

Initial attempts with prolonged postoperative CPB demonstrated that 

the bypass circuit was damaging to both end-organ function and 

blood constituents after several hours of use.19 Subsequently, femoral 

venous–to–femoral arterial CPB was successfully used by Spencer and 

colleagues in four patients with postcardiotomy cardiac failure.20 Si-

multaneous to Spencer and colleagues’ work with extracorporeal sys-

tems, DeBakey designed the first intracorporeal LV assist device 

(LVAD), the DeBakey blood pump.21 A remodeled extracorporeal ver-

sion was subsequently used for postcardiotomy failure in a 37-year-old 

woman after aortic and mitral valve replacements. The device was 

needed for 10 days, and the patient survived.22

By 1972 investigators at the Texas Heart Institute had developed a 

pneumatically driven LVAD designed to be implanted in the abdo-

men.23 This device had a blood chamber compressed by pulses of air 

delivered into the pump by a percutaneous driveline. Modern devices 

have chamber compression that is electrically powered via percutane-

ous drivelines. Paracorporeal, pneumatically driven devices were a 

parallel development. Paramount to the evolution of these devices was 

the sponsorship of the Artificial Heart Program of the National Heart, 

Lung, and Blood Institute, which was chartered in 1964.

By the 1960s continuous flow pumps, as compared with pulsatile 

pumps, were under development.24,25 Over the subsequent 15 years, 

continuous flow centrifugal pumps were perfected and introduced 

into clinical use. These pumps work on the principle of a forced, con-

strained vortex devised from three magnetic cones.26,27 They have been 

shown to be useful in a variety of clinical settings where short-term 

MCS is needed and an IABP is inadequate. Several types of small, ax-

ial-flow, or rotary pumps have also been developed, including some 

that allow for percutaneous deployment.28–41 These pumps generally 

contain a magnetically suspended impeller that rotates at fast rates 

between 25,000 and 35,000 rpm. The latest generation of rotary pump 

technology comprises continuous flow devices that use fully magneti-

cally levitated rotors that eliminate the need for seals or bearings. This 

technology reduces the risk of damage to blood elements and has been 

shown to lead to lower rates of thromboembolism.42

INITIAL MANAGEMENT OF CARDIOGENIC SHOCK

The initial focus in the treatment of CS is to prevent end-organ failure 

through stabilization of CO and the establishment of hemodynamic 

stability while simultaneously diagnosing and treating the reversible 

causes of CS. Fig. 82.1 illustrates an algorithm for the management 

strategies in CS. Identification of the primary cause of CS can allow for 

the appropriate pharmacologic or mechanical therapies to be applied. 

The American Heart Association recommends that patients undergo 

noninvasive testing with chest x-ray, resting 12-lead ECG, and echocar-

diography.6 Suggested laboratory tests include complete blood count, 

electrolytes, hepatic function tests, serum creatinine, mixed venous 

oxygen saturation, natriuretic peptides, serial troponin levels, arterial 

blood gas, and lactate.6 The mainstay of evidence supports timely re-

perfusion in patients presenting with CS caused by AMI. The potential 

revascularization strategies can be noninvasive, with tissue fibrinogen 

activator or streptokinase, or invasive, with percutaneous coronary 

interventions (PCI) or coronary artery bypass grafting (CAGB).7,43,44 

Vasoactive medications are often required for support in patients with 

CS, and the decision for which medication to initiate in CS remains 

challenging. The SOAP II trial (Sepsis Occurrence in Acutely Ill Pa-

tients) evaluated vasopressor selection in a subgroup of patients with 

CS and found that dopamine was associated with a higher rate of ar-

rhythmias in addition to increased mortality, which may be the result 

of a tachycardia-induced ischemic propogation.45 This has led to asser-

tion of using norepinephrine as a first-line agent. Unfortunately, the 

methodology and clinical definitions of CS used within the SOAP II 

trial caused major concerns regarding the generalizability and applica-

bility of the findings. Additional studies have suggested that epineph-

rine should also not be used in the initial management of CS because 

of its effect in increasing lactate levels, increasing oxygen consumption, 

lowered arrhythmogenicity thresholds, and association with higher 

mortality.46,47 Additionally, in a recent randomized clinical trial (RCT), 

norepinephrine was found to be superior to epinephrine in achieving 

hemodynamic stability without increasing lactate levels in patients in 

CS after AMI.48 Escalating doses of vasopressors and inotropes in pa-

tients with CS are associated with increased mortality.47 In the setting 

of refractory CS and impending or worsening end-organ failure, MCS 
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Cardiogenic shock

• SBP <90 mm Hg
• HR >100 bpm
• Altered mental status
• Cool extremities

Echo, EKG, X-ray, blood gases, biochemical analysis, arterial line, CVC

Fluid assessment, vasopressors, inotropes, advanced monitoring (PAC, TPTD)

Etiologic diagnosis (PCI, thrombolysis, drainage)

Refractory shock (increasing vasoactive requirement, worsening hemodynamic parameters)

Organ failure

• Lactate >2 mmol/L
• PAOP >15 mm Hg
• CPO <1 W
• CI <1.8 L/min/m2

Heart team

Select the most appropriate assist device

0 – 1L

Impella 2.5IAPB

Impella CP

Tandemheart

Impella 5.0

VA - ECMO

5 – 7L4 – 5L3 – 4L2 – 3L1 – 2L

Fig. 82.1 Management schema for cardiogenic shock. (From Hajjar LA, Teboul JL. Mechanical circulatory 

support devices for cardiogenic shock: State of the art. Crit Care. 2019;23[1]:76.)

should be discussed with the multidisciplinary heart team and initi-

ated in appropriate candidates.

The lethality of CS and limited availability of donor hearts for pa-

tients with chronic HF has been the impetus for the ongoing search for 

an ideal form of MCS over the past 60 years. The complexity and het-

erogeneity of this patient population have led to the development of a 

vast array of devices, none of which has proven optimal for support in 

all patients across the spectrum. The decision for which type of MCS 

device to use is based on the amount of supplemental flow required or 

CO that the patient requires, the duration of support required, and the 

patient’s candidacy for cardiac transplantation (Figs. 82.2 and 82.3).49 

The biologic barriers to MCS present a constant challenge to clinicians, 

and the types of MCS devices available are continually evolving. None-

theless, MCS remains an important adjunct in the treatment of CS  

and HF, with many devices demonstrating significant improvement  

in survival and quality of life. Accordingly, the American College of 

Cardiology Foundation/American Heart Association (ACCF/AHA) 

guidelines recommend nondurable MCS as a reasonable “bridge to 

recovery” or “bridge to decision” for patients with acute profound 

heart failure and a durable MCS for carefully selected patients with 

stage D heart failure and reduced ejection fraction (class IIa; level B).50 

The current indications, benefits, and limitations of MCS devices are 

outlined in this chapter.

CURRENT USE OF MECHANICAL CIRCULATORY 
SUPPORT DEVICES

Temporary Mechanical Circulatory Support

Percutaneous Insertion

Intraaortic balloon pump. The physiologic rationale for the efficacy 

of the IABP is that balloon deflation provides a rapid, synchronized 
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IABP

Cardiac flow

Mechanism

Maximum implant days

Shealth size

Femoral artery size

Cardiac synchrony or stable rhythm

Cardiac flow

Cardiac power

LVEDP

PCWP

LV preload

Coronary perfusion

Myocardial oxygen demand

Afterload

MAP

Aorta

Weeks

7–8 Fr

>4 mm

Yes

↓

↓

↓

↓

↓

↓ ↑

↑

↑

↑

↑ ↑

↑↑↑

↑↑

↑↑

↑↑

↓↓

↓↓

↓↓

↓↓

↓↓

↓↓

↓↓

↔

↔

↔↔↓

---

--- ---

↑↑

↑↑

↑↑

↑↑

↑↑

↑↑

No No No

8 mm 8 mm

13–14 Fr
Impella 5.0 - 21 Fr

Impella 2.5 &
CP - 5–5.5 mm

Impella 5 - 8 mm

15–17 Fr arterial
21 Fr venous

14–16 Fr arterial
18–21 Fr venous

7 days 14 days Weeks

LV → AO LA → RAAO → AO

0.3–0.5 L/min 3–7 L/min2.5–5 L/min
1–5 L/min

(Impella 2.5, Impella CP,
Impella 5)

Impella VA-ECMOTandemHeart

Fig. 82.2 Adjunctive mechanical circulatory support options and their mechanisms, implant requirements, and 

hemodynamic effects. AO, Aorta; IABP, intraaortic balloon pump; LA, left atrium; LV, left ventricle; LVEDP, left 

ventricular end-diastolic pressure; MAP, mean arterial pressure; PCWP, pulmonary capillary wedge pressure; 

RA, right atrium; VA-ECMO, venoarterial extracorporeal membrane oxygenation. (From Atkinson TM, Ohman 

EM, O’Neill WW, et al. A practical approach to mechanical circulatory support in patients undergoing percuta-

neous coronary intervention: An interventional perspective. JACC Cardiovasc Interv. 2016;9[9]:871–883.)

0–1L

Impella 2.5IABP TandemHeart

Impella CP Impella 5

VA-ECMO

1–2L 2–3L 3–4L 4–5L 5–7L

Fig. 82.3 Comparison of mechanical circulatory support devices and their impacts on cardiac flow. (See Fig. 

82.2 for abbreviations.) (From Atkinson TM, Ohman EM, O’Neill WW, et al. A practical approach to mechanical 

circulatory support in patients undergoing percutaneous coronary intervention: An interventional perspective. 

JACC Cardiovasc Interv. 2016;9[9]:871–883.)

reduction in impedance (afterload) during isovolemic LV contraction. 

This is followed by a rapid, synchronized increase in aortic pressure 

during isovolemic LV relaxation (diastolic augmentation) caused by 

balloon inflation. In combination, these events achieve two important 

goals. First, LV systolic unloading directly reduces stroke work, which  

in turn reduces myocardial oxygen consumption during the cardiac 

cycle. Second, diastolic augmentation raises arterial blood pressure and 

provides better coronary arterial perfusion during diastole, yielding 

increased oxygen delivery to the myocardium. The IABP does not di-

rectly move or redistribute blood flow; however, peak diastolic coronary 

flow velocity can be increased as much as 87% with IABP augmentation 

and peak diastolic flow velocity by as much as 117%.51 Since its intro-

duction into clinical use in 1968, the IABP has remained an important 

adjunct to supporting patients in CS. Myocardial recovery is promoted 
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by the reduction of cardiac work and the simultaneous increase in 

myocardial oxygen supply. However, therapeutic success is dependent 

on the patient having a minimum degree of LV function that, in com-

bination with IABP support, facilitates an adequate CO to sustain end-

organ function. When this minimal CO is not met, alternative MCS 

must be considered.

The absolute indications for IABP placement include CS, uncon-

trolled angina pectoris, acute postinfarction ventricular septal defect 

(VSD), postinfarction mitral regurgitation (MR) secondary to papil-

lary muscle rupture, and postcardiotomy left-sided HF with low CO.52 

In these settings, IABP should be considered as a primary therapy that 

should not be delayed. It is important to recognize that blood pressure 

alone is not an adequate indication of hemodynamic or cardiac stabil-

ity. Limb perfusion, renal function, mental status, and even gastroin-

testinal function need to be considered in the assessment of adequate 

resuscitation and homeostasis. Additional measurable indices include 

arterial (SaO2) and mixed venous oxygen saturation, acid-base status, 

urine output, and body temperature. A multivariate analysis of data 

accrued from 391 postcardiotomy patients requiring an IABP demon-

strated that epinephrine requirements greater than 0.5 mg/kg/min, a 

left atrial pressure greater than 15 mm Hg, urine output less than 100 

mL/hr, and mixed venous oxygen saturation less than 60% correlated 

with mortality.53 These criteria were used to help predict mortality and 

the need for subsequent MCS.

Other relative indications for IABP use include (1) high-risk, 

catheter-based interventional procedures such as left main coronary 

artery angioplasty, (2) after unsuccessful attempts at catheter-based 

intervention in patients with poorly controlled ventricular arrhyth-

mias and concomitant poor LV function, and (3) in settings of persis-

tent stunned, ischemic myocardium. These are circumstances in which 

reduction of LV systolic wall tension and oxygen consumption by the 

IABP might enhance myocardial recovery after intervention. The 

Benchmark Counterpulsation Outcomes Registry of IABP use in 

22,663 patients from 250 hospitals worldwide demonstrated that CS 

and high-risk angioplasty were the most common indications for use 

of the device.54

The optimal site of insertion of an IABP is a common femoral ar-

tery that can be accessed either percutaneously with the Seldinger 

technique or by surgical cutdown. Modern intraaortic balloon cathe-

ters are available for adults and children, according to the appropriate 

size and length for a given height and weight of the patient. Adult in-

traaortic balloons have a range in volume filled between 30 and 50 mL, 

with a standard balloon size holding 40 mL of helium. IABP catheters 

placed through the femoral artery are positioned so that the tip is just 

distal to the takeoff of the left subclavian artery in the proximal de-

scending thoracic aorta. Optimally, the tip of the catheter should be 

positioned with transesophageal echocardiographic or fluoroscopic 

guidance.55 To reduce the diameter of femoral cannulation, the sheath-

less IABP technique can be used and is our preferred method.56

Inflation of the balloon should be timed with closure of the aortic 

valve (at the dicrotic notch of the aortic pressure tracing) and should be 

inflated to nearly occlude the descending thoracic aorta. Timing can be 

synchronized in one of three ways: (1) using an arterial (preferably 

aortic) pressure tracing in synchrony with the dicrotic notch, (2) using 

the descent of the R wave on a rhythm tracing, or (3) timed after a 

ventricular pacing spike when a pacemaker is in use.56–63 The optimal 

physiologic benefit of the IABP is significantly improved by proper tim-

ing of inflation and deflation, which can be difficult when there is an 

accelerated heart rate, cardiac rhythm disturbances, atrioventricular 

dyssynchrony, or low mean arterial pressure. Timing should be adjusted 

to maximize diastolic augmentation; hence, deflation should be as late 

as possible but just before opening of the aortic valve. If this cannot be 

gauged by pressure tracing, it can be timed to the onset of the R wave 

on ECG tracing or with the use of M-mode echocardiography.63

When femoral arterial cannulation is not desirable because of aor-

toiliac occlusive disease or extensive peripheral vascular disease (PVD), 

the subclavian artery or the ascending aorta can be used.64–68 With ei-

ther technique, the IABP catheter is advanced antegrade down the 

descending thoracic aorta so that the balloon tip sits above the level of 

the diaphragmatic hiatus, and the most proximal end of the balloon is 

distal to the takeoff of the left subclavian artery. These antegrade bal-

loons should always be placed with either fluoroscopic or echocardio-

graphic guidance. They should be removed with open arterial repair in 

all cases.

IABP catheters should not be left in place after weaning because of 

the risk of thrombus formation and embolization. An IABP should be 

weaned stepwise from a rate that is equivalent to heart rate (1:1) down 

to a ratio of 1:4 just before removal. Balloon catheters placed via the 

open surgical technique should also be removed surgically. Percutane-

ous removal of catheters placed in the iliac artery above the inguinal 

ligament (most common in obese individuals) can result in signifi-

cant retroperitoneal bleeding. Consideration of operative removal is 

warranted.

Relative contraindications to IABP use include severe atheroma-

tous disease of the descending thoracic aorta, descending aortic dissec-

tion or aneurysm, recent descending thoracic aortic surgery, and mild 

to moderate aortic insufficiency. Severe aortic insufficiency is an abso-

lute contraindication to use because diastolic augmentation cannot be 

accomplished, and LV end-diastolic volume and pressure are actually 

increased rather than decreased.

The overall complication rate of IABP use is between 5% and 10%. 

Major complications occur at a rate of about 3% and include severe 

bleeding, major limb ischemia or amputation, infection, visceral or 

spinal cord ischemia, and attributable IABP mortality.54,69 In the 

Benchmark registry, rates of complications were quite low; the most 

common complications were access site bleeding (4.3%) and limb 

ischemia (2.3%). The rates of amputation, stroke, visceral or spinal 

cord ischemia, and IABP-related mortality were all 0.1% or less.70 In-

traaortic balloon entrapment is a rare complication.70–72 The incidence 

of major vascular complications according to the STS National Data-

base (1996–1997) and the Benchmark Registry (1997–1999) was 5.4% 

and 1.4%, respectively.55,69 Ipsilateral limb ischemia should be imme-

diately addressed after its recognition. This usually requires removal of 

the IABP with replacement at another location if it is still indicated. 

The ischemic limb may require thrombectomy with or without revas-

cularization and fasciotomy.73–79

The SHOCK trial showed that early revascularization in CS after 

AMI, often facilitated by IABP use (86%), yielded a lower 6-month 

mortality rate (50%) than that with medical therapy alone (63%).7 

Additional studies have shown that in patients undergoing urgent or 

emergent revascularization after an AMI, those supported preopera-

tively with an IABP had a lower operative mortality than those in 

whom an IABP was not used (5.3%–8.8% vs. 11.8%–28.2%).69 These 

data seem to justify a strategy of aggressive IABP use to facilitate 

early revascularization in a postinfarction patient. The Second An-

gioplasty in Myocardial Infarction (PAMI-II) Trial data examined 

high-risk patients with AMI revascularized by PCI only and demon-

strated a modest survival advantage at 6 months with the use of 

periprocedural IABP support.54 When evaluating hospital mortality 

rates among patients undergoing CABG and/or valve surgery who 

received preoperative IABP or required intraoperative/postoperative 

IABP support, the mortality rate was significantly lower among pa-

tients supported preoperatively, as depicted in Table 82.2.55,58 Hence, 

there appears to be a survival advantage to earlier IABP support for 

  

 



682 PART V Cardiovascular

Type of Therapy

Benchmark Registry 1997–1999 

Mortality/Total Operations 

With IABP, N (%)

STS National Database 1996–1997 

Mortality/Total Operations With 

IABP, N (%)

STS National Database  

1996–1997 Mortality/Total  

Operations Without IABP, N (%)

Preoperative IABP 8.8 (329/3721) 9.5 (2487/26,077) 2.9 (10,919/378,810)

Intraoperative/ 

postoperative IABP

28.2 (954/3380) 23.6 (3528/14,933) 2.5 (9878/389,954)

TABLE 82.2 Hospital Mortality (Outcome Parameter) for Patients Undergoing Cardiac Surgery 
Who Either Received Preoperative IABP or Intra/Postoperative IABP Support

From Christenson JT, Cohen M, Ferguson JJ 3rd, et al. Trends in intraaortic balloon counterpulsation: Complications and outcomes in cardiac  

surgery. Ann Thorac Surg. 2002;74:1086–1090.

Based on data from the Benchmark Counterpulsation Registry 1997–1999 and the STS National Database 1996–1997 compared with hospital 

mortality for patients who had neither preoperative nor intraoperative/postoperative IABP support.

patients with CS after AMI who undergo revascularization. In the 

setting of an acute VSD or acute MR after an AMI, IABP support can 

offer a dramatic improvement in the hemodynamic response of the 

patient.80–85 It is clear that the mortality rate of patients in CS after 

AMI remain high. However, these studies suggest that IABP support, 

combined with revascularization, portends a better prognosis than 

adjunctive IABP use with medical therapy alone.54 This benefit is 

likely greatest in those who are revascularized and present with class 

3 or 4 HF.86 A meta-analysis of 16 studies demonstrated a significant 

survival benefit for the use of IABP in CS after AMI (relative risk 

[RR]: 0.78; confidence interval [CI]: 0.60–0.86; P ,0.0004).87 How-

ever, no benefit was seen in patients with high-risk AMI that was not 

complicated by CS.

Conversely, a Cochrane Database meta-analysis of six RCTs re-

viewed the use of IABP in CS after AMI in 190 patients and found no 

significant improvement in in-hospital, 30-day, or 6-month all-cause 

mortality.88,89 A meta-analysis of cohort studies of IABP use in patients 

in CS after AMI by Sjauw and colleagues found an 18% decrease in 

30-day mortality in patients treated with thrombolysis and IABP. 

However, in patients treated with PCI, they noted a 6% increase in 

mortality associated with the additional use of an IABP.90 In the pro-

spective IABP-SHOCK II trial, 600 patients in CS after AMI were 

randomized with and without placement of IABP after undergoing 

revascularization, primarily with PCI (.95%).91 No difference in the 

primary endpoint of 30-day, all-cause mortality was seen (39.7% IABP, 

41.3% control). However, a 10% crossover to the IABP arm was noted. 

Additionally, a meta-analysis of 12 RCTs found no improvement in 

30-day mortality with the use of IABP in patients with AMI, regardless 

of whether or not the patients suffered from CS.92 From this compila-

tion of results, it may be concluded that the use of IABP in CS after 

AMI has little benefit in any treatment strategy that does not employ 

the use of early revascularization. Furthermore, improvement in the 

patient’s hemodynamics often seen with the use of IABP does not suf-

fice as a surrogate marker for survival in patients in CS after AMI. An 

IABP should be placed in the case of acute postinfarction VSD or acute 

MR without delay.

TandemHeart. The TandemHeart System (Cardiac Assist, Inc., Pitts-

burgh, PA) is an external centrifugal pump system that allows for percu-

taneous LV support by pumping blood from the left atrium into the 

femoral artery (Fig. 82.4).93 Placement of the 21F venous inflow cannula 

is performed by accessing the femoral vein percutaneously and position-

ing the cannula tip in the left atrium via an atrial transseptal puncture. 

Outflow is established into the contralateral or ipsilateral femoral artery 

via a 15F or 17F cannula. The centrifugal pump is strapped to the thigh 

adjacent to the arterial cannula. The device contains a built-in heparin 

delivery system to decrease thrombin formation. An experienced team 

A

B

Fig. 82.4 A, Components of the TandemHeart device: 21F left atrial 

drainage cannula and 15–17F femoral arterial cannula (left); continuous 

flow centrifugal pump (right). B, Schematic demonstrating transseptal 

left atrial drainage and femoral access points. (From Windecker S. Per-

cutaneous left ventricular assist devices for treatment of patients with 

cardiogenic shock. Curr Opin Crit Care. 2007;13:521–527.)

can establish MCS with TandemHeart in as little as 1 hour.94 However, 

this is still longer than required for institution of extracorporeal mem-

brane oxygenation (ECMO) support. Therefore its use may be limited in 

truly emergent cases and in conditions requiring cardiopulmonary re-

suscitation (CPR). The TandemHeart does provide more robust left-

sided decompression as compared with ECMO.

Contraindications to placement of TandemHeart include severe 

PVD and isolated right ventricular (RV) failure. It also cannot be used in 

the presence of a VSD because of the potential for right-to-left shunt-

ing.95 Right-to-left shunting is a known complication that can also occur 

if the transseptal cannula becomes dislodged into the right atrium (RA). 

Other complications include limb ischemia and thromboembolism.

TandemHeart has mostly been used as an MCS in CS.96–98 Support 

has been employed for various indications, including postcardiotomy 

failure,99–101 until corrective valvular surgery is performed,102–104 until 

recovery of fulminant myocarditis,105,106 or as a bridge to LVAD or 

BTT.98,107,108 It has also been used successfully for MCS during high-

risk PCI.109–112 TandemHeart has been shown to be a more effective 

means of improving hemodynamic parameters in CS than IABP; how-

ever, no improvement in 30-day mortality has been demonstrated.113,114

Impella. The Impella Recover axial flow pump (Abiomed, Inc., 

Danvers, MA) is an addition to the treatment armamentarium for 

  

 



683CHAPTER 82 Mechanical Support in Cardiogenic Shock

and repeat revascularization).117 At the 3-month follow-up, the rates of 

both composite endpoints were lower in the Impella group than in  

the IABP group (MAE, 37% vs. 49%, P 5 0.014; MACCE, 22% vs. 31%, 

P 5 0.034) at 3 months.

In addition to the Impella devices for LV support, the Impella RP  

is available for RV support. The Impella RP is a 22F percutaneous, 

microaxial pump mounted on an 11F catheter. The catheter pump is 

advanced antegrade through the femoral vein under fluoroscopic 

guidance and positioned across the tricuspid and pulmonic valves.130 

The pump inflow aspirates blood from the inferior vena cava and 

ejects it into the pulmonary artery at a rate of up to 4.0 liters per min-

ute. The intended use for the Impella RP is 14 days; however, if there is 

echocardiographic and hemodynamic evidence of improved RV func-

tion, the device can be weaned earlier. During pump operation, an 

activated clotting time of 160–180 seconds is required. The RECOVER 

RIGHT study was a prospective, multicenter trial that demonstrated 

improved hemodynamics and a 73% 30-day survival in patients with 

RV failure after AMI.131

Protek duo. The tandem heart Protek Duo is a device used for isolated 

RV support accessed via the right internal jugular vein. The device con-

tains two lumens within the 29F or 31F cannula.130 One serves as the in-

flow cannula, which is positioned across the superior vena cava and RA, 

where it removes blood and delivers it to a centrifugal pump. The second 

lumen is the outflow cannula, which has a multifenestrated tip to deliver 

blood into the main PA. This system effectively bypasses the RV. The 

Protek Duo can flow between 2 and 4 liters per minute.132 The Protek 

Duo has been reported for use after AMI with RV infarcts, myocarditis, 

posttransplant RV failure, postcardiotomy RV failure and post-LVAD RV 

failure.133

Extracorporeal membrane oxygenation. Since the 1970s, ECMO 

has been used in the adult population for short-term MCS when CS is 

complicated by concomitant pulmonary insufficiency. It provides full 

cardiopulmonary support to allow reversal of the systemic malperfu-

sion that occurs in CS until definitive surgical correction is performed. 

It can also serve as a BTR, a BTT, or a bridge-to-bridge to longer-term 

MCS (i.e., VAD).134–136 It may be employed for a period of 1–3 days in 

cases when the neurologic status of a patient is unclear, but longer-

term support is generally not appropriate until this status is clarified.

The ECMO circuit consists of inflow and outflow cannulas, a con-

tinuous flow centrifugal pump, a hollow-fiber oxygenator, and a heat 

exchanger. Historically, roller pumps and centrifugal pumps have both 

been used. Roller pumps remain in widespread use for CPB during 

cardiac surgery; applications outside the operating room have been 

virtually abandoned because of higher rates of circuit disruption, par-

ticle emboli, and hemolysis.137 Bio-Medicus Biopump (Medtronic 

Corp., Minneapolis, MN) and CentriMag (Levitronix LLC, Waltham, 

MA) are two centrifugal pumps commonly used in ECMO circuits. The 

Bio-Medicus Biopump generates a constrained vortex within an acrylic 

shell that houses concentric magnetic cones. The cones rotate as a mag-

netic rotary motor spins adjacent to the base of the cones and can 

generate very high flows with less trauma to blood cells than roller 

pumps.137–141 The cannulation strategy most often used in acute CS is 

peripherally via the femoral vessels with either the percutaneous Seld-

inger or surgical technique. Alternatively, central cannulation via the 

RA and aorta is used to provide temporary MCS in the case of postcar-

diotomy failure or in patients who require further ventricular decom-

pression with LV vents in lieu of left thoracotomy drainage approaches 

or additional percutaneous device therapy. When faced with acute re-

fractory CS, ECMO can facilitate patient stabilization for subsequent 

transport to a tertiary medical center for VAD evaluation. One particu-

lar ECMO system is the CardioHelp (Maquet Cardiopulmonary AG, 

Hechingen, Germany). It is a miniaturized system that combines the 
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Fig. 82.5 A, Schematic demonstrating retrograde placement of the 

Impella Recover LP 2.5 device across the aortic valve. B, Components 

of the device. Blood from the ventricle enters the inlet portion of the 

device and is propelled by a 12F microaxial pump to the outlet portion 

positioned in the ascending aorta, establishing left ventricular decom-

pression. (From Windecker S. Percutaneous left ventricular assist de-

vices for treatment of patients with cardiogenic shock. Curr Opin Crit 

Care. 2007;13:521–527.)

acute short-term MCS (Fig. 82.5). The device is placed retrograde 

across the aortic valve with the tip situated in the LV. It can be placed 

percutaneously or surgically via the femoral artery under fluoroscopic 

guidance. It may also be placed surgically via an 8-mm T-graft sewn to 

the subclavian artery115,116 or directly into the ascending aorta during 

cardiac surgery. There are several versions of the Impella device, in-

cluding the 2.5, 5.0, and CP (flow rates of 2.5, 5.0, and 5.0 L/min, re-

spectively). Whereas the 2.5 and the CP can be placed percutaneously 

or surgically, the larger Impella 5.0 requires surgical placement. Con-

traindications for the use of Impella include patients with severe aortic 

stenosis and those who have had a previous mechanical aortic valve 

replacement. Severe PVD may make percutaneous deployment impos-

sible or mandate a surgical cutdown for placement.

Similar to other devices, Impella has been used for MCS for several 

indications, including high-risk PCI117,118; postcardiotomy failure119–121; 

CS after AMI97,122–125; severe allograft rejection after heart transplant126,127; 

myocarditis128,129; and as a bridge to placement of a long-term device, 

BTR, or BTT.97 RCTs comparing support with Impella 2.5 with IABP in 

CS AMI have demonstrated improved hemodynamic and laboratory 

parameters (CI, mean arterial pressure, serum lactate levels) with the use 

of Impella.113,114 However, this did not translate into improved 30-day 

survival. In contrast, the recent PROTECT-II RCT comparing these two 

devices in high-risk PCI demonstrated lower rates of the two composite 

endpoints of major adverse events (MAEs) and major adverse cardiac 

and cerebral events (MACCEs 5 death, stroke, myocardial infarction, 
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pump and oxygenator in a single unit. Considering the economical size, 

it is ideal for patients who require urgent interhospital transport.142

Disadvantages in using the peripheral cardiopulmonary support or 

ECMO include the greater potential for ipsilateral limb complications, 

higher rates of hemolysis, the requirement for anticoagulation to prevent 

thrombosis of the oxygenator and circuit, and failure to adequately decom-

press the left ventricle.143–149 Inadequate LV decompression with peripheral 

cardiopulmonary support/ECMO systems may be the mechanism respon-

sible for some treatment failures. Regardless of the etiology of CS, a rested 

ventricle (i.e., decompressed) has a better chance of recovery than a dis-

tended ventricle. Lower extremity ischemia may be resolved or prevented 

by placing an additional perfusion cannula (8–14F) down the ipsilateral 

superficial femoral artery.150 Alternatively, limb ischemia may be prevented 

with the use of an 8-mm T-graft sutured to the side of the femoral artery.151 

However, this increases the complexity of instituting ECMO and can be 

impractical in cases of CS with ongoing CPR where efficiency is key.

The use of ECMO in the adult population for reasons other than 

primary cardiac failure with secondary pulmonary insufficiency has 

limited advantages over conventional therapies.151,152 However, a 

substantial subset of patients who present with CS and are initially 

resuscitated with cardiopulmonary support/ECMO survive to revas-

cularization, transplantation, or recovery, with survival rates as high as 

75%.153–164 ECMO used as a bridge to VAD placement for profound CS 

can yield survival rates higher than 40%.165 This strategy is pragmatic 

and offers immediate end-organ support while a subsequent definitive 

treatment plan can be designed. In an outcome study by Combes and 

colleagues, early predictors of death on ECMO support include hepatic 

failure, renal failure, or placement of ECMO while undergoing CPR. 

Of the greater than 40% who did survive to discharge, many reported 

continued physical and social problems, including the ability to return 

to work.166 This underscores the importance of long-term follow-up 

and the need for continued psychosocial support of these patients.

Improvements in pump and oxygenator technology have made 

EMCO a relatively simple means to establish MCS, allowing reversal of 

end-organ malperfusion that inevitably accompanies CS not promptly 

corrected with medical therapy alone. However, complications of bleed-

ing, infection, stroke, and limb ischemia increase with time on ECMO 

support.167 As with any form of MCS, the plan for separation from sup-

port or transition to a more permanent means begins upon institution 

of ECMO. Once end-organ malperfusion has been corrected, the feasi-

bility of ECMO weaning is determined on a daily basis. Weaning trials 

are guided based on the patient’s hemodynamic parameters, oxygen-

ation, and ventilation. Pulmonary and circulatory support can be 

weaned independently or simultaneously. Pulmonary weaning consists 

of increasing support from mechanical ventilation while the amount of 

oxygenation and ventilation provided by ECMO is reduced. Circulatory 

weaning is done by gradually decreasing the amount of pump flow in a 

stepwise fashion while assessing hemodynamic and echocardiographic 

parameters to evaluate the cardiac response to ventricular loading that 

occurs with decreasing pump flow. Once it is determined that the patient 

can maintain adequate perfusion and pulmonary function, a plan is 

made to separate the patient from ECMO and remove the cannulas. The 

cannulas are most often removed in the operating room with direct 

vascular repair of the femoral artery. If the patient cannot be successfully 

weaned from EMCO, the plan for conversion to VAD or transplant is 

undertaken. This period of support, weaning, and determining the long-

term strategy is done with the collaboration of a multidisciplinary heart 

team, including surgeons, cardiologists, and critical care providers.

Temporary Surgically Inserted Devices

Short-term MCS using continuous flow pumps for CS is a relatively 

simple means of establishing immediate and complete MCS, requiring 

no additional equipment other than that needed for standard CPB sup-

port during cardiac surgery. As previously discussed, some MCS pumps 

can be used with percutaneous cannulation for ECMO support. These 

same pumps may be placed by surgical insertion. The most common 

indication for temporary MCS where surgical insertion is used is for 

postcardiotomy CS. This can be achieved by conversion from the CPB 

circuit used during the primary cardiac operation to a temporary VAD 

system, using the existing cannulas in the RA and aorta. Temporary 

VAD support may be required for several days to allow myocardial re-

covery. If the decision is made to leave the chest open, the cannulas can 

be brought out through the lower portion of the sternotomy incision 

and covered with a sealed temporary dressing. Alternatively, they can be 

brought out through separate incisions inferior to the sternotomy, al-

lowing the sternum to be closed temporarily. The patient can then be 

brought back to the operating room within several days to explant the 

cannulas once cardiac recovery has occurred or converted to a long-

term LVAD. Under the most recent United Network for Organ Sharing 

(UNOS) cardiac allocation policy change on October 18, 2018, the 

priority of patients on nondischargeable, surgically implanted MCS has 

increased. As such, these devices are frequently considered in patients 

who are potential candidates for BTT.168 Temporary, surgically 

implanted MCS can be withdrawn in cases where severe multiorgan 

failure ensues despite therapy or conversion to long-term MCS or BTT 

is not appropriate (advanced age, lack of appropriate psychosocial sup-

port). However, it is best to determine candidacy for definitive treat-

ment with the multidisciplinary heart team initially and discuss the 

goals of treatment before performing any high-risk surgical case.

CentriMag ventricular assist. The CentriMag system uses fully 

magnetically levitated technology to provide MCS in a fashion similar 

to the Bio-Medicus Biopump. The CentriMag system has many advan-

tages that make it attractive for temporary MCS in the acute setting.169 

These advantages include ease of implantation, direct outflow cannu-

lation of the ventricle for improved decompression, and less damage to 

blood elements compared with traditional devices such as the Bio-

Medicus pump. It has been used effectively for univentricular or biven-

tricular support in the setting of postcardiotomy failure as a bridge to 

decision, BTR, BTT, or bridge to a long-term MCS device. For patients 

with concomitant pulmonary insufficiency, an oxygenator may be 

spliced into the circuit, effectively converting it to an ECMO system.

Durable Ventricular Assist Devices

Continuous Flow Left Ventricular Assist Devices

In the continued search for smaller, implantable LVADs with increased 

durability, many advances in technology have led to an array of con-

tinuous flow pumps, each with unique features. These axial or cen-

trifugal flow pumps are smaller and more durable than pulsatile de-

vices, making them well suited for long-term support as a BTT, BTR, 

or DT.170–172 They are placed within the pericardium or in a preperito-

neal pocket, with only an external driveline exposed to provide power 

and device control. These devices are relatively costly, provide isolated 

LV support, and require specialized training to implant, although they 

provide significantly improved survival and quality-of-life outcomes 

over patients with refractory heart failure treated with optimal medical 

therapy. In the setting of limited donor organs, these devices continue 

to be a significant treatment approach for patients with HF.

HeartMate II (HMII). HeartMate II (Abbott Inc., Chicago, IL) is an 

implantable axial flow LVAD that has been used as a BTT and DT.171–174 

The device is implanted in a preperitoneal pocket with the inflow can-

nula situated in the LV apex. Outflow is via a graft anastomosed to the 

ascending aorta. The device was approved for DT by the Food and 

Drug Administration (FDA) in 2010. A prospective postapproval study 

confirmed the efficacy of the device and demonstrated a reduction in 
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the median length of stay by 6 days as compared with the pivotal DT 

trial.175 Results of the ROADMAP trial demonstrated that limited HF 

patients treated with the HeartMate II LVAD had significant improve-

ment in the primary outcome composite of survival and improvement 

in a 6-minute walk test at 1 year compared with similar patients treated 

with optimal medical therapy.176

Jarvik 2000. Jarvik 2000 (Jarvik Heart, Inc., New York, NY) is an 

implantable axial flow pump used as a BTT and for DT.177,178 It is unique 

in that the pump itself resides within the LV cavity, providing outflow via 

the LV apex to a graft anastomosed to the ascending or descending tho-

racic aorta. It is a direct current (DC) battery–powered device, using 

alternating current (AC) power only to recharge the batteries.

HeartWare ventricular assist device (HVAD). The HVAD (Heart-

Ware, Inc., Framingham, MA) is a centrifugal pump that is implanted 

within the pericardial space. The pump is attached directly to the LV 

apex where inflow is provided. Outflow is via a graft sewn to the as-

cending aorta. Based on results from the ADVANCE clinical trial, the 

HVAD received FDA approval as a BTT device.179 Additionally, the 

ENDURANCE trial found centrifugal flow pumps (HVAD) to be non-

inferior to axial flow pumps (Heartmate II), with higher rates of 

strokes (29.7% vs. 12.1%, P ,0.001) reported in the HVAD group.180 

The ENDURANCE supplemental study subsequently confirmed the 

associations between poorly controlled hypertension and strokes in 

LVAD patients and thus the importance of blood pressure manage-

ment in the LVAD population.181

Heartmate III. The Heartmate III (Abbott, Inc., Chicago, IL) device 

is a centrifugal flow pump with a bearingless, fully magnetic levitated 

motor with wide blood-flow passages and no mechanical bearings 

(Fig. 82.6).182 Additionally, the Heartmate III is programmed to facili-

tate rapid changes in rotor speed to create an intrinsic artificial pulse 

that can potentially reduce stasis and thrombus within the pump.183 

The MOMENTUM 3 trial compared the Heartmate II axial flow pump 

with the Heartmate III centrifugal flow pump. At 2-year follow-up, the 

investigators found that the Heartmate III was superior with fewer 

disabling strokes, reoperations for pump thrombosis, and major bleed-

ing events when compared with the Heartmate II.184

TREATMENT OF CARDIOGENIC SHOCK:  
AN ALGORITHM FOR MECHANICAL  
CIRCULATORY SUPPORT

The hallmarks of CS are low CO, hypotension, peripheral vasoconstric-

tion, cold extremities, poor urine output, and altered mental status. As 

the pathophysiologic state progresses, pulmonary insufficiency and 

pulmonary edema ensue. Extrinsic causes of CS most commonly 

manifest as circulatory collapse secondary to pericardial tamponade. 

Acute tamponade is easily diagnosed by echocardiography and requires 

surgical or percutaneous evacuation and subsequent treatment of that 

which caused the tamponade (e.g., traumatic injury, aortic dissection, 

ruptured aneurysm). Extrinsic causes of CS usually require immediate 

surgical intervention but rarely necessitate mechanical assistance. How-

ever, intrinsic causes of CS can be refractory to both medical and surgi-

cal therapies and may require MCS. Intrinsic causes can be divided into 

four pathophysiologic classifications: (1) acute valvular insufficiency, 

(2) AMI, (3) acute myocarditis, and (4) postcardiotomy cardiac failure. 

Irrespective of the etiology of CS, the approach toward the initial man-

agement of patients should be fairly uniform. Irrespective of the etiol-

ogy of CS, the approach toward the initial management of patients 

should be fairly uniform. A suggested management algorithm is out-

lined in Fig. 82.7.

First, insertion of a pulmonary arterial catheter and echocardiogra-

phy should be done to help formulate a differential diagnosis. Severe 

valvular insufficiency or a VSD can usually be effectively excluded at 

this juncture. If severe aortic insufficiency is present, chronotropic 

control (heart rate 80–100 beats/min) and afterload reduction with 

inotropic support should be the initial maneuvers. An IABP is contra-

indicated because aortic regurgitation will worsen; these patients 

should be prepared for immediate aortic valve replacement. For pa-

tients with acute MR or a VSD, an IABP should be placed immediately 

in conjunction with inotropic support and afterload reduction. Surgi-

cal intervention should proceed emergently. Cardiac catheterization is 

pursued preoperatively to identify coronary lesions that would require 

CABG or if PCI is more appropriate.

Acute fulminant myocarditis usually presents in a previously 

healthy individual with no history of cardiac disease. Patients with 

presumed myocarditis who do not stabilize after the insertion of an 

IABP and concomitant inotropic infusion should be diverted to fur-

ther temporary VAD support expeditiously. A remarkable percentage 

of these patients will recover if adequately supported during the acute 

phase of this disease. Short-term to intermediate-term VADs are opti-

mal in these patients because of the ease of their insertion and removal 

and the anticipation for relatively short-term recovery. Giant cell myo-

carditis is one exception to this rule, because most patients with this 

diagnosis will require transplantation or durable MCS.185–187

AMI requires pharmacologic support along with emergent cardiac 

catheterization and PCI as indicated. MCS can be rapidly instituted with 

IABP placement and should be considered in conjunction with PCI. If a 

mechanical complication (i.e., severe MR or VSD) has occurred, an IABP 

should be placed without delay. Urgent surgical intervention is usually 

required for these mechanical complications. The culprit vessel resulting 

in the AMI is treated immediately with PCI. The number of diseased ar-

teries remaining and the clinical status usually determine subsequent al-

location to further PCI or CABG. This can be accomplished several days 

later, once the myocardium is recovered and the shock state has resolved. 

Patients who remain in CS after AMI despite PCI, IABP, and inotropic 

support should be considered for VAD support.

Postcardiotomy CS should be managed intraoperatively with an ini-

tial trial of IABP and inotropic support. If there is persistent shock or an 

inability to be weaned from CPB, VAD implantation is the next thera-

peutic step, provided a meaningful recovery is predictable or a plan for 

transplantation or permanent therapy can be clarified. The general rec-

ommendation for implantation of a VAD for postcardiotomy failure is 

within 1 hour of the first failed attempt to wean from CPB.

The mode of MCS used for CS is determined by a number of factors. 

First is the degree of pulmonary insufficiency. If there is pulmonary 

Outflow graft
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Heartmate II Heartmate 3 HVAD

Pump

Pump

Integrated inlet cannula

Outlet (outflow graft not shown)

Fig. 82.6 Implantable continuous flow ventricular assist devices cur-

rently in commonly in clinical use. (From Stulak JM, Abou El Ela A, Pa-

gani FD. Implantation of a durable left ventricular assist device: How I 

teach it. Ann Thorac Surg. 2017;103[6]:1687–1692.)
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Fig. 82.7 Algorithm for the management of acute cardiogenic shock.

failure with a very large alveolar-to-arterial oxygen gradient on maximal 

ventilatory support, ECMO support is indicated. A small percentage of 

ECMO patients in this setting will recover, some will require VAD place-

ment as a BTT, and fewer still will bridge to VAD and then to recovery. 

If the degree of pulmonary insufficiency is limited to pulmonary edema 

that is likely to recover with adequate CO, patients should undergo VAD 

placement directly. The choice of VAD in this situation is also dependent 

on several factors, including the predicted need for short- or longer-term 

support, the need for univentricular versus biventricular support, the 

chance of ventricular recovery, the institutional experience with different 

devices, device availability, and the relative risks of anticoagulation.187

The Levitronix CentriMag system is an attractive option for postcar-

diotomy cardiac failure in those patients predicted to recover within days 

to a week of surgery for cases when neurologic function is not known or 

is markedly compromised but may need a BTR or bridge to a durable 

device or BTT once stabilized. Both are easy to insert. Therefore in cases 

of profound CS when operative brevity is paramount, these devices may 

be beneficial. Additionally, the CentriMag devices allow for arterial can-

nulation via an inflow graft sewn onto the aorta, which may make con-

version to other long-term VAD systems technically easier.

Initial placement of continuous flow VADs (e.g., HeartMate II, 

Heartmate III or HeartWare HVAD) for MCS in patients with CS is 
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generally not indicated. These devices may be used as a second bridge 

(“bridge-to-bridge”) toward recovery, BTT, or DT. Typically the only 

patients with CS who are candidates for direct, durable LVAD place-

ment are those who are more stable without profound end-organ 

failure, can sustain longer operative times, and are unlikely to achieve 

myocardial recovery.188

OUTCOMES OF CARDIOGENIC SHOCK  
WITH MCS SUPPORT

As recently as 2017, there were a reported 25,145 adult patients who 

had undergone MCS implant, with the majority (76.3%) receiving 

durable, continuous flow LVADs and a minority (2.7%) receiving 

biventricular support.189 Although the burden of adverse events re-

mains high for these patients, overall survival at 1 year is .80% and 

approximately 70% at 2 years.190 The most commonly encountered 

adverse events in patients on durable LVAD support, listed in de-

creasing incidence of hazard, are neurologic dysfunction, multisys-

tem organ failure, infection, device malfunction, and right heart 

failure.

In adult patients with refractory CS requiring ECMO support, 

survival to hospital discharge currently ranges from 42% to 66.7%,191 

although patients with chronic renal failure, pre-ECMO end-organ 

failure, pre-ECMO cardiac arrest, congenital heart disease, lower pulse 

pressures, and lower serum bicarbonate were at higher risk for mortal-

ity.192 Patients with postcardiotomy CS requiring ECMO have tradi-

tionally been poor, with in-hospital mortality rates between 59% and 

84%; however, in the modern era, successful weaning from postcardi-

otomy ECMO has been reported in up to 63.3% of patients, with 

survival to discharge near 25%.193

The evidence surrounding the use of Impella devices is continu-

ing to evolve. A propensity-matched study compared CS patients 

after an AMI who were supported with an Impella 2.5, Impella CP, 

IABP or only medical therapy found Impella to be superior to IABP 

and medical therapy.194 Furthermore, the IMPRESS (Impella versus 

IABP Reduces Mortality in STEMI Patients Treated with Primary 

PCI in Severe Cardiogenic Shock) in Severe Shock trial demon-

strated that patients randomized to an Impella CP had similar  

survival outcomes at 2 years when compared with IABP-supported 

patients.195

HEART TEAM APPROACH TO CS REQUIRING MCS

In the setting of CS, the multidisciplinary heart team, which includes 

HF cardiologists, interventional cardiologists, HF surgeons, and in-

tensivists, helps evaluate each individual patient and develop a care 

plan that best suits the individual patient’s needs. The hallmarks of a 

successful heart team approach for CS requiring MCS include early 

activation, rapid initiation of revascularization and MCS when ap-

propriate, hemodynamic-guided management, and strict protocol 

adherence.196 The implementation of a dedicated heart team ap-

proach in patients with CS requiring MCS has been shown to im-

prove 30-day survival from 47% to 77%.197 An example of the heart 

team approach for CS patients is illustrated in Fig. 82.8.198 Key as-

pects include an immediate heart team activation call once CS is 

suspected. If the patient is within the hospital, they are immediately 

transferred to the cardiac catheterization laboratory or the cardiac 

intensive care unit. If the patient is outside of the hospital system, 

they are emergently transferred by air if available. If the patient is not 

actively in an arrest situation, hemodynamic, angiographic, and lab-

oratory data are collected and then the decision to pursue MCS is 

evaluated by the heart team. If an arrest situation is evolving, the 

heart team will discuss the patient’s appropriateness for either 

ECMO or an alternative percutaneous MCS approach.

CONCLUSION

CS remains a lethal problem with a mortality rate as high as 75%.3,187,188 

Patients who cannot be stabilized with inotropic support and an IABP 

should be considered for MCS with a VAD. The use of MCS for acute 

CS has facilitated impressive improvements in survival for certain 

disease cohorts, such as those with acute myocarditis, with survival 

rates over 70%.154 VADs have had less remarkable an impact on pa-

tients with postcardiotomy shock or CS after AMI, but results in these 

patient populations are continuing to improve.161 Inherent to achiev-

ing better results is our understanding that patients who present with 

CS typically have significant underlying comorbidities with multiple-

system organ dysfunction and marked derangements in both coagula-

tion and inflammatory mediators that complicate management. They 

need to be approached by an integrated multidisciplinary team, in-

cluding cardiologists, cardiac surgeons, anesthesiologists, critical care 

specialists, and experienced nursing staff, to implement efficient and 

decisive treatment plans. These integrated systems offer the greatest 

chance for salvage.197,198 The future holds exciting promise with the 

continued expansion of available devices, both temporary and durable, 

which will no doubt continue to improve outcomes in this challenging 

population.

KEY POINTS

• The leading cause of death among hospitalized patients with AMI continues 

to be CS. Mortality remains high at approximately 40%.

• The hallmarks of CS and low CO are hypotension, peripheral vasoconstric-

tion, cold extremities, poor urine output, and altered mental status.

• Intrinsic causes of CS can be divided into four pathophysiologic classifica-

tions: (1) acute valvular insufficiency, (2) AMI, (3) acute myocarditis, and  

(4) postcardiotomy cardiac failure.

• Echocardiography should be done to help formulate a differential diagnosis, 

and insertion of a pulmonary artery balloon catheter should be considered.

• CS with AMI requires immediate cardiac catheterization. Concomitant IABP 

placement or other temporary VAD support may be considered in addition 

to pharmacologic support for patients with refractory CS.

• Pioneering surgeons recognized by the 1960s that LV decompression and 

myocardial rest could afford enhanced cardiac recovery.

• The physiologic rationale for the efficacy of the IABP includes (1) LV sys-

tolic unloading directly reduces stroke work, which in turn reduces myo-

cardial oxygen consumption during the cardiac cycle, and (2) diastolic 

augmentation, which raises arterial blood pressure and provides better 

coronary arterial perfusion during diastole, yielding increased oxygen 

delivery to the myocardium.

• Relative contraindications to IABP use include severe atheromatous and 

atherosclerotic descending thoracic aorta, descending aortic aneurysm, 

recent descending thoracic aortic surgery, and mild to moderate aortic 

insufficiency.

• Short-term cardiopulmonary support for CS is an important adjunctive 

therapy. It is a relatively simple means of establishing immediate and com-

plete circulatory support, requiring no additional equipment other than that 

needed for standard CPB support during cardiac surgery.

• Initial placement of durable VADs for MCS in patients with acute CS is 

generally not indicated. These devices are best suited as a bridge-to-bridge 

once the shock state has resolved, often with a temporary MCS device.

 References for this chapter can be found at expertconsult.com.
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688 PART V Cardiovascular

Patient with suspected cardiogenic shock (CS)

Transfer patient to cardiac catheterization lab or cardiac intensive care unit (CICU) for evaluation

If hemodynamic criter aneous mechanical circulatoria are met, consider percut y support (PMCS)

If acute decompensated heart failure

cardiogenic shock (ADHF-CS) suspected:

Right heart catheterization

Echo

If acute myocardial infarction cardiogenic

shock (AMI-CS) suspected:

Right heart catheterization

Coronary angiography + revascularization

Assessment of peripheral vascular anatomy

Activate shoc ll linek team through a one-ca for multidisciplinary discussion:

Interventional Cardiology; rCardiac Surge y; Advanced Heart Failure; Critical Care

lClinical criteria to rapid y identify shock state:

Systolic bl ) <90 mm Hg food pressure (SBP or >30 minutes

(or use of inotropes/v ressors to maintain SBP)asop

gan hEvidence of end-or ypoperfusion

Lactate level >2 mmol/L

Hemodynamic criteria for cardiogenic shock:

Fick cardiac index <1.8 L/min/m2 without inotropes/vasopressors

(or <2.2 L/min/m2 with inotropes/vasopressors)

Pulmonary capillary wedge pressure >15 mm Hg

Cardiac power output (CPO) <0.6 W

PAPi <1.0

Admit patient to CICU

Daily bedside echocardiograms for patients with PMCS

Frequent neurovascular assessment for patients with PMCS

Serial assessment of end-organ perfusion and hemodynamics: CPO, PAPi and lactate

Evaluation for weaning vs. escalation of support

Fig. 82.8 Algorithm for the management from the integration of a multidisciplinary heart team in the man-

agement of cardiogenic shock. (From Tehrani BN, Truesdell AG, Sherwood MW, et al. Standardized team-

based care for cardiogenic shock. J Am Coll Cardiol. 2019;73[13]:1659–1669.)

ANNOTATED REFERENCES

Hochman JS, Sleeper LA, Webb JG, et al. Early revascularization in acute myo-

cardial infarction complicated by cardiogenic shock. SHOCK Investigators. 

Should We Emergently Revascularize Occluded Coronaries for Cardio-

genic Shock. New Engl J Med 1999;341:625–634.

Results from the randomized SHOCK trial are reported. Emergency revascu-

larization did not significantly reduce 30-day mortality, but it did reduce 

mortality at 6 months, and IABP placement helped facilitate early revascu-

larization.

Lauten A, Engström AE, Jung C, et al. Percutaneous left-ventricular support 

with the Impella-2.5-assist device in acute cardiogenic shock: Results of 

the Impella-EUROSHOCK-registry. Circ Heart Fail. 2013;6:23–30.

Results from this multicenter registry study demonstrated that patients sup-

ported with Impella 2.5 devices had improved hemodynamics and reductions 

in lactate levels, suggesting improved end-organ perfusion. However, the mor-

tality rates of Impella 2.5–supported CS patients remained high at 64.2%. 

The major complications that were most frequently seen were bleeding, he-

molysis, and pericardial tamponade. Age above 65 years and lactate .3.8 

mmol/L at admission were identified as predictors of 30-day mortality.

Mehra MR, Uriel N, Naka Y, et al. A fully magnetically levitated left ventricular 

assist device – Final report. New Engl J Med. 2019;380(17):1618–1627.

Results of the MOMENTUM 3 randomized clinical trial demonstrated that 

patients supported with a HeartMate III centrifugal-flow device, compared 

with a HeartMate II axial flow device, were less likely to experience disabling 

strokes or pump thrombosis. Additionally, rates of major bleeding and gastro-

intestinal bleeding were lower in the HeartMate III group.

Schmidt M, Burrell A, Roberts L, et al. Predicting survival after ECMO for re-

fractory cardiogenic shock: The survival after veno-arterial-ECMO 

(SAVE)-score. Eur Heart J. 2015;36(33):2246–2256.
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This retrospective analysis evaluated patients with refractory CS who were 

supported with venoarterial ECMO and found acceptable survival, with 42% 

alive at hospital discharge. Chronic renal failure, longer durations of pre-

ECMO mechanical ventilation, pre-ECMO end-organ failure, cardiac arrest, 

and congenital heart disease were all risk factors found to be associated with 

mortality.

Stone GW, Ohman EM, Miller MF, et al. Contemporary utilization and outcomes 

of intra-aortic balloon counterpulsation in acute myocardial infarction: the 

benchmark registry. J Am Coll Cardiol. 2003;41:1940–1945.

This study reviews the indications and outcomes for the usage of the intraaortic 

balloon pump (IABP) from 1996 to 2001. Data were collected prospectively in 

250 medical centers with over 22,000 IABPs placed worldwide.
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endogenous vasoconstrictive and sodium-retaining systems, but never 

without an increased plasma level of proinflammatory cytokines in ab-

sence of systemic inflammation (SI).17 Taking into account that SI pre-

cedes the development of a clinically overt ascites18 and organ failure19 

and that there is a strong relationship between its grade and both the 

stage progression of cirrhosis20 and the severity of ACLF,16 SI should be 

considered as another driver of decompensation in patients with cir-

rhosis.19 There is some evidence that an SI-related oxidative stress (OS) 

can be another potential driver of decompensation in these patients.17 

How can we put together these three drivers of decompensation? By 

proposing a new pathophysiologic theory.14 We have recently proposed 

a new theory according to which the main consequence of portal hyper-

tension is thought to be bacterial translocation (BT). BT is the main 

cause of SI and OS, which, in turn, are the main drivers of the derange-

ment of the cardiovascular function and of the consequent reduction of 

the effective circulating volume. All these factors together are responsible 

for the onset of ascites and for other major complications of cirrhosis. In 

addition, SI and OS can generate a vicious circle whose consequence is a 

sequential chain of related events, including a further increase in portal 

pressure and/or in the severity of liver failure and thus in the extent of 

BT. Thus the final ring of this chain is a further increase in the degree of 

SI and OS. This may be the most credible, plausible, and acceptable ex-

planation for the possibility of the onset of organ failure in patients with 

cirrhosis when a precipitating event cannot be detected (Fig. 83.2).14 In 

an attempt to quantify, if possible, the relative weight of individual heart 

failure drivers in the various stages of cirrhosis, it has recently been ob-

served that progression of portal pressure occurs mostly in patients with 

compensated cirrhosis, whereas SI increases substantially only across the 

different stages of decompensated cirrhosis.21 The mechanisms of the 

effect of SI and OS on organ integrity and function are beyond the aim 

of this chapter; however they are several and not mutually exclusive. The 

first mechanism is quite obvious and is an increase in the nitric oxide–

mediated vasodilatory effect on arterial splanchnic circulation, resulting 

in overactivation of the endogenous vasoconstrictor systems, which 

elicit intense vasoconstriction and hypoperfusion of some organs, in 

particular, the kidney. The second mechanism is immunopathology, 

which is an immune-mediated tissue damage that is extremely variable 

in terms of pathways and impact on the different organs. The third 

mechanism is related to the relative storage of essential nutrients in sev-

eral organs because of the fact that SI is energetically quite an expensive 

process, requiring reallocation of nutrients to fuel immuneactivation.22

THE CHANGE OF A PARADIGM

Portal Hypertension Is Not the Only Driver of 
Complications of Cirrhosis
Cirrhosis is typically classified as compensated or decompensated, 

based on the absence or presence (or previous history) of variceal 

bleeding, ascites, jaundice, or encephalopathy.1–3 The significantly lon-

ger survival—usually symptomless—and better quality of life experi-

enced by patients with compensated cirrhosis compared with those 

with decompensated cirrhosis have brought about the concept that 

compensated and decompensated cirrhosis are distinct clinical stages of 

the disease.4,5 Further disease stages have been identified according to 

the presence of esophageal varices and to the presence of only one or 

more disease complications.4–10 Four stages were proposed at the 

Baveno IV Consensus Conference: stage 1, compensated cirrhosis with-

out esophageal varices; stage 2, compensated cirrhosis with varices; 

stage 3, ascites with or without varices; and stage 4, bleeding with or 

without ascites. The four stages are characterized by a significant in-

crease in the risk of death.11 We went on for decades thinking that the 

only driver in the stage progression of cirrhosis was the progressive in-

crease in portal pressure. In accordance with the theory of splanchnic 

arterial vasodilation, the progressive impairment of the cardiocircula-

tory function characterized by arterial vasodilatation and inadequate 

cardiac output, in addition to the progressive increase in the degree of 

activation of the endogenous vasoconstrictive and sodium-retaining 

systems were in fact attributed only to the progressive increase in portal 

pressure12,13 (Fig. 83.1). However, today, we can affirm that this is only 

partially true on the basis of the following, more recent findings.

First, it has not been confirmed in larger cohorts of patients that 

there is a progressive increase of the grade of activation of the endoge-

nous vasoconstrictive and sodium-retaining systems, at least in the more 

advanced phases of liver disease.14 Second, it is possible to reduce sig-

nificantly the grade of activation of those systems without achieving any 

clinical result in terms of reduction of the rate of cirrhosis-related com-

plications and/or mortality.15 Third, during the last 8 years we have 

learned that another syndrome may develop in any patient with cirrho-

sis, but particularly in those with decompensated cirrhosis. This syn-

drome has been called acute on chronic liver failure (ACLF)16. ACLF is 

characterized by an acute decompensation (AD) of the liver disease, the 

development of organ failure, and a 28-day mortality rate .15%. ACLF 

can develop even in the presence of a normal grade of activation of the 
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Fig. 83.1 Traditional view of the pathophysiology of the development of decompensation and organ failure in 

patients with cirrhosis. (Adapted from Albillos A, Garcia-Tsao G. Classification of cirrhosis: The clinical use of 

HVPG measurements. Dis Markers. 2011;31:121–128.)
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Fig. 83.2 The new systemic inflammation hypothesis on the development of decompensation and organ 

failure in patients with cirrhosis. Abnormal gut translocation of bacteria and bacterial products induced by 

portal hypertension and/or liver failure is responsible for systemic inflammation (SI) and oxidative stress (OS). 

Proinflammatory cytokines and oxidative/nitrosative stress impair effective hypovolemia by enhancing arterial 

vasodilation, mainly mediated by nitric oxide (NO), and preventing cardiac output to fulfill the needs of the 

peripheral circulation. SI and OS generate a vicious circle, which is responsible for a progressive increase in 

the degree of portal pressure and/or the severity of liver failure and of the same intensity of SI and OS. Thus 

at any time along the course of the liver disease, organ failure can develop, with or without the occurrence 

of hepatic or extrahepatic precipitating factors (PFs).  (Adapted from Bernardi M, Moreau R, Angeli P, et al. 

Mechanisms of decompensation and organ failure in cirrhosis: From peripheral arterial vasodilation to sys-

temic inflammation hypothesis. J Hepatol. 2015;63:1272–1284.)

A New Vision on the Dynamics and Classification of 
Decompensation in Patients With Cirrhosis
AD has been defined as “the acute development of large ascites, hepatic 

encephalopathy, gastrointestinal hemorrhage, bacterial infection, or  

any combination of these requiring an emergent hospitalization.”16 

However, the majority of patients with cirrhosis may develop progres-

sive ascites or mild to moderate hepatic encephalopathy (HE) without 

requiring hospitalization at the first stage of decompensation. This 

pathway of decompensation can be defined as nonacute decompensa-

tion (NAD), and it often precedes AD. Thus focusing on ascites, we 
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should outline that, in keeping with the new pathophysiologic theory, 

SI is already present in patients with grade 1 ascites, which is defined as 

an ascites that can be detected only by abdominal ultrasonography19 

and that ascites of any grade, together with a high Model for End-Stage 

Liver Disease (MELD) score, a low mean arterial pressure (MAP), and 

the presence of anemia, is a predictive factor in the development of 

organ failure and ACLF.23 Thus we can state that NAD and AD repre-

sent the two main ways of transitioning from compensated to decom-

pensated cirrhosis in clinical practice. Patients with NAD may then 

develop one or more episodes of AD, and when this happens, the sub-

sequent evolution of the liver disease can follow three main trajecto-

ries.24 They may develop ACLF, unstable decompensated cirrhosis 

(UDC), or stable decompensated cirrhosis (SDC). Patients who develop 

ACLF have 3-month and 1-year mortality rates of 53.7% and 67.4%, 

respectively. Those who develop UDC, defined by the absence of organ 

failure but with a need of at least one hospital readmission during the 

following 3 months, have a 3-month and 1-year mortality of 21.0% and 

35.6%, respectively. Patients with SDC, defined by the absence of both 

the development of ACLF and the need for hospital readmission during 

the 3 months after AD, have a 1-year mortality of 9.5%.24 Therefore this 

new vision of the dynamics and classification of decompensation can 

be summarized as shown in Fig. 83.3. Several aspects of decompensa-

tion should be further investigated, and thus the new vision is certainly 

new but also equally certainly partial. In fact, the temporal relationship 

of the sequence from NAD to AD and the long-term outcome of pa-

tients with ACLF, UDC, and SDC are not known. In addition, we do not 

know the outcome of patients recovering from decompensation. We 

need a consensus definition on how to define recompensation. It would 

probably require a symptom-free interval from the previous decom-

pensation and the ability to maintain this stage without treatment. 

However, this can sometimes occur as a result of effective antiviral 

treatment in cirrhosis patients with hepatitis B virus (HBV)25 or hepa-

titis C virus (HCV)26 and of abstinence in those with alcohol-related 

cirrhosis.27 If recompensation is not taken for granted for etiologic 

treatments, it is not even expected as a result of disease-modifying 

agents such as long-term use of human albumin, beta-blockers, and/or 

statins when exposure to the etiologic agent is still ongoing. However, 

these treatments may prevent further episodes of decompensation.28,29

SOME NEW ACHIEVEMENTS IN THE 
MANAGEMENT OF COMPLICATIONS OF CIRRHOSIS

Management of Grade 1 Ascites
As previously mentioned, grade 1 ascites has been defined as an ascites 

that can be detected only by abdominal ultrasonography. For more 

than 30 years, it has been stated that grade 1 ascites should not be 

treated by medical therapy (i.e., dietary sodium restriction and/or di-

uretics). However, this statement was entirely anecdotal and not based 

on evidence because nothing was known about the clinical course of 

patients with grade 1 ascites. We have recently proved its correctness 

because it has been observed that these patients do not have a higher 

probability of developing an overt ascites than those without any evi-

dence of ascites on ultrasonography. Nonetheless, patients with grade 

1 ascites have a higher risk of developing ACLF and dying than those 

without ascites, and consequently, they should be followed more 

closely.19

The Long-Term Use of Human Albumin Solution in the 
Treatment of Ascites
An albumin molecule has several biologic properties, oncotic and non-

oncotic. Albumin represents approximately 75% of plasma oncotic 

pressure. A large body of evidence exists for its use as a plasma expander 

in patients with cirrhosis. But with regard to the nononcotic properties, 

it has been proven that in an experimental model of decompensated 

cirrhosis, albumin was capable of reducing OS, SI, and inflammation in 

the cardiac tissue, restoring cardiac contractility. More recently, it has 

been shown that albumin also attenuates SI even in patients with de-

compensated cirrhosis. Notably, recent in vitro studies attribute the 

antiinflammatory properties of albumin to its uptake by immune cells 

by blocking the endosomal toll-like receptor (TLR) signaling. Thus the 

long-term use of human albumin solution (HAS) can represent a 

therapeutic approach in patients with cirrhosis potentially capable of 

interrupting the pathophysiologic cascade responsible for decompensa-

tion. For example, in the ANSWER trial, a nonprofit, multicenter, ran-

domized, open-label study, it was proven that in patients with respon-

sive ascites on diuretic treatment, the long-term administration of HAS 

on top of the standard medical treatment (SMT) was associated with a 

significantly better 18-month overall survival as compared with those 

receiving only the SMT. Furthermore, the cumulative incidence of com-

plications of cirrhosis, including spontaneous bacterial peritonitis 

(SBP), non-SBP infections, episodes of impairment of renal function, 

grade III and IV HE, and potential diuretic-induced side effects, was 

significantly reduced in the group receiving HAS.28

The core results of the ANSWER trial were confirmed by a prospec-

tive, nonrandomized study that enrolled 70 patients with cirrhosis and 

refractory ascites. Patients who received SMT 1 albumin (20 g twice a 

week) had a significantly lower 24-month mortality than those receiv-

ing SMT. Treatment with albumin was the sole independent protective 

factor against death and was associated with a lower cumulative inci-

dence of rehospitalizations because of any complication of cirrhosis 

with the exception of gastrointestinal (GI) bleeding.30
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Acute on chronic
liver failure (ACLF)
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decompensation (NAD) Stable decompensated

cirrhosis (SDC)

 Fig. 83.3
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The results of these studies were not confirmed by the MACHT 

study, which was performed in patients with ascites listed for liver 

transplantation (LT). Instead, it challenges these results. In this clinical 

trial, patients were randomized to receive SMT plus 40 g of albumin 

every 15 days and the alpha-1-receptor agonist midodrine or SMT 1 

placebos. Despite a mild improvement in effective hypovolemia, no 

difference was observed in either the probability of developing compli-

cations or death.15 The most relevant difference between the ANSWER 

and MACTH trials is the fact that the amount of albumin adminis-

tered in the MACHT trial was about half of that administered in the 

ANSWER trial, so no effect on serum albumin concentration was seen 

in the MACHT study, whereas a significant and sustained increase by 

0.6–0.8 g/L to a median value close to 4 g/dL occurred in the ANSWER 

study. Interestingly, preliminary results from a post hoc analysis of the 

ANSWER database showed that the level of serum albumin concentra-

tion reached after 1 month of treatment predicts the probability of 

18-month overall survival, which was greater than 90% in those pa-

tients presenting a level of 4 g/dL. The importance of increasing the 

serum albumin levels beyond a certain point to obtain the maximal 

effect of albumin treatment was confirmed by two recent studies.31,32 

In particular, the Spanish study demonstrated that a steady suppres-

sion of plasma renin activity and a significant reduction of systemic 

inflammation were achieved in patients with decompensated cirrhosis 

receiving high doses (1.5 g/kg per body weight every week) but not low 

doses (1 g/kg per body weight every 10 days) of albumin.31 Interest-

ingly, only high doses of albumin were able to normalize serum albu-

min concentrations.

The Preemptive Use of TIPS in the Treatment of Ascites
Most of the data that compare the effect of a transjugular portosystemic 

shunt (TIPS) with repeated large-volume paracentesis (LVP) plus albu-

min have been obtained in the “era” of bare stents in a mixed popula-

tion of patients with refractory or recurrent ascites.33–38 Seven different 

meta-analyses of these studies have been performed,39–45 but the only 

definitive and shared conclusion was that TIPS assures better control of 

ascites but increases the risk of encephalopathy. An advantage in terms 

of transplant-free survival was evident in only one meta-analysis and 

seemed more evident in patients with recurrent ascites. In a more recent 

randomized controlled trial (RCT), the use of a small-diameter covered 

TIPS in patients with recurrent ascites was associated with better con-

trol of ascites and an increased rate of transplant-free survival without 

any increased risk of developing HE.46 These results have opened the 

discussion on the opportunity to anticipate the preemptive use of TIPS 

before ascites becomes refractory, following the same path used in the 

treatment of variceal bleeding.47,48 Accordingly, several experts have 

mentioned the need to introduce a new diagnostic category (i.e., “diffi-

cult-to-treat ascites” or “recurrent ascites”), without almost anyone 

noticing that a definition of “recurrent ascites” was proposed by Inter-

national Club of Ascites (ICA) in 1986,49 in addition to the fact that it 

has been recently reproposed by the European Association for the Study 

of the Liver (EASL) clinical practice guidelines (CPGs) on the manage-

ment of decompensated cirrhosis.50 According to that definition, recur-

rent ascites is defined by three episodes of grade 3 ascites during 12 

months. By applying this definition, it has recently been observed that 

recurrent ascites has the same mortality rate as responsive ascites, which 

is quite lower than that of refractory ascites. This should be taken into 

account in patients with recurrent ascites when planning the use of 

TIPS.19 In the same way, contraindications to the placement of TIPS 

must be defined. In fact, accurate and reliable indicators predictive of 

the therapeutic advantage or failure of TIPS are still missing. Patients 

with severe liver failure have not been included in RCTs. However, the 

severity of liver failure has arbitrarily been qualified using different 

parameters and related cutoffs (Child-Pugh score .11, serum bilirubin 

.5 mg/dL, international normalization ratio [INR] .2). Likewise, a 

cutoff of serum creatinine .3 mg/dL was used in the RCTs to exclude 

patients with kidney failure, but without taking into account the nature 

and the clinical course of this complication. Finally, the impact of other 

complications such as sarcopenia or syndromes such as ACLF has not 

been evaluated.

Other Options for the Treatment of Refractory Ascites
Although contraindications to the placement of TIPS should be de-

fined, several patients with cirrhosis and refractory ascites simply are 

not a candidate for TIPS. What can we offer these patients for a better 

management of ascites beyond LVP? The automated low-flow pump 

system (Alfapump) has recently emerged as a potential treatment for 

refractory ascites in cirrhotic patients. In a small RCT comparing Al-

fapump with LVP plus albumin infusion in the setting of refractory 

ascites, Alfapump significantly reduced the need for paracentesis51 and 

improved the quality of life52 in just 6 months. However, patients with 

the implant had a high risk of renal dysfunction and often needed a 

reintervention because of technical issues or infections.51,53,54 Thus after 

improving both the techniques and the procedure, another RCT was 

begun. In the near future it will be possible to evaluate the potential role 

of Alfapump in the management of ascites in patients with cirrhosis.

SOME STILL UNMET OR NEW AIMS IN THE 
MANAGEMENT OF COMPLICATIONS

Noninvasive Monitoring of the Effect of Nonselective 
Beta-Blockers
The discovery of the lowering effect on portal pressure of nonselective 

beta-blockers (NSBBs) represents one of the most important achieve-

ments of hepatology research in the last 50 years.55 The use of NSBBs 

in the primary and secondary prevention of variceal bleeding has dra-

matically reduced the rate of this complication and of related mortality 

in patients with cirrhosis. However, despite all the research done, a 

noninvasive parameter has not been identified yet to evaluate its effect 

and therefore to identify patient responders, and even today, the mea-

surement of the hepatic venous pressure gradient (HVPG) represents 

the only reliable tool in this context.56 However, it was claimed in the 

Baveno VI Consensus workshop that the decision to treat with NSBBs 

should be taken into account when indicated, independent of the pos-

sibility to measure HVPG.56 In the era of precision medicine and/or 

personalized medicine, this represents a huge vulnerability for their 

use in clinical practice, in the sense that, in the real world, NSBBs are 

in fact prescribed without monitoring their effect on portal pressure. 

Thus in order to follow the current CPGs, what should we do in clini-

cal practice in a patient with cirrhosis who needs NSBBs? Should we 

prescribe NSBBs and then wait and see if an episode of variceal bleed-

ing occurs or not? Should we wait for an episode of variceal bleeding 

in order to identify a patient as a nonresponder to NSBBs and thus to 

change the prophylactic strategy? This would be certainly respectful of 

the CPGs, but it is unacceptable in clinical practice to such an extent 

that we want to relate an anecdote. During a recent meeting of the 

panelists of the GPGs of the Italian Association for the Study of the 

Liver on the management of portal hypertension, the following request 

was raised: “Please raise your hand who would monitor a patient with 

esophageal varices on prophylaxis with NSBBs with an annual upper 

endoscopy?” All raised their hands. Of course we understand that the 

strategy of repeating an upper endoscopy every year is not well ac-

cepted by patients—it has some potential biases related to interob-

server and intraobserver variability and should also be proven to be 
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cost-effective. Nevertheless, we have some preliminary and still unpub-

lished data showing that this strategy in patients on prophylaxis with 

NSBBs can reduce the rate of bleeding and the rate of mortality.57 All 

this, however, means that in clinical practice, we are deviating from the 

CPGs, and this is not good for knowledge and science. Therefore the 

search for a noninvasive, instrumental, or metabolomic tool to moni-

tor the effect on portal pressure of NSBBs represents, in our opinion, 

an urgent scientific need.

Preventing Bacterial Infections in Patients With 
Cirrhosis
For many years debate and research on the prevention of infections in 

patients with cirrhosis have been developed only in reference to a spe-

cific type of infection: SBP.58 This seems today only a partial view of 

the problem of infections of those patients in light of at least two main 

considerations: (1) other types of infection besides SBP are extremely 

dangerous in patients with cirrhosis, particularly when severe, nosoco-

mial, or sustained by multidrug-resistant (MDR) or extensively drug-

resistant (XDR) agents, and (2) all types of infections can be compli-

cated by the appearance of organ failure and therefore can precipitate 

or complicate ACLF. To support the first statement, it is sufficient to 

consider new epidemiologic data59 in addition to the fact that the rate 

of mortality from cirrhosis has decreased over the years for all its 

major complications with only one exception, sepsis.60 Regarding the 

second option, it should be remembered that ACLF is precipitated in 

about 44% of cases by a bacterial infection61 or, conversely, that 40%–

60% of bacterial infections in cirrhotic patients were complicated by 

an ACLF with relevant geographic discrepancies.59 Finally, almost 

45%–50% of patients who developed an ACLF not related to a bacte-

rial infection developed bacterial infections during follow-up.62 Thus 

the potential candidates for the prevention of infections among pa-

tients with cirrhosis should include not only those who experience an 

episode of SBP or those who are at risk for developing a first episode 

of SBP but all patients at risk for developing a bacterial infection, all 

those with AD, and all those with ACLF when not precipitated by a 

bacterial infection.

Quinolones,63 and more frequently norfloxacin, have traditionally 

been used in the primary and secondary prophylaxis of SBP in patients 

with cirrhosis.58 In spite of a recent Cochrane meta-analysis,64 its effi-

cacy has been demonstrated in some RCTs and meta-analyses.58,65–68 

However, some concerns still exist on their use in these patients. First, 

there is an increasing rate of strains of gram-negative bacteria that are 

resistant to fluoroquinolones. In fact, their broad spectrum of activity, 

combined with the high frequency of mutations in the target bacterial 

enzymes, led to a change in the microbiota of cirrhotic patients with a 

high prevalence of gram-positive bacteria and extended-spectrum 

beta-lactamase–producing Enterobacteriaceae.69 Second, another im-

portant point is related to the growing concerns about the fluoroqui-

nolone safety profile. On November 16 2018, the European Medicines 

Agency released a review on quinolone and fluoroquinolone antibiot-

ics, recommending a restriction in the use of these drugs owing to the 

possible long-lasting, disabling, and potentially permanent side effects 

involving tendons, muscles, joints, and the nervous system.70 In 2016 

the Food and Drug Administration coined the term fluoroquinolone-

associated disability to describe the syndrome related to fluoroquino-

lone exposure.7 Moreover, recently published works have shown an 

increased incidence of aortic aneurysm or dissection in association 

with the use of oral fluoroquinolone.71 Taken together, all these data 

suggest that we have to rethink the use of quinolones and fluoroquino-

lones for the prevention of infections, including SBP, in patients  

with cirrhosis. With regard to considering alternative/new antibiotic 

regimens, a small RCT failed to demonstrate a difference between 

norfloxacin and trimethoprim-sulfamethoxazole in their effects on 

preventing infections in patients with liver cirrhosis.72 Experimental 

and clinical data showed that rifaximin has a broad-spectrum antibac-

terial action covering gram-positive and gram-negative aerobic and 

anaerobic bacteria. Rifaximin has also the advantage of changing the 

gut microbiome in a limited way, thus inducing a low microbial resis-

tance and also the advantage of having few systemic adverse effects. In 

addition, rifaximin, with its peculiar pharmacokinetic properties that 

limit the systemic values of the drug, and thus the side effects, is a 

promising alternative.73 Many patients receive rifaximin to prevent 

recurrent episodes of HE, and rifaximin may also be effective in the 

prevention of SBP.73–75 However, large and well-conducted RCTs are 

needed to establish the efficacy and safety of rifaximin compared with 

systemic antibiotics for infection prophylaxis in patients with cirrhosis 

and particularly in those with AD or ACLF.

It is very clear that the main and urgent aim of research in this field 

is to provide the possibility of a nonantibiotic strategy to prevent bac-

terial infections in these patients. Thus we are looking forward with 

great interest to the development of new molecules such as Carbalive, 

a macroporous carbon of tailored porosity that has a special physical 

structure that adsorbs both large and small molecules in the gut. Up to 

now, Carbalive was found to be safe, based on detailed clinical and 

biochemical assessments compared with placebo. In addition, it was 

well tolerated with a compliance rate of more than 90%. Preliminary 

data are quite promising because they showed trends in the improve-

ment of a wide range of biomarkers of systemic inflammation, which 

is especially notable because Carbalive is not systemically absorbed.75

Treating Patients With Acute on Chronic Liver Failure
The short-term prognosis of cirrhotic patients with persistent ACLF 

2–3 days after its onset and two or three organs failing is extremely 

poor. Mortality correlates with the number of organs failing, defined 

by the chronic liver failure (CLIF) sequential organ failure assessment 

score and based on the CLIF organ failure scoring system, reaching 

more than 80% at 30 days in patients with three organs failing. Highly 

intensive medical treatment and early LT are the only therapeutical 

options in these patients. However, some aspects of this approach are 

still controversial and deserve to be discussed. The first is the applica-

tion of unrestricted intensive care unit (ICU) support, and the second 

is the feasibility, adequacy, and applicability of an early LT in patients 

with grade 3 ACLF. Cirrhotic patients with organ failure admitted to 

the ICU have a mortality rate, ranging from 36% to 89%, depending 

on the type and number of organ failures.76–78 These high mortality 

rates commonly affect the decision not to admit these patients to the 

ICU, especially when they are not regarded as eligible candidates for LT 

because of a perception of futility. Notwithstanding that the decision 

to admit a patient to the ICU is always the result of a multidisciplinary 

discussion and has to be done on a case-by-case basis, it is beyond 

question that in some cases there has been—and was particularly dur-

ing the COVID pandemic—a certain reluctance to give this possibility 

to patients with ACLF. This is not justified, as a general attitude, by the 

data available today. A recent study showed that the ICU course and 

outcome are not different when patients with ACLF are compared with 

other ICU patients when matched for severity of illness, suggesting that 

ACLF deserves the same ICU care given to other ICU populations.79

In terms of specific therapeutical options in patients with ACLF, it 

is relevant to underscore, beyond the need for an adequate prevention 

or treatment of bacterial infections, one aspect related to the treatment 

of hepatic renal syndrome/acute kidney injury (HRS/AKI). It is well 

known that according to the algorithm for the management of AKI 

proposed by the International Club of Ascites in 2015 (Fig. 83.4), once 

the diagnosis of HRS/AKI stage .1A has been made, patients should 
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Initial AKI* Stage >1Initial AKI* Stage 1

Close monitoring

Remove risk factors (withdrawal of nephrotoxic drugs,

vasodilators and NSADs, taper/withdraw diuretics,

expand plasma volume, treat infections† when

diagnosed)

Resolution

Close follow up

Response ?

NO

Does AKI meet criteria of HRS ?

Specific treatment for

other AKI phenotypes

NO

Persistance

Further treatment of

AKI decided on a

case-by-case basis

Withdrawal of diuretics

(if not yet applied) and volume

expansion with albumin

(1g/kg) for 2 days 

Progression
YES

*  = AKI stage at the first fulfillment of KDIGO criteria

† = Treatment of spontaneous bacterial peritonitis should

  include albumin infusion according to current guidelines. 

Vasoconstrictors

and albumin

YES

Fig. 83.4 Algorithm for the management of acute kidney injury (AKI) in patients with cirrhosis. (From Angeli 

P, Gines P, Wong F, et al. Diagnosis and management of acute kidney injury in patients with cirrhosis: Revised 

consensus recommendations of the International Club of Ascites. J Hepatol. 2015;62:968–974.)

promptly receive vasoconstrictive drugs in association with albumin.80 

The rationale for using vasoconstrictors is to counteract the splanchnic 

arterial vasodilation, thus improving renal perfusion. Terlipressin plus 

albumin is the first therapeutic option.81,82 Terlipressin was initially 

proposed to be given by intravenous boluses at the initial dose of 1 mg 

every 4–6 hours. However, it was also observed that when terlipressin 

is given by continuous intravenous infusion at the initial dose of 2 mg/

day, it is possible to reduce the total daily dose of the drug and thus the 

rate of its adverse effects.83 In case of nonresponse, defined by a de-

crease in sCr ,25% from its peak value within 2 days, the dose of 

terlipressin should be progressively increased up to a maximum of  

12 mg/day. It should be highlighted that the rate of response in pa-

tients with ACLF progressively declines moving from those with ACLF 

grade 1 to those with ACLF grade 3.84 Noradrenaline is an alternative 

to terlipressin.85,86 However, noradrenaline is less effective than terlip-

ressin in patients with HRS/AKI and in patients with ACLF.87 Both of 

these observations can be explained by the fact that terlipressin, rather 

than noradrenalin, is capable of exerting a certain but weak inhibitory 

effect on inducible nitric oxide synthases and thus reducing the dam-

age related to SI.88

With regard to early LT in patients with ACLF grade 3, recent stud-

ies suggest that LT is feasible and associated with a clear survival ben-

efit. In particular, we have shown that the 180-day probability of sur-

vival of patients with persistent ACLF grade 2 or 3 after 3–7 days from 

its onset who undergo LT within the 28-day follow-up, was 80.9%, 

whereas it was only 10% in those who were not transplanted.89 These 

results were substantially supported by a French retrospective study, 

showing that 1-year survival of transplanted patients with ACLF grade 

3 was higher than that of nontransplanted controls: 83.9 vs. 7.9%, and 

not different from that of matched control patients with no ACLF 

(90%), ACLF grade 1 (82.3%), or ACLF grade 2 (86.2%).90 All the 

same, the authors introduced the concept of a “transplantation win-

dow” in the debate, showing that a higher rate of complications was 

observed in patients with ACLF grade 3 at the time of LT (100% vs. 

51.2% vs. 76.5% vs. 74.3%, respectively), with a longer hospital stay. 

The debate has been further fueled by another retrospective study 

showing that the 90-day and 1-year survival probability in patients 

with ACLF grade 1 or 2 were 84.5% and 77.2%, respectively, whereas 

they were 60% and 43.3%, respectively, in patients with ACLF grade 3 

and that the presence of ACLF was among the six independent predic-

tors of 90-day mortality after LT together with age, gender, primary 

diagnosis at listing (end-stage liver disease or hepatocellular carci-

noma), and infection during the month prior to LT.91 The authors also 

introduced the concept of “potentially inappropriate LT,” referring to 

potential candidates who have a high risk of not surviving LT during 

the early postoperative period (i.e., 3 months).92 The debate that fol-

lows tries to address this main question: What compromises the out-

come of transplantation in patients with ACLF: the number of organs 

failing and/or the type of organs failing? One of the largest retrospec-

tive studies, published by Thuluvath and colleagues, showed that the 

number of organ failures and the type of organ failures had only a 

minimal impact on survival after LT and that only mechanical ventila-

tion was identified as an independent negative predictor of survival 

post-LT.93 These results were confirmed by Sundaram and colleagues, 

who showed that mechanical ventilation at LT, donor risk index above 

1.7, and LT within 30 days of listing were independently associated 
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with 1-year survival after LT in patients with ACLF grade 3.94 Consid-

ering the rationing of organs because of shortages, well-designed 

prospective studies are needed to assess the impact of recipient and 

donor characteristics on outcome and to define the protocol for quick 

pre-LT assessment, along with objective criteria for listing and delisting 

rules in patients with ACLF-3 and multiorgan failure. Nonetheless, 

there is even a more urgent need, which is to develop a new score in 

order to prioritize candidates with ACLF on the waiting list because it 

has been clearly demonstrated that MELD or MELD Na are completely 

inadequate and should not be used. It has also been proven that their 

application is associated with a higher rate of death or removal from 

the waiting list in patients with ACLF than in those without ACLF, a 

result that cannot be accepted from an ethical point of view.94,95 Thus 

further prospective studies are urgently needed to evaluate the opti-

mum timing and selection and prioritization criteria for LT in cir-

rhotic patients with ACLF.

KEY POINTS

• SI and OS act synergistically with portal hypertension in the pathophysiology 

of decompensation and organ failure in patients with cirrhosis.

• The clinical course of cirrhosis can be characterized by NAD and/or AD.

• After an episode of AD, patients with cirrhosis can follow three different 

trajectories: they can develop ACLF, UDC, or SDC.

• The long-term infusion of HAS can reduce the rate of complications and 

mortality in patients with responsive ascites and in those with refractory 

ascites.

• The placement of a small-diameter covered TIPS can improve the control of 

ascites and survival in patients with recurrent ascites.

particularly the kidney. Second, systemic inflammation may cause immune-

mediated tissue damage, a process that is called immunopathology. Third, 

systemic inflammation may induce important metabolic changes.

Bernardi M, Moreau R, Angeli P, et al. Mechanisms of decompensation and 

organ failure in cirrhosis: From peripheral arterial vasodilation to systemic 

inflammation hypothesis. J Hepatol 2015;63:1272–1284.

The authors introduce the systemic inflammation hypothesis of decompensa-

tion in patients with cirrhosis. Accordingly, they propose that bacterial translo-

cation progressively affects the natural course of cirrhosis, from the preascitic 

compensated stage to advanced decompensation and hepatorenal syndrome. 

An abrupt increase in systemic inflammation represents the pathophysiologic 

background for ACLF. As with any hypothesis, many, but not all, concepts are 

demonstrated, and future research on these matters is warranted.

Bureau C, Thabut D, Oberti F, et al. Transjugular intrahepatic portosystemic 

shunts with covered stents increase transplant-free survival of patients 

with cirrhosis and recurrent ascites. Gastroenterology. 2017;152:157–163.

In this randomized trial, the authors show that covered stents for TIPS can 

increase the proportion of patients with cirrhosis and recurrent ascites who 

survive transplantation-free for 1 year, compared with patients given re-

peated large-volume paracentesis plus albumin. These findings support TIPS 

as the first-line intervention in such patients.

Caraceni P, Riggio O, Angeli P, et al. Long-term albumin administration in  

decompensated cirrhosis (ANSWER): An open-label randomised trial. 

Lancet. 2018;391:2417–2429.

In this randomized multicenter trial, long-term HA administration prolongs 

overall survival and might act as a disease-modifying treatment in patients 

with decompensated cirrhosis.

Moreau R, Jalan R, Gines P, et al. Acute-on-chronic liver failure is a distinct 

syndrome that develops in patients with acute decompensation of cirrho-

sis. Gastroenterology. 2013;144:1426–1437.

The authors introduce the definition of AD, organ failure, and ACLF. They 

analyze data from patients with cirrhosis and AD to establish diagnostic cri-

teria for ACLF and showed that it is distinct from AD, based not only on the 

presence of organ failure and a high mortality rate but also on age, precipi-

tating events, and systemic inflammation. ACLF mortality is associated with 

loss of organ function and high leukocyte counts. ACLF is especially severe in 

patients with no prior history of AD.

In this study the authors show that grade 1 ascites is associated with systemic 

inflammation and that systemic inflammation progressively increases in those 

with grade 2 or 3 ascites, particularly when they fit the criteria for recurrent 

of refractory ascites. In addition, the authors show that patients with grade 1 

ascites do not develop grade 2 or 3 ascites more frequently than patients with-

out any evidence of ascites but develop more frequently other complications, 

including ACLF, and have a higher mortality rate. The authors also show 

that the mortality rate does not differ significantly between patients with  

recurrent ascites vs. ascites responsive to medical treatment.

Piano S, Tonon M, Vettore E, et al. Incidence, predictors and outcomes of acute-on-

chronic liver failure in outpatients with cirrhosis. J Hepatol 2017;67:1177–1184.

In this study, the authors identify four simple predictors of ACLF: MELD 

score, ascites, mean arterial pressure, and hemoglobin. These variables may 

help to identify patients with cirrhosis at a high risk of developing ACLF that 

are candidates for new strategies of surveillance and prevention.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Arroyo V, Angeli P, Moreau R, et al. The systemic inflammation hypothesis: To-

wards a new paradigm of acute decompensation and multiorgan failure in 

cirrhosis. J Hepatol. 2021 Mar;74(3):670–685. doi: 10.1016/j.jhep.2020.11.04.

The authors discuss the systemic inflammation hypothesis in detail, suggest-

ing that systemic inflammation acts synergistically with the traditional mech-

anisms involved in the development of AD. In particular, the authors high-

light that systemic inflammation may impair organ system function through 

different mechanisms, which are not mutually exclusive. The first mechanism 

is a nitric oxide–mediated accentuation of the preexisting splanchnic vasodi-

lation resulting in the overactivation of the endogenous vasoconstrictor  

systems, which induces hypoperfusion in vascular beds of different organs, 
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PATHOGENESIS OF HRS

Low blood pressure; a very low GFR (,40 mL/min); and an increase 

in plasma levels of renin, norepinephrine, and antidiuretic characterize 

HRS.2 The increase in sheer stress in the splanchnic vasculature is a 

result of portal hypertension, leading to the overproduction of nitric 

oxide and other vasodilators.18 Other factors contributing to splanch-

nic vasodilation include increased bacterial translocation, mesenteric 

angiogenesis, and hyporesponsiveness of the splanchnic vasculature to 

vasoconstrictors.19

Sodium retention, impaired free-water excretion, and decreased 

renal perfusion and GFR are the main abnormalities in HRS and are 

progressive. The first abnormality is the reduced ability to excrete so-

dium secondary to mineralocorticoid effects. As the disease progresses, 

patients are unable to excrete the sodium ingested in their diet, and 

ascites develops. When renal sodium avidity is extremely high, the 

plasma renin activity and the plasma concentrations of aldosterone 

and norepinephrine are elevated.20,21 Circulatory dysfunction is greater 

at this stage, with increased activity of the sympathetic nervous and the 

renin – angiotensin systems.

Renal perfusion and GFR are dependent on increased renal pro-

duction of prostaglandins. These lipid mediators are vasodilators that 

antagonize the vasoconstricting actions of angiotensin II and norepi-

nephrine. A syndrome indistinguishable from HRS can be produced in 

patients with cirrhosis, ascites, and increased plasma renin activity if 

prostaglandin synthesis is inhibited by nonsteroidal antiinflammatory 

drugs.21,22

Peripheral arterial vasodilation has been implicated in HRS but 

primarily affects the splanchnic arterial vascular bed. Doppler ultraso-

nography studies demonstrate vasoconstriction in renal, brachial, 

femoral, and cerebral beds.23,24 Several endogenous vasodilators have 

been implicated in splanchnic vasodilation, including nitric oxide, 

carbon monoxide, glucagon, prostacyclin, and endogenous opiates.25–27

End-stage liver disease is associated with reduced systolic and dia-

stolic response to stress, enlarged cardiac chambers, and repolarization 

changes, termed cirrhotic cardiomyopathy.28 The development of HRS 

has been associated with a lower arterial pressure, a marked decrease 

in cardiac output, and increases in plasma renin activity and plasma 

norepinephrine29 (Fig. 84.1).

Recently, the role of the systemic inflammatory response seen in 

advanced cirrhosis has been implicated in the pathogenesis of hepa-

torenal syndrome.30 The presence of a distinct additional pathophysi-

ologic basis for HRS may explain the lack of response to vasoconstric-

tors observed in some patients.31 Further elucidation of the 

pathophysiology of HRS may lead to novel therapeutic targets in the 

future. Although HRS has traditionally been viewed as a purely func-

tional form of renal disease, new data suggest that there exists some 

An association between advanced liver disease, ascites, and renal failure 

described in 1861 was named hepatorenal syndrome (HRS) by Helvig 

and Schutz in 1932.1 Until recently, HRS has been thought of as a 

purely functional form of renal failure without renal histologic 

changes.2 HRS is characterized by intense renal vasoconstriction, im-

paired renal perfusion, and low glomerular filtration rate (GFR) in the 

setting of splanchnic and systemic vasodilation.3 Among individuals 

with advanced cirrhosis, the incidence of HRS is 18% within 1 year 

and up to 40% at 5 years.4,5 The variability in the incidence is related 

to the degree of liver dysfunction, with higher Model for End-stage 

Liver Disease (MELD) scores portending an increased risk. HRS her-

alds a poor prognosis, with nearly half of the patients with HRS type 1 

(HRS-1) who do not undergo transplantation dying within 2 weeks.4,6,7

RENAL DYSFUNCTION IN CIRRHOSIS

Renal dysfunction in the setting of cirrhosis is common and is associ-

ated with adverse outcomes.8,9 The MELD system was implemented in 

2002 to prioritize patients for liver transplantation with renal dysfunc-

tion weighted heavily. This has led to an increase in the number of pa-

tients with renal dysfunction undergoing liver transplantation.10 Al-

though HRS is the focus of this chapter; there may be other causes of 

acute kidney injury (AKI) in patients with cirrhosis. Common causes of 

prerenal AKI include the use of diuretics, lactulose, and hypovolemia. 

Intrinsic etiologies of AKI include glomerulonephritis, acute interstitial 

nephritis, bile cast nephropathy,11,12 and acute tubular necrosis (ATN).13 

The etiology of renal disease is independently associated with progno-

sis, with HRS having the lowest 3-month probability of survival.14

Several consensus definitions of AKI have been formulated. In 

2004, the Acute Dialysis Quality Initiative (ADQI) group proposed the 

risk, injury, failure, loss of kidney function, and end-stage kidney dis-

ease (RIFLE) criteria, which categorized renal dysfunction into grades 

of increasing severity based on urine output and changes in serum 

creatinine.15 Given that even small increases in serum creatinine can 

reflect kidney injury and adverse outcomes, the Acute Kidney Injury 

Network (AKIN) criteria were proposed in 2007. In line with new clas-

sifications of AKI, in 2015, the International Club of Ascites (ICA) 

proposed an adjustment to the criteria for a diagnosis of AKI in pa-

tients with cirrhosis. The new ICA-AKI criteria propose a move away 

from a fixed serum creatinine (sCr) cutoff for the diagnosis of AKI in 

favor of an sCr increase of 0.3 mg/dL or $50% from baseline. Further 

staging of the severity of AKI from grades 1 to 3, corresponding to the 

magnitude of the elevation of sCr, was also proposed.16 Follow-up 

studies on outcomes for patients with cirrhosis complicated by AKI 

have continued to demonstrate that HRS is the most severe form of 

AKI with the highest mortality, although no mortality differences 

among AKI stages 1, 2, and 3 have been noted.17
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component of parenchymal damage. Neutrophil gelatinase-associated 

lipocalin (NGAL) is one biomarker reflective of renal structural dam-

age. NGAL is significantly elevated in ATN; however, elevations can be 

seen in HRS. This suggests a component of structural damage and that 

ATN and HRS may exist as a spectrum of the same disease rather than 

as distinct entities.32,33

DIAGNOSIS

In 2015, the ICA updated the diagnostic criteria for HRS to include the 

new definition of AKI, which requires an elevation in serum creatinine 

of 0.3 mg/dL or $50% above baseline in the absence of other potential 

causes of renal failure (Table 84.1).16 These criteria are slightly differ-

ent from previously defined criteria and will be discussed in more de-

tail later. The first step in the diagnosis of HRS is a demonstration of 

elevated creatinine, which greatly underestimates the decrease in GFR 

in advanced cirrhosis.2,34 Similarly, urea is synthesized by the liver, and 

urea synthesis may be reduced as a consequence of hepatic insuffi-

ciency.35,36 Many patients may not meet the diagnostic criteria for HRS 

yet have significant renal injury similar to HRS.37

Fig. 84.1 Pathophysiologic Mechanisms of HRS. GFR, Glomerular filtration rate; HRS, hepatorenal 

syndrome; NO, nitric oxide; RAAS, renin–angiotensin–aldosterone system; renal VC, renal vasoconstrictors; 

renal VD, renal vasodilators; SNS, sympathetic nervous system. (From Wadei HM, Mai ML, Ahsan N, Gonwa 

TA. Hepatorenal syndrome: pathophysiology and management. Clin J Am Soc Nephrol. 2006;1:1066–1079.)
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Diagnosis of AKI according to ICA-AKI criteria

No improvement in serum creatinine after at least 2 days with diuretic with-

drawal and volume expansion with albumin. The recommended dose of al-

bumin is 1 g/kg of body weight per day up to a maximum of 100 g/day

Absence of shock

No current or recent treatment with nephrotoxic medications

Absence of parenchymal kidney disease as evidenced by proteinuria, micro-

hematuria, and/or abnormal renal ultrasound

TABLE 84.1 Diagnostic Criteria of 
Hepatorenal Syndrome (HRS) Type of Acute 
Kidney Injury (AKI) in Patients with Cirrhosis 
(International Club of Ascites [ICA])

From Angeli P, Ginès P, Wong F, et al. Diagnosis and management of 

acute kidney injury in patients with cirrhosis: revised consensus rec-

ommendations of the International Club of Ascites [published correc-

tion appears in J Hepatol. 2015;63(1):290]. J Hepatol. 2015;62(4):

968–974. Box 1.
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CLINICAL TYPES

HRS has been classified into two types according to the severity and 

form of presentation of renal failure.31 Type I HRS (HRS-1) is charac-

terized by a rapid reduction in renal function and is defined by a 

doubling of the serum creatinine concentration to 2.5 mg/dL in less 

than 2 weeks. HRS-1 is often precipitated by an infection, hemorrhage, 

paracentesis, surgery, or acute hepatitis. The association between HRS 

and spontaneous bacterial peritonitis (SBP) has been carefully investi-

gated.38–40 HRS-1 develops in approximately 30% of patients with SBP 

despite rapid and successful treatment. Patients with an intense sys-

temic inflammatory response and high cytokine levels in plasma and 

ascitic fluid are especially prone to developing HRS-1 after infection. 

HRS-1 has a 2-week median survival in patients who do not undergo 

liver transplantation. HRS-2 is characterized by a more moderate and 

steady decrease in renal function, with a serum creatinine .1.5 mg/dL 

that fails to satisfy the diagnostic criteria of HRS-1. The dominant 

clinical feature is severe ascites with poor or no response to diuretics. 

Patients with HRS-2 are especially predisposed to developing HRS-1 

after precipitating events.38–40 The median survival of patients with 

HRS-2 is 6 months, which is worse than patients with nonazotemic 

cirrhosis with ascites.

The ICA has recently recommended reclassifying hepatorenal syn-

drome into two new categories: HRS-AKI (in place of HRS-1) and 

HRS-NAKI (in place of HRS-2). Although the changes have caused 

some confusion and are in some sense semantic in nature, the reclas-

sification is based on the evolving changes in the definition of AKI, 

recognizing that even small increases in creatinine are suggestive of 

kidney injury. The original definition of HRS-1 required that an ad-

vanced stage of AKI (at least stage 2) be present, which may have lim-

ited the efficacy of vasoconstrictor therapy.41 With this new definition 

of HRS-AKI, the ICA is encouraging clinicians to initiate treatment of 

patients quickly, even when increases in sCr are more modest.

The ICA proposes that the diagnosis of HRS-NAKI be made in the 

context of chronic kidney disease (CKD) or acute kidney disease 

(AKD) that does not meet the criteria for AKI and lasts for ,90 days. 

HRS-NAKI is characterized by an estimated GFR ,60 mL/min but a 

percent increase in sCr ,50% from baseline. It is further broken down 

into HRS-AKD in patients who have had a decreased estimated GFR 

(eGFR) for ,3 months and HRS-CKD in patients with decreased 

eGFR for $3 months.31

TREATMENT

Goals of therapy include improvement of liver function, as in the re-

covery of alcoholic hepatitis; treatment of decompensated hepatitis 

B42; or medical therapy, including pharmacotherapeutics and renal 

replacement therapy (RRT), as a bridge to either liver transplantation 

or simultaneous liver-kidney transplantation (SLK). To date, no single 

therapeutic agent has been found to permanently reverse HRS. Dopa-

mine, fenoldopam, endothelin antagonists, natriuretic peptides, and 

angiotensin-converting enzyme inhibitors have been shown to either 

have no benefit or worsen the outcome of HRS.43

Liver Transplantation
Liver transplantation is the treatment of choice for HRS.44–48 Immedi-

ately after transplantation, further impairment in GFR may be ob-

served with the need for RRT.44 Delay in the administration of neph-

rotoxic medications for 48–72 hours after transplantation may be 

considered.49 GFR improves by 1–2 months postoperatively, but a 

moderate level of renal dysfunction persists and is more marked than 

in patients without HRS.50 The hemodynamic and neurohormonal 

abnormalities associated with HRS usually resolve within the first 

month. However, not all patients exhibit renal recovery. Predictors of 

an HRS-1 reversal after liver transplantation are younger age, lack of 

CKD, shorter durations of HRS and pretransplant dialysis, and lower 

preoperative creatinine.51 There is heterogeneity in the results of stud-

ies examining renal recovery posttransplant, with results ranging from 

58% to 100%.52,53

Patients with HRS who undergo transplantation have more com-

plications, longer intensive care unit stay, and higher in-hospital mor-

tality rates.44–48 The 3-year probability of survival is 60%,44–48 which is 

only slightly less than that for liver transplant recipients without HRS.

SLK
SLK transplant is an option for patients at risk for nonrecovery. SLK 

should be used only for those who have irreversible kidney injury.54,55 

At this time, however, renal recovery remains difficult to predict. The 

Organ Procurement and Transplantation Network (OPTN) Liver and 

Intestine Committee and Kidney Committee proposed listing criteria 

for SLK candidate selection and allocation. Limitations include the 

definition and duration of AKI, GFR determination, and timing of 

initiation and duration of dialysis.37,56 Whereas some studies suggest 

that patients on RRT for more than 8–12 weeks have improved sur-

vival with SLK compared with liver transplant alone, there is signifi-

cant variability.55,57,58 The consensus panel suggested liver transplanta-

tion alone in patients with HRS for less than 4 weeks.

Volume Expansion and Vasoconstrictors
Vasoconstrictors and volume expansion to increase splanchnic vaso-

constriction and improve circulating volume may be the most promis-

ing medical approach for HRS. Over the past decade, many small stud-

ies have evaluated vasoconstrictors with and without a volume expander.

Volume administration, particularly with albumin, is an important 

tenet of therapy, with several studies showing that vasopressors alone are 

not as effective. It is important to avoid fluid overload. Assessment of 

intravascular volume is challenging, with physical examination findings 

or static measurements of filling pressures having poor accuracy in pre-

dicting a response to a fluid bolus.59 The choice of fluid remains contro-

versial,60 although a consensus panel recommended albumin. The rec-

ommended albumin dose is 1 g of albumin/kg for 2 days, up to a 

maximum of 100 g/day, followed by 20–40 g/day.16,37 “Chloride liberal” 

fluid administration may be associated with AKI in critically ill patients 

and liver transplant recipients.61,62 Studies in HRS need to be conducted.

Vasopressin is an endogenous hormone with three major identified 

receptors. The V1 receptor, found on vascular smooth muscle, pro-

motes vasoconstriction. The V2 receptor is involved in the osmoregu-

lation of the kidney, and the V3 receptor affects corticotropin secre-

tion. The V1 receptor has been the target of interest for vasopressin 

analogs designed to increase splanchnic vasoconstriction.43,63 The 

original studies were conducted with ornipressin, but the recent focus 

has been on terlipressin, which has a greater effect on the V1 receptor 

and fewer side effects.64 Complications with vasopressor therapy have 

been reported in an average of 12% of patients treated and it is contra-

indicated in patients with ischemic heart disease, peripheral vascular 

disease, and cerebrovascular disease.65

Monotherapy with either albumin or a vasoconstrictor is not as 

effective as combined therapy. Two randomized trials comparing terli-

pressin with albumin to either agent alone showed an improved re-

sponse with combination therapy.66 Two meta-analyses have shown 

improved outcomes with the use of terlipressin versus a placebo.64,67 

Fabrizi and colleagues64 analyzed 10 clinical trials and found a reversal 

of HRS in 52% of cases. Dobre and colleagues67 identified eight 

eligible trials, four of which compared terlipressin with placebo. The 
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terlipressin group had improved outcomes, including reversal of HRS 

(odds ratio [OR] of 7.47), improvement in mean arterial pressure 

(MAP), improvement in urine output, and reduction in serum creati-

nine. Sanyal and colleagues68 conducted a randomized controlled trial 

(RCT), and a subgroup of patients who received terlipressin for more 

than 3 days had a greater response to therapy compared with the pla-

cebo group (52.8% vs. 18%, P 5 .002). These data support the conten-

tion that length of therapy may contribute to some of the variability in 

treatment efficacy. Sanyal and colleagues69 also showed that earlier 

therapy increased the probability of reversal. Treatment with terlipres-

sin and albumin may be associated with a survival benefit when in-

cluding studies other than just placebo control studies.65

The terlipressin dose ranges used vary from 1 to 2 mg every 4–6 

hours. Incremental increases in dosing while monitoring creatinine 

have been recommended.68 Additionally, a maximal dose of 12 mg/day 

with minimum duration of 3–5 days has been proposed.63 There are 

variable data on the rates of recurrence after discontinuation of ther-

apy, ranging from 5.3% to 50%.43,63,70

Alpha-adrenergic agonists also have been used to augment renal 

perfusion. Two RCTs compared norepinephrine with terlipressin.71,72 

In the first study, reversal of HRS occurred in 70% of the patients in 

the norepinephrine group versus 83% in the terlipressin group. In the 

second study, norepinephrine was effective in increasing MAP and 

urine output and decreasing creatinine. A recent meta-analysis found 

that norepinephrine is as effective as terlipressin when used in con-

junction with albumin and that it appears to be associated with fewer 

adverse events.73 Although evidence regarding treatment of HRS-2 has 

historically been scant, an RCT by Ghosh and colleagues found that 

both terlipressin and norepinephrine are safe and effective, with re-

sponse rates of 74%.74

As treatment with norepinephrine is limited to inpatient and criti-

cal care settings, alternative vasopressor regimens, including oral mi-

dodrine and octreotide, have emerged. Several studies have shown that 

oral midodrine used in conjunction with intravenous (IV) albumin 

and subcutaneous octreotide results in improved renal perfusion, 

GFR, serum blood urea nitrogen, creatinine, and sodium.75 Further-

more, the treatment regimen has also been associated with increased 

survival in both HRS-1 and HRS-2 when compared with untreated 

controls.76,77 Studies of monotherapy of octreotide, however, have not 

shown a benefit over placebo. The combination of midodrine plus 

octreotide is a promising regimen for HRS-2 as outpatients.

A recent meta-analysis evaluated 10 RCTs that compared terlipres-

sin with other vasopressor regimens, including norepinephrine, dopa-

mine, octreotide, and midodrine, all in conjunction with albumin ad-

ministration. There was little evidence to support the superiority of 

terlipressin over alternative vasopressor therapies, including two stud-

ies that found it to be inferior in regard to mortality.78 Additional re-

search has focused on identifying predictors of treatment efficacy with 

vasoconstrictors. A change in MAP during treatment was the sole in-

dependent predictor of patient survival.79 An increase in MAP of more 

than 10 mm Hg was associated with better overall survival, with no 

further improvement despite higher targets. A treat-to-the-target con-

cept by the use of a specific MAP goal may guide management.

In summary, these studies show the following:

 1. HRS-1 can be reversible with IV albumin and vasoconstrictors.

 2. Both components of the treatment are important.

 3. Infusion of vasoconstrictors is associated with ischemic complica-

tions.

 4. There is a delay between improvement in circulatory function and 

an increase in GFR.

 5. Reversal of HRS improves survival, with a significant number sur-

viving to transplantation.

Transjugular Intrahepatic Portosystemic Shunt
Decreasing portal pressure by portosystemic anastomosis to improve 

the circulatory compromise of cirrhosis has been targeted as a treat-

ment for HRS. Case reports show that HRS can be reversed after a 

surgical portosystemic shunt.80,81

Transjugular intrahepatic portosystemic shunt (TIPS) in the man-

agement of HRS-1 has been evaluated in small-scale studies and may 

be of benefit in conjunction with vasopressors.82–84 In one study of 

patients with HRS-1 who were not candidates for transplantation, it 

was found that the survival rates at 3, 6, and 12 months after TIPS were 

64%, 50%, and 20%, respectively.82 TIPS may be beneficial in patients 

with HRS-2 with refractory ascites, with improvements in renal func-

tion without improved survival.85 A more recent meta-analysis by 

Salerno and colleagues, however, found TIPS significantly improved 

transplant-free survival of patients with cirrhosis and refractory asci-

tes. Further research is needed to define the role of TIPS in the treat-

ment of HRS.86

Other Therapeutic Methods
Hemodialysis and arteriovenous or venovenous hemofiltration are a 

frequent bridge to liver transplantation or for treating an acute but 

reversible decompensation.87 Continuous RRT is often selected in he-

modynamically unstable patients, but there are no published studies 

that allow for evidence-based guidelines on one modality over the 

other.88 Given that the prognosis of HRS-1 is poor without transplan-

tation, strong consideration should be had for withholding RRT in 

patients who are not liver transplant candidates. These decisions 

should be made within the context of the patient’s goals of care and 

involve shared decision making.

Noncell-based extracorporeal support systems are available that 

perform detoxifying functions of the liver. One such noncell-based 

support system uses an albumin-containing dialysate that is recircu-

lated and perfused through charcoal and anion-exchanger columns. 

This modality has been shown to improve hemodynamics and reduce 

plasma renin in patients with HRS-1.89,90 In a small series of patients, 

improved survival was reported.91 Modalities such as the Prometheus 

system and single-pass albumin dialysis have been used in a few pa-

tients with some success.92,93 However, further studies are needed in 

this area.

PREVENTION

Preventing precipitating factors, such as infections and acute alcoholic 

hepatitis, may decrease the incidence of HRS-1. Three randomized 

controlled studies enrolling a large series of patients have shown that 

HRS can be prevented in specific clinical settings. In the first study,94 

albumin together with cefotaxime was compared with cefotaxime 

alone in patients with SBP. Treatment with albumin markedly reduced 

the incidence of impaired circulatory function and the occurrence of 

HRS-1. The second study showed that oral prophylaxis using norfloxa-

cin decreased the 1-year probability of developing SBP and HRS-1 and 

improved survival.95 In a third study,5 administration of the tumor 

necrosis factor synthesis inhibitor pentoxifylline to patients with severe 

acute alcoholic hepatitis reduced the occurrence of HRS (8% vs. 35%) 

and hospital mortality (24% vs. 46%).

CONCLUSION

The pathophysiology of HRS is characterized by intense vasoconstric-

tion with splanchnic arterial vasodilation. HRS-1, now classified as 

HRS-AKI, is characterized by rapid and progressive deterioration of 

circulatory and renal function. It often develops after a precipitating 

  

 



702 PART VI Gastrointestinal

event and carries a very poor prognosis (median survival rate ,2 

weeks without liver transplantation). HRS-2, or HRS-NAKI, is charac-

terized by steady deterioration of circulatory and renal function with 

refractory ascites. Patients with HRS-2 have a median survival of 6 

months. The administration of albumin plus a vasoconstrictor is an 

effective treatment for HRS. These approaches may improve survival 

and may serve as a bridge to liver transplantation, which is the treat-

ment of choice for these patients.

KEY POINTS

• Portal hypertension leads to the production of vasodilators causing splanchnic 

vasodilation. This leads to activation of the renin – angiotensin – aldosterone 

system and the sympathetic nervous system, which causes renal vasocon-

striction. Decreased renal perfusion caused by an imbalance between ex-

tremely high vasoconstrictor tone and the decreased production of renal 

vasodilators leads to HRS.

• Criteria of the ICA define HRS-AKI (see Table 84.1) as an increase in sCr 

.0.3 mg/dL or an increase by $50% above baseline.

• HRS is classified into two types:

• HRS-1 or HRS-AKI: severe and rapidly progressive renal failure, usually 

after a precipitating event, with a median survival of 2 weeks.

• HRS-2 or HRS-NAKI: moderate and steady development of renal failure, 

clinically characterized by refractory ascites, with a median survival of 6 

months.

• Liver transplantation is the treatment of choice for HRS. The recovery of 

renal function neurohumoral physiology may take 1 month.

• The 3-year probability of survival in transplanted patients with HRS is 60%.

• HRS-1 may be reversible after treatment with IV albumin and vasoconstrictors.

• Successful prevention of HRS has been achieved in the setting of SBP and 

acute alcoholic hepatitis.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Alessandria C, Ottobrelli A, Debernardi-Venon W, et al. Noradrenalin vs. terli-

pressin in patients with hepatorenal syndrome: a prospective, randomized, 

unblinded, pilot study. J Hepatol. 2007;47:499–505.

This prospective study established the potential for equal efficacy of noradren-

aline and terlipressin for the treatment of HRS.

Ginés A, Escorsell A, Ginès P, et al. Incidence, predictive factors, and prognosis 

of hepatorenal syndrome in cirrhosis. Gastroenterology. 1993;105:229–236.

This retrospective study established the natural history of HRS-1, providing 

epidemiologic and prognostic data to compare with and to design future pro-

spective studies.

Salerno F, Gerbes A, Ginès P, et al. Diagnosis, prevention and treatment of 

hepatorenal syndrome in cirrhosis. Gut. 2007;56:1310–1318.

Follow-up consensus conference to clarify the definition of hepatorenal syn-

drome, providing a rationale for comparing different therapeutic approaches 

and performing a meta-analysis.

Sanyal A, Boyer T, Garcia-Tsao G, et al. A randomized, prospective, double-

blind, placebo-controlled trial of terlipressin for type 1 hepatorenal syn-

drome. Gastroenterology. 2008;134:1360–1368.

This prospective randomized trial established the benefit of terlipressin in the 

treatment of HRS-1 with improved renal function.

Sort P, Navasa M, Arroyo V, et al. Effect of plasma volume expansion on renal 

impairment and mortality in patients with cirrhosis and spontaneous bac-

terial peritonitis. N Engl J Med. 1999;341:403–409.

This important prospective, randomized controlled trial showed that prevent-

ing renal impairment in spontaneous bacterial peritonitis resulted in an im-

provement in survival by the administration of albumin for plasma volume 

expansion.
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Excess eNOS, located in the pulmonary arteries and capillaries, is 

associated with impaired vasoconstriction. Levels of this enzyme cor-

relate with the degree of gas exchange abnormalities.20 CBDL rats 

demonstrate increased hepatic production of endothelin-1 (ET-1)22 

and increased vascular expression of the endothelin-B receptor (ET-

B)23 in proportion to the severity of gas exchange abnormalities.22,24 

Interaction between the ET-1 and the ET-B receptor is believed to be 

the trigger for increased eNOS expression. This theory is supported by 

data that show a reduction in eNOS expression and an improvement in 

HPS when CBDL animals are treated with ET-B receptor antagonists.24

iNOS is expressed in macrophages found in the lungs of CBDL 

rats,21 whereas treatment with norfloxacin is associated with a reduc-

tion in the rate of gram-negative bacterial translocation, accumulation 

of pulmonary macrophages, production of iNOS, and severity of 

HPS.25 Pulmonary macrophages in CBDL rats also express elevated 

levels of heme-oxygenase-1 (HO-1), an enzyme that catalyzes the for-

mation of the vasodilating gas and carbon monoxide (CO).26 In-

creased levels of carboxyhemoglobin (COHb) have been observed in 

rat26 and human27 subjects with HPS, and treatment with an HO-1 

inhibitor normalizes COHb levels and partially alleviates HPS in 

CBDL rats.26 These data suggest that CO also contributes to pulmo-

nary vasodilation in HPS.

Tumor necrosis factor-alpha (TNF-a) rises in CBDL rats in asso-

ciation with ET-1 and endotoxin levels, and it has been proposed to 

influence the accumulation of the iNOS and HO-1–producing pulmo-

nary macrophages.28 Administration of pentoxifylline, a phosphodies-

terase inhibitor that suppresses the production of TNF-a, is associated 

with a reduction in pulmonary macrophage accumulation, ET-B re-

ceptor and eNOS expression, and the severity of HPS.29

More recently, ET-1 and ET-B receptor activation have been shown 

to increase pulmonary intravascular monocyte adherence through the 

monocyte chemokine fractalkine.30,31 Fractalkine promotes angiogen-

esis directly and through monocyte secretion of vascular endothelial 

growth factor-A.31 Angiogenesis is an important feature in experimen-

tal models of HPS and may provide new therapeutic targets, in addi-

tion to explaining the delay in the resolution of hypoxia in patients 

posttransplantation.

DIAGNOSIS

HPS should be considered in any patient with liver disease and dyspnea 

or hypoxemia. Evaluation should begin with the measurement of arte-

rial blood gas (ABG), with the patient in a resting seated position while 

breathing ambient air.6,17 A partial pressure of oxygen (PaO2) ,80 mm 

Hg or an alveolar-arterial oxygen gradient (A-a gradient) $15 mm Hg 

($20 mm Hg for patients over the age of 64)17 is suggestive of HPS and 

DEFINITION

Hepatopulmonary syndrome (HPS) is defined by an abnormally low 

arterial oxygen level associated with intrapulmonary vascular dilata-

tions (IPVDs) in patients with liver disease.1 The presence of coexist-

ing cardiopulmonary disease, which may contribute to impaired gas 

exchange, should be considered but does not exclude this diagnosis.2–5 

HPS is most commonly associated with cirrhosis1 and portal hyperten-

sion, but neither of these is required for its diagnosis.6 The correlation 

between the degree of liver dysfunction and the presence7,8 and sever-

ity3,4,7,9,10 of this syndrome is debated.

CLINICAL FEATURES

HPS usually presents as dyspnea6,11 in patients with liver disease. A 

sensitive but not specific clinical finding is the presence of platypnea, 

which refers to worsening of dyspnea when going from the supine to 

upright position (Fig. 85.1). The subsequent drop in arterial oxygen-

ation during this position change is referred to as orthodeoxea.11,12

HPS-induced hypoxemia can be corrected with the application of 

supplemental oxygen;1,3,4,10,13 unresponsiveness to oxygen therapy 

should prompt clinicians to search for other causes. Although there are 

no consistently noted physical examination findings,6,14 some clinical 

findings observed include the presence of digital clubbing, cyanosis, 

and diffuse telangiectasias.1

PATHOPHYSIOLOGY

Dilated precapillary vessels and pleural-based arteriovenous (AV) con-

nections are noted at autopsy in cases of HPS.15 Current thinking suggests 

that these abnormal vessels develop as a result of an excess of pulmonary 

vasodilators,1 which cause hypoxia through ventilation/perfusion (V/Q) 

mismatching, AV shunting, and the limitation of oxygen diffusion to red 

blood cells (RBCs) in the center of the vessel.15–17 The hyperdynamic 

circulation, which is characteristic of cirrhosis, exacerbates this problem 

by decreasing RBC transit time through the pulmonary capillaries, fur-

ther limiting oxygen diffusion.15,17 Orthodeoxia is caused by a worsening 

of V/Q mismatch and AV shunting in the standing position.18

Nitric oxide (NO) has been implicated as a key vasodilator in HPS. 

Exhaled NO levels are elevated in patients with cirrhosis compared 

with healthy controls and in HPS patients compared with cirrhotic 

patients without HPS. NO levels correlate with the severity of cirrhosis 

and gas exchange abnormalities.19 In rat models of HPS induced by 

common bile duct ligation (CBDL), increased levels of endothelial20 

and inducible NO synthase (eNOS and iNOS) have been observed, and 

the administration of an NO synthase inhibitor prevents the develop-

ment of pulmonary vasodilation and HPS.21
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should prompt further evaluation. Pulse oximetry has been suggested 

as a potentially cost-effective and noninvasive screening tool for HPS1,32; 

however, current literature does not support its adequacy.33 ABG is also 

preferred because it allows for grading the severity of HPS (Fig. 85.2).

Chest imaging and pulmonary function testing have been used 

adjunctively to rule out other etiologies for coexisting cardiopulmo-

nary disease that may contribute to abnormal gas exchange, such as 

chronic obstructive pulmonary disease, congestive heart failure, restric-

tive lung disease caused by ascites or hepatic hydrothorax, a1-anti-

trypsin deficiency, and portopulmonary hypertension.12 Common but 

nonspecific findings include increased markings at the lung base on 

chest x-ray (CXR)1,6,8 and reduced diffusion capacity for carbon mon-

oxide (DLCO).3,4,7,14,18 HPS can be distinguished from portopulmo-

nary hypertension by the presence of increased pulmonary artery 

pressure and vascular resistance.34

Contrast-enhanced echocardiography (CEE) is the gold standard 

for evaluation of HPS once abnormal oxygenation is identified. The 

benefit of CEE is that it permits concurrent evaluation of cardiac 

function in addition to evaluating for IPVD, which is required for the 

diagnosis of HPS.12 Agitated saline is used as a contrast media, which 

creates a stream of microbubbles after injection. In healthy subjects, 

these microbubbles opacify the right heart only as they are filtered 

through the pulmonary capillary bed because of their size (greater 

than 15 mm in diameter).9,35 Intracardiac shunts can be distinguished 

from intrapulmonary shunts based on the number of cardiac cycles 

required for agitated saline to pass from the right to the left atrium 

in the apical four-chamber view (Fig. 85.3). In general, contrast ap-

pears in the left atrium within three cycles in intracardiac shunts, 

whereas it takes four to six cycles in intrapulmonary shunts.9,35 CEE 

is highly sensitive for the evaluation of IPVDs36 and may document 

them in up to 82% of patients tested.35 Patients with a positive CEE 

have a greater incidence of dyspnea37 and abnormal CXRs,9,37 in 

addition to more advanced cirrhosis9,35,37 and gas exchange abnor-

malities.9,37 However, many patients with liver disease and IPVDs 

demonstrated by CEE do not develop HPS, which additionally re-

quires the presence of impaired gas exchange,5,8,14,35,37 and so this test 

is not specific for HPS.36

Technetium-99m–labeled macroaggregated albumin (MAA) 

perfusion lung scanning is an alternative test for IPVDs. It is ex-

pensive, requires radiation exposure,14 and cannot document the 

site of shunting. However, it can provide a quantitative shunt frac-

tion14,17,36 that correlates directly with the A-a gradient3,10,13 and 

inversely with the room air PaO2 and oxygen saturation.3,10,13,38 

Perfusion scanning is less sensitive than CEE for IPVD detection 

but more specific.5,10,38 These test characteristics have enabled CEE 

to be advocated as the first line for evaluating patients with liver 

disease and abnormal gas exchange.5,10,17 If CEE is positive but the 

relative contributions of other cardiopulmonary disease and HPS 

are not clear, perfusion lung scanning can differentiate the degree 

of hypoxemia from IPVD in comparison to nonvascular pulmo-

nary abnormalities.5,10,12,17 Recent studies have also demonstrated 

HPS patients have increased levels of alveolar exhaled NO; how-

ever, this has not been validated for HPS screening or diagnosis.39 

Another marker that may be of future interest is von Willebrand 

factor antigen, which is a surrogate for endothelial dysfunction 

and was shown to be elevated in patients with HPS in a 2014 pro-

spective study.40

PREVALENCE

The prevalence of HPS varies by etiology and has been reported in 

patients with chronic viral hepatitis (10%), Budd-Chiari syndrome 

(28%), and cirrhosis (15%–23%)41–43 and in 5%–30% of patients with 

cirrhosis being evaluated for liver transplantation.1

↑Dyspnea = platypnea

PaO2 ↓ >5 mm Hg or >5% = orthodeoxia

Fig. 85.1  Platypnea Refers to Worsening of Dyspnea when Going from a Supine to Upright Position. The 

subsequent drop in arterial oxygenation during this position change is referred to as orthodeoxia. Platypnea is a 

sensitive, but not specific, clinical finding of hepatopulmonary syndrome. PaO2, Partial pressure of oxygen.

Mild

PaO2 >80 mm Hg PaO2 = 60–79
mm Hg

PaO2 = 50–59
mm Hg

PaO2 <50 mm Hg

SevereModerate Very severe

Fig. 85.2  Grading Severity of Hepatopulmonary Syndrome Based on the Measurement of Arterial 

Blood Gas. PaO2, Partial pressure of oxygen.
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Fig. 85.3  Photos of Contrast-Enhanced Echocardiography. Top left: Agitated saline enters the right ventri-

cle. Top right: Saline enters the left atrium posteriorly. Bottom left: Saline density is equal in the right and left 

ventricles. Bottom right: Saline density in the left ventricle exceeds the right ventricle after multiple cardiac 

cycles. (Photos courtesy of Karl Q. Schwarz, MD. University of Rochester Medical Center, Rochester, NY.)

PROGNOSIS

In the absence of liver transplantation, patients with HPS have a 

poorer functional status, reduced self-reported quality of life,8 and 

twofold increase in mortality7,8,44 in comparison with non-HPS con-

trols matched for severity of liver disease. HPS patients who die during 

follow-up have been noted to have greater room air PaO2 reductions, 

A-a gradient elevations, and shunt fractions than those who sur-

vive,3,7,44 but this is not a universal finding.8 Without transplant, HPS 

patients demonstrate progressive hypoxemia,44 with a reduction of ap-

proximately 5 mm Hg per year.8,41 Despite this, death is usually caused 

by complications of liver disease7,17,44 rather than primary respiratory 

failure.44

THERAPY

Liver transplantation is the only definitive therapy for HPS and should 

be considered when patients are symptomatic or have a PaO2 #60 mm 

Hg.6,17 Multiple therapies have been tried for HPS without clear effi-

cacy, including inhibitors of NO,45–47 antibiotics,48 pentoxifylline,29,49,50 

mycophenolate mofetil,51 transjugular intrahepatic portosystemic 

shunt,12,52 the tyrosine kinase inhibitor sorafenib,53 and pulmonary 

angiography with embolization of dilated capillaries54 or AV commu-

nications.55 Oxygen therapy also has been recommended, although 

clinical benefit has not been confirmed.1,6,11,12,17,56

Because of the increased mortality associated with HPS and the 

lack of other effective therapies, the United Network for Organ Sharing 

(UNOS) has adjusted organ allocation algorithms to prioritize patients 

with HPS, using exception points, which increase a potential recipients 

score to give them a higher priority for transplant.57 An analysis of the 

UNOS database demonstrated increased mortality in patients with a 

PaO2 #44 mm Hg.57 Among those patients who survive the periop-

erative period, improvement in or resolution of HPS is noted in the 

majority of cases, although the amelioration of symptoms may require 

a year or more to occur.4,13,44
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KEY POINTS

• HPS consists of a triad of liver disease, abnormally low arterial oxygen 

level, and IPVD. It most commonly presents as dyspnea or hypoxemia in 

patients with liver disease.

• HPS is believed to result from excessive pulmonary vasodilation. Pulmonary 

vasodilatation leads to hypoxemia through ventilation/perfusion mismatch-

ing, AV shunting, and limitations to oxygen diffusion.

• The diagnosis of HPS requires a seated, room air ABG to document abnor-

mal gas exchange, in addition to confirmation of an intrapulmonary shunt 

using echo or lung perfusion scanning. The prevalence of HPS is 5%–30% 

in patients undergoing evaluation for liver transplantation.

• Patients with liver disease and HPS have an increased risk of death relative 

to patients with liver disease alone. Liver transplantation is the only effec-

tive therapy. Transplant evaluation should be pursued in patients with HPS.
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fatty acids, and methanethiols).10,11 Regardless of the mechanism(s) of 

hepatic encephalopathy, marked changes in central nervous system 

(CNS) glial cells are noted on neuropathologic examination in patients 

with hepatic encephalopathy. Encephalopathy associated with ALF  

is typically characterized by astrocytic swelling, whereas encephalopa-

thy from chronic liver disease is characterized by Alzheimer type II 

astrocytosis.11

Ammonia Hypothesis
The ammonia hypothesis states that the major mechanism of hepatic 

encephalopathy is excessive accumulation of NH3, which induces neu-

ronal metabolic derangements and promotes astrocytic swelling.12 In 

addition, NH3 perturbs cerebral nitric oxide metabolism, which can 

mediate some of these effects.13 Blood NH3 originates mainly from 

four sources: intrahepatic deamination of amino acids, extrahepatic 

metabolism of nucleotides, gut metabolism of glutamine, and bacterial 

degradation of intestinal protein and urea.14 More than 50% of blood 

NH3 is derived from the latter source.

NH3 is normally metabolized by the liver to either urea or gluta-

mine by the actions of carbamoyl-phosphate synthetase I and gluta-

mine synthetase, respectively. Patients with hepatic failure have  

impaired NH3 metabolism related to liver dysfunction and an increase 

in portosystemic shunting. Certain clinical and experimental observa-

tions link the increase in blood NH3 concentration to hepatic en-

cephalopathy.10,11,15,16 Hyperammonemia and elevated concentrations 

of NH3 within the cerebrospinal fluid (CSF) are features of acute and 

chronic hepatic encephalopathy, Reye syndrome, deficiencies of urea 

cycle enzymes, and sodium valproate toxicity. In patients with cirrho-

sis or portosystemic shunts, ingestion of NH3-generating substances 

(proteins, amino acids, urea, ammonium salts) may precipitate en-

cephalopathy. In animal models, chronic administration of ammo-

nium salts results in Alzheimer type II astrocytosis, a change indistin-

guishable from that observed in patients with chronic hepatic 

encephalopathy.11

Other clinical and experimental observations refute the link be-

tween NH3 and hepatic encephalopathy. For example, blood levels of 

NH3 are frequently elevated in patients with cirrhosis, regardless of the 

presence or absence of clinical encephalopathy. The grade of hepatic 

encephalopathy does not correlate with the absolute blood concentra-

tion of NH3. Finally, seizures and hyperexcitability are commonly ob-

served in animal models of NH3 intoxication and in human congenital 

hyperammonemia but are rarely observed in patients with chronic 

hepatic encephalopathy.

Cerebral Blood Flow
In ALF, the brain is potentially subject to hypoxic injury caused by 

complications such as systemic arterial hypotension, respiratory  

Hepatic encephalopathy encompasses a spectrum of neuropsychiatric 

abnormalities that occur in patients with liver disease in the absence of 

other brain disease.1,2 The spectrum includes personality changes, 

impaired mental function, motor abnormalities (i.e., asterixis, trem-

ors, hyperventilation, hyperactive reflexes), and altered consciousness. 

A consensus panel of experts proposed the classification of hepatic 

encephalopathy into type A, associated with acute liver failure (ALF); 

type B, associated with portosystemic bypass without intrinsic liver 

disease; and type C, associated with chronic liver disease.3

The encephalopathy accompanying ALF (type A) is commonly as-

sociated with cerebral edema and increased intracranial pressure 

(ICP). Patients exhibit an abrupt onset with a short prodrome and 

rapid sequential progression from drowsiness, delirium, agitation or 

convulsions, decerebrate rigidity, unresponsiveness, and then deep 

coma within hours to days of symptom onset.4,5 Irreversible neuro-

logic damage may occur as a result of brain ischemia or herniation. 

Patients who develop coma in the setting of ALF have a grave progno-

sis; less than 20% survive without liver transplantation.6

In patients with chronic liver disease, encephalopathy (type C) de-

velops insidiously and is heralded by a change in mental or behavioral 

status. Encephalopathy may be episodic, persistent, or minimal and 

subclinical.3 Episodes are sporadic, characterized by exacerbations and 

remissions, and are generally precipitated by inciting events.1,2 Al-

though the initial manifestation of portosystemic encephalopathy 

(PSE) is usually a subtle change in mentation, neurologic dysfunction 

may progress and be classified according to confusion, lethargy, and 

even coma (Table 86.1). Neurologic signs vary and fluctuate but usually 

include asterixis, hyperreflexia, clonus, and an extensor plantar re-

sponse. Causes of PSE may not always be apparent but should always be 

investigated (Box 86.1). Minimal encephalopathy is not clinically obvi-

ous and requires psychometric testing for diagnosis. By these tests, 

about two-thirds of cirrhotic patients with portal hypertension have 

unsuspected minimal hepatic encephalopathy.7–9 Patients who undergo 

portosystemic shunt or bypass procedures, either surgical or transjugu-

lar intrahepatic portosystemic shunt (TIPS), are at risk for hepatic en-

cephalopathy (type B), which is similar to type C encephalopathy.

CURRENT CONCEPTS ON THE PATHOPHYSIOLOGY 
ASSOCIATED WITH HEPATIC ENCEPHALOPATHY

No single abnormality of hepatic or neurologic metabolism adequately 

explains all of the clinical, biochemical, physiologic, or experimental 

findings of encephalopathy occurring in patient or animal models.1,2,5 

Abnormalities of multiple neurotransmitters, including glutamate, 

gamma-aminobutyric acid (GABA), dopamine, serotonin, and opi-

oids, have been described, in addition to increased plasma levels of a 

wide array of potential neurotoxins (ammonia [NH3], short-chain 
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Stage Clinical Signs

Stage I Mental slowness, euphoria or anxiety, shortened attention span, 

impaired calculating ability

Stage II Lethargy or apathy, inappropriate behavior, personality change, 

more obvious problems with calculations

Stage III Lethargic, somnolent, marked confusion and disorientation but 

responds to verbal stimuli

Stage IV Coma, patient may or may not respond to noxious stimuli

TABLE 86.1 Stages of Encephalopathy in 
Chronic Liver Disease (West Haven Criteria)

Patients with chronic liver disease rarely, if ever, demonstrate cerebral 

edema, regardless of the stage of encephalopathy.

Box 86.1 Clinical Events Precipitating 
Hepatic Encephalopathy in Patients With 
Cirrhosis

Gastrointestinal hemorrhage

Infection (including spontaneous bacterial peritonitis)

Sepsis

Dehydration

Imbalance of electrolytes or acid-base

Renal failure

Drugs, toxins, medications (especially sedative-hypnotics or narcotics)

Illicit substances

Alcohol

Dietary indiscretion (excessive protein intake)

failure, and a reduction in cerebral blood flow that accompanies cere-

bral edema and intracranial hypertension (ICH).4,5 Clinical data sug-

gest that cerebral blood flow is relatively low initially but subsequently 

increases with increasing blood concentrations of NH3.
17–20 Paradoxi-

cally, increases in cerebral blood flow may aggravate cerebral edema 

and worsen neurologic damage. Changes in cerebral blood flow do not 

appear to play a major role in hepatic encephalopathy related to 

chronic liver disease.

Cerebral Glucose and Oxygen Metabolism
Brain energy metabolism is unique in that glucose is the only substrate 

under physiologic conditions, and its uptake by the brain is indepen-

dent of insulin.21–25 Ammonia accumulation during hepatic failure is 

associated with altered cerebral glucose metabolism. In early ALF, be-

fore the onset of ICH, cerebral glucose metabolism and oxygen con-

sumption are proportionately diminished.21 There is no evidence of 

cerebral hypoxia, implying that reduced glucose and oxygen utilization 

reflects a diminished metabolic demand by the brain at this early stage. 

After the development of ICH, oxygen metabolism remains reduced, 

but measurements of cerebral glucose utilization vary from reduced to 

increased rates, and glycolysis may be accelerated.22,23,25 These findings 

suggest that the progression of ALF and development of ICH are  

associated with relative cerebral hypoxia and a switch to anaerobic 

metabolism.

Other Potential Hypotheses for Hepatic Encephalopathy
The glutamine-glutamatergic neurotransmitter system has been impli-

cated in the pathogenesis of hepatic encephalopathy because the gluta-

matergic excitatory neurotransmitter system in the CNS is markedly 

altered in patients with both acute and chronic liver disease and in  

animal models.6,21,22 Astrocytes are a major regulatory cell in the gluta-

matergic system and are responsible for the termination of glutamate-

induced excitation.11 When glutamate is taken up by the astrocyte, it is 

metabolized to glutamine via the action of glutamine synthetase, which 

uses blood-derived NH3 (Fig. 86.1). The accumulation of osmotically 

active glutamine in the astrocyte is associated with cell swelling and can 

lead to accumulation of glutamate in the extracellular fluid.

The GABA-benzodiazepine receptor hypothesis is another im-

portant mechanism that likely plays a role in hepatic encephalopa-

thy.26 The GABA hypothesis states that an excess of GABA or in-

creased sensitivity of GABA receptors to neurosteroids is responsible 

for hepatic encephalopathy.26,27 GABA originates from the intestine, 

and plasma levels increase in hepatic failure caused by inadequate 

hepatic extraction. During ALF, the blood-brain barrier (BBB) be-

comes more permeable, and increased amounts of GABA enter the 

CNS. Once in the brain, GABA binds to its receptor to produce 
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Fig. 86.1 A, Glutamine (Gln) forms predominantly in the astrocyte, is 

pumped out, and is taken up by presynaptic neurons, where it is con-

verted to glutamate (Glut). Nerve stimulation releases glutamate from 

the presynaptic neuron to serve as an excitatory neurotransmitter. As-

trocytes avidly take up glutamate from the synaptic cleft to abolish 

neuronal stimulation. B, Ammonia (NH3) freely diffuses across the 

blood-brain barrier and stimulates formation of glutamine by the astro-

cyte via the action of glutamine synthase (1). Ammonia also blocks the 

export of glutamine from the astrocyte at the synaptic cleft (2). The net 

effect of these two actions is increased concentration of glutamine 

within astrocytes, which promotes astrocyte swelling.
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neuroinhibition. A key component to understanding the relation-

ship of GABA and benzodiazepines was the recognition that the 

GABA receptor was tightly linked to and modulated by the benzodi-

azepine receptor.27–31 The GABA hypothesis predicts that benzodiaz-

epines would increase the severity of hepatic encephalopathy and 

that benzodiazepine antagonists such as flumazenil might amelio-

rate hepatic encephalopathy. Recent studies demonstrated that pa-

tients with hepatic encephalopathy had increased plasma levels of 

benzodiazepines or “natural” benzodiazepine-like compounds  

that may act as “false neurotransmitters.”32,33 Clinical experience 

suggests that cirrhotic patients, especially those with encephalopa-

thy, are particularly sensitive to the amnesic and sedative effects of 

benzodiazepines.

Previously Studied Agents Associated With Hepatic 
Encephalopathy
Numerous clinical studies reported alterations in levels of other 

agents or pathways in patients with hepatic encephalopathy. These 

agents or pathways include the dopaminergic and serotonergic sys-

tems, taurine, methanethiols, short-chain fatty acids, manganese, 

and zinc. However, conclusive evidence to support or refute their as-

sociation with hepatic encephalopathy is lacking, and clinical and 

bench research of these agents as causative or therapeutic targets has 

been abandoned.

ENCEPHALOPATHY IN THE SETTING OF ACUTE 
LIVER FAILURE

Definition
ALF, also referred to as fulminant hepatic failure, is defined by the de-

velopment of coagulopathy (prothrombin time [PT] .20 seconds 

prolonged with an international normalized ratio [INR] .1.5) and 

hepatic encephalopathy in a patient who lacks underlying chronic liver 

disease (except in Wilson disease).34–37 Patients with ALF usually have 

extreme elevations of aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) with the initial injury (e.g., 1000–5000 IU/L), 

are often jaundiced, and exhibit constitutional symptoms. They are at 

risk of encephalopathy, although most recover uneventfully. Progres-

sive hepatic encephalopathy is a poor prognostic sign and signals the 

need for emergent liver transplantation.

Prognosis
A major determinant of prognosis is the level of encephalopathy (see 

Table 86.1). Patients with ALF who have progressed to higher stages of 

encephalopathy (i.e., stage III or IV) have the worst prognosis. The 

King’s College Criteria and Glasgow Coma Scale are useful in assessing 

the need for transplantation.36,38 Cerebral edema on computed tomog-

raphy (CT) scan of the brain is a late feature of progressive encepha-

lopathy (Fig. 86.2). Additional clinical features that indicate a poor 

prognosis include metabolic acidosis, renal failure, severe jaundice, or 

markedly prolonged PT.37

General Clinical Management
Once recognized, patients with acute liver injury and encephalopathy 

should be quickly transferred to a liver transplant center. Further rec-

ommendations on intensive care management of the patient with ALF 

are addressed elsewhere (see Chapter 96).

Use of Intracranial Pressure Monitoring
Use of ICP monitoring is controversial, and it remains unclear which 

patients would most benefit from such monitoring. Even though the 

incidence of ICH has recently decreased, it affects up to one-third of 

patients with significant hepatic encephalopathy (grades III and IV).37 

Preference in ICP monitoring device will depend on institutional  

expertise.

Advantages

Patients with ALF often do not have classic findings of cerebral 

edema (decerebration, dilated pupils, Cushing triad), and CT find-

ings can be discordant. An ICP monitor is the gold standard for 

measuring and following ICP and therefore may be quite helpful in 

this patient population. It allows direct continuous measurements 

of ICP in real time. Several studies advocate ICP monitoring for its 

ability to provide important prognostic information about neuro-

logic recovery after liver transplantation and in managing ICH 

while awaiting transplantation.38–40 Changes in ICP can quickly be 

acted upon and may affect the decision to proceed with liver trans-

plant. For example, ICP .20 mm Hg would indicate treatment 

with mannitol, whereas sustained ICP .40 mm Hg for .2 hours 

may preclude liver transplantation. Additionally, ICP monitoring 

may reveal unsuspected sustained ICH, which would require inter-

vention.40 Therefore ICP monitoring could be considered for pa-

tients with high risk for the development of ICH (young age, kid-

ney failure, shorter jaundice-to-hepatic encephalopathy interval, 

etc.) who are under consideration for liver transplantation. Also, 

centers could consider ICP monitoring in nontransplant candidates 

if there is a reasonable likelihood of spontaneous recovery, such as 

in acetaminophen-induced ALF. In addition to helping with the 

management of ICH, ICP devices assist with close monitoring dur-

ing the perioperative period of liver transplantation, because a 

transient increase in ICP that can last up to 12 hours postopera-

tively has been reported.38

Disadvantages

The use of ICP monitoring may lead to severe complications such as 

ICH in these critically ill patients with coagulopathy, in addition to 

infection. A recent multicenter retrospective study of 629 patients 

(140 with ICP monitors) did not demonstrate any 21-day mortality 

Fig. 86.2 Magnetic resonance image (MRI) of a T1-weighted sagittal 

view of the brain demonstrating hyperintensity of the globus pallidus 

(whitish area) that may be related to manganese deposition.
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difference (33% vs. 38%, P 5.24), and subgroup analysis of the 

nonacetaminophen ALF group actually demonstrated an increased 

mortality (odds ratio [OR] 3.04, P 5 .014).39 Moreover, improved 

management, as mentioned previously, is not necessarily synony-

mous with improved survival. It is important to note that studies 

were limited by the heterogeneity of ICP monitor use, variability in 

transducers (subdural vs. intraparenchymal), and level of center ex-

perience. One prospective study of 92 patients with ALF, high-grade 

encephalopathy, and ICP monitoring found a 10.3% rate of ICH that 

likely contributed to the death of two patients.41 However, nearly half 

of the cases of intracranial bleeding were incidental radiographic 

findings without clinical consequence. Regardless of ICP monitor 

usage, 30-day survival posttransplant was approximately 85% in this 

study. Other reports confirm that bleeding complications from the 

placement of ICP monitoring devices in patients with ALF are mostly 

mild and without clinical significance.41,42 And one study demon-

strated the effectiveness of recombinant factor VIIa in preventing 

intracranial bleeding in 11 patients with ALF who required ICP 

monitoring.43 Overall, use of ICP monitoring remains controversial, 

but experts agree that these devices should not be used in patients 

with mild hepatic encephalopathy (i.e., stage I or II) or in patients 

with evidence of cerebral herniation, hypotension, or imminent 

death. Ideally it should be performed only in centers vastly experi-

enced with ALF and ICP monitoring and in patients with high risk 

of ICH.44,45

MANAGEMENT OF ENCEPHALOPATHY AND 
INTRACRANIAL HYPERTENSION

Encephalopathy is a hallmark of ALF. The encephalopathy of ALF is 

related to both metabolic factors, such as progressive elevation in blood 

NH3 concentration, and cerebral edema. Progressively worsening en-

cephalopathy is an ominous clinical feature in ALF; development of 

grade III or IV encephalopathy may herald the death of the patient as a 

result of cerebral edema, increased ICP, and central herniation of the 

brain. Efforts to control the encephalopathy of ALF are directed at pre-

venting or resolving cerebral edema (Box 86.2).46–49 Arterial hyperam-

monemia at the time of admission was associated with higher rates  

of hepatic encephalopathy, ICH, and mortality in patients with ALF 

cared for at liver transplant centers.50,51 Therefore most liver transplant 

centers recommend that lactulose (20–40 g/day in divided doses) be 

administered enterally to purge the bowel. Exact threshold values of 

at-risk hyperammonemia are not clear, but usually values greater than 

124 mmol/L warrant attention. However, one must exercise caution 

when using lactulose in the setting of ALF; dosing should be monitored 

carefully and adjusted to avoid excessive diarrhea, alterations in electro-

lytes, and volume depletion. If oral (PO) lactulose is given simultane-

ously with intravenous (IV) mannitol, marked deficits of free water  

can develop, inducing severe hypernatremia. Alternatively, continuous 

renal replacement therapy (CRRT) initiated early during admission for 

ALF demonstrated appreciable reductions in ammonia values over  

5 days of therapy.52 Reduction of hyperammonemia was independent 

of the type of CRRT (continuous venovenous hemodiafiltration vs. 

continuous venovenous hemofiltration) or intensity (i.e., ultrafiltration 

volume) but was associated with a longer duration of CRRT. Although 

one recent study suggested that infusion of hypertonic (3%) saline to 

maintain serum sodium concentration between 145 and 155 mEq/L  

is beneficial to reduce ICH,53 rapid shifts in sodium concentration 

have been associated with central pontine myelinolysis (CPM). Further 

discussion of hypertonic saline is provided later in this chapter. Admin-

istration of terlipressin or vasopressin may worsen ICH and should be 

avoided.54

Reversal of coagulopathy before placement of ICP transducers is 

recommended, but exact targets (INR ,1.5–1.9) vary from center to 

center. Caution should be used, as reversal of coagulopathy may be 

difficult and require large volumes of fresh frozen plasma (FFP),  

potentially contributing to volume overload and worsening of cerebral 

Box 86.2 Measures Used to Monitor and Control Cerebral Edema Caused by Acute Liver Failure

 1. Correction of metabolic abnormalities.

• Electrolytes (Na, K, Cl, HCO3).

• Acid-base (if patient is on mechanical ventilation, induce mild respiratory alkalosis).

• Glucose (maintenance intravenous glucose infusion).

 2. Avoid overtransfusion or overhydration.

• Carefully match intake and output once patient is euvolemic.

• Daily weight.

• Avoid use of blood products unless indicated for ongoing bleeding and correction of coagulopathy or to maintain hemostasis when intracranial monitor has 

been placed. In the latter circumstance, the patient may require diuresis to avoid an excess in intravascular volume, especially from plasma.

 3. Institute dialysis in patients in renal failure.

• Continuous arteriovenous or venovenous hemodialysis is preferred over standard hemodialysis.

• Avoid severe volume shifts, stabilize blood pressure, maintain euvolemia, correct electrolyte and acid-base abnormalities.

 4. Mechanical ventilation (worsening encephalopathy, .grade II).

• Main indication in liver failure is airway protection to prevent aspiration pneumonia.

• Induce mild respiratory alkalosis (pH 7.45–7.50, Pco2 20–30 mm Hg).

• Elevate head of bed 15–30 degrees.

• Use sedation to avoid having the patient “fight the endotracheal (ET) tube.”

 5. Consider placement of intracranial pressure (ICP) monitor in the epidural space.

• Should be considered when patients evolve from stage II (agitated confusion) to stage III (stuporous) encephalopathy.

• Maintain adequate platelet count (.60,000) with platelet transfusions and INR ,1.5 with fresh frozen plasma if necessary.

• Mannitol is used to control ICP in patients with intact renal function or in those on dialysis. Mannitol is given in 0.5–1 g/kg doses. Serum electrolytes, 

glucose, and osmolarity should be checked every 4–6 hours. If ICP is elevated, osmolarity ,310, and Na ,145, then give mannitol. Mannitol should be withheld 

if the patient has excessive serum osmolarity or significant hypernatremia.
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edema. Recombinant human factor VIIa infusion (40 to 90 mg/kg 

bolus, repeated as needed every 4 hours to correct INR) may be pre-

ferred over FFP in this setting for limiting volume infusion and rapidly 

correcting the PT/INR.

Hepatic glycogen, the main storage supply of glucose, is depleted 

early in the course of ALF, predisposing to severe, potentially  

life-threatening hypoglycemia and worsening of cerebral energy 

metabolism. All patients with ALF should be treated with glucose 

infusions, and blood glucose concentration must be monitored  

frequently.

Second-Line Therapies for Treatment of Mannitol-
Refractory Intracranial Hypertension
Hypothermia in Acute Liver Failure
Therapeutic hypothermia, or intentional reduction of core body tem-

peratures, has been increasingly used to treat hypoxic brain injury 

after cardiac arrest. Animal models of ALF suggest that hypothermia 

may be effective in the prevention of cerebral edema.55,56 Several case 

series suggest that therapeutic hypothermia may show efficacy in  

patients awaiting liver transplantation.57–59 However, a multicenter 

retrospective cohort study from the US Acute Liver Failure Study 

Group revealed that hypothermia (body temperature target 32°C–

35°C) improved 21-day overall and transplant-free survival in only a 

subset of young (,25 years) patients with acetaminophen-associated 

ALF and high-grade encephalopathy, but not for the entire cohort of 

97 patients.60 Based on this analysis, physicians must wait for a pro-

spective trial to further elucidate the use of hypothermia in this clinical 

setting.

Hypertonic Saline in Acute Liver Failure

Another possible method for treating refractory ICH during ALF is 

the use of hypertonic saline. Hypertonic saline infusion requires ex-

treme caution because of the potential consequence of osmotic shifts 

across the BBB. However, a presumed advantage of hypertonic saline 

for the treatment of ICH is a higher osmotic reflection coefficient 

across the BBB.61–63 Thus hypertonic saline could potentially lead to a 

reduction in cerebral edema, lower ICPs, and improved perfusion by 

developing a higher osmotic gradient in the cerebral vascular com-

partment. In a randomized placebo-controlled study, Murphy and 

colleagues studied the effect of hypertonic saline infusion on the in-

duction of hypernatremia in patients with ICP and clinical outcomes 

among intensive care unit (ICU) patients with ALF.64 Fifteen patients 

were treated with 30% hypertonic saline (5–20 mL/h) to maintain se-

rum sodium levels between 145 and 155 mmol/L. After 24–72 hours, 

ICP reduction was significantly greater in the treatment group com-

pared with the standard care group. However, high osmolar loads and 

continuous hemofiltration were required. Nevertheless, mortality was 

similar between both treatment and standard care groups. The use of 

hypertonic saline in the management of ICH in ALF warrants further 

investigation, but its use is accepted as prophylactic therapy by soci-

etal guidelines for patients with the highest risk of developing cerebral 

edema.65

Other Options for Refractory ICH
Other potential therapies that can be considered in ALF patients with 

refractory ICH include barbiturates such as pentobarbital or thio-

pental and indomethacin. By inducing a comatose state and reducing 

cerebral edema, pentobarbital (3–5 mg/kg IV load, then 1–3 mg/kg/h 

infusion) or thiopental (5–10 mg/kg load, then 3–5 mg/kg/h  

infusion) showed some benefit in refractory ICH.66 However, severe 

side effects such as arterial hypotension, hypokalemia, and prolonged 

coma limit their use and often necessitate the coadministration of 

vaso pressors in order to maintain cerebral perfusion pressure (CPP) 

above 50 mm Hg. Indomethacin (dosed at 25 mg IV over 1 minute) 

also has the potential to cause an acute decrease in ICP and an acute 

increase in CPP by causing cerebral vasoconstriction but has not 

been validated in a trial.67,68 Therefore these medications may play a 

role as second- or third-line options for patients with persistent re-

fractory ICH.

Experimental Therapies
Several other methods were tested in ALF: exchange blood transfusion, 

plasmapheresis, cross-circulation with human and baboon donors, 

hemoperfusion through isolated human or animal livers, hemodialysis 

(conventional and polyacrylonitrate), and column hemoperfusion 

(microencapsulated charcoal, albumin-covered Amberlite XAD-7 

resin). Because none of these techniques were demonstrated to im-

prove survival, their use in the management of ALF is not currently 

recommended.

Promising strategies that were investigated in the management of 

patients with high-grade encephalopathy in the setting of ALF include 

an extracorporeal liver assist device based on albumin dialysis (mo-

lecular adsorbent recirculation system [MARS]). However, its use did 

not yield clear survival benefit.69 Bioartificial liver (BAL) machines 

have also emerged as a potential therapeutic intervention. To date, 

there was only one large randomized multicenter trial of the use of 

BAL in ALF, and it did not conclude a survival benefit.70 Finally, the use 

of human hepatocyte transplantation in the setting of ALF as a bridge 

to transplantation is in persistent development.71,72

Liver Transplantation
Liver transplantation is the only treatment that was proven to im-

prove survival in patients with ALF and high-grade encephalopa-

thy.6,73 Survival without transplantation is 10%–20% in this patient 

subset. Survival increases to 60%–80% with liver transplantation. In 

the largest series of living donor liver transplants for ALF, Lee and 

colleagues reported patient survival as 82.3% at 5 years after trans-

plantation.74 These results are similar to those of deceased donor liver 

transplantation for ALF and demonstrated the durability of living 

donor allografts.

At some stage cerebral edema becomes irreversible and patients, de-

spite transplantation, will experience brain death or irreversible brain 

injury.75 The risk of irreversible neurologic injury is greatest in those with 

CPP less than 40 mm Hg for more than 4 hours. Lesser increases in ICP 

may be associated with neurologic injury, but usually cerebral edema re-

solves in the posttransplant period, and complete or partial neurologic 

recovery may be expected. In most cases of ALF, all the manifestations of 

neurologic illness (cerebral edema, encephalopathy, and coma) reverse 

without sequelae after successful liver transplantation. One complication, 

CPM, may occur in the absence of cerebral edema and may be related to 

fluctuations in plasma sodium during resuscitative measures in the ICU, 

such as IV fluids, transfusions, antibiotics, sedatives, narcotics, invasive 

procedures, and ventilatory support. Despite the serious nature of CPM, 

significant neurologic recovery can occur.

ENCEPHALOPATHY IN THE SETTING OF CHRONIC 
LIVER DISEASE

Patients with cirrhosis of any cause and chronic PSE may present 

with a host of neuropsychiatric symptoms, ranging from subtle 

changes in mental status to coma. Fetor hepaticus (a peculiar odor to 
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the breath in people with severe liver disease) is common but not 

invariable. Asterixis, the “flapping tremor,” is caused by involuntary 

intermittent relaxation of sustained motor activity but is less specific 

than fetor hepaticus for hepatic encephalopathy and is usually only 

present during the late stages of encephalopathy. Although reported, 

cerebral edema rarely occurs in patients with encephalopathy in the 

setting of chronic liver disease. As the patient recovers from hepatic 

encephalopathy, asterixis and other manifestations of encephalopa-

thy resolve.

Risk Factors and Precipitating Events: Implications for 
Diagnostic Testing and Treatment
Flares of chronic encephalopathy may occur spontaneously without an 

identifiable precipitant in patients with very severe hepatic impair-

ment and/or extensive portosystemic shunting. However, in the major-

ity of cases, acute worsening of chronic encephalopathy is precipitated 

by one or more of a number of common events.

Gastrointestinal Hemorrhage

Hemodynamically significant gastrointestinal (GI) hemorrhage is a 

major precipitant of hepatic encephalopathy. Delivery of a large pro-

tein load to the GI tract via hemorrhage stimulates bacterial metabo-

lism of luminal blood and release of NH3, GABA, and other chemicals 

or compounds that may inhibit neurotransmission. Poor hepatic 

function or shunting of portal blood via portosystemic collaterals 

impairs hepatic clearance and enhances delivery of these molecules to 

the brain.

Infection

Infection—in particular, sepsis—may precipitate hepatic encepha-

lopathy in patients with chronic liver disease. Spontaneous bacterial 

peritonitis (SBP) always should be considered in the differential diag-

nosis of patients with ascites and new-onset encephalopathy. Fever 

may be absent, and clinical signs (abdominal pain, ileus) are lacking. 

SBP is presumptively diagnosed if the absolute neutrophil count in 

ascitic fluid exceeds 250 cells/mL. Patients with cirrhosis and malnu-

trition are susceptible to infections as a result of reduced leukocyte 

migration, decreased serum bactericidal activity, depressed white cell 

mobilization, and impaired phagocytosis. Infection increases protein 

catabolism, releasing aromatic amino acids that may contribute to the 

encephalopathy.

Medications (Sedatives)

There are no safe sedatives for administration in cirrhotic patients 

who have hepatic encephalopathy. Because liver metabolism is usu-

ally severely impaired in these patients, the clearance of benzodiaz-

epines, barbiturates, chlorpromazine, morphine, and opioid deriva-

tives such as methadone, meperidine, and codeine are reduced. With 

repeated dosing, all these compounds tend to accumulate in cir-

rhotic patients, increasing the degree and prolonging the duration 

of sedation.

Renal Failure

A common precipitant of hepatic encephalopathy is excessive diure-

sis, resulting in relative depletion of intravascular volume and prer-

enal azotemia. Factors contributing to the encephalopathy include 

electrolyte imbalances; disordered acid-base metabolism; reduced 

fluid volume; and impaired renal clearance of metabolites, drugs, 

and toxins.

Fluid, Electrolyte, and Acid-Base Imbalance

Hepatic encephalopathy may be precipitated by dehydration, hypoka-

lemia, and alkalosis. Metabolic alkalosis promotes an increase in levels 

of nonionic NH3, which diffuses very rapidly into the CNS. Diffusion 

of NH3 into the brain and enhanced glutamine production may pre-

cipitate encephalopathy as a result of either astrocyte swelling and 

dysfunction or impairment of glutamatergic neurotransmission. With 

hepatic impairment, the kidneys produce glucose from branched-

chain amino acids (gluconeogenesis) in an attempt to maintain pe-

ripheral energy supply. This process results in decreased circulating 

levels of branched-chain amino acids and an increase in circulating 

levels of the relatively more toxic aromatic amino acids, which may 

diffuse into the brain.

Surgical Shunt Procedure or Tips

Hepatic encephalopathy is a common complication of portal diversion 

after surgical portosystemic shunts or TIPS.76 Predictors of postshunt 

encephalopathy include preshunt encephalopathy, severe liver disease 

(Child-Pugh score .10 or Model-for-End-Stage-Liver-Disease [MELD] 

score .16), renal failure, and elderly age. The mechanisms of hepatic 

encephalopathy after placement of a portosystemic shunt include lack 

of compensatory dilatation of the hepatic artery, lack of perfusion of 

the liver via the portal vein, and reduction in hepatocyte function. 

Clinically apparent encephalopathy after placement of a shunt usually 

responds to medical treatment. In rare circumstances, narrowing of the 

shunt with a flow-reducing stent or occlusion of the shunt may be nec-

essary to control encephalopathy.77

Portosystemic Shunting from Collaterals

In cases of refractory encephalopathy, patients should undergo 

contrast-enhanced abdominal imaging to visualize the presence  

of prominent portosystemic collateral vessels. If large collaterals  

are seen, selected patients may benefit from embolization of these 

collaterals.78,79

Noncompliance with Therapy

One of the most common factors precipitating encephalopathy is non-

compliance with prescribed outpatient medical treatments (e.g., lactu-

lose). A careful history, focusing on adherence to medical therapy, is 

necessary in the evaluation of encephalopathic patients.

Microbiota Dysbiosis

Research regarding gut microbiota dysbiosis has gained recent inter-

est. Dysbiosis in chronic liver disease was associated with increased 

intestinal permeability, systemic inflammation and endotoxemia, and 

increased impairment of cognition and rates of hepatic encephalopa-

thy.80 Clinical improvement in patients with recurrent hepatic en-

cephalopathy treated with fecal microbiota transplant supports the 

role of gut dysbiosis as a potential mechanism of disease.81

Diagnosis
The diagnosis of PSE is based upon clinical suspicion in patients with 

chronic liver disease, and the impression is confirmed by resolution after 

medical therapy.82 Occasionally, it may be necessary to employ additional 

testing to confirm a diagnosis of PSE. Additional testing is particularly 

useful when encephalopathy is the primary clinical manifestation of  

otherwise unsuspected liver disease or if the manifestations of encepha-

lopathy are predominantly a change in behavior or an unusual neurologic 

syndrome (seizures, focal neurologic deficits). Rarely, cerebral edema 

complicates chronic liver disease.83
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Plasma Ammonia

An elevated blood NH3 level is common in cirrhotic patients, espe-

cially those with encephalopathy. Some studies have demonstrated a 

correlation between blood NH3 levels and the presence and grade of 

encephalopathy, whereas others have not. In general, blood NH3 levels 

might be useful as a marker of liver disease but are of little diagnostic 

or clinical value in managing the cirrhotic patient with hepatic  

encephalopathy.

Electroencephalography

Electroencephalographic (EEG) abnormalities are relatively non-

specific in hepatic encephalopathy. Two findings have some specific-

ity with regard to hepatic encephalopathy: reduced brainstem audi-

tory-evoked potentials and diminished visual-evoked potentials. In 

various studies, the percentage of encephalopathic cirrhotics with 

EEG abnormalities is highly variable, ranging from 14% to 78% of 

patients.

Radiologic Imaging

Standard CT scans or nuclear brain scans exhibit little or no specific 

distinguishing features, although loss of cortical volume may be 

common in patients with Laënnec cirrhosis and chronic encepha-

lopathy. CT may be used to document cerebral edema or to exclude 

CNS complications such as tumor, infection, or hemorrhage. Mag-

netic resonance imaging (MRI) studies have revealed a few features 

relatively unique to hepatic encephalopathy. One feature, hyperin-

tensity on T1-weighted images of the globus pallidus (Fig. 86.3), 

correlates with (extrapyramidal) motor disorders and excess accu-

mulation of manganese.

Neuropsychiatric Testing

In general, neuropsychiatric testing is used primarily to monitor effi-

cacy of treatment or diagnose subclinical or minimal encephalopathy. 

A battery of tests is employed to distinguish hepatic encephalopathy 

and organic brain syndrome from other causes of encephalopathy and 

underlying psychiatric disease. These tests are itemized in Table 86.2. 

Poor performance on number connection tests correlates reasonably 

well with severity of encephalopathy and Child-Pugh and/or MELD 

classifications.

Therapeutic Options
Past thoughts on the treatment of hepatic encephalopathy included a 

protein-restricted diet of 40 grams or less per day.84,85 However, cir-

rhotic patients often develop severe muscle wasting; thus in patients 

with advanced disease, unnecessary protein restriction might further 

worsen the poor nutritional state. Therefore hepatologists currently 

avoid the use of protein restriction in the management of chronic he-

patic encephalopathy.

Lactulose

The mainstay of therapy in the treatment of hepatic encephalopathy is 

lactulose, a nonabsorbable disaccharide that is fermented by bacteria 

in the intestine to yield acetic, butyric, propionic, and lactic acids.85–88 

The fermentation of lactulose produces an acidic milieu that alters the 

composition of gut bacterial flora, lowers colonic pH, and produces an 

osmotic diarrhea. Each of these effects may be responsible for the 

ameliorative effects of lactulose on hepatic encephalopathy. Changing 

the composition of the bacterial flora may alter the metabolism of fecal 

contents and reduce the production of toxins, NH3, and methanethiols 

that are responsible for encephalopathy. The acidic luminal milieu cre-

ates an environment capable of trapping NH3:

NH H NH
3 4
1

1 1
⇒

Ammonia is neutral and freely diffuses across the mucosal barrier 

of the colon, where it can enter the portal circulation for delivery to the 

rest of the body. In contrast, the ammonium ion (NH4
1) produced 

from the reaction of NH3 with hydrogen ions is ionized, highly polar, 

and unable to diffuse readily across the lipid bilayer of mucosal cells. 

Fig. 86.3 Computed tomography (CT) scan of the brain of a patient with 

acute liver failure, stage IV hepatic coma, and cerebral edema. Note the 

diminished sulci and lack of distinction between white and gray matter. 

This patient’s cerebral edema resolved with medical management, and 

she subsequently underwent transplantation. She achieved complete 

neurologic recovery posttransplant.

Cerebral Function Test

Learning and delayed recall Story Memory Test

Figure Memory Test

Concentration Digit Vigilance Test

Fine motor coordination Grooved Pegboard

Sequential procedures Trail Making Test

Problem solving Wisconsin Card Sorting Test

Attention WAIS-R* Digit Symbol Subtest

Vocabulary WAIS-R Vocabulary Subtest

Verbal fluency skills Controlled Oral Word Association

Animal Naming

Auditory comprehension Complex Material

Visual-spatial analysis WAIS-R Block Design Subtest

Psychological function MMPI-2†

TABLE 86.2 Neuropsychiatric Tests Used 
to Evaluate Hepatic Encephalopathy

*WAIS-R, Wechsler Adult Intelligence Scale–Revised.
†MMPI-2, Minnesota Multiphasic Personality Inventory.
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This ammonium ion is “trapped” in the fecal effluent and eliminated 

with passage of the bowel movement. In addition to these properties, 

the breakdown of each molecule of lactulose produces at least four 

osmotically active particles. Water diffuses into the lumen and down 

the osmotic gradient, increasing fecal water content, and if enough 

lactulose is given, a dose-dependent osmotic diarrhea results. The 

purgative effect of lactulose may also be responsible for altering the 

composition of colonic bacteria and helping to eliminate toxins and 

waste that might otherwise accumulate. The usual recommendation is 

that enough lactulose be given to produce two to three loose, semi-

formed stools each day. Excessive dosing with lactulose will produce 

severe diarrhea with large volume losses and electrolyte imbalances 

and should be avoided.

Rifaximin

Rifaximin is a nonabsorbable antibiotic derivative of rifamycin with 

broad antimicrobial activity and has become an important adjunct agent 

along with lactulose for the treatment of hepatic encephalopathy. A 

randomized controlled trial of 299 patients demonstrated a reduction of 

recurrent hepatic encephalopathy episodes and number of hospitaliza-

tions resulting from hepatic encephalopathy.89 In comparison studies of 

rifaximin with lactulose versus lactulose monotherapy, patients treated 

with rifaximin showed greater improvement in the degree of hepatic 

encephalopathy, had lower NH3 levels, and had lower PSE index scores.90

Branched-Chain Amino Acids

Early studies demonstrated that cirrhotic patients had an increase in 

aromatic amino acids and a decrease in branched-chain amino acids in 

blood samples. Subsequent clinical work suggested that patients with 

the greatest imbalance in plasma amino acids were more likely to be 

encephalopathic and to experience early and higher mortality. For this 

reason, there were at least 14 controlled trials of the use of branched-

chain amino acids in the treatment of cirrhotic patients with chronic 

encephalopathy. However, results of these trials have been inconsistent, 

and separate meta-analyses yielded opposite conclusions.91 A trial of 

branched-chain amino acids might be considered in patients who de-

velop encephalopathy on standard protein diets and manifest protein-

calorie malnutrition.

Benzodiazepine Antagonists

There were several randomized controlled trials of short-term admin-

istration of flumazenil in the treatment of hepatic encephalopathy.92–94 

In some studies, flumazenil was superior to placebo in improving the 

grade of encephalopathy; 30%–60% of encephalopathic patients im-

proved after administration of flumazenil, and EEG changes paralleled 

this improvement. In other studies, however, flumazenil was no better 

than placebo in ameliorating the symptoms of encephalopathy, and 

EEGs did not improve. Overall, flumazenil has a limited role in the 

treatment of hepatic encephalopathy.

L-Ornithine-L-Aspartate and Ammonia Scavengers

l-ornithine-l-aspartate (LOLA) is a compound salt that was shown to 

reduce NH3 levels by increasing NH3 disposal through enhanced pe-

ripheral metabolism. LOLA increases the activity of hepatic urea cycle 

enzymes and increases the rate of glutamine production within skele-

tal muscle. Although a large randomized controlled study using LOLA 

in ALF did not find significant changes in survival,95 other studies in-

vestigated its potential use in hepatic encephalopathy from chronic 

liver disease. A meta-analysis consisting of three randomized trials and 

a pool of 212 patients found an overall significant improvement in 

chronic hepatic encephalopathy symptoms, although lower-grade en-

cephalopathic patients had the greatest benefit.96

Additional agents (i.e., glycerol phenylbutyrate and ornithine 

phenylacetate) that were initially developed for ammonia reduction in 

patients with inborn urea cycle defects are also being tested in clinical 

trials for the management of chronic hepatic encephalopathy.97,98

Neomycin and Metronidazole

The systemic antibiotics neomycin and metronidazole are used as 

second-line therapy of chronic hepatic encephalopathy with the goal 

of therapy being alteration of the colonic bacterial composition. Neo-

mycin’s advantage over metronidazole is its limited entrance to the 

circulation.99 The main disadvantage is that nephrotoxicity may occur 

despite its poor absorption.

Some studies demonstrated that oral metronidazole was as effective 

as neomycin or lactulose in controlling encephalopathy.100 Other stud-

ies did not observe similar efficacy and measured little effect of metro-

nidazole on NH3 levels. The main disadvantages of metronidazole are 

that many patients complain of epigastric discomfort (leading to poor 

compliance with long-term treatment) and development of ototoxicity 

and neurotoxicity that can be irreversible. Maintenance therapy with 

metronidazole can be expected to cause peripheral neuropathy (al-

ready a problem in patients with advanced liver disease) and was re-

ported to cause the “disulfiram reaction” when alcohol was consumed. 

The physician prescribing metronidazole to cirrhotic patients should 

be aware that this drug undergoes extensive hepatic metabolism. Given 

the establishment of rifaximin, neomycin and metronidazole are now 

rarely used. If these antibiotics are used in selected cases, it is recom-

mended to give only short courses lasting 2–8 weeks.

Liver Transplantation
The development of encephalopathy in a patient with chronic liver 

disease indicates the presence of portosystemic shunting and hepatic 

dysfunction. The prognosis for patients who develop this complication 

is grim; one recent study indicated that the 1-year survival rate is 42% 

and the 3-year survival rate is 23%.101 In addition, there are numerous 

comorbidities in encephalopathic patients, including the inability to 

continue gainful employment, poor function at home, nursing strains 

on spouse or family, inability to drive a vehicle, and inability to handle 

personal finances. Although medical therapies can ameliorate the major 

symptoms of encephalopathy, they are rarely effective enough to return 

the patient to full function. Often the patient with encephalopathy is at 

risk of other life-threatening complications of liver disease such as 

variceal hemorrhage and SBP. For all of these reasons, any patient with 

hepatic encephalopathy should be considered for liver transplantation.

CONCLUSION

This chapter discussed several key issues regarding hepatic encepha-

lopathy, including definitions, clinical syndromes, diagnostic tests, pre-

cipitants, prognosis, and outcomes with therapy, including liver trans-

plantation. The section on pathogenesis defines current knowledge 

regarding mechanisms of encephalopathy in both ALF and chronic liver 

disease. The clinician faced with neuropsychiatric syndromes in pa-

tients with liver disease must differentiate the nature of the underlying 

liver disorder (ALF versus chronic liver disease), evaluate diagnostic 

tests, and institute appropriate therapy. Overall outcomes of patients 

with encephalopathy depend on the general condition of the patient, 

severity of underlying liver disease, comorbid conditions, and, when in 

ALF, the presence of cerebral edema and ICH. Liver transplantation, 

including the option of living donor liver transplantation, may yield 

favorable outcomes without neurologic sequelae if instituted before 

excessive and prolonged ICH in the case of ALF, or before multiorgan 

failure in the case of chronic liver disease.
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KEY POINTS

• Clinical presentation and prognosis of hepatic encephalopathy vary by pres-

ence of ALF or chronic liver disease.

• Patients with hepatic encephalopathy and ALF should urgently be referred 

to a liver transplant center.

• The routine use of ICP monitors in patients with ALF is controversial.

• Mannitol and hypertonic saline are common therapies for ICH in the setting 

of ALF.

• Precipitants of hepatic encephalopathy should be assessed with each epi-

sode in the setting of chronic liver disease.

• Lactulose is the mainstay of therapy in patients with hepatic encephalopa-

thy and chronic liver disease.

• Rifaximin has become an important therapy to prevent recurrent episodes 

of hepatic encephalopathy in the setting of chronic liver disease.

 References for this chapter can be found at expertconsult.com.
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Direct Hepatotoxicity

Severe liver injury from exposure to a known hepatotoxin that pro-

duces dose-related liver damage is the most common single cause of 

ALF in many countries. The typical onset of ALF after ingestion of a 

supratherapeutic or toxic dose is abrupt for most drugs, and the usual 

pattern is of major hepatic necrosis.

Acetaminophen (Paracetamol)

Acetaminophen is the most common cause of ALF in most anglophone 

countries, where it may account for more than half of all ALF cases.1 A 

single major overdose (often with delayed presentation) is typical; how-

ever, some result from staggered supratherapeutic ingestion that may be 

deliberate, inadvertent, or iatrogenic. Poor nutrition, low body mass, 

and cytochrome P-450 enzyme–inducing medications may predispose 

to toxicity. The link between chronic alcohol excess and vulnerability to 

acetaminophen poisoning has not been fully elucidated.5 A thorough 

history (including from family members) may identify the timing and 

amount ingested; however, information may be unreliable, limiting the 

utility of nomograms to determine risk and guide treatment decisions. 

Acetaminophen usually undergoes glucuronidation and is then ex-

creted into the bile. The toxicity of acetaminophen overdose occurs 

through the generation of a toxic metabolite (N-acetyl-p-benzoqui-

none imine [NAPQI]) by cytochrome P-450 enzymes. If the ability to 

metabolize acetaminophen via glucuronidation is overwhelmed and 

the capacity to detoxify NAPQI through conjugation with glutathione 

is exceeded, massive hepatic necrosis will follow. The early initiation of 

n-acetylcysteine (NAC) may prevent the development of serious liver 

injury and attenuate it if hepatic necrosis has already commenced.

Nonacetaminophen Direct Hepatotoxins

A range of other medications can also cause liver injury via direct mech-

anisms (see Box 87.1). Patterns of acute hepatic injury vary from hepatic 

necrosis, to sinusoidal obstruction syndrome, to microvesicular steatosis.

Idiosyncratic Drug-Induced Liver Injury

Idiosyncratic liver injury usually takes the form of acute hepatocellular 

hepatitis, with a period of latency that typically extends to several weeks. 

Other less common forms include cholestatic hepatitis and mixed hepa-

titis. Antiinfectives, psychotropics, and nonsteroidal antiinflammatory 

drugs are commonly implicated. Idiosyncratic drug-induced hepatitis 

may variably be accompanied by hypersensitivity features, such as rash, 

fever, and eosinophilia.

Herbal Remedies, Nutritional Supplements, Traditional 
Medicines, and Illicit Drugs

Nonprescription alternative therapies and illicit drugs are widely  

used in many populations and represent an important cause of ALF. 

INTRODUCTION

Acute liver failure (ALF), also known as fulminant hepatic failure, is a 

compelling example of complex critical illness. The initiating event is 

extreme liver injury from a variety of possible causes. Thereafter, a se-

vere multisystem critical illness rapidly develops, involving disruption 

of function in virtually all organ systems (Fig. 87.1). Although ALF is a 

relatively rare cause of admission to the intensive care unit (ICU),1 it is 

important because it predominately affects those who are young and 

have few comorbidities, yet it has a high mortality. Management chal-

lenges include hepatic encephalopathy, cerebral edema, disordered he-

mostatic parameters, hemodynamic instability, metabolic abnormali-

ties, renal failure, and vulnerability to infection. Although some causes 

of ALF have etiology-specific treatments, most ICU management in-

volves supportive care and prevention of complications, with the hope 

that life can be sustained until either hepatic regeneration takes place or 

emergency liver transplantation can occur. As with any complex or rare 

condition, a systematic and coordinated approach is required so as to 

ensure that all problems are anticipated and addressed.

Definition
Despite a lack of a consensus definition,2 it is generally accepted that the 

diagnosis of ALF requires the triad of encephalopathy (regardless of 

severity), abnormal measures of hemostasis (generally elevation of the 

international normalized ratio [INR] or prolongation of the prothrom-

bin time [PT]), and the development of overt liver failure over a short 

interval in the absence of previously known liver disease. A number of 

classification systems have sought to define the cardinal features of ALF 

and patterns of presentation. In particular, the duration of illness before 

the onset of encephalopathy is strongly associated with specific under-

lying etiologies and associated outcomes.3 Hyperacute patients develop 

an altered mental state within a week of first becoming unwell and are 

often critically ill at initial presentation. Acute presentations are those 

with an illness duration of 7–21 days before encephalopathy, whereas 

subacute presentations involve the onset of encephalopathy up to 26 

weeks after initial symptoms occur. Paradoxically, hyperacute patients 

have the highest spontaneous survival rate.

Etiology
Although the causes of ALF are myriad (Box 87.1), there is marked 

variation in etiology across regions, with a relatively small number of 

underlying causes being responsible in any given locality.4 This has 

important implications for management and outcomes.

Drug-Induced Liver Injury
Drugs, traditional remedies, and toxins are important causes of ALF in 

most countries. There are two broad types of drug-induced liver in-

jury: direct hepatotoxicity and idiosyncratic hepatotoxicity.
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BOX 87.1 Causes of Acute Liver Failure

Drugs

Dose related (predictable):

• Acetaminophen

• Aspirin

• Niacin

Idiosyncratic (unpredictable and indi-

vidually rare):

• Isoniazid

• b-lactams

• NSAIDs

• Herbal remedies

• 3,4-Methylenedioxymethamphet-

amine (ecstasy)

Toxins

• Amanita mushroom

• Carbon tetrachloride

• Yellow phosphorous

Viral

Hepatotropic:

• HAV

• HBV

• HDV

• HEV

Nonhepatotropic:

• HSV

• CMV

• EBV

• Parvovirus B19

Vascular Thrombosis

• Budd-Chiari syndrome

Inherited Metabolic  

Disorders

• Wilson disease

Pregnancy-Related

• Acute fatty liver of pregnancy

Other

• Autoimmune hepatitis

• Reye syndrome

• Cryptogenic

CMV, Cytomegalovirus; EBV, Epstein-Barr virus; HAV, hepatitis A 

virus; HBV, hepatitis B virus; HDV, hepatitis D virus; HEV, hepatitis 

E virus; HSV, herpes simplex virus; NSAID, nonsteroidal antiinflamma-

tory drug.

Fig. 87.1  Key management challenges in acute liver failure.

Patients may not disclose the use of such agents, and direct enquiry  

is necessary.

Viral Hepatitis
Hepatotropic Viruses

Four out of the five generally recognized hepatotropic viruses are es-

tablished causes of ALF. Hepatitis C virus (HCV) is a prominent cause 

of chronic liver disease, but almost never results in ALF.6

Hepatitis A

Most cases of hepatitis A virus (HAV) follow a relatively benign course, 

but occasional cases lead to life-threatening ALF, especially for adults 

with preexisting liver disease. The virus is spread via the fecal-oral 

route (usually ingestion of contaminated food or drinking water), and 

vaccination is protective when traveling to endemic regions. Serologic 

diagnosis is generally made on detection of anti-HAV immunoglobu-

lin M (IgM) antibodies.

Hepatitis B

Hepatitis B virus (HBV) can cause ALF at the time of initial acquisi-

tion, through reactivation of a latent infection, or with coinfection by 

hepatitis D virus (HDV). The virus may be vertically transmitted dur-

ing pregnancy or acquired through either blood exposure or unpro-

tected sexual activity. Detection of IgM antibodies against hepatitis B 

core antigen (HbcAg) is the key serologic marker indicator of active 

disease. Immunosuppression may reactivate HBV in chronic carriers, 

resulting in a subacute presentation that is associated with a poor 

prognosis.7
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Hepatitis D

HDV is a defective virus that can only replicate in circumstances of 

coinfection with HBV, and its acquisition in chronic HBV carriers has 

been reported to occasionally result in ALF.6 Diagnosis of acute infec-

tion by HDV may be determined through the detection of HDV RNA 

or the presence of HDV antigen and anti-HDV IgM antibody.

Hepatitis E

Whereas hepatitis E virus (HEV) is rare in developed regions, it is a 

common cause of ALF in some resource-limited countries, with preg-

nant women being disproportionally affected. ALF from HEV is asso-

ciated with high maternal and fetal mortality. Instances of HEV being 

transmitted by travelers returning from endemic regions have been 

reported. Similar to HAV, the virus is spread via the fecal-oral route 

and is diagnosed through the detection of anti-HEV IgM antibodies.

Other Viral Causes of ALF

Several nonhepatotropic viruses, especially Herpesviridae, are recognized 

to cause sporadic ALF and should especially be considered in situations 

where there are typical features of a specific infective agent (e.g., mucocu-

taneous lesions from varicella) in the absence of another clear cause.

Cryptogenic Acute Liver Failure

No clear cause can be found for ALF in up to a fifth of cases.1 These 

may represent infection with as yet unidentified viral pathogens, un-

usual manifestations of autoimmune hepatitis (AIH), or unrecognized 

idiosyncratic drug reactions.

Other Causes of ALF
Ischemic Hepatitis

Cases of severe shock, especially if associated with hepatic congestion 

(e.g., cardiac tamponade), can result in ALF. The underlying cause of 

circulatory failure is the main determinant of outcome, rather than the 

extent of liver injury per se. If effective resuscitation and reversal of the 

primary problem occur, hepatic recovery usually follows, and specific 

liver-directed therapies are rarely required.

Autoimmune Hepatitis

Although AIH usually manifests as a chronic disorder, an important 

minority of cases may present with a subacute progression to ALF. 

Women are most commonly affected, and autoimmune markers in 

addition to liver biopsy are usually required for diagnosis. Corticoste-

roids for immunosuppression may achieve effective disease control in 

some patients, occasionally preventing deterioration and need for 

emergency liver transplantation (ELT).

Amanita Mushroom Poisoning

Amanita phalloides has a wide geographic spread and an appearance 

similar to several common edible mushrooms. Amatoxins are heat sta-

ble, and a single large mushroom may contain sufficient amounts to 

cause ALF. Many patients will experience early gastrointestinal upset that 

resolves before subsequent overt liver failure occurring several days later.

Wilson Disease

Wilson disease is a rare inherited disorder of copper accumulation that is 

typically diagnosed before the onset of overt liver failure, but may occa-

sionally present with ALF, hemolysis, and thrombocytopenia as the first 

presentation. The prognosis without ELT is extremely poor, and treat-

ment is focused on supportive measures until transplantation can occur.

Budd-Chiari Syndrome

Thrombosis of the hepatic vein is a rare cause of ALF and is usually 

associated with an underlying prothrombotic state, such as malignancy 

(especially myeloproliferative disorders). The overall prognosis is poor, 

especially if occurring in the context of malignancy.8

Acute Fatty Liver of Pregnancy

This catastrophic illness occurs exclusively in the third trimester of 

pregnancy and is characterized by microvesicular fatty infiltration of 

hepatocytes causing ALF. Fetal defects in fatty acid oxidation appear to 

be the underlying trigger. Urgent recognition and delivery are essential 

to prevent fetal and maternal death.9

Reye Syndrome

Reye syndrome is a rare pediatric condition strongly linked to aspirin 

use in the setting of a viral illness. Clinical features, rather than specific 

investigations, are key to making the diagnosis. Supportive care 

achieves full recovery in the majority of those affected.10

Predictive Scoring Systems

ELT is the only intervention proven to improve survival in ALF, yet 

many patients may achieve ELT-free survival with supportive care 

alone. The decision to proceed with ELT can therefore be extremely 

challenging. Several systems to guide clinical decision making have 

been developed in order to differentiate patients at high risk of death 

without ELT from those who may be reasonably expected to survive 

with supportive care alone. It is clear that in addition to the severity of 

liver damage and associated complications, important determining fac-

tors for outcome include the underlying etiology and patient age.11 

Several of the main predictive criteria are summarized in Box 87.2. The 

BOX 87.2 Predictive Criteria for Death 
Without Emergency Liver Transplantation

King’s College Criteria14

Acetaminophen Overdose

• Arterial pH ,7.3 (irrespective of grade of encephalopathy)

or

• PT .100 seconds (INR .6.5) and

• Serum creatinine .3.4 mg/dL (.300 µmol/L) and

• Patients with West Haven grade III and IV hepatic encephalopathy

Nonacetaminophen-Induced Liver Injury

Acute form (delayed jaundice-encephalopathy ,7 days):

• PT .100 seconds (INR .6.5) (irrespective of grade of encephalopathy)

or any three of the following variables:

• Aged ,10 or .40 years

• Non-A, non-B hepatitis, halothane hepatitis, idiosyncratic drug reactions

Subacute form: delayed encephalopathy .7 days

• Serum bilirubin 17.4 mg/dL (300 µmol/L)

• PT .50 seconds

Clichy Criteria15

• Grade III or IV encephalopathy

and

• Factor V ,20% in patients ,30 years

or

• Factor V ,30% in patients .30 years

Liver Biopsy13

• #60% necrosis on transjugular biopsy associated with ELT-free survival

Computed Tomography12

• Liver volume ,1000 cm3 predicts failure to achieve ELT-free survival for 

nonacetaminophen ALF

ELT, Emergency liver transplantation; INR, international normalized 

ratio; PT, prothrombin time.
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utility of such scoring systems has been questioned, as some elements 

may be subjective (e.g., grade of encephalopathy) and many others are 

inevitably altered by various critical care interventions (e.g., use of con-

tinuous renal replacement therapy [CRRT]). Although they remain in 

widespread use, improvements in outcome (especially for the hyper-

acute pattern of ALF such as acetaminophen related) justify concerns 

that none demonstrate sufficient precision to be the sole determinant 

for selecting ELT candidates.11 Imaging with computed tomography 

(CT) to ascertain residual liver volume may assist prognostically.12 Liver 

biopsy may be safer via a transjugular route than the percutaneous ap-

proach and can be diagnostically useful in some circumstances.13

Although acetaminophen often presents as hyperacute liver failure 

with extreme physiologic and biochemical derangement, ELT-free sur-

vival is considerably more common than for other causes of ALF.1 

Similar findings apply to HAV and acute fatty liver of pregnancy 

(AFLP), where patients generally achieve ELT-free survival with opti-

mal supportive care. This is often not the case for patients with ALF 

caused by idiosyncratic drug reactions, HBV, AIH, Wilson disease, or 

Budd-Chiari syndrome (BCS). Paradoxically, patients with hyperacute 

ALF presentations often have higher initial illness severity, yet are more 

likely to survive through spontaneous hepatic regeneration and sup-

portive care, whereas patients with a subacute ALF pattern may be less 

dramatically unwell at presentation, but relentlessly deteriorate and die 

without ELT. Regardless of etiology, given the high risk of death and the 

potential for rapid deterioration, transfer to a center capable of provid-

ing ELT should be considered in all ALF patients where this is feasible.

CLINICAL FEATURES OF ACUTE LIVER FAILURE

Regardless of etiology, ALF has a characteristic pattern of critical illness. 

Patients may complain of constitutional symptoms such as fatigue, 

nausea, and anorexia. Consistent with diagnostic definitions, derange-

ment in hemostatic parameters (especially of INR) are always evident, 

as are jaundice and hepatic encephalopathy (HE). It is this latter finding 

that differentiates ALF from the less severe acute liver injury (ALI), in 

which there is no neurologic impairment.16 Laboratory tests are confir-

matory, with elevations in amino acid transaminase levels (up to 25 

times the normal upper limit) and bilirubin, in addition to a tendency 

to hypoglycemia and hyperlactatemia. Hyperammonemia is a cardinal 

feature, especially in the setting of significant HE. In addition to an el-

evated INR, thrombocytopenia and hypofibrinogenemia frequently 

occur and suggest a likely bleeding tendency. Arterial blood gas analysis 

typically reveals a combination of respiratory alkalosis and metabolic 

acidosis.17 Spontaneous improvement of the INR indicates recovery, 

whereas progressive worsening, even in the setting of reductions in 

transaminase levels, portend deterioration. The absolute values of ele-

vated amino acid transaminase levels do not reflect prognosis.

Management Challenges in ALF
Hepatic Encephalopathy, Cerebral Edema, and Intracranial 
Hypertension

HE is the result of a complex pathophysiologic process that reflects 

serious underlying liver failure. A combination of metabolic toxins, 

false neurotransmitters, benzodiazepine-like compounds, and inflam-

matory mediators accumulate in liver failure, resulting in a metabolic 

delirium that can proceed to drowsiness and overt coma.

Whereas HE occurs in both decompensated chronic liver disease 

and ALF, cerebral edema occurs almost exclusively in the latter. Hyper-

ammonemia develops in hepatic failure because of the major role the 

liver plays in its detoxification via the urea cycle. Ammonia is a neuro-

toxic by-product of protein metabolism that is converted to less toxic 

urea, which becomes the vehicle for excreting nitrogenous waste in the 

urine. Although some conversion of ammonia to urea occurs in other 

organs, severe liver failure will invariably result in ammonia accumula-

tion and low blood urea concentrations. Cytotoxic cerebral edema 

occurs when ammonia crosses the blood-brain barrier (BBB), leading 

to increasing concentrations in brain tissue that cause glutamine-me-

diated astrocyte swelling, neuroexcitation, and disruption of many 

neuronal metabolic and signaling processes. In cases of severe HE and 

progressive cerebral edema, normal autoregulation of cerebral blood 

flow and the integrity of the BBB are lost, leading to cerebral hyper-

emia and vasogenic edema. Up to 80% of patients with high-grade HE 

may develop cerebral edema, and ammonia concentrations of more 

than 150 mmol/L are associated with intracranial hypertension that 

may be complicated by neurologic injury and death from brainstem 

herniation.18 Progressive neurologic deterioration can be difficult to 

detect on clinical assessment of critically ill patients, and early intra-

cranial hypertension may not be obvious on neuroimaging.19 Moni-

toring strategies such as near-infrared spectroscopy, jugular venous 

bulb saturation monitoring, electroencephalogram (EEG), Doppler 

ultrasound, and intracranial pressure (ICP) monitoring all have sig-

nificant limitations and none has been shown to improve patient 

outcomes. Invasive ICP monitoring in particular has associated risks 

of bleeding and infection.20 Although it is used routinely in many spe-

cialist centers,21 the technique has been abandoned by many in favor of 

other strategies. For most patients who recover either through ELT or 

spontaneous liver regeneration, resolution of HE and full neurologic 

recovery is the usual outcome.22

Deranged Hemostatic Parameters

Abnormalities of hemostatic parameters are part of the definition of 

ALF. Reduced hepatic synthesis of factors II, V, VII, IX, and X results in 

prolongation of the PT (and INR) and, later on, the activated partial 

thromboplastin time (aPTT). Although this results in a pattern of he-

mostatic derangement suggestive of high bleeding risk, the situation is 

complicated, with simultaneous reductions in the hepatic synthesis of 

anticoagulant factors such as proteins S and C, the accumulation of 

microparticles, and generalized inflammation that combine to pro-

mote a prothrombotic state.23 For many patients, neither overt bleed-

ing nor thrombosis occur,24 suggesting that although routine measures 

of clotting appear markedly deranged, hemostasis remains function-

ally balanced and intact. The INR is a poor predictor of bleeding risk 

in ALF, whereas thrombocytopenia and hypofibrinogenemia may be 

more strongly associated with haemorrhage.24

Vasodilatory Shock

A vasodilated, hyperdynamic systemic circulation occurs in most pa-

tients with ALF, with the pattern of hemodynamic instability strongly 

resembling septic shock. Severe inflammation, endothelial injury, and 

abnormal neurohormonal control are all important factors leading to 

circulatory dysfunction. Relative or absolute hypovolemia may be 

present as a result of poor fluid intake before presentation, gastrointes-

tinal losses, and capillary leakage. After appropriate fluid resuscitation, 

vasopressor therapy with agents such as norepinephrine administered 

by continuous infusion according to similar treatment principles for 

managing septic shock is recommended. Occasionally, patients may 

develop a low cardiac output state caused by preexisting cardiovascular 

disease or overwhelming critical illness such that inotropic support 

becomes necessary. In circumstances of advanced circulatory failure, 

general malperfusion ensues, contributing to multiple organ failure.

Metabolic Abnormalities

Severe metabolic derangement is a hallmark of ALF. Hyperlactatemia 

can develop secondary to generalized malperfusion combined with 
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high circulating catecholamine levels. Reduced hepatic clearance and 

direct impairment of mitochondrial function by toxic levels of acet-

aminophen may also contribute.25

Hypoglycemia is a serious development and suggests extreme liver 

injury. Failure of gluconeogenesis and loss of glycogen stores may lead 

to refractory hypoglycemia unless concentrated intravenous dextrose 

is administered.

Hyponatremia is occasionally present early on and is associated 

with worse outcomes in acute liver dysfunction.26 Hypokalemia and 

hypophosphatemia may also occur, especially if high-dose CRRT is 

undertaken.

Relative or absolute adrenal insufficiency has been described in 

acute liver failure,27 and steroid replacement therapy should be consid-

ered in the setting of refractory shock.28

Renal Failure

Acute renal failure occurs commonly in ALF, either secondary to the 

primary insult that caused liver injury (e.g., acetaminophen overdose) 

or from the systemic inflammatory response and associated shocked 

state. Uremia is notably rare because of reduced hepatic synthesis of 

urea; however, fluid accumulation, acidosis, and electrolyte derange-

ment may all develop and cause complications. The initiation of CRRT 

should not be delayed until overt renal failure is evident, as it plays a 

key neuroprotective role by removing ammonia and other water-solu-

ble toxins that contribute to HE and cerebral edema.

Respiratory Failure

Respiratory failure is rarely a prominent feature of ALF at initial pre-

sentation. ALF patients have a tendency to hyperventilation and de-

velop a respiratory alkalosis; hypoxia is relatively uncommon. Over 

time, however, complications such as pulmonary edema, aspiration 

pneumonitis, atelectasis, and pneumonia are common, and severe hy-

poxic respiratory failure may develop. Hepatopulmonary syndrome is 

rare in ALF, but has been reported.29

Susceptibility to Infection and Sepsis

Severe susceptibility to bacterial and fungal infection is a hallmark of 

ALF and a major contributor to poor outcomes.30 Contributing factors 

include compromised reticuloendothelial function, reduced comple-

ment levels, impaired phagocytosis, and the presence of vascular access 

catheters. Common sites for infection are the lower respiratory tract, 

urinary tract, and vascular access devices with associated bacteremia, 

and common pathogens include gram-positive cocci, gram-negative 

bacilli, and fungal species such as Candida. Infection may arise from 

the patient’s own microbiome or from the hospital environment.

Fluid and Electrolyte Abnormalities

Critically ill patients with shock and multiple organ failure often re-

ceive considerable amounts of intravenous fluids, and this is also true 

for ALF. A strongly positive fluid balance is undesirable in patients at 

high risk of cerebral edema, and a strategy that aims to avoid excessive 

fluid accumulation is appropriate. Abnormalities of potassium and 

phosphate also occur frequently and need to be tested for and supple-

mented as necessary.31

Initial Assessment and Management

After initial resuscitation, a comprehensive history (either first person or 

from family members) is the most important part of initial assessment. 

Essential details include previous overall health, past history of liver 

disease, family history of liver disease, and risk factors for hepatotropic 

viruses (especially intravenous drug use, blood exposure, sexual history, 

and travel). All recent medications, alternative therapies, nutritional 

supplements, alcohol intake, use of illicit drugs, and possible mushroom 

ingestion must be evaluated. Female patients should be asked about the 

possibility of pregnancy.

A thorough clinical examination should also be completed. In ad-

dition to a general appraisal of vital systems, a directed search for 

signs of chronic liver disease (e.g., generalized sarcopenia, clubbing, 

leukonychia, spider nevi, gynecomastia, prominent abdominal wall 

veins, and significant ascites) in order to differentiate ALF from de-

compensated cirrhosis is essential. The presence of HE is a defining 

element of ALF but may be subtle early on. The West Haven criteria 

are often used to grade HE severity; however, critical care clinicians 

may be more familiar with using the Glasgow Coma Scale (GCS) to 

make an initial assessment and follow progress. Cutaneous lesions 

such as herpetic vesicles, tattoos, and needle marks may suggest the 

possibility of a viral etiology, and ophthalmic review may assist in 

checking for Kayser-Fleischer rings that are diagnostic of Wilson dis-

ease. Abdominal examination should evaluate liver and spleen size 

and for the presence of ascites.

INVESTIGATIONS

All ALF patients require a panel of investigations, as outlined in  

Table 87.1. Hemostatic parameters (INR, fibrinogen, platelet count) 

and blood concentrations of bilirubin, transaminases, albumin, glu-

cose, and lactate can reveal the extent of liver injury and assist in 

detecting deterioration. Point-of-care arterial blood gas analysis is 

extremely helpful to assess oxygenation, ventilation, metabolic pro-

file, and acid-base status. Blood ammonia concentrations should be 

checked in all patients with high-grade encephalopathy and any pa-

tient who is intubated. The persistence of extreme elevations is as-

sociated with neurologic complications. Pancreatitis is easily missed 

in a critically ill ALF patient, and serum lipase should be checked. All 

of these investigations should be repeated regularly to guide ongoing 

management. All female patients should be tested for pregnancy. 

Acetaminophen levels must be performed in every patient presenting 

with acute liver injury, even in the absence of a clear evidence for 

overdose. Interpreting the results may be difficult in the absence of a 

reliable history regarding the timing of and nature of ingestion (e.g., 

single overdose versus staggered supratherapeutic doses over time); 

empiric treatment with NAC is wise when there is any doubt regard-

ing the significance of test results. A screen for illicit drugs may be 

appropriate if circumstances are suggestive. Tests for relevant hepa-

totropic viruses (HAV, HBV, HEV) in addition to Epstein-Barr virus 

(EBV), cytomegalovirus (CMV), and herpes simplex virus (HSV) are 

essential, as are copper studies and an autoimmune screen. Abdomi-

nal ultrasound with Doppler evaluation of vascular integrity (espe-

cially of the hepatic vein) should occur early during assessment  

and may also be helpful in detecting ascites. For patients with focal 

neurologic deficits, a history of trauma, or other concerns for intra-

cranial pathology, neuroimaging with CT should be arranged. A  

focused hemodynamic assessment with echocardiography may guide 

treatment for patients with progressive hemodynamic compromise 

and shock who do not respond to vasoactive infusions and fluid  

resuscitation.

MANAGEMENT

Patients with ALF almost always develop a severe critical illness. They 

often follow an unpredictable, rapidly progressive clinical course 

with high risk of complications and require admission to the ICU in 

all circumstances where this is possible. Ward-based care will rarely 

suffice.
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Investigation Purpose Suggested Frequency

Hematology

Full blood examination Anemia and thrombocytopenia for bleeding risk Daily

Hemostatic parameters: Daily

INR Measure of hepatic insufficiency Daily

Fibrinogen Measure of hepatic insufficiency and bleeding risk Daily

Blood film Assess for hemolysis in Wilson disease and AIH At presentation

Biochemistry

Serum electrolytes Management of Na1, K1 6-hourly

Liver function tests Daily

AST, ALT Assess hepatocyte injury and necrosis Daily

Bilirubin, ALP, GGT Assess hepatic insufficiency and cholestasis Daily

Phosphate Often low with liver failure, especially with CRRT Daily

Creatinine Measure of renal function

Urea Usually low in liver failure Daily

Ammonia Hyperammonemia associated with neurologic injury Daily (at least)

Lactate Measure of hepatic and circulatory failure 6-hourly

Blood glucose Measure of hepatic insufficiency 6-hourly

Arterial blood gas analysis Assess ventilation, oxygenation, and acid-base status 6-hourly

Acetaminophen concentration Check for acetaminophen overdose in all ALF patients At presentation

Copper studies Ceruloplasmin low in Wilson disease At presentation

b-hCG Screen for pregnancy in female patients At presentation

Lipase Assess for pancreatitis As indicated

Toxicologic screen Assess for illicit drug use according to local practice As indicated

Microbiology

Serology

Hepatotropic viruses HAV, HBV, HDV, HEV as causes of ALF At presentation

Nonhepatotropic viruses EBV, CMV, HSV, VZV, parvovirus B19 At presentation

Microscopy and culture Low threshold to assess for sepsis: blood, sputum, etc. As indicated

Autoimmune markers At presentation

ANA, ANCA, AMA, anti-LKM, anti-SM Varying patterns in AIH At presentation

Imaging

Liver ultrasound with Doppler Assess liver size, parenchyma, vascular integrity for Budd-Chiari At presentation

Chest x-ray Assess for pulmonary complications Daily

CT brain If evidence of trauma or focal neurologic deficits As indicated

CT abdomen Volumetric assessment of liver for prognosis As indicated

Other

ECG Assess for toxidromes, arrhythmia, ischemia Daily

EEG Assess for possible seizure activity As indicated

Liver biopsy Assess for AIH or possible underlying cirrhosis As indicated

TABLE 87.1 Investigations in Acute Liver Failure

ABG, Arterial blood gas; ALP, alkaline phosphatase; ALT, alanine transaminase; ANA, antinuclear antibody; ANCA, antineutrophil cytoplasmic anti-

body; anti-LKM, anti–liver kidney microsomal antibody; anti-SM, anti–Smith antibody; APTT, activated partial thromboplastin time; ARDS, acute re-

spiratory distress syndrome; AST, aspartate transaminase; b-hCG, beta human chorionic gonadotrophin; CMV, cytomegalovirus; EBV, Epstein-Barr 

virus; ECG, electrocardiograph; EEG, electroencephalograph; GGT, gamma glutamyl transpeptidase; HAV, hepatitis A virus; HBV, hepatitis B virus; 

HDV, hepatitis D virus; HEV, hepatitis E virus; HSV, herpes simplex virus.
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Treatment Directed at Specific Causes of ALF
Although supportive care is the most important aspect of management 

for most ALF patients, some etiologies have specific treatments that 

may limit further injury or reverse the underlying process.

NAC by intravenous infusion should be started immediately for all 

known or suspected cases of acetaminophen overdose. Delays must be 

avoided, and it should be continued until critical illness has resolved. 

There may also be a role for its use in other causes of ALF,32,33 even 

though a survival benefit has not been clearly demonstrated.34 Given 

its favorable safety profile, NAC is recommended by several guidelines 

in such circumstances.35,36

Specific antiviral therapies may occasionally have a role, such as 

nucleoside analogues for HBV or acyclovir for HSV. Emergency deliv-

ery is the definitive treatment for AFLP, and an expedited approach 

achieves the best outcomes. For BCS, an attempt at catheter-directed 

thrombolysis or shunt placement (e.g., transjugular portosystemic 

shunt [TIPS]), may be worthwhile. AIH-induced ALF may variably 

respond to high-dose steroids; however, it should be anticipated that 

ELT may prove necessary in many affected patients, especially those 

with high-grade encephalopathy.37 Evidence for antidotes is limited, 

but high-dose penicillin (as a continuous infusion) or silibinin may be 

considered for Amanita mushroom poisoning.

Neurologic Care
Patients with high-grade HE from ALF can develop severe cerebral 

edema and intracranial hypertension. Although the incidence of cere-

bral edema in this setting may be falling,38,39 affected patients are at 

high risk of neurologic complications and death.40 Intubation is rec-

ommended for all patients with progressive HE to ensure airway pro-

tection and facilitate other elements of care. The head should remain 

elevated to 30 degrees at all times and maintained in a neutral position. 

Except for ELT, no individual intervention has been demonstrated to 

improve outcomes, so a coordinated approach is required to ensure 

that the various underlying processes may be simultaneously ad-

dressed. A combination of early CRRT, osmotherapy with hypertonic 

saline, optimized ventilation, and careful temperature management is 

recommended (Table 87.2).41

Hemofiltration

Intubated ALF patients should commence renal replacement therapy to 

treat hyperammonemia as soon as possible, rather than waiting for overt 

acute renal failure to manifest.42,43 Continuous modalities are preferred, as 

they offer benefits that include continuously titratable fluid management, 

effective thermoregulation, control of pH, management of electrolyte ab-

normalities, minimal hemodynamic impact, and a lower risk of exacerbat-

ing intracranial hypertension.44 A dual-lumen vascular access catheter can 

be safely inserted with ultrasound guidance, and only extreme derange-

ment of hemostatic parameters necessitates prophylaxis with clotting fac-

tors. Bicarbonate buffered replacement fluid is preferred to avoid exoge-

nous lactate loading. Although there is little evidence on which to 

recommend a specific mode of CRRT, a strategy that incorporates a dif-

fusive component may improve ammonia clearance. Most CRRT ma-

chines incorporate an integrated heater that may be turned off in order to 

allow the patient’s temperature to be lowered. High blood flows (e.g., 

.250 mL/min) with effective vascular access help lower the risk of clotting 

within the circuit, and anticoagulation may not be required. If anticoagu-

lation proves necessary, low-dose heparin or epoprostenol may be tried, 

whereas citrate regional anticoagulation should generally be avoided in the 

setting of severe hepatic insufficiency. Ammonia exhibits similar kinetics 

to urea and is effectively cleared in a similar manner, especially at an hourly 

exchange dose of 40 mL/kg/hr or more. Early initiation and continuity of 

therapy are essential to ensure ammonia concentrations are rapidly low-

ered and then maintained at a safe level.43 Serial monitoring of ammonia 

levels is recommended, and failure to achieve reductions down to near the 

normal range or frequent interruptions to therapy should prompt efforts 

to optimize the application of CRRT. This approach may result in electro-

lyte abnormalities such as hypokalemia and hypophosphatemia, so dili-

gent testing and preemptive supplementation are required. A strategy to 

avoid a strongly cumulative fluid balance is advisable in order to avoid 

potentiating cerebral edema.

Neuroprotective 

Intervention41 Therapeutic Target Method of Therapy Mechanism

Hemodiafiltration Blood ammonia ,60 µmol/L and even 

daily fluid balance

High-volume CRRT using dialysis and  

filtration

Treats hyperammonemia and allows precise metabolic, 

electrolyte, and fluid management and provides a 

cooling effect

Hypernatremia Serum sodium 145–155 mmol/L Continuous infusion of concentrated  

saline via central venous catheter

Increases serum tonicity and reduces cerebral edema

mild

Hyperventilation

Lower of PaCO2 5 35 mm Hg or that 

achieved by the patient before intubation

Set ventilator to provide minute ventila-

tion sufficient to achieve target

Attenuates cerebral hyperemia and lowers intracranial 

pressure

mild

Hypothermia

Core temperature 35°C

Always prevent fever

CRRT

Active cooling device

Reduces ammonia

production and CNS

uptake, attenuates cerebral hyperemia, reduces cerebral 

metabolic rate, reduces neuroexcitation and, has anti-

inflammatory effects

TABLE 87.2 Management of Intubated ALF Patients With High-Grade Hepatic Encephalopathy 
at Risk of Cerebral Edema and Intracranial Hypertension

 After Warrillow SJ, Bellomo R. Preventing cerebral oedema in acute liver failure: The case for quadruple-H therapy.

 

Anaesth Intensive Care.

2014;42:78–88.

CNS,

 

Central nervous system;

 

CRRT,

 

continuous renal replacement therapy.

General measures include sedation, elevation of head to 30 degrees, avoidance of hypotension and hypertension, and avoidance of hypoxemia.

“Rescue” measures for refractory intracranial hypertension include deep sedation, hyperventilation, moderate hypothermia, bolus hypertonic sa-

 

line or mannitol, indomethacin, and advanced blood purification (e.g., plasmapheresis).
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Hypertonic Saline

Osmotherapy is an established treatment for cerebral edema. The two 

major therapeutic options are mannitol and hypertonic saline. Al-

though mannitol is often used in many regions, there is a theoretical 

risk of rebound cerebral edema after repeated use, as it may leech into 

the brain parenchyma and induce a “reverse” osmotic gradient. Hyper-

tonic saline (HTS) is at least as effective as mannitol45 and has been 

suggested both as a prophylactic strategy for cerebral edema in ALF 

and as treatment for associated intracranial hypertension.46–49 Either 

bolus dosing or continuous infusion of HTS via a central venous cath-

eter may be used, with the latter having the advantage of being titrat-

able as guided by point-of-care testing. Other proposed advantages of 

HTS for the brain include antiinflammatory effects, reduced hyper-

emia, improved microcirculation, and maintenance of intravascular 

volume without excessive fluid loading.50 A target serum sodium con-

centration of 145–155 mmol/L is recommended,48 and achieving this 

goal is more important than the method of administration (bolus or 

continuous infusion) or the absolute dose given.46 The serum sodium 

should not be permitted to exceed 160 mmol/L,51 and it is important 

to avoid rapid increases in patients who are hyponatremic at presenta-

tion and therefore at risk of central nervous system (CNS) demyelin-

ation syndromes.

Mechanical Ventilation

Spontaneous hyperventilation is typical of ALF, even in patients who 

are obtunded.52,53 Patients with high-grade HE should be intubated. 

The arterial carbon dioxide tension exerts considerable influence over 

cerebral vascular resistance, which in turn is a major determinant of 

cerebral perfusion. Cerebral blood flow is reduced by approximately 

3% per 1 mm Hg reduction in partial pressure of carbon dioxide 

(PaCO2).54 Although perfusion and cerebral metabolic requirements 

are usually well matched (including in patients with early HE), auto-

regulation may be lost in patients with severe HE who are at the high-

est risk of cerebral edema and intracranial hypertension.53 Whether 

relative or absolute, cerebral hyperemia exacerbates cerebral edema 

and intracranial hypertension. Careful control of PaCO2 can restore 

cerebral blood flow autoregulation in ALF, and a target PaCO2 similar 

to that achieved by the patient before intubation or at the lower end of 

the normal physiologic range is recommended.35,55 Adjustments to 

minute volume can be guided by end-tidal CO2 monitoring and regu-

lar arterial blood gas analysis. Hypercapnia must be avoided, especially 

during vulnerable periods such as during intubation and patient trans-

port. More aggressive deliberate hyperventilation provides no clear 

benefit when applied routinely, and the associated reductions in ICP 

are transient. It should be reserved for situations where, despite other 

measures, severe cerebral edema is complicated by intracranial hyper-

tension and it is necessary to achieve an urgent reduction so that a 

definitive intervention such as ELT can proceed.56 Consistent with cur-

rent recommendations, an approach that targets safe tidal volumes and 

plateau pressures, uses positive expiratory-end pressure (PEEP) effec-

tively, and achieves satisfactory oxygenation is a fundamental element 

of respiratory care.

Targeted Temperature Management

It is widely accepted that fever is especially detrimental to patients with 

cerebral edema, who are prone to intracranial hypertension.57 Evi-

dence suggests a range of potential benefits from mild therapeutic 

hypothermia, especially for younger patients with acetaminophen 

overdose, and it can be safely undertaken with low risk of complica-

tions.58 More aggressive lowering of temperature provides no addi-

tional benefit, and it is therefore appropriate to reserve cooling lower 

than 34°C for situations of severe cerebral edema where ELT is 

planned.59 Many of the benefits from therapeutic hypothermia are 

obtained by targeting a temperature of 35°C (i.e., slightly subphysio-

logic) and ensuring that fever never occurs.60 This approach also 

minimizes theoretical risks of exacerbating coagulopathy, immuno-

suppression, or arrythmias.

Other Potential Neuroprotective Therapies

Other therapies may be tried in the setting of refractory intracranial 

hypertension in instances where it is necessary to support a patient for 

sufficient time to undertake a definitive intervention, such as ELT. 

Most of these have little evidence and often entail a risk of complica-

tions. Deep sedation with barbiturates may lower ICP but risks cardio-

vascular compromise. Indomethacin has been shown to be helpful in 

models of ALF-associated cerebral edema, but evidence in humans is 

limited.61 Anticonvulsants should only be used in the setting of clini-

cally evident or EEG-proven seizure activity. Lactulose is often used in 

the setting of HE complicating chronic liver disease; however, it has 

little evidence for use in ALF, and it causes diarrhea and bowel disten-

sion, which may be problematic. Similarly, enteral antibiotics such as 

rifaximin are often administered to cirrhotic patients with HE but have 

not been well-studied in ALF patients. l-ornithine-l-aspartate and  

l-ornithine phenylacetate may provide a novel means of enhancing 

ammonia detoxification but have not shown benefit in human studies. 

Complex blood purification techniques such as coupled plasma filtra-

tion adsorption (CPFA), molecular adsorbent recirculation system 

(MARS), and bioartificial devices have not been shown to improve 

survival and have a limited role outside of clinical trials.62

Other Care
Circulatory Support

An approach similar to the resuscitation and ongoing circulatory sup-

port for septic shock is appropriate for the hemodynamic abnormalities 

resulting from ALF. The early placement of an indwelling arterial cath-

eter and multilumen central venous catheter permits continuous he-

modynamic monitoring, regular blood sampling, and the administra-

tion of essential infusions. Routine administration of clotting factors is 

not necessary; however, extreme derangement of hemostatic parame-

ters should be corrected before the insertion of invasive monitoring 

lines. Pulse contour analysis and bedside echocardiography may guide 

the selection of hemodynamic supports with minimal additional risk to 

the patient. After hypovolemia has been addressed with fluid resuscita-

tion, most patients will require vasopressor support. Norepinephrine 

via continuous infusion is a common approach, and if high doses are 

required (e.g., .0.5 mg/kg/min), additional agents such as vasopressin 

by continuous infusion and corticosteroids may improve vasomotor 

tone. Similar to other critically ill patients, ALF patients often accrue a 

positive fluid balance and are at risk of generalized edema. This may 

increase their risk of complications such as cerebral and pulmonary 

edema. After the initial resuscitation phase, it is prudent to avoid exces-

sive fluid loading and consider strategies such as concentrated albumin 

(e.g., 20% human albumin or similar) to maintain intravascular vol-

ume while minimizing the volume of fluid administration.

Management of Deranged Hemostatic Parameters

Although measures of hemostasis in ALF suggest a high risk of bleed-

ing, this does not eventuate in most patients. INR is not a reliable guide 

to bleeding tendency, and isolated elevations should not prompt ad-

ministration of clotting factors such as fresh frozen plasma. Similarly, 

it is not necessary to routinely administer clotting factors on the basis 

of INR before most invasive procedures.35 Thrombocytopenia and 

hypofibrinogenemia are clearly associated with bleeding risk, however, 

and extreme derangements should be corrected.24 Daily assessment of 
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all hemostatic parameters is recommended to assess for possible he-

patic recovery and to preempt potential bleeding complications. Rec-

ommended targets are outlined in Table 87.3. Intravenous vitamin K is 

appropriate for all ALF patients and can be given on a daily basis. Al-

though the evidence that clotting factor administration may precipi-

tate a prothrombotic state is limited, it is sensible to limit therapy to 

situations where there is a clear indication, such as active bleeding in 

the setting of abnormal hemostatic test results.

Sepsis

Immune paresis is an important complication of ALF, and infection 

with bacterial or fungal pathogens is a common cause of death. Pro-

phylactic antibiotics seem to offer no clear benefit, and there are con-

cerns that resistance may be facilitated by their unnecessary use.63 

Vigilance with a low threshold to investigate for and empirically treat 

infection with broad-spectrum antimicrobials is a reasonable strategy. 

A typical septic workup should include imaging (e.g., chest x-rays) and 

surveillance cultures of blood, urine, and sputum. Standard markers of 

infection such as fever, leukocytosis, and biomarkers (e.g., C-reactive 

protein [CRP]) may not follow a typical pattern and should not be 

wholly relied upon.64 There may be a role for empiric antifungal 

therapy if a patient remains critically ill or is deteriorating after several 

days of critical care support. Antimicrobial selection should be guided 

by knowledge of local resistance patterns and the avoidance of poten-

tial hepatotoxins.

Metabolic, Gastrointestinal, and Nutritional Support

Hypoglycemia is common in ALF patients with extreme hepatic insuf-

ficiency. It must be immediately corrected and a continuous infusion 

of concentrated dextrose (e.g., 25% dextrose via a central line) may be 

required, with a target blood glucose of between 6 and 10 mmol/L. 

Hyperglycemia is common during the recovery phase, and an insulin 

infusion may then be required to control elevations in blood glucose. 

Upper gastrointestinal bleeding may occur in ALF patients,24 especially 

those with hypofibrinogenemia and thrombocytopenia, and use of H2 

blockers or proton pump inhibitors is appropriate.

Nutritional support via the enteral route is preferred, and intubated 

patients will require a nasogastric feeding tube. There is scant evidence 

Intervention Suggested Target/Approach Method/Examples

Treatment for specific  

underlying etiology

Reversal of pathologic process and minimization 

 of ongoing injury

• N-acetyl cysteine infusion for acetaminophen overdose

• Withdrawal of hepatotoxic drugs

• Nucleoside analogues for HBV

• Penicillin or silibinin for Amanita mushroom poisoning

• Urgent delivery of fetus for AFLP

Hemodynamic support Hemodynamic parameters according to patient’s 

clinical progress:

• CVP 6–10 mm Hg

• MAP 65–70 mm Hg

• Even daily fluid balance

• Fluid administration

• Vasoactive infusions (e.g., norepinephrine)

• Low-dose corticosteroid administration if persisting shock

Sepsis care • Low threshold for empiric broad-spectrum 

antibiotics if clinical suspicion of infection

• Consider antifungal therapy if deterioration 

after several days of critical illness

• Regular cultures of blood, urine, and sputum

• Daily CXR

• Extended-spectrum b-lactams

• Liposomal amphotericin or echinocandin antifungal therapy if deterioration 

after several days of critical illness

Respiratory support See hyperventilation section of Table 87.2 • Intubate patients with high-grade encephalopathy

• Avoid hypoventilation, especially during vulnerable periods such as during 

intubation, neuroimaging, and transfers

Renal support See hemodiafiltration section of Table 87.2 • Ensure blood flow .200 mL/min

• Use high exchange rates of lactate-free replacement fluid (40–50 mL/kg/hr)

• Turn off heater

• Aim for blood ammonia within normal range

• Monitor electrolytes (especially phosphate, potassium, magnesium)

• Administer hypertonic saline by continuous infusion to avoid reduced serum 

osmolarity while on CRRT

Hematologic support • Hb .7.0 g/dL

• INR ,6

• Platelet count .75 3 109/L

• Fibrinogen .1.5 g/L

• Avoid treating isolated derangements in hemostatic parameters

• Prophylactic FFP is not recommended before most procedures

• Avoid extreme hypofibrinogenemia and thrombocytopenia

• Administer vitamin K 10 mg IV daily

• Use FFP, platelets, and cryoprecipitate if factor support is required

Metabolic/gastrointestinal/ 

nutritional care

• Blood glucose 6–10 mmol/L

• Stress ulcer prophylaxis

• Enteral feeding

• Concentrated dextrose infusion via central line

• H2 blocker or PPI therapy

• Enteral feeding via nasogastric tube

TABLE 87.3 General ICU Care of Acute Liver Failure Patients

AFLP, Acute fatty liver of pregnancy; CVP, central venous pressure; CXR, chest x-ray; FFP, fresh frozen plasma; Hb, hemoglobin; HBV, hepatitis B 

virus; INR, international normalized ratio; MAP, mean arterial pressure; PPI, proton pump inhibitor.
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on which to base recommendations for specific formulations; 

branched-chain amino acid–enriched preparations offer few addi-

tional benefits beyond standard options.

Emergency Liver Transplantation

ELT is the only single intervention proven to reduce mortality in ALF; 

however, it accounts for only a small proportion of liver transplants 

undertaken in jurisdictions where it is available. Although ELT for ALF 

has a slightly higher early mortality than transplantation undertaken 

for chronic liver disease, the outcomes are otherwise very good,65 with 

rapid improvement in all aspects of critical illness over a short period 

after a successful procedure.22 Developing reliable and generalizable 

selection criteria has proven challenging. The survival benefit of ELT in 

nonacetaminophen ALF seems clear; however, there is less certainty in 

the setting of ALF from acetaminophen overdose.1,66,67 Other issues 

that require careful consideration include judging whether the patient 

has become too critically ill to survive major surgery and also complex 

ethical issues such as whether or not a patient who has deliberately 

overdosed in an act of self-harm should proceed to ELT.68 Contraindi-

cations to ELT include known malignancy, irreversible neurologic in-

jury, and uncontrolled sepsis. The most common surgical approach is 

orthotopic transplantation of a whole cadaveric organ; however, ca-

daveric split livers, living related partial donations, and the increasing 

use of marginal donors (including donation after circulatory death) 

increase the options available when organs are scarce. Another inter-

esting approach is the use of auxiliary partial orthotopic liver trans-

plantation (APOLT) in which a cut-down donor liver is transplanted 

orthotopically after partial hepatectomy of the native liver.69 The 

transplanted donor tissue provides effective function for a bridging 

period until sufficient regeneration of the native liver can occur. When 

convincing evidence of recovered native liver function is evident, im-

munosuppression can be tapered to cessation, and a controlled chronic 

rejection of the transplanted tissue causes gradual atrophy.

The optimal approach to decision making uses predictive criteria as 

a preliminary screening assessment, which then informs the clinical 

interpretation of dynamic measures (such as INR, lactate, and indica-

tors of shock and organ failure). It is usual practice to proceed to ELT 

in situations where death is likely in the absence of ELT, an organ is 

available, and there are no absolute contraindications. Frequent assess-

ment and consultation between intensive care clinicians and transplant 

teams at the bedside are essential in order to make the best decisions 

possible under circumstances where certainty is so often impossible.

CONCLUSION

Although rare, ALF causes extreme critical illness to which patients often 

succumb. With optimal care, ELT-free survival is possible for many of 

those patients with favorable etiologies, and transplantation may be 

lifesaving for others.70 Clinicians should be aware of the common causes 

in their region and know etiology-specific therapy and how to coordi-

nate the complex supportive care that is often necessary. Early consulta-

tion with a liver transplant service is recommended so that transfer can 

be considered, even if ELT does not seem necessary on preliminary as-

sessment. As with any complex critical illness, a proactive, coordinated 

approach to care is required, and frequent re-evaluation to assess the 

clinical course and detect complications is essential.

KEY POINTS

• ALF is defined by the triad of overt liver failure with jaundice occurring over a 

period of weeks, with encephalopathy and deranged hemostatic measures 

(usually INR or PT) in the absence of known chronic liver disease.

• Causes of ALF vary considerably by region, with acetaminophen and other 

drugs common in most developed countries, whereas viral hepatitis is much 

more frequent in many resource-limited and developing regions.

• Mortality is high, and ELT is the only single intervention proven to reduce mortality. 

Some etiologies have a more favorable outcome (e.g., acetaminophen overdose), 

whereas some are usually lethal without ELT (e.g., Wilson disease).

• Cerebral edema as a complication of hepatic encephalopathy is unique to ALF 

and rarely occurs in encephalopathic cirrhotic patients. The pathophysiology 

is complex, but hyperammonemia is a potent neurotoxin that drives many of 

the contributing processes and is a readily measured surrogate for other un-

measured toxins that accumulate in liver failure.

• For patients with high-grade hepatic encephalopathy, the early initiation of 

CRRT (e.g., with hemodiafiltration at an effluent dose of $40 mL/kg/hr), HTS 

administration (to achieve a serum sodium of 145–155 mmol/L), optimized 

mechanical ventilation (PaCO2 lower of either low normal or that achieved by 

the patient before intubation), and targeted temperature management (core 

temperature 35°C and strict avoidance of fever) may limit the risk of intracra-

nial hypertension. These interventions should be applied to all patients intu-

bated for high-grade encephalopathy and continue until recovery is evident. 

Although it is widely used, invasive ICP monitoring does not improve out-

comes, and its role remains unclear.

• The initiation of CRRT is neuroprotective and should not be delayed until overt 

renal failure is apparent. It effectively treats hyperammonemia and reduces 

levels to near normal, thereby reducing the risk of neurologic complications. 

Ammonia levels should be checked at least daily while encephalopathy per-

sists. HTS should be used in conjunction with CRRT to avoid inadvertent reduc-

tions in serum osmolarity. Intermittent dialysis risks exacerbating cerebral 

edema and has an adverse impact on the systemic circulation.

• Elevations in the INR, although indicative of liver injury, are not especially 

predictive of bleeding risk. Administration of fresh frozen plasma to treat an 

isolated INR result or routinely before most procedures is not recommended. 

Hypofibrinogenemia and thrombocytopenia are associated with bleeding 

tendency, and the administration of cryoprecipitate and platelet transfusion 

is recommended for extremely low levels. Hemostatic parameters (especially 

INR, fibrinogen, and platelet count) should be checked at least daily.

• Various predictive scoring systems have been developed, and although they 

may assist with identifying many patients at high risk of death without ELT, 

none of the criteria developed so far should be wholly relied upon to deter-

mine listing for ELT. Clinicians must apply their own expertise and engage in 

repeated clinical assessment to ensure that patients capable of spontaneous 

recovery avoid ELT, whereas those who will likely die without it undergo 

transplantation.

• ELT should be considered early during the course of management for patients 

with unfavorable etiologies who are unlikely to achieve ELT-free survival (e.g., 

Wilson disease, idiosyncratic drug reactions, cryptogenic ALF).

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Bernal W, Lee WM, Wendon J, et al. Acute liver failure: A curable disease by 

2024? J Hepatol. 2015;62:S112–S120.

A concise but comprehensive overview of ALF, including management chal-

lenges and complexity of clinical decision making.

Bernal W, Williams R. Beyond KCH selection and options in acute liver fail-

ure. Hepatol Int. 2018;12:204–213.

A recent comprehensive review of predictive models in ALF inclusive of dy-

namic models and biomarkers.

Kok B, Karvellas CJ. Management of cerebral edema in acute liver failure. 

Semin Respir Crit Care Med. 2017;38:821–829.

Review of the pathophysiology of cerebral edema and management challenges 

in ALF.

Slack AJ, Auzinger G, Willars C, et al. Ammonia clearance with haemofiltra-

tion in adults with liver disease. Liver Int. 2014;34:42–48.

Demonstration that CRRT is an effective treatment for hyperammonemia in 

ALF.

Warrillow SJ, Bellomo R. Preventing cerebral oedema in acute liver failure: 

The case for quadruple-H therapy. Anaesth Intensive Care. 2014;42:78–88.

Comprehensive outline of multimodal neuroprotective management for severe 

hepatic encephalopathy and cerebral edema in ALF.

Wendon J, Cordoba J, Dhawan A, et al. EASL Clinical Practical Guidelines on 

the management of acute (fulminant) liver failure. J Hepatol. 

2017;66:1047–1081.

Most recent systematic management guidelines for ALF from EASL.

Wlodzimirow KA, Eslami S, Abu-Hanna A, et al. Systematic review: Acute liver 

failure – One disease, more than 40 definitions. Aliment Pharmacol Ther. 

2012;35:1245–1256.

A systematic review of ALF definitions.

  

 



e1

REFERENCES

 1. Warrillow, S., Tibballs, H., Bailey, M., McArthur, C., Lawson-Smith, P., 

Prasad, B., et al. (2019). Characteristics, management and outcomes of 

patients with acute liver failure admitted to Australasian intensive care 

units. Critical Care and Resuscitation, 21(3), 188–199.

 2. Wlodzimirow, K. A., Eslami, S., Abu-Hanna, A., Nieuwoudt, M., & Cham-

uleau, R. A. (2012). Systematic review: acute liver failure - one disease, 

more than 40 definitions. Alimentary Pharmacology & Therapeutics, 

35(11), 1245–1256.

 3. O’Grady, J. G., Schalm, S. W., & Williams, R. (1993). Acute liver failure: re-

defining the syndromes. Lancet, 342(8866), 273–275.

 4. O’Grady, J. (2005). Acute Liver Failure. Postgraduate Medical Journal, 81, 

148–154.

 5. Prescott, L. F. (2000). Paracetamol, alcohol and the liver. British Journal of 

Clinical Pharmacology, 49(4), 291–301.

 6. Manka, P., Verheyen, J., Gerken, G., & Canbay, A. (2016). Liver Failure due 

to Acute Viral Hepatitis (A-E). Visceral Medicine, 32(2), 80–85.

 7. Oketani, M., Uto, H., Ido, A., & Tsubouchi, H. (2014). Management of 

hepatitis B virus-related acute liver failure. Clinical Journal of Gastroenter-

ology, 7(1), 19–26.

 8. Parekh, J., Matei, V. M., Canas-Coto, A., Friedman, D., Lee, W. M., & Acute 

Liver Failure Study Group. (2017). Budd-chiari syndrome causing acute 

liver failure: A multicenter case series. Liver Transplantation, 23(2), 135–142.

 9. Natarajan, S. K., Thangaraj, K. R., Goel, A., Eapen, C. E., Balasubrama-

nian, K. A., & Ramachandran, A. (2011). Acute fatty liver of pregnancy: an 

update on mechanisms. Obstetric Medicine, 4(3), 99–103.

 10. Chapman, J., & Arnold, J. (2019). Reye Syndrome. In. Statpearls. Treasure 

Island, Florida: StatPearls Publishing.

 11. Bernal, W., & Williams, R. (2018). Beyond KCH selection and options in 

acute liver failure. Hepatology International, 12(3), 204–213.

 12. Zabron, A., Quaglia, A., Fatourou, E., Peddu, P., Lewis, D., Heneghan, M., 

et al. (2018). Clinical and prognostic associations of liver volume deter-

mined by computed tomography in acute liver failure. Liver International, 

38(9), 1592–1601.

 13. Miraglia, R., Luca, A., Gruttadauria, S., Minervini, M. I., Vizzini, G., Arca-

dipane, A., et al. (2006). Contribution of transjugular liver biopsy in pa-

tients with the clinical presentation of acute liver failure. Cardiovascular 

and Interventional Radiology, 29(6), 1008–1010.

 14. O’Grady, J. G., Alexander, G. J., Hayllar, K. M., & Williams, R. (1989). 

Early indicators of prognosis in fulminant hepatic failure. Gastroenterol-

ogy, 97(2), 439–445.

 15. Bernuau, J., Samuel, D., & Durand, F. (1991). Criteria for emergency liver 

transplantation in patients with acute liver hepatitis and factor F below 

50% of normal: A prospective study. Hepatology, 14(Suppl. 4), 49A.

 16. Koch, D. G., Speiser, J. L., Durkalski, V., Fontana, R. J., Davern, T., Mc-

Guire, B., et al. (2017). The Natural History of Severe Acute Liver Injury. 

American Journal of Gastroenterology, 112(9), 1389–1396.

 17. Scheiner, B., Lindner, G., Reiberger, T., Schneeweiss, B., Trauner, M., 

Zauner, C., et al. (2017). Acid-base disorders in liver disease. Journal of 

Hepatology, 67(5), 1062–1073.

 18. Clemmesen, J. O., Larsen, F. S., Kondrup, J., Hansen, B. A., & Ott, P. 

(1999). Cerebral herniation in patients with acute liver failure is correlated 

with arterial ammonia concentration. Hepatology, 29(3), 648–653.

 19. Hiler, M., Czosnyka, M., Hutchinson, P., Balestreri, M., Smielewski, P., 

Matta, B., et al. (2006). Predictive value of initial computerized tomogra-

phy scan, intracranial pressure, and state of autoregulation in patients 

with traumatic brain injury. Journal of Neurosurgery, 104(5), 731–737.

 20. Karvellas, C. J., Fix, O. K., Battenhouse, H., Durkalski, V., Sanders, C., & 

Lee, W. M. (2014). Outcomes and complications of intracranial pressure 

monitoring in acute liver failure: a retrospective cohort study. Critical 

Care Medicine, 42(5), 1157–1167.

 21. Rabinowich, L., Wendon, J., Bernal, W., & Shibolet, O. (2016). Clinical 

management of acute liver failure: Results of an international multi-center 

survey. World Journal of Gastroenterology, 22(33), 7595–7603.

 22. Glassford, N. J., Farley, K. J., Warrillow, S., & Bellomo, R. (2011). Liver 

transplantation rapidly stops cerebral ammonia uptake in fulminant he-

patic failure. Critical Care and Resuscitation, 13(2), 113–118.

 23. Stravitz, R. T., Bowling, R., Bradford, R. L., Key, N. S., Glover, S., Thacker, 

L. R., et al. (2013). Role of procoagulant microparticles in mediating com-

plications and outcome of acute liver injury/acute liver failure. Hepatology, 

58(1), 304–313.

 24. Warrillow, S., Fisher, C., Tibballs, H., Bailey, M., McArthur, C., Lawson-

Smith, P., et al. (2020). Coagulation abnormalities, bleeding, thrombosis, 

and management of patients with acute liver failure in Australia and New 

Zealand. Journal of Gastroenterology and Hepatology, 35, 846–854.

 25. Fannin, R. D., Russo, M., O’Connell, T. M., Gerrish, K., Winnike, J. H., 

Macdonald, J., et al. (2010). Acetaminophen dosing of humans results in 

blood transcriptome and metabolome changes consistent with impaired 

oxidative phosphorylation. Hepatology, 51(1), 227–236.

 26. Cárdenas, A., Solà, E., Rodríguez, E., Barreto, R., Graupera, I., Pavesi, M., 

et al. (2014). Hyponatremia influences the outcome of patients with 

acute-on-chronic liver failure: an analysis of the CANONIC study. Critical 

Care, 18(6), 700.

 27. Harry, R., Auzinger, G., & Wendon, J. (2002). The clinical importance of ad-

renal insufficiency in acute hepatic dysfunction. Hepatology, 36(2), 395–402.

 28. Venkatesh, B., Finfer, S., Cohen, J., Rajbhandari, D., Arabi, Y., Bellomo, R., 

et al. (2018). Adjunctive Glucocorticoid Therapy in Patients with Septic 

Shock. New England Journal of Medicine, 378(9), 797–808.

 29. Fuhrmann, V., Drolz, A., Rutter, K., & Horvatits, T. (2014). HPS: Diagnosis, 

clinical features, and medical therapy. Clinical Liver Disease, 4(2), 46–49.

 30. Rolando, N., Philpott-Howard, J., & Williams, R. (1996). Bacterial and fun-

gal infection in acute liver failure. Seminars in Liver Disease, 16(4), 389–402.

 31. Schmidt, L. E., & Dalhoff, K. (2002). Serum phosphate is an early predic-

tor of outcome in severe acetaminophen-induced hepatotoxicity. Hepatol-

ogy, 36(3), 659–665.

 32. Nabi, T., Nabi, S., Rafiq, N., & Shah, A. (2017). Role of N-acetylcysteine 

treatment in non-acetaminophen-induced acute liver failure: A prospec-

tive study. Saudi Journal of Gastroenterology, 23(3), 169–175.

 33. Lee, W. M., Hynan, L. S., Rossaro, L., Fontana, R. J., Stravitz, R. T., Larson, 

A. M., et al. (2009). Intravenous N-acetylcysteine improves transplant-free 

survival in early stage non-acetaminophen acute liver failure. Gastroenter-

ology, 137(3), 856–864.

 34. Hu, J., Zhang, Q., Ren, X., Sun, Z., & Quan, Q. (2015). Efficacy and safety 

of acetylcysteine in “non-acetaminophen” acute liver failure: A meta- 

analysis of prospective clinical trials. Clinics and Research in Hepatology 

and Gastroenterology, 39(5), 594–599.

 35. Wendon, J., Cordoba, J., Dhawan, A., Larsen, F. S., Manns, M., Samuel, D., 

et al. (2017). EASL Clinical Practical Guidelines on the management of 

acute (fulminant) liver failure. Journal of Hepatology, 66(5), 1047–1081.

 36. Lee, W. M., Stravitz, R. T., & Larson, A. M. (2012). AASLD Position Paper: 

The Management of Acute Liver Failure: Update 2011. Hepatology, 55(3), 

965–967.

 37. Dalekos, G. N., Gatselis, N. K., & Zachou, K. (2019). Acute Severe Autoim-

mune Hepatitis: Corticosteroids or Liver Transplantation? Liver Trans-

plantation, 25(10), 1588–1589.

 38. Bernal, W., Hyyrylainen, A., Gera, A., Audimoolam, V. K., McPhail, M. J., 

Auzinger, G., et al. (2013). Lessons from look-back in acute liver failure? A 

single centre experience of 3300 patients. Journal of Hepatology, 59(1), 74–80.

 39. Oketani, M., Ido, A., Nakayama, N., Takikawa, Y., Naiki, T., Yamagishi, Y., 

et al. (2013). Etiology and prognosis of fulminant hepatitis and late-onset 

hepatic failure in Japan: Summary of the annual nationwide survey be-

tween 2004 and 2009. Hepatology Research, 43(2), 97–105.

 40. Kok, B., & Karvellas, C. J. (2017). Management of Cerebral Edema in 

Acute Liver Failure. Seminars in Respiratory and Critical Care Medicine, 

38(6), 821–829.

 41. Warrillow, S. J., & Bellomo, R. (2014). Preventing cerebral oedema in 

acute liver failure: the case for quadruple-H therapy. Anaesth Intensive 

Care, 42(1), 78–88.

 42. Slack, A. J., Auzinger, G., Willars, C., Dew, T., Musto, R., Corsilli, D., et al. 

(2014). Ammonia clearance with haemofiltration in adults with liver dis-

ease. Liver International, 34(1), 42–48.

 43. Warrillow, S., Fisher, C., & Bellomo, R. (2020) Correction and Control of 

Hyperammonemia in Acute Liver Failure: The Impact of Continuous Re-

nal Replacement Timing, Intensity, and Duration. Critical Care Medicine, 

48, 218–224.

  

 



e2

 44. Gupta, S., Fenves, A. Z., & Hootkins, R. (2016). The Role of RRT in  

Hyperammonemic Patients. Clinical Journal of the American Society of 

Nephrology, 11(10), 1872–1878.

 45. Battison, C., Andrews, P. J., Graham, C., & Petty, T. (2005). Random-

ized, controlled trial on the effect of a 20% mannitol solution and a 

7.5% saline/6% dextran solution on increased intracranial pressure  

after brain injury. Critical Care Medicine, 33(1), 196–202, discussion 

257–258.

 46. Liotta, E. M., Lizza, B. D., Romanova, A. L., Guth, J. C., Berman, M. D., 

Carroll, T. J., et al. (2016). 23.4% Saline Decreases Brain Tissue Volume in 

Severe Hepatic Encephalopathy as Assessed by a Quantitative CT Marker. 

Critical Care Medicine, 44(1), 171–179.

 47. Liotta, E. M., Romanova, A. L., Lizza, B. D., Rasmussen-Torvik, L. J., Kim, 

M., Francis, B., et al. (2018). Osmotic Shifts, Cerebral Edema, and Neuro-

logic Deterioration in Severe Hepatic Encephalopathy. Critical Care Medi-

cine, 46(2), 280–289.

 48. Murphy, N., Auzinger, G., Bernel, W., & Wendon, J. (2004). The effect of 

hypertonic sodium chloride on intracranial pressure in patients with 

acute liver failure. Hepatology, 39(2), 464–470.

 49. Koenig, M. A., Bryan, M., Lewin, J. L., III., Mirski, M. A., Geocadin, R. G., 

& Stevens, R. D. (2008). Reversal of transtentorial herniation with hyper-

tonic saline. Neurology, 70(13), 1023–1029.

 50. Suarez, J. I. (2004). Hypertonic saline for cerebral edema and elevated in-

tracranial pressure. Cleveland Clinic Journal of Medicine, 71(Suppl. 1), 

S9–S13.

 51. The Brain Trauma Foundation. The American Association of Neurologi-

cal Surgeons. The Joint Section on Neurotrauma and Critical Care. 

Guidelines for cerebral perfusion pressure. (2000). Journal of Neu-

rotrauma, 17(6-7), 507–511.

 52. Stanley, N. N., Salisbury, B. G., McHenry, L. C., Jr., & Cherniack, N. S. 

(1975). Effect of liver failure on the response of ventilation and cerebral 

criculation to carbon dioxide in man and in the goat. Clinical Science and 

Molecular Medicine, 49(2), 157–169.

 53. Strauss, G., Hansen, B. A., Kirkegaard, P., Rasmussen, A., Hjortrup, A., & 

Larsen, F. S. (1997). Liver function, cerebral blood flow autoregulation, 

and hepatic encephalopathy in fulminant hepatic failure. Hepatology, 

25(4), 837–839.

 54. Robertson, C. (2004). Every breath you take: hyperventilation and intra-

cranial pressure. Cleveland Clinic Journal of Medicine, 71(Suppl. 1), 

S14–S15.

 55. Strauss, G., Hansen, B. A., Knudsen, G. M., & Larsen, F. S. (1998). Hyper-

ventilation restores cerebral blood flow autoregulation in patients with 

acute liver failure. Journal of Hepatology, 28(2), 199–203.

 56. Warrillow, S., & Bellomo, R. (2015). Intensive care management of severe 

acute liver failure. In J. L. Vincent (Ed.), Annual update in intensive care 

and emergency medicine (pp. 415–430). Cham: Springer.

 57. Mrozek, S., Vardon, F., & Geeraerts, T. (2012). Brain temperature: physiol-

ogy and pathophysiology after brain injury. Anesthesiology Research and 

Practice, 2012, 989487.

 58. Karvellas, C. J., Todd Stravitz, R., Battenhouse, H., Lee, W. M., & Schilsky, 

M. L. (2015). Therapeutic hypothermia in acute liver failure: a multicenter 

retrospective cohort analysis. Liver Transplantation, 21(1), 4–12.

 59. Bernal, W., Murphy, N., Brown, S., Whitehouse, T., Bjerring, P. N., Hauer-

berg, J., et al. (2016). A multicentre randomized controlled trial of moder-

ate hypothermia to prevent intracranial hypertension in acute liver failure. 

Journal of Hepatology, 65(2), 273–279.

 60. Jalan, R., Olde Damink, S. W., Deutz, N. E., Davies, N. A., Garden, O. J., 

Madhavan, K. K., et al. (2003). Moderate hypothermia prevents cerebral 

hyperemia and increase in intracranial pressure in patients undergoing 

liver transplantation for acute liver failure. Transplantation, 75(12), 

2034–2039.

 61. Tofteng, F., & Larsen, F. S. (2004). The effect of indomethacin on intracra-

nial pressure, cerebral perfusion and extracellular lactate and glutamate 

concentrations in patients with fulminant hepatic failure. Journal of Cere-

bral Blood Flow and Metabolism, 24(7), 798–804.

 62. Warrillow, S. (2017). Life on MARS? Critical Care Medicine, 45(10), 

1776–1777.

 63. Karvellas, C. J., Cavazos, J., Battenhouse, H., Durkalski, V., Balko, J., Sand-

ers, C., et al. (2014). Effects of antimicrobial prophylaxis and blood stream 

infections in patients with acute liver failure: a retrospective cohort study. 

Clinical Gastroenterology and Hepatology, 12(11), 1942–1949.e1.

 64. Silvestre, J. P., Coelho, L. M., & Povoa, P. M. (2010). Impact of fulminant 

hepatic failure in C-reactive protein? Journal of Critical Care, 25(4), 657.

e7–657.e12.

 65. Warrillow, S., Bailey, M., Pilcher, D., Kazemi, A., McArthur, C., Young, P., 

et al. (2019). Characteristics and Outcomes of Patients with Acute Liver 

Failure Admitted to Australian and New Zealand Intensive Care Units.  

Internal Medicine Journal, 49, 874–885.

 66. McPhail, M. J., Kriese, S., & Heneghan, M. A. (2015). Current management 

of acute liver failure. Current Opinion in Gastroenterology, 31(3), 209–214.

 67. O’Grady, J. (2014). Timing and benefit of liver transplantation in acute 

liver failure. Journal of Hepatology, 60(3), 663–670.

 68. Karvellas, C. J., Safinia, N., Auzinger, G., Heaton, N., Muiesan, P., O’Grady, 

J., et al. (2010). Medical and psychiatric outcomes for patients trans-

planted for acetaminophen-induced acute liver failure: a case-control 

study. Liver International, 30(6), 826–833.

 69. Rela, M., Kaliamoorthy, I., & Reddy, M. S. (2016). Current status of auxil-

iary partial orthotopic liver transplantation for acute liver failure. Liver 

Transplantation, 22(9), 1265–1274.

 70. Bernal, W., Lee, W. M., Wendon, J., Larsen, F. S., & Williams, R. (2015). 

Acute liver failure: A curable disease by 2024? Journal of Hepatology, 

62(Suppl. 1), S112–S120.

  

 



Evaluating the patient with a possible acute abdomen and intraabdomi-
nal sepsis in the intensive care unit (ICU) can be challenging. Patients 
frequently have multiple potential sources of sepsis and are often unable 
to describe symptoms or localize tenderness on physical examination. In 
addition, many imaging studies require transporting the patient to the 
radiology suite, which can be risky. These issues are especially trouble-
some for patients with the potential for acute cholecystitis.

Acute cholecystitis, frequently without gallstones, has long been 
recognized as a complication of surgery or acute critical illness.1 The 
pathophysiology of cholecystitis in critically ill patients is different 
from that in the general population, as at least half of the patients have 
no gallstones.2 Understanding the risk factors and pathogenesis of 
acute cholecystitis in the ICU can help increase the index of suspicion 
and lead to early diagnosis and treatment, which is necessary for good 
outcomes in the already critically ill patient.

RISK FACTORS AND PATHOPHYSIOLOGY

In the general population, acute cholecystitis is associated with the 
presence of gallstones, which develop as a result of decreased solubility 
of cholesterol and bile salts in bile. Risk factors for gallstones include 
age, female sex, recent pregnancy, positive family history for gallstones, 
and hemolysis. Patients with gallstones may develop acute cholecystitis 
at any time. Rarely, acute calculous cholecystitis can occur during hos-
pitalization for other reasons.

Acalculous cholecystitis can occur spontaneously under certain 
circumstances. In outpatients, risk factors for acalculous cholecystitis 
include diabetes mellitus, vasculitis, older age, and male sex.3

Acute cholecystitis has been described as a complication of a variety 
of surgical procedures,4,5 burns,6 sepsis,7 cardiovascular diseases, and 
malignancy.8 Trauma patients are also at increased risk, perhaps because 
of the development of sludge over time, which may also increase the risk 
for pancreatitis.9,10

There is an association between total parenteral nutrition and bili-
ary stasis.11 Though lack of enteral feeding may play a significant role, 
parenteral nutrition can directly decrease bile production, worsening 
biliary stasis. Biliary sludge can be found in almost all patients on long-
term parenteral nutrition.11 Many go on to form gallstones. The fatty 
acid derivatives of lipid emulsions, large amounts of dextrose, and 
specific deficiencies, such as choline and taurine, may also play a role.12

Theories regarding the pathogenesis of acalculous cholecystitis in 
critically ill and postoperative patients have evolved over the years. Pre-
sumptive causes have included gastrointestinal hypomotility, biliary 
stasis, and lack of enteral feeding in the postoperative period, leading to 
increased concentrations of bile salts and cholesterol in bile.13 The rarely 
observed acute onset of cholecystitis with refeeding suggests impaction 
of stones or viscous bile in the cystic duct with gallbladder contractions.

Gallbladder mucosal necrosis, arterial thrombosis, gangrene, and 
perforation suggest that hypoperfusion may be another critical mecha-
nism for acalculous cholecystitis. Histopathologic studies confirm 
microvascular changes and ischemic cholecystitis histologically.14 
Hypoperfusion, particularly of the splanchnic circulation, is common 
in critically ill patients because of hemorrhage, dehydration, heart 
failure, and sepsis. Vasopressors can exacerbate the situation. Me-
chanical ventilation with positive end-expiratory pressure can increase 
hepatic venous pressure and thereby decrease portal perfusion.15

In addition to hypoperfusion, increased intraluminal pressure from 
biliary stasis secondary to fasting and narcotics may be a critical factor.16 
The combination of hypoperfusion and increased intraluminal pressure 
leads to a decrease in gallbladder perfusion pressure, wall ischemia, bac-
terial invasion, and cholecystitis.

INCIDENCE

The incidence of acute cholecystitis in the ICU is difficult to deter-
mine, given the great diversity in ICU patient populations and illness 
severity. Visceral hypoperfusion related to left ventricular dysfunction 
has been implicated as an etiologic factor, particularly in the cardiac 
surgery population. Early predictors of acute cholecystitis in these pa-
tients include arterial occlusive disease, low preoperative oxygen deliv-
ery, longer cardiopulmonary bypass times, need for surgical reex-
ploration, cardiac arrhythmias, mechanical ventilation for $3 days, 
bacteremia, and nosocomial infections.4 The common threads among 
these factors include decreased tissue perfusion and oxygenation, sig-
nificant surgical trauma with the expected inflammatory response, and 
perhaps bacterial translocation from the gut lumen. Because of high 
risk, some have suggested ultrasound screening of patients who have 
had complicated courses after cardiovascular surgical procedures.5

In the general population of postoperative patients, acute cholecysti-
tis appears to occur with or without gallstones. Among trauma patients, 
about 90% of the acute cholecystitis cases are acalculous.9 Because the 
incidence of the disease is low but the many risk factors for the disease 
are common, it is difficult to identify specific groups of ICU patients 
who might benefit from selective screening for acute cholecystitis.

CLINICAL PRESENTATION

The signs and symptoms of acute cholecystitis do not generally differ 
between calculous and acalculous disease. Typically, patients with acute 
cholecystitis present with right upper quadrant or epigastric pain, often 
after ingesting a fatty meal. The pain may radiate to the back. Anorexia, 
nausea, and vomiting are common findings, as are fever and chills. If 
the patient is receiving enteral nutrition, the symptoms may be related 
to meals or tube feedings.
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On examination, the most consistent finding is fever. Focal tender-
ness in the right upper quadrant or epigastrium is typically found, 
often with evidence of peritoneal irritation. Rarely, the gallbladder is 
palpable. There may be abdominal distention and loss of bowel 
sounds. In critically ill patients, symptoms and physical examination 
findings are frequently difficult to assess or absent because of altera-
tions in the patient’s mental status and concurrent disease.

The most consistent laboratory finding is a leukocytosis. Serum 
levels of liver enzymes and bilirubin are usually normal unless choledo-
cholithiasis, Mirizzi syndrome (external compression of the common 
hepatic duct by a stone impacted in the cystic duct), or liver dysfunction 
from sepsis is present. Thus jaundice is rare. Clinical findings and labo-
ratory studies are not very sensitive or specific for cholecystitis, even in 
the general population,17 and are less so in critically ill patients.

Given that the underlying pathophysiology of cholecystitis in the 
ICU often involves gallbladder wall ischemia, there is significant risk 
for rapid progression to gangrene and perforation. Consequently, even 
though other causes of sepsis in the ICU are more common, one needs 
to have a low threshold for considering cholecystitis in the differential 
diagnosis of patients who may have intraabdominal sepsis. Imaging of 
the gallbladder should be the next step.

IMAGING STUDIES

Ultrasonography is usually the first test of choice for acute cholecystitis 
in the general population and in critically ill patients. In the ICU, the 
presence or absence of gallstones does not help with the diagnosis. The 
most useful ultrasonographic findings are thickening of the gallbladder 
wall and pericholecystic fluid (Fig. 88.1). These findings correlate well 
with operative findings. False-positive findings may occur with sludge, 
nonshadowing stones, cholesterolosis, ascites, hypoalbuminemia, and 
portal hypertension. Other ultrasonographic findings indicative of acute 
cholecystitis include the following: the “double wall sign,” representing 
edema of the gallbladder wall; the “halo sign,” representing sloughed 
gallbladder mucosa; intramural gas; distention of the gallbladder; and 
the “sonographic Murphy sign,” demonstrating point tenderness by 
pressing the ultrasound probe directly over the gallbladder. The sensitiv-
ity of ultrasound for detecting acalculous cholecystitis is 81%–92%. The 
specificity is 60%–96%,17,18 but these results are operator dependent.

One problem in the ICU is that the typical ultrasonographic findings 
of cholecystitis can be seen in ICU patients without the condition. For 
example, Boland and colleagues performed ultrasound examinations of 
the gallbladder twice a week in a variety of ICU patients.18 Half of the 

patients without calculi developed at least one ultrasonographic finding 
of acute cholecystitis. Patients with several findings should undergo more 
aggressive diagnostic evaluation and, perhaps, therapeutic interventions. 
In equivocal cases, serial examinations may demonstrate increasing wall 
thickness, which should increase the suspicion for cholecystitis.19

Computed tomography (CT) of the abdomen can be used to make 
the diagnosis of acute cholecystitis.20 The criteria for a positive study 
include wall thickness .4 mm, pericholecystic fluid, intramural gas, 
sloughed mucosa, or subserosal edema without ascites (Fig. 88.2). If 
intravenous contrast is administered, enhancement of the gallbladder 
wall may be seen. Although CT may not be as sensitive as ultrasound 
for determining the presence of gallstones or acute cholecystitis, it can 
help to detect or rule out other causes of intraabdominal sepsis. A great 
disadvantage of CT for critically ill patients, however, is the need to 
transport the patient to the scanner. In critically ill patients with sus-
pected cholecystitis, ultrasound remains the first test of choice. Fre-
quently, however, additional studies are necessary.

Scintigraphy of the gallbladder has been used when acute cholecys-
titis is suspected but findings from other tests such as ultrasound or CT 
are inconclusive or contradictory. Gallbladder scintigraphy is per-
formed by administering technetium-labeled iminodiacetic acid (IDA). 
Cholecystitis is diagnosed if the radioactive tracer is visualized in the 
small bowel without visualization of the gallbladder within 4 hours, 
suggesting occlusion of the cystic duct (Fig. 88.3). Delayed visualization 
of the gallbladder may represent chronic cholecystitis. The rate of false-
positive tests is significant in fasting patients, particularly those receiv-
ing parenteral nutrition, as the gallbladder may already be maximally 
filled. The use of intravenous morphine to increase tone in the sphinc-
ter of Oddi and thereby increase pressure within the biliary system can 
decrease the risk of a false-positive test.21 In patients with severe liver 
disease, there may be inadequate uptake and excretion of the tracer to 
provide visualization of the biliary tree. Also, if a patient has had a bili-
ary sphincterotomy, the tracer may pass too quickly through the biliary 
tree. Overall, the sensitivity of scintigraphy is 91%–97% and the speci-
ficity is 38%–99%.21 Scintigraphy is a useful complement to ultraso-
nography for early decision making regarding intervention.

DIAGNOSIS

The differential diagnosis for patients with potential cholecystitis in 
the ICU includes peptic ulcer disease (particularly perforation), acute 

Fig. 88.1 Ultrasound of the gallbladder demonstrating wall thickening 

(double arrows) and sludge (black arrow).

Fig. 88.2 Scintigraphy of the biliary tree demonstrating concentration 

of the tracer in the liver followed by flow into the biliary tree and small 

bowel. The gallbladder is not visualized.
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Fig. 88.3 Computed tomographic study of the abdomen demonstrating 

thickening of the gallbladder wall with infiltration of the pericholecystic 

fat (black arrow) and gallstones (white arrow).

pancreatitis, hepatic or subphrenic abscess, pyelonephritis, right lower 
lobe pneumonia (although right lower lobe atelectasis is common with 
a subdiaphragmatic process), and practically any cause of sepsis. The 
clinical presentation, laboratory studies, and imaging studies all should 
be considered when making clinical decisions.

To help with confirming the diagnosis of acute cholecystitis, the 
Tokyo Guidelines for the management of cholecystitis from 2018 
(TG18) include specific criteria.22 Patients have suspected cholecystitis 
if they have signs of local inflammation (right upper quadrant pain, 
tenderness or mass, or a positive Murphy sign) and signs of systemic 
inflammation (fever, elevated C-reactive protein, leukocytosis). The 
diagnosis is definitive if the patient has positive imaging studies.  
The severity of cholecystitis is defined as grade I (mild: without any of 
the grade II or III criteria), grade II (moderate: white blood cell count 
.18,000/mm3, palpable tender mass in the right upper quadrant, du-
ration of symptoms .72 hours, or marked local inflammation), and 
grade III (severe: end-organ dysfunction). Markers of inflammation, 
such as Ôªøneutrophil-to-lymphocyte ratio, the Glasgow Prognostic 
Score (original or modified), and the C-reactive protein/albumin ratio, 
also correlate with severity and may complement the Tokyo guidelines 
severity grade.23 The American Association for the Surgery of Trauma 
Emergency General Surgery grading system may also perform at least 
as well as the Tokyo guidelines.24

MANAGEMENT

The management of a patient with acute cholecystitis involves sup-
portive care, antibiotics, and either drainage or removal of the gall-
bladder (Fig. 88.4). Even in equivocal cases, drainage of the gallbladder 
may be appropriate in critically ill patients.

The standard initial medical treatment for acute cholecystitis includes 
antibiotics, analgesia, and, at least during the early phase, bowel rest. For 
patients who are septic from cholecystitis, it is appropriate to follow the 
Surviving Sepsis Campaign guidelines regarding fluid resuscitation, use 
of vasopressors, and initiation of broad-spectrum antibiotics.25

Antibiotics for uncomplicated cholecystitis should cover enterococcal 
species and gram-negative rods, particularly Escherichia coli and Klebsiella 
spp.26 Cultures are positive in about half of the cases, particularly beyond 
72 hours after the onset of symptoms—more so if empyema of the gall-
bladder is present. In patients who have more severe illness, have previously 
received antibiotics, or are older, more resistant and unusual organisms 
may be cultured from gallbladder bile. These organisms can include 
Staphylococcus spp., resistant gram-negative bacilli, anaerobic bacteria, and 
fungi. Broader coverage may be required initially until cultures are obtained 
and coverage can be more tailored. Local antibiograms, particularly the 
proportion of extended-spectrum beta-lactamase–producing organisms 
can be helpful.

Optimal duration of antibiotic coverage for cholecystitis remains 
unclear. If patients undergo early cholecystectomy, continuing antibi-
otic coverage postoperatively may not be necessary. For patients who 
undergo cholecystostomy, 7 days or less of antibiotics seems to be as 
good as more prolonged courses.27

Nonsteroidal antiinflammatory drugs can be very effective for con-
trolling the pain from cholecystitis. When narcotics are needed, the 
choice of narcotic analgesic is probably not as important as was once 
believed. All narcotics can increase the pressure of the sphincter of 
Oddi, potentially increasing pressure in the biliary tree.

The next question is whether to drain or remove the gallbladder 
acutely. For patients with septic shock, severity of illness and delay in 
source control, particularly greater than 16 hours after presentation, 
are associated with increased mortality.28 There is a lack of prospective, 
randomized trials to help clarify this issue. Early surgical consultation 
is critical. The decision regarding drainage or removal of the gallblad-
der must be made with consideration of both the critical care and 
general surgical issues. If the patient can tolerate transport to the op-
erating room and a general anesthetic, cholecystectomy remains the 
most definitive therapy, particularly in light of the risk of gallbladder 
gangrene and perforation. Patients with grade I or II cholecystitis and 
with good performance status based upon the Charlson Comorbidity 

Resuscitation

SSC*

Blood cultures

antibiotics

Operative risk

assessment

Low

risk

High

risk

Fails to improve

Cholecystectomy
Supportive

care

Supportive

care

Gall bladder

drainage

Cholecystectomy

Improves

Improves

 Fig. 88.4

 

Management of cholecystitis. *SSC,

 

Surviving Sepsis Campaign.

  

 



730 PART VI Gastrointestinal

Index and American Society of Anesthesiologists physical status should 
undergo cholecystectomy.29 Frequently, however, critically ill patients 
with acute cholecystitis, particularly those with significant respiratory 
dysfunction or hemodynamic instability, may be too ill for cholecys-
tectomy. Patients with grade II cholecystitis and poor performance 
status or with grade III disease may be better managed with image-
guided or endoscopic drainage to obtain source control.

Image-Directed Drainage

Image-directed cholecystostomy has become a relatively low-risk proce-
dure for patients with acute cholecystitis.30 Some physicians have used 
percutaneous cholecystostomy as a diagnostic and therapeutic maneu-
ver in ICU patients with persistent, unexplained sepsis, though its role in 
this setting remains unclear. Because the risk of this procedure is low, 
percutaneous cholecystostomy should be considered when the index of 
suspicion for acute cholecystitis is high enough in a critically ill patient.

Percutaneous cholecystostomy is contraindicated if the patient has 
evidence of diffuse peritonitis, suggesting gallbladder perforation. On 
the other hand, if imaging studies suggest a pericholecystic abscess, con-
comitant drainage of the abscess or surgical exploration is indicated.

Percutaneous cholecystostomy is performed under ultrasound or 
CT guidance. A needle is inserted into the gallbladder, usually via a 
transhepatic approach. The tract is dilated using a standard Seldinger 
technique. A pigtail catheter is advanced over the wire into the gall-
bladder. Some use a trocar technique instead. The catheter is then at-
tached to a drainage bag.

Studies suggest up to 100% success with tube placement and clini-
cal improvement, but mortality remains high, particularly with mul-
tiple comorbidities.31 Given the risk for catheter-related complications 
over time, interval cholecystectomy or removal of the catheter should 
be considered once safe to do so, which can be considered once symp-
toms have resolved.32,33

There has been concern that the presence of ascites may increase 
the risk of complications, such as bile peritonitis or catheter dislodge-
ment, from percutaneous cholecystostomies. Duncan and colleagues 
found no difference in procedural complications between patients 
with or without ascites, though patients with ascites underwent fewer 
delayed cholecystectomies and had greater mortality.34

Overall mortality for percutaneous cholecystostomy is variable 
depending on the presence of shock and other comorbidities.32,35 The 
limiting factor for success of percutaneous drainage is the viability of 
the gallbladder. Focal ischemia or necrosis is unlikely to improve with-
out cholecystectomy and predisposes the patient to perforation. Cho-
lecystectomy should be considered in patients who do not improve 
with cholecystostomy.

In many cases, cholecystostomy may provide definitive management 
without the need for interval cholecystectomy, particularly with acalcu-
lous disease and with elderly patients.36,37 Patients with calculous dis-
ease should generally undergo interval cholecystectomy. Optimal tim-
ing is unclear. Performing the interval cholecystectomy too early 
(perhaps ,10 days after cholecystostomy placement) may be associated 
with greater difficulty and more frequent complications.38 Others have 
found that early cholecystectomy (within 5 days of drainage) after per-
cutaneous cholecystostomy can be safe and even advantageous.39

In some cases, percutaneous, transhepatic gallbladder aspiration in 
elderly or otherwise high-risk patients can provide clinical improve-
ment with few complications and allow safe, delayed cholecystec-
tomy.40,41 On the other hand, some patients, particularly those with 
calculous disease and/or purulence in the gallbladder, seem to be at 
higher risk for recurrent cholecystitis before cholecystectomy.42

Whether or not percutaneous cholecystostomy is superior to cho-
lecystectomy has been difficult to determine. One systematic review 

did not demonstrate benefit and, in fact, suggested worse outcomes 
with cholecystostomy.43 Patients who undergo a percutaneous chole-
cystostomy may have a more prolonged inflammatory response and 
higher mortality.44

ENDOSCOPIC DRAINAGE

A novel technique for drainage of the gallbladder involves a transpapil-
lary endoscopic approach.45 This approach may be helpful if other indi-
cations for endoscopic evaluation or intervention are present. It seems 
that the intervention is more successful if the ultrasound demonstrates 
that the gallbladder is not severely distended or thick. Endoscopic ultra-
sound can also be used for transgastric or transduodenal placement of a 
stent into the gallbladder. The success rate for this approach seems to be 
similar to that of percutaneous cholecystomy,46 possibly with fewer com-
plications and need for fewer repeat procedures.47,48

Surgical Management

Surgical options include cholecystostomy and cholecystectomy. Surgi-
cal cholecystostomy can be accomplished via a small right subcostal 
incision using local anesthesia or via laparoscopy. This procedure 
largely has been supplanted by image-guided, percutaneous or endo-
scopic drainage.

Cholecystectomy may be advantageous compared with cholecys-
tostomy, because it allows one to examine the entire right upper quad-
rant for other pathology and to completely drain any fluid collections 
around the gallbladder. It also alleviates the risk of gallbladder perfora-
tion. When cholecystectomy is performed, a laparoscopic approach 
can usually be attempted, recognizing that one may need to convert to 
an open procedure because of difficulty with the dissection. The tim-
ing of cholecystectomy for acute cholecystitis remains controversial, 
but cholecystectomy within the first 3 days, even in patients with severe 
cholecystitis, seems to be safe if the patient does not have other risk 
factors for mortality.49 In a study of patients over 65 years of age with 
cholecystitis in the National Inpatient Sample, cholecystostomy was 
associated with greater mortality and morbidity than cholecystectomy, 
suggesting that unless the risk of cholecystectomy is clearly prohibitive, 
cholecystectomy is indicated.50 On the other hand, age alone may not 
be an independent risk factor for complications after cholecystec-
tomy.51 If the patient is not responding to nonoperative management, 
cholecystectomy needs to be considered.

Though rarely done, bedside laparoscopy can be performed for 
evaluation of the acute abdomen in critically ill patients. If acute cho-
lecystitis is identified, a cholecystostomy can be performed readily, or 
the patient can be taken to the operating room for a cholecystectomy.52 
If the diagnosis of cholecystitis is excluded, the patient may be spared 
an unnecessary operation.

Summary of Management

The TG18 guidelines include management bundles for patients with 
acute cholecystitis.53 The diagnosis should be made expeditiously with 
imaging. If the findings are equivocal, repeat assessment is indicated 
every 6–12 hours until cholecystitis or an alternative diagnosis is con-
firmed. Early supportive care for critically ill patients with cholecystitis 
should focus on fluid resuscitation, bowel rest, analgesia, and antibiotics. 
The next steps are based upon the severity of cholecystitis (see Fig. 88.4). 
For patients at low risk for an operation, early laparoscopic cholecystec-
tomy is recommended. For patients at high risk, urgent gallbladder 
drainage is more appropriate, though it has been difficult to prove this.43 
If the patient fails to improve after drainage, operative intervention 
should be considered. Transfer to a higher level of care should be consid-
ered in appropriate cases.
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COMPLICATIONS AND OUTCOME

Complications of acute cholecystitis are much more common in criti-
cally ill patients than in the general population. Elderly patients are 
particularly at risk. Among patients with acalculous cholecystitis, gan-
grene is common.9,17 Compared with patients without gangrene, those 
with gangrene are at greater risk of perforation or of failure of percu-
taneous drainage. Some of these patients have emphysematous chole-
cystitis, a diagnosis that carries an even greater risk of perforation. 
Emphysema can be identified by plain abdominal radiographs, CT, or 
ultrasound. In these cases, antibiotics should cover gas-forming an-
aerobic organisms. Although percutaneous drainage may be effective, 
early cholecystectomy is indicated if the patient does not improve 
promptly.

Perforation of the gallbladder occurs in up to 10% of cases.54 Usually, 
the resulting fluid collection is localized and amenable to percutaneous 
drainage. Free perforation also can occur, and when it does, the risk of 
mortality is markedly increased. The clinical problem, however, is that 
preoperative imaging may not demonstrate evidence of perforation. The 
risk of perforation increases with delay in drainage or operation. Chole-
cystectomy is indicated for free perforation.

Empyema of the gallbladder also greatly increases mortality. This 
complication may be amenable to percutaneous drainage, but the risks 
of failure or perforation are substantial.

The risk of mortality from cholecystitis in the ICU mainly reflects 
the underlying disease processes and comorbidities, but may be as high 
as around 30%.7,9

PREVENTION

No intervention has been shown conclusively to prevent development 
of cholecystitis in ICU patients. If the theories regarding the patho-
physiologic mechanisms are correct, the incidence of the disease should 
be reduced by aggressively resuscitating patients with shock, avoiding 
biliary stasis by implementing early enteral feeding, and minimizing the 
use of narcotics.

SUMMARY

The diagnosis of acute cholecystitis in critically ill patients is difficult 
because patients frequently do not present with the usual symptoms 
and signs. Laboratory tests are nonspecific. The best initial radiographic 
study is ultrasound. Scintigraphy and CT also may be helpful. Manage-
ment includes antibiotics and bowel rest. Image-guided or endoscopic 

KEY POINTS

• Critically ill patients frequently do not present with the usual symptoms and 

signs of cholecystitis.

• Laboratory tests for cholecystitis are not specific.

• The best initial imaging study is ultrasound, but scintigraphy or CT may be 

needed as well.

• Management begins with antibiotics and bowel rest.

• Although cholecystectomy is the most definitive procedure, image-guided or 

endoscopic gallbladder drainage is indicated for patients too unstable to 

undergo cholecystectomy.
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 References for this chapter can be found at expertconsult.com.

gallbladder drainage may be performed in unstable patients, although 
cholecystectomy remains the most definitive treatment if this interven-
tion can be accomplished safely.
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aspects of metabolic syndrome and morbid obesity among patients 
with pancreatitis.8 However, in recent years the prevalence of chronic 
pancreatitis has increased markedly, suggesting that increasing hospi-
talization may be the result of recurrent flares of chronic pancreatitis.8 
Epidemiologically, the subgroup of acute pancreatitis patients with 
associated chronic pancreatitis had higher odds of alcohol and tobacco 
use, African American race, and lower socioeconomic background.8 A 
greater proportion of these patients were admitted to urban teaching 
hospitals in the United States.

Risk factors for acute pancreatitis include smoking, alcohol use, 
age, family history, obesity, diabetes, inflammatory bowel disease, end-
stage renal disease (ESRD), and possibly cannabis use.13–18 Interest-
ingly, there is a differential dose-response relationship between alcohol 
consumption and pancreatitis in women versus men. In men, the rela-
tionship between alcohol consumption and pancreatitis is linear, 
monotonically increasing with no threshold, whereas in women, the 
relationship is nonlinear and J shaped in which the risk of pancreatitis 
is increased only above 40 g per day of alcohol consumption.13,16

The most common etiology of acute pancreatitis is the result of 
gallstones, causing 40%–70% of cases.5,8 Alcohol abuse accounts for 
25%–35%, and hypertriglyceridemia causes 9% of cases of acute pan-
creatitis. The majority of alcoholic pancreatitis occurs in males.19 
Other causes of pancreatitis fall into several categories and are widely 
varied. These include trauma, medications, infectious agents, meta-
bolic disorders, pancreaticobiliary tumors, genetic factors, autoim-
mune factors, and idiopathic factors. Traumatic insults to the pancreas 
can occur during procedures such as endoscopic retrograde cholangio-
pancreatography (ERCP), endoscopic ultrasound (EUS) with fine 
needle aspiration, aortic surgery, and pancreatic resection.20 Medica-
tions known to cause pancreatitis include mercaptopurine, azathio-
prine, mesalamine, furosemide, and losartan.1,5,21 Bacterial, viral, and 
parasitic infections can all trigger pancreatitis. Metabolic disorders of 
hypercalcemia and hyperparathyroidism are rare causes. In hypertri-
glyceridemia, only a triglyceride level above 1000 mg/dL has been 
found to be significant.5 Tumors obstructing pancreatic drainage, in-
cluding intraductal papillary mucinous neoplasms (IPMNs) and ade-
nocarcinoma, also can cause pancreatitis. Genetic mutations in PRSS1, 

SPINK, CFTR, CTRC, and CASR have all been linked as well. Finally, 
anatomic anomalies of the pancreas such as pancreas divisum and 
sphincter of Oddi dysfunction predispose to pancreatitis. Identifying 
the etiology of acute pancreatitis is important to tailor diagnostic and 
treatment strategies.

PATHOGENESIS AND GENETIC SUSCEPTIBILITY

The main function of the exocrine pancreas is carried out by acinar 
cells, which are responsible for synthesizing, storing, and secreting di-
gestive enzymes.2 These enzymes are then transported to the small 

Acute pancreatitis is an inflammatory condition of the exocrine pan-
creas, the severity of which can range from mild edematous changes to 
severe acute necrotizing pancreatitis. Pancreatitis is one of the most 
common diseases requiring inpatient hospitalization with an inci-
dence of 34 per 100,000 people worldwide.1,2 In the United States the 
annual cost associated with treatment of acute pancreatitis has in-
creased by 365% from 1997 to 2012, now accounting for more than 
$9.2 billion.1,3 Mild acute pancreatitis is a self-limited process that usu-
ally resolves within several days to 1 week, rarely causes mortality, and 
is not associated with organ dysfunction or necrosis.4,5 By definition, 
transient organ failure and local complications occur in moderately 
severe acute pancreatitis. Although 80% of patients have mild disease, 
15%–20% develop severe pancreatitis, which is characterized by per-
sistent organ failure.5 Although the overall mortality rate for all pa-
tients with acute pancreatitis is very low, the mortality rate for severe 
acute pancreatitis can be over 30%.1,6–9

In the early phase of pancreatitis, which typically lasts about 1 week, 
pancreatic inflammation triggers cytokine cascades, which result in a 
systemic inflammatory response syndrome (SIRS). The late phase can 
last for many weeks to many months with persistence of multiple or-
gan failure, local complications, and ongoing inflammation. A com-
pensatory antiinflammatory response syndrome (CARS) is thought to 
contribute to the increased risk of infection.4,9 There has been limited 
success in attempting to modify the course of the disease using agents 
such as protease inhibitors.10,11

Since the early 2000s, mortality associated with acute pancreatitis 
has decreased from 1.6% to 0.8%.1,8 Most cases of pancreatitis that 
result in patient death are caused by infection of necrotic pancreatic 
tissue. Although there have been many improvements in management 
of pancreatitis, there remain many long-term sequelae of the disease. 
After an episode of acute pancreatitis, 40% of patients develop new-
onset prediabetes or diabetes. Up to 25% develop exocrine pancreatic 
insufficiency and 8% chronic pancreatitis.1 Therefore it is critical to 
optimize the prevention, diagnosis, and treatment of pancreatitis to 
improve patient outcomes.

This chapter delineates the etiology, pathophysiology, severity and 
staging, and current management of patients with acute pancreatitis.

ETIOLOGY AND EPIDEMIOLOGY

In the United States alone, pancreatitis accounts for over 270,000 hos-
pital admissions annually.12 It is the most common gastrointestinal 
discharge diagnosis and fifth leading cause of in-hospital mortality.13 
From 2002 to 2012 there has been a 16% increase in pancreatitis- 
related admissions.8 The increasing incidence of pancreatitis, particu-
larly in western countries, is conventionally thought to be associated 
with a rise in obesity and thus gallstone-related pancreatitis. To this 
point, recent studies have discovered more than a threefold increase in 
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intestine via ductal cells that secrete 2.5 L of alkaline, bicarbonate-rich 
fluid each day.2,22 Although the pathogenesis of acute pancreatitis is 
complex and remains under active investigation, it is known that de-
rangements in the molecular processes of these cells contribute to 
dysregulation. Normally, acinar cells secrete trypsinogen in an inactive 
precursor form that becomes activated to trypsin by serine protease 
enteropeptidases in the duodenum.23,24 In turn, trypsin then activates 
chymotrypsinogens, proelastases, and carboxypeptidases and autoacti-
vates additional trypsinogen. This process relies on normal function-
ing of cellular organelles.

Theoretically, premature activation of digestive enzymes is the in-
citing event that leads to pancreatitis.25 Calcium signaling is tightly 
regulated by the endoplasmic reticulum of acinar cells because it serves 
as a messenger for the release of digestive enzymes.2,23 Pathologic 
stimuli to the cell causes a transient spike in cytoplasmic calcium that 
becomes a sustained, global increase in calcium levels, replacing physi-
ologic oscillations.2,24,25 This calcium signal then activates calcineurin, 
which mediates activation of trypsinogen.24 Simultaneously, the 
elevated calcium level affects mitochondrial membrane permeability, 
resulting in inability to produce adenosine triphosphate (ATP),  
increased reactive oxygen species, and triggering of apoptosis.2

Abnormal calcium signaling also precedes colocalization, or fusion, 
of lysosomal and zymogen components.24 Trypsinogen is activated by 
the lysosomal enzyme cathepsin B in these intracellular vacuoles.24,25 
Impaired autophagy additionally leads to an imbalance between ca-
thepsin B, which activates trypsinogen, and cathepsin L, which de-
grades trypsin.2,24 The inappropriate activation of these digestive en-
zymes induces up-regulation and release of cytokines that contribute 
to local and systemic inflammation. Furthermore, activation of the 
NFkB pathway in acinar cells has recently been found to cause many 
downstream inflammatory effects.22,25

Certain proteins act to regulate trypsinogen and, when mutated, 
can predispose to pancreatitis. For instance, in normal pancreatic cells 
SPINK1 inhibits trypsin and CTRC mediates trypsinogen degrada-
tion.23 Mutations in PRSS1 prevent CTRC from functioning and thus 
cause hereditary pancreatitis. Although SPINK1 mutations have been 
found in many patients with pancreatitis, the expression and function 
of the protein do not seem to be affected in all variants.23 Therefore the 
mechanism for predisposition to pancreatitis remains unclear.26

DIAGNOSIS

The diagnosis of pancreatitis can be made when two of the following 
three criteria are met: (1) abdominal pain, (2) serum amylase and/or 
lipase level over three times the upper limit of normal, and (3) imaging 
consistent with pancreatitis.1,18,27 Symptoms of severe, persistent epi-
gastric pain radiating to the back are most characteristic of pancreati-
tis. Oftentimes, this pain is associated with nausea and vomiting. Dull, 
colicky pain and lower abdominal pain are generally not consistent 
with pancreatitis and alternative diagnoses should be considered.5

On physical examination, upper abdominal tenderness is perceived 
and can be associated with guarding. Although not specific, Cullen and 
Grey Turner signs portend severe pancreatitis and high mortality rates 
up to 37%.28,29 In both signs, pancreatic enzymes cause diffusion of fat 
necrosis that leads to inflammation and retroperitoneal hemorrhage. 
In Cullen sign, ecchymoses are seen in the periumbilical region via the 
round ligament, whereas in Grey Turner sign, ecchymoses are seen in 
the flanks via subcutaneous tissues.

Serum amylase and lipase are the most commonly used laboratory 
markers of acute pancreatitis. The upper limit of normal for amylase 
ranges from 100 to 300 U/L, and for lipase it ranges from 50 to 160 
U/L.1 Amylase levels usually elevate within the first few hours after 
onset of symptoms and return to normal in 3–5 days. However, serum 
amylase may remain normal in up to one-fifth of patients with pan-
creatitis and can be normal in those with alcohol abuse or hypertri-
glyceridemia.5 Serum lipase is a more specific marker of pancreatitis 
and remains elevated for a longer period than does amylase.5,27 After 
diagnosis, daily measurement of amylase or lipase has limited value.27 
Other disease processes that cause increased serum amylase include 
intestinal perforation or infarction, bowel obstruction, abdominal 
aortic aneurysm, appendicitis, cholecystitis, peptic ulcer disease, bili-
ary obstruction, salivary gland diseases, and gynecologic conditions.1,5 
Serum lipase can also be elevated in intestinal pathologies, cholecysti-
tis, peptic ulcer disease, and renal disease.1,5 Additional laboratory 
values that can be useful in the clinical evaluation of acute pancreati-
tis include a complete blood count, electrolytes, blood urea nitrogen 
(BUN), creatinine, liver enzymes, coagulation tests, albumin, calcium, 
and triglycerides.18,27

Some studies have investigated the ability of urinary trypsinogen-2 
to diagnose acute pancreatitis. Overall, dipstick urinary trypsinogen-2 
has been found to rule out acute pancreatitis with high probability and 
identify patients who should be further evaluated. It may be useful as 
a screening test because of its reported high negative predictive 
value.30–33

SEVERITY AND SCORING

The ability to distinguish patients at high risk of morbidity and mor-
tality from pancreatitis is important to guide management decisions. 
To this end, over 20 different scoring systems for acute pancreatitis 
have been developed.34 One of the most commonly described scoring 
systems is the Ranson criteria, which have a sensitivity of 75%, speci-
ficity of 77%, positive predictive value of 49%, and negative predictive 
value of 91% for predicting severe acute pancreatitis (Table 89.1).35 
Ranson criteria assesses 11 factors (2 clinical components and 9 labo-
ratory values) at the time of patient presentation and at 48 hours after 
admission. The score ranges from 0 to 11, with a score of ,3 associated 
with a mortality of 0%–3%, a score of $3 associated with a mortality 
of 11%–15%, and a score of $6 conferring a 40% chance of mortal-
ity.34,36 One major weakness of Ranson criteria is that the score can 

Name of Scoring System Number of Variables Sensitivity Specificity PPV NPV

Ranson Criteria 11 75%–82% 74%–77% 48% 93%

APACHE II 12 58%–81% 72%–78% 43%–63% 84%–86%

BISAP 5 51%–62% 72%–91% 25% 93%

TABLE 89.1 Pancreatitis Scoring Systems

From Refs. 35,37,38–40.

NPV, Negative predictive value; PPV, positive predictive value.
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only be calculated after 48 hours, when many early interventions have 
already been determined.

The Acute Physiologic and Chronic Health Evaluation (APACHE) 
score originated as an intensive care unit (ICU) scoring method. Early 
iterations, APACHE II and III, have been used as established prognos-
tic indicators in acute pancreatitis. The latest version, APACHE IV, is 
highly accurate in predicting ICU mortality. It takes 52 variables into 
consideration, including bilirubin, albumin, sedation status, and 
chronic health problems. Limited studies have validated APACHE IV 
as a valuable system to predict mortality associated with acute pancre-
atitis.35,37 However, further investigation is needed, and the latest ver-
sion is proprietary.

The Bedside Index for Severity in Acute Pancreatitis (BISAP) is a 
tool that evaluates and identifies patients who are at high risk of mor-
tality within the first 24 hours of hospital admission.38 It is scored out 
of 5 points, with each of the following variables conferring 1 point: 
BUN .25 mg/dL, impaired mental status, SIRS, age .60, and presence 
of a pleural effusion.39 When compared with Ranson criteria and 
APACHE II, BISAP had higher specificity but lower sensitivity for 
mortality and severe acute pancreatitis.39 BISAP is able to predict poor 
outcomes before the onset of organ failure.38

An imaging-based scoring system is Balthazar’s computed tomog-
raphy (CT) index that uses early scan characteristics such as pancreatic 
necrosis and peripancreatic inflammation to predict the severity of 
pancreatitis. A high index of 7–10 points confers a 92% morbidity and 
17% mortality rate, whereas a low index of 0–2 points only had a 2% 
morbidity and no mortality.40

Various serum biomarkers have been suggested as predictors of 
severity for pancreatitis. In particular, increased admission hematocrit 
($44) and failure of hematocrit to decrease after 24 hours is thought 
to be associated with necrotizing pancreatitis. The third spacing of 
fluids caused by inflammation reduces intravascular volume and is 
reflected by the hematocrit.36 Additionally, C-reactive protein (CRP) 
levels greater than 150 mg/L in the first 72 hours are associated with 
pancreatic necrosis, with a sensitivity and specificity of over 80%. 
Other laboratory values such as procalcitonin, trypsinogen-2, amyloid 
A, and urinary trypsinogen have also been investigated as predictive 
markers.36

The 2012 revision to the Atlanta Classification changed the defini-
tion of acute pancreatitis severity. In the updated version, pancreatitis 
is divided into mild, moderately severe, and severe.4,9,18 Mild pancreati-
tis has no organ failure or complications, a self-limited course, and 
usually results in discharge within 7 days. Moderately severe pancreati-
tis shows transient organ failure, may have local and systemic compli-
cations, and has a greater risk of mortality. Severe acute pancreatitis is 
characterized by persistent organ failure (.48 hours), local and sys-
temic complications, and a mortality of greater than 30%.4,18 This 
classification recommends the modified Marshall scoring system to 
assess organ failure, which evaluates the respiratory, cardiovascular, 
and renal systems. Persistent organ failure is defined as a score of 2 or 
higher in any of the three organ systems for longer than 48 hours. The 
score is determined using laboratory and physiologic variables.4,9 Al-
though there are numerous scores aimed at identifying pancreatitis 
patients who are at high risk of mortality, early clinical recognition and 
treatment remains the cornerstone of prudent management.

IMAGING

Ultrasonography and Endoscopic Ultrasonography
Because of its noninvasive nature, transabdominal ultrasound is  
recommended in the first 24 hours for all patients with acute pancre-
atitis.5,44–46 In acute pancreatitis, ultrasound examination can show 

diffuse enlargement and a hypoechoic echotexture from glandular 
edema. However, assessment of the pancreas is often limited as a result 
of overlying bowel gas. Therefore the primary function of ultrasound 
is in identification of gallstones and biliary ductal dilatation or cho-
ledocholithiasis. Ultrasound has a 70% sensitivity in detecting gall-
stones for patients with acute biliary pancreatitis, whereas it only has a 
20% sensitivity in detecting choledocholithiasis. CT and magnetic 
resonance cholangiopancreatography (MRCP) have sensitivities of 
40% and 80%, respectively.45

EUS is highly sensitive for the identification of choledocholithia-
sis, with accuracy similar to that of ERCP.47 As a bedside procedure, 
EUS can be used to determine the need for ERCP in high-risk, preg-
nant, or critically ill patients and those with coagulopathy or unusual 
anatomy.36

COMPUTED TOMOGRAPHY

CT is the gold standard in the diagnosis of acute pancreatitis and its 
complications. When contrast is used, CT has over a 90% sensitivity 
and specificity for acute pancreatitis.5 CT can reliably identify inter-
stitial pancreatitis, necrotizing pancreatitis (Fig. 89.1), acute peri-
pancreatic fluid collections, acute necrotic collections, walled-off 
necrosis (Fig. 89.2), and pseudocysts.44 Interstitial pancreatitis 

Fig. 89.1  Pancreatic necrosis.

Fig. 89.2  Walled-off necrosis and perisplenic fluid.
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shows uniform enhancement of the pancreas because of intact mi-
crocirculation, whereas necrotizing pancreatitis shows devitalized 
areas that do not enhance as a result of disturbances in the micro-
circulation.36 Other complications visualized by CT include portal 
or splenic vein thrombus, abscess, pseudoaneurysm, colonic inflam-
mation, and gastrointestinal (GI) tract obstruction from strictures 
or compression.36,44

Although CT is valuable in the assessment of acute pancreatitis, 
routine use is not recommended.5,18,36,46 CT should be performed 
when the diagnosis is unclear to distinguish acute pancreatitis from 
other conditions causing abdominal pain, or when patients fail to 
clinically improve in the first 48–72 hours.18,36,48 The best time for CT 
is after 72 hours to evaluate for local complications with additional 
scans if there is a change in clinical status.21,47 CT is also recommended 
when patients older than 40 years present with a first episode of acute 
pancreatitis to exclude neoplasm. Patients exhibiting alarm signs of 
weight loss, recent diabetes diagnosis, and a history of tobacco use may 
also warrant a CT scan.46

ENDOSCOPIC RETROGRADE 
CHOLANGIOPANCREATOGRAPHY

ERCP is used in acute pancreatitis to treat common bile duct stones. 
Patients with acute cholangitis and severe pancreatitis should un-
dergo ERCP in the first 24 hours. ERCP is also used in patients who 
are poor surgical candidates for cholecystectomy, certain cases post-
cholecystectomy, and those with persistent biliary obstruction.36 It is 
unnecessary to perform ERCP routinely before cholecystectomy. 
Because most gallstones causing pancreatitis pass naturally, ERCP is 
not recommended in biliary pancreatitis patients without labora-
tory and clinical evidence of ongoing obstruction.5 Three recog-
nized interventions decrease the risk of post-ERCP pancreatitis. The 
first is guidewire cannulation of the bile and pancreatic ducts to 
avoid hydrostatic injury from radiocontrast administration.5 Other 
studied measures to reduce post-ERCP pancreatitis rates are inser-
tion of pancreatic duct stents and rectal nonsteroidal antiinflamma-
tory drugs (NSAIDs).

MAGNETIC RESONANCE 
CHOLANGIOPANCREATOGRAPHY

Magnetic resonance imaging (MRI) and cholangiopancreatography 
(MRCP) are comparable to CT when evaluating pancreatitis and offer 
certain advantages. MRCP has a sensitivity of 89%–100% and specific-
ity of 83%–100% for gallstones, with an ability to detect choledocho-
lithiasis down to a size of 3 mm.5,44 Selective use of MRCP can thus 
decrease the need for ERCP. In addition, MRCP is excellent in delinea-
tion of fluid collection composition. MRCP has 100% sensitivity for 
the detection of solid debris and therefore can reliably distinguish be-
tween pseudocysts and necrotic or superinfected collections.36,45,47,48 
MRI is also more effective than CT in detecting pancreatic hemorrhage 
and pancreatic ductal anomalies, including anatomic variations, stric-
tures, and disruptions.46,49 MRCP with secretin administration im-
proves image quality and allows for assessment of pancreatic excretory 
function.50

Further benefits of MRI include no radiation exposure and lack of 
nephrotoxicity from use of gadolinium. Patients who are pregnant, 
have a contrast allergy, or have renal insufficiency can undergo MRI 
safely.5,36,44,45 However, there are disadvantages to MRI as well. There 
is a greater variation in image quality among different centers, diffi-
culty managing critically ill patients during MRI, and relative lack of 
availability.

MANAGEMENT

General Support

Monitoring and Resuscitation

Upon admission for acute pancreatitis, hemodynamic and clinical 
status should be assessed for risk stratification.5 Patients who meet one 
or more of the following parameters defined by the Society of Critical 
Care Medicine (SCCM) should be admitted to the ICU: heart rate ,40 
or .150 beats/minute, systolic arterial blood pressure ,80 mm Hg, 
mean arterial pressure ,60 mm Hg, diastolic arterial pressure 
.120 mm Hg, respiratory rate .35 breaths/minute, sodium ,110 
mmol/L or .170 mmol/L, potassium ,2 mmol/L or .7 mmol/L, 
PaO2 ,50 mm Hg, pH ,7.1 or .7.7, glucose .800 mg/dL, calcium 
.15 mg/dL, anuria, or coma.12 Patients with persistent organ failure 
and thus severe acute pancreatitis as defined by the revised Atlanta 
Classification should also be admitted to the ICU.5,12 Management in a 
high-volume institution with intensive care facilities, ability to carry 
out organ replacement therapy, daily access to interventional radiol-
ogy, performance of EUS/ERCP, and surgical expertise is recom-
mended for patients who may need those specialties and for those with 
severe acute pancreatitis.12

Fluid resuscitation is the foundation of acute pancreatitis manage-
ment. Pancreatitis causes a state of hypovolemia caused by third spac-
ing, emesis, reduced oral intake, and increased respiratory losses.5,51 
This leads to microangiopathic effects and glandular edema, which 
reduce blood flow and impair microcirculatory perfusion of the pan-
creas.5,51,52 Tissue ischemia then triggers release of cytokines, increased 
capillary permeability, and endothelial damage, all ultimately resulting 
in cell death and necrosis.5,52 Therefore the hypovolemic state is 
thought to play a major role in the transition from mild to severe acute 
pancreatitis with SIRS and organ failure.52

Early, goal-directed intravenous (IV) fluid resuscitation at a rate of 
5–10 mL/kg/hr should be given initially.12,21 In most patients, a total of 
2.5–4 L in the first 24 hours will be sufficient to accomplish resuscita-
tion goals. Fluid needs should be frequently assessed in the first 6 hours 
and for 24–48 hours after admission.5,12,52 Patients with severe volume 
depletion who are tachycardic or hypotensive may need additional fluid 
boluses. Response to resuscitation should be monitored with noninva-
sive clinical parameters, including heart rate ,120 beats/minute, mean 
arterial pressure of 65–85 mm Hg, and urine output .0.5–1 mL/kg/hr. 
Invasive clinical targets include stroke volume variation and intratho-
racic blood volume assessment. Biochemical measurements should also 
be considered, with a hematocrit goal of 35%–44%, decreasing BUN, 
and normalizing creatinine as positive signs.5,12,52 In elderly patients 
and those with cardiac or renal disease, fluid should be given more 
cautiously to avoid adverse effects of volume overload such as ab-
dominal compartment syndrome and pulmonary edema.5

Although fluid resuscitation is vital and associated with decreased 
rates of organ failure and in-hospital mortality, overly aggressive ther-
apy can be detrimental. One study compared fluid rates of 5–10 mL/kg/
hr with 10–15 mL/kg/hr and found higher rates of infectious complica-
tions and mortality in the latter group.12,53,54 Another study found that 
rapid hemodilution with a hematocrit of less than 35% was also more 
frequently associated with infection and mortality.54,55

Finally, there has been debate on the optimal fluid that should be 
used for resuscitation. The International Association of Pancreatology 
(IAP) and American Pancreatic Association (APA) recommend  
lactated Ringer’s (LR), whereas the American Gastroenterological Asso-
ciation (AGA) makes no recommendation on normal saline versus 
LR.12,21 Several studies suggest that LR may be preferred over normal 
saline.5,56,57 A randomized controlled trial of 40 patients with acute pan-
creatitis showed that patients resuscitated with LR had a significantly 
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lower prevalence of SIRS and lower CRP levels (mean CRP 51 mg/L 
versus 104 mg/L) compared with those resuscitated with normal saline. 
Use of LR was associated with a smaller decrease in serum bicarbonate, 
suggesting a pH-mediated reduction of inflammation.56 Other studies 
have suggested that LR has direct antiinflammatory properties via inhi-
bition of macrophages and NFkB.51,58 Hydroxyethyl starch is discour-
aged as a resuscitative fluid because of increased mortality and higher 
rates of renal failure.12

In a general critical care patient population, there is a theoretical 
concern that the high chloride level in normal saline may cause a 
greater risk of acute kidney injury. However, the SPLIT trial was a 
randomized double-crossover trial that showed no difference in acute 
kidney injury, failure, or mortality among patients receiving normal 
saline compared with buffered crystalloid.59 The subsequent SALT trial 
similarly found no overall difference in acute kidney injury between 
critically ill patients receiving normal saline versus balanced crystal-
loids.60 Interestingly, patients who required larger volumes of saline 
had an increased risk of major adverse kidney events, suggesting a pos-
sible dose-response relationship.

PULMONARY DYSFUNCTION

Acute lung injury (ALI) and acute respiratory distress syndrome 
(ARDS) occur in 10%–25% of acute pancreatitis cases and are respon-
sible for up to 60% of pancreatitis-associated mortality.61–63 Pulmo-
nary complications of acute pancreatitis are the most common and 
potentially the most perilous.63,64 SIRS in acute pancreatitis causes in-
creased pulmonary endothelial permeability, with leakage of exudate 
into the alveolar space and interstitial tissues.61,62 This leads to alveolar 
damage, type I pneumocyte necrosis, release of cytokines, and leuko-
cyte infiltration, all of which injure the lung parenchyma and compro-
mise gas exchange.61 Furthermore, pancreatic autodigestion releases 
phospholipase A2 into the circulation, where it travels to the lung and 
degrades surfactant.62,64 Acute pancreatitis also increases production of 
platelet-activating factor, pancreatic elastase, and proteases that dam-
age lung tissue. These multifactorial effects of acute pancreatitis on the 
lung cause hypoxia from a ventilation perfusion mismatch via right-
to-left intrapulmonary shunting.64

In this setting of ALI, the addition of a secondary gram-negative 
infection serves as a predisposing factor for the development of ARDS. 
The compromised intestinal barrier in acute pancreatitis allows for 
translocation of gut bacteria and endotoxins.61,62 Severe respiratory 
compromise and multiple organ failure can then occur. Other pulmo-
nary complications include atelectasis, pleural effusion particularly on 
the left side from lymphatic obstruction, and pancreaticopleural fistu-
lae from pancreatic duct disruption.64

PULMONARY MANAGEMENT

It is imperative to monitor oxygenation status and diligently observe 
for signs of respiratory failure in patients with acute pancreatitis. 
Supplemental oxygen should be provided as needed. Treatment of 
pleural effusions should be conservative unless symptomatic, in which 
case thoracentesis or tube thoracotomy may become necessary.64 Some 
patients, particularly those who have developed ARDS, will require 
endotracheal intubation and mechanical ventilation.

Limited studies have shown that noninvasive positive-pressure 
ventilation (NIPPV) can be an effective option for the treatment of 
ARDS in the setting of acute pancreatitis.65,66 One retrospective cohort 
study found that NIPPV was successful in all pancreatitis patients with 
mild ARDS, 49 of 64 patients with moderate ARDS, and 10 of 19 pa-
tients with severe ARDS.65 There were significant improvements in 

oxygenation and decreases in heart rate and respiratory rate after 
NIPPV use in patients who did not require ventilation. Another study 
similarly suggested that NIPPV increases lung volume by re-expanding 
collapsed alveoli and redistributing extravascular fluid in the lung.66 
Together, these results suggest that NIPPV may decrease the need for 
intubation if administered early in the clinical course of respiratory 
distress. Success of NIPPV is dependent on clinician experience and 
patient compliance. In particular, one should cautiously use NIPPV in 
patients with nausea and vomiting for fear of aspiration. The positive 
pressure of NIPPV can also cause gastric distension, which reduces 
functional residual capacity of the lung.67

PAIN RELIEF

Pain is one of the main symptoms of acute pancreatitis and should 
be effectively controlled. There is very limited evidence to support 
the use of one type of analgesic over another. In a systematic review, 
buprenorphine, pentazocine, and metamizole showed relatively su-
perior efficacy.68 Buprenorphine was able to specifically reduce pain 
in acute pancreatitis. Morphine theoretically may cause spasms in the 
sphincter of Oddi, but there is no clinical evidence to recommend 
avoiding its usage.54 NSAIDs have a favorable safety and efficacy 
profile. In a comparison of nine randomized controlled trials, there 
was no evidence to support the use of parenterally administered local 
anesthetics.54 Patients with severe pain should be given IV analgesia. 
Patient-controlled analgesia and epidural analgesia are both viable 
options as well. A Cochrane review assessed multiple agents and 
concluded that opioids may decrease the need for supplementary 
analgesia. There was no difference in complications or adverse events 
between opioids and nonopioids.51,69 One study found that opioid 
analgesia was associated with a significantly increased risk of GI dys-
motility and cautioned overuse to prevent delays in oral intake.51,70 
Overall, there is no consensus on the optimal analgesic regimen, 
agent, or method of administration. Pain in acute pancreatitis should 
be treated adequately, with adjustments made as needed for patient 
comfort.71

SPECIFIC SUPPORT

Nutrition
Traditionally, it was thought that patients with pancreatitis should re-
main nil per os to allow for the inflamed organ to recover. However, 
recent studies suggest that maintenance of enteral nutrition can help 
protect the intestinal mucosal barrier. Current guidelines recommend 
early feeding in acute pancreatitis. The IAP/APA state that oral feeding 
can be started in mild pancreatitis once abdominal pain improves and 
inflammatory markers are down-trending, without a need to wait for 
normalization.12,72 In mild pancreatitis, instituting a normal, solid diet 
is safe and has been shown to correlate with shorter hospitaliza-
tions.73–75 The AGA recommends feeding within 24 hours of admis-
sion. Their review analyzed 11 randomized controlled trials comparing 
early versus delayed feeding and found a 2.5-fold increase in risk of 
interventions for necrosis in the delayed feeding group. There were 
also trends towards higher rates of organ failure and necrotizing  
pancreatitis.76

Multiple studies have shown that patients who initiate early enteral 
nutrition have improved outcomes.77 In one study, delayed enteral 
nutrition was found to be associated with increased mortality and 
rates of infected necrosis, fluid collections, respiratory failure, and ICU 
admission.78 Another study examined inflammatory markers in severe 
acute pancreatitis patients receiving enteral nutrition within 48 hours 
versus 8 days after admission. Laboratory CRP levels and CD41 
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T-lymphocyte percentages were lower in the early feeding group, sug-
gesting a moderating effect on the immune response. Clinical out-
comes, including organ dysfunction, SIRS, and pancreatic infection, 
were all lower in the early enteral nutrition group.79 A meta-analysis of 
11 studies with 775 total patients similarly indicated that enteral feed-
ing within 48 hours reduced the risk of infectious complications, 
catheter-related septic complications, hyperglycemia, length of stay, 
and mortality. A stratified analysis based on severity showed that early 
feeding was superior in severe pancreatitis as well.80 Further, three ad-
ditional studies showed gastrointestinal symptoms of feeding intoler-
ance, nausea, and vomiting occurred at a lower rate among patients 
who received early feeding.75

Despite these studies, the recent Dutch PYTHON trial results do 
not support the current guidelines recommending early initiation of 
enteral feeding.81 This was a multicenter randomized controlled trial 
of 208 patients at high risk for complications according to APACHE II, 
Imrie score, or CRP level. Patients were randomized to receive nasoen-
teric tube feeding within 24 hours or an oral diet 72 hours after pre-
sentation, with tube feeding if intolerant of an oral diet. There was no 
difference between the two groups in rates of major infection or death. 
A later study compared enteral nutrition within 24 hours with no nu-
tritional support and found no reduction in SIRS, organ failure, or 
mortality.82 There are many possible explanations for this discrepancy, 
and further studies may be needed to clarify the extent to which early 
feeding affects infection rates.

In pancreatitis patients who need nutritional support, enteral is 
recommended over parenteral feeding.12,76,83 Parenteral nutrition 
causes gut atrophy and increased intestinal permeability. The lack of 
peristaltic action also leads to disturbances in the microflora.77 All re-
views and meta-analyses comparing enteral versus parenteral nutrition 
show that enteral feeding decreases rates of organ failure and infec-
tion.12,71,76,77,84–87 Additionally, some studies showed a marked reduc-
tion in mortality, with a 4% rate in patients receiving enteral and 
15.9% in those receiving parenteral nutrition.77,85 A Cochrane review 
of eight trials comprising 348 patients showed reduced mortality, or-
gan failure, systemic infection, need for operative intervention, and a 
trend towards shorter length of stay for pancreatitis patients receiving 
enteral nutrition.71,84 Similar results are seen in the subset of critically 
ill patients with severe pancreatitis as well.86 If oral and enteral tube 
feeding are not tolerated, parenteral nutrition should be used.

When enteral feeding is given, it may be administered using either a 
nasogastric (NG) or nasojejunal (NJ) route.12,16,76 There have been three 
notable randomized controlled trials comparing NG and NJ feeds.71,88–91 
All of these have found that enteral nutrition is well tolerated via both 
NG and NJ routes in severe acute pancreatitis with no significant clinical 
differences. Neither route is associated with differences in pain, infec-
tious complications, discharge, surgical need, or mortality.89,90 A meta-
analysis examining these three trials compiled a total of 157 patients and 
found no difference in tracheal aspiration, diarrhea, pain level, achieve-
ment of energy goals, or mortality.88 One study showed that NG delivery 
of enteral feeds was efficacious, with 90% receiving only NG nutrition 
and 92% reaching nutritional targets. Patients receiving feeds via NG 
and NJ had similar rates of changing to parenteral nutrition. Vomiting 
and diarrhea were the most common adverse effects of NG feeds.92 Cau-
tion should be taken in pancreatitis patients with delayed gastric empty-
ing and intolerance of feeds to avoid aspiration risk.

PATHOGENESIS OF PANCREATIC INFECTION AND 
ANTIBIOTIC PROPHYLAXIS

Secondary infections cause over 80% of pancreatitis-related deaths.93 
Patients with infected pancreatic necrosis have double the risk of 

death, three times higher rate of organ failure, and are four times as 
likely to require ICU admission compared with patients with sterile 
necrosis.94 The large majority of pathogens involved in pancreatic in-
fection are gram-negative enteric bacteria such as Escherichia coli, 

Pseudomonas, Proteus, and Klebseilla.93,95 Infection with gram-positive 
organisms, including Staphylococcus aureus, Streptococcus faecalis, and 
Enterococcus, anaerobes, and fungi have also been identified.

The pathogenesis of secondary infection is thought to occur either 
hematogenously, ascending from the duodenum and biliary system 
through the pancreatic duct, or via translocation of GI bacteria.93 Im-
pairment of the gut barrier from reduced intestinal blood flow, muco-
sal damage, and epithelial atrophy during acute pancreatitis leads to 
greater mucosal permeability.95 In patients with severe acute pancreati-
tis, there are significant increases in intestinal permeability to both 
macromolecules and micromolecules. This change was found within 
72 hours of onset and was correlated with poor clinical outcomes. In 
addition to facilitating bacterial translocation, intestinal permeability 
corresponded with systemic endotoxin levels. Endotoxin exposure has 
negative effects on immune function and causes release of cytokines. 
Together, these processes predispose patients to fatal secondary pan-
creatic infections.

There has been much debate and many conflicting studies on the 
use of prophylactic antibiotics to prevent infectious complications 
during acute pancreatitis. Currently, the guidelines from multiple 
organizations and studies do not recommend the routine use of 
antibiotic prophylaxis.12,16,76 Some studies have found that early use 
of antibiotics, within 72 hours of symptom onset, reduces mortality 
and secondary infection.96 However, multiple meta-analyses over 
the years have found no difference in outcomes.97 One meta-analysis 
of 14 randomized controlled trials with a total of 841 patients 
showed that antibiotic prophylaxis was not associated with reduc-
tion in mortality, incidence of infected necrosis, nonpancreatic in-
fections, or surgical interventions.98 A more recent review examined 
18 meta-analyses of randomized controlled trials between 1998 and 
2015.93 The authors found that 6 of 18 studies showed reduced mor-
tality with prophylactic antibiotics, and 12 of 18 studies had no 
change in mortality. Based on these results, use of antibiotics is rec-
ommended only once there are clinical signs of infection or elevated 
inflammatory markers on laboratory testing.93 Interestingly, a Co-
chrane meta-analysis of seven studies found that when imipenem 
specifically was used, there was a significant decrease in rates of 
pancreatic infection. When beta-lactams in general were used, there 
was a trend towards lower mortality (9.4% versus 15%) and infected 
pancreatic necrosis (16.8% versus 24.2%), but the results were not 
statistically significant.99

Overall, prophylactic antibiotics have no impact on mortality, risk 
of infection in pancreatic necrosis or nonpancreatic sites, rate of or-
gan failure, and hospital length of stay.76 When infection is suspected, 
antibiotics should be given promptly. Selective gut decontamination 
may be promising in preventing infectious complications, but further 
characterization is needed.12 Probiotic prophylaxis is also not recom-
mended.12,100,101

MANAGEMENT OF PANCREATIC NECROSIS AND 
ABSCESS

Infected pancreatic necrosis is suspected based on clinical and imaging 
signs. The demonstration of gas in pancreatic or peripancreatic collec-
tions on contrast-enhanced CT scan is the strongest indicator of infec-
tion.102,103 Clinical deterioration, persistent fevers, elevated inflamma-
tory markers, and bacteremia are all signs of infected necrosis as well.12 
When these elements are identified, broad-spectrum IV antibiotics 
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should be initiated. Agents with adequate pancreatic penetration in-
clude quinolones, metronidazole, carbapenems, and third-generation 
or higher cephalosporins.103 Fine needle aspiration (FNA) can also be 
used to diagnose infected necrosis or to tailor antibiotic therapy to 
specific bacteria. However, routine use of FNA is unnecessary and not 
recommended. There is a high false-negative rate and a small risk of 
contaminating a previously sterile fluid collection.102,103

LABORATORY MARKERS OF INFECTED NECROSIS

Several laboratory values have been shown to provide prognostic value 
in pancreatic necrosis. CRP at 48 hours after admission is an indicator 
of severe acute pancreatitis, pancreatic necrosis, and in-hospital mor-
tality.104 Daily measurement of procalcitonin is used to predict infected 
pancreatic necrosis. The highest value, in addition to a sustained in-
crease in procalcitonin on serial measurements, are able to identify 
patients who are likely to develop infected necrosis.105 One study 
found that procalcitonin, hematocrit, BUN, and CRP all indepen-
dently served as risk factors for infected pancreatic necrosis. Individu-
ally, these markers had high specificity but low sensitivity. When taken 
together, the maximum level at 48 hours of these four values had a 
sensitivity of 67.8% and specificity of 77.3% for infected pancreatic 
necrosis.106

INDICATION AND TIMING OF INTERVENTION

In necrotizing pancreatitis, intervention is indicated when there is 
suspicion or evidence of infected tissue and a decline in clinical sta-
tus. Intervention may also be necessary in the absence of docu-
mented infection when there is prolonged organ failure.12,102 In 
sterile necrotizing pancreatitis, intervention is warranted with (1) 
ongoing gastric, intestinal, or biliary obstruction; (2) persistent sys-
temic symptoms such as weight loss, anorexia, and pain; and (3) 
disconnected pancreatic duct syndrome. Other rarer indications for 
intervention include abdominal compartment syndrome, bowel 
ischemia, and acute hemorrhage.

Generally, invasive measures should ideally be delayed until 4 weeks 
after initial onset of pancreatitis to allow for necrotic collections to 
liquefy and become encapsulated or walled off.12,102,103,107 This reduces 
the risk of adverse events and has been shown to decrease morbidity 
and mortality.103,107

INTERVENTIONAL PROCEDURES

When intervention for infected necrosis becomes necessary, the step-
up approach is currently the standard of care.12 The optimal initial 
strategy is percutaneous catheter drainage followed by minimally inva-
sive retroperitoneal necrosectomy if catheter drainage fails. In the 
landmark PANTER trial, 88 patients with suspected or confirmed in-
fected necrotizing pancreatitis were randomized to receive either an 
open necrosectomy or the step-up approach.108 The composite end-
point of major complications or death was lower in the step-up group 
(40% versus 69%). Patients in the step-up group also had a lower rate 
of multiple organ failure (12% versus 40%), incisional hernia (7% 
versus 24%), and new-onset diabetes (16% versus 38%). Notably, of 
the patients randomized to the step-up group, 35% were adequately 
treated with percutaneous drainage alone.103,108

A long-term follow up study of the PANTER trial reassessed all 
73 patients who were alive at an average of 86 months after admis-
sion. At this time, the rate of death or major complications was 44% 
in the step-up group and 73% in the open necrosectomy group.109 
In the step-up group there was a lower incidence of incisional  

hernias (23% versus 53%), pancreatic exocrine insufficiency (29% 
versus 56%), and endocrine insufficiency (40% versus 64%). There 
was no significant difference in incidence of patients requiring pan-
creatic surgery, additional procedures, chronic pancreatitis, recur-
rent acute pancreatitis, pain scores, or medical costs. Thus the step-
up approach with supportive management and percutaneous 
catheter drainage is recommended as the initial intervention for 
infected necrotizing pancreatitis.

When catheter drainage is unsuccessful, the tract can guide entry 
for video-assisted retroperitoneal debridement (VARD). In this proce-
dure, laparoscopic instruments are used to access the retroperitoneal 
space and debride necrotic tissue under direct visualization. Minimally 
invasive necrosectomy has been found to decrease the incidence of 
multiple organ failure, complications, and mortality compared with 
open necrosectomy.107

NECROSECTOMY

The overarching goals of operative debridement in necrotizing pan-
creatitis are to achieve source control and to reduce the burden of 
necrotic tissue.103 Classically, open surgical necrosectomy is per-
formed via midline laparotomy or bilateral subcostal incisions. The 
greater omentum is opened to gain entry into the lesser sac and ex-
pose the pancreas. Blunt fragmentation is then used to remove ne-
crotic tissue.110 Cholecystectomy can be performed concurrently in 
cases of biliary pancreatitis. Large-bore drains are then left before 
closure.103 Open necrosectomy has a complication rate of 34%–95% 
and a mortality rate of 11%–39%.107 Patients undergoing this proce-
dure often have more severe disease and a large amount of necrosis. 
Indications for open surgical intervention include failure of the step-
up approach, abdominal compartment syndrome, bowel ischemia, 
and perforation.102

Endoscopic interventions can be done to drain collections trans-
duodenally or transgastrically. Endoscopic ultrasound is used to guide 
transmural entry. Self-expandable metal stents or plastic stents may be 
placed into the necrotic cavity. Direct endoscopic necrosectomy in-
volves using an endoscope to mechanically debride infected tissue.103 
Disadvantages to this approach include the risk of intracavitary bleed-
ing, perforation, and air embolism. Antibiotic lavage and hydrogen 
peroxide irrigation are complementary therapies that can be used dur-
ing endoscopic intervention as well.

In the recently conducted TENSION trial, 98 patients with sus-
pected or confirmed pancreatic necrosis were randomized to a surgical 
or endoscopic step-up approach.111 The endoscopic arm started with 
EUS-guided transluminal drainage followed by endoscopic necrosec-
tomy. The surgical group received percutaneous catheter drainage 
followed by VARD. No patients underwent open necrosectomy. The 
primary endpoint of major complications or death occurred in 43% of 
the endoscopic group and 45% of the surgical group. The rate of pan-
creatic fistulae and hospital length of stay were lower in the endoscopic 
group. This study concluded that the endoscopic step-up approach 
was not superior to the surgical step-up approach. However, because 
of their less invasive nature, endoscopic approaches may be reasonable 
to consider as initial treatment options if local expertise is available to 
safely perform these interventions.

OUTCOME

With the increasing survival of acute pancreatitis patients, it has  
become important to analyze long-term outcomes and quality of  
life. One study examined 91 patients at 14 months after admission  
for acute pancreatitis.112 Physical health–related quality of life was 
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significantly impaired after acute pancreatitis compared with control 
patients, independent of factors including age, gender, race, smoking 
status, alcohol consumption, body mass index (BMI), and comorbidi-
ties. The decrease in mental health–related quality of life normalized 
within 1 year of follow-up. Multiple organ failure during admission 
along with abdominal pain, analgesic use, and smoking at follow-up 
were all associated with decreased physical health–related quality of 
life.112 Another study analyzed 113 patients with acute pancreatitis and 
found that 59% developed diabetes or impaired glucose tolerance. A 
smaller proportion developed exocrine pancreatic insufficiency, 6% 
severe and 29% mild to moderate.113 These studies suggest that modi-
fiable factors should be identified and optimized to improve long-term 
outcomes of acute pancreatitis.

KEY POINTS

• Severe acute pancreatitis accounts for 15%–20% of patients with acute 

pancreatitis and has a mortality of over 30%.

• The early phase of severe acute pancreatitis is characterized by a pronounced 

SIRS response followed by organ failure, often requiring intensive support.

• The most common etiologies of acute pancreatitis are gallstones (40%–70%), 

alcohol abuse (25%–35%), and hypertriglyceridemia (9%).

• Acute pancreatitis is diagnosed when two of the following three criteria are 

met: (1) abdominal pain, (2) serum amylase and/or lipase level over three 

times the upper limit of normal, and (3) imaging consistent with pancreatitis.

• Ultrasound is recommended in all patients with acute pancreatitis. Contrast

enhanced CT is the gold standard for the diagnosis of pancreatitis and its compli-

cations. However, its routine use is not recommended and should be performed in 

patients with unclear diagnoses or clinical worsening. ERCP should be performed 

in patients with acute cholangitis or evidence of ongoing obstruction. MRCP is 

useful in particular patient populations and for detailed imaging of the ductal 

system and for distinguishing composition of fluid collections.

• Fluid resuscitation is the cornerstone of acute pancreatitis management. 

Early, goal-oriented IV fluid resuscitation at a rate of 5–10 mL/kg/hr should be 
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SUMMARY

Acute pancreatitis is a disease of increasing incidence and cost. Al-
though most cases of acute pancreatitis are mild and self-limited, the 
mortality in severe acute pancreatitis can be over 30%. Patients with 
severe acute pancreatitis often require intensive care, including aggres-
sive fluid resuscitation, nutritional support, respiratory management, 
and therapy for multiple organ failure. In patients with declining 
clinical status, persistent fevers, and signs of SIRS, infected pancreatic 
necrosis should be suspected. The step-up approach should be used 
with percutaneous catheter drainage as initial treatment and escalation 
to minimally invasive debridement as needed. Endoscopic techniques 
have shown promise and may be considered in expert centers.

given, with heart rate, mean arterial pressure, and urine output used to mea-

sure adequacy of response.

• Early feeding should be instituted to protect the intestinal mucosal barrier 

once abdominal pain is improving and inflammatory markers are down-

trending. Enteral feeding is recommended over parenteral feeding and may be 

administered via NG or NJ routes.

• Over 80% of pancreatitis-related deaths are attributable to secondary infec-

tions. Prophylactic antibiotics are not recommended because they do not im-

prove mortality, risk of infection, or other clinical outcomes.

• When infected pancreatic necrosis is suspected or confirmed, IV antibiotics 

should be promptly initiated. Interventions should be delayed for 4 weeks 

after initial onset to allow for collections to become walled off. The step-up 

approach is standard of care, with percutaneous drainage as the initial 

therapy and minimally invasive retroperitoneal necrosectomy to follow as 

needed. Endoscopic interventions can also be performed in skilled centers 

and are being investigated as a safe alternative to classical surgical  

interventions.
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Abdominal Sepsis

Scott Brakenridge and Ashley Thompson

Therefore treatment regimens vary based on the etiology and extent of 

infection. Most IAIs (e.g., appendicitis, colitis) are community ac-

quired and, if identified and treated promptly, do not require intensive 

care. However, some patients will go on to develop sepsis and become 

critically ill, usually because of delayed presentation or recognition, 

immunosuppression, or advanced age/frailty. The majority of these 

patients have polymicrobial intraabdominal infections as a result of 

inflammatory or ischemic bowel perforation or postoperative compli-

cations (i.e., enteric anastomotic leak).

Uncomplicated IAIs are those contained within a single organ (e.g., 

appendicitis, cholecystitis) and rarely lead to critical illness if ad-

dressed in a timely fashion. Definitive management is surgical, and 

antibiotics are not warranted after source control has been achieved. If 

the infection is contained by the initial host inflammatory response, an 

intraabdominal abscess will form, which depending on the size, acces-

sibility, and patient status is best treated with abdominal-spectrum 

antibiotic therapy and image-guided percutaneous drain placement. 

Abscesses that are not amenable to percutaneous drainage and fail to 

resolve (or progress) on antibiotic therapy alone may require operative 

washout and drainage.

In contrast, complicated IAIs extend beyond the source organ into 

the peritoneal cavity, resulting in a much greater systemic inflammatory 

response. Complicated infections causing peritonitis can be classified as 

primary, secondary, or tertiary. In primary peritonitis, formerly referred 

to as “spontaneous” bacterial peritonitis, the infection does not arise 

from direct gastrointestinal (GI) tract spillage or contamination and 

rarely causes critical illness. Primary peritonitis most commonly occurs 

in patients with ascites caused by advanced cirrhosis, but can also be 

associated with collagen vascular disease or glomerulopathies. The di-

agnosis is made with a positive ascites bacterial culture and elevated 

fluid absolute polymorphonuclear leukocyte (PMN) count.9 These 

cases are almost always monomicrobial (most commonly Escherichia 

coli [~70%] or Klebsiella [~10%]).10 Treatment consists of antibiotic 

therapy, and there is no role for operative intervention. Drainage of 

diffuse ascites as a means of source control is not warranted unless 

loculated peritoneal fluid collections develop. Device-associated pri-

mary peritonitis can occur in patients on peritoneal dialysis. The inci-

dence of these infections is relatively high, at approximately one  

episode per year of peritoneal dialysis. Peritoneal catheter-related infec-

tions are usually monomicrobial, and the most common pathogens are 

Staphylococcus aureus, Pseudomonas, and Candida. Although rare, these 

patients can develop methicillin-resistant S. aureus (MRSA), and van-

comycin-resistant pathogens are emerging.11 Treatment includes cath-

eter removal and antibiotics.

Secondary peritonitis is by far the most common presentation in 

clinical practice and describes infections with an intraabdominal pathol-

ogy. Causes of secondary peritonitis include perforation of a hollow 

viscus, bowel ischemic/necrosis, leak of surgical bowel anastomoses, and 

INTRODUCTION

Sepsis is defined as life-threatening organ dysfunction caused by a 

dysregulated host response to infection and accounts for approxi-

mately 20% of deaths worldwide.1 Despite tremendous advancements 

in early diagnosis and both surgical and antimicrobial therapies, it re-

mains a leading cause of in-hospital and intensive care unit (ICU) 

mortality.2,3 Intraabdominal sepsis is the second most prevalent infec-

tious etiology after pneumonia.4,5 Similar to other etiologies of sepsis, 

early recognition, initiation of antimicrobial therapy, and expedient 

volume resuscitation are crucial components of initial management of 

intraabdominal sepsis. Uniquely, rapid and definitive source control is 

an additional early management priority that differentiates intraab-

dominal sepsis from other infectious etiologies and is crucial to sur-

vival. Failure to achieve early source control is more likely to cause 

death than refractory infection by a multidrug-resistant pathogen. In-

dependent risk factors for 30-day mortality in severe intraabdominal 

sepsis include the extent of peritonitis, type of exudate (purulent, fecal 

or bile), and a nonappendiceal source of infection.6 In those who re-

quire intensive care, studies have shown a mortality rate that exceeds 

25%.7 Recent trends indicate that although inpatient mortality after 

abdominal sepsis is declining, a large number of “sepsis survivors” 

develop a clinical trajectory of chronic critical illness (CCI) and suffer 

dismal long-term outcomes.

DEFINITIONS AND CLASSIFICATIONS

Intraabdominal infection (IAI) occurs when bacteria or yeast invade 

the normally sterile peritoneal cavity. This condition encompasses a 

variety of pathologic processes ranging from localized appendicitis to 

feculent peritonitis after colonic perforation. Both bacterial factors and 

the host innate immune response contribute to the subsequent clinical 

course and influence the transition from initial infection to sepsis. 

There is a wide range of disease severity based on the physiologic re-

sponse of the patient, including systemic inflammatory response syn-

drome (SIRS), sepsis, and septic shock. These represent a physiologic 

continuum with a progressively worsening balance of proinflamma-

tory and antiinflammatory responses. Multiple organ dysfunction 

syndrome (MODS) and multisystem organ failure (MOF) are terms 

used to describe the development of end-organ dysfunction in septic 

patients that leads to physiologic imbalances that are not maintainable 

without organ support interventions.8

Several classification systems exist to describe IAIs. These include 

(1) community acquired versus hospital acquired and (2) complicated 

versus uncomplicated infections. Complicated infections can be cate-

gorized as localized (such as an abscess) or diffuse (peritonitis). Diffuse 

peritonitis is further classified as primary, secondary, and tertiary. Each 

of these has a distinct spectrum of infectious organisms (Table 90.1). 
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bowel injury after penetrating trauma. These infections are polymicro-

bial with, on average, five distinct organisms identified in a peritoneal 

fluid sample. Not surprisingly, common gut flora are the most frequently 

encountered bacteria (e.g., E. coli, Klebsiella, Bacteroides). Treatment in-

cludes percutaneous or operative source control and antibiotic therapy.

An infection that recurs or persists after a source control procedure 

has been performed is considered tertiary peritonitis. These infections 

are also polymicrobial, but can present an additional management 

challenge, as there is an increased likelihood of multidrug-resistant 

organisms (e.g., S. aureus/MRSA, Enterococcus/vancomycin-resistant 

Enterococcus [VRE], Candida, Pseudomonas). These patients may have 

an acute or chronic host defense impairment that has resulted in an 

inability to clear the index infection. Whether tertiary peritonitis rep-

resents a persistent invasive infection versus peritoneal cavity coloniza-

tion remains controversial.

Regardless of the etiology of peritonitis, clinicians should be aware 

of the presence of adjuvant substances that decrease the bacterial 

threshold inoculum necessary to cause an infection and often require 

removal in order to clear the infection. The most common adjuvant is 

blood, but other examples include ascites, fibrin, bile, urine, chyle, 

pancreatic fluid, and platelets. Evacuation and ongoing drainage of 

these fluid adjuvants (via percutaneous or surgical drainage) are often 

required for adequate source control. Fibrin promotes bacterial trap-

ping and can isolate bacteria from neutrophils. Iron present in hemo-

globin is essential for bacterial growth and reduces phagocyte func-

tion. Foreign bodies are also a nidus for persistent infection and may 

be present in IAIs in the form of prosthetic mesh or nonabsorbable 

sutures. Clearance of infection most often requires explant of the in-

fected material, especially when the formation of biofilms is suspected.

ENTERIC MICROBIOTA

Most of the bacteria in the gut are commensal flora that generally do 

not contribute to the pathogenesis of IAI. They play a fundamental 

role in immunomodulation, maintenance of barrier function, metabo-

lism (enterohepatic circulation), and overgrowth prevention of patho-

genic microbes. Loss of intestinal homeostasis, whether by disruption 

of the gut mucosal barrier or by depleting the normal flora with long-

term antibiotic use, is the first step in the development of abdominal 

sepsis. The vast majority of cases of IAI are bacterial, although intraab-

dominal candidiasis is not uncommon in critically ill patients and 

those who are immunocompromised. The microbial density and com-

position vary across the digestive tract. Therefore the offending patho-

gens in an IAI can, to some degree, be anticipated if the inciting  

pathology is known.

The stomach was initially considered to be a “sterile organ” because 

of its high intraluminal acidity. Helicobacter pylori was discovered in 

1982, and for the next few decades, it was believed to be the only bac-

teria capable of survival in such a low pH secondary to its ability to 

produce neutralizing urease. The development of culture-independent 

molecular methods has facilitated the identification and classification 

of additional gastric bacteria.12 Although most gastric microbes origi-

nate from and are in transit from the oropharynx, the most abundant 

inhabitants are Streptococcus, Propionibacterium, and Lactobacillus.13 

These bacteria are more prevalent in patients with reduced gastric 

acidity. In addition to bacteria, Candida commonly colonizes the GI 

tract and has been associated with the development of gastric ulcers. 

However, there are relatively small numbers of gastric microbes (,104 

colony-forming units [CFU]/mL) in healthy subjects.14

The proximal small bowel, because of the nearness to the stomach 

and outflowing acidic juices, contains many of the same bacteria in 

relatively small numbers. Duodenal bile and pancreatic secretions have 

additional antibacterial properties. Forward propulsion (peristalsis) 

also plays a key role in suppressing the flora of the upper GI tract. In 

the distal small bowel, the more alkaline conditions allow for the 

growth of enteric gram-negative rods. The terminal ileum represents a 

transition zone from the jejunum, containing predominantly aerobes, 

to the colon, containing predominantly anaerobes. There are typically 

,109 CFU/mL of microorganisms immediately proximal to the ileoce-

cal valve.

In the colon, the concentration and variety of enteric flora changes 

dramatically. The number of anaerobic bacteria outnumber aerobic by 

a factor of up to 1000:1,15 with the most abundant being members of 

the Bacteroides genus. As many as 1012 CFU/mL can be found, which 

contribute to 60% of fecal mass. The stability of the normal flora dis-

courages infection by exogenous microbes and helps prevent over-

growth of pathogenic bacteria already present.

PATHOGENESIS

In general, the pathophysiology of intraabdominal sepsis is described as 

an initial hyperinflammatory phase that lasts several days followed by 

an immunosuppressive phase (Fig. 90.1). This pathophysiologic state is 

the result of opposing influences of the host defense and pathogen 

virulence. Multiple factors contribute to the inflammatory response. 

Host factors include patient age, functional status, comorbidities, 

medications (e.g., steroids, immunosuppressants), environment, and 

genetics.16 Pathogen factors include the microbial load, virulence, and 

pathogen-associated molecular patterns (PAMPs). PAMPs are highly 

conserved molecules essential for bacterial survival that can be detected 

by the host innate immune response. Examples of PAMPs include lipo-

polysaccharide (LPS) and porins from gram-negative cell walls, pepti-

doglycans, lipoteichoic acids, flagellin in bacterial flagella, and bacterial/

viral nucleic acids. PAMPs are recognized by Toll-like receptors (TLRs) 

and other pattern recognition receptors (PRRs) and trigger a robust 

innate immune response which can be beneficial to the host. However, 

this response can later be counterproductive if it is overly robust or fails 

to resolve and return to immunologic homeostasis.

Resident flora bacteria occupy the bowel lumen and adhere to the 

mucosa. Direct penetration of organisms through the mucosa is an 

abnormal event. However, pathogens such as Shigella, Salmonella, and 

Campylobacter can invade in this manner.17 More commonly, bacteria 

are released in the peritoneal cavity as the result of a perforation of the 

GI tract. When this occurs, the bacteria must proliferate to cause a 

clinical infection. To assist with this process, they express specific ad-

herence factors that ultimately make their eradication much more 

difficult. Adherence factors are one of the many mechanisms bacteria 

TABLE 90.1 Microbiology of 
Intraabdominal Infection

Primary  

Peritonitis

Secondary  

Peritonitis

Tertiary  

Peritonitis

Escherichia coli Bacteroides fragilis Enterobacter spp.

Enterococcus spp. Escherichia coli Enterococcus spp.

Klebsiella spp. Klebsiella spp. Acinetobacter spp.

Streptococcus  

pneumoniae

Clostridium spp. Pseudomonas spp.

Other anaerobe spp. Staphylococcus spp.

Candida spp.
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use to achieve increased virulence. Endotoxins are LPSs in the outer 

membrane of gram-negative bacteria. They are large molecules that 

provide structural integrity and protect invading organisms from the 

host immune response. The lipid A domain of LPS is primarily respon-

sible for the initial systemic toxicity in gram-negative bacterial infec-

tions. When bacterial cells are lysed, fragments containing lipid A are 

released into the host’s circulation, causing systemic symptoms such as 

fever and potentially septic shock. In gram-positive bacteria, lipotei-

choic acid and peptidoglycans in the cell walls play an important role 

in initiating the host innate immune response; however, they can cause 

an excessive response resulting in the inflammatory sequelae involved 

in sepsis.18

Once the inflammatory response has been initiated, proinflammatory 

cytokines (e.g., tumor necrosis factor alpha [TNF-a], interleukin [IL]-1, 

IL-6) are released, which have a multitude of effects. They cause produc-

tion of toxic mediators such as prostaglandins, phospholipase A2, platelet-

activating factor, and others, which damage the endothelial lining and 

subsequently lead to increased capillary leakage.19 They lead to increased 

production of adhesion molecules on neutrophils and endothelial cells, 

resulting in further endothelial injury from release of neutrophil compo-

nents. These activated neutrophils release nitric oxide, a vasodilator that 

plays a key role in the development of septic shock. Proinflammatory 

cytokines from innate immune effector cells also disrupt activated pro-

tein C and antithrombin, modulators of coagulation. The culmination of 

these effects can result in extensive “third-spacing” of intravascular fluid, 

vasodilatory shock, and MODS/MOF.20

After the initial “cytokine storm” triggered by infection, there is a 

subsequent phase of profound and persistent immunosuppression, 

which manifests as secondary infections and “sepsis recidivism.” This 

state of host immunoparalysis is the result of several mechanisms, 

including apoptotic depletion of immune cells, endotoxin tolerance/

impaired cytokine response, the expansion of immature myeloid 

lineage cells (myeloid-derived stem cells [MDSCs]), and compro-

mised T-cell function and exhaustion (see Fig. 90.1).21–23 Apoptosis 

of lymphocytes and antigen-presenting cells (T cells, B cells, and 

dendritic cells) is considered a hallmark of immunosuppression in 

sepsis24 and has shown promise as a new target for sepsis treatment 

in animal models.25 Endotoxin tolerance is the severely reduced ca-

pacity of a cell to respond to LPS in a second exposure to a toxic 

stimulus and represents an immune amnesia instead of an antiin-

flammatory response.26 T-cell exhaustion develops in the face of 

persistent antigen exposure and/or inflammation. This prolonged 

exposure leads to decreased expression of major histocompatibility 

complex (MHC) class II molecules (human leukocyte antigen [HLA]-

DR) on antigen-presenting cells and increased expression of cell 

surface inhibitory receptors (such as programmed cell death-1 [PD-

1]) on CD41 and CD81 T lymphocytes.27 Studies have shown that 

increased expression of PD-1 in circulating T cells from patients with 

sepsis correlated with decreased T-cell proliferative capacity and 

mortality.28

More specific to abdominal sepsis is the concept of peritoneal com-

partmentalization. Based on findings of high concentrations of cyto-

kines (IL-1, TNF-a, IL-6, IL10, interferon-gamma [IFN-g]) in the 

peritoneal fluid of patients with peritonitis, studies have suggested that 

intraabdominal sepsis may result in a cytokine-mediated proinflam-

matory response that is initially localized to the abdominal compart-

ment29 and that plasma levels may increase only after saturation of 

tissues within the peritoneal cavity.30

SPECTRUM OF DISEASE CAUSING  
CRITICAL ILLNESS

Perforated Hollow Viscus
Loss of integrity of the GI tract is the most common cause of IAI and 

abdominal sepsis. Inciting disease processes range from perforated 

gastric ulcers to acute appendicitis, diverticulitis, and traumatic inju-

ries. Each of these clinical conditions is discussed in further detail in 

their respective chapters; however, their significance as common eti-

ologies of abdominal sepsis should be noted. The basic tenets of sepsis 

management should be applied regardless of the specific cause: timely 

identification, rapid intravascular volume resuscitation, early initia-

tion of antimicrobial therapy, and definitive source control.

Sepsis

• Robust “cytokine storm”
• Persistent ↑IL-6 & IL-8
• Immature myeloid cell (MDSC) expansion

Chronic critical Illness
Insidious late death

Recovery

Secondary infections

• Progressive immunosuppression
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Fig. 90.1 Intraabdominal sepsis is driven by a dysfunctional host innate immune response to infection, with 

an early “cytokine storm” causing shock and organ dysfunction. Persistent inflammation and progressive 

immunosuppression lead to immune incompetence and recurrent infections. HLA, Human leukocyte antigen; 

IL, interleukin; MDSC, myeloid-derived suppressor cell. 
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Solid Organ Abscess
Abscesses of solid organs are rare but can progress to expansive, poten-

tially lethal IAIs if not diagnosed promptly. Most cases arise from 

bacterial translocation from another infected system. The most com-

mon site of solid organ abscess is the liver, followed by the spleen and 

kidney.

Pyogenic liver abscesses can develop from direct injury to the liver 

or from a disseminated IAI. The most common cause—approximately 

half of the cases—are secondary to cholangitis and direct extension 

from an infected biliary tract.31 Less common causes include portal vein 

bacteremia from an enteric infection (usually diverticulitis), hepatic 

artery bacteremia, and devitalized liver secondary to trauma or angio-

embolization or ablation of neoplasms. The most common organisms 

identified in these lesions are Klebsiella, E. coli, Streptococcus, Staphylo-

coccus, and anaerobic organisms, but they are usually polymicrobial. If 

Staphylococcus or Streptococcus are the sole isolates, there should be a 

high suspicion for another source of infection (endocarditis) that has 

spread hematogenously. Entamoeba histolytica is the most common 

anaerobic source and is acquired via ingestion of food or water con-

taminated by human feces. Ingestion initially causes an amebic colitis 

and seeds the portal system, ultimately resulting in an amebic liver ab-

scess. Although these are quite rare in the United States, they are not 

uncommon among those who live or have recently traveled to develop-

ing countries. Echinococcus granulosus is a parasitic organism that 

causes hydatid cysts of the liver. These are most often acquired from 

dogs and are usually discovered incidentally or in the late stages.32

Patients with liver abscesses may present with a wide range of 

symptoms. Fever is present in 90%, and abdominal pain is present in 

50%–75% of patients.33 Approximately half of patients will have ele-

vated liver transaminases and 90% will have elevated alkaline phos-

phatase.34 An abdominal ultrasound is the initial test of choice, but 

computed tomography (CT) imaging of the abdomen is slightly more 

sensitive. Drainage of the abscess and antibiotics are the cornerstones 

of treatment. If the abscess is less than 5 cm, ultrasound or CT-guided 

needle aspiration may suffice. If the abscess is larger than 5 cm, con-

sider percutaneous drainage with a pigtail catheter placement. Al-

though rarely encountered, indications for surgical intervention in-

clude ruptured abscess with generalized peritonitis, thick-walled or 

multiple abscesses, and previously failed percutaneous drainage proce-

dures. Antibiotics should be administered and may require up to 6 

weeks of coverage. Metronidazole should be used for E. histolytica. 

Echinococcal treatment involves injection of the hydatid cysts before 

drainage, as rupture of the abscess may cause shock in addition to al-

bendazole therapy, which may last for several years. In-hospital mor-

tality of pyrogenic liver abscesses is estimated at 2.5%–19%.35

Abscesses of the spleen most commonly arise from hematologic 

seeding of bacteremia (most often from endocarditis) or as a result of 

devitalized tissue. Devitalization can result from trauma, angioemboliza-

tion, or infarction secondary to systemic disorders such as hemoglobin-

opathies or sickle cell disease. Direct extension of an adjacent infection, 

such as from a gastric or colonic perforation, may also occur. The most 

commonly encountered pathogen is hematogenously spread Staphylo-

coccus. CT imaging is the gold standard for diagnosis. Treatment includes 

empiric antibiotic therapy and abscess drainage. Percutaneous aspiration 

can be attempted as a temporary solution as a bridge to surgery, but 

splenectomy is often required as definitive treatment.36

Renal abscesses are the rarest solid organ abscess. They most com-

monly develop from obstruction and ascending infection from the 

lower urinary tract and, not surprisingly, are caused by the same patho-

gens as a urinary tract infection (E. coli, Klebsiella, and Enterococcus). 

Treatment includes urinary tract decompression and broad-spectrum 

antibiotics until speciation and susceptibility data are available.

Acute Acalculous Cholecystitis
Acute acalculous cholecystitis is inflammation of the gallbladder second-

ary to ischemia without evidence of gallstones or cystic duct obstruction. 

It is the cause of approximately 5%–10% of all cases of acute cholecysti-

tis and occurs most commonly in critically ill patients after a major 

physiologic insult such as sepsis, severe burns, cardiopulmonary bypass, 

emergent aortic surgery, or significant trauma.37,38 The etiology of this 

disease is thought to be biliary stasis. Critically ill patients and those on 

total parenteral nutrition (TPN) are more predisposed because of fever, 

dehydration, and prolonged absence of oral feeding resulting in a  

decrease of cholecystokinin-induced contraction of the gallbladder. The 

gallbladder becomes distended with increased wall tension and subse-

quent impaired lymphatic/venous drainage, progressive edema, and  

ultimately ischemic necrosis.

As patients with this condition are commonly intubated and sedated, 

pinpointing a diagnosis of acalculous cholecystitis can be challenging. 

Clinicians must carry a high index of suspicion and consider this pos-

sibility in any critically ill patient with fever or sepsis of unclear origin. 

Transaminases, bilirubin, and alkaline phosphatase may be elevated. 

Abdominal ultrasound is the imaging modality of choice,39 and diagno-

sis can be confirmed by a gallbladder wall thickness greater than 3.5 mm 

and the presence of pericholecystic fluid.40 Abdominal CT imaging is 

equally accurate, but hepatobiliary iminodiacetic acid (HIDA) imaging 

has a poor positive predictive value in this patient population, as patients 

are not generally receiving adequate alimentary stimuli for gallbladder 

contraction.

Once a diagnosis has been established, treatment most often in-

cludes antibiotics and percutaneous cholecystostomy. Although surgi-

cal evaluation is warranted, most of these critically ill patients are not 

candidates for definitive cholecystectomy, and temporizing percutane-

ous drainage is necessary. Percutaneous cholecystostomy has a .90% 

success rate for source control. Failure of cholecystostomy placement is 

usually secondary to catheter malposition or gallbladder necrosis and 

perforation. Once the patient has recovered from acute illness, interval 

cholecystectomy is the definitive treatment. However, many of these 

patients remain high-risk surgical candidates because of underlying 

comorbidities. In these cases, if a cholecystostomy tube study confirms 

the absence of gallstones and a patent biliary tree, the drain can simply 

be removed. Transpapillary drainage through an endoscopic retrograde 

cholangiopancreatography (ERCP) has been used with variable success 

but has high recurrence rates.41 An emerging alternative for drainage is 

endoscopic placement of a lumen-apposing fully covered metal stent 

(LAMS) through the GI tract into the gallbladder. This procedure obvi-

ates the need for percutaneous drain placement, and studies are show-

ing success rates similar to percutaneous cholecystostomy with few  

adverse events.42,43

Mesenteric Ischemia
Intestinal ischemia occurs when a patient has inadequate blood flow 

through the mesenteric vessels, resulting in ischemia and eventual 

gangrene of the bowel. If this condition occurs acutely, it can be a life-

threatening surgical emergency that requires immediate intervention. 

Chronic mesenteric ischemia typically presents with vague, postpran-

dial abdominal pain and rarely leads to bowel necrosis and abdominal 

sepsis unless a patient develops acute-on-chronic disease.

Acute mesenteric ischemia (AMI) can be subdivided into four cat-

egories based on the etiology: acute mesenteric arterial embolism 

(AMAE), acute mesenteric arterial thrombosis (AMAT), mesenteric 

venous thrombosis (MVT), and nonocclusive mesenteric ischemia 

(NOMI). An additional cause of acute bowel ischemia is that which 

occurs as a result of mechanical obstruction (e.g., intussusception, 

volvulus, internal hernia with strangulation). Each of these types of 
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AMI has somewhat different predisposing factors and prognoses, but 

all share a final common pathway to bowel infarction and necrosis if 

not treated expeditiously.

Mesenteric ischemia caused by an arterial embolism is the most com-

mon subtype accounting for up to 50% of AMI cases.44 In this type of 

AMI, an embolus (usually from a cardiac source) lodges in the mesen-

teric vasculature. Large emboli lodge in the superior mesenteric artery 

(SMA), most often 6–8 cm from the origin and distal to the middle colic 

artery.45 Blood flow distal to the embolism will be interrupted, resulting 

in bowel ischemia (Fig. 90.2). If the entirety of flow through the SMA is 

compromised, the patient may have the devastating outcome of entire 

midgut necrosis. Smaller emboli are more likely to lodge in the more 

distal mesenteric circulation, resulting in smaller segments of affected 

bowel with a generally better prognosis.

AMAT is a similar phenomena, but abrupt cessation of flow is second-

ary to in situ thrombosis of the vessel rather than an embolus. This occurs 

in patients with underlying atherosclerotic disease who may have had 

progressively worsening abdominal pain over the weeks preceding presen-

tation. Mesenteric (or portal) venous thrombosis occurs when a blood clot 

forms in one of the major veins carrying blood from the intestine and is 

usually in patients with either a hypercoagulable state or a local inflamma-

tory process such as pancreatitis. Mesenteric or portal vein thrombosis is 

rarely associated with bowel necrosis and is usually successfully managed 

with systemic anticoagulation and bowel rest.

NOMI is a common complication of severe critical illness and is 

the result of a low-flow state to the splanchnic circulation, most nota-

bly when the cardiac index is less than 2 L/min/m2.46 There are numer-

ous potential causes of the decreased flow, including hypovolemia, 

shock, and prolonged high-dose vasopressor use. Any segment of 

bowel can be affected; however, the most frequently affected are the 

cecum and splenic flexure. The cecum is the farthest from the inferior 

mesenteric artery (IMA) collaterals, and the splenic flexure is a water-

shed region of the superior and inferior mesenteric arteries. Of note, 

in patients with prior abdominal aortic operations, the IMA may have 

been ligated, and therefore the left colon is at higher risk for NOMI.

In patients that are communicative, abdominal pain out of propor-

tion to examination is the hallmark symptom of AMI. In intubated, 

sedated patients, the diagnosis can be more challenging. Clinical fea-

tures may include abdominal distention and a progressively worsening 

metabolic acidosis. Hematochezia can be seen as the vasculature to the 

mucosa is more vulnerable and the mucosa will begin to slough. Pa-

tients may develop sepsis or septic shock before transmural gangrene 

and perforation because of the compromised integrity of the mucosa 

leading to bacterial translocation and bacteremia. Blood per rectum 

after an abdominal aortic surgery is strongly suggestive of colonic 

ischemia.

Aortic angiography has traditionally been the most reliable 

method to diagnose AMI, but is now superseded by CT angiographic 

(CTA) imaging.47 Bedside lower endoscopy can be used for a diagno-

sis of colonic ischemia, but may underestimate the extent of disease 

(Fig. 90.3). When AMI is suspected, goals of management are resusci-

tation, rapid diagnosis, early revascularization, and reassessment of 

the bowel.48 Revascularization is generally performed via several en-

dovascular strategies, including percutaneous aspiration embolec-

tomy, balloon thrombectomy, catheter-directed thrombolysis, and 

stenting.49 An exploratory laparotomy is generally performed in con-

junction with revascularization to evaluate the bowel. Necrotic bowel 

is resected, but potentially viable bowel should be left for at least 30 

minutes once perfusion has been established or reassessed at an inter-

val repeat laparotomy 24 hours later. These patients are at risk for 

short bowel syndrome if a large resection is performed. Depending on 

the patient’s physiologic status, the surgeon may consider a second-

look laparotomy in 12–48 hours if there is questionable bowel viabil-

ity or if a massive enterectomy would be needed.

Clostridium difficile Colitis
Clostridium difficile is a gram-positive, anaerobic, spore-forming bac-

teria that is the most common pathogen causing healthcare-associated 

infection in the United States, accounting for 15% of all such infec-

tions.50 The incidence of C. difficile infections (CDIs) continues to rise, 

and cases of antibiotic resistance are becoming more common.51–53 

Risk factors for colonic CDI include advanced age, hospitalization, and 

antibiotic exposure. The prevalence of C. difficile spores in the environ-

ment is relatively high among hospitals and long-term care facilities. 

As such, it is not surprising that patients in these facilities carry  

a higher colonization rate (10%–25% among hospitalized patients, 

Fig. 90.2 Computed tomography with oral and intravenous con-

trast in a patient with embolic occlusion of the superior mesenteric 

artery and segmental ischemia of the small bowel and right colon 

(arrows). Bowel ischemia is evident from the marked thickening of the 

intestinal wall.

Fig. 90.3 Colonoscopy is the preferred modality to assess for colonic 

ischemia, but visualizes only the mucosa and may underestimate 

the extent of disease.
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4%–20% among residents of long-term care facilities) than healthy 

adults in the general population (2%–3% colonization rate).54

Clinical features of active CDI infection include crampy abdominal 

pain, diarrhea, fever, and leukocytosis in the setting of recent antibiotic 

use, generally within the previous 8 weeks. Peritonitis is generally not 

seen until advanced stages of infection with megacolon and/or perfo-

ration. The diagnosis is confirmed with a stool sample. Multiple tests 

are available, including polymerase chain reaction (PCR) assays, anti-

gen detection tests, tissue culture cytotoxicity assays, enzyme immuno-

assays, and stool culture. PCR assays are the most effective diagnostic 

method for accurate and early diagnosis of CDI.55 Imaging is not 

needed for diagnosis, but CT imaging may reveal colonic wall thicken-

ing, dilation, ascites, pericolonic stranding, and a characteristic “ac-

cordion sign” of thickened haustral folds containing trapped contrast 

material (Fig. 90.4). Visualization of colonic pseudomembranes on 

endoscopy is also diagnostic, though this procedure is not commonly 

used because of the risk of perforation in fulminant colitis.

Recommended treatment of CDI includes a 10-day course of oral 

vancomycin or fidaxomicin.56 Metronidazole, previously the first-line 

drug for CDI, may be used as an alternative for an initial, nonsevere epi-

sode or in intravenous (IV) form as a secondary agent in a fulminant 

infection. Rectal vancomycin enemas may also be added, but are cumber-

some, and their additional yield is unclear. Fecal microbiota transplanta-

tion is perhaps the most promising emerging therapy for refractory CDI, 

but there are logistical changes regarding stool donation, storage, and 

dissemination that remain problematic at this time.57 Fulminant colitis 

has been broadly defined as C. difficile colitis with significant systemic 

toxic effects and shock and occurs in 3%–5% of patients with C. difficile. 

These patients develop a severely dilated toxic megacolon, which may 

progress to perforation. Treatment includes aggressive sepsis resuscita-

tion and source control with a total abdominal colectomy. In-hospital 

mortality for fulminant C. difficile colitis is .30%.58

Acute Necrotizing Pancreatitis
Acute pancreatitis is an inflammatory condition of the pancreas that is 

characterized by premature activation of digestive enzymes within the 

pancreatic acinar cells resulting in autodigestion. There are many un-

derlying causes of pancreatitis, but 60%–75% of all cases are caused  

by gallstone disease or alcohol abuse.59 Most patients develop a mild, 

self-limited disease, but up to 30% develop a severe, life-threatening 

form that is associated with a mortality rate as high as 25%.60 Severe 

pancreatitis is defined by single or multiple organ failure lasting .48 

hours and can be complicated by the development of parenchymal/

peripancreatic fluid collections and necrosis. Acute necrotizing pan-

creatitis is diagnosed when more than 30% of the gland is necrotic 

(Fig. 90.5). Two-thirds of necrotic pancreatic collections are sterile and 

will resolve with conservative management. The remaining minority 

that become infected or mature to a pancreatic pseudocyst require 

further intervention.61

The initial assessment of a patient with acute pancreatitis includes 

determining the etiology of the disease, as this may help direct manage-

ment (e.g., ERCP for an obstructing gallstone). These patients generally 

require aggressive IV fluid resuscitation. Prophylactic antibiotics have 

no role in preventing infection of pancreatic necrosis, are associated 

with the development of antibiotic resistance, and do not improve 

clinical outcomes.62 The timing of infection in pancreatic necrosis is 

variable and unpredictable, with peaks in the second to fourth week 

after the onset of pancreatitis.63 Diagnosis of infected pancreatic necro-

sis remains a significant clinical challenge. The presence of retroperito-

neal gas on contrast-enhanced CT imaging is considered indicative of 

infected pancreatitis but is only present in a limited number of patients. 

Fine-needle aspiration (FNA) culture remains the diagnostic “gold stan-

dard” but has largely been abandoned because of its high false-negative 

rate. Serum biomarkers such as procalcitonin may offer some diagnos-

tic yield, but overall infected necrosis remains a clinical diagnosis.

Treatment for infected necrosis includes an appropriate antibiotic 

regimen, source control, and early enteral feeding. The antibiotic se-

lected must provide both aerobic and anaerobic gram-negative and 

gram-positive coverage and provide adequate pancreatic penetration. 

Current treatment guidelines include use of a carbapenem, piperacil-

lin/tazobactam, or a third-generation cephalosporin or fluoroquino-

lone combined with an antianaerobic drug such as metronidazole.64,65 

A Cochrane meta-analysis revealed enteral nutrition to be superior to 

TPN in severe acute pancreatitis, with reduction in infectious compli-

cations, length of hospital stay, and overall mortality.66 Early institu-

tion of feeding (within 48 hours) is preferred, though the exact timing 

remains controversial.67

Fig. 90.4 Computed tomography with oral and intravenous contrast 

in a patient with Clostridium difficile colitis. Typical findings include 

colonic wall thickening (arrows), dilation, and thickened/edematous 

colonic wall.

Fig. 90.5 Computed tomography with oral and intravenous con-

trast in a patient with necrotizing pancreatitis. There is significant 

peripancreatic inflammation, and the hypodense area in the body of the 

pancreas is an area of pancreatic necrosis (arrow).
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The three well-established approaches for drainage of infected pan-

creatic necrosis are radiographically guided percutaneous, endoscopic, 

and surgical. Over the last two decades, the paradigm has shifted away 

from surgical intervention to less invasive approaches. Open necrosec-

tomy is associated with high morbidity and mortality rates and the 

development of complications such as enterocutaneous and pancre-

atico-cutaneous fistula formation.68 Percutaneous drain placement 

under ultrasound or CT guidance via a retroperitoneal approach is 

preferable to a transperitoneal approach and has fewer complications. 

Additionally, this facilitates a “step-up” approach in which the drain 

can be upsized and eventually used as a tract for laparoscopic-assisted 

retroperitoneal necrosectomy if necessary. The drain should be irri-

gated multiple times daily with sterile water. Endoscopic drainage and 

debridement is usually reserved after the formation of a defined pan-

creatic pseudocyst. The necrotic collection is punctured through the 

gastric wall under ultrasound guidance. The tract is then dilated and 

stented, allowing drainage of necrotic material into the GI tract.

DIAGNOSIS

The diagnosis of abdominal sepsis is based primarily on clinical assess-

ment. The patient may present with abdominal pain or other GI com-

plaints and show signs of a systemic inflammatory response such as 

fever, tachycardia, and tachypnea. In advanced cases, peritonitis may be 

present with abdominal distention or rigidity. Altered mental status, 

hypotension, and oliguria are signs that a patient is transitioning from 

sepsis to septic shock.

Recommended laboratory tests include a complete blood count 

with differential, basic metabolic panel, measurement of lactate  

and liver enzyme levels, coagulation studies, and blood cultures. 

Leukocytosis is often seen because of an early leukemoid reaction. 

However, leukopenia can also result secondary to an overwhelming 

infection causing bone marrow suppression. Cytokine production 

triggers the release of immature granulocytes from the bone marrow, 

resulting in a “left shift” or “bandemia” in the cell differential analy-

sis.69 Serum lactate is a sensitive but nonspecific indicator of meta-

bolic stress.70 As a product of anaerobic glycolysis, lactate is increased 

in hypoxia, systemic malperfusion, and many critical illnesses.71 

There is a clear association between higher lactate levels and in-

creased mortality. Different thresholds have been recommended as 

an early aggressive resuscitation predictor and, as a result, early iden-

tification of elevated serum lactate can potentially lead to early iden-

tification of patients who are at high risk for poor outcomes.72–74 

Lastly, procalcitonin is a biomarker that has been evaluated for early 

detection of sepsis in addition to monitoring the antimicrobial treat-

ment regimen but is limited because of its nonspecific nature in the 

setting of inflammation.

Radiographic imaging yields a definitive diagnosis in most patients 

with IAIs. Upright plain films may reveal intestinal obstruction, isch-

emia, or pneumoperitoneum (Fig. 90.6). They may also be used with 

water-soluble contrast injection to evaluate drains and/or fistulas. Ul-

trasound can be performed at the bedside and is useful in patients that 

are too unstable to leave the ICU. It is the imaging modality of choice 

for biliary sepsis and can also be used to detect and drain intraabdomi-

nal abscesses, particularly in the pelvis using transvaginal or transrectal 

probes. However, ultrasound is dependent on operator experience and 

patient body habitus. CT with IV (± oral [PO]) contrast is the test of 

choice in stable patients. Findings concerning for IAI include extralu-

minal air (Fig. 90.7), contrast extravasation, free fluid, mesenteric 

stranding, and the presence of a contrast-enhancing rim that is charac-

teristic of an abscess (Fig. 90.8). In a patient with mesenteric ischemia, 

vascular thrombus may be identified in addition to pneumatosis or 

portal venous gas suggesting bowel ischemia. Obtaining CT imaging 

Fig. 90.6 Pneumoperitoneum under the right hemidiaphragm on 

an upright chest radiograph of a patient with perforated sigmoid 

diverticulitis. The crescent-shaped lucency under the left hemidia-

phragm is the gastric bubble.

Fig. 90.7 Computed tomography with oral and intravenous contrast 

in a patient with perforated viscus and extraluminal gas (arrow).

Fig. 90.8 Computed tomography with oral and intravenous con-

trast in a patient with a large pelvic abscess amenable to percuta-

neous drainage. There is classic “rim enhancement” of the abscess 

cavity (arrow).
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TABLE 90.2 Empiric Antimicrobial Regimens for Critically Ill Patients With 
Intraabdominal Infection

Hospital-Acquired IAI Community-Acquired IAI

Meropenem 1 g q8h

or

Doripenem 500 mg q8h

or

Imipenem/cilastatin 1 g q8h

Piperacillin/tazobactam 4.5 g q6h

or

Cefepime 2 g q8h 1

Metronidazole 500 mg q6h

Carbapenem-sparing regimen: Ceftolozane/tazobactam 1.5 g q6h 1 Metronidazole 

500 mg q6h

or

Ceftazidime/avibactam 2.5 g q6h 1 Metronidazole 

500 mg q6h 1 Vancomycin 25–30 mg/kg loading 

dose, then 15–20 mg/kg/dose q6h

or

Teicoplanin 12 mg/kg q12h  3 loading dose, then 

12 mg/kg q24h

If at risk for community-acquired 

ESBL-producing Enterobacteria-

ceae:

Meropenem 1 g q8h

or

Doripenem

500 mg q8h

or

Imipenem/cilastatin 1 g q8h

If at risk for vancomycin-resistant  

enterococci (VRE):

Linezolid 600 mg q24h

or

Daptomycin 6 mg/kg q24h

If at high risk for infection with  

enterococci:

Ampicillin 2 g q6h*

*If not on piperacillin/tazobactam  

or imipenem/cilastatin

If at high risk for invasive  

candidiasis:

Caspofungin 70 mg loading dose,

then 50 daily

Or

Micafungin 100 mg daily

Or

Amphotericin B liposomal

3 mg/kg/dose q24h

requires transport, which can be challenging in an unstable patient and 

also carries the risk of contrast-induced nephropathy.

MANAGEMENT

Sepsis Resuscitation
Regardless of etiology, initial treatment principles are the same for all 

sepsis patients and include timely recognition, initiation of antimicro-

bial therapy, volume resuscitation to restore end-organ perfusion, and 

prompt source control. Sepsis is characterized by a state of systemic 

malperfusion caused by vasoregulatory dysfunction and myocardial 

depression. Increased venous capacitance and capillary leakage result 

in an overall hypovolemic state with decreased venous return to the 

heart. The resultant diminished cardiac function leads to tissue hy-

poxia, which causes overstimulated endothelial cell activity leading to 

a systemic inflammatory cascade.20 The key contributor to the high 

morbidity and mortality rates associated with sepsis is the develop-

ment of MOF driven by malperfusion and systemic inflammation.

Although the efficacy of individual components can be debated, the 

use of early goal-directed therapy protocols clearly reduce in-hospital 

mortality from sepsis.75 Fluid resuscitation should be initiated as early 

as possible if clinical evidence of organ dysfunction exists, regardless of 

lactate level. There is no clear evidence from randomized controlled tri-

als that support colloids over crystalloid solutions to reduce the risk of 

death in patients with trauma, burns, or sepsis.76 Because of the in-

creased expense of colloids, crystalloid solutions are recommended.77 

Intravascular volume status can be monitored and optimized during the 

initial resuscitation with point-of-care echocardiography. Pulmonary 

artery catheters have been shown to not improve outcomes and increase 

cost.78 Experimental studies have correlated a positive fluid balance with 

more severe organ dysfunction and overall worse outcomes.79 Volume 

overload can cause increased intraabdominal pressure, resulting in 

splanchnic hypoperfusion and increased bowel edema leading to bacte-

rial translocation, cytokine release, and perpetuation of the inflamma-

tory cascade. Patients should be monitored for the development of  

intraabdominal hypertension with repeated intravesical measurements 

of intraabdominal pressure.

Vasopressor support should be added when hypotension persists with 

restoration of adequate intravascular volume. Norepinephrine is recom-

mended as the first-line vasoactive agent in septic shock.77 Compared 

with dopamine, norepinephrine causes less tachycardia and is less  

arrhythmogenic. Vasopressin increases vasculature responsiveness to cat-

echolamines and can be added as a second-line agent, if needed.80 Epi-

nephrine is a potent adrenergic agent that increases cardiac index and 

peripheral vascular tone through both alpha and beta stimulation. Be-

cause of its potential to reduce splanchnic blood flow, there are concerns 

regarding its use in septic shock, though no trials have shown worse out-

comes with epinephrine compared with norepinephrine.81 Dobutamine 

is rarely used in septic shock but may be considered only if the patient has 

a simultaneous myocardial dysfunction. The Surviving Sepsis Campaign 

(SSC) is a global initiative created in 2004 that designed evidence-based 

guidelines and bundles to help improve outcomes in sepsis. Resuscitation 

goals from SSC include central venous pressure (CVP) .8 mm Hg, mean 

arterial pressure (MAP) .65 mm Hg, central venous oxygen saturation 

(ScvO2) of .70%, and urine output (UOP) of .0.5 mL/kg/h.

Empiric Broad-Spectrum Antibiotics
Timely antimicrobial administration is a key factor in the management 

of sepsis.82,83 Initial empiric therapy used in abdominal sepsis should 

be broad spectrum but, if possible, take into account the presumed 

source, as the etiologic distribution varies according to the source site 

(Table 90.2). The upper GI tract has a prevalence of gram-positive 

ESBL,

 

Extended-spectrum beta-lactamase;

 

IAI,

 

intraabdominal infection.
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Fig. 90.9 Management of the open abdomen after damage control 

surgery. A nonadherent plastic layer is placed over the abdominal con-

tents below towels or commercial sponge dressings. Negative pres-

sure is applied to the closure to drain fluid, prevent evisceration, and 

facilitate subsequent abdominal closure.

bacteria and Candida with a progressive increase of anaerobes and 

gram negatives in the lower GI tract. The patient should be reassessed 

when the results of microbiologic testing are available. Antibiotic de-

escalation has been associated with lower mortality rates in ICU pa-

tients and is considered a key practice for antimicrobial stewardship.84

For patients with community-acquired IAI, a narrower spectrum 

of activity is recommended. There is an increased likelihood in hospi-

tal-acquired IAI to encounter pathogens with reduced susceptibility to 

traditional antibiotic regimens. With increasing prevalence of MRSA 

and extended-spectrum beta-lactamase (ESBL)–producing Enterobac-

teriaceae because of selection pressures related to cephalosporin over-

use, their routine use is discouraged.85 Carbapenem use has increased 

in recent years with the rise in ESBL infections; however, there is now 

an emergence of carbapenem resistance in Pseudomonas aeruginosa. 

With regard to gram-positive bacteria, enterococci play a significant 

role in IAIs, and hospitalized, critically ill patients are at risk of vanco-

mycin-resistant enterococci (VRE) infection.86 Options for treating 

VRE are linezolid or tigecycline.

Empiric antifungal therapy should be considered in patients with 

intraabdominal septic shock from community-acquired infections or 

in patients with postoperative infections where the presence of yeast is 

associated with a poor prognosis.87 An echinocandin should be used as 

empirical antifungal therapy in critically ill patients having either 

community-acquired or hospital-acquired IAI.

In uncomplicated IAIs, once the source of infection (e.g., appendix 

or gallbladder) has been effectively treated by surgical therapy, postop-

erative antibiotics are not necessary.88,89 In complicated IAIs in patients 

who are not severely ill and where source control has been obtained, a 

short course (3–5 days) of postoperative antibiotic therapy is sug-

gested.90 For severe bacterial hospital-acquired IAI in those who were 

severely ill, a duration of antibacterial therapy between 7 and 15 days 

may be necessary.91 In a patient with intraabdominal candidiasis, a 

longer duration of antifungal coverage is recommended, up to 2–3 

weeks, because of the high rates of recurrence.92 For complicated pa-

tients with persistent IAIs, the decision to continue, revise, or stop 

antimicrobial therapy should be made based on the patient’s clinical 

picture, available laboratory data, and clinician judgment.

Source Control
Early intervention and adequate source control are tenets to surviving 

intraabdominal sepsis. Source control encompasses all measures taken 

to reduce the bacterial load, including drainage of fluid collections, 

debridement of necrotic tissue, and resection or repair of perforated 

viscus. If the patient is stable and a fluid collection/abscess is accessible 

by percutaneous means, CT- or ultrasound-guided drain placement 

may be the optimal approach. Surgical intervention is indicated in the 

hemodynamically unstable patient with diffuse peritonitis, suspected 

perforated viscera, uncontrolled enteric spillage, or infected fluid col-

lections not amenable to percutaneous drainage.

Objectives of surgical intervention include determination of the 

cause of peritonitis, drainage of fluid collections, and controlling the 

origin of abdominal sepsis. Intraoperatively, the entirety of the GI tract 

should be evaluated. Blood, purulent fluid, and any other contami-

nants should be removed to reduce the infectious burden and to help 

prevent or reduce fibrin formation. Careful attention should be given 

to the pelvis, paracolic gutters, and subphrenic spaces, as these are the 

most dependent areas of the abdomen and are therefore prone to fluid 

pooling and abscess development. Peritoneal lavage may help with re-

moval of and dilution of contaminants by irrigating with large vol-

umes of saline; however, its use remains controversial.

Damage control laparotomy was introduced in 1993 in the severely 

injured trauma population.93 This technique involves performing a 

midline laparotomy to obtain initial control of contamination or  

hemorrhage in an unstable patient. The fascia of the abdomen is left 

open with a temporary closure device placed, and the patient is trans-

ferred to the ICU to facilitate the prioritization of resuscitation to 

normal physiology (Fig. 90.9). Once stabilized, patients are taken back 

to the operating room within 24–48 hours for re-exploration, defini-

tive repair, and abdominal closure. The principle of damage control or 

“staged” laparotomy has since been applied to many other patient 

populations, including those with abdominal sepsis. The abdomen 

may be left open to prevent the development of abdominal compart-

ment syndrome, allow for re-evaluation of adequate source control, 

and optimize conditions for definitive surgical reconstruction (e.g., 

bowel anastomosis or ostomy creation).94,95 The patient managed by 

temporary abdominal closure should return to the operating room 

every 24 hours for re-evaluation and attempt at sequential or comple-

tion fascial closure. Failure to achieve primary fascial closure as a result 

of bowel edema and retracted fascia requires temporization with ab-

sorbable mesh and split-thickness skin grafting of the granulated ex-

posed bowel. This commits the patient to a large planned ventral her-

nia, carries significant risk of enteroatmospheric fistula formation, and 

commits the patient to a 6- to 12-month course to definitive surgical 

repair.

Adjunctive Therapies
Corticosteroids should only be considered for patients with clinical 

suspicion of relative adrenal insufficiency in the setting of vasopressor 

refractory shock.77 If steroids are used, hydrocortisone 200 mg/day IV 

in four divided doses or as a 100-mg bolus followed by a continuous 

infusion of 10 mg/h is the recommended regimen.96 The optimal dura-

tion of steroid taper remains unknown and therefore should be tai-

lored to the physiologic status of the individual patient.
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the skin. The tract can also contain an abscess cavity that requires 

drainage. Initial treatment is primarily supportive care with bowel rest, 

nutritional support, and skin care. The output should be monitored 

and controlled to avoid dehydration. Data on spontaneous closure 

rates are variable but most studies demonstrate 20%–30% of fistulas 

will close without operative intervention, usually within 3–4 weeks.100 

An elective fistula take-down procedure can be considered months 

later once the peritoneal cavity is less hostile.

The understanding of long-term outcomes after critical illness from 

abdominal sepsis has substantially evolved. Because of advances in sepsis 

detection, management, and critical care organ support, inpatient mor-

tality rates have significantly declined over the past 20 years. However, 

there is an increasingly recognized cohort of “sepsis survivors” that over-

come the initial septic insult to develop into a state of CCI.101 Patients that 

develop CCI have an underlying pathophysiologic state of a persistent 

inflammation, immunosuppression, and catabolism syndrome (PICS), 

which manifests clinically as the development of recurrent nosocomial 

infections and multiple hospital readmissions because of “sepsis recidi-

vism,” and approximately 40% are dead at 1 year (see Fig. 90.1).102–107 Risk 

factors for PICS-CCI include advanced age, severe comorbidities, and 

severity of shock. Therefore the prompt identification and treatment of 

intraabdominal sepsis of at-risk patients should be prioritized in order to 

improve the post-ICU outcomes for these patients.

Nutritional support, preferably via the enteral route, should be 

initiated once initial resuscitation is complete and adequate perfusion 

pressure has been achieved.97 Enteral nutrition maintains the integrity 

of the gut mucosa and helps prevent bacterial translocation. Some 

studies have shown early enteral feeding reduces the length of me-

chanical ventilation, ICU length of stay, and hospital length of stay but 

with no consistent mortality benefit.98

COMPLICATIONS

Outcomes after abdominal sepsis are directly related to early diagnosis, 

timely sepsis resuscitation, early source control, and contributing co-

morbidities. Most complications are a result of failed source control or 

the overwhelming physiologic response to sepsis. Abscess formation, 

anastomotic dehiscence, abdominal compartment syndrome, surgical 

site infection, “frozen” abdomen hindering return to the operating 

room, fistula formation, postoperative secondary nosocomial infec-

tion, MOF, and development of CCI are just a few of the potential 

complications that can arise. However, refractory or nonresolving 

MOF remains the leading cause of inpatient death.99

Enterocutaneous fistula is a dreaded complication of abdominal 

sepsis and can be significantly life-altering for the patient. After an IAI, 

this may be an occult source of sepsis before the tract drains through 

KEY POINTS

• Timely diagnosis, initiation of antimicrobial therapy, volume resuscitation to 

restore end-organ perfusion, and definitive source control are essential in 

decreasing the mortality of intraabdominal sepsis.

• CT imaging of the abdomen/pelvis with IV (± PO) contrast is generally the 

imaging modality of choice in evaluating intraabdominal sepsis.

• The Surviving Sepsis initiative has helped improve outcomes in sepsis. 

Norepinephrine is recommended as the first-line vasoactive drug in septic 

shock.

• Empiric antimicrobial therapy in abdominal sepsis should be broad and in-

clude coverage for aerobic gram-negative bacilli, anaerobes, and possibly 

fungi. Antibiotics should be de-escalated after source control has been ob-

tained and results of microbiologic testing are available.

• Source control encompasses all measures taken to reduce the bacterial load, 

including drainage of fluid collections, debridement of necrotic tissue, and 

resection or repair of perforated viscus.

• Studies have shown a cohort of “sepsis survivors” who overcome an initial 

septic insult but go on to develop into a state of CCI. These patients have an 

underlying pathophysiologic state of PICS, which manifests clinically as the 

development of recurrent nosocomial infections and multiple hospital readmis-

sions because of “sepsis recidivism,” and approximately 40% are dead at 1 year.
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For complicated intraabdominal infections in patients who are not severely ill 

and where source control has been obtained, a short course (3–5 days) of 

postoperative antibiotic therapy is recommended.
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Waibel B, Rotondo M. Damage control in trauma and abdominal sepsis. Crit 

Care Med. 2010;38(Suppl. 9):S421–S430.

Damage control and open abdomen techniques from trauma have been ad-

opted for emergency surgery. If repeat operations are needed for debridement 

or source control, significant visceral edema is present preventing closure 

without development of abdominal compartment syndrome (ACS), or  

patient instability requiring further resuscitation would have high risk of  

creating ACS, a temporary abdominal closure may be used.

Solomkin J, Mazuski J, Bradley JS, et al. Diagnosis and management of com-

plicated intra-abdominal infection in adults and children: Guidelines by 

the Surgical Infection Society and the Infectious Diseases Society of Amer-

ica. Clin Infect Dis. 2010;50:133–164.

In patients with pancreatic necrosis, broad-spectrum antimicrobial therapy is 

recommended only if clinical or culture evidence of an established infection is 

present. Appropriate treatment regimens include single-agent therapy such as 

a carbapenem or piperacillin/tazobactam or combination therapy using a 

third-generation cephalosporin or fluoroquinolone combined with an antian-

aerobic drug such as metronidazole.
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Mechanical bowel obstruction occurs when there is an occlusion of the 

lumen of the intestine that causes a blockage of the normal flow of 

intraluminal contents through the gastrointestinal tract. As a common 

surgical emergency, 3.2 million cases of bowel obstruction occurred 

throughout the world in 2015 resulting in 264,000 deaths.1,2 The small 

bowel is more much frequently affected compared with the large bowel 

and is involved in 80% of cases.3 In the United States, small bowel 

obstruction (SBO) accounts for 15% of hospital admissions for pa-

tients presenting with abdominal pain and more than 300,000 annual 

hospitalizations.4 Approximately 20%–30% of these patients will re-

quire operative management and contend with significant healthcare 

costs.5,6

ETIOLOGY

In developed countries, intraperitoneal adhesions that develop from 

prior abdominal surgery are the most common cause of mechanical 

SBO and account for 55%–80% of cases.7 Patients who have previ-

ously undergone pelvic surgery, specifically colorectal resection,  

appendectomy, and gynecologic surgery; required prior adhesiolysis 

for bowel obstruction; or had resection for a malignancy are at in-

creased risk for developing adhesive SBO.5,8 Malignant neoplasms are 

responsible for 20% of cases and are most commonly intraperitoneal 

metastases from primary gastric, pancreatic, colonic, or ovarian ma-

lignancies. Hernias account for approximately 10% of cases and result 

from innate weak points in the abdominal wall or arise from previous 

surgical incisions.9

PATHOPHYSIOLOGY

An obstruction is classified as complete when the intestinal lumen is 

completely occluded and no amount of gas or fluid is able to pass 

through the site of obstruction. Intestinal obstruction can lead to se-

vere life-threatening complications if bowel ischemia were to occur.10 

The progression to ischemia begins with bowel dilatation proximal to 

the site of obstruction, as intraluminal contents are unable to pass. As 

the bowel dilatation worsens, its absorptive function is lost and fluid 

and electrolytes accumulate in the intestinal lumen. These events result 

in an increase in the intraluminal pressure of the bowel that can cause 

a decrease in blood flow to the intestinal wall leading to ischemia. If 

malperfusion is severe enough, necrosis of the bowel wall and perfora-

tion can occur. The risk for bowel ischemia is greater in the setting of 

a complete bowel obstruction.

A closed loop bowel obstruction occurs when a segment of in-

testine is occluded at two different points along its course so that 

gas and fluid are trapped within this loop of bowel (Fig. 91.1). 

Because intraluminal pressures are much higher in a closed loop 

obstruction, there is increased risk for the development of bowel 

ischemia. This is most commonly caused by an abdominal wall 

hernia, internal hernia, or volvulus. Strangulation is another seri-

ous complication of bowel obstruction that can also lead to bowel 

ischemia and is more commonly seen with a closed loop obstruc-

tion. This occurs when the blood supply from the mesentery to the 

intestine is occluded, with rapid progression to bowel necrosis and 

perforation if left untreated.

CLINICAL PRESENTATION

Patients classically present with symptoms of crampy abdominal 

pain, nausea and vomiting, and constipation.11 The addition of ab-

dominal distension and obstipation should raise suspicion for the 

presence of a bowel obstruction. The severity of abdominal pain may 

be dependent on the degree of the obstruction. A partial obstruction 

may have an insidious onset over the course of hours or days accom-

panied by intermittent, crampy pain. A complete bowel obstruction 

tends to be acute with unrelenting abdominal pain. Fever; tachycar-

dia; tachypnea; severe abdominal pain with involuntary guarding, 

rigidity, and rebound tenderness on examination; and the presence 

of leukocytosis or metabolic acidosis may be indicative of bowel 

ischemia. However, it should be noted that using clinical symptoms 

and signs has not been found to be accurate in predicting the pres-

ence of ischemic gangrenous bowel.12

EVALUATION

The evaluation for a mechanical bowel obstruction includes patient 

history, physical examination, and imaging. Patient history should fo-

cus on the severity, character, and duration of the patient’s abdominal 

pain; time since last flatus and bowel movement; and changes in stool 

color or caliber. On the physical examination, it is important to detect 

signs of peritonitis; identify prior surgical incisions; and evaluate for 

ventral, incisional, inguinal, or femoral hernias. A digital rectal exami-

nation should be performed to evaluate for a rectal mass and blood per 

rectum.

It is extremely difficult to discern clinically whether a patient has 

a complete or partial obstruction. Therefore radiographic imaging is 

usually required for further evaluation. Radiographic imaging begins 

with abdominal upright and supine plain x-rays. This may show di-

lated loops of small bowel containing air–fluid levels. The colon may 

appear decompressed with an absence of air depending on the loca-

tion of the obstruction. The presence of free air under the diaphragm 

indicates a hollow viscous perforation and mandates the need for 

immediate surgical consultation without the need for additional 

imaging.

Mechanical Bowel Obstruction
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Computed tomography (CT) of the abdomen and pelvis should be 

performed on all patients being evaluated for a bowel obstruction, as 

it is useful for characterizing the severity of the obstruction, determin-

ing the etiology, and revealing the presence of compromised bowel. 

The sensitivity and specificity of diagnosing a bowel obstruction with 

CT imaging is 94% and 97%, respectively.13 CT scan is also fairly ac-

curate in diagnosing a complete obstruction.14 A common finding of 

an obstruction is a transition point with dilated bowel proximally and 

decompressed bowel distally. In postoperative patients, however, bowel 

dilatation is a common finding, and it may be difficult to differentiate 

between an ileus and an obstruction. Other findings on CT may in-

clude a target sign or mesenteric swirling suggestive of a volvulus or an 

internal hernia. Unlike plain x-rays, CT imaging with intravenous 

contrast can show signs that may indicate bowel ischemia. These find-

ings include bowel wall thickening and edema, poor enhancement of 

the bowel wall, pneumatosis intestinalis, portal or mesenteric venous 

gas, and ascites.

MANAGEMENT

Patients commonly present with signs of dehydration and mild elec-

trolyte abnormalities. A metabolic panel may show the depletion of 

sodium, chloride, or potassium, and a complete blood count may show 

leukocytosis and hemoconcentration. Isotonic fluid such as lactated 

Ringer’s solution or 0.9% normal saline should be administered for 

resuscitation, and electrolyte abnormalities should be corrected if nec-

essary. If operative intervention is indicated, patients should be resus-

citated before surgery. A Foley catheter should be inserted so that urine 

output can be measured and used as a marker of end-organ perfusion 

to guide fluid resuscitation.

A subset of patients may present with more severe physiologic 

derangements in the form of hypovolemic shock, metabolic acidosis, 

or acute kidney injury. The development of sepsis and septic shock in 

a patient with presumed bowel obstruction is indicative of bowel 

ischemia and should prompt surgical intervention. Respiratory com-

promise can occur with severe bowel distension elevating the dia-

phragm and abdominal pain and discomfort limiting inspiratory ef-

fort. Depending on the severity of the acute physiologic derangements, 

patients may require admission to an intensive care unit (ICU) for 

hemodynamic monitoring and aggressive fluid resuscitation before 

operative intervention. Potassium repletion should be done judi-

ciously with close monitoring in the setting of acute kidney injury. In 

addition, the pH of 0.9% normal saline is around 5.5, and caution 

should be taken with its use in resuscitation, as infusing large amounts 

can cause or worsen metabolic acidosis.15

Patients should be made nil per os. A nasogastric tube should be 

placed for gastric decompression to improve patient comfort and re-

duce the risk of vomiting and aspiration. The nasogastric tube can also 

evacuate swallowed air, limiting further bowel distension. Antibiotics 

are not routinely administered for uncomplicated mechanical bowel 

obstruction. They should be administered in the perioperative setting 

if operative intervention is warranted and concern for sepsis caused by 

bowel ischemia, necrosis, or perforation exists. Severe sepsis and septic 

shock can also occur after surgery for strangulated gangrenous bowel, 

as relieving the strangulation can cause the release of endotoxin and 

other inflammatory mediators into the bloodstream.16 These patients 

should be admitted to the ICU and receive treatment based on the 

Surviving Sepsis Guidelines.17

The decision for operative versus nonoperative management of a 

patient with a mechanical SBO is a challenging one largely based 

upon clinical judgment. The morbidity and mortality risks associ-

ated with an operation are weighed against the likelihood of wors-

ened outcomes caused by a delay in appropriate management. Pa-

tients with peritonitis on physical examination, systemic toxicity, an 

acutely incarcerated or strangulated hernia, and findings of pneuma-

tosis or perforation on imaging studies should undergo emergent 

surgery. There is a low threshold for operative intervention when CT 

scan findings are suggestive of possible bowel ischemia and closed 

loop obstruction.

Patients without clinical or radiologic signs of bowel compromise 

are managed nonoperatively with close clinical monitoring that com-

prises serial abdominal examinations. Nonoperative management is 

overall successful in 65%–80% of patients. Any clinical deterioration 

should prompt urgent operative intervention. Traditional surgical 

dogma has endorsed immediate surgery for patients with a complete 

SBO. Recent practice guidelines have recommended that patients 

without signs of bowel ischemia can safely undergo initial nonopera-

tive management while cautioning that complete obstruction has a 

higher risk of failure.18 The four concerning signs of bowel ischemia 

are fever, leukocytosis, tachycardia, and localized abdominal tender-

ness. Patients with SBO often present with mild tachycardia and leu-

kocytosis, but these should resolve with hydration and pain relief. If 

one or more of these signs progress, concern for bowel ischemia 

should prompt the need for operative intervention. A hypertonic 

water-soluble contrast agent should be administered to patients being 

observed, as it can be therapeutic by accelerating the resolution of 

adhesive bowel obstruction.19,20 Additionally, the lack of contrast in 

the colon by 24 hours after administration is predictive of failure of 

nonoperative management and should prompt early operative inter-

evention.21 Nonoperative management should not extend beyond 3–5 

days, as the obstruction is unlikely to resolve at this point. An excep-

tion is early postoperative SBO (without obvious sign of ischemia), 

which can generally be managed conservatively for up to 2 weeks.22 

The risk of surgery during this postoperative time is significant be-

cause of the nature of abdominal adhesions that increases the risk for 

iatrogenic injury.

Fig. 91.1 A CT scan showing a closed loop obstruction involving the 

sigmoid colon caused by an incarcerated inguinal hernia.
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 References for this chapter can be found at expertconsult.com.

KEY POINTS

• Patients may present with severe physiologic derangements in the form of 

metabolic acidosis, acute kidney injury, and hypovolemic shock.

• Patients with peritonitis on physical examination, systemic toxicity, an 

acutely incarcerated or strangulated hernia, and findings of pneumatosis or 

perforation on imaging studies should undergo emergent surgery.

• A CT scan should be obtained in all patients suspected of having a bowel 

obstruction.

• Patients without clinical or radiologic signs of bowel compromise may 

safely undergo nonoperative management of mechanical SBO.

• Nonoperative management consists of fluid resuscitation, correction of elec-

trolyte disturbances, close monitoring of resuscitative efforts. and nasogastric 

tube decompression.

• Administration of hypertonic water-soluble oral contrast is both diagnostic 

and therapeutic for the management of adhesive SBO.

• Delay in appropriate management in the setting of bowel compromise is 

associated with increased morbidity and mortality.

Di Saverio S, Catena F, Ansaloni L, et al. Water-soluble contrast medium (Gastro-

grafin) value in adhesive small intestine obstruction (ASIO): A prospective, 

randomized, controlled, clinical trial. World J Surg. 2008;32:2293–2304.

A multicenter, prospective, randomized, controlled study designed to deter-

mine the therapeutic role of Gastrografin in patients with adhesive small 

bowel obstruction. The study showed that Gastrografin use is safe and reduces 

the operative rate, time to resolution of obstruction, and length of hospital 

stay.

Maung AA, Johnson DC, Piper GL, et al. Evaluation and management of 

small-bowel obstruction: An Eastern Association for the Surgery of 

Trauma practice management guideline. J Trauma Acute Care Surg. 

2012;73:S362–S369.

A practice management guideline for the evaluation and management of 

small bowel obstruction. A systematic literature review was performed to  

provide evidence-based recommendations.

Ten Broek RP, Issa Y, van Santbrink EJ, et al. Burden of adhesions in abdominal 

and pelvic surgery: Systematic review and meta-analysis. BMJ, 2013;

347:f5588.

A systematic review of the literature and meta-analyses of studies reporting 

on the incidence of adhesion-related complications. This review provides  

detailed knowledge of the disease burden of adhesions and small bowel  

obstruction after abdominal and pelvic surgery.

Ten Broek RPG, Krielen P, Di Saverio S, et al. Bologna guidelines for diagnosis 

and management of adhesive small bowel obstruction (ASBO): 2017  

update of the evidence-based guidelines from the World Society of Emer-

gency Surgery ASBO working group. World J Emerg Surg. 2018;13:24.

An updated practice management guideline for the evaluation and manage-

ment of small bowel obstruction. A systematic literature search was per-

formed to identify relevant new papers to provide recommendations for the 

diagnosis and treatment of ASBO.

ANNOTATED REFERENCES

Aquina CT, Becerra AZ, Probst CP, et al. Patients with adhesive small bowel 

obstruction should be primarily managed by a surgical team. Ann Surg. 

2016;264:437–447.

A review of a statewide database examining healthcare use and outcomes for 

adhesive small bowel obstruction. The results of the study suggest that  

primary management by a surgical service may reduce costs and improve 

outcomes in patients presenting with adhesive small bowel obstruction.
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Toxic Megacolon and Ogilvie’s Syndrome
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Toxic Megacolon

Toxic megacolon is the late, life-threatening complication of inflam-

matory or infectious colitis. Patients present with fever, leukocytosis, 

abdominal distention, and tenderness, with or without signs of local or 

generalized peritonitis. Both IBD and infectious colitis classically pres-

ent with diarrhea, but constipation may herald the onset of megaco-

lon, delaying diagnosis. In addition to these findings, patients may 

present with dehydration, altered consciousness, electrolyte distur-

bances, hypoalbuminemia, and hypotension. In severe cases, septic 

shock and MOF may ensue.9,10 Factors that may trigger or predispose 

to the development of toxic megacolon have been identified; these in-

clude severe hypokalemia; discontinuation or rapid tapering of corti-

costeroids, sulfasalazine, or mesalazine; use of antidiarrheal agents; 

and use of antidepressants.11 Barium enema and colonoscopy may 

cause worsening distention that further impairs colonic blood supply, 

leading to worsening ischemia and perforation. Colonoscopy and 

barium enema are contraindicated in patients with clinical or radio-

graphic features of toxic megacolon because of the risk of perforation.

PATHOGENESIS OF ACUTE MEGACOLON

Colonic Ileus and Ogilvie’s Syndrome

The pathophysiology of Ogilvie’s syndrome is not fully understood. 

Current literature suggests an imbalance in autonomic regulation of 

the colonic motor function, leading to excessive parasympathetic sup-

pression and sympathetic stimulation. This results in an aperistaltic 

colon.12,13 In addition to autonomic dysregulation, neurotransmitters 

(e.g., substance P and vasoactive intestinal polypeptide [VIP]), inflam-

matory mediators (e.g., tumor necrosis factor [TNF], interleukin-1 

[IL-1]), metabolic derangements, and pharmacologic interventions 

also play a crucial role in the development of Ogilvie’s syndrome.14 

Electrolyte disturbances are common and often multifactorial. For 

example, the inflamed colon loses its capacity to reabsorb salt and 

water, and the rate of potassium excretion into the lumen may be 

markedly increased because of inflammatory diarrhea. Metabolic alka-

losis secondary to volume depletion and potassium loss is associated 

with poor prognosis. Metabolic acidosis suggests the presence of isch-

emic colitis.

Postoperative motility disturbances are inevitable after abdominal 

surgery and result from a complex interaction of neurogenic and in-

flammatory mechanisms. The extent of parasympathetic suppression 

and sympathetic activation depends on the amount of surgical stimu-

lation, as demonstrated by Bueno and colleagues in experimental stud-

ies in dogs.15 Surgical manipulation triggers two different, distinct 

phases of postoperative ileus. The first or early phase is neurally medi-

ated and is activated during and immediately after surgery. During this 

phase, intestinal manipulation initiates release of norepinephrine via 

the sympathetic nerves from the spinal cord, in addition to nitric oxide 

Acute megacolon refers to a syndrome defined by abnormal colonic 

distention in the absence of mechanical obstruction. Megacolon may be 

a manifestation of Ogilvie’s syndrome or toxic megacolon. The sequelae 

of these disorders results in diffuse colonic dysmotility. Ogilvie’s syn-

drome is an eponym for acute colonic pseudo-obstruction (ACPO).1,2 

Critical illness–related colonic ileus (CIRCI) is characterized by consti-

pation for several days without marked colonic distention and may 

herald development of Ogilvie’s syndrome.3 Ogilvie’s syndrome is be-

lieved to be a functional disturbance of colonic motility often observed 

in hospitalized patients as a result of hemodynamic, metabolic, phar-

macologic, inflammatory, or postoperative conditions.4 In toxic mega-

colon, the distention is caused by severe colitis and is associated with 

systemic manifestations or toxicity. Although usually attributed to in-

flammatory bowel disease (IBD), most notably ulcerative colitis (UC), 

toxic megacolon may manifest in the critically ill as a complication of 

severe infectious colitis, most frequently caused by Clostridium difficile. 

Both Ogilvie’s syndrome and toxic megacolon are medical emergencies 

that, if left untreated, result in intestinal barrier failure, colonic isch-

emia, perforation, and multiple organ failure (MOF). This chapter fo-

cuses on toxic megacolon and Ogilvie’s syndrome in critically ill pa-

tients admitted to the intensive care unit (ICU) and provides 

management and prevention strategies for each disease process.

CLINICAL FEATURES

Ogilvie’s or Acute Colonic Pseudo-Obstruction

The clinical features of Ogilvie’s syndrome include abdominal disten-

tion, with or without abdominal pain, in hospitalized or institutional-

ized patients with serious underlying medical and surgical condi-

tions.2,5,6 Patients usually present with constipation; however, passage 

of flatus or stool is reported in up to 40% of patients.2 Bowel sounds 

may be normal, diminished, or hyperdynamic. Leukocytosis and fever 

are more common in patients with ischemia or perforation, but also 

occur in those who have not developed these complications. According 

to Laplace’s law, the pressure required to stretch the walls of a hollow 

viscus decreases in inverse proportion to diameter.7 Therefore progres-

sive colonic distention causes the highest tension in the wall of the 

cecum and is most likely to be the site of perforation. The risk of cecal 

perforation increases sharply when cecal diameter is greater than 12 cm 

and when this distention has been present for longer than 6 days.8 A 

diameter of 9–12 cm has been suggested as a sign of impending perfo-

ration.2,4 Institutionalized patients with chronic constipation or chronic 

dysmotility can have a chronically distended cecum with diameter over 

12 cm without clinical manifestation. The 12-cm diameter warning 

must therefore be individualized. If the diagnosis and treatment are 

delayed, progressive distention may cause peritoneal signs, abdominal 

compartment syndrome, respiratory compromise, sepsis, ischemia, 

perforation, MOF, and death.
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(NO) and VIP release via vagal nerve stimulation, abolishing the mo-

tility of the entire gastrointestinal tract.16,17 This phase ceases once the 

abdomen is closed. The second, long-lasting phase of postoperative 

ileus involves the inflammation of the intestinal muscularis. During 

this phase, activation of peritoneal mast cells triggers release of vasoac-

tive and proinflammatory substances, such as histamine and proteases, 

which recruit leukocytes and temporarily increase mucosal permeabil-

ity. This allows luminal bacteria or bacterial products to enter the 

lymphatics. This likely represents the key event that triggers the next 

stage of the inflammatory cascade: activation of resident macrophages. 

Once activated, resident macrophages release cytokines such as TNF 

and subsequent upregulation of inducible nitric oxide synthetase 

(iNOS) and cyclooxygenase-2 (COX-2), further blunting the contrac-

tile response of the inflamed tissues.18 In addition, in vivo animal stud-

ies have demonstrated that endogenous opioids released peripherally 

can modulate gastrointestinal (GI) motor and secretory functions.19 

Opioid receptors are stimulated by endogenous opioids, which are se-

creted locally upon stress. Once activated, they inhibit acetylcholine 

release from motor neurons and promote transmitter release from 

inhibitory neurons.20 In addition to stimulation by endogenous opi-

oids, exogenous opioids, commonly used for analgesia, also act upon 

peripheral opioid receptors in the GI tract, inhibiting GI motility.

CIRCI may be related to circulating bacteria or bacterial products 

and/or proinflammatory cytokines, following a similar mechanism as 

previously described. Colonic ileus also has been associated with 

ischemia-reperfusion injury, causing energy deficit, functio laesa, and 

oxidant-mediated tissue damage. Finally, distal colonic distention in-

duces inhibition of proximal colonic motility, the so-called colo-colonic 

reflex, thereby perpetuating a vicious cycle.21

PREDISPOSING FACTORS

Ogilvie’s Syndrome

ACPO was first described by Sir William Heneage Ogilvie’s in two pa-

tients who had retroperitoneal tumors invading the celiac plexus, 

which led him to suggest sympathetic deprivation as the etiology of the 

massive distention.5 The vast majority of patients presenting with 

Ogilvie’s syndrome have the syndrome in association with a predispos-

ing factor. Clinical factors predisposing to Ogilvie’s syndrome are sum-

marized in Box 92.1.1,2,6 In a large retrospective series of 400 patients, 

Vanek and Al-Salti reported the most common predisposing condi-

tions associated with Ogilvie’s syndrome were nonoperative trauma 

(11%), infections (10%), and cardiac disease (10%).6 Although non-

surgical factors predisposing to Ogilvie’s syndrome are frequent, surgi-

cal operations remain the most common cause of this syndrome.  

Of these, Ogilvie’s syndrome is most likely to occur after obstetric/ 

gynecologic, abdominal/pelvic, trauma, orthopedic/spine, and cardiac 

procedures. These procedures account for 50%–60% of all Ogilvie’s 

cases.22 Exogenous catecholamines have dose-dependent effects on in-

testinal motility; low doses promote and high doses suppress motility. 

a-Adrenergic agonists and dopamine are stronger inhibitors of acetyl-

choline release than b-adrenergic agents. Dopamine, in addition to 

inhibiting upper GI motility, inhibits distal colonic motility. Antipsy-

chotic agents such as clozapine, haloperidol, and olanzapine have been 

associated with life-threatening forms of Ogilvie’s syndrome.23 One 

explanation of these gastrointestinal side effects is their antimuscarinic 

properties. Opioids suppress GI motility through activation of mu-

opioid receptors, which inhibit the release of acetylcholine from the 

myenteric plexus. The outcome of this interaction is the decreased 

levels of cyclic adenosine monophosphate (cAMP) and calcium with a 

reduction in excitatory neurotransmitter release that ultimately leads 

to decreased peristalsis.12,20 Opioid agonists inhibit GI wall motility, 

impair reabsorption of fluid from the lumen, and impair relaxation of 

the internal anal sphincter.24 Additional predisposing factors such as se-

vere metabolic derangements, sepsis, GI infections, and spinal cord inju-

ries have also been implicated in the development of Ogilvie’s syndrome.

Toxic Megacolon

Acute toxic megacolon was originally described in 1950 as a complica-

tion of IBD. Currently, the incidence of toxic megacolon in IBD has 

substantially decreased with advances in the management of severe coli-

tis. Over the course of the last decade, the list of etiologic factors was 

expanded by a vast array of inflammatory and infectious conditions: 

bacterial colitides such as C. difficile, Staphylococcus spp., Salmonella spp., 

Shigella spp., and Campylobacter spp.; in addition, viral (e.g., cytomega-

lovirus [CMV], human immunodeficiency virus [HIV] and herpesvi-

rus) and parasitic (Entamoeba) infections have been associated with 

toxic megacolon.25,26 However, the most common cause of acute toxic 

megacolon in the critically ill is pseudomembranous colitis caused by C. 

difficile. Although many conditions have been associated with the devel-

opment of toxic megacolon, the precise pathophysiology is not fully 

understood. Causes of toxic megacolon are summarized in Box 92.2.

Clostridium Difficile Infection

C. difficile is a gram-positive, spore-forming, toxin-producing, anaerobic 

rod bacterium. Less than 5% of the healthy adult population is colonized 

with this bacterium (see Chapter 135 for more details).27 An estimated 

30% of hospitalized patients become colonized with C. difficile, although 

most of these patients remain asymptomatic. Pathogenic strains produce 

two major exotoxins: toxin A (enterotoxin/Tcd A) and toxin B (cytotoxin/

Tcd B).28 Purified toxin A possesses potent enterotoxic and proinflamma-

tory activities. Toxin B has been previously reported to exhibit no entero-

toxic activities; however, recent studies have described enterotoxic and 

proinflammatory activities in human intestinal xenografts in mice.29 

It has been postulated that toxins A and B act synergistically to activate 

BOX 92.1 Clinical Factors Predisposing to 
Ogilvie’s Syndrome or Acute Colonic Pseudo-
Obstruction

Cardiovascular

• Heart failure, stroke

• Gut ischemia

Critical Illness

• Severe sepsis

• Acute pancreatitis

• Shock or hypoxemia

Postoperative State or 

Trauma

• Intestinal manipulation

• Peritonitis

• Immobility and dehydration

• Vertebral, pelvic, or hip fracture/

surgery

• Retroperitoneal hematoma

Metabolic Factors

• Hypokalemia and hyperglycemia

• Hypothyroidism, diabetes mellitus

• Liver or renal failure

• Amyloidosis

Drugs

• a-Adrenergic agonists, dopamine18

• Clonidine and dexmedetomidine36

• Opioids

• Anticholinergics, calcium channel 

antagonists

• Antipsychotics39,40

• Antidepressants

• High-dose  phosphodiesterase 

inhibitors

Gastrointestinal Infections

• Cytomegalovirus, herpes zoster

• Tuberculosis

Neurologic

• Transection of the spinal cord

• Low spinal cord disease

• Parkinson disease

Obstetric

• Cesarean section

• Normal delivery
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cell-signaling molecules, including transcription factor, nuclear factor 

kappa B (NF-kB), and mitogen-activated protein kinases in monocytes, 

leading to production and release of proinflammatory cytokines. Toxin A 

leads to an increased secretion of fluid within the digestive tract, mucosal 

inflammation, and structural damage. Toxin B, in most cases, is respon-

sible for the major problems associated with infection and is estimated to 

have 10 times more impact on the gastrointestinal tract than toxin A.30 

Recently, a hypervirulent strain has been identified. This strain, referred 

to as NAP1/BI/027, is responsible for the outbreaks of highly virulent 

pathogens. A deletion in this strain’s tcdC gene, which is a negative regula-

tor of toxin production, causes production of both toxins A and B to in-

crease by 16-fold to 23-fold.27,31 This strain is also more resistant to fluo-

roquinolones, has hypersporulation capacity, and produces an additional 

toxin, toxin C. The hypersporulation capacity potentially accounts for the 

enhanced transmission in hospitals compared with previous strains.

Colonic proliferation of C. difficile is thought to occur when the 

bacterial environment has been altered by current or previous expo-

sure to antibiotics.27 Historically antibiotics such as clindamycin, 

cephalosporins, and certain penicillins were most commonly associ-

ated with C. difficile colitis. More recently, fluoroquinolones have been 

implicated as a more frequent cause of this infection. The risk of ac-

quiring the organism increases with prolonged hospital stay and insti-

tutionalization, and may be spread by nosocomial transmission. It has 

been postulated that susceptibility is further increased with the con-

current use of gastric acid–inhibiting drugs by facilitating increased 

survival of C. difficile spores. A complete list of factors associated with 

C. difficile infection can be found in Box 92.3.

DIAGNOSIS OF ACUTE MEGACOLON

The diagnosis of acute megacolon is suggested by the clinical presenta-

tion. Thorough history and physical examination should be obtained 

for all patients with acute abdominal distention and may help identify 

the underlying cause (see Boxes 92.2 and 92.3). Mild cases typically 

present with abdominal pain and cramping, constipation or diarrhea, 

and low-grade fever. More severe cases may present with significant 

abdominal tenderness and signs of systemic inflammation, such as  

fever, leukocytosis, and electrolyte abnormalities. Plain abdominal  

radiography is essential in the diagnostic workup, which will show 

varying degrees of colonic dilation. Dilation is most pronounced in the 

cecum, ascending, and right transverse colon. The cecal diameter may 

range from 6 to 20 cm. “Cutoffs” are common at the splenic flexure and 

descending colon (Fig. 92.1). Dilation of the left colon may occur as 

BOX 92.2 Disorders Associated With Toxic 
Megacolon

Inflammatory Bowel Disease

• Ulcerative colitis

• Crohn disease

Infectious Colitis

• Salmonella, Shigella, amebic colitis

• Clostridium difficile

• Cytomegalovirus colitis

• HIV infection

Cancer Chemotherapy

Ischemia

HIV, Human immunodeficiency virus.

BOX 92.3 Factors Associated With 
Colonization and Subsequent Infection With 
Clostridium difficile

Disruption of Indigenous Microflora

• Antibiotics suppressing indigenous microflora

• Cancer chemotherapeutics with antimicrobial activity

• Preoperative bowel preparation

Opportunity of Infection

• Prolonged hospital stay

Microbial Factors

• Toxigenicity and adhesion

Diminished Gastrointestinal Defense

• Reduced or suppressed gastric acid secretion

• Parenteral nutrition

• Postpyloric enteral nutrition

• Gastrointestinal surgery

Antibody Response of the Host

Poor Underlying Condition

• Old age

• Cancer

• Renal insufficiency

• Long-term use of corticosteroids

• Bedridden state

Fig. 92.1  Plain abdominal radiograph of patient with respiratory insuf-

ficiency caused by severe emphysema and Ogilvie’s syndrome 10 days 

after dynamic hip screw implantation for femoral fracture. Dilatation is 

most pronounced in the cecum and ascending colon. Gas and fecal 

pattern in the distal colon is normal. The patient was successfully 

treated with intravenous neostigmine.
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sensitive, it is not as specific for CDI, because this enzyme is produced 

by both toxigenic and nontoxigenic organisms. GDH-negative speci-

mens require no further testing. GDH-positive specimens must  

undergo additional screening either by NAAT or by toxins A and B 

enzyme immunoassay (EIA) testing, followed by NAAT if the EIA  

results are discordant.33 Final results take 2–5 days. After an initial 

negative result, repeat testing within 48 hours should be discouraged, 

as conversion to a positive result occurs in less than 5% of patients.34 

Studies have shown that both toxins A and B EIA and toxigenic cultures 

may remain positive for as long as 30 days in patients who have resolu-

tion of symptoms. Therefore “test for cure” studies may complicate 

clinical care, resulting in unnecessary prolongation of treatment, and 

should not be performed. Surveillance cultures of feces are advocated to 

detect other pathogens such as enterotoxin-producing Clostridium pre-

fringens, Staphylococcus aureus, and Klebsiella oxytoca. Blood cultures 

should be obtained in any patient presenting with toxic megacolon.

Limited endoscopy (e.g., flexible sigmoidoscopy) with biopsy may be 

valuable in differentiating etiologic causes; however, full colonoscopy bears 

the high risk of perforation and is therefore contraindicated. IBD is  

characterized by diffusely abnormal crypt structure, whereas normal crypt 

architecture is seen in bacterial colitis. Mild cases of C. difficile colitis are 

associated with nonspecific findings of colitis, such as friability of the mu-

cosal surface. In severe cases, focal ulcerations covered by purulent mate-

rial, or pseudomembranes, interspersed with normal intervening mucosa, 

may be seen. Although pathognomonic for CDI, these lesions are not 

uniformly present and may not be present throughout the entire colon.

MANAGEMENT

Ogilvie’s Syndrome

Medical Management

An essential concept to the management of Ogilvie’s syndrome is pre-

vention. Many hemodynamic, surgical, and metabolic derangements 

have been implicated with the development of Ogilvie’s syndrome. 

Strategies to prevent this condition in the critically ill are highlighted 

in Box 92.4. Life-threatening complications may occur if treatment is 

delayed. Supportive therapy is the preferred initial management and 

should be instituted in all patients with uncomplicated ACPO (absence 

of ischemia, peritonitis, cecal diameter .12, and/or significant ab-

dominal pain).35 Concomitantly, conditions that impair colonic motil-

ity must be corrected. Patients should be made nil per os (NPO) and 

intravenous fluids administered to restore euvolemia. Nasogastric de-

compression should be initiated in patients with concomitant paralytic 

ileus. Electrolyte and metabolic abnormalities, including phosphorous, 

Fig. 92.2  Plain abdominal radiograph of a patient with Ogilvie’s syn-

drome 11 days after surgery for a ruptured aneurysm of the abdominal 

aorta. Dilatation (probably the result of ischemia) is present in both the 

right and left colon. The syndrome was resolved with vasodilators and 

intravenous neostigmine.

BOX 92.4 Strategies to Prevent Ogilvie’s 
Syndrome in the Critically Ill

• Early resuscitation of the circulation

• Minimizing prolonged infusion of high doses of a-adrenergic drugs

• Minimizing the use of dopamine

• Minimizing the prolonged use of opioids

• Use of thoracic epidural anesthesia

• Minimally invasive or laparoscopic surgery

• Selective decontamination of the digestive tract

• Avoiding antibiotics that disrupt the growth of anaerobic fecal bacteria

• Early oral or enteral feeding

• Avoidance of proton pump inhibitors

• Early mobilization and ambulation

• Promoting timely defecation

well (Fig. 92.2). The distribution of colonic dilation may be caused by 

different origins of the proximal and distal parasympathetic nerve sup-

ply of the colon. Air/fluid levels may be seen in the small bowel, indi-

cating a paralytic ileus. The differential diagnosis of acute colon disten-

tion in a critically ill patient should include mechanical obstruction, 

infectious colitis with toxic megacolon, and Ogilvie’s syndrome. Prompt 

evaluation of a patient with acute megacolon should involve excluding 

mechanical obstruction and other causes of toxic megacolon, such as  

C. difficile colitis, and assessment for signs of peritonitis or perforation, 

which indicates a surgical emergency. Mechanical obstruction is ex-

cluded if air is visible in all colonic segments, including the rectosig-

moid junction. If the diagnosis is in question, mechanical obstruction 

can be excluded by performing a computed tomography (CT) scan.  

The clinical or radiographic features of a toxic megacolon are an  

absolute contraindication to barium enema or the administration of 

laxatives. Toxic megacolon is diagnosed based on clinical signs of sys-

temic toxicity combined with radiographic evidence of colonic dilation  

(diameter .6 cm).32 Pneumatosis of the bowel wall or free intraperito-

neal air on CT scan indicates the need for urgent surgical consultation.

If toxic megacolon is suspected, fresh stool should be submitted for 

laboratory culture, and stool should be screened for the presence of 

toxigenic C. difficile. Commercially available nucleic acid amplification 

tests (NAATs) such as polymerase chain reaction (PCR) for the rapid 

detection of C. difficile infection (CDI) are inexpensive, highly sensi-

tive, and allow results to be available within hours. These tests should 

only be used in patients with documented diarrhea. An alternative 

method for the detection of CDI requires a two-step procedure. The 

patient should first be screened for the presence of glutamate dehydro-

genase (GDH), an enzyme produced by C. difficile in relatively large 

amounts compared with toxins A and B. Although GDH testing is 
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magnesium, calcium, and thyroid functions, should be corrected via 

parenteral administration. Blood cultures and empiric antibiotics 

should be administered if sepsis is clinically suspected. Offending 

medication use, such as opioids, anticholinergic agents, norepineph-

rine, and dopamine, should be minimized or discontinued if possible. 

Optimal body positioning, such as prone positioning with the hips 

elevated on pillows or the knee-chest position with the hips held high, 

often aids in spontaneous evacuation of flatus.2,5 These positions 

should be alternated with right and left lateral decubitus positions 

regularly, when feasible. Use of a rectal tube may also aid in decompres-

sion. Serial abdominal examinations, assessing for signs of peritonitis or 

free perforation, should be performed and plain abdominal radiographs 

should be obtained every 12–24 hours. Osmotic laxatives lead to increased 

gas formation in the colon and should be avoided.36 The reported success 

of conservative management is variable, with rates from 77% to 96%.32,37 

Deterioration or nonresolution of symptoms despite maximal medical 

therapy within 48–72 hours of initiating therapy should prompt recon-

sideration of the management plan.

If these measures are ineffective beyond 48–72 hours, either phar-

macologic therapy or endoscopic decompression should be considered 

as the next step in the treatment algorithm.32 Intravenous neostigmine 

is the drug of choice. Neostigmine is a short-acting anticholinesterase 

parasympathomimetic agent commonly used for postoperative rever-

sal of nondepolarizing neuromuscular blockade and in the treatment 

of myasthenia gravis. Parasympathetic stimulation can result in brady-

cardia, asystole, hypotension, bronchospasm, and hypersalivation.  

Coadministration of glycopyrrolate may be useful in preventing the 

side effects of the medication, including hypersalivation and broncho-

spasm.38 Close observation and monitoring with telemetry in a con-

trolled setting are warranted. In a double-blind, randomized placebo-

controlled trial of 21 patients with a cecal diameter of at least 10 cm 

despite 24 hours of conservative therapy, 10 out of 11 patients ran-

domized to receive an infusion of 2 mg neostigmine had prompt co-

lonic decompression, and 1 responded after subsequent retreatment.39 

None of the 10 patients randomized to placebo experienced resolution, 

but all 7 in whom neostigmine was openly administered subsequently 

responded. In a double-blind, placebo-controlled prospective study in 

critically ill, ventilated patients with CIRCI, continuous infusion of 

neostigmine at 0.4–0.8 mg/h resulted in defecation in 80% of patients, 

with no reported adverse events.3 Continuous-infusion neostigmine is 

associated with greater bowel diameter reduction at 24 hours and may 

be associated with decreased side effects compared with bolus dos-

ing.40 The 2019 American Society for Gastrointestinal Endoscopy 

guidelines recommend pharmacologic therapy with neostigmine  

(2 mg over 3–5 minutes) with appropriate cardiovascular monitoring. 

For patients who do not respond to a first dose of neostigmine, a second 

dose is recommended. For those patients refractory to bolus dosing of 

neostigmine, alternative routes of neostigmine administration, including 

subcutaneous or continuous intravenous infusion, are recommended.32,41 

Contraindications to the use of neostigmine include intestinal or urinary 

obstruction, presence of ischemia or perforation, pregnancy, uncon-

trolled cardiac arrhythmias, severe active bronchospasm, known hyper-

sensitivity reaction, and renal insufficiency.2,3,32 Unfortunately, relapse of 

Ogilvie’s syndrome after the initial response to medical therapy occurs in 

40% of patients, and more invasive therapies may be required.42

Invasive Interventions

Once medical management has failed, endoscopic decompression is 

the initial invasive procedure of choice for patients with marked cecal 

distention (.10 cm) of significant duration (.3–4 days), not improv-

ing after 24–48 hours of supportive therapy, and who have contraindi-

cations to or fail neostigmine treatment.4 Colonoscopy should be 

performed by an experienced endoscopist without the administration 

of bowel preparation using water infusion and minimal to no insuffla-

tion. If insufflation is required, the use of carbon dioxide rather than 

air is the preferred gas agent, as liberal use of air insufflation may lead 

to perforation.35 Advancing the scope to the level of the proximal he-

patic flexure is usually sufficient to obtain adequate decompression.7 

Gas should be aspirated and the viability of the mucosa assessed dur-

ing slow withdrawal of the scope. If signs of ischemia are present, the 

procedure should be aborted. Successful decompression has been 

achieved in 70%–80% of patients; however, the recurrence rates are as 

high as 50%.2,43 To increase therapeutic benefit, decompression tube 

placement at the time of colonoscopy may reduce recurrence, but con-

trolled trials with this intervention are not available. It is important to 

exclude perforation before performing endoscopic decompression, 

with a plain abdominal x-ray performed within several hours before 

the procedure, especially in patients with fever, leukocytosis, or wors-

ening abdominal pain.35 Studies comparing endoscopic decompres-

sion and pharmacologic treatment are limited.

Surgical management is rarely necessary and should be reserved for 

patients who have failed pharmacologic and endoscopic management 

or those who have clinical signs of colonic ischemia or perforation. 

Surgical options include a venting stoma (cecostomy) or colectomy.6 

Ogilvie’s syndrome is one of the few conditions where cecostomy is 

indicated in patients with prohibitive morbidity. Tube cecostomy 

should be performed only in patients without evidence of ischemia or 

perforation. It can be performed laparoscopically or through a limited  

right lower quadrant incision. A large Foley catheter is left in place for 

2–3 weeks to allow venting of the colon. Cecostomy is an effective 

treatment and can be performed under local anesthesia, but is associ-

ated with significant morbidity.44 In cases of ischemia or perforation, 

laparotomy is indicated. Segmental or subtotal resection may be per-

formed, as dictated by the extent of colon involvement. In the event a 

colectomy is needed, an end stoma and mucous fistula should be per-

formed and anastomosis avoided.

An alternative method of decompression includes percutaneous 

endoscopic colostomy of the cecum (PEC-cecum). PEC-cecum tubes 

can be placed radiographically or endoscopically with reported success 

rates up to 100%.35 However, PEC-cecum is not recommended as a 

routine option and should only be used in select cases after multidis-

ciplinary assessment of inoperable candidates.45 Complications associ-

ated with PEC-cecum include wound infection, bleeding, hematoma, 

perforation, granuloma, or buried bumper.

Toxic Megacolon
Medical Management

The initial goal of treatment is to reduce the severity of colitis so as to 

restore normal colonic motility and decrease the likelihood of perfora-

tion.25 Patients should be monitored closely in an ICU with frequent 

examinations to assess for clinical deterioration. A surgical consultation 

should be obtained on admission, although medical treatment is suc-

cessful in about 50% of patients. Complete blood counts, electrolyte 

panels, and serial plain abdominal films are reviewed every 12 hours 

initially, until clinical improvement has been observed. Conditions im-

pairing colonic motility must be corrected (see Box 92.1). In general, 

patients will require adequate resuscitation, electrolyte and vitamin  

replacement, early optimization of circulation, and, if necessary, me-

chanical ventilation. A nasogastric tube should be placed to decompress 

the GI tract. Early total parenteral nutrition has shown no survival 

benefit and should be reserved for patients who have evidence of long-

standing malnutrition in the absence of bacteremia, especially if they 

are likely to undergo surgery. However, enteral nutrition should be 

initiated as soon as possible and tolerance of enteral feeds monitored by 
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gastric volume residuals. Antimotility agents should be discontinued, 

and antiperistaltic agents for diarrhea are absolutely contraindicated.

Systemic antibiotics, administered empirically, are necessary to re-

duce septic complications and peritonitis. Empiric antibiotics should 

cover both gram-negative and anaerobic species, as guided by local 

susceptibility patterns and fecal surveillance cultures. It is important to 

select antibiotics that least inhibit the indigenous colonic flora, and in 

the case of C. difficile, the offending antibiotic should be discontinued. 

De-escalation of antibiotics should ensue, without delay, once final 

microbiologic data are obtained.

Patients with toxic megacolon caused by IBD should be treated with 

high-dose intravenous corticosteroids. Steroid treatment should be 

started immediately and not be delayed pending microbiologic results. 

Most authors recommend hydrocortisone 100 mg or equivalent every 6 

hours or by continuous infusion. Steroid use should be reevaluated on a 

regular basis and discontinued once an exclusively infectious etiology of 

toxic megacolon has been established. Patients with IBD-related toxic 

megacolon who do not respond to intravenous glucocorticoids within 3 

days should receive infliximab as the second-line therapy, and cyclospo-

rine should be reserved for those who cannot tolerate infliximab.46,47

In patients with toxic megacolon caused by severe C. difficile colitis, the 

first step is to stop the offending antibiotic and to give vancomycin 125 mg 

orally, four times a day.33 Treatment should not be delayed while awaiting 

microbiologic confirmation of CDI. Findings suggestive of severe, compli-

cated CDI include admission to the ICU, hypotension with or without 

required use of vasopressors, fever $38.5°C, mental status changes, white 

blood cell count $35,000 or ,2000 cells/mm3, serum lactate levels .2.2 

mmol/L, or evidence of end-organ failure. If any of these finding are pres-

ent, the vancomycin dosing should be increased to 500 mg orally four 

times a day with the addition of metronidazole 500 mg intravenously ev-

ery 8 hours. Vancomycin retention enemas (vancomycin 500 mg in 500 

mL saline per rectum four times a day) should also be administered.33 Fe-

cal microbial transplant has been used successfully in C. difficile patients 

with severe colitis, including toxic megacolon, but the indications, out-

comes, and risks of this approach are not well defined.48–51

Surgical Management

Patients unresponsive to medical treatment should undergo prompt sur-

gical resection. Surgical intervention should be considered if a patient has 

progressive signs of organ failure despite optimal medical therapy; CT 

scan findings suggestive of worsening disease; or signs of peritonitis, ab-

dominal compartment syndrome, colonic necrosis, full-thickness isch-

emia, or perforation. However, because of a lack of prospective random-

ized studies, it is difficult to identify the optimal point for surgical 

intervention in patients with severe, fulminant CDI, and mortality ranges 

from 35% to 80%.52 Subtotal colectomy with end ileostomy is considered 

the procedure of choice when urgent or emergent surgery is required. 

More recently, Neal and colleagues published their experience with an al-

ternative surgical approach: diverting loop ileostomy and colonic lavage.53 

In this technique, an ileostomy is created and intraoperative colonic lavage 

is performed with a warmed polyethylene glycol (PEG) solution via the 

ileostomy. Postoperatively, the patients received antegrade vancomycin 

flushes (500 mg in 500 mL lactated Ringer’s) every 8 hours for a duration 

of 10 days. Mortality was reduced from 50% to 19% among patients 

treated using this novel technique. There are not currently enough data to 

support the routine use of this procedure; however, it remains an alterna-

tive approach for the treatment of fulminant C. difficile colitis.

SUMMARY

Ogilvie’s syndrome manifests with massive dilation of the colon in the 

absence of mechanical obstruction. Evaluation involves exclusion of 

mechanical obstruction, cessation of offending agents, and selective 

use of neostigmine and colonic decompression. With appropriate 

management, colonic pseudo-obstruction usually resolves within  

several days. Toxic megacolon is a diagnosis based on clinical signs of 

systemic toxicity in combination with radiographic evidence of co-

lonic dilation. The goal of treatment is to reduce the effects of colonic 

inflammation and prevent perforation. Timely treatment with broad-

spectrum antibiotics combined with cessation of causative agents will 

help minimize the morbidity associated with this disease process. Sur-

gery should be reserved for those patients who fail to respond to 

medical management or show signs of ischemia or perforation. A high 

index of suspicion and early recognition of both Ogilvie’s syndrome 

and toxic megacolon are crucial to optimal management.

KEY POINTS

• Ogilvie syndrome, or acute colonic pseudo-obstruction (ACPO), is a syndrome of 

massive colonic dilation in the absence of mechanical obstruction that develops 

in critically ill patients with serious underlying medical and surgical conditions.

• Conservative therapy is the initial preferred management.

• Numerous contributory metabolic, infectious, and pharmacologic factors 

are associated with Ogilvie’s syndrome. These factors should be identified 

and corrected early in the treatment.

• Neostigmine is effective in a majority of cases of Ogilvie’s syndrome. Co-

lonic decompression may be required.

• Toxic megacolon is a syndrome of nonobstructive colonic dilation associ-

ated with systemic toxicity.

• Empiric antibiotics with gram-negative and anaerobic coverage should be 

initiated early in the course of treatment.

• Surgical intervention should be reserved for those patients who fail optimal 

medical management or show clinical signs of colonic ischemia or perforation.

 References for this chapter can be found at expertconsult.com.
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Severe Gastrointestinal Bleeding

Tyler J. Loftus and Martin D. Rosenthal

Gastrointestinal bleeding is common, and severe bleeding often re-

quires intensive care unit admission. Optimal management requires 

hemostatic resuscitation, management of antiplatelet and anticoagu-

lant agents, acid suppression, and a multidisciplinary approach to  

localization for hemorrhage control, summarized in Fig. 93.1.

RESUSCITATION

For patients with acute upper gastrointestinal bleeding, restrictive 

transfusion strategies (i.e., red cell transfusion when hemoglobin falls 

below 7 g/dL) decreases mortality and morbidity relative to liberal 

transfusion strategies.1,2 It is reasonable to maintain a higher threshold 

(e.g., hemoglobin 9 g/dL) in patients with ischemic cardiovascular dis-

ease.3 Although there is a lack of high-level evidence to inform deci-

sions regarding red cell transfusion strategies specifically for acute lower 

intestinal bleeding, it seems prudent to adopt a restrictive transfusion 

strategy for these patients as well.4,5 In cases of hemorrhagic shock, 

hemostatic resuscitation should proceed with balanced administration 

of red cells and plasma, in addition to platelet transfusions for patients 

with thrombocytopenia or the use of antiplatelet medications.6

MANAGEMENT OF ANTIPLATELET AGENTS

Management of antiplatelet therapy for patients with severe gastroin-

testinal bleeding depends on the indication for and type of antiplatelet 

therapy. When the indication is primary prevention of cardiovascular 

events, antiplatelet therapy should be discontinued.7 When the indica-

tion is secondary prevention of cardiovascular events in patients with 

known cardiovascular disease, low-dose aspirin monotherapy should 

be continued, and for patients receiving dual antiplatelet therapy,  

aspirin should be continued and the nonaspirin antiplatelet agent 

should be held for up to 1 week.8–10 If dual antiplatelet therapy is indi-

cated for cardiac percutaneous intervention within the prior 30 days or 

an acute coronary syndrome within the prior 90 days, it is reasonable 

to continue dual antiplatelet therapy, given the high risk of myocardial 

infarction and death associated with discontinuation of dual antiplate-

let therapy.11

MANAGEMENT OF ANTICOAGULANTS

When severe gastrointestinal bleeding occurs in the context of thera-

peutic anticoagulation, the anticoagulant should be discontinued, and 

reversal should be considered. Intravenous administration of vitamin 

K and prothrombin complex concentrates effectively reverses warfarin. 

Increasingly, direct thrombin inhibitors (e.g., dabigatran) and factor 

Xa inhibitors (e.g., rivaroxaban, apixaban, edoxaban, and fondaparinux) 

are used to prevent embolic stroke in nonvalvular atrial fibrillation and 

to prevent and treat venous thromboembolism. When patients present 

within 2–3 hours of ingesting anticoagulants, administration of acti-

vated charcoal may decrease their intestinal absorption, but will also 

impair endoscopic visualization of the gastrointestinal mucosa. Hemo-

dialysis can remove dabigatran from the bloodstream, but is ineffective 

in removing factor Xa inhibitors because they are highly protein-

bound.12 Idarucizumab, a specific monoclonal antibody, also reverses 

dabigatran.13 Fresh frozen plasma and cryoprecipitate have limited ef-

ficacy in reversing direct thrombin inhibitor and factor Xa inhibitors.14 

For cases of severe bleeding, prothrombin complex concentrates and 

the antifibrinolytic agent tranexamic acid may be considered, though 

evidence supporting their use specifically for gastrointestinal bleeding 

is limited, and they are associated with thromboembolic complica-

tions.12 It seems prudent to perform rapid thromboelastography and 

administer tranexamic acid if pathologic thrombolysis is identified, 

though this area remains controversial. Emerging evidence suggests 

that andexanet alfa effectively reverses factor Xa inhibitors with an ac-

ceptable safety profile, but further investigation is required before 

routine clinical use can be recommended.

LOCALIZATION AND TREATMENT

Clinical assessment often allows differentiation between upper gastro-

intestinal bleeding proximal to the ligament of Treitz and lower intes-

tinal bleeding. Brisk upper gastrointestinal bleeding presents with he-

matemesis or hematochezia (maroon or red blood passed through the 

rectum), whereas slower upper gastrointestinal bleeding allows oxida-

tion of blood products, resulting in coffee-ground emesis or melena 

(black, tarry stools).15 In cases of melena, gastric tube placement can 

help differentiate between upper and lower etiologies. Gastric fluid 

containing bile and no blood effectively rules out upper gastrointesti-

nal hemorrhage. In addition, blood urea nitrogen–to–serum creatinine 

ratios greater than 30:1 suggest upper gastrointestinal sources of hem-

orrhage, likely related to heme absorption and metabolism.16 Further 

diagnosis and management are typically guided by initially upper or 

lower endoscopy.

UPPER GASTROINTESTINAL BLEEDING

Upper gastrointestinal bleeding occurs in 60–160/100,000 people in 

the United States annually and is associated with 4%–10% mortal-

ity.17–20 The differential includes esophageal variceal hemorrhage—

accounting for approximately 10%–20% of all cases and more preva-

lent among patients with portal hypertension—and nonvariceal 

hemorrhage, usually caused by peptic ulcer disease, esophagitis, gastri-

tis, and Mallory-Weiss tears.21 Rare causes include Dieulafoy lesions, 

tumor, vascular malformation, hemobilia, and aortoenteric fistula. 

Etiologies of gastrointestinal bleeding are listed in Table 93.1. When 

upper gastrointestinal bleeding is suspected and nasopharyngeal and 
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Patient presents

with severe

gastrointestinal

bleeding

Suspect upper

gastrointestinal

bleeding

Variceal

hemorrhage

Vitamin K

antagonist

Consider

vitamin K

and PCC

administration

Consider

idarucizumab

administration

and

hemodialysis

Consider

andexanet

alfa

administration

Dabigatran
Factor Xa

inhibitor

Nonvariceal

hemorrhage

Endoscopic

injection of

vasoconstrictors,

thermal therapy,

clipping

Endoscopic

injection of

vasoconstrictors,

thermal therapy,

clipping

Vasoconstrictors,

prophylactic

antibiotics,

endoscopic

ligation

Refractory

hemorrhage:

consider TIPS

Refractory

hemorrhage:

consider

angioembolization

or surgery

Nondiagnostic:

suspect small

bowel source:

intraoperative

enteroscopy

Nondiagnostic:

suspect colon

source: segmental

or subtotal

colectomy

Nondiagnostic:

consider CT

angiography and

angioembolization

Suspect lower

intestinal

bleeding

Manage

antiplatelet

therapy

Low-dose aspirin

monotherapy for

known

cardiovascular

disease

Dual antiplatelet

therapy for known

cardiovascular

disease

Antiplatelet

administration for

primary prevention

of cardiovascular

events

Manage

anticoagulant

therapy

Management of

specific

anticoagulants

For hemorrhagic

shock consider

PCC and

tranexamic acid

administration

If taken within the

last 2–3 hours

consider activated

charcoal

administration

Clinical

assessment of

etiology

Discontinue

antiplatelet

agent(s)

PCI within 30 days

or ACS within 90

days

No: continue

aspirin,

discontinue

non-aspirin agent

Yes: continue dual

antiplatelet

therapy

Continue low-dose

aspirin

monotherapy

Hemostatic

resuscitation

Fig. 93.1 Severe Gastrointestinal Bleeding Management Algorithm. ACS, Acute coronary syndrome; 

CT, computed tomography; PCI, percutaneous coronary intervention; PCC, prothrombin complex concentrate; 

TIPS, transjugular intrahepatic portosystemic shunt.

oropharyngeal sources have been ruled out, upper endoscopy estab-

lishes the etiology.

Management of variceal hemorrhage in patients with cirrhosis 

should ideally include splanchnic vasoconstrictors (e.g., terlipressin/

vasopressin or octreotide), prophylactic antibiotics (e.g., norfloxacin 

or ceftriaxone), acid suppression with proton pump inhibitors, and 

endoscopic variceal ligation.22,23 If these measures fail to resolve hem-

orrhage, transjugular intrahepatic portosystemic shunt placement 

should be performed early, ideally within 24–48 hours of admission.24 

If these measures are not feasible, a Sengstaken-Blakemore tube can be 

used to temporize massive bleeding from esophageal varices through 

balloon compression. For patients with isolated gastric varices, gastric 

devascularization and splenectomy should be considered.25 Manage-

ment of portal vein thrombosis should be determined on a case-by-

case basis, weighing the risks and benefits of anticoagulation in terms 

of worsening portal hypertension and recurrent variceal hemorrhage 

versus bleeding complications.

Management of nonvariceal upper gastrointestinal hemorrhage 

depends on the etiology. Most can be managed endoscopically with 

injection of vasoconstrictors, thermal therapy with electrocoagulation 

or argon beam coagulation, and clipping. If endoscopic therapy is not 

feasible, fails once in the context of an ulcer greater than 2 cm or  

associated hypotension during rebleeding, or fails twice, surgical man-

agement and angiographic embolization should be considered.26,27 

Angiographic embolization is most likely to be successful in cases of 

discrete, localized arterial hemorrhage. Surgical management of  

refractory hemorrhage from a gastric ulcer typically includes ulcer 

excision and closure of the gastric defect, with intraoperative biopsy to 

assess for the presence of malignancy.28

Surgical management of refractory hemorrhage from a prepyloric or 

duodenal ulcer may consist of oversewing the ulcer plus vagotomy or 

performing a formal gastric resection, including the antrum, with recon-

struction by Billroth I, Billroth II, or Roux-en-Y gastrojejunostomy 

techniques plus vagotomy. Between these options, the latter has the  
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advantage of including both antrectomy and vagotomy to reduce gastrin 

and acetylcholine stimulation of hydrochloric acid production by pari-

etal cells, and is associated with a lower incidence of recurrent bleeding, 

with similar mortality rates.29,30 However, when discrete bleeding from 

the gastroduodenal artery at the base of a posterior duodenal ulcer can 

be identified though a pyloromyotomy or duodenotomy, hemorrhage 

can be effectively managed with three-point ligation of the gastroduode-

nal artery—cephalad, caudad, and medial, to ligate proximally, distally, 

and the transverse pancreatic branches, respectively—with vagotomy.28,31

LOWER INTESTINAL BLEEDING

Lower intestinal bleeding occurs in approximately 36/100,000 people 

in the United States annually and is associated with 2%–9% mortal-

ity.17,20,32,33 Common causes of acute lower intestinal bleeding, in de-

scending order of prevalence, include diverticulosis, hemorrhoids, 

ischemic colitis, colorectal polyps or neoplasms, angiodysplasia, post-

polypectomy bleeding, inflammatory bowel disease, and infectious 

colitis; rare causes include stercoral ulceration, colorectal varices,  

radiation proctopathy, and nonsteroidal antiinflammatory drug 

(NSAID)–induced colopathy. Etiologies of gastrointestinal bleeding 

are listed in Table 93.1. Lower intestinal bleeding usually resolves spon-

taneously, and is thus less likely to require emergency interventions. 

For most patients presenting with lower intestinal bleeding, colonos-

copy is the initial diagnostic and therapeutic procedure of choice.3

Early colonoscopy (i.e., within 12–24 hours of presentation) is  

associated with greater likelihood of obtaining a definitive diagnosis 

and shorter hospital length of stay.34–36 Preparation with polyethylene 

glycol or a similar solution is ideal, although the cathartic effects of 

intraluminal blood products along with cleaning of colonic mucosa 

during the procedure can provide adequate visualization.37 Similar to 

upper gastrointestinal hemorrhage, most cases can be managed endo-

scopically with injection of vasoconstrictors, thermal therapy with 

electrocoagulation or argon beam coagulation, and clipping.38

When colonoscopy is nondiagnostic or hemorrhage is brisk, computed 

tomography (CT) angiography is useful for localization, detecting  

bleeding as slow as 0.3 mL per minute.37 This can facilitate targeted, 

selective interventional angiography and embolization.39 Provocative an-

giography with administration of heparin, nitroglycerin, or thrombolytics 

may increase the likelihood of identifying the origin of hemorrhage, but 

also risks worsening hemorrhage.40 This technique should only be at-

tempted when a surgical team and operating room are available.

In contrast to upper gastrointestinal bleeding—with rich collateral 

circulation—lower gastrointestinal angiographic interventions target 

end arteries, and are thus more likely to lead to ischemia requiring 

surgical resection. Video capsule endoscopy can noninvasively identify 

small bowel sources of bleeding. When the etiology of bleeding cannot 

be identified by other means, laparotomy and intraoperative enteros-

copy can identify the source in approximately 80% of all cases.41 Lower 

intestinal hemorrhage secondary to ischemic colitis, inflammatory 

bowel disease, and tumors is less likely to respond well to endoscopic 

and angiographic management.3 In such cases, surgical resection of the 

involved bowel should be a primary consideration. It is important to 

localize the site of hemorrhage as precisely as possible before proceed-

ing with bowel resection. When upper gastrointestinal and small bowel 

hemorrhage have been ruled out and a discrete source of lower intes-

tinal bleeding cannot be identified, it is acceptable to perform subtotal 

colectomy, but this approach is associated with increased mortality 

and morbidity relative to targeted, segmental colectomy, particularly 

in elderly patients with multiple comorbidities and increased risk for 

dehydration secondary to high ileostomy output.42,43

PROGNOSIS

For patients with upper gastrointestinal hemorrhage, the Glasgow 

Blatchford score accurately predicts requirements for endoscopic in-

terventions and mortality.44 Endoscopic visualization of pathology can 

estimate the likelihood of recurrent bleeding based on visualization of 

active bleeding (high risk), visible nonbleeding vessels or adherent clot 

on an ulcer (intermediate risk), or clean ulcer base (low risk). Among 

patients with lower intestinal bleeding, risk factors for recurrent bleed-

ing or death include tachycardia, hypotension, ongoing hematochezia, 

age greater than 60 years, serum creatinine greater than 1.7 mg/dL, and 

unstable or clinically significant comorbidities.45

Upper Gastrointestinal  

Bleeding Lower Intestinal Bleeding

Variceal hemorrhage Diverticulosis

Peptic ulcer disease Hemorrhoids

Esophagitis Ischemic colitis

Gastritis Colorectal polyps or neoplasms

Mallory-Weiss tears Angiodysplasia

Dieulafoy lesions Postpolypectomy bleeding

Tumor Inflammatory bowel disease

Vascular malformation Infectious colitis

Hemobilia Stercoral ulceration

Aortoenteric fistula Colorectal varices

Radiation proctopathy

NSAID-induced colopathy

TABLE 93.1 Principal Causes of Upper 
and Lower Gastrointestinal Bleeding, 
Approximating Descending Order of 
Prevalence

NSAID, Nonsteroidal antiinflammatory drug.

KEY POINTS

• Hemostatic resuscitation should proceed with restrictive transfusion strate-

gies when possible.

• Management of antiplatelet agents depends on the indication for antiplate-

let therapy.

• Management of anticoagulants depends on the type of agent and urgency 

of reversal.

• Variceal hemorrhage is managed with vasoconstrictors, prophylactic antibi-

otics, and endoscopic ligation, with salvage by TIPS.

• Nonvariceal upper gastrointestinal hemorrhage is managed primarily with 

endoscopic techniques and secondarily by angioembolization or surgery.

• Lower intestinal hemorrhage is initially managed with endoscopic techniques, 

then with angiography, and then with intraoperative enteroscopy for small 

bowel sources and subtotal or segmental colectomy for colorectal sources.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Lau JY, Sung JJ, Lam YH, et al. Endoscopic retreatment compared with surgery 

in patients with recurrent bleeding after initial endoscopic control of 

bleeding ulcers. N Engl J Med. 1999;340(10):751–756.

In this prospective, randomized study, patients with recurrent bleeding from pep-

tic ulcers after initial upper endoscopy were randomized to undergo repeat en-

doscopy or surgery. Patients undergoing repeat endoscopy had decreased morbid-

ity compared with patients undergoing surgery, with no difference in mortality.

Lewis MP, Khoo DE, Spencer J. Value of laparotomy in the diagnosis of  

obscure gastrointestinal haemorrhage. Gut. 1995;37(2):187–190.

Among 53 patients with obscure gastrointestinal bleeding undergoing  

diagnostic laparotomy with on-table endoscopy as needed, the source of  

hemorrhage was successfully identified in 83% of all cases.

Millat B, Hay JM, Valleur P, et al. Emergency surgical treatment for bleeding 

duodenal ulcer: oversewing plus vagotomy versus gastric resection, a con-

trolled randomized trial. World J Surg. 1993;17(5):568–573, discussion 574.

In this prospective, randomized trial of patients undergoing emergency  

surgery for massive, persistent, or recurrent bleeding from bulbar peptic ulcer 

disease, gastric resection with ulcer excision had lower morbidity and similar 

mortality compared with ulcer oversewing plus vagotomy.

Tomikawa M, Hashizume M, Saku M, et al. Effectiveness of gastric devascular-

ization and splenectomy for patients with gastric varices. J Am Coll Surg. 

2000;191(5):498–503.

Among 42 patients with bleeding gastric varices managed with gastric  

devascularization and splenectomy, there were no cases of recurrent bleeding, 

major complication, or death.

Wang J, Bao YX, Bai M, et al. Restrictive vs liberal transfusion for upper  

gastrointestinal bleeding: a meta-analysis of randomized controlled  

trials. World J Gastroentrol. 2013;19(40):6919–6927.

In this meta-analysis of four randomized controlled trials investigating  

restrictive versus liberal transfusion practices for patients with upper gastro-

intestinal bleeding, restrictive transfusion (i.e., red cell transfusion when  

hemoglobin falls below 7 g/dL) was associated with decreased mortality  

and morbidity.
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INTRODUCTION

The kidney plays a key role in maintaining solute, water, and acid-base 
homeostasis. Some or all of these roles may be impaired in critically ill 
patients because of processes that disrupt glomerular, tubular, or inter-
stitial function. This chapter will cover the core principles of renal 
physiology and pathophysiology relevant to the intensive care setting.

STRUCTURES OF THE NEPHRON

The Glomerulus
The glomerulus is the filtering unit of the kidney (Fig. 94.1). Located 
in the renal cortex, it is composed of a tuft of capillaries that filter 
plasma across a semipermeable barrier. The glomerular filtration bar-
rier consists of three layers: the fenestrated endothelial cells of glo-
merular capillaries, the glomerular basement membrane, and special-
ized epithelial cells called podocytes. Mesangial cells surrounding the 
glomerular capillaries have contractile properties that alter the surface 
area available for filtration. After passing through the barrier, the fil-
trate collects in the Bowman space, encased by the Bowman capsule, 
before it passes into the renal tubule.

Proximal Tubule
The proximal tubule is a hollow structure outlined by a single layer of 
epithelial cells that extends from the Bowman space to the loop of 
Henle (see Fig. 94.1). It is a key site for the reabsorption of sodium, 
water, bicarbonate, phosphate, potassium, calcium, and organic solutes 
(e.g., glucose, citrate, urea, and amino acids; Table 94.1). Transport 
occurs either paracellularly (across tight junctions) or transcellularly 
(across the apical and basolateral membrane of the epithelial cells). 
The resorptive function of the proximal tubule is enhanced by ampli-
fication of the luminal cell membrane into a “brush border” and by 
densely packed mitochondria on the basolateral cell surface, which 
supply energy for the active transport of solutes.

The Loop of Henle
The loop of Henle is divided into three segments: the thin descending 
limb, the thin ascending limb, and the thick ascending limb (see  
Fig. 94.1). Its primary function is to concentrate the urine by the coun-
tercurrent system. The countercurrent system is responsible for generat-
ing the osmotic gradient within the interstitium that increases from the 
renal cortex (~290 mOsm/kg) to the inner medulla (~1200 mOsm/kg). 

This is achieved by means of its U-shaped configuration and variable 
permeability to sodium and water.1 The thin descending limb is highly 
permeable to water but impermeable to sodium, whereas the thin and 
thick ascending limbs are impermeable to water but permeable to so-
dium, which is reabsorbed passively in the thin ascending limb and ac-
tively in the thick ascending limb. The thick ascending limb is also a 
primary site for magnesium reabsorption and urea secretion (see  
Table 94.1).

Macula Densa
The macula densa lies at the apex of the nephron between the thick 
ascending limb and the distal convoluted tubule, adjacent to the parent 
glomerulus. The cells of the macula densa detect the composition of 
the tubular fluid and provide feedback to the afferent and efferent ar-
terioles to control renal blood flow (RBF) and glomerular filtration 
rate (GFR) in a process called tubuloglomerular feedback (TGF).

Distal Convoluted Tubule
The distal convoluted tubule is a short nephron segment located be-
tween the thick ascending limb and the collecting duct (see Fig. 94.1). 
The early distal convoluted tubule participates in the reabsorption of 
sodium, potassium, calcium, and magnesium (see Table 94.1). It is 
impermeable to water, making it the final diluting segment of the kid-
ney. The late distal convoluted tubule contains three cell types. Princi-
pal cells reabsorb sodium and water and secrete potassium under the 
control of antidiuretic hormone (ADH) and aldosterone, respectively. 
Alpha-intercalated cells secrete hydrogen ions, reabsorb bicarbonate, 
and either reabsorb or secrete potassium, depending on the plasma 
concentration. Beta-intercalated cells secrete bicarbonate and reabsorb 
hydrogen ions.

Collecting Duct
The collecting duct connects the distal convoluted tubules of individ-
ual nephrons to calyces or directly to the renal pelvis (see Fig. 94.1). 
Like the late distal convoluted tubule, the collecting duct contains 
principal and alpha- and beta-intercalated cells. Collecting ducts are 
classified as cortical or medullary ducts; the proportion of intercalated 
cells (which are responsible for acid-base balance) decreases as the col-
lecting duct enters the medulla. Urea is reabsorbed in the medullary 
collecting duct in response to ADH, which up-regulates urea trans-
porters, increasing interstitial osmolality and enhancing the osmotic 
gradient of the countercurrent system.
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Renal Vasculature
Blood is delivered to the glomerular capillaries via the renal artery, in-
terlobar artery, arcuate artery, interlobular artery, and afferent arteri-
ole. Glomerular capillaries are composed of a single layer of endothelial 
cells, encased by the glomerular basement membrane and interdigitat-
ing podocyte processes. Capillaries drain into the efferent arteriole, 
which gives rise to the peritubular capillaries and vasa recta. The vasa 
recta are a series of vascular loops that supply oxygenated blood and 
nutrients to the cortex and medulla and return reabsorbed water and 
solutes to the circulation. The vasa recta converge to form the inter-
lobular vein, arcuate vein, interlobar vein, and renal vein before empty-
ing into the inferior vena cava.

The arrangement of vasa recta capillaries within the medulla is an 
important determinant of medullary oxygen delivery. The U-shaped 
configuration of these vessels ensures that the medullary osmotic gra-
dient is maintained, such that solute entry and water loss in the de-
scending branches is balanced by solute loss and water entry in the 
ascending branches (“countercurrent exchange”). Like solutes and 
water, oxygen can also diffuse directly from descending to ascending 
branches of the vasa recta, creating an environment of low oxygen ten-
sion in the medulla. This mode of oxygen shunting, coupled with low 
oxygen delivery and high metabolic activity, makes the medulla par-
ticularly prone to hypoxemia.

GLOMERULAR FILTRATION, RENAL BLOOD FLOW, 
AND METABOLISM

Glomerular Filtration Rate
The glomerulus initiates the formation of urine by producing a filtrate 
that enters the tubular lumen. The rate of filtrate production, the GFR, 
is determined by hydrostatic and oncotic pressure gradients between 

the glomerular capillary and Bowman space, in addition to the ultra-
filtration coefficient, according to the equation:

GFR 5 kf(PGC 1 pBS) 2 (PBS 1 pGC)

where
PGC 5 the hydrostatic pressure in the glomerular capillary
PBS 5 the hydrostatic pressures in Bowman spaces
pGC 5 the oncotic pressure in the glomerular capillary
pBS 5 the oncotic pressure in Bowman spaces
kf 5  the ultrafiltration coefficient, which reflects the permeability of 

the glomerular filtration barrier
In healthy young adults, the normal GFR is approximately 120–130 

mL/min/1.73m2. The proportion of plasma filtered across the glom-
erulus (the GFR divided by the plasma flow rate) is referred to as the 
filtration fraction. Under normal conditions, it is roughly 0.2.

The previous equation provides important insight into the manner 
in which different renal pathologies can all reduce GFR. For example, 
urinary obstruction leads to congestion in the tubular lumen, which 
increases PBS. Hypovolemic shock decreases RBF, which lowers PGC. 
Direct damage to the filtration barrier, such as from immunologic in-
jury, initially causes the filtration barrier to become leaky, which in-
creases kf, but with time, the filtration barrier becomes occluded sec-
ondary to thrombosis, which reduces kf. RBF does not directly 
determine GFR, but contributes indirectly by influencing PGC. In-
creases in PGC, pBS, or kf all raise the filtration fraction.

Renal Blood Flow
To maintain a stable RBF across a range of systemic arterial pressures, 
the kidney employs two main autoregulatory mechanisms: the myo-
genic reflex and TGF. The myogenic reflex arises from the physical 
properties of smooth muscle: increased intravascular volume stretches 

Glomerulus

Interlobular arteriole

Interlobular vein

Distal convoluted tubule

Proximal tubule

Loop of Henle

Collecting duct

Vasa recta

Cortex

Medulla

Fig. 94.1 Structures of the nephron.
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TABLE 94.1 Site of Reabsorption of Water 
and Solutes Along the Nephron

 Site of Reabsorption

Contribution to  

Reabsorption

Sodium Proximal tubule 60%–70%

Loop of Henle 20%–30%

Distal tubule 5%–10%

Collecting duct 3%–5%

Water Proximal tubule 60%–70%

Loop of Henle 10%–20%

Collecting duct 10%–20%

Bicarbonate Proximal tubule 80%–90%

Loop of Henle 10%–15%

Collecting duct 0%–5%

Potassium Proximal tubule 60%–70%

Loop of Henle 20%–30%

Distal tubule 0%–10%

Collecting duct 0%–30%

Calcium Proximal tubule 60%–70%

Loop of Henle 20%–30%

Distal tubule 5%–10%

Collecting duct 5%–10%

Magnesium Proximal tubule 20%–30%

Loop of Henle 50%–60%

Distal tubule 5%–10%

Phosphate Proximal tubule 80%–90%

Loop of Henle 5%–10%

Distal tubule 0%–5%

Glucose Proximal tubule 100%

Amino acids Proximal tubule 100%

Urea Proximal tubule 50%–60%

Loop of Henle (Secretion 50%)

Collecting duct 50%–60%

TABLE 94.2 Effect of Vascular Mediators 
on Renal Blood Flow and Glomerular 
Filtration Rate

 Action Effect D RBF D GFR

Sympathetic  

nervous system

Afferent . efferent arteriole 

vasoconstriction

Decreased glomerular  

capillary surface area

g PGC

g kf

g g

Catecholamines1 Afferent arteriole  

vasoconstriction

Efferent arteriole  

vasoconstriction

g PGC

h PGC

g g

Angiotensin-II1 Efferent . afferent 

arteriole vasoconstriction

Mesangial cell contraction

h PGC

g kf

g ↔

Adenosine Afferent arteriole  

vasoconstriction

Efferent arteriole  

vasodilatation

Inhibition of renin release

g PGC

g PGC

g g

Natriuretic  

peptides

Afferent arteriole  

vasodilatation

Efferent arteriole  

vasoconstriction

h PGC

h PGC

h h

Nitric oxide Afferent arteriole  

vasodilatation

Efferent arteriole  

vasodilatation

h PGC

g PGC

h h

PGE2 and PGI2
Histamine

Afferent . efferent 

arteriole vasodilatation

Afferent arteriole  

vasodilatation

Efferent arteriole  

vasodilatation

h PGC

h PGC

g PGC

h

h

h

↔

Bradykinin Afferent . efferent 

arteriole vasodilatation

h PGC h ↔

GFR, Glomerular filtration rate; kf, ultrafiltration coefficient of the glomer-

ular filtration barrier; PGC, hydrostatic pressure in the glomerular capillary; 

PGE2, prostaglandin E2; PGI2, prostacyclin; RBF, renal blood flow.
1In states of vasodilatation and/or shock, these agents counteract 

alterations in vascular tone to restore RBF and preserve GFR.

arteriolar walls, which increases vascular smooth muscle contractile 
force to promote vasoconstriction. TGF responds to chemical stimuli. 
Increased renal perfusion pressure increases sodium delivery to the 
macula densa, which triggers the release of adenosine triphosphate 
(ATP) into the extracellular space and conversion of ATP to adenos-
ine.2,3 Adenosine causes vasoconstriction of the afferent arteriole and 
inhibits the release of renin from the juxtaglomerular apparatus. A 
reduction in renin reduces angiotensin II levels, inducing efferent arte-
riolar relaxation and reducing RBF and GFR. TGF is impaired by loop 
diuretics, renin-angiotensin-aldosterone system (RAAS) inhibitors, 
and in the setting of chronic kidney disease (CKD). Either the myo-
genic reflex or TGF may be overcome in the setting of critical illness 
with low renal perfusion pressure.

Autoregulatory mechanisms leverage the ability of the glomerular 
microcirculation to alter resistance in preglomerular and postglomer-
ular vessels independently (Table 94.2). If afferent arterioles preferen-
tially constrict, RBF, PGC, GFR, and filtration fraction fall. If efferent 
arterioles preferentially constrict, RBF decreases but PGC, GFR, and 
filtration fraction will increase because vascular resistance increases 

distal to the glomerulus. This is a key concept: net constriction or dila-
tation of afferent arterioles changes RBF and GFR in the same direc-
tion, whereas net changes in efferent arteriolar tone change RBF and 
GFR in opposite directions.

Renal Metabolism
The high metabolic demand of the kidney is driven by the active reab-
sorption of filtered solutes via the Na1-K1-ATPase pump. The density 
of these pumps is particularly high in the proximal tubule and thick 
ascending limb of the loop of Henle. The proximal tubule is dependent 
on aerobic metabolism (using fatty acids, ketone bodies, and amino 
acids as substrates) and is susceptible to hypoxia. The cells in this region 
generate glucose from lactate to provide substrate for the loop of Henle, 
where glycolytic capacity is high as a result of low ambient oxygen. 
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Disruption of bioenergetics and mitochondrial function is a major 
pathophysiologic event in the development of renal injury.

Measuring Glomerular Filtration Rate
GFR can be estimated by examining the clearance of any substance 
that is produced at a constant rate, only metabolized by the kidney, 
freely filtered at the glomerulus, and neither secreted nor reabsorbed 
along the tubule. The gold standard for measuring GFR is urinary inu-
lin clearance (an exogenous filtration marker). However, this measure-
ment requires continuous intravenous infusion, which is impractical 
in most clinical settings. Other exogenous filtration markers (e.g., Tc-
DPTA) are available but are equally cumbersome. Although the clear-
ance of the endogenous filtration marker creatinine is the most widely 
used approach to GFR in clinical practice, the physiology of critical 
illness may render it invalid for several reasons. First, creatinine is not 
produced at a constant rate in most critical illness states, and its con-
centration may be diluted by fluid resuscitation. Second, certain 
medications (e.g., sulfonamide antibiotics) alter tubular creatinine 
secretion, which affects creatinine concentration without reducing 
GFR. Third, equations to estimate GFR from plasma creatinine are not 
valid in critically ill patients. Cystatin-C, another endogenous marker, 
may perform better during acute illness because it is not dependent on 
muscle mass or metabolic activity. Cystatin-C is a plasma protein syn-
thesized by nucleated cells at a constant rate and is almost completely 
filtered at the glomerulus. Older age, female sex, steroid use, and hy-
perthyroidism are associated with lower synthesis rates. However, the 
higher cost of cystatin-C and the lack of standardized assays limit its 
wider use.

Renal Functional Reserve
In states of increased stress and intact nephron mass, the kidney is 
capable of augmenting GFR and tubular function through nephron 
recruitment and increased RBF.4 The difference between maximal ca-
pacity and baseline function is termed the renal functional reserve. 
Glomerular reserve can be quantified by measuring GFR at baseline 
and after an oral or intravenous protein load (1–1.2 g/kg) that stimu-
lates RBF.5 Tubular reserve can be assessed by administering intrave-
nous furosemide (“furosemide stress test”), which is actively secreted 
in the proximal tubule. Natriuresis and increased urine flow confirm 
the integrity of tubular function.6 In critically ill patients, this test has 
been used to predict progression of early acute kidney injury (AKI) 
and successful discontinuation of renal replacement therapy.7 The role 
of recruitable renal functional reserve as a potential therapeutic target 
is being explored.8

PHYSIOLOGIC FUNCTIONS OF THE KIDNEY

Regulation of Sodium Reabsorption
Sodium is the principal determinant of extracellular volume. Almost 
all filtered sodium is reabsorbed along the course of the nephron. So-
dium reabsorption is driven by the Na1-K1-ATPase on the basolateral 
membrane.9 The enzyme maintains a low intracellular sodium con-
centration by moving sodium into the interstitium. This effect creates 
a gradient for the entry of sodium from the tubular lumen via trans-
porters on the apical membrane (Fig. 94.2). The main site of sodium 
reabsorption is the proximal tubule, where apical sodium reabsorption 
occurs via solute-specific symporters (cotransport with glucose, amino 
acids, phosphate, citrate) and antiporters (cotransport with hydrogen 
ions). In the thick ascending limb, apical sodium is transported via the 
Na1-K1-2Cl2 cotransporter, which is a key component of the counter-
current system. This cotransporter is the site of action for loop diuret-
ics; mutations in this cotransporter are found in Bartter syndrome. 

Apical sodium reabsorption in the distal convoluted tubule occurs via 
the thiazide-sensitive Na1-Cl2 cotransporter.10,11 That cotransporter is 
the site of action of thiazide diuretics; mutations at that site are found 
in Gitelman syndrome.12 In principal cells of the distal convoluted 
tubule and collecting duct, sodium is reabsorbed apically via the epi-
thelial sodium channel (ENaC), which is the site of action of potas-
sium-sparing diuretics.

Regulation of Water Reabsorption
Water is passively reabsorbed with sodium by specialized membrane 
channels called aquaporins. Aquaporin-1 channels are constitutively 
expressed on the apical and basolateral membranes of the proximal 
tubule and thin descending limb, making them highly permeable to 
water. The thick ascending limb and distal convoluted tubule have no 
aquaporin channels and are impermeable to water. In principal cells, 
apical aquaporin-2 channels (under the control of ADH) and basolat-
eral aquaporin-3 and -4 channels absorb water.

Regulation of Free Water and Isotonic Fluid Volume
To maintain sodium and water balance, the kidney regulates two inter-
dependent but distinct compartments: free water and isotonic fluid. 
Free water refers to water that is not associated with a dissolved parti-
cle. Isotonic fluid refers to fluid with a physiologic osmolarity of 
roughly 280–300 mOsm/L. Modelling free water and isotonic fluid as 
distinct components of total body fluid is useful to distinguish two 
physiologic states: dehydration and volume depletion. Dehydration 
refers to loss of free water. Volume depletion refers to loss of total body 
fluid, which can occur regardless of free water balance.

The free water compartment is primarily controlled by ADH re-
lease from the posterior pituitary in response to increased plasma os-
molality or reduced mean arterial pressure. ADH exerts three main 
actions on the kidney: up-regulation of Na1-K1-ATPase activity in the 
loop of Henle, increased permeability of the inner medullary collect-
ing duct to urea (reducing inner medullary osmolarity to as low as 600 
mOsm/L), and increased insertion of aquaporin-2 channels into the 
apical membrane of the cells of the distal nephron. At very high levels, 
ADH is also a potent vasoconstrictor (i.e., vasopressin). Inappropri-
ately high ADH secretion (i.e., syndrome of inappropriate ADH secre-
tion) is a common cause of hypotonic hyponatremia. Reduced ADH 
secretion (i.e., central diabetes insipidus) or resistance to the action of 
ADH at the kidney (i.e., nephrogenic diabetes insipidus) leads to hy-
pertonic hypernatremia. Because renal reabsorption of free water is 
almost exclusively driven by ADH, and because urine osmolarity has a 
reciprocal relationship with free water content, the urine osmolarity 
can be taken as a direct measure of renal ADH activity.

Isotonic fluid volume is regulated by the opposing actions of the 
RAAS and the natriuretic peptides. RAAS activation initiates with the 
release of renin from the juxtamedullary apparatus in response to 
three stimuli: decreased afferent arteriolar distention, decreased deliv-
ery of sodium to the macula densa, or increased renal sympathetic 
nervous system activity. Renin converts angiotensinogen (released 
from the liver) to angiotensin I, which is then converted to angioten-
sin II by the primarily endothelial-bound angiotensin-converting en-
zyme 1 (ACE 1). Angiotensin II induces vasoconstriction of efferent 
and afferent arterioles and contraction of mesangial cells, which re-
duces RBF. It acts directly on the early proximal tubule to increase 
sodium resorption via the Na1-H1 antiporter, which functionally 
represents the resorption of isotonic volume. Angiotensin II also pro-
motes volume retention indirectly by stimulating aldosterone release 
by the adrenal granulosa. Aldosterone acts in the late distal convoluted 
tubule and collecting duct to increase sodium reabsorption by up-
regulating the synthesis and membrane insertion of apical ENaC and 
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Fig. 94.2 Basolateral and apical receptors responsible for coordinating reabsorption of solutes and water 

along the course of the nephron.

enhancing the activity of the basolateral Na1-K1-ATPase. The net ef-
fect of RAAS activation in the kidney is therefore volume retention. 
Estimating RAAS activity is more complex than estimating ADH ac-
tivity. Urinary sodium was classically felt to represent RAAS activa-
tion. However, this has many limitations in the intensive care setting 
and is unlikely to be reliable.

The volume-retaining properties of angiotensin II and aldosterone 
are opposed by the actions of the natriuretic peptides, such as atrial 
natriuretic peptide (ANP). These peptides have vasodilatory properties 
and reduce the total volume of body fluid by inducing natriuresis. 
Release of ANP is triggered by increased atrial stretch from volume 
expansion. At the glomerulus, ANP constricts the efferent arteriole, 
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dilates the afferent arteriole, and relaxes the mesangium, which in-
creases RBF and GFR. In the proximal tubule, ANP reduces sodium 
reabsorption by inhibiting the Na1-HCO3

2 cotransporter. In the late 
distal convoluted tubule, it directly inhibits the ENaC. ANP also re-
duces RAAS effects by inhibiting renin release. The net effect of ANP 
is therefore volume excretion.

To estimate the comparative excretion of free water and isotonic 
fluid, free water clearance can be calculated according to the equation:

ClH2O 5 V 2 (Uosm 3 V/Posm)

Where
V 5 urinary flow rate
Uosm 5 urinary osmolarity
Posm 5 plasma osmolarity

When ClH2O is positive, free water is being excreted in excess of 
isotonic fluid. When ClH2O is negative, free water is being retained. 
This information can be used to diagnose inappropriate fluid retention 
or excretion, including occult diuretic resistance in patients who pro-
duce large urine volumes without significant natriuresis.

Regulation of Bicarbonate and Hydrogen Ion Movement
The kidney contributes to acid-base balance on many levels, the full 
biology of which is beyond the scope of this chapter. Central to this role, 
however, is its regulation of the movement of bicarbonate and hydrogen 
ions. The proximal tubule is the main site of bicarbonate reabsorption 
in the nephron. Intracellular water dissociates into hydrogen ions and 
OH2. The electrochemical gradient generated by the Na1-K1-ATPase 
encourages secretion of hydrogen ions into the tubular lumen via the 
apical Na1-H1 exchanger. After entering the tubular lumen, hydrogen 
ions combine with filtered HCO3

2 to form carbonic acid (H2CO3). 
Carbonic acid dissociates into CO2 and H2O (under the action of lumi-
nal carbonic anhydrase), and both are passively reabsorbed into the cell. 
The OH2 generated by the dissociation of intracellular water combines 
with the reabsorbed CO2 to form HCO3

2 (under the action of intracel-
lular carbonic anhydrase), which is reabsorbed into the interstitium via 
the basolateral Na1-HCO3

2 cotransporter. Impairments in Na1-HCO3
2 

transporter function produce type 2 renal tubular acidosis.
The alpha-intercalated cells of the distal convoluted tubule are the 

primary site for acid excretion. The apical H1-ATPase drives secretion 
of hydrogen ions into the tubular lumen, where it combines with the 
remaining 10% of filtered HCO3

2. Under the action of luminal and 

TABLE 94.3 The Site of Action, Molecular Target, and Physiologic Effect of Commonly 
Used Diuretics

 Site of Action Molecular Target Physiologic Effect Comments

Loop diuretics

Furosemide, bumetanide

Thick ascending limb Na1-K1-2Cl2 Natriuresis 20%–25% Highly protein-bound

Enter tubule by secretion in proximal tubule

Increase calcium excretion

Thiazide diuretics

Chlorothiazide, hydrochlorothiazide, 

chlorthalidone

Distal tubule Na1-Cl2 

cotransporter

Natriuresis ~5% Partial inhibition of carbonic anhydrase and  

Cl2-HCO3
2 exchanger

Increase calcium reabsorption

Potassium-sparing diuretics

Amiloride, spironolactone, eplerenone

Distal tubule and  

collecting ducts

ENaC Natriuresis 1%–2% Amiloride directly blocks ENaC

Spironolactone/eplerenone block the mineralo-

corticoid receptor, reducing synthesis  

of ENaC and Na1-K1-ATPase

Hyperkalemia and mild metabolic acidosis

Carbonic anhydrase inhibitor diuretics

Acetazolamide

Proximal tubule Carbonic anhydrase Minimal natriuresis Reduced reabsorption of bicarbonate, sodium,  

and chloride

Useful for correction of metabolic alkalosis

intracellular carbonic anhydrase, HCO3
2 is reabsorbed into the inter-

stitium by the basolateral Cl2-HCO3
2 exchanger. Impaired function of 

the apical H1-ATPase pump or basolateral Cl2-HCO3
2 transporter 

produce type 1 renal tubular acidosis. Luminal hydrogen ions also 
combine with urinary buffers (NH3 to form NH4

1 and HPO4
22 to 

form H2PO4
2). Acid excretion in the distal nephron is further en-

hanced by the apical H1-K1-ATPase pump.

Regulation of Potassium
Potassium is reabsorbed passively via a paracellular mechanism in the 
proximal tubule and by paracellular and transcellular (Na1-K1-2Cl2 
and K1-Cl2 cotransporter) pathways in the thick ascending limb. In 
the distal convoluted tubule and collecting duct, potassium can either 
be actively reabsorbed by intercalated cells (H1-K1-ATPase and 
K1-Cl2 cotransporter) or secreted by principal cells. Secretion occurs 
under the control of aldosterone, which increases basolateral Na1-K1-
ATPase activity and augments the number of open apical ENaC and 
potassium channels. Excessive renal potassium loss occurs in the set-
ting of increased luminal flow to the distal nephron (e.g., loop or thia-
zide diuretics), volume depletion with activation of RAAS, Bartter or 
Gitelman syndromes, hyperaldosteronism, and types 1 and 2 renal 
tubular acidosis. Hyperkalemia caused by reduced renal excretion oc-
curs with AKI, CKD, acidemia, potassium-sparing diuretics, RAAS 
inhibitors, or type 4 renal tubular acidosis.

Other Roles
The kidney is also involved in erythropoiesis and vitamin D metabolism. 
Erythropoietin is produced by peritubular fibroblasts in the juxtamedul-
lary cortex in response to low oxygen tension and extracellular volume to 
achieve a hematocrit of ~45%.13 Renal vitamin D metabolism involves the 
conversion of 25-hydroxyvitamin D (calcidiol) to 1,25-dihydroxyvitamin 
D (calcitriol) in the proximal tubules. Calcitriol acts on the gut, bone, and 
kidney to increase intestinal absorption of calcium, increase bone resorp-
tion, and reduce calcium and phosphate excretion. These functions are 
commonly compromised in the setting of CKD.

DIURETICS

The site of action, molecular target, and physiologic effect of com-
monly used diuretics in the intensive care unit (ICU) are summarized 
in Table 94.3.
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DISORDERS OF FUNCTION: ACUTE KIDNEY INJURY

Epidemiology
AKI is a clinical syndrome that describes the abrupt loss of GFR over 
7 days or less. It affects as many as two-thirds of critically ill patients, 
of whom 10%–15% require renal replacement therapy. AKI is associ-
ated with early and late adverse outcomes.14–16

Etiology
AKI can be caused by processes that induce glomerular, tubular, or 
interstitial injury. In critically ill patients, common causes include 
shock, sepsis, trauma, cardiac or major noncardiac surgery, burns, 
cardiorenal or hepatorenal syndrome, or exposure to nephrotoxic 
agents. Injury is generally mediated by ischemia or direct toxicity.17 
Ischemic injury occurs in the context of sustained and significant al-
teration in RBF.18 Reduced oxygen delivery disrupts mitochondrial 
function, which depletes cellular ATP. Nephron segments at greatest 
risk of ischemic injury include those with a high metabolic activity 
(e.g., proximal tubule and thick ascending limb) and those with lower 
physiologic oxygen tension because of their location in the medulla 
(e.g., thick ascending limb). Nephrotoxic injury occurs after exposure 
to exogenous or endogenous compounds that are directly toxic to the 
kidney or that alter renal hemodynamics.19 Exogenous nephrotoxins 
include aminoglycosides, amphotericin, nonsteroidal antiinflamma-
tory drugs (NSAIDs), and radiocontrast media. Endogenous nephro-
toxins include hemoglobin or myoglobin.

Epithelial Cell Injury
Tubular epithelial cell injury arises because of ischemia, restoration of 
RBF (i.e., reperfusion), or direct cytotoxicity. It manifests as efface-
ment and loss of the proximal tubule brush border, sloughing of tubu-
lar cells into the lumen, formation of casts from cell debris, obstruc-
tion and dilatation of the tubule, and back-leak of filtrate into the 
interstitium because of loss of adhesion molecules.20,21 These changes 
impair solute reabsorption and increase the delivery of sodium chlo-
ride to the macula densa, leading to activation of the TGF mechanism 
with afferent arteriolar vasoconstriction and reduced GFR.22 Increased 
sympathetic nervous activity and release of vasoconstrictors increase 
renal vascular resistance and further impair GFR.23,24 Therapies aimed 
at reversing vasoconstriction (e.g., administration of low-dose dopa-
mine or ANP) have failed to consistently influence AKI outcome.25,26

Endothelial Cell Injury
Injury to vascular endothelial cells impairs GFR via multiple mechanisms. 
Decreased production of nitric oxide synthase and prostaglandin impairs 
autoregulation; endothelial cell swelling and outer medullary congestion 
lead to hypoxia; dysregulation of the coagulation cascade damages the 
endothelial barrier function; and up-regulation of leukocyte adhesion 
molecules promotes neutrophil recruitment, release of proinflammatory 
mediators, and oxidative stress.27,28 Cumulatively, these changes disrupt 
microcirculatory flow and further compromise oxygen delivery.

Oxidative Stress and Mitochondrial Injury
Oxidative stress and mitochondrial injury have emerged as important 
contributors to injury in AKI.29,30 In highly oxidative states, such as in 
ischemia-reperfusion injury or after exposure to pathogen-associated 
molecular patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs), the formation of reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) exceeds the capacity of counteractive 
antioxidant systems, which creates an environment of oxidative stress. 
High levels of oxidative stress damage the outer mitochondrial mem-
brane, resulting in membrane permeabilization and the efflux of mito-
chondrial contents (including calcium, proapoptotic proteins, ROS, 

and RNS) into the cytoplasm. Release of ROS and RNS causes direct 
damage to lipids, proteins, and DNA. Influx of water and solutes from 
the cytoplasm into the mitochondrial matrix also occurs after mem-
brane permeabilization. This promotes osmotic swelling and can lead 
to mitochondrial fragmentation and rupture.

The mitochondrial response to oxidative stress is to coordinate 
metabolic reprogramming: oxygen consumption is decreased, energy 
allocation is reprioritized, and mitophagy and cell-cycle arrest are ini-
tiated.31 Clearance of damaged mitochondria by mitophagy is an adap-
tive change that may enhance cell survival.32 Entering cell-cycle arrest 
is similarly protective because it prevents division of potentially dam-
aged cells. Biomarkers of cell-cycle arrest (including TIMP-2 and 
IGFBP-7) have been proposed as early indicators of “renal stress” that 
could be used to detect the impending onset of AKI before creatinine 
elevation.33 If oxidative stress is sustained and/or severe, programmed 
cell death may be initiated (i.e., apoptosis).31

Recovery After AKI
Renal injury activates a series of intrinsic repair processes, which may 
be adaptive or maladaptive. Adaptive repair involves cellular dedifferen-
tiation, proliferation, migration, and differentiation to re-establish the 
structural integrity of the nephron and restore its function.34 The ca-
pacity for adaptive repair is dependent on the availability of progenitor 
cells and surviving tubular epithelial cells, which are determined by the 
duration and severity of insult, and by baseline renal status.35 Maladap-
tive repair describes a state of persistent inflammation with release of 
profibrotic cytokines, proliferation of myofibroblasts, deposition of 
extracellular matrix, and the development of interstitial fibrosis and 
tubular atrophy.36 Vascular rarefaction and chronic ischemia culminate 
in glomerulosclerosis, loss of renal functional reserve, glomerular hy-
pertension, and the development of acute kidney disease (AKD) and 
CKD.37 AKD is the term used to describe the course of disease after AKI 
in patients in whom pathophysiologic processes in the kidney are ongo-
ing or recurrent. It has been defined by the Acute Dialysis Quality Ini-
tiative (ADQI) group as a condition in which AKI is present for be-
tween 7 and 90 days after an inciting event. Studies suggest that the 
outcomes after AKD are at least as poor as after AKI.38

SPECIFIC ACUTE KIDNEY INJURY SYNDROMES

The purpose of this section is to provide an overview of key patho-
physiologic processes for the most commonly encountered AKI syn-
dromes in the ICU. A detailed description of the pathophysiologic 
processes underlying these syndromes, and within the context of the 
disorder as a whole, is outside the scope of this chapter.

AKI in Cardiac Surgery
The pathophysiology of AKI in cardiac surgery is multifactorial. Car-
diopulmonary bypass induces injury through aortic cross-clamping 
(ischemia and reperfusion), loss of pulsatile flow, systemic inflamma-
tion, and hemolysis. Arterial cannulation can destabilize atheroscle-
rotic plaques leading to embolism. Hemodynamic changes relating to 
cardiac dysfunction, severe bleeding, and administration of potent 
vasopressors worsen ischemia and oxidative stress. Perioperative ad-
ministration of radiocontrast dyes, aminoglycoside antibiotics, loop 
diuretics, NSAIDs, and RAAS inhibitors may cause direct nephrotoxic-
ity or impair autoregulation of renal blood flow.

AKI in Sepsis
Sepsis-induced AKI (SIAKI) is a specific pathophysiologic entity arising 
from the direct effect of sepsis on the kidney. Sepsis can also, however, 
cause AKI indirectly, through hypotension or therapies administered 
during resuscitation (e.g., antimicrobials, normal saline, or high-dose 
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vasopressors). The traditional paradigm of sepsis-induced renal isch-
emia caused by hypotension and vasoconstriction has been challenged 
by several pieces of emerging evidence. First, septic patients without 
hemodynamic instability still develop AKI. Second, plasma from septic 
patients induces cellular changes indicative of AKI in vitro. Third, RBF 
has been observed to increase (rather than decrease) in both animal and 
human studies.39,40

Recent evidence suggests that SIAKI reflects a complex interaction 
of renal macrocirculatory and microcirculatory dysfunction, increased 
inflammation and oxidative stress, activation of the coagulation cas-
cade, and disordered cellular energetics. Despite an increase in cardiac 
output and RBF, vasodilatation of the efferent arteriole (possibly 
driven by inadequate angiotensin signaling) creates a condition of low 
postglomerular pressure, which reduces GFR.41,42 Blood flow to the 
kidney is also believed to be more heterogeneous in sepsis, with vari-
able expression of inducible nitric oxide synthase promoting intrare-
nal shunting of blood from the ischemia-prone medulla to the cortex.

Release of PAMPs and DAMPs by pathogens and injured cells, and 
their recognition by Toll-like receptors, triggers proinflammatory me-
diator release, leukocyte adhesion, platelet activation, and initiation of 
the clotting cascade. Enhanced ROS generation coupled with antioxi-
dant depletion contributes to oxidative stress and uncoupling of mito-
chondrial respiration in the proximal tubule and its surrounding mi-
crovasculature. Although apoptosis can occur, it is not a prominent 
histologic feature of SIAKI.43

AKI in Rhabdomyolysis
AKI is a common complication of rhabdomyolysis. After muscle in-
jury, myoglobin is released from skeletal muscle, freely filtered by the 
glomerulus, and metabolized by epithelial cells. When the capacity for 
metabolism is exceeded, myoglobin appears in the urine, becomes 
concentrated along the nephron, and precipitates with the Tamm 
Horsfall protein in the distal convoluted tubule. Experimental models 
suggest that renal injury is mediated by hypovolemia from sequestra-
tion of fluid in injured muscles, intrarenal vasoconstriction from acti-
vation of the RAAS, direct injury to proximal tubule cells from free 
chelatable iron, and obstruction of the distal convoluted tubules by 
casts.44 An acidic urine promotes proximal tubule injury and cast for-
mation.45 Although weakly correlated to creatinine kinase level, the 
risk of AKI appears to be low when peak levels are below 15,000–
20,000 U/L.46

AKI Resulting From Drug Toxicity
Many drugs commonly used in critically ill patients can cause AKI. 
Aminoglycosides are filtered by the glomerulus and enter proximal 
tubule cells by endocytosis. Cytoplasmic aminoglycoside acts directly 
and indirectly on mitochondria to disrupt ATP production and initiate 
apoptosis.47 NSAIDs can contribute to renal injury by causing intersti-
tial nephritis or by reducing production of prostaglandins, which re-
duces renal perfusion and is especially relevant in states of reduced 
RBF.48 Amphotericin B is believed to cause both toxic and ischemic 
injury.49 It creates pores in the cell membrane of proximal tubular cells, 
which allows back-diffusion of hydrogen ions (which impairs urinary 
acidification) and triggers apoptosis (which decreases renal concen-
trating ability and increases potassium wasting). Afferent arteriolar 
vasoconstriction mediated by TGF reduces RBF and GFR and causes 
medullary hypoxia. Vasoconstriction may be attenuated by salt load-
ing, which reduces the sensitivity of the TGF system. Administration of 
contrast media can cause AKI by increasing the concentrations of ad-
enosine, endothelin, and intracellular calcium, which cause afferent 
arteriolar vasoconstriction.50 In the past, use of high-osmolality com-
pounds also induced diuresis and natriuresis by activating the TGF 

mechanism. In hospitalized patients, AKI occurring shortly after ad-
ministration of iodinated contrast may or may not be causally related.

AKI in Cardiorenal Syndrome
Cardiorenal syndrome describes the bidirectional interaction between 
the function of the heart and kidney. Of its five subtypes, type 1 car-
diorenal syndrome describes the processes through which acute heart 
failure can precipitate AKI. Right heart dysfunction leads to increased 
renal venous pressure, whereas left ventricular dysfunction is associ-
ated with a low cardiac output state. These hemodynamic derange-
ments trigger a variety of compensatory mechanisms, including acti-
vation of the RAAS and sympathetic nervous system and increased 
release of ADH (i.e., vasopressin) and endothelin. The result is vaso-
constriction, sodium and water retention (with urinary sodium gener-
ally ,25 mEq/L), decreased renal perfusion, and ischemia. In some 
patients, diuretic therapy may decrease GFR because of a decline in 
ventricular preload, whereas in other patients, diuretic therapy may 
increase GFR by reducing renal venous pressure.

AKI in Hepatorenal Syndrome
Hepatorenal syndrome represents an end-stage complication of cir-
rhosis with severe portal hypertension. Portal hypertension creates 
significant hemodynamic derangement, characterized by marked 
splanchnic arterial vasodilation, a progressive rise in cardiac output, 
and a fall in systemic vascular resistance. These changes trigger intense 
activation of the RAAS and sympathetic nervous system, leading to 
intrarenal vasoconstriction, a decline in GFR, increased sodium re-
sorption, and the development of ascites. Although cardiac output 
initially increases, eventually the cardiac output is insufficient to com-
pensate for the degree of vasodilation. Hepatorenal syndrome is fre-
quently accompanied by electrolyte and acid-base disturbances, in-
cluding hypervolemic hyponatremia, hypokalemia, and an anion gap 
metabolic acidosis.

KEY POINTS

• The functional unit of the kidney, the nephron, is composed of a filtering unit 

(glomerulus), several specialized segments for the reabsorption of solutes 

and water (proximal tubule, loop of Henle, and distal convoluted tubule), 

and a collecting duct.

• Blood flow to the kidney is tightly controlled by sophisticated autoregulatory 

mechanisms, which preserve the GFR and renal oxygen delivery across a 

range of systemic arterial pressures.

• Sodium is the principal determinant of extracellular volume, and its reab-

sorption is regulated by the opposing actions of the RAAS and natriuretic 

peptides.

• Because energy is required for the active reabsorption of solutes, renal 

function is dependent on metabolism and the kidney is prone to hypoxic, 

ischemic, and oxidative injury.

• AKI describes the abrupt reduction in GFR that occurs because of one or 

more insults that damage tubular epithelial and vascular endothelial cells 

and disrupt mitochondrial function.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES
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ization of a furosemide stress test to predict the severity of acute kidney 
injury. Crit Care. 2013;17:207.
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This cohort study of critically ill patients investigated the impact of adminis-

tering a dose of furosemide to individuals with early AKI to assess their pro-

gression to stage 3 AKI. They found that the furosemide stress test performed 

well as an assessment of tubular function and had reasonable predictive  

capacity to identify patients with severe and progressive AKI.

Gottschalk CW, Mylle M. Micropuncture study of the mammalian urinary 
concentrating mechanism: Evidence for the countercurrent hypothesis. 
Am J Physiol. 1997;196:927–936.
This basic science study described the differences in fluid osmolality between 

each nephron segment and vasa rectas of various rodents, confirming the  

hypothesis that the mammalian nephron functions as a countercurrent mul-

tiplier system.

Langenberg C, Bellomo R, May C, et al. Renal blood flow in sepsis. Crit Care. 
2005;9(4):363–374.
This systematic review of studies describing changes in renal blood flow in 

human and experimental sepsis identified that cardiac output was a key 

determinant of renal blood flow during sepsis. In the setting of decreased 

cardiac output, renal blood flow was typically decreased, whereas in the  

setting of increased cardiac output, renal blood flow was maintained or  

increased. This provides important insight into the nature of renal blood 

flow in sepsis.

Sun D, Samuelson LC, Yang T, et al. Mediation of tubuloglomerular feedback 
by adenosine: Evidence from mice lacking adenosine 1 receptors. Proc Natl 

Acad Sci U S A. 2001;98:9983–9988.
Using mice lacking adenosine 1 receptors, this study demonstrated the central 

role of adenosine in juxtaglomerular signalling through the tubuloglomerular 

feedback mechanism in response to an increase in loop of Henle flow rate.

Tumlin JA, Murugan R, Deane AM, et al. Outcomes in patients with vasodila-
tory shock and renal replacement therapy treated with intravenous angio-
tensin II. Crit Care Med. 2018;46:949–957.
A post hoc analysis of the ATHOS-III randomized trial of angiotensin II in 

catecholamine-resistant vasodilatory shock provided important insight into the 

role of angiotensin signaling in SIAKI. The authors observed that patients with 

an elevated serum angiotensin I/angiotensin II ratio were more likely to have 

AKI, that patients receiving continuous renal replacement therapy (CRRT) at 

enrollment who received angiotensin II had a greater than 20% absolute sur-

vival advantage, and that markedly elevated serum renin levels appeared to 

identify a subset of treatment responsive vs. nonresponsive patients.
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Clinical Assessment of Renal Function
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Five to fifteen percent of patients in intensive care units (ICUs) experi-

ence acute deterioration in renal function.1,2 Renal dysfunction sub-

stantially adds to the morbidity and mortality of critically ill patients. 

Moreover, changes in renal function directly affect drug clearance. 

Thus a means to assess renal function is essential for the optimal man-

agement of patients with critical illness. This chapter reviews selected 

aspects of renal physiology with an emphasis on measurement of renal 

function, consequences of altered function, and approaches to im-

proving renal function. The focus is on measurement and optimiza-

tion of glomerular filtration rate (GFR) and renal blood flow (RBF).

RENAL BLOOD FLOW

Under physiologic conditions, blood flow to the kidneys is approximately 

20% of the cardiac output. This high rate of blood flow (1–1.2 L/min)  

is particularly remarkable because the kidneys make up just 0.5% of  

the total body weight. The high blood flow rate is caused by, at least in 

part, the unique anatomic arrangement of the renal vasculature, with the 

interlobar and arcuate vessels offering little resistance to flow. The inter-

lobular arteries originate from the arcuate vessels in a parallel arrange-

ment, and the afferent arterioles also arise in a parallel arrangement 

from the interlobular vessels. It is this parallel arrangement that accounts 

for the low resistance in the RBF because the total resistance of n equals 

parallel paths, each with a resistance R, which is R/n3. The major resis-

tance vessels in the kidney are the afferent and efferent arterioles that 

bind the glomerular capillary network. Although total resistance is a 

function of resistance across each of these vessels, it is a unique feature 

of the kidney that variations in individual resistances across the afferent 

and efferent arterioles may lead to alterations in glomerular capillary 

pressure and, hence, the GFR.3

Despite a wide range of perfusion pressures, under most condi-

tions, the RBF and GFR are relatively constant, a process described as 

autoregulation. The term autoregulation generally refers to the relative 

constancy of the GFR over a range of perfusion pressures and to the 

regulation of RBF. Emphasis has been placed on the preglomerular 

vasculature, mainly the afferent arterioles, as the major site at which 

renal perfusion is regulated. However, studies also suggest that the 

larger vessels, such as the interlobular vessels, respond to a variety of 

vasoactive stimuli and participate in an autoregulatory phenomenon. 

A variety of hypotheses have been generated to explain the autoregula-

tory response of the kidney with respect to the RBF. There is evidence 

to suggest that neural, humoral, or intrarenal factors are involved in 

the regulation of renal circulation.4

The renin–angiotensin pathway has a significant effect on renal 

hemodynamics. Renin, which is elaborated in the juxtaglomerular 

cells, is released in response to a decrease in renal perfusion pressure 

and to altered sodium chloride delivery to the ascending limb and 

macula densa cells. Increased renin secretion leads to augmented  

angiotensin II (AII) formation at the local nephron level. AII affects 

renal vascular resistance through modulation of both afferent and ef-

ferent arterioles, with the major effect being on the efferent arterioles.

Renal eicosanoids affect renal hemodynamics. Eicosanoids are bio-

logically active fatty acid products of arachidonic acid and are synthe-

sized in the kidney in response to a variety of stimuli, with local release 

and effect on the renal vasculature. Stimulation of the cyclooxygenase 

pathway and prostaglandin synthetases leads to the formation of endo-

peroxides (PGG2 or PGH2), prostaglandins (PGD2, PGE2, PGF2a, or 

PGI2), and thromboxane A2 (TXA2). Leukotrienes are synthesized 

through a pathway involving the enzyme lipoxygenase. In the kidney, 

the major products of arachidonic acid metabolism are PGE2 and PGI2 

and, to a lesser extent, PGI2a. These compounds have a predominant 

effect of relaxing renal vascular smooth muscle and lead to vasodilata-

tion, whereas TXA2 is a vasoconstrictor prostanoid. It is believed that 

in disease states, endogenous vasodilator prostaglandins have a protec-

tive function to maintain renal perfusion and the GFR in response to 

vasoconstrictor stimuli, including AII and enhanced sympathetic ner-

vous system activity. In contrast, release of vasodilatory prostaglandins 

is inhibited by nonsteroidal anti-inflammatory drugs.

Other vasoactive compounds that affect renal circulation include 

plasma and glandular kallikreins and kinins and endothelium-derived 

vasoactive factors, such as nitric oxide and endothelin.4 Among the 

catecholamines, a- and b-adrenergic agonists are known to affect 

renal vascular tone by causing vasoconstriction and vasodilatation,  

respectively. In addition, dopamine in low doses leads to renal vasodi-

latation. Atrial natriuretic peptide and purinergic agents, such as  

adenosine, have also been shown to participate in modulating renal 

circulation.

The effect of vasoactive mediators on renal circulation is likely to 

be influenced by changes in salt intake and extracellular fluid (ECF) 

volume and by hydration status. For example, the influence of AII on 

renal hemodynamics is greater in sodium depletion, which activates 

the sympathetic nervous system. In response to mild nonhypotensive 

hemorrhage, renal hemodynamics are relatively well maintained. 

However, with further reductions in volume associated with more se-

vere hemorrhage, renal ischemia mediated by activation of the renin–

angiotensin system, renal efferent adrenergic nerves, and circulating 

catecholamines may occur.4

Modification of dietary protein and amino acid intake may affect 

renal hemodynamics. Dietary protein intake in excess of 1 g/kg/day has 

been associated with renal vasodilatation, as have infusions of casein 

hydrolysates and amino acids.5,6 Conversely, chronic consumption of a 

low-protein diet may be associated with renal vasoconstriction.

Measurement of Renal Blood Flow
The RBF is measured conventionally by the clearance of infused  

para-aminohippurate (PAH), which is cleared almost totally from the 
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arterial plasma by both filtration and secretion. Thus its clearance  

approximates the rate of renal plasma flow (RPF):

RPF = •U V/P
PAH PAH

where UPAH and PPAH refer to urine and plasma PAH concentration, 

respectively, and V is the urine flow rate in milliliters per minute.

The RBF can be estimated by correction for hematocrit (Hct):

RBF RPF/[1 Hct]= –

Although available, this test is rarely used in clinical practice. In fact, 

direct quantitation of the RPF and RBF is rarely indicated outside re-

search studies; however, sometimes it is necessary to document that the 

kidneys are being perfused. In this case, one of three additional methods 

may be used: (1) selective arteriography, including computed tomogra-

phy (CT) angiography and magnetic resonance (MR) angiography,  

(2) Doppler ultrasonography, and (3) external radionuclide scanning. 

Because the latter two methods are noninvasive, they are preferred.  

With respect to the nuclide study, until recently, scanning was usually 

performed using 125I-iodohippurate sodium; however, the poor radio-

logic characteristics of 131I limit its use in renal imaging.7 More recent 

evidence suggests that other agents, such as 127I-orthoiodohippurate 

and 99mTc-l,l-ethylenedicysteine, are superior to 125I-iodohippurate 

sodium.7,8

Clinical Correlates
Although a significant amount of data has been obtained to indicate a 

complex relationship between neurocirculatory factors and renal he-

modynamics, several points can be made from a clinical perspective. 

Optimization of cardiac output and ECF volume, including the intra-

vascular space, is essential for the maintenance of renal perfusion. In 

particular, because the effects of vasoactive compounds such as AII and 

catecholamines are accentuated in the presence of renal hypoperfusion 

and volume contraction, attention should be given to the assessment of 

ECF volume, with correction of any deficits, and to optimize cardiac 

function. Frequently, pharmacologic agents have been employed to 

maintain renal perfusion in situations in which this may be compro-

mised. Specifically, there has been widespread use of the so-called low-

dose or renal-dose dopamine infusions. This is based on the observation 

that in low doses (,3 mg/kg/min), dopamine leads to renal vasodilata-

tion.9 At higher doses, renal vasoconstriction may occur.

The beneficial effects of dopamine infusion have not been docu-

mented in patients who exhibit evidence of intravascular volume deple-

tion, and the use of dopamine has been shown to be ineffective beyond 

a short period of infusion.9–11 Thus although infusions of renal-dose 

dopamine for 24–36 hours may be beneficial under the appropriate 

circumstance, there is no evidence supporting the long-term use of this 

agent. Furthermore, reports suggest that adverse outcomes are associ-

ated with the use of dopamine.11 In patients with acute decompensated 

heart failure and renal dysfunction, the addition of low-dose dopamine 

did not enhance decongestion or improve renal function when added 

to diuretic therapy.12 Continuous infusions of fenoldopam mesylate, a 

potent dopamine A1 receptor agonist, have been employed in an at-

tempt to preserve renal function in a variety of clinical settings. A meta-

analysis of 16 randomized trials in critically ill patients showed that 

fenoldopam significantly reduced the risk of acute kidney injury, need 

for renal replacement therapy, and in-hospital death.13

Beyond anecdotal evidence, there are no compelling data to sup-

port the use of other potential vasodilator substances such as prosta-

glandins. Although high-protein feeding and amino acid infusions 

may increase the RBF by undefined mechanisms, there is no justifica-

tion in using these therapies solely from a hemodynamic point  

of view.5,6

GLOMERULAR FILTRATION RATE

Of the 500–700 mL of plasma delivered per minute to the kidneys 

(corresponding to an RBF of 1–1.2 L/min), 20%–25% is filtered.  

Glomerular filtration is a major function of the kidney and averages 

approximately 130 mL/min/1.73 m2 in normal males and 120 mL/

min/1.73 m2 in normal females. Estimation or direct assessment of the 

GFR remains one of the most important measurements of renal func-

tion and is widely used in clinical practice.

Measurement of Glomerular Filtration Rate
The GFR is classically measured as the clearance of inulin (CIn), a fruc-

tose polymer with a mean molecular weight of approximately 5 kDa. 

Because this substance is not present endogenously, it must be given by 

constant infusion after a loading dose. Inulin is available commercially 

but is expensive, often difficult to obtain, and cumbersome to use. As 

a result, the CIn is rarely used in clinical practice except for research 

protocols. Although the CIn is generally measured chemically, 3H- and 
14C-labeled inulins are also available but are expensive.

Other radiolabeled nuclides have been found to be satisfactory sub-

stitutes for inulin and have advantages in the measurement of GFR.7,8,14,15 

In particular, 99mTc-labeled diethylenetriamine pentaacetic acid (DTPA) 

and 125I- or 131I-labeled iothalamate clearances closely approximate 

CIn.16,17 99mTc-DTPA has been used and found to give values that corre-

late closely with the CIn in ICU patients.18,19 In addition, the clearance of 

gentamicin has been used in a limited fashion to measure GFR.20,21 At 

the present time, it is not common for the GFR to be measured directly. 

Rather, the GFR is estimated by endogenous creatinine clearance (CCr) 

or serum creatinine determination (see later discussion).

The normal values for the GFR obtained previously apply for indi-

viduals from teenage years through approximately 35 years. Thereafter, 

the GFR declines in most individuals. Although this decline was for-

merly thought to occur at a relatively constant rate of approximately 

10 mL/min per decade,22–24 more recent data obtained in a longitudi-

nal manner indicate that this reduction is not so predictable.25 In ad-

dition, a circadian rhythm for GFR has been described.26,27 GFR is 

maximal in the day, whereas a minimal value during the night has been 

found in normal individuals. It is not known whether this circadian 

pattern of GFR occurs in critically ill hospitalized patients.

CREATININE CLEARANCE AND SERUM CREATININE

Creatinine Clearance
The CCr enjoys widespread use as a reasonable gauge of GFR when great 

precision is not demanded, which it rarely is in clinical practice. The use 

of creatinine as a marker of the GFR has the advantage that creatinine is 

endogenously produced and easily measured by inexpensive methods. 

Creatinine, like inulin, is freely filtered and absorbed minimally, if at all, 

by the tubules. However, creatinine is secreted, and the contribution of 

secretion to total excretion is greater as the GFR decreases and serum 

creatinine rises. At GFRs below 40 mL/min, the CCr exceeds the CIn by 

50%–100%.16,28 When GFR is significantly depressed and it is deemed 

important to get a more precise measurement of GFR, one of the previ-

ously mentioned methods to estimate the GFR directly might be used. 

Additionally, because the CCr overestimates the GFR and the clearance 

of urea underestimates the GFR, the mean value of simultaneously  

obtained creatinine and urea clearances has been shown to provide a 

close estimation of the CIn when the latter is below 20 mL/min.29

Because cimetidine competes with creatinine for tubular secretion (see 

later), administration of cimetidine may increase the accuracy of both 

creatinine clearance in 24-hour collections (when given for several days 

beforehand) and 4-hour, water-loaded clearances.30–32 Taking advantage 
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of this effect results in a more accurate estimate of the GFR. Specifically, 

the CCr obtained in the presence of cimetidine (400 mg as a priming dose 

followed by 200 mg every 3 hours) yielded values that closely approximate 

CIn.30,31 Volume expansion in humans causes a small rise in the GFR, 

whereas volume depletion, severe heart failure, hypotension, anesthesia, 

surgery, trauma, sepsis, and even mild intestinal bleeding without frank 

hypotension may depress the GFR substantially.

Various methods are available to measure creatinine. Creatinine  

is frequently measured using the Jaffé alkaline picric acid reaction. 

Although this method is widely used, this reaction also measures other 

chromogens, which may lead to a false elevation in the estimated  

serum creatinine (SCr) measurement. Substances such as acetoacetate 

(in ketoacidosis), pyruvate, ascorbate, 5-flucytosine, certain (but not 

all) cephalosporin antibiotics, and very high urate artifactually raise 

SCr in normal subjects by 0.5–2 mg/dL.33–39 These substances are 

excreted into the urine but contribute trivially compared with overall 

urine creatinine (UCr). Thus noncreatinine chromogens affect the SCr 

but have little effect on the UCr.

In individuals with normal renal function, the contribution of se-

rum noncreatinine chromogens in raising the SCr is approximately 

equal to the contribution of secretion to creatinine excretion, such that 

the CCr closely approximates the GFR. As the GFR decreases, the con-

tribution of noncreatinine chromogens to the total measured SCr 

becomes less than the secreted moiety, and the CCr overestimates GFR 

to a greater extent. Direct enzymatic creatinine measurements are  

not affected by noncreatinine chromogens. Very high levels of serum 

glucose (.1000 mg/dL) and 5-flucytosine may interfere with the en-

zymatic reaction, whereas high levels of bilirubin (.5 mg/dL) affect 

the autoanalyzer method37 and lead to falsely low SCr values. The use of 

catecholamines—particularly dopamine and dobutamine—can un-

derestimate serum creatinine concentrations by some enzymatic 

methods.38 It is therefore important to know the method by which a 

given laboratory measures SCr. Competing for the same proximal tubu-

lar organic base secretory site as creatinine, certain pharmacologic 

agents may suppress this process and lead to a rise in the SCr. Trime-

thoprim, probenecid, dronedarone, pyrimethamine, salicylate, antiret-

roviral agents, cobicistat, many chemotherapeutic agents (olaparib, 

rucaparib, imatinib, bosutinib, sorafenib, sunitinib, crizotinib, gefi-

tinib, pazopanib), and cimetidine, but not ranitidine, are organic bases 

that inhibit creatinine secretion competitively and can result in a mild 

elevation in the SCr, usually 0.5 mg/dL or less.39–43

As with all clearance methods, the CCr is subject to errors that may 

amount to as much as 10%–15%. In addition to potential problems in 

estimating the SCr and UCr, errors in timing of urine collection, incom-

plete collection, and inaccurate measurement of urine volume are 

other factors that contribute to errors.44 Although 24-hour UCr clear-

ances have been widely used, no specified period is required for the 

clearance to be obtained. In fact, shorter collection periods of several 

hours may be more accurate in patients passing adequate amounts of 

urine (not oliguric), particularly if the patient is not in a steady state 

(see later). To reduce errors in volume measurement, one can induce 

water diuresis in stable subjects before beginning the test,45 although 

this is rarely practical in the ICU setting. Nevertheless, because many 

ICU patients have indwelling Foley catheters, it should be possible for 

accurately timed urine collections to be obtained and for the CCr to be 

measured with reasonable accuracy.

Serum Creatinine
Because of the practical and technical problems in obtaining estimates 

of the GFR by clearance methods, renal function is most commonly  

estimated by following the SCr in hospitalized patients. Creatinine 

is formed nonenzymatically from creatine and phosphocreatine in skel-

etal muscle cells and is normally present in the serum at a concentration 

of 0.8–1.4 mg/dL in adults and 0.3–0.6 mg/dL in children and pregnant 

subjects. This process is irreversible, is temperature and pH dependent, 

and occurs at a constant rate. The measured SCr depends on the method 

of measurement, as discussed previously, the GFR, rate of creatinine 

production, volume of distribution (e.g., SCr is lower in anasarca), and 

extent of its tubular secretion and intestinal degradation.3 Because cre-

atinine production is closely related to muscle mass, the SCr is generally 

less in females than in males and decreases as muscle mass is lost with 

aging or debilitating illnesses.

The relationship between the SCr and CCr (and hence GFR) can be 

described by a rectangular hyperbola44; however, this relationship applies 

in the steady state and assumes a constant rate of creatinine production 

(Fig. 95.1). Thus a doubling of the SCr reflects a 50% decrease in CCr, a 

fourfold increase in the SCr, a 75% drop in the GFR, and so on. Because 

creatinine production may not remain constant, the SCr may underesti-

mate the decrease in GFR in critically ill patients who have a decrease in 

muscle mass secondary to an ongoing catabolic state. Moreover, it should 

be appreciated that the SCr is an insensitive marker of change early in the 

course of renal disease. Thus a 33% fall in the GFR may raise the SCr from 

0.8 to 1.2 mg/dL, a value still within the normal range. If the prior value 

is not known, this fall in the GFR may go unrecognized.

The SCr provides a close estimate of the GFR only in the steady state. 

With an abrupt decrease in the GFR, as may occur in acute renal failure, 

creatinine production would be expected to continue unchanged, but 

because of the decrease in the GFR, creatinine excretion will be im-

paired. As a result, the SCr increases until a new steady state is obtained, 

at which time the amount of creatinine produced equals the amount 

filtered (GFR 2 SCr) and excreted (UCr 2 V). Depending on the extent 

of damage and decrease in the GFR, it may take several days for a new 

steady state to be achieved. Therefore after an insult leading to an 

abrupt decrease in the GFR, the SCr rises progressively over the next 

several days. This should not be interpreted as a new insult each day, but 

rather that a steady state has not yet been obtained. While the SCr is 

changing, its absolute value cannot be used as an accurate measure of 

the decrease in the GFR. If an accurate measurement of the GFR is 

needed during this time, a short CCr can be obtained.
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Fig. 95.1 Relationship Between Creatinine Clearance and Serum Cre-

atinine. In steady state, serum creatinine should increase twofold for 

each 50% reduction in creatinine clearance. Inset represents enlarged 

view of changes in serum creatinine as creatinine clearance decreases 

from 120 to 60 mL/min. If serum creatinine is 0.8 mg/dL when creatinine 

clearance is 120 mL/min, creatinine clearance can decrease by 33% such 

that increased serum creatinine is still within normal range.

  

 



777CHAPTER 95 Clinical Assessment of Renal Function

Many equations have been developed to estimate the CCr based on 

the SCr without collection of urine.46,47 Box 95.1 is a compilation of 

the more commonly used equations.48 These equations generally take 

into consideration muscle mass (estimated as body weight), sex (males 

having a higher GFR than females), and age. Aging, hepatic diseases, 

excessive muscle wasting, severe muscular atrophy or dystrophy, hy-

perthyroidism, paralysis, and chronic glucocorticoid therapy are asso-

ciated with reduced creatinine generation.18 In addition, particularly at 

low levels of GFR, correction for nonrenal creatinine metabolism is 

recommended.49,50 One of the most commonly used equations is that 

developed by Cockcroft and Gault51:

C
140 age lean wt in kg

72 SCr

Cr

� 

–( )•
•

where age is expressed in years. The preceding expression is used for men. 

The formula for women is the preceding formula multiplied by 0.85.

The reliability of the Cockcroft-Gault equation as a measure of 

the GFR has been assessed in patients with diabetes, pregnant women 

with renal disease,52 obese individuals,53 elderly individuals,54,55 and 

African Americans with hypertensive renal disease.56 It has also been 

assessed in critically ill patients.57 These studies have indicated that 

the accuracy of GFR estimates using the Cockcroft-Gault equation is 

similar to or greater than 24-hour CCr and that the precision is better. 

This equation seems to be most accurate for estimating the GFR 

when the latter is in the range of 10–100 mL/min.53,56,57 The advan-

tage of this formula is that it is simple and underscores the essential 

determinants of CCr.

The Modification of Diet in Renal Disease (MDRD) study equation 

previously gained widespread acceptance by most clinical laboratories, 

which now routinely report estimated GFRs across populations when 

serum creatinine testing is ordered.58–60 Major limitations included 

imprecision and underestimation of the measured GFR at high GFRs 

(GFR .60 mL/min/1.73 m2). The MDRD equation is generally more 

precise than the Cockcroft-Gault equation.61

Limitations at higher GFRs prompted a further modification by  

the Chronic Kidney Disease Epidemiology Collaboration Research 

Group.62 This equation offers improved precision, especially with 

higher GFRs up to 90 mL/min/1.73 m2.

Serum Cystatin C
Because of the limitations in using creatinine as a marker for the GFR, 

there has been an ongoing search for alternative GFR markers. To this 

end, cystatin C has emerged as a possible candidate biomarker. Cystatin 

C is a low-molecular-weight protein of 13.3 kDa and is expressed by all 

nucleated cells. It is cleared by glomerular filtration and metabolized in 

the kidney. And it is not secreted by the tubules like creatinine. Serum 

cystatin C levels are minimally affected by demographics such as race 

and muscle mass. Although initially thought to be an ideal GFR marker, 

a number of factors may influence cystatin C levels other than GFR. 

These include hyperthyroidism, malignancy, corticosteroid use, diabe-

tes mellitus, leukocyte count, albumin concentration, and C-reactive 

protein levels. Despite such limitations, cystatin C use is increasing and 

analytical methods are standardized. Cystatin C, like creatinine, has 

been employed in equations that more accurately estimate the GFR. By 

using both creatinine and cystatin C, even more accuracy in determin-

ing the GFR can be obtained, especially in populations with higher 

baseline levels for GFR. Cystatin C will likely continue to emerge as  

an important biomarker for the estimation of GFR and the CKD-EPI 

cystatin C calculation became more commonly used.63

BOX 95.1 Common Equations for Estimating Glomerular Filtration Rate or Creatinine 
Clearance

Cockcroft-Gault (CCr • BSA/1.73 m2)

Formen: C [(140 age) weight (kg)]
Cr

•�  � SS 72
Cr

•

For women: C ([(140 age) weight (k
Cr

•� – gg)] S 72) 0.85
Cr

• •

Gates

For men: 89.4 S 55 age 0• •
Cr

1.2�
� �( ) ( ) ..447 S•

Cr

1.1�( )
For women: 89.4 S 55 age• •

Cr

1.2�
� �( ) ( ) 0.447 S•

Cr

1.1�( )

Jellife (1) (CCr • BSA/1.73 m2)

For men: (98 [0.8 (age 20)]) S•
Cr

2 2

For women: (98 [0.8 (age 20)]) S• •
Cr

2 2 00.90

Jellife (2)
Formen: (100 / S ) 12

Cr
2

For women: (80 / S ) 7
Cr

2

Mawer
For men:weight [29.3 (0.203 age)] [1 (0.03• • •2 2 •• S )]

Cr

For women: weight [25.3 (0.175 age)] [1 (0.• • •2 2 003 S )]•
Cr

Bjornsson
For men: [27 (0.173 age)] weight 0• • •2 SS

Cr

For women: [25 (0.175 age)] weight• • •2 0.07 S
Cr

Salazar-Corcoran
For men: [137 age] [(0.285 weight)• •� � (12.1 height ) (51 S )]• •

2

Cr

For women: [146 age] [(0.287 weight)• •� �� (9.74 height ) (60 S )]2

Cr
•

CKD-EPI 2021 eGFRcr equation

eGFRcr 5  142 3 min(Scr/k, 1)a 3 max(Scr/k, 1)21.200 3 0.9938 

Age 3 1.012 [if female]

where: Scr 5 serum creatinine in mg/dL

k 5 0.7 (females) or 0.9 (males)

a 5 20.241 (female) or 20.302 (male)

min(Scr/k, 1) is the minimum of Scr/k or 1.0

max(Scr/k, 1) is the maximum of Scr/k or 1.0

Age (years)

CKD-EPI 2021 eGFRcr-cys equation

eGFRcr-cys 5  135 3 min(Scr/k, 1)a 3 max(Scr/k, 1)21.200 3 min(Scys/

0.8, 1)20.323 3 max(Scys/0.8, 1)20.778 3 0.9961

Age 3 0.963 [if female]

where: Scr 5 serum creatinine in mg/dL

k 5 0.7 (females) or 0.9 (males)

a 5 20.219 (female) or 20.144 (male)

min(Scr/k, 1) is the minimum of Scr/k or 1.0

max(Scr/k, 1) is the maximum of Scr/k or 1.0

Scys 5 serum cystatin C in mg/L

Age (years)
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New Equations Used to Estimate eGFR without the  
use of Race
Equations for estimating glomerular filtration rate using serum creati-

nine or cystatin previously incorporated age, sex and race to estimate 

measured eGFR, however, race is a social and not biologic construct. 

Recently, a new eGFR equation without race has been developed and is 

now in the process of being implemented widely.64-65

CKD-EPI 2021 eGFRcr equation
eGFRcr 5  142 3 min(Scr/k, 1)a 3 max(Scr/k, 1)-1.200 3 0.9938 

Age 3 1.012 [if female]

where: Scr 5 serum creatinine in mg/dL

k 5 0.7 (females) or 0.9 (males)

a 5 20.241 (female) or 20.302 (male)

min(Scr/k, 1) is the minimum of Scr/k or 1.0

max(Scr/k, 1) is the maximum of Scr/k or 1.0

Age (years)

CKD-EPI 2021 eGFRcr-cys equation
eGFRcr-cys 5  135 3 min(Scr/k, 1)a 3 max(Scr/k, 1)21.200 3 min

(Scys/0.8, 1)20.323 3 max(Scys/0.8, 1)20.778 3 

0.9961 Age 3 0.963 [if female]

where: Scr 5 serum creatinine in mg/dL

k 5 0.7 (females) or 0.9 (males)

a 5 20.219 (female) or 20.144 (male)

min(Scr/k, 1) is the minimum of Scr/k or 1.0

max(Scr/k, 1) is the maximum of Scr/k or 1.0

Scys 5 serum cystatin C in mg/L

Age (years)

Serum Urea Nitrogen
Less accurate as a marker of GFR than the SCr, serum urea nitrogen 

(SUN) (or blood urea nitrogen [BUN]) is still used extensively in 

clinical practice to estimate renal function. Although this was the earli-

est available indicator of renal function, several other factors should be 

appreciated regarding the use of this substance. Urea, like creatinine, is 

freely filtered and is retained in the blood as the GFR falls. However, in 

contrast to creatinine, urea may be reabsorbed to a significant extent. 

The excretion of urea tends to be increased with increasing urine flow 

rates, whereas its excretion is reduced when tubular fluid reabsorption 

is enhanced. Of greater importance, urea production is more variable 

than that of creatinine. Produced in the liver, urea increases with high 

protein intake, amino acid infusions, and hypercatabolic states. In  

addition, endogenous sources of protein, such as absorbed hemoglo-

bin from gastrointestinal bleeding, may contribute to increased urea 

synthesis. Even at a constant GFR, SUN may rise in subjects on high-

protein intake and fall with protein restriction or on refeeding of pre-

viously starved, nonhypercatabolic subjects.

Several pharmacologic agents may also affect urea nitrogen forma-

tion. Tetracyclines may lead to an increase in SUN by an antianabolic 

effect without any detectable change in the GFR, whereas glucocorti-

coids and severe illnesses or trauma do the same by inducing endoge-

nous protein hypercatabolism. Because of the widespread use of hyper-

alimentation in ICU patients, impairment in renal function is often 

associated with a marked disproportion in the elevation of SUN com-

pared with SCr. For this reason, an issue is raised as to whether SUN el-

evation itself poses an important threat to patients if the GFR is in a 

range that should not lead to enhanced morbidity by itself. In those 

circumstances, it is useful to measure the rate of urea appearance (or 

generation) to estimate whether other factors such as gastrointestinal 

bleeding, excessive amino acid infusions, and protein administration are 

contributing to the increase in SUN above that expected by a decrease in 

the GFR.48,49 Urea nitrogen (UN) appearance can be determined from 

urine urea nitrogen (UUN), SUN, and body weight as follows:

UN UUN • V body pool UN� ��

whereUUN•Visthe24-hourUNexcretion,andD body pool UN 5 

0.6 2nonedematousweight(kg)•D SUN/day.

If the weight is changing48,49:

� �body pool UN 0.6 • nonedematous weight • ��

� �

SUN

weight • final SUN

( )
( )

Nitrogen balance (BN) is equal to:

BN IN UN NUN5 – –

where IN is the urea nitrogen intake and NUN is nonurea nitrogen 

excretions.49

NUN, which includes fecal nitrogen, urinary creatinine, uric acid, 

and unmeasured nitrogen, averages 0.031 g nitrogen/kg/day.49 Data 

obtained from the measurements just described may be quite useful in 

evaluating the cause of disproportionate elevations in SUN. If a patient 

is in the steady state (with a stable weight and SUN), BN 5 0, and IN 

can be estimated from UN 1 NUN.49 Because catabolism, except for 

severe trauma and burns, is usually 2–4 g nitrogen per day, additional 

conclusions can be drawn if the patient is not in the steady state. For 

example, if it is known that IN is less than UN 1 NUN, gastrointesti-

nal bleeding with or without excess catabolism would be suggested. 

Similarly, one can evaluate if an increase in SUN is a reflection of ex-

cessive exogenous protein and amino acid administration (usually 

.1.5 g/kg/day; g UN 0.16 5 g protein or amino acids). If the IN is 

above the UN, such as in severe liver disease, the clinician might more 

carefully evaluate changes in weight and SUN in addition to clearances 

because the latter may be more severely depressed than initially  

suspected.

FUTURE METHODOLOGIES

A number of emerging methods and technologies are currently under 

investigation for measuring GFR. ProEnkephalin A 119-159 is a pre-

cursor peptide (5 kDa) found in the adrenal medulla, nervous and 

immune systems, and kidney. Its concentration is inversely propor-

tional to GFR, and it is a novel and useful predictor of acute kidney 

injury (AKI).66 Real-time measurement of GFR is also on the horizon 

using 3,6-diamino02,5-bispyrazine as a tracer measurement via trans-

dermal patch shows good correlation with GFR.67 Another novel 

method uses two visible fluorescent injectates to simultaneously mea-

sure plasma volume and GFR.68 These methods will hopefully allow 

the clinician to estimate GFR on a real-time basis in order to aid in the 

diagnosis of chronic kidney disease (CKD) and AKI.

SODIUM BALANCE AND EXTRACELLULAR  
FLUID VOLUME

Sodium is the primary cation of the ECF, present at a concentration of 

140–142 mmol/L. The volume of the ECF is approximately 20% of the 

total body weight and represents one-third of the total body water. 

Regulation of ECF volume is governed by factors regulating sodium 

balance and sodium excretion.69

Under physiologic conditions and in the steady state, sodium bal-

ance is maintained because the amount of sodium excreted equals 

that which enters the body by oral and intravenous routes. The excre-

tion of sodium excretion and fraction of filtered sodium that is ex-

creted (FENa) can be readily determined. Absolute sodium excretion 
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is measured as the product of urine sodium concentration and urine 

volume:

Na excretion U • V
Na

�

� ( )
The FENa can be determined as follows:

FE U • V GFR • S
Na Na Na

5

For practical reasons, CCr (5 UCr • V/SCr) is used to estimate the 

GFR, such that:

FE U • V U •V S • SNa Na Cr Cr Na5

Because V in the numerator and denominator cancels out:

SFE U • S U
CrNa CrNa Na

5

Thus the FENa can be calculated from sodium and creatinine deter-

mined in a random urine sample and serum (or plasma) simultane-

ously. The resulting calculation is expressed as a percentage by multi-

plying by 100. This test is of value in the setting of acute renal failure 

to aid in distinguishing a prerenal from a renal parenchymal etiology.70 

It is not usually helpful in aiding in the diagnosis of urinary tract  

obstruction or in the presence of underlying chronic renal insuffi-

ciency. The reason for the difficulty in interpreting chronic renal insuf-

ficiency can be illustrated by the following considerations. At a GFR of 

130 mL/min and a dietary sodium intake of 3 g of sodium (130 mmol), 

an individual in sodium balance will excrete 0.5% of the filtered load 

(FENa 5 0.5%). For sodium balance to be maintained at lower levels of 

the GFR with the same sodium intake, the FENa must be increased 

progressively. Successive decreases in the GFR by 2 from 130 would 

result in FENa of 1%, 2%, 4%, and 8%, respectively. Thus interpretation 

of the FENa in a patient with acute renal failure superimposed on 

chronic renal insufficiency is problematic unless the prior steady-state 

FENa is known, but this is rarely the case.

The fractional excretion of chloride (FECl) has been suggested to be 

more accurate than that of sodium in helping to distinguish prerenal 

from parenchymal causes of acute renal failure.71 This is particularly so in 

the situation in which acute renal failure occurs with simultaneous meta-

bolic alkalosis. If the urine contains substantial amounts of bicarbonate 

urinary pH (UpH .7), sodium excretion increases to maintain electro-

neutrality. Under these circumstances, the FENa may give misleading 

information, but the FECl can be used to obtain the same information.

Although urinary sodium excretion can be used to help make de-

terminations with respect to the ECF volume under certain circum-

stances, this may be fraught with potential errors. No laboratory test is 

available to provide this information. Rather, an astute clinician must 

rely on bedside evaluation complemented, where appropriate, with 

measurements of central venous pressure and pulmonary capillary 

wedge pressure to assist in making determinations with respect to the 

ECF volume status. For example, a low FENa (,1%) in the setting of 

acute renal failure usually indicates a decrease in renal perfusion  

but does not provide information on the status of the patient’s ECF 

volume. Because a low FENa can be seen with either ECF volume con-

traction or severe congestive heart failure, these conditions must be 

distinguished at the bedside. Moreover, sometimes a low FENa exists 

even in the presence of parenchymal renal disease, such as acute glo-

merulonephritis, severe burns, and radiocontrast nephropathy. Finally, 

administration of potent diuretic agents can alter the FENa and may 

result in misleading interpretations. For this reason, urine samples 

should be obtained before diuretics are administered. However, it may 

not be possible to obtain urinary sodium or chloride values while a 

patient is not receiving diuretics. In this setting, the fractional excre-

tion of UN has been employed to distinguish prerenal from renal 

causes of AKI. In a well-hydrated individual, the FeUN is 50%–65%,72 

whereas in the oliguric prerenal azotemic individual, the FeUN is below 

35%. The use of FeUN in the setting of AKI has not attained widespread 

acceptance because of variable results in comparative trials.72,73

There is now ample evidence that in a patient in positive sodium 

balance, diuretic therapy should not be used without simultaneously 

restricting sodium intake, including intravenous saline, if negative so-

dium balance and reduction in edema fluid are desired.74 In general, 

this requires restriction of dietary sodium intake, usually to less than  

2 g of sodium per day (0.88 mmol) if the patient is in an edema-

forming state. Although diuresis can be affected even with liberal so-

dium intake, this requires higher doses of diuretics and more frequent 

administration of these agents. The coexistence of hyponatremia 

should not deter clinicians from restricting sodium intake, but rather 

should cause them to address solute-free water intake as well. Under 

certain circumstances, obligatory intakes make it difficult to achieve 

optimal restriction to assist diuresis. That is, with various pharmaco-

logic drips, blood products, and feeding regimens necessary in acutely 

ill patients in the ICU, restricting sodium intake may become a diffi-

cult problem. Under those circumstances, increasing doses of diuretics, 

including continuous infusions of loop diuretics, may be required.

KEY POINTS

• Acute deterioration of renal function is common in the ICU and contributes 

significantly to overall morbidity and mortality.

• The serum creatinine concentration often underestimates the decrease in 

GFR and may be abnormal only after marked reductions in GFR.

• Using equations to estimate renal function should be routine in the ICU.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Chertow GM, Sayegh MH, Allgren RL, et al. Is the administration of dopa-

mine associated with adverse or favorable outcome in acute renal failure? 

Am J Med. 1996;101:49–53.

One of the first large, randomized trials exploring the use of low-dose dopa-

mine (,3 mg/kg/min) and high-dose dopamine in ICU patients. The study 

revealed that there was no evidence that low-dose dopamine improved sur-

vival or obviated the need for dialysis and its use should be discouraged.

Inker LA, Eneanya J, Coresh H. New Creatinine- and Cystatin C-Based Equa-

tions to Estimate GFR without Race. N Engl J Med 2021; 385: 1737–49.

Comprehensive review of the development of a new equation to predict GFR 

without the use of race.

Robert S, Zarowitz BJ, Peterson EL, et al. Predictability of creatinine clearance 

estimates in critically ill patients. Crit Care Med. 1993;21:1487–1495.

Creatinine clearance, inulin clearance, and estimates of GFR based on the 

Cockcroft-Gault equation were compared in 20 ICU patients. This study em-

phasized the inaccuracies of obtaining creatinine clearances in the ICU set-

ting. The Cockcroft-Gault equation accurately predicted GFR as determined 

by inulin clearances.

Wharton WW, III Sondeen JL, McBiles M, et al. Measurement of glomerular 

filtration rate in ICU patients using 99mTc-DTPA and inulin. Kidney Int. 

1992;42:174–178.

This study in 18 ICU patients compared clearances of inulin, creatinine, and 
99mTc-DTPA with estimated Cockcroft-Gault clearance. The clearance of 

DTPA correlated best to inulin clearance throughout the entire range of clear-

ances studied. DTPA clearance was also simple and inexpensive to perform in 

the ICU setting.

Wilcox CS, Mitch WE, Kelly RA, et al. Response of the kidney to furosemide:  

I. Effects of salt intake and renal compensation. J Lab Clin Med. 

1983;102:450–458.

Classic study on the pharmacodynamics of furosemide showing the impor-

tance of salt intake and homeostatic mechanisms activated by diuretic use.
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Biomarkers of Acute Kidney Injury

Anja Haase-Fielitz and Michael Haase

EPIDEMIOLOGY OF ACUTE KIDNEY INJURY  
IN THE INTENSIVE CARE UNIT

Acute kidney injury (AKI) is a significant problem in intensive care 

unit (ICU) patients and carries a high mortality rate and long-term 

morbidity. AKI is defined according to the Kidney Diseases Improving 

Global Outcomes (KDIGO) criteria,1 including three alternatively ap-

plied components: (1) serum creatinine increase (from baseline of 

.27 micromol/L or .0.3 mg/dL within a maximum of 48 hours or 

.50% within a maximum of 7 days), (2) reduced urine output (,0.5 

mL/kg/hr over 6 hours), or (3) initiation of acute renal replacement 

therapy. Incidence of AKI in the ICU has been reported to be about 

50%,2 with 32% at stage 1, 16% at stage 2, and 52% at stage 3. In 13.5% 

of patients treated in the ICU, renal replacement therapy is initiated. 

AKI requiring renal replacement therapy in the ICU has a high mortal-

ity rate, often reaching over 50%. The most common causes of AKI in 

the ICU include sepsis/septic shock, major surgical procedures, acute 

cardiac decompensation/cardiac shock, and nephrotoxins.2,3 Approxi-

mately 30% of patients have preadmission chronic kidney disease.

A major obstacle to the development of improved treatment strate-

gies for AKI in critically ill patients is the absence of sensitive and 

specific biomarkers available to the clinician with a short laboratory 

turn-around time.4 Therapeutic measures are sometimes started late in 

the course of AKI. The optimum time to start renal replacement 

therapy in the ICU is unknown. Therefore there is a need to under-

stand whether and how novel kidney biomarkers with short turn-

around time may be able to complement clinical decisions in ICU 

patients.

This chapter briefly highlights biologic characteristics of current 

tools in AKI diagnosis and of novel kidney biomarkers with short 

turn-around times and test results available to the clinician within  

2 hours. This is followed by information on clinical characteristics of 

such biomarkers of AKI. Biologic and clinical characteristics of other 

published novel kidney biomarkers are summarized at the end of the 

chapter.

BIOLOGIC CHARACTERISTICS 
OF CURRENT TOOLS IN AKI

Serum creatinine (SCr) and urine output are used to diagnose AKI. 

Creatinine is generated in muscles from the nonenzymatic conversion 

of creatine and phosphocreatine. SCr concentrations carry the highest 

validity under stable physiologic conditions, but SCr is not sensitive or 

specific in the setting of AKI. SCr may change because of nonrenal 

factors independent of kidney function (e.g., age, gender, race, muscle 

mass, nutritional status, total parenteral nutrition, and infection).5,6 

Also, inhibition of tubular secretion (e.g., during intake of piperacillin/

tazobactam) may increase SCr concentrations.7 Moderate to severe 

abnormalities of thyroid or adrenal gland function may affect SCr in-

dependent of kidney function, with lower SCr concentrations in the 

setting of hyperthyroidism or hypercortisolism. SCr is not sensitive to 

the loss of kidney function reserve, as evidenced by the small change in 

SCr after the loss or donation of a kidney with one normal remaining 

kidney.8 Alterations in SCr may lag several days behind actual changes 

in glomerular filtration rate (GFR).6,9

Both a decrease and lack of decrease of urine output are frequently 

not helpful in diagnosing or ruling out AKI. Urine output and urine 

output–modifying circumstances (e.g., hypovolemia) and treatments 

(fluids, diuretics) carry inherent impediments, limiting their sensitiv-

ity and specificity in AKI diagnosis. Specifically, diuretic administra-

tion in the setting of hypervolemia management or fluid administra-

tion in the setting of hemodynamic instability might limit the use of 

urine output for diagnosing or ruling out AKI. However, diuretic ad-

ministration applied in euvolemic patients as a tubular stress test10 

may assess kidney tubular responsiveness.11

A biomarker independent of SCr and urine output limitations or a 

biomarker that is released into the blood or urine by the injured kid-

ney may be a more sensitive and specific marker of AKI. In addition, 

earlier detection of AKI with a kidney-specific biomarker may result in 

earlier nephrology consultation, more optimal dosing of antibiotics in 

ICU patients, avoidance of nephrotoxic agents, and even patient-indi-

vidualized timing of initiation of renal replacement therapy (RRT).

BIOLOGIC CHARACTERISTICS OF NOVEL AKI 
BIOMARKERS WITH SHORT TURN-AROUND TIMES

Recently, clinically available biomarkers of AKI with short laboratory 

turn-around times to the clinician have been described, including 

cystatin C, neutrophil gelatinase–associated lipocalin (NGAL), and 

cell-cycle arrest markers (TIMP-2/IGFBP7). All of those are available 

on clinical laboratory platforms or point-of-care devices with bio-

marker measurements of less than 60 minutes. Cystatin C, NGAL, and 

cycle arrest markers have CE marking, making the tests commercially 

available in Europe for supporting the clinician estimating AKI risk in 

critically ill patients. Cystatin C measurements are approved by the 

Food and Drug Administration (FDA) as an aid in the diagnosis and 

treatment of renal diseases. Cell-cycle arrest markers (TIMP-2/

IGFBP7) have also been approved by the FDA to be used in conjunc-

tion with clinical evaluation in patients 21 years of age or older who 

currently have or have had within the past 24 hours acute cardiovascu-

lar and/or respiratory compromise and are ICU patients as an aid in 

the risk assessment for moderate or severe AKI within 12 hours of 

patient assessment. Renal handling of these biomarkers is shown in 

Fig. 96.1.
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Novel biomarkers of AKI that are not clinically available within a 

short turn-around time are summarized next, including IL-6, IL-18, 

KIM-1, and L-FABP.

Serum Cystatin C
Cystatin C is a 13-kDa protein produced by all nucleated cells at a 

constant rate. It is freely filtered by the glomerulus, completely reab-

sorbed by the proximal tubules, and is not secreted by the renal tu-

bules.12 Thus some of the limitations of SCr—for example, the effect 

of muscle mass, diet, gender, and tubular secretion—may not be a 

problem with cystatin C. Cystatin C is a better marker of GFR than 

SCr.13–15 Increases in cystatin C occur sooner after changes in kidney 

function than change in SCr.8,16 In critically ill patients, serum cystatin 

C correlated better with GFR than did creatinine and was diagnosti-

cally superior to creatinine.16 Serum cystatin C was found to be better 

than SCr in the detection of AKI in critically ill children.17

There are limitations to the use of cystatin C as a marker of GFR. 

Abnormalities of thyroid function18 and glucocorticoid therapy19,20 

may affect cystatin C independent of kidney function, with higher se-

rum cystatin C concentrations in the setting of hyperthyroidism or 

prednisolone intake .10 mg/d. However, in critically ill patients, the 

effect of thyroid function appears to be nonclinically relevant.21 The 

evidence regarding the impact of inflammation is limited; however, in 

a study with 327 ICU patients, the impact of sepsis on the levels of 

serum cystatin C in AKI and non-AKI patients was determined.22 The 

change in cystatin C or creatinine did not differ significantly between 

the septic and nonseptic patients with or without AKI. Similarly, in a 

study with critically ill children, levels of cystatin C were not substan-

tially increased in the setting of sepsis.23

Neutrophil Gelatinase–Associated Lipocalin
NGAL was originally isolated from the supernatant of activated neutro-

phils and identified as a polypeptide covalently bound to gelatinase.24 It 

is expressed in a variety of human tissues, including lung, liver, and 

kidney, in various pathologic states. Human NGAL is a polypeptide 

with a molecular weight of 25 kDa covalently bound to gelatinase from 

human neutrophils. Although the majority of NGAL is in a monomeric 

form, NGAL also occurs as dimers and trimers and in a complex with 

neutrophil gelatinase. The 25-kDa monomeric NGAL form is secreted 

by injured kidney tubule epithelial cells, whereas the dimeric form is 

predominantly secreted by neutrophils.25 The major ligands for NGAL 

are siderophores,26 which are ferric ion-specific chelating compounds.27 

The iron status of NGAL is a critical determinant of biologic activity. 

Iron-containing NGAL binds to cell surface receptors such as megalin, 

gets internalized, and releases its bound iron. The increased intracellu-

lar iron concentration drives the regulation of iron-dependent genes. 

NGAL has been implicated in the differentiation of renal tubule epithe-

lial cells and nephrons.28 Preclinical studies identified NGAL to be one 

of the most up-regulated genes and proteins in the kidney early after 

AKI in animal models.29a NGAL protein expression was detected pre-

dominantly in tubule epithelial cells that were undergoing proliferation 

and regeneration, suggesting a role in the repair process. NGAL protein 

was also detected in the urine and plasma in animal models of AKI, 

where it preceded the increase in plasma creatinine concentrations. 

Urine NGAL is derived predominantly from epithelial cells of the distal 

nephron, although a fraction may come from the systemic pool escap-

ing reabsorption because of proximal tubular injury.29 Plasma NGAL 

originates not only from the damaged kidneys (via tubular backleak) 

but also from extrarenal organs. Recent evidence has emerged to impli-

cate a potentially important pathophysiologic link between NGAL and 

cardiorenal syndrome. NGAL induces cardiomyocyte apoptosis by in-

creasing intracellular iron accumulation.30 Renal NGAL expression 

rapidly increased after acute inflammation and/or injured renal tubular 

epithelia, in particular after damage from ischemia-reperfusion injury 

(IRI) and toxin exposure. A reporter mouse responsive to ischemia/ 

reperfusion or toxic stimuli allowed detection of NGAL expression in 

“real time” in vivo.31 Volume depletion did not cause NGAL expression 

in the kidney or in the urine, thus indicating that NGAL can be an 

important clinical tool to discriminate patients with “prerenal azote-

mia” from those with AKI and therefore “true” structural damage.  

Finally, NGAL levels peak approximately 6 hours after tubular injury 

and follow a dose-response curve with respect to severity of injury.32,33

Fig. 96.1 The processing of AKI biomarkers cystatin C, NGAL, and cycle arrest markers by the kidneys.
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Cell-Cycle Arrest Markers
Replication is one of the most energy-consuming processes cells un-

dergo. If, during the cell cycle, the cell will have not sufficient energy to 

replicate, the cell will undergo cell-cycle arrest to avoid cell death as a 

result of energy failure.34 Therefore cell-cycle arrest is considered to be 

a major mechanism of down-regulation of energy expenditure that 

tubular epithelial cells may use to resist or recover from different in-

sults. Even if insults may not actually destroy cells, tissue inhibitor of 

metalloproteinase-2 (TIMP-2) and insulin-like growth factor binding 

protein-7 (IGFBP7) may signal in autocrine and paracrine fashions. 

Therefore TIMP-2 and IGFBP7 have been recently described as an 

“alarm” spreading to adjacent cells, although this has not yet been 

shown for the kidney.34 The cellular source and pathophysiologic role 

of these markers in AKI are unknown’ however, one study showed  

that nonrenal organ failures in sepsis did not result in increased 

[TIMP-2]·[IGFBP7],34 and other studies showed no increase of 

[TIMP-2]·[IGFBP7] in critically ill patients without AKI.35 TIMP-2 

and IGFBP7 have been found to be predictors of the development of 

human AKI.35 Both cell-cycle arrest markers are inducers of G1 cell-

cycle arrest occurring during the early phases of cellular stress,36,37 a 

key mechanism implicated in AKI. TIMP-2 and IGFBP7 may increase 

in response to inflammation, oxidative stress, ultraviolet radiation, 

drugs, and toxins.34,36,37 Sustained cell-cycle arrest will result in a senes-

cent cell phenotype and lead to fibrosis. In turn, urine TIMP-2 and 

IGFBP7 values were not elevated in patients with stable chronic mor-

bidities who did not have AKI.38

CLINICAL CHARACTERISTICS OF AKI BIOMARKERS 
WITH SHORT TURN-AROUND TIMES

Serum Cystatin C
The performance of serum cystatin C and SCr as biomarkers of GFR 

in 47 critically ill patients was compared with GFR measured using 

urine clearance of iohexol.39 The areas under the ROC curve (AUCs) 

to detect a GFR of less than 60 mL/min were 0.80 and 0.94 for SCr and 

serum cystatin C, respectively. It was concluded that serum cystatin C 

outperforms SCr for the detection of an impaired GFR in critically ill 

patients.39

Serum cystatin C rapidly detects AKI in the ICU.40 In a meta-

analysis including data from 11 countries involving 3336 patients, se-

rum cystatin C was reported to be predictive of AKI with an AUC of 

0.84 if measured within 24 hours after ICU admission. Most studies in 

this meta-analysis found serum cystatin concentration .1.1 mg/L to 

be predictive.41 Another meta-analysis including 2332 predominantly 

critically ill patients reported a 4.4 times increased risk of initiation of 

RRT if baseline serum cystatin C was increased.42

In another meta-analysis with 1079 ICU patients, cystatin C was 

predictive of the need for initiation of RRT, with AUC of 0.77, similar 

to the predictive value of contemporaneous serum creatinine with 

AUC 0.76.43 In turn, serum cystatin C concentrations ,2.5 mg/L with 

an AUC of 0.74 were predictive of successful 60-day discontinuation of 

RRT in critically ill patients.44 Serum cystatin C was an independent 

risk factor for AKI, with an odds ratio of 4.5 per mg/L increase in 624 

neurosurgical critically ill patients.45

In a study of 198 patients without known chronic kidney disease 

who underwent noncardiac major surgery and developed new-onset 

AKI in the first 48 hours after admission to the ICU, cystatin C pre-

dicted nonrecovery from AKI (within 7 days), with an AUC of 0.68, 

and improved a related statistical model enriched with clinical vari-

ables to AUC 0.80.46

Use of a vancomycin dosing algorithm according to estimated GFR 

(eGFR) using both an SCr and serum cystatin C–based CKD-EPI 

equation improved goal steady-state vancomycin trough concentra-

tions compared with creatinine clearance based on the Cockcroft-

Gault formula.47

Although SCr and cystatin C increase subsequent to a loss of renal 

filtration function, markers of acute tubular injury or cell stress may 

indicate structural kidney damage.

NGAL
NGAL is an early biomarker of AKI in critically ill patients. In 140 

pediatric patients on mechanical ventilation,48 the mean and peak 

urine NGAL concentrations increased with maximum AKI severity. 

Urine NGAL concentration rises in AKI 2 days before a 50% or greater 

rise in SCr. In a meta-analysis including more than 13,000 patients,49 

irrespective of meta-analytic approach, AKI definition, or subgroup 

assessment and considering several known NGAL confounders, NGAL 

diagnostic accuracy for the prediction of SCr-based AKI in adult criti-

cally ill patients was moderate to good (for overall AKI, moderate to 

severe AKI, RRT: AUC 0.73/0.78/0.75 for urine NGAL and AUC 

0.77/0.82/0.87 for plasma NGAL) (Table 96.1). The estimated time from 

NGAL sampling to diagnosis of AKI was 69 hours (interquartile range 

(IQR) 33–107).49 Moreover, in this meta-analysis, AUC values, classifi-

cation, and test performance indices (sensitivity, specificity, predictive 

values) of NGAL for severe AKI were similar to those previously  

reported for the cell arrest markers TIMP-2 and IGFBP7.50,51

The optimal cutoff points of urine and plasma NGAL for the pre-

diction of moderate to severe AKI in 245 critically ill patients were 

.80 ng/mL (sensitivity 70%, specificity 77%) and .150 ng/mL (sen-

sitivity 79%, specificity 73%).52 In this study, NGAL was also shown to 

be a marker of persistence of AKI for 48 hours or longer. Accordingly, 

the optimal cutoff points of urine and plasma NGAL (measured at the 

start of AKI stage 2/3) for the prediction of persistent AKI were similar 

with .80 ng/mL and .150 ng/mL. The ability of plasma NGAL to 

predict AKI in adult ICU patients was confirmed in another study.53 In 

a prospective cohort study of NGAL in the ICU, using a cutoff of .155 

ng/mL, the sensitivity and specificity of plasma NGAL to predict AKI 

were 82% and 97%, respectively (AUC 0.92). Of the patients who re-

quired RRT, all of them had plasma NGAL of .300 ng/mL. Plasma 

NGAL increased 48 hours before AKI was diagnosed. The study con-

cluded that plasma NGAL at ICU admission was an early biomarker of 

AKI in adult ICU patients.53

TABLE 96.1 NGAL as a Biomarker of AKI in the ICU

AKI MODERATE TO SEVERE AKI RRT

Covariate N AUC (95% CI) N AUC (95% CI) N AUC (95% CI)

Plasma NGAL 10 0.77 (0.76–0.78) 8 0.82 (0.81–0.83) 6 0.87 (0.86–0.87)

Urine NGAL 6 0.73 (0.72–0.75) 5 0.78 (0.78–0.81) 4 0.75 (–)

 

AKI,

 

Acute kidney injury;

 

AUC,

 

area under the curve;

 

CI,

 

confidence interval;

 

RRT,

 

renal replacement therapy.

(From Albert C, Haase M, Albert A, Zapf A, Braun-Dullaeus RC, Haase-Fielitz A. Biomarker-Guided Risk Assessment for Acute Kidney Injury: Time

 

for Clinical Implementation? Ann Lab Med. 2021 Jan;41(1):1-15.
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A multicenter study of serum NGAL was performed in 143 criti-

cally ill children with systemic inflammatory response syndrome 

(SIRS) or septic shock during the first 24 hours of admission to the 

pediatric ICU.54 There was a significant difference in the serum NGAL 

between healthy children, critically ill children with SIRS, and critically 

ill children with septic shock. Serum NGAL was significantly increased 

in critically ill children with AKI compared with those without AKI. 

Thus serum NGAL is a highly sensitive but nonspecific predictor of 

AKI in critically ill children with septic shock. Another study of NGAL 

in the ICU determined the influence of sepsis on NGAL in adult criti-

cally ill patients admitted with normal SCr.55 Data from patients with 

SIRS, severe sepsis, or septic shock without AKI and patients with 

septic shock and concomitant AKI were analyzed. Peak levels of plasma 

NGAL were not significantly different between septic shock patients 

with and without AKI. Urine NGAL was a good predictor (AUC 0.86), 

whereas plasma NGAL was a poor predictor (AUC 0.67) of AKI within 

the next 12 hours in patients with septic shock.55 The authors con-

cluded that plasma NGAL is raised in patients with SIRS, severe sepsis, 

and septic shock and should be used with caution as a marker of AKI 

in ICU patients with septic shock. Urine NGAL was more useful for 

predicting AKI, as the levels were not elevated in septic shock patients 

without AKI.

The predictive value of urine NGAL, plasma NGAL, and serum 

cystatin C to differentiate among sustained, transient, and absent AKI 

was compared in 700 ICU patients in a prospective cohort study.56 

Urine NGAL was the only biomarker that could significantly differen-

tiate sustained from transient AKI on ICU admission. The study con-

cluded that urine NGAL measured on ICU admission can be used to 

differentiate patients with sustained AKI from patients with transient 

AKI or without AKI.

In a prospective study of serum NGAL in 109 critically ill patients 

at the initiation of RRT, serum NGAL was a strong independent pre-

dictor for 28-day survival.57

The diagnostic accuracy of plasma NGAL for the early detection of 

AKI and the need for RRT in an adult ICU was examined in a study of 

307 consecutive adult patients admitted to a general medical/surgical 

ICU.58 Peak plasma NGAL concentrations increased with worsening 

AKI severity.58

In a prospective observational study, 106 ICU patients were in-

cluded to determine whether a panel of novel and traditional renal 

markers is superior to conventional renal markers in predicting RRT 

requirements.59 Urine NGAL, serum cystatin C, and Acute Physiology 

and Chronic Health Evaluation (APACHE) II score were significant 

independent predictors of RRT. The combination of serum cystatin C 

and APACHE II score proved to be the best for detecting patients with-

out AKI on ICU entry (AUC 0.78). The study concluded that the 

combination of a marker of GFR with one of tubular injury was the 

best predictor of RRT.

The ability of plasma NGAL and urine NGAL compared with 

SCr-based eGFR to predict severe AKI was determined in patients on 

ICU admission.60 Urine and plasma NGAL performed better than 

SCr or eGFR (AUC 0.79/0.75 vs. 0.65/0.67) for the prediction of 

moderate to severe AKI in 498 critically ill patients with eGFR  

.60 mL/min/1.73 m2.

It has become apparent that using clinical adjudication in conjunc-

tion with routine laboratory parameters may be insufficient in com-

plex acute conditions such as AKI. In this regard, a recent prospective 

observational study found that a clinician’s risk assessment for major 

adverse kidney events or AKI alone using information of NGAL test 

results measured on ICU arrival after cardiac surgery in addition to all 

other clinical information available was superior to clinical risk assess-

ment without information of the NGAL test result.61 Parikh and 

colleagues also reported cost savings in favor of biomarker measurement 

and adjustment of treatment.62

Finally, a systematic review and meta-analysis comparing a watch-

ful waiting strategy with early initiation of RRT in critically ill patients 

found that randomized controlled trials (RCTs) that enrolled a surgical 

population and a population with high plasma NGAL had favorable 

outcomes in the early RRT initiation group compared with the late 

RRT initiation group. The authors concluded that results should be 

interpreted with caution and that further information from large-

scale, well-designed RCTs should be obtained to provide a more de-

finitive answer regarding biomarker-complemented, optimal timing of 

RRT initiation and optimal RRT duration.63

In summary, NGAL appears to be a potentially useful biomarker of 

AKI and the need for RRT. However, there is variation among studies, 

and conditions such as sepsis, chronic obstructive pulmonary disease, 

cardiac dysfunction, age (NGAL seems superior in children), sex, and 

baseline renal function may affect the sensitivity and specificity of NGAL 

as a biomarker of AKI in the ICU.64 Thus there are limits in the interpre-

tation of NGAL in AKI. In addition, plasma NGAL and urinary NGAL 

assays have detected different molecular forms of NGAL, and these 

various molecular forms have different predictive values as biomarkers 

of AKI.65 Before NGAL is routinely and cost-effectively used in the ICU, 

further work is needed to describe the natural history of AKI and NGAL 

physiology in the ICU. Future studies should focus on accurate, early 

identification of AKI and the identification of new therapies.66

Cell-Cycle Arrest Markers
In one study, 340 candidate biomarkers were measured in the urine  

of critically ill ICU patients with sepsis or one or more risk factors  

for AKI such as hypotension and major trauma. In the initial analysis, 

the biomarkers were ranked by their ability to predict moderate to 

severe AKI within 12–36 hours. The two best biomarkers were the  

cell-cycle arrest proteins IGFBP7 and TIMP-2, which are both induc-

ers of G1 cell-cycle arrest, a key mechanism implicated in AKI.35 In a 

validation study (“Sapphire study”) in 728 critically ill patients, the 

primary endpoint was moderate to severe AKI (KDIGO stage 2–3) 

within 12 hours of sample collection.35 The combination of TIMP-2 

and IGFBP7 ([TIMP-2]•[IGFBP7]) demonstrated an AUC of 0.80
(0.76 and 0.79 alone) for the primary endpoint. Urine concentrations 

of [TIMP-2]•[IGFBP7] were significantly superior to previously 
described markers of AKI, none of which achieved an AUC of more 

than 0.72 for the endpoint defined. Hoste and colleagues reported in 

the Opal study an AUC of 0.79 for moderate to severe AKI using  

[TIMP-2]•[IGFBP7].50

Several studies focused on identification and characterization of 

cutoff concentrations for AKI (Table 96.2). In the Topaz study, in 420 

ICU patients, a predefined cutoff value of [TIMP-2]•[IGFBP7] was
prospectively validated for risk assessment in AKI diagnosed by a 

clinical adjudication committee.51 Critically ill patients with urinary 

[TIMP-2]•[IGFBP7].0.3 had seven times the risk of AKI compared 

with critically ill patients with a test result ,0.3. Sensitivity for the 

designated “high sensitivity cutoff” (0.3 ng/mL2/1000) was 89% in 

both Sapphire35 and Opal50 studies, and specificity was 50% and 53%, 

respectively. For 2.0 ng/mL2/1000 (which designated a high specificity 

cutoff), sensitivity was 42% and 44% and specificity was 95% and 

90%, respectively. A recent meta-analysis49 on the diagnostic perfor-

manceof[TIMP-2]•[IGFBP7]forAKIreportedasensitivityforthe0.3
ng/mL2/1000 cutoff of 0.76 and specificity of 0.48 within 12 hours of 

ICU admission. The sensitivity and specificity for the 2.0 ng/mL2/1000 

cutoff were 42% and 94%, respectively.

Inaddition,urinary[TIMP-2]•[IGFBP7]isassociatedwithanin-

creased risk of 9 months mortality or dialysis after AKI.67 Furthermore, 
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TABLE 96.2 TIMP-2/IGFBP7 as a Biomarker of AKI in the ICU

Endpoint Biomarker Criterion Cutoff

Sensitivity,  

% (95% CI)

Specificity, 

% (95% CI)

LR1 

(95% CI)

LR2 

(95% CI) DOR¶

Prevalence,  

% PPV,% NPV%

Adjusted 

Prevalence, %*

Adjusted 

PPV, %*

Adjusted 

NPV, %*

Severe AKI

Sapphire and

Opal Cohort, 

Hoste et al.  

[51]

[TIMP-2]•
[IGFBP-7]

90% 

sensitivity

Youden

95% 

specificity

0.3 (ng/mL) 

2/1000

0.7 (ng/mL) 

2/1000

2.0 (ng/mL) 

2/1000

89

70

43†

51.5†

76

92.5†

1.79  

(1.63–1.97)

2.92  

(2.44–3.44

7.69  

(5.57–10.88)

0.22  

(0.11–0.35)

0.39  

(0.28–0.51)

0.62  

(0.51–0.71)

8.1

7.5

12.4

17.6‡

17.6‡

17.6‡

18  

(17–20)

27

49  

(41–58)

97  

(96–99) 

95

93  

(92–94)

21.0

21.0

21.0

32  

(29–35)

45  

(40–49)

69  

(63–75)

96  

(94–97)

92  

(90–94)

88  

(86–89)

Severe AKI

Topaz Cohort,

Bihorac  

et al. [52]

[TIMP-2]•
[IGFBP-7]

90% 

sensitivity

Youden

95% 

specificity

0.3  

(ng/mL) 

2/1000

1.0 (ng/mL) 

2/1000

2.0 (ng/mL) 

2/1000

92 (85–98)

70 (59–80)

37 (26–47)

46 (41–52)

82 (78–86)

95 (93–97)

1.7  

(1.5–1.9)

3.9  

(3.0–5.1)

7.7  

(4.5–14.1)

0.18  

(0.06–0.33)

0.37  

(0.24–0.50)

0.67  

(0.55–0.78)

5.5

10.5

11.5

17.4‡

17.4‡

17.4‡

27  

(21–32)

45  

(36–54)

62  

(48–76)

96  

(93–99)

93  

(90–96)

88  

(84–91)

21.0

21.0

21.0

31.17

50.83

66.30

95.58

91.14

85.01

AKI, Acute kidney injury; CI, confidence interval; DOR, diagnostic odds ratio; LR, likelihood ratio; NGAL, neutrophil gelatinase–associated lipocalin; NPV, negative predictive value; PPV, positive 

predictive value; RRT, renal replacement therapy; [TIMP-2] • [IGFBP7], tissue inhibitor of metalloproteinases and insulin-like growth factor binding protein.

The following recommendations by Hoste and colleagues [51], PPV and NPV for severe AKI, were adjusted for the prevalence reported by Hoste and colleagues [51] and Bihorac and colleagues 

[52] in critically ill patients.
† Mean approximation from sensitivity and specificity reported for Sapphire and Opal Cohort [51].
‡ Derived from data reported for the Sapphire, Opal, or Topaz cohorts, respectively [51, 52].
¶ Calculated as LR1/LR2.
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inseveralstudiesthecombinationofurinary[TIMP-2]•[IGFBP7]was
examined to predict renal recovery in critically ill patients with AUC 

0.68,68 AUC 0.62,69 and AUC 0.79,70 with the latter study demonstrat-

ing eGFR improvement to be the best predictor of renal recovery (AUC 

0.87). A proteome analysis exploring novel kidney markers in the urine 

of critically ill patients with AKI and early recovery (n 5 12) compared 

with late recovery (n 5 12) identified eight candidates, among them 

NGAL and IGFBP7.71 In a validation study (n 5 28), AUC for AKI 

recovery was 0.74 for urine IGFBP7 and 0.70 for urine NGAL. AUC for 

prediction of mortality was 0.68 for IGFBP7 and 0.81 for NGAL.

In several studies, the combination of TIMP-2 and IGFBP7 was 

used for clinical decision making. In a study cohort of 276 patients 

undergoing cardiac surgery, Meersch and colleagues72 found that im-

plementation of an AKI care bundle according to the KDIGO practice 

guidelines compared with standard care reduced the frequency and 

severityofAKIinhigh-riskpatientsidentifiedby[TIMP-2]•[IGFBP7]
.0.3 (“high sensitivity cutoff”). Likewise, using the same cutoff, 

Göcze and colleagues73 identified patients at risk after major abdomi-

nal surgery and used the KDIGO care bundle in identified patients 

(intensified care group) compared with standard care in the control 

group. They found reduced AKI severity, postoperative SCr increase, 

length of ICU, and hospital stay in the intensified care group compared 

to control. Göcze and colleagues also reported cost savings in favor of 

biomarker measurement and adjustment of treatment, accordingly.73

BIOLOGIC AND CLINICAL CHARACTERISTICS OF 
OTHER NOVEL AKI BIOMARKERS

Interleukin-6
Interleukin (IL)-6 is a proinflammatory cytokine and has been studied 

as a predictor of AKI. In one clinical trial, 547 patients from the pla-

cebo group of the Prospective Recombinant Human Activated Protein 

C Worldwide Evaluation in Severe Sepsis (PROWESS) data set were 

studied.74 Of these 547 patients, 127 (23.2%) developed AKI. Using 

multivariate Cox regression, the predictors of AKI were log IL-6 and 

the APACHE II score. Similarly, IL-6 is a proinflammatory acute phase 

response cytokine that has been found to be elevated in the urine of 

pediatric75 and adult76,77 patients with acute tubular injury.

The Program to Improve Care in Acute Renal Disease (PICARD) 

was a prospective multicenter cohort study designed to examine the 

natural history and outcomes of critically ill ICU patients with estab-

lished AKI.78 Among other cytokines, IL-6 was determined in a subset 

of 98 patients from the PICARD study at the time of enrollment and 

then weekly for the duration of their hospital stay. Patients were en-

rolled into PICARD at the time of their nephrology consultation and 

thus had established AKI. IL-6 was significantly elevated compared 

with those in healthy controls. Increased serum levels of IL-6 at base-

line were significantly correlated with increased in-hospital mortality 

in AKI patients. Thus the cytokine response in patients with AKI is 

significantly dysregulated. When cytokine values were further adjusted 

for the severity of illness (APACHE III scores), only IL-6 remained an 

independent predictor of mortality. Thus IL-6 may be an important 

biomarker of outcomes in patients with AKI.

In summary, in both patient and animal studies, early AKI is associ-

ated with a proinflammatory burst that is characterized by early in-

creases in serum IL-6. Such a proinflammatory burst may also be 

linked with other complications in the ICU, such as acute lung injury.79

Interleukin-18
IL-18 is a proinflammatory cytokine that plays a role in both innate 

and acquired immune response.80–82 Studies in humans have demon-

strated that urinary IL-18 is an early predictive biomarker of AKI in 

the ICU.83 On multivariable analysis, urinary IL-18 values predicted 

the development of AKI (defined as a 50% increase in SCr) 24 and 48 

hours later. On diagnostic performance testing, urinary IL-18 demon-

strated an AUC of 73% to predict AKI in the next 24 hours. The pres-

ence of sepsis in both control and AKI patients did not have a signifi-

cant effect on urinary IL-18. On multivariate analysis, the urinary 

IL-18 value on the day of initiation of mechanical ventilation for acute 

respiratory distress syndrome was a strong predictor of mortality.83 

The finding that urinary IL-18 is an early biomarker of AKI in critically 

ill adults was reproduced in children.84 Urinary IL-18 rises before SCr 

does in nonseptic critically ill children, predicts the severity of AKI, 

and is an independent predictor of mortality.84

The ability of urinary IL-18, measured within 24 hours of ICU 

admission, to predict the need for acute dialysis in 451 ICU patients 

was prospectively investigated.85 The highest median urinary IL-18 

levels were observed in patients with sepsis at enrollment, those receiv-

ing acute dialysis, and those who died within 28 days of ascertainment. 

After adjustment for a priori selected clinical predictors, urinary IL-18 

was an independent predictor of a composite outcome of death or 

acute dialysis within 28 days. The study concluded that urinary IL-18 

predicted poor clinical outcomes in a broadly selected critically ill 

adult population.

In a study with 101 critically ill patients with AKI, the APACHE III 

score had an AUC 0.87 and serum IL-18 had an AUC 0.85 in terms of 

in-hospital mortality.86 However, after cardiac surgery, IL-18 measured 

at ICU admission appears not to be predictive of AKI.87 Urinary IL-18 

as a biomarker of AKI in various clinical settings was analyzed in a 

meta-analysis of prospective studies.88 Subgroup analysis showed that 

the AUC of urinary IL-18 to predict AKI was 0.66 in ICU or coronary 

care unit patients.

Kidney Injury Molecule-1
Kidney injury molecule-1 (KIM-1) is a putative epithelial cell adhesion 

molecule containing a novel immunoglobulin domain. KIM-1 mRNA 

and protein are expressed at low levels in normal kidneys but are in-

creased in postischemic kidneys.89 Both KIM-1 and NGAL concentra-

tions gradually increased until AKI diagnosis in 700 adult critically ill 

patients. KIM-1 was a good discriminator at the time of AKI only 

(AUC 0.73).90 However, KIM-1 remains to be proven as an early bio-

marker of AKI and prognosis in the ICU.

Liver Fatty Acid–Binding Protein
Fatty acid–binding proteins (FABPs) are a family of carrier proteins for 

fatty acids and other lipophilic substances, including eicosanoids and 

retinoids. FABPs also transport lipophilic molecules from the outer cell 

membrane to intracellular receptors such as peroxisome proliferator-

activated receptors.

Urinary and serum liver-FABP (L-FABP) were measured in 80 

critically ill patients.91 Urinary L-FABP levels in patients with septic 

shock were significantly higher than those in patients with severe sepsis 

without shock, patients with AKI, or healthy subjects. Serum L-FABP 

levels showed no significant differences between patients with septic 

shock, patients with severe sepsis, patients with AKI, and healthy sub-

jects.

The diagnostic and prognostic abilities of urinary L-FABP in het-

erogeneous critically ill patients were determined.92 Urine NGAL and 

L-FABP were measured in 145 medical and surgical patients at the 

time of ICU admission. AKI patients had significantly higher levels of 

urinary NGAL and L-FABP and higher mortality rates than non-AKI 

patients. The AUC was 0.77 for NGAL and 0.78 for L-FABP for the 

diagnosis of AKI. On multivariate Cox analysis, urinary L-FABP was 

an independent predictor for 90-day mortality. Thus urinary L-FABP 
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• Novel kidney biomarker–complemented clinical decision making has been 

tested in a few RCTs achieving amelioration of AKI.

• There is a cacophony of other novel kidney biomarkers with their test 

results not yet available within a short time, including cytokines, L-FABPs, 

KIM-1, and many more.

ANNOTATED REFERENCES

Albert, C., Zapf, A., Haase, M., Röver, C., Pickering, J. W., Albert, A., et al. 

(2020). Neutrophil gelatinase-associated lipocalin measured on clinical 

laboratory platforms for the prediction of acute kidney injury and the as-

sociated need for dialysis therapy: A systematic review and meta-analysis. 

American Journal of Kidney Diseases, 76(6), 826–841.e1. doi:10.1053/j.

ajkd.2020.05.015.

This systematic review and meta-analysis reports the discriminatory accuracy 

of cutoff concentrations from urine and plasma NGAL measured on clinical 

laboratory platforms for the prediction of AKI, severe AKI, and renal replace-

ment therapy.

Chen JJ, Lee CC, Kuo G, et al. Comparison between watchful waiting strategy 

and early initiation of renal replacement therapy in the critically ill acute 

kidney injury population: An updated systematic review and meta-analy-

sis. Ann Intensive Care. 2020;10:30.

This systematic review and meta-analysis comparing a watchful waiting 

strategy with early initiation of renal replacement therapy in critically ill pa-

tients found that RCTs that enrolled a surgical population and a population 

with high plasma NGAL had favorable outcomes in the early RRT initiation 

group compared with the late RRT initiation group.

Frazee E, Rule AD, Lieske JC, et al. Cystatin C-guided vancomycin dosing in 

critically ill patients: A quality improvement project. Am J Kidney Dis. 

2017;69:658–666.

This study demonstrated improvement of care in critically ill patients when 

cystatin C was used in conjunction with serum creatinine to achieve adequate 

dosing of vancomycin.

Göcze I, Jauch D, Götz M, et al. Biomarker-guided intervention to prevent 

acute kidney injury after major surgery: The prospective randomized Big-

pAK study. Ann Surg. 2018;267:1013–1020.

This randomized controlled study identified patients at risk after major ab-

dominal surgery and used the KDIGO care bundle in identified patients 

compared with standard care in the control group. They found reduced AKI 

severity, postoperative SCr increase, length of ICU, and hospital stay in the 

intensified care group compared to control group.

Kashani K, Al-Khafaji A, Ardiles T, et al. Discovery and validation of cell cycle 

arrest biomarkers in human acute kidney injury. Crit Care. 2013;17:R25.

This study includes the exploration and validation of the predictive value of 

the combination of cell-cycle arrest markers TIMP-2 and IGFBP7 in critically 

ill patients.

Meersch M, Schmidt C, Hoffmeier A, et al. Prevention of cardiac surgery-asso-

ciated AKI by implementing the KDIGO guidelines in high risk patients 

identified by biomarkers: The PrevAKI randomized controlled trial. Inten-

sive Care Med. 2017;43:1551–1561.

This randomized controlled study found that implementation of an AKI care 

bundle according to the KDIGO practice guidelines compared with standard 

care reduced the frequency and severity of AKI in high-risk patients identified 

by[TIMP-2]•[IGFBP7].0.3 (“high sensitivity cutoff”).

is promising both for the diagnosis of AKI and for the prediction of 

prognosis in heterogeneous ICU patients.92

Of 152 critically ill adults with early AKI, urine L-FABP demon-

strated an AUC of 0.79 for injury progression, dialysis, or death within 

7 days, which improved to 0.82 when added to the clinical model (AUC 

0.74).93

Combinations of AKI Biomarkers
The classical biomarker paradigm is that one test detects one disease—

for example, troponin for acute myocardial infarction and prostate-

specific antigen for prostate cancer. However, AKI is a complex disease 

with multiple causes, and it is possible that a panel of biomarkers may 

be necessary. In summary, more than one biomarker may be necessary 

to obtain sufficient sensitivity and specificity for AKI screening.

CONCLUSION

The clinical application of biomarkers is difficult in critically ill pa-

tients because the timing of the renal insult is often unknown, sepsis 

may lead to false positives, and the pathophysiology of AKI in sepsis 

patients is complex and not caused only by ischemia and hypotension. 

Plasma biomarkers may be an indication of the severity of disease 

rather than of true AKI. Finding the ideal biomarker of AKI and prog-

nosis in the ICU is a subject of intense investigation. Problems and 

prospects related to biomarker investigation in ICU patients have been 

reviewed in depth. However, despite the issues mentioned earlier, there 

are multiple promising serum and urinary biomarkers of AKI for re-

finement of risk assessment in the ICU, including cystatin C, NGAL, or 

the combination of TIMP-2 and IGFBP7, all of them detecting AKI 

before the rise in SCr and predicting the outcome in patients with AKI. 

Also, these biomarkers have already proven in initial studies to contrib-

ute to improved care and outcome. Ultimately, larger disease control 

and outcome studies are necessary to determine the impact of bio-

marker screening on reducing the burden of disease.
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• Accurate risk assessment and early recognition of AKI in critically ill patients 

is still a pressing issue.

• During the past several years, the evidence for novel AKI biomarkers with 

test results available within a short time, including cystatin C, NGAL, and the 

combination of cell-cycle arrest markers TIMP-2 and IGFBP7, has increased.

• There is evidence that serum cystatin C is a more accurate and earlier 

marker of kidney filtration function in critically ill patients compared with 

SCr. Limitations of serum cystatin C are few.

• NGAL and the combination of TIMP-2 and IGFBP7 predict AKI and initiation 

of RRT 12 hours to 2 days before the event occurs.
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Water is the body’s most abundant component. Without ingesting suf-

ficient fresh water, humans can survive for just a few days. Ingested 

water, plus water produced endogenously, must be appropriately ex-

creted to maintain homeostasis. In the human body, water has many 

functions: intracellular, intravascular, and extracellular carrier of es-

sential substances; body coolant, lubricant, reactant, and product in 

metabolic reactions; and shock absorber (e.g., cerebrospinal fluid 

[CSF] surrounding the brain). In critically ill patients, water metabo-

lism and balance present special challenges. Patients are often admitted 

to the intensive care unit (ICU) with disordered water homeostasis, yet 

it can also be disturbed by ICU treatments.

Water accounts for 50%–67% of an average person’s weight. Be-

cause fat has a lower percentage of water and women tend to have 

more fat, their proportion of water is lower (52%–55%) than that of 

men (60%). Water percentage is lower in the elderly and obese. A 70-kg 

man has ~40 L of water: ~25–27 L intracellularly, ~7 L extracellularly, 

and ~4 L intravascularly. Liquid water is the body’s most common 

molecule, although some water is found in hydrated compounds. Hy-

povolemia and hypervolemia significantly threaten life. Therefore the 

body defends fluid volume and osmolarity within very narrow ranges.

WATER INGESTION AND PRODUCTION

Water is ingested via the gastrointestinal tract or infused via venous or 

interosseous routes. Water intake is regulated by thirst, although nor-

mally humans sufficiently self-regulate their intake so that thirst is only 

occasionally activated. Thirst is also activated by salty food, hot 

weather, and exercise. The latter two cause sweating and increased re-

spiratory water loss. Adequate water intake is ~3 L/day for men and 

~2.2 L/day for women.

Thirst. Thirst, the neurally induced motivation to find and con-

sume water, is vital for defending against hypovolemia. Hypovolemic 

thirst is triggered when body water levels decrease by ~2%–3%. Hy-

pertonic thirst occurs when osmolality increases to .290 mOsm/kg. 

Hypotension and hemorrhage also stimulate thirst. Peripheral and 

central mechanisms detect and react to these physiologic perturba-

tions, leading organisms to seek and ingest appropriate fluids and 

fluid volumes. Drinking stimulates oral and pharyngeal receptors, 

thereby providing hypothalamic input to end the thirst sensation. 

Thirst ends even before plasma tonicity is reduced, likely preventing 

water overingestion. Thirst sensation is so powerful that normal 

subjects do not become hypernatremic if they have access to water. 

The inability to find, detect, react, request, or drink water adequately 

can cause severe illness and even death. The inability to self-regulate 

water intake—for example, during anesthesia and critical illness—

makes patients totally dependent on caregivers to prevent and treat 

water disorders.

In the elderly, decreased kidney function, physical and cognitive 

problems, blunted thirst, and polypharmacy increase dehydration 

risk. There is also reduced renal sodium conservation (altered renal 

tubular function, greater peripheral atrial natriuretic peptide [ANP] 

concentrations but with reduced renal effects, lower renin–angiotensin–

aldosterone secretion), decreased renal water excretion (lower renal 

blood flow, glomerular filtration rate, and distal renal tubular diluting 

capacity; greater renal passive water reabsorption and antidiuretic 

hormone [ADH] secretion), and reduced solute delivery caused by 

poor nutrition, limiting free water excretion. However, during dehydra-

tion, ADH secretion is often reduced, causing increased urinary output, 

and thus worsening the dehydration. A water-loss dehydration prevalence 

of up to 30% is observed in the elderly with concomitant morbidity.1 

A positron emission tomography study revealed age-associated changes 

in central nervous system (CNS) satiation patterns in response to  

hyperosmolarity, which were associated with inadequate hydration.2 

Paradoxically, elderly patients with worsening heart failure have  

increased thirst.3

Metabolic water production. Water is the principal end product of 

nutrient oxidation (Table 97.1). Although more water molecules are 

produced per mole of fat than per mole of glucose (129 vs. 36) per 

kilocalorie, overall, aerobically oxidized carbohydrates contribute to 

~15% more water molecules than lipids.4 An increased metabolic rate 

increases metabolic water production.

Water Loss
Water is lost through many routes, but mainly through the kidneys. 

Urine volume and composition depend on hydration status and the 

osmole load. Fecal losses are generally small, whereas sweating can 

cause large losses.

Renal function. Renal function, the major mechanism defending 

against disordered water balance, protects blood osmolarity within a 

narrow range by altering urine osmolarity over a wide range (50–1200 

mOsm/L). Concentrated urine is formed by creating an osmotic gradi-

ent that progressively increases from the corticomedullary border to 

the tip of the inner medulla.5 When the body must rid itself of excess 

water, urine can be diluted to as low as 50 mOsm/L.

Aging reduces the maximum urine-concentrating ability. Com-

pared with younger individuals, those aged 60–79 years had a ~20% 

reduction in maximum urine osmolality, a ~50% decrease in the abil-

ity to conserve solute, and a 100% increase in minimum urine flow 

rate.6

Insensible losses. Insensible losses include transepidermal diffu-

sion and evaporation of solute-free water plus evaporative water loss 

from the respiratory tract. Total insensible losses, ~800 mL/day in un-

stressed adults, are equally divided between skin and respiratory tract 

losses. Activity increases respiratory water losses so that active adults 
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can lose up to 50 mL/h. Age reduces transepidermal water losses.7 In 

febrile patients, insensible losses can increase by fourfold to sixfold.8

Respiratory water losses are affected by many factors (see Table 97.1). 

In normal subjects, mouth breathing resulted in 42% greater water loss 

compared with nose breathing.9 Cold exposure increases the need to 

humidify and warm inspired gases, thus increasing water losses. Using 

heat-and-moisture-retaining face masks during sleep reduced these 

losses.10 In critically ill patients, rapid spontaneous respiratory rates in-

crease respiratory water losses, whereas endotracheal tubes bypass the 

natural warming and humidifying mechanisms, requiring inspiratory 

gases to be artificially humidified and warmed.

Sweating. Sweating is mainly a mechanism of thermoregulation, 

although it also occurs in response to psychologic stress (see Table 97.1). 

Sweating involves the secretion of water-rich liquid by the eccrine 

glands located throughout the body surface and secretion of protein-, 

lipid-, and steroid-containing sweat by the apocrine glands found in 

the axilla, mammary, perineal, and genital areas. Thermoregulatory 

sweating mainly involves eccrine secretion occurring in response to 

intrinsic (fever, exercise) and extrinsic stimuli (elevated environmental 

temperatures). Maximum adult sweat rates can be 2–4 L/h during  

intense exercise.

Regulation of Water Balance
Regulating water balance involves central and peripheral volume and 

osmolarity sensors, providing neural input to the brain and other or-

gans, thereby activating a cascade of endocrine and local activity.

Antidiuretic hormone (ADH)/arginine vasopressin (AVP). ADH is 

a peptide produced by the neurons of the hypothalamic paraventricu-

lar and supraoptic nuclei as a prohormone, prepropressophysin (pre-

provasopressin), comprising ADH, neurophysin II, and copeptin.11 

Neurons containing osmoreceptors have excitatory synapses with 

prohormone neurosecretory cells. ADH, bound to the carrier protein 

neurophysin II, then travels down the pituitary stalk (infundibulum) 

axons to the posterior pituitary, where it is stored and secreted into 

the circulation. Plasma osmolarity and plasma ADH concentration 

have a linear relationship above the osmoregulatory threshold for 

ADH secretion. This threshold determines when decreased intravas-

cular volume and blood pressure effect ADH release. The threshold is 

more permissive during hypovolemia. As the hypovolemia worsens, 

nonosmotically regulated ADH release can persist despite significant 

hyponatremia.11 

ADH production and secretion are also stimulated by angiotensin 

II and decreased blood volume detected by atrial stretch-sensitive low-

pressure/vascular volume baroreceptors. A 5%–10% blood volume 

decrease is necessary for substantial ADH release. ADH is also secreted 

when carotid sinus and aortic arch baroreceptors detect a 10% blood 

pressure drop. Copeptin, the C-terminal fragment of the prohormone, 

is more stable than ADH. Copeptin plasma concentrations are often 

used as an ADH surrogate.

ADH levels increase the water permeability of distal renal tubules 

and collecting ducts, thus increasing water reabsorption and resulting 

in greater urine osmolarity and reduced renal water excretion. ADH 

binds to vasopressin-2 receptors on renal epithelial cells. These G-

protein–coupled receptors activate adenylyl cyclase, converting ade-

nosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP). 

Increased cAMP increases the transcription of the aquaporin-2 gene 

(Aqp2), increasing aquaporin-2 in collecting duct cells and triggering 

the fusion of aquaporin-2 water channels to the apical membranes  

of distal tubule and collecting duct epithelial cells, allowing water  

to move down an osmotic gradient into the nephron.12 Aquaporin-3, 

located on the opposite side of the nephron, permits water leaving  

the nephron to be reabsorbed into the blood. ADH also upregulates 

aquaporin-3.

 cAMP also activates protein kinase A, leading to protein phos-

phorylation (aquaporin-2 and thiazide-sensitive sodium chloride co-

transporter) and upregulating expression of urea transporters, thereby 

increasing urea permeability of the collecting duct. There is also 

greater sodium absorption across the ascending loop of Henle. These 

Water Balance

Water balance 5 (water intake 1 metabolic water production) 2 water 

loss

~5%–10% of body water turns over daily

Total body water (estimate): Children 5 0.6 3 (wt, kg)

Adult men 5 0.6 3 (wt, kg)

Adult women 5 0.5 3 (wt, kg)

Recommended Water Intake

Average energy expenditure (EE) and environmental exposure 5 1.0 mL/kcal 

EE

Increased activity, sweating, and solute load 5 1.5 mL/kcal EE

Metabolic Water

Water produced by metabolism (usually oxidation) of endogenous sub-

strates. Approximately 250–350 mL water/day (3–4 mL/kg/day).

Example: Glucose oxidation:

C6H12O6 1 6O2 n 6CO2 1 6H2O

Metabolism produces ~110 g water/100 g fat, 41 g water/100 g protein, and 

55 g water/100 g starch

~3 g water released per gram metabolized glycogen

Water Loss

Respiratory water loss (250–350 mL water/day) is influenced by temperature 

and humidity of inspired air

Urinary loss depends on water and solute intake

Insensible losses—skin and respiratory system 5 0.7 L/day

Fecal loss—0.1 L/day

Sweating—0.1 L/day

Disease-associated losses—nasogastric drainage, vomiting, diarrhea

Water and Heat Loss

Heat exchange 5 radiation  conduction  convection (1 evaporation)

Heat gain via radiation, conduction, and convection plus endogenous body 

heat production

Heat loss via radiation, conduction, convection, and evaporation

Sweat evaporation

Heat of water vaporization 5 580 calories/g at normal skin temperature

580 calories/g 5 heat loss to cool down 580 g of water 1°C

Evaporation rate influenced by

Water temperature at air-water interface

Air temperature

Humidity of surrounding air—higher humidity lowers evaporation rate

Area of air-water interface

Water’s chemical composition—vaporization rate decreases as salt con-

tent increases

Wind speed

Sweat that drips or is wiped off does not contribute to cooling

Burn patients lose much water and heat through evaporation from open 

wounds; therefore they should be treated in warm humid environments 

and burned areas covered

TABLE 97.1 Water and the Human Body
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two effects further increase distal tubular and collecting duct water 

reabsorption, resulting in concentrated/hyperosmotic urine, which 

facilitates body water conservation.

Renin–angiotensin–aldosterone system (RAAS). RAAS is a hor-

monal system stimulated by changes in renal blood flow. When renal 

blood flow or blood pressure decreases, juxtaglomerular (JGE) cells in 

the renal afferent arterioles activate prorenin, which is cleaved to the 

protease renin (also called angiotensinogenase). The renin-producing 

JGE cells also have b1-adrenoreceptors, which, when activated by cat-

echolamines, rapidly and significantly stimulate renin release.13 Renin 

is secreted into the circulation, where it converts angiotensinogen, an 

a2-globulin synthesized by the liver, to angiotensin I. Plasma renin 

activity plays a major role in determining the rate that angiotensin I is 

formed from the large amount of angiotensinogen circulating in the 

plasma.14 Angiotensinogen production is enhanced by estrogen, thy-

roxin, and glucocorticoids. There is evidence that cytokines (e.g., inter-

feron-g, interleukin [IL]-6) also induce angiotensin production, a 

possible mechanism for maintaining blood pressure during sepsis15,16

Angiotensin I is then converted to angiotensin II by angiotensin-

converting enzyme (ACE), a glycoprotein found mainly in the lungs 

but also in endothelial cells and plasma. ACE also breaks down the 

potent vasodilator bradykinin, providing another mechanism for in-

creasing blood pressure. Angiotensin II, a potent vasoconstrictor, in-

creases systemic blood pressure and decreases renal medullary blood 

flow and glomerular filtration by vasoconstricting afferent and efferent 

arterioles. These changes increase sodium and water reabsorption in 

the loop of Henle. Hydrogen ions are excreted, coupled with bicarbon-

ate reabsorption. Angiotensin II’s effects are attributable to its enhanc-

ing proximal and distal sodium/hydrogen ion exchanger, basolateral 

membrane sodium/bicarbonate ion cotransporter, sodium/potassium 

ion ATPase activity, and distal tubular epithelial sodium channel. An-

giotensin II also stimulates posterior pituitary ADH release, further 

causing water retention.

Angiotensin II’s major actions occur via the stimulation of AT1 

receptors located in the kidney, brain, heart, blood vessels, and adrenal 

cortex. The activated receptor couples to G proteins, activating phos-

pholipase C and generating diacylglycerol and inositol trisphosphate. 

The latter increases cytosolic Ca21 concentrations, which then activate 

intracellular kinases such as protein kinase C and tyrosine kinases. The 

activated AT1 receptor also inhibits adenylate cyclase. Angiotensin II 

also stimulates lower-affinity AT2 receptors, leading to effects opposite 

those caused by AT1 receptor stimulation. AT2 receptors lower blood 

pressure by increasing nitric oxide production, enhancing sodium ex-

cretion, and inhibiting renin production.17 The latter action is a feed-

back loop designed to limit further angiotensin II production.

Angiotensin II also stimulates adrenal cortical aldosterone syn-

thase, which synthesizes aldosterone from deoxycorticosterone. Aldo-

sterone regulates blood pressure by binding to the mineralocorticoid 

receptors of the renal distal tubular and collecting duct epithelial cells, 

thereby increasing expression and activity of ion channels in the distal 

nephron. By upregulating and activating the basolateral Na-K-ATPase 

pumps, aldosterone increases renal tubular sodium and water reab-

sorption while boosting the excretion of hydrogen ions and potassium, 

thereby increasing body fluid volume and blood pressure.

The endocrine RAAS system is augmented by an RAAS with intra-

renal paracrine, autocrine, and intracrine activity. Angiotensinogen 

produced intrarenally is converted by local renin to angiotensin I, 

which is then metabolized by ACE to angiotensin II and by ACE2 to 

angiotensin I–VII.18 ACE is secreted by proximal and distal tubules, 

collecting ducts, and renal endothelial cells. Although most local effects 

are attributed to angiotensin II operating through AT1 receptors, angio-

tensin I–VII, operating through Mas receptors, counteract many of the 

effects of angiotensin II/AT-1, leading to diuresis, natriuresis, and renal 

vasodilation (Fig. 97.1). Other local mediators include angiotensin III 

(angiotensin II–VIII) working via the AT1 receptors and angiotensin IV 

through the AT4 receptors.19 Intrarenal angiotensin IV increases cortical 

blood flow and decreases sodium transport. In addition to the extracel-

lular processing of these mediators, there is evidence that angiotensin II 

and angiotensin 1–7 also exist intracellularly.20

Natriuretic factors (peptides). Natriuretic factors consist of a peptide 

family involved in water and sodium homeostasis that counteract RAAS 

effects. A-type natriuretic peptide (ANP), released by atrial myocytes in 

response to atrial distention secondary to elevated blood volume,21 is also 

secreted in response to sympathetic stimulation (a- and b-stimulation), 

angiotensin II, and endothelin. Cardiac ventricles, brain, adrenal glands, 

and kidneys (where it also acts as an autocrine/paracrine factor) are ad-

ditional synthesis sites. ANP decreases circulating water and sodium, re-

ducing atrial distention, and ultimately, lowering blood pressure. Another 

family member is brain natriuretic peptide (BNP), a peptide so named 

because it was first identified in porcine brain, although in humans it is 

mainly released by the cardiac ventricles in response to excessive cardio-

myocyte distention. Biologically inactive circulating N-terminal frag-

ments of ANP and BNP prohormones are used as biomarkers.

ANP and BNP increase glomerular filtration rates, reduce sodium 

and water reabsorption, inhibit renin release, and in proximal tubules, 

inhibit angiotensin II activity. The natriuretic peptides bind to natri-

uretic peptide receptor-A (NPR-A), which are membrane guanylate 

cyclases characterized by a single protein containing both a receptor 

and enzyme that produce cyclic guanosine monophosphate (cGMP).22 

cGMP targets cGMP-dependent protein kinases, cGMP-gated ion 

channels, and cGMP-regulated cyclic nucleotide phosphodiesterases 23 

Changes in these enzymes and channels cause vasorelaxation, inhibit 

medullary collecting duct sodium reabsorption, and increase the glo-

merular filtration rate by dilating afferent and constricting efferent 

arterioles. This leads to greater glomerular capillary hydraulic pressure 

that enhances ultrafiltration. ANP, more effectively than BNP, stimu-

lates cGMP production. ANP-induced diuresis and natriuresis occur, 

in part, by the V2 receptor–mediated action of ADH in the collecting 

ducts. Natriuretic peptide–induced increases in water and sodium ex-

cretion protect the body from overhydration. In pathologic conditions, 

such as congestive heart failure, ANP and BNP are stimulated by atrial 

overload secondary to the heart’s inability to adequately empty.
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Fig. 97.1 RAAS System Plus Its Interactions with ADH and Dopamine. 

ACE, Angiotensin-converting enzyme; ADH, antidiuretic hormone.
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Dopamine. The importance of dopamine in water homeostasis 

remains unclear, although renal production is increased by volume  

expansion, leading to natriuresis and water loss. Dopamine, synthesized 

in the renal proximal tubule from circulating l-dopa by l-amino acid 

decarboxylase, increases the glomerular filtration rate and diminishes 

sodium reabsorption in proximal tubules and collecting ducts. Dopa-

mine, via D1 receptors, increases cAMP generation by stimulating  

adenyl cyclase and, via D1/D5 receptor heteromers, stimulates phos-

pholipase C, inhibiting both the Na-K-ATPase pump and sodium/ 

hydrogen ion exchanger-3. D2-like receptors (D2, D3, and D4), which 

inhibit adenyl cyclase, also inhibit Na1-H1 exchanger 3, although the 

effects of D1 receptors are more dominant. Caveolin-1, a membrane 

scaffolding protein, helps organize the D1-receptor signaling pathway 

and intracellular effects.24, 24a Renal dopamine production increases as 

dietary salt intake increases. Renal dopamine is thought to be respon-

sible for regulating over 50% of net renal salt and water excretion when 

salt intake is increased. Dopamine also decreases aldosterone secretion25 

and inhibits the antinatriuretic effects of angiotensin II.26 Dopamine is 

metabolized by the enzymes catechol-O-methyltransferase and mono-

amine oxidase. Some of the effects of ANP are likely mediated by  

dopaminergic mechanisms.15

Prostaglandins. Local renal prostaglandin (PGE1 and PGE2) gen-

eration occurs mainly in the distal nephron and is associated with in-

creased basolateral membrane Na-K-ATPase.27 This leads to greater 

renal blood flow, often despite decreased effective circulating volume. 

PGE2 counteracts excessive sodium and water reabsorption by inhibit-

ing the Na1K1-2Cl2 cotransporter in the thick ascending loop of 

Henle, leading to natriuresis.

Endothelin. Endothelin-1 is a 21–amino acid, predominantly endo-

thelium-derived peptide that operates via autocrine and paracrine 

mechanisms. In normal subjects, its plasma concentrations are  

inversely related to glomerular filtration rate (GFR).28 Endothelin-1 

inhibits Na1 and water reabsorption, thus reversing ADH-mediated 

osmotic water permeability.29 This occurs via intrarenal ETB receptors 

located in vascular endothelium, vascular smooth muscle, and tubular 

epithelial cells lining the length of the nephron (with high density in 

the medullary collecting ducts).30 Activation of these receptors induces 

vasorelaxation through the production of nitric oxide and prostacy-

clin, in addition to direct inhibition of renal tubular sodium uptake 

and increased urinary water excretion.31

Evaluating Water Balance
There are various ways to evaluate water balance (Table 97.2). In the 

ICU, water balance is generally assessed using body weight and fluid 

input-output. However, both methods have limitations.

WATER METABOLISM DISORDERS

Abnormal (hypervolemic or hypovolemic) water balance attributable 

to various intrinsic and extrinsic etiologies results in ICU admissions 

when the physiologic derangement endangers survival and/or requires 

treatment under close monitoring.

Hypervolemic Disorders
Hypervolemic disorders are caused by excessive water ingestion and/or 

the inability to excrete excess body water.

Water intoxication. The classic example of abnormal positive water 

balance is water intoxication (water poisoning or hyperhydration), 

where an individual consumes very large volumes of water. Such excess 

water intake overwhelms the kidney’s capacity to excrete water (maxi-

mum daily renal capacity ~15 L), despite maximal dilution (urine osmo-

larity of ~50 mOsm/L).32,33 This situation results in hyponatremia, 

hypochloridemia, and hypokalemia. Brain edema occurs secondary to 

the extracellular to intracellular concentration gradient, leading to 

headache, delirium, seizures, coma, and death. Other symptoms in-

clude nausea, vomiting, twitching, and muscle weakness.

Water intoxication (psychogenic polydipsia) is largely observed 

in psychiatric patients (predominantly in schizophrenia but also in 

anorexia nervosa). It is hypothesized that schizophrenics who de-

velop water intoxication have impaired hippocampal regulation, 

resulting in increased ADH secretion in response to psychological 

stimuli.34 Another cause might be the drugs used to treat schizo-

phrenia.35 Forced water intake in children (such as that associated 

with suspected child abuse) can also lead to water intoxication, as 

can excessive drinking in marathon runners and military trainees.36 

Excessive water drinking among users of the recreational drug  

ecstasy (3,4-methylenedioxymethamphetamine) can cause water  

intoxication.37

Iatrogenic causes of water intoxication include excessive, rapid 

water ingestion before pelvic ultrasound examinations and transure-

thral resection of the prostate syndrome. The latter occurs when a large 

volume of nonconducting (electricity) water plus glycine irrigation 

solution is absorbed through the prostatic veins and sinuses. The 

amino acid glycine is rapidly metabolized, causing water overload, 

hypoosmolarity, and hyponatremia. The introduction of bipolar cau-

tery, which does not disperse electric current, permits using electro-

lyte-containing irrigation solutions (e.g., normal saline), thereby pre-

venting hypoosmolarity and hyponatremia but not fluid overload. The 

absorption of water-glycine distention medium during operative hys-

teroscopy can also lead to intravascular volume overload and water 

intoxication.

Treatment of water intoxication involves water restriction and loop 

diuretics. Hypertonic saline is rarely required and should only be con-

sidered in cases of severe hyponatremia. Too rapid a correction of hy-

ponatremia can result in central pontine myelinosis.

Syndrome of inappropriate antidiuretic hormone secretion  

(SIADH). SIADH causes hyponatremia and hypoosmolality because of 

impaired water excretion secondary to inappropriate, continued secre-

tion or action of ADH despite normal or increased plasma volume. 

ADH promotes water reabsorption without affecting sodium reab-

sorption, leading to dilutional hyponatremia because of water  

excess rather than sodium deficiency.

Excessive water reabsorption activates volume receptors, causing 

the secretion of natriuretic peptides and natriuresis. Eventually, a 

steady state is reached with urinary sodium excretion matching so-

dium intake. Therefore only when water intake exceeds the reduced 

urine output does hyponatremia develop. Importantly, hyponatremia 

does not occur with severely restricted water intake. In addition to 

inappropriate ADH secretion, SIADH may include inappropriate 

thirst sensation, leading to water intake in excess of free water excre-

tion. This increased water intake helps maintain hyponatremia.

SIADH includes hyponatremia, inappropriately elevated urine os-

molality (.100 mOsm/kg), and reduced serum osmolality in a eu-

volemic patient (Fig. 97.2). SIADH should be considered when these 

findings occur in the setting of otherwise normal cardiac, renal, adre-

nal, hepatic, and thyroid function; absence of diuretic therapy; and 

absence of other factors that stimulate ADH secretion such as hypo-

tension, severe pain, nausea, and stress.

Impaired ADH regulation in SIADH:

• Type A—erratic, unregulated ADH release unrelated to plasma
osmolality.

• TypeB—modest,constantADHsecretion.
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Quantifying Input and Output

Clinical computation

Fluid balance 5 input (all intravenous and enteral intakes) 2 output (urine, GI, other drainages)

Often does not include

Intake: Accurate quantification of blood products, irrigation fluids

Output: Diarrhea, fluid lost into linens and bandages, insensible losses (skin, respiratory), sensible losses (sweating caused by fever, surface exudation from burns)

Body Weight

Fluid balance 5 D body weight

Requires accurate scale and bed taring

Tare weight 5 weight of bed without patient but with sheets, pillows, etc.

Net weight (patient weight) 5 gross weight (total weight) 2 tare weight

Urine Specific Gravity

Usg 5 density of urine/density of water

Range: 1.003–1.035

Euhydration: 1.010–1.026

High-molecular-weight substances (e.g., glucose, protein, and radiographic contrast) can increase Usg .1.035.

Serum and Plasma Osmolality/Osmolarity

Osmolarity 5 osmoles of solute/liter solution

Osmolality 5 osmoles of solute/kilogram solvent

Urine and plasma osmolalities should be measured but can be estimated

Calculated serum osmolarity (when using SI units [mmol/L])

Calculated serum osmolarity 5 2(Na1) 1 2(K1) 1 glucose 1 urea (BUN)

OR

Calculated serum osmolarity 5 2(Na1) 1 glucose 1 urea (BUN)

Calculated serum osmolarity (when Na1 is mEq/L and glucose and BUN are [mg/dL])

Calculated serum osmolarity 5 2[Na1] 1 [glucose]/18 1 [BUN]/2

Normal serum osmolality: 275–290 mOsm/kg; 295–300 mOsm/kg indicates impending dehydration; .300 mOsm/kg indicates dehydration

Urine: specific gravity vs. osmolality

Unlike specific gravity, osmolality is unaffected by the number and size of particles in solution; urine containing glucose and/or protein will have a specific gravity 

greater than osmolality

Usg 5 1.020–1.030 corresponds to osmolality of 800–1200 mOsm/kg H2O

Usg 5 1.005 is an osmolality ,100 mOsm/kg H2O

Normal kidneys can concentrate urine to an osmolality four times greater than serum and dilute urine to 25% of serum osmolality.

Electrolyte–Free Water Clearance

Electrolyte–free water clearance (Te

H O2
) 2 amount of water in urine free of solutes

Te

H O2
 5 V ([UNA 1 UK]/PNA) 2 1

V 5 total urine volume

UNA 5 urine (Na1)

UK 5 urine (K1)

PNA 5 plasma (Na1)

Positive Te

H O2
 5 water is being excreted (e.g., causing hypernatremia)

Negative Te

H O2
 5 water is being reabsorbed (e.g., causing hyponatremia)

Free Water Deficit

In hypernatremia, estimated free water deficit

Water deficit 5 TBW*({serum[Na]/140}21)

TBW 5 estimated total body water: men, 0.6*Wt (kg); women, 0.5*Wt (kg); in the elderly and those significantly dehydrated: men, 0.5*Wt (kg); women, 0.4*Wt (kg)

This estimate does not account for ongoing water (i.e., insensible, urine, GI tract) or isoosmotic fluid (i.e., osmotic diuresis, diarrhea) losses that continue to contrib-

ute to water deficit.

Bioelectric Impedance

Noninvasive method used to estimate total body water based on the assumption that only body water conducts electricity, whereas fat, which has little water content, 

restricts the flow of current. However, this technique is limited by the assumptions used, such as assuming that fat-free mass has a constant hydration of 73%.67

TABLE 97.2 Evaluating Water Balance

BUN, Blood urea nitrogen; GI, gastrointestinal.
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• TypeC—(“resetosmostat”)—downwardresettingoftheosmostat.
Plasma sodium concentrations are regulated at a lower level and 

continue to fall without therapy.

• Type D—normal osmoregulation.ADH secretion varies appropri-
ately with the plasma osmolality, but urine is concentrated even if 

ADH release is suppressed (e.g., vasopressin receptor is constituently 

activated, production of antidiuretic compound other than ADH, 

postreceptor defect in transferring aquaporin-2 water channels).

Classification of SIADH etiology:

• CNSdisorders(e.g.,stroke,hemorrhage, infection, inflammation,
trauma, neurosurgery, acute intermittent porphyria). Must differ-

entiate SIADH from cerebral salt wasting (ADH secretion is sec-

ondary to reduced extracellular fluid volume).

• Ectopic (paraneoplastic) ADH production by tumors (small cell
lung carcinoma in 75% of cases).

• Pulmonarydiseases(pneumonia,asthma,atelectasis,pneumothorax).
• Drugs that mimicADH, stimulateADH release, potentiateADH

effects, or have unclear mechanisms (e.g., exogenous ADH analogs 

such as vasopressin, desmopressin, selective serotonin reuptake in-

hibitors [SSRIs], phenothiazines, tricyclics, carbamazepine, cyclo-

phosphamide, vincristine).

• Hormonal deficiency (hypothyroidism, hypopituitarism,Addison
disease).

• Postoperative(likelymediatedbypainafferents), transsphenoidal
surgery.

• SymptomaticHIVinfection.
• Hereditary/genetic—(e.g., gain-of-function mutation of arginine

vasopressin receptor type 2—nephrogenic syndrome of inappro-

priate antidiuresis—causing constitutive receptor activation).

• Aging.
• Unknownorigin/idiopathic.

Acute treatment includes water restriction and treating the under-

lying cause (e.g., stopping the offending drug, treating pneumonia, 

meningitis). In severe symptomatic cases associated with neurologic 

complications, hypertonic saline is administered to gradually correct 

hyponatremia. Loop diuretics can be useful by aiding water excretion. 

However, too rapid correction of serum sodium concentrations, espe-

cially in asymptomatic patients, can result in neurologic impairment 

from central pontine myelinolysis. Another complication of aggressive 

sodium correction is severe hypernatremia.

Pharmacologic treatment for SIADH includes vasopressin receptor 

antagonists (vaptans), which competitively bind to V2 receptors. An 

advantage of these agents is their ability to reduce the need for severe 

fluid restriction, while correcting hyponatremia within a short time. 

During the initial 24 hours of administration, it is critical to prevent 

overly rapid correction of hyponatremia. Discontinuing vaptan ther-

apy for more than 5–6 days requires monitoring for hyponatremic re-

lapse. Therefore it is prudent to taper the vaptan dose while restricting 

fluid intake. Side effects include thirst, polydipsia, and urinary fre-

quency. Vaptans are ineffective in inappropriate antidiuresis caused by 

constitutive activating mutations of V2 receptors.

Oral urea is a new-old therapy that is now more available and that 

serves as an osmotic agent to increase urinary free water excretion. 

European clinical guidelines recommend the use of urea and discour-

age the use of vasopressin receptor antagonists (vaptans).38,39

Another treatment for SIADH is demeclocycline, a macrolide anti-

biotic, which induces nephrogenic diabetes insipidus by reducing ad-

enylate cyclase expression, cAMP generation, AQP2 gene transcrip-

tion, and AQP2 abundance in the renal medulla. Its frequent side 

effects include nausea and skin photosensitivity.

Cerebral (renal) salt-wasting syndrome (CSW). CSW is the extra-

cellular volume depletion caused by abnormal sodium transport in 

patients with intracranial disease (but can also occur in patients  

without cerebral disease) and normal adrenal and thyroid function.40 

CSW usually develops in the week after brain insult. Its duration is 

usually brief (2–4 weeks) but can last for several months. Both SIADH 

and CSW present with low serum osmolality, elevated urine osmolal-

ity, and high urinary sodium concentrations. The basic difference is 

that in CSW, there is hypovolemia, whereas in SIADH, there is eu-

volemia or mild hypervolemia. Urinary sodium concentrations are el-

evated in SIADH and CSW (.40 mEq/L). However, urinary sodium 

excretion (urinary sodium concentration [mEq/L] 3 urinary volume 

[L/24 h]) is much higher than sodium intake in CSW but usually 

equals sodium intake in SIADH. Therefore net sodium balance is 

negative in CSW. Failure to distinguish CSW from SIADH in hypona-

tremic brain-injured patients can lead to inappropriate therapy with 

fluid restriction.

In CSW, excessive sodium is lost in the proximal tubule, leading to 

reduced effective circulating volume. The two proposed mechanisms are 

the excessive secretion of natriuretic peptides (BNP and C-type natri-

uretic peptide [CNP]) and the loss of renal sympathetic stimulation. Both 

the mechanisms reduce proximal and possibly distal sodium transport. 

The ensuing hypovolemia leads to baroreceptor activation increasing 

ADH secretion and water conservation in an attempt to return to a  

euvolemic state. In contrast, SIADH is caused by an inappropriate  

euvolemic increase in ADH secretion. Depressed sympathetic drive and 

increased BNP concentrations are also associated with decreased renin 

and aldosterone concentrations, further inhibiting sodium retention.

The decreased serum sodium concentration associated with CSW 

reduces serum osmolality, and a tonicity gradient develops across the 

blood-brain barrier, causing or exacerbating cerebral edema. Symp-

toms include lethargy, agitation, headache, altered consciousness, sei-

zures, and coma. Treatment involves correcting intravascular volume 

depletion and hyponatremia, plus replacing persistent urinary sodium 

loss with intravenous normal or hypertonic saline solutions. Saline 

infusion corrects the hypovolemia, removing a potent stimulus for 

ADH secretion, increasing free water excretion, and correcting the 

• Dehydration

• Hypernatremia
• Congestive
  heart failure
• Addison’s disease
• Hypercalcemia
• Diabetes mellitus/
  hyperglycemia
• Hypernatremia
• Alcohol ingestion

• Mannitol and hydroxyethyl
  starch therapy
• Ethylene glycol

Diabetes insipidus

Syndrome of inappropriate
ADH secretion (SIADH) 

• Overhydration

• Hyponatraemia
• Adrenocortical
  insufficiency
• Sodium loss
  (diuretic or a
  low-salt diet)
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Fig. 97.2 Relationships Between Serum and Urine Osmolality.
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hyponatremia. There are reports of favorable responses to mineralo-

corticoid therapy. Once the patient is stabilized, enteral salt supple-

mentation should be considered.

Hepatic cirrhosis. Regardless of etiology (alcoholic, chronic hepa-

titis, autoimmune, genetic, cryptogenic), cirrhosis involves the loss of 

normal hepatic architecture and irreversible liver damage. Cirrhosis 

changes splanchnic circulation, causing mechanical obstruction to the 

portal flow and portal hypertension. Ascites occurs when portal pres-

sures of .12 mm Hg cause intrahepatic sinusoidal hypertension. If 

portal pressure decreases to ,12 mm Hg (e.g., after portosystemic 

shunt), ascites usually disappears. Presinusoidal portal hypertension 

(e.g., portal vein thrombosis) does not cause ascites in the absence of 

another predisposing factor.

In addition to the mechanical obstruction to portal flow, cirrhosis 

is associated with an increased portal venous inflow secondary to 

splanchnic arterial vasodilation and the opening of portosystemic col-

laterals. The latter, because of increased circulating vasodilators, such 

as nitric oxide and prostacyclin, reduces systemic vascular resistance 

and arterial pressure. Cardiac output increases in compensation. This 

hyperdynamic pattern can be found in cirrhotic patients even before 

ascites develops. In response to cirrhosis-associated vasodilation, en-

dogenous vasoconstrictors and sodium-retaining neurohumoral 

mechanisms activate (RAAS, sympathetic nervous system, ADH) in an 

attempt to normalize perfusion pressure. The net effect is sodium and 

water retention. However, cirrhotics are effectively intravascularly vol-

ume depleted despite increased extracellular sodium stores, plasma 

volume, and cardiac output. As the disease progresses, solute-free wa-

ter excretion is increasingly impaired because of the increased ADH 

secretion. Reduced water excretion plus ascites accumulation adds to 

total body fluid overload. The intravascular depletion leads to further 

“compensation,” including nonosmotic ADH secretion, worsening
excess water retention, hypoosmolality, and dilutional hyponatremia. 

Nonosmotic ADH secretion is mediated via atrial, ventricular, aortic 

arch, and carotid sinus baroreceptors, which stimulate hypothalamic 

ADH release. This ADH secretion is paradoxical because serum osmo-

larity is low. The net result is enhanced sodium and water retention, 

which attempts to correct the depleted circulatory volume. Sodium 

retention occurs despite increased total body extracellular sodium 

concentrations. RAAS activation encourages water retention, which 

contributes to the development of hypervolemic hyponatremia. How-

ever, hypovolemic hyponatremia secondary to diuretic treatment is 

more common than hypervolemic hyponatremia.41 Hyponatremia 

severity correlates with worsening survival and morbidity. Hyponatre-

mia is an important prognostic marker before and after hepatic  

transplantation.

Other factors implicated in the development of hyponatremia and 

associated with cirrhosis include decreased renal PGE2 production and 

slower ADH metabolism. Resistance to the natriuretic action of ANP 

may play a role in sodium retention. Renal perfusion in cirrhosis with 

ascites depends on a delicate equilibrium between the degree of stimu-

lation of vasoconstrictor systems (sympathetic nervous system, RAAS) 

and the activity of intrarenal vasodilator compounds (prostaglandins 

and nitric oxide). Imbalance between systemic vasoconstriction and 

local renal vasodilation can result in progressive renal failure (hepa-

torenal syndrome).42,43

Stressed states. Exudation of protein-rich intravascular fluid from 

plasma to the extracellular space resulting in relative intravascular hy-

povolemia is the hallmark of stressed states (sepsis, pancreatitis, 

burns). It also occurs in ovarian hyperstimulation syndrome, anaphy-

laxis, viral hemorrhagic fevers, influenza, snakebite envenomation,  

ricin poisoning, and some immunotherapies including chimeric anti-

gen receptor (CAR) T-cell therapy (cytokine release syndrome). Such 

exudation leads to sequelae, including acute respiratory distress syn-

drome, diffuse edema, and abdominal compartment syndromes. 

Plasma ADH, angiotensin, and aldosterone are usually increased dur-

ing the initial phase of septic shock and burns and decrease later in the 

course.44 Extravascular fluid shifts diminish as the patient convalesces. 

The greater the fluid accumulation, the greater the morbidity and 

mortality. There is currently no direct treatment for this condition.

The endothelium tightly controls intravascular fluid exchange from 

the circulation to the tissues. Dysfunction of this barrier causes fluid 

exudation and edema. Various mechanisms appear involved in increas-

ing membrane permeability. The main function of vascular endothe-

lial (VE)-cadherin, a cell adhesion molecule localized to endothelial 

cell junctions, is regulating and forming a homophilic calcium-depen-

dent bond with a twin on an adjacent cell. The cytoplasmic domain of 

VE-cadherin is bound to catenins, which attach to the cytoskeletal 

structure. When endothelial cells are exposed to permeability factors, 

they contract via myosin-actin crossbridge cycling, resulting in the dis-

sociation of VE-cadherin from its adjacent homolog, forming gaps 

between the endothelial cells. In addition, the endothelial glycocalyx, a 

carbohydrate-rich layer lining the luminal surface of the entire vascu-

lar endothelium, is thinned, contributing to capillary permeability. 

Permeability factors include proinflammatory cytokines (tumor ne-

crosis factor [TNF], IL-6, IL-8, interferon-g, IL-1b), nuclear transcrip-

tion factors (high-mobility group box 1 [HMGB1]), transforming 

growth factor, and vascular endothelial growth factor (VEGF). These 

factors likely operate through the MyD88-ARNO-ARF6-signaling axis 

while also diminishing VE-cadherin expression.45 VE-cadherin is 

internalized by VEGF-induced signaling through VEGF receptors  

and undergoes tyrosine phosphorylation, leading to greater VE cell 

detachment and transendothelial permeability. Matrix metalloprote-

ases (e.g., MMP-9, gelatinase b) have been implicated as degrading 

interendothelial adherens junction proteins. An associated mecha-

nism is activation of Rho-A GTPase, which increases actomyosin 

contractility, inducing intercellular junction breakdown and enhanc-

ing permeability.46

Hypovolemic Disorders
Diabetes insipidus (DI). DI, polyuria (defined as a urine output ex-

ceeding 3 L/day in adults and 2 L/m2 in children) caused by plasma 

ADH deficiency or renal resistance to ADH’s effects, is characterized by 

the failure to appropriately concentrate urine.

In the absence of ADH (,0.5 pg/mL), renal collecting duct mem-

branes become impermeable to water (fewer aquaporin-2 water chan-

nels), thereby allowing the formation of dilute filtrate in proximal 

nephrons. This results in the excretion of relatively large urine volumes 

of low osmolality ($100 mOsm/kg), causing hypovolemia and even 

hypotension. These stimulate hypothalamic osmoregulators, encour-

aging water intake via thirst. With normal thirst and access to water, 

fluid intake increases to compensate for most of the water loss. Conse-

quently, even in the complete absence of vasopressin, urine output and 

fluid intake increase in parallel, maintaining plasma osmolality within 

the normal range. Severe dehydration and hypernatremia occur when 

access to water or intravenous fluids is lacking or there is coexisting 

thirst deficiency.

The most common cause of DI is inadequate neurohypophyseal 

ADH secretion, resulting in partial or complete central DI. Nephro-

genic DI is characterized by normal ADH secretion with varying de-

grees of renal resistance to its antidiuretic effect. Another mechanism 

is the suppression of ADH secretion by excessive water intake, as seen 

in primary polydipsia. ADH insufficiency can rarely result from in-

creased metabolic clearance during pregnancy because of the placental 

production of the aminopeptidase vasopressinase, which rapidly  
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degrades ADH, causing a fourfold to sixfold increase in ADH metabo-

lism. In most women, the pituitary compensates by producing more 

ADH. In some women, presumably those with diminished ADH secre-

tory reserves, polyuria develops. This usually occurs during the third 

trimester and spontaneously resolves after placental delivery.

Central DI can be caused by defects along the ADH neurosecretory 

pathway, including genetic mutations affecting ADH synthesis and 

packaging, damage to ADH-producing magnocellular neurons or the 

supraopticohypophyseal tract, and disorders of neurohypophyseal 

hormone release. Five percent of central DI cases are familial/genetic; 

.50 mutations have been identified in the AVP-neurophysin II gene 

(chromosome 20), and other loci have been described. Thirty to fifty 

percent of cases are considered“idiopathic” (autoimmune, aberrant
posterior pituitary blood supply). Other causes include neoplasms in-

volving the hypothalamus (craniopharyngiomas, germinomas, meta-

static disease of the posterior pituitary [breast or lung cancer]) and 

granulomas (sarcoidosis, tuberculosis, granulomatosis with polyangi-

itis, Langerhans cell histiocytosis [histiocytosis X]). In the ICU, com-

mon causes are trauma—for example, closed head injury, postcrani-

otomy, anterior communicating artery (ACA) aneurysmal rupture 

causing subarachnoid or intracerebral hemorrhage (ACA aneurysms 

and their treatment can compromise hypothalamic blood supply), 

brain abscess, subdural hemorrhage (DI persisted for 3 months in 8% 

of survivors), and ischemic brain injury.47 Transient or permanent DI 

occurs in 8%–9% of endoscopic transsphenoidal surgeries.

Nephrogenic DI may reflect an intrinsic renal defect, a congenital 

condition (primary nephrogenic DI caused by mutations of the genes 

encoding vasopressin V2 receptor [AVPR2] and aquaporin [AQP2]), or 

may be acquired secondary to metabolic disease or medication. It is 

characterized by complete or partial deficiency to the renal antidiuretic 

response to normal or increased ADH concentrations. Adults generally 

have an acquired form. Normal aging can also result in partial nephro-

genic DI. In terms of drugs inducing nephrogenic DI, lithium is the 

most common offender, with nephrogenic DI reported in 25%–55% of 

patients receiving lithium. With long-term use, lithium-induced DI 

can become irreversible. Hypercalcemia and hypokalemia can partially 

block renal ADH action. Hereditary forms of nephrogenic DI are 

caused by defective renal ADH V2 receptor (males with X-linked reces-

sive defect in chromosome region Xq28) or aquaporin-2 genes.

Adipsic DI is a condition where impaired thirst complicates de-

ranged water balance. It is closely associated with ACA aneurysm clip-

ping and is characterized by dramatic increases in plasma ADH con-

centrations during nonosmotic stimuli such as hypotension. This 

situation reflects intact supraoptic and paraventricular nuclei and the 

posterior pituitary with abnormalities of the anterior pituitary osmo-

receptors. Vascular supply to this latter area is from small arterioles 

supplied by the ACA. Disrupting this blood supply causes infarction 

that impairs ADH secretion response to thirst or hyperosmolarity.

A diagnosis of DI is made when urine volume is markedly in-

creased and urine osmolality is very low (,100 mmol/kg), which is 

associated with elevated plasma osmolality (.300 mmol/kg) and se-

rum sodium concentrations (.145 mmol/L). However, other causes 

of polyuria must be excluded—for example, excessive fluid resuscita-

tion, osmotic diuresis, hypertonic saline infusion, and so on. When 

basal plasma osmolality and sodium are within normal ranges, os-

motic stimulation with a formal water deprivation test or hypertonic 

saline infusion (if necessary) to achieve plasma osmolality of .295–

300 mOsm/kg is indicated. If there is no change in the water loss de-

spite fluid deprivation, the type (central or nephrogenic) of DI should 

be determined by monitoring the response to administered ADH  

or 1-deamino-8-d-arginine vasopressin (DDAVP-desmopressin), a 

synthetic ADH analog. A significant increase in urine osmolality 1–2 

hours after subcutaneously or intravenously injecting 1 mg of DDAVP 

indicates insufficient endogenous ADH and probable central DI. Little 

or no increase in urinary concentration indicates renal resistance to 

ADH and severe nephrogenic DI. Some cases are not as straightfor-

ward and require further evaluation with a 2-day therapeutic trial of 

DDAVP, magnetic resonance imaging (MRI) of the hypothalamus and 

pituitary, and plasma ADH and copeptin measurements.

While diagnosing and identifying the cause of the DI, it is impera-

tive that adequate fluid intake is maintained. The treatment for cen-

tral DI is either intravenous ADH (vasopressin) or oral, intranasal, or 

parenteral DDAVP. DDAVP is a synthetic ADH analog with a longer 

half-life than the native hormone. In nephrogenic DI, therapeutic op-

tions are only partially effective: a low-sodium diet, thiazide diuretics, 

prostaglandin E synthetase inhibitors, and nonsteroidal antiinflam-

matory drugs may partially decrease urine volume. The potassium-

sparing diuretic amiloride is used in lithium-induced nephrogenic DI 

(it induces natriuresis and reduces lithium uptake in the distal tubules 

and collecting ducts, blunting lithium’s inhibition of water reabsorp-

tion). Pregnancy-associated DI can be controlled with vasopressinase-

resistant DDAVP but not ADH.48

Osmotic diuresis. Osmotic diuresis is characterized by increased 

urination caused by nonreabsorbed solutes (e.g., glucose and urea) in 

renal proximal tubules. Increased osmotic pressure within the tubule 

causes luminal water retention, reducing water reabsorption and in-

creasing urine output. When blood glucose exceeds 160–180 mg/dL, 

the proximal tubule is overwhelmed, causing glycosuria. Osmotic 

urea diuresis is common in the ICU, associated with high-protein 

nutrition, high corticosteroid doses, and resolving acute renal failure. 

Hypernatremia ensues because of the greater urinary loss of water 

than electrolytes.49

Therapeutic agents (e.g., mannitol) are used to increase urine out-

put and decrease extracellular fluid volume. Mannitol, freely filtered by 

the glomerulus and not reabsorbed, acts as an osmotic diuretic, in-

creasing urinary losses of electrolyte-free water. Osmotic substances 

increase blood osmolarity, thereby pulling water from the interstitial 

space and increasing GFR and urine output. Failure to replace fluid 

losses can lead to volume depletion and hypernatremia. However, if 

very high doses of hypertonic mannitol are infused, or if it is adminis-

tered to patients with preexisting renal failure, mannitol is retained in 

the circulation. The resulting plasma osmolality increase, like that 

produced by hyperglycemia, causes osmotic movement of water out of 

cells, leading to extracellular fluid volume expansion and dilutional 

hyponatremia. This can result in intravascular fluid overload, espe-

cially if the excess fluid and osmotic substances cannot be excreted.

Osmotic diuresis generally leads to significant free water losses and 

can cause or contribute to hypernatremia. However, with glycosuria 

secondary to uncontrolled diabetes mellitus, diabetic ketoacidosis, and 

hyperosmolar hyperglycemic state, most patients are mildly hypona-

tremic. The serum sodium concentration reflects the balance between 

the dilutional effect of water moving out of cells in response to the 

hyperglycemia-induced increase in serum osmolality (dilutional hypo-

natremia—i.e., true hypertonic hypervolemic hyponatremia) and the 

increased water excretion due to glycosuria-induced osmotic diuresis.

Treating water losses secondary to osmotic diuresis involves reduc-

ing the nonreabsorbed solute either by stopping its administration 

(e.g., mannitol) or treating the underlying pathologic condition (e.g., 

reduce blood glucose concentrations). Furthermore, excessive dehy-

dration should be treated and prevented by administering sufficient 

fluid with close monitoring of serum and urine electrolytes plus urine 

output.50

Cold diuresis. Cold or cold-induced diuresis occurs during expo-

sure to a hypothermic environment and during mild to moderate  
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accidental and therapeutic hypothermia. During therapeutic hypother-

mia, cold diuresis is most apparent during the induction phase.51 Cold 

diuresis is characterized by increased sodium and chloride excretion, 

leading to enhanced water loss, decreased blood volume, and increased 

blood viscosity. The latter augments the increased viscosity secondary 

to the hypothermia. Vasoconstriction and hypovolemia caused by hy-

pothermia are most problematic; thus vasodilation during rewarming 

must be countered by fluid resuscitation to avoid hypotension.

Possible causes of cold diuresis include the redirection of blood 

from vasoconstricted extremities to the core, leading to increased core 

fluid volume. The latter leads to increased renal blood flow and diure-

sis. ADH appears to be involved in cold diuresis. Some investigators 

report decreased ADH, whereas others report that although ADH con-

centrations are elevated, cold exposure inhibits renal V2 receptors, 

decreasing V2 receptor mRNA expression and inducible renal medul-

lar AQP-2 water channel protein expression.52 ANP does not appear to 

be involved in cold diuresis.

Heat and exercise-induced disorders. Sweat is hypoosmotic rela-

tive to plasma; hence, excessive sweating can lead to significant water 

loss, reaching .2.5 L/h during strenuous exercise.53 Sweat sodium 

concentrations range from 15 to 90 mmol/L, with an average of 40 

mmol/L. As sweating increases, sodium secretion rates proportionally 

increase. However, heat acclimatization lowers sodium chloride con-

centration. The rate of sweat potassium losses appears to be indirectly 

related to the sweat flow rate.54 Maintaining normal hydration during 

exercise maintains cardiovascular and thermoregulatory responses. 

Whenever possible, oral, rather than intravenous (IV), rehydration 

should be performed. Although IV fluids rehydrate faster, the benefits 

are often transient, with the major limitation being the bypassing of 

the oropharynx. Oropharyngeal stimulation influences thirst sensa-

tion, ADH release, cutaneous vasodilation, and mean arterial pres-

sure.55 Therefore drinking water plus electrolyte solutions to minimize 

dehydration is necessary during and after significant exercise and heat 

exposure. To maintain adequate hydration, elite athletes, ingest ~200–

800 mL/h. Less acclimatized participants should not drink as much as 

possible, but according to the stimulation of thirst and no more than 

400–800 mL/h.

In collapsed marathon runners, there are significant incidences of 

both hypernatremia with hyperosmolality and hyponatremia with 

hypoosmolality. The latter is often the result of hyperhydration, caused 

by considerable water ingestion, and may be exacerbated by nonos-

motic ADH secretion.56 Hypernatremia results when water loss via 

sweating is associated with a low or insufficient fluid intake.57 Hypona-

tremia, hyperthermia, hypertonic hypernatremia, orthostatic hypoten-

sion caused by decreased peripheral resistance, and dehydration can 

each contribute to cerebral dysfunction.58,59 Moreover, it is crucial to 

differentiate between hypernatremia and hyponatremia because the 

immediate management differs. Administering hypotonic fluids to 

severely hyponatremic patients may cause fatal cerebral edema, evi-

denced by seizures and/or coma. Therefore laboratory testing to deter-

mine serum sodium concentration is vital to direct therapy.

Heat stress illness (HSI), also called heat-related illness, includes 

benign rash, heat syncope, heat cramps, heat exhaustion (most com-

mon HSI), and heat stroke (most severe form). During 2001–2010, 

~28,000 HSI hospitalizations occurred in 20 states.60 HSI occurs dur-

ing heat exposure with and without exercise, with greater thermoregu-

latory heat strain occurring during high humidity because of de-

creased environmental evaporative capacity. Obesity, heart failure, 

preexisting neuropsychiatric disorder, psychotropic drug intake (e.g., 

phenothiazines, cocaine), and strenuous outdoor work61 are associated 

with increased HSI risk. HSI development and severity are significantly 

related to hydration status and ability to sweat.62,63 HSI is exacerbated 

by hypovolemia and plasma hyperosmolality, which inhibit thermo-

regulatory responses, such as cutaneous vasodilation and sweating.64 

Elevated core temperature does not stimulate ADH secretion except 

with increased serum osmolality.65 HSI treatment includes rapid cool-

ing, fluid replacement, and physiologic support.

CONCLUSION

Maintaining homeostatic water balance is a vital body function commonly 

disordered in critically ill patients because of combinations of their acute 

illness, underlying chronic diseases, treatments, and aging. Modern critical 

care medicine needs to better understand water metabolism, especially the 

microcirculatory consequences of edematous and overhydrated states. 

Such a better understanding should influence treatment—for example, 

whether to treat with saluretic diuretics that enhance sodium excretion or 

with aquaretics that increase water excretion.66

KEY POINTS

• Water, the liquid of life for all organisms, has many functions: carrier of 

essential substances; body coolant, lubricant, reactant, and product in 

metabolic reactions; and shock absorber.

• Water homeostasis is controlled by thirst, the ability to find and ingest 

water, kidney function, sweating, and endogenous systems.

• Endogenous systems active in water metabolism include ADH, the RAAS 

system, natriuretic peptides, dopamine, and renal intracrine mechanisms.

• Environmental conditions—extreme heat and cold—can cause disordered 

water homeostasis, as can diarrhea, drugs, excessive water ingestion, and 

disorders of endogenous systems (DI, SIADH).

• In stressed states (e.g., sepsis, burns, and trauma), plasma ADH and aldo-

sterone are increased during the initial phase, accompanied by extravascu-

lar exudation of protein-rich fluids.

• Critically ill patients are totally dependent on their care providers for main-

taining water homeostasis and for preventing and correcting disordered 

homeostasis.
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Advanced Techniques in Blood Purification

Antoine Streichenberger, Pauline Sambin, Celine Monard, and Thomas Rimmelé

INTRODUCTION

During the last decade, several blood purification techniques have 
been developed. Blood purification techniques are extracorporeal 
treatments that can either be combined with renal replacement ther-
apy (RRT) or used as standalone methods. Their common objective is 
to remove from the blood proteins or cells that may have deleterious 
effects. These techniques are mostly used in septic shock, targeting 
endotoxins, cytokines, proinflammatory cells, or even bacteria and  
viruses.

Most randomized controlled trials (RCTs) have failed so far to 
demonstrate an improved survival with the initiation of extracorpo-
real blood purification sessions in sepsis. Numerous biases from pub-
lished trials have been underlined, including the heterogeneity of 
studied populations, timing of treatment initiation, dose, and duration 
of the therapy. This was specifically reinforced in the 2016 Surviving 
Sepsis Campaign. Given the lack of positive RCTs, no recommenda-
tions relating to blood purification techniques in sepsis could be made, 
and further research was encouraged.1 The same reservations apply to 
artificial liver support systems that are not routinely implemented in 
intensive care units (ICUs) because of the lack of conclusive RCTs.

This chapter will first describe the dysregulated immune response 
observed in sepsis and the potential targets of extracorporeal blood 
purification in this specific context. Second, the main blood purifica-
tion techniques and related literature will be presented. Finally, we will 
review the indications for blood purification outside sepsis and the 
liver support technology.

PATHOPHYSIOLOGY OF DYSREGULATED IMMUNE 
RESPONSE IN SEPSIS AND TARGETS FOR BLOOD 
PURIFICATION TECHNIQUES

The Dysregulated Immune Response in Sepsis
Pathophysiology of the immune response in septic shock is usually 
described in two phases. During the first phase, a massive dysregulated 
proinflammatory component, also called a cytokine storm, is associated 
with tissue damage, organ injuries, and early mortality. During the 
second phase, the predominant antiinflammatory component, trigger-
ing immunoparalysis, is responsible for nosocomial infections, viral 
reactivations, and late mortality.2

During pathogen invasion (either bacteria, viruses, fungi, or para-
sites), numerous molecular signals are activated, driving the immunoin-
flammatory response. These alerts are triggered by pathogen-associated 
molecular patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs)3,4. PAMPs are described as the “molecular signature” of patho-
gens. They are not produced by the host, but they are expressed at the 

pathogen surface and include endotoxins at the surface of gram-negative 
bacteria, double-stranded ribonucleic acid (RNA) produced by most 
viruses, and beta-glucans and mannans found in fungi. DAMPs are en-
dogenous molecules, such as high-mobility group box 1 or extranuclear 
deoxyribonucleic acid (DNA), released during tissue damage.5,6 DAMPs 
are released during sepsis but also during specific conditions such as 
burns, trauma, surgery, or acute pancreatitis, triggering a sterile inflam-
matory response.7–10 Both PAMPs and DAMPs are recognized by pattern 
recognition receptors (PRRs), which are ubiquitous on the surface of 
innate immune cells. Importantly, activation of PRRs by PAMPs or 
DAMPs leads to the appropriate synthesis of cytokines and the immune 
response. However, in septic shock, the inflammatory response is dys-
regulated and leads to a massive release of cytokines (interleukin [IL]-1, 
IL-17, IL-6, tumor necrosis factor [TNF]-alpha) and an intense activa-
tion of complement.

Concomitantly, immunosuppressive patterns also appear, mainly 
consisting of a reduced antigen-presenting cell function and reduced 
human leukocyte antigen–DR isotype (HLA-DR) expression on 
monocytes (mHLDA-DR), which correlates with mortality and lym-
phocyte apoptosis.11–13 Lymphopenia is also a marker of immunosup-
pression in sepsis and has a poor prognosis. The massive production of 
the antiinflammatory IL-10 cytokine participates in sepsis-induced 
immunosuppression as well.14

Immunomodulatory Therapies and Targets for 
Extracorporeal Blood Purification
Along with antibiotics, controlling the site of infection, and symptom-
atic treatment, numerous intravenous treatments targeting specific 
pathways such as IFN-g, rhIL-7, and TNF-alpha have been tested to 
modulate the immunoinflammatory cascade in sepsis.15 Unfortu-
nately, all these treatments have failed to demonstrate any benefits on 
morbidity and mortality.15 Again, some authors have highlighted sep-
sis “heterogeneity” with regard to the site of infection, pathogens,  
genetic background, and premorbid conditions. Other experts have 
argued that all these molecules target a specific pathway of the immune 
response, whereas a more global approach might be more efficient. 
Based on this second hypothesis, extracorporeal blood purification 
techniques have been developed to control the dysregulation of the 
immune system with the removal from the blood a large panel of com-
ponents that participate in the inflammatory response.

Several extracorporeal techniques have been developed during the last 
two decades. They target different mediators of the immunoinflammatory 
response, which can be endotoxins, cytokines, proinflammatory cells, or 
pathogens such as bacteria and viruses. Most techniques are developed 
towards one particular target, but some are able to remove two or more 
mediators (e.g., cytokines and endotoxins) (Fig. 98.1). Contrary to intra-
venous treatments, blood purification techniques are nonselective.
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Fig. 98.1 The immunoinflammatory response to sepsis and targets for extracorporeal blood purification. 

Blood purification targets shown include (1) Removing pathogens from the blood; (2) Removing endotoxins 

and other PAMPs from the blood; (3) Removing proinflammatory cells from the blood; and (4) Removing 

cytokines from the blood. DAMPs, Damage-associated molecular patterns; PAMPs, pathogen-associated 

molecular patterns; PRRs, pattern recognition receptors.

As this immunoinflammatory response seems to represent a “final 
common pathway,” these techniques may be proposed in sepsis, but 
also in trauma, burns, pancreatitis, and other inflammatory situations 
causing a dysregulated immunoinflammatory response (see Fig 98.1).

BLOOD PURIFICATION TECHNIQUES FOR SEPSIS

Most of the techniques described subsequently refer to hemoperfu-
sion. Its principle is as follows: the blood runs through a cartridge, and 
some blood components are fixed on an adsorbent material. Adsorp-
tion relies on binding chemical interactions between the targeted cir-
culating molecule and the sorbent. The purpose of these is to remove 
a significant proportion of the targeted molecule from the blood com-
partment. We describe next each technique with the details of its tar-
gets and its mechanisms of action (Fig. 98.2).

Endotoxin Removal
Two major hemoperfusion devices are available for endotoxin removal. 
First, the adsorption properties of polymyxin-B have been used in a 
hemoperfusion cartridge named Toraymyxin (Toray, Tokyo, Japan) 
since 1993. Polymyxin-B is an antibiotic with great affinity for endo-
toxin, thanks to ionic and hydrophobic interactions. However, its intra-
venous use is impossible because of renal and neurologic toxicities. In 

this hemoperfusion cartridge, polymyxin-B is covalently bound to the 
fibers. The clinical effects of a polymyxin-B hemoperfusion treatment 
(typically two 2-hour hemoperfusion sessions 24 hours apart) have 
been widely studied over the last two decades. Interestingly, this tech-
nique represents the current standard of care for abdominal septic 
shock in Japan. In 2007 Cruz and colleagues reviewed the performance 
of this hemoperfusion cartridge on septic patients, based on evidence 
gathered from 1998 to 2006.16 They found a positive effect on mean 
arterial pressure (MAP), oxygenation, and a decrease in vasopressor 
use, to the point that the risk ratio for mortality was 0.53 (95% confi-
dence interval [CI] 0.42–0.65) in the polymyxin-hemoperfusion group. 
This study was an incentive for further RCTs, mainly focusing on gram-
negative abdominal sepsis because of likely high levels of circulating 
endotoxin in this clinical context. The EUPHAS trial showed encourag-
ing results, consistent with those previously reported by Cruz and col-
leagues’ meta-analysis. This study was even stopped early because of a 
significant improvement in 28-day mortality (adjusted hazard ratio 
[HR], 0.36; 95% CI 0.16–0.80; P 5 0.01) after the intermediate analy-
sis.17 The ABDOMIX trial was conducted subsequently and included a 
greater number of patients with similar inclusion criteria.18 However, it 
did not find such promising outcomes, with, conversely, a nonsignifi-
cant increase in 28-day mortality (odds ratio [OR], 1.5872; 95%  
CI 0.85–2.93; P 5 0.14) in the intervention group. Importantly, the 
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mortality rates in the control group greatly differed in these two studies. 
Lately in 2018, the randomized blinded EUPHRATES trial included a 
selected population of patients presenting with high levels of circulat-
ing endotoxin activity (defined as an endotoxin activity assay [EAA, no 
unit] $0.60) rather than empirically suspected gram-negative sepsis 
(e.g., of abdominal origin)19. The results of this large-scale analysis 
(n 5 450) failed to demonstrate a reduction in 28-day mortality. It was 
nevertheless later speculated that patients with EAA $0.90 could bear 
an endotoxin burden exceeding the adsorption capacities of Toray-
myxin. A post hoc analysis was performed, focusing on the subpopula-
tion of patients with EAA between 0.6 and 0.9.20 In this particular 
subgroup, 28-day mortality was lower in the hemoperfusion group 
(OR, 0.52; 95 % CI 0.27–0.99; P 5 0.047). Evidence was recently found 
that Toraymyxin hemoperfusion also showed immunomodulation 
properties, improving mHLA-DR expression in septic patients.21 This 
latest input supports the need for further research focusing on a specific 
selected population and optimal timing for polymyxin-B hemoperfu-
sion initiation.

Another technology aimed at removing circulating endotoxin is the 
Alteco LPS adsorber (Alteco Medical AB, Lund, Sweden). This car-
tridge contains a polyethylene matrix covered in a specially designed 
synthetic peptide engineered for endotoxin adsorption thanks to high 
affinity for the lipid A moiety of the endotoxin. In a nonrandomized 
fashion, Adamik and colleagues tested this device on a few selected 
patients (n 5 18) and were able to demonstrate an improvement from 
baseline in terms of EAA levels and clinical outcomes but no difference 
in ICU mortality between groups.22 The ASSET trial (NCT02335723) 
designed as a feasibility study of this device was unfortunately stopped 
because of patient recruitment issues in 2017.

Cytokine Removal
Using Renal Replacement Therapy
A significant proportion of patients with septic shock develop acute 
kidney injury (AKI) and require RRT during their ICU stay. Tech-
niques combining RRT and blood purification for sepsis could be of 
interest for these patients.

High-volume hemofiltration (HVHF) is a continuous renal replace-
ment therapy (CRRT) technique exhibiting a higher ultrafiltration rate 

than usual (more than 50 mL/kg/h) and targeting improved removal of 
middle-molecular-weight hydrophilic molecules (i.e., cytokines). 
Promising experimental and preclinical works were published from 
1990 to 2010, but the multicenter RCT IVOIRE published in 2013 was 
disappointing.23–26 It did not find any significant mortality reduction, a 
finding that was confirmed in two subsequent meta-analyses.27,28

Increasing membrane permeability or adsorptive properties could 
confer with standard hemofilters’ additional blood purification prop-
erties. Used in continuous venovenous hemofiltration (CVVH), high 
cut-off membranes (i.e., sieving coefficient .40 kDa) are able to re-
move middle-molecular-weight inflammatory mediators such as IL-6 
and IL-1, but with the inconvenience of an important albumin leak-
age.29–31 However, the use of such membranes in a diffusive modality 
allows albumin loss to be minimized and to simultaneously remove 
middle-molecular-weight molecules.32–34 In 2016 Chelazzi and col-
leagues retrospectively studied a small series of patients treated with 
CVVH using high cut-off membranes.35 They reported a significantly 
decreased mortality rate (37.5 vs. 87.5%; P 5 0.03) compared with the 
controls. RCTs exploring the outcomes of the use of high cut-off mem-
branes in septic AKI are still needed to draw more robust conclusions 
regarding the effects of these membranes.

The polymethylmethacrylate (PMMA) membrane has adsorption 
properties because of its symmetric microporous structure. It removes 
cytokines and immunoglobulin light chains. Thus its use in septic pa-
tients has been studied successfully with respect to intermediate out-
comes such as hemodynamics, blood lactate, and IL-6 levels.36 However, 
the suitability of this membrane was questioned because of the very 
high rates of clotting and clogging observed. The PMMA component 
was modified to address this defect, allowing it to preserve its adsorbing 
abilities while limiting its high thrombogenicity.37 CRRT with the 
modified PMMA membrane has not yet been studied in septic AKI.

Coupled plasma filtration and adsorption (CPFA) is a technique 
combining blood purification and RRT. First, plasma is separated from 
total blood and is run through a nonspecific charcoal sorbent cartridge, 
which adsorbs cytokines. The plasma then returns to the circuit, where 
conventional RRT with hemofiltration occurs through a standard he-
mofilter. Recently, the COMPACT2 trial (NCT01639664) assessed high 
doses of CPFA. This study was terminated early because of to a highly 
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suspected increased mortality rate in the treatment group. Conse-
quently, CPFA is no longer proposed for septic shock management.

Hemoperfusion

The CytoSorb hemoperfusion cartridge (CytoSorbent, Monmouth 
Junction, NJ) contains polymer beads with adsorption properties  
(surface adsorption and pore capture). This adsorption process affects 
small- to middle-molecular-weight hydrophobic agents: inflammatory 
mediators (both pro- and anti-), myoglobin, bilirubin, PAMPs, and 
DAMPs, as shown in various studies.38,39 This device can be used as a 
standalone treatment or can be coupled with an RRT circuit, and the 
same cartridge can be used for up to 24 hours. In both situations, it 
should be administered daily for 2–7 days (24-hour sessions). Early ini-
tiation (i.e., less than 24 hours from the moment when septic shock is 
uncontrolled despite usual care) seems to lead to better patient out-
comes.40,41 In the several RCTs available, CytoSorb was unable to de-
crease patient mortality, although blood lactate levels and hemodynamic 
parameters improved.42–44 Interestingly, in the most recent of these 
RCTs, a significant IL-6 clearance was observed, whereas its circulating 
levels did not differ.43 Hypotheses to explain this observation are the follow-
ing: either IL-6 clearance might diminish the levels of cytokine inside organ 
tissues with an unchanged blood level, or adsorption, being a concentration-
dependent mechanism, means that CytoSorb should be delivered to patients 
presenting with higher circulating IL-6 levels (i.e., IL-6 levels .1000 pg/mL, 
whereas median levels in that study reached only 565 pg/mL).

Endotoxin and Cytokine Removal
The oXiris membrane (Baxter, Meyzieu, France) is an RRT hemofilter 
with enhanced adsorption properties, targeting cytokine and endotoxin 
removal at the same time. oXiris represents an advanced version of the 
AN69 polyacrylonitrile membrane, coated with polyethyleneimine 
(PEI) and pregrafted with heparin. The whole bulk of the membrane is 
able to bind cytokines, like the previous versions of AN69 membranes. 
PEI ensures better biocompatibility and allows for endotoxin adsorp-
tion thanks to its positively charged amino groups. Standard oXiris 
treatment sessions are recommended to last 24 hours, although the fil-
ter life span may be longer (up to 72 hours).

Malard and colleagues recently showed that oXiris in vitro clearances 
of cytokines and endotoxins were comparable to that of CytoSorb and 
Toraymyxin, respectively.38 Few good-quality studies regarding the out-
comes associated with the use of oXiris in septic AKI are available. In a 
randomized cross-over study, Broman and colleagues showed significantly 
improved cytokine and endotoxin clearances compared with standard 
CRRT, lower blood lactate level, and a decreased need for vasopressors.45

Most of the available data on oXiris are observational. Schwinden-
hammer and colleagues studied 31 patients and reported a lower-than-
expected in-hospital mortality rate in the most severe septic patients 
treated with oXiris46. In a propensity-matched cohort, a beneficial ef-
fect of oXiris treatment was found in terms of hemodynamics, urinary 
output, and PaO2/FiO2 ratio, as compared with standard RRT.47 RCTs 
are now warranted to draw robust conclusions about the impact of 
oXiris on patient outcome in sepsis-induced AKI (ECRO NCT03426943, 
ENDOTOX NCT01948778).

Cell Removal
More recently, a variety of binding components have been developed 
aiming at removing pathogens and/or inflammatory cells.

Removing Pathogens

The Seraph 100 Microbind Affinity Blood Filter (ExThera Medical, 
Martinez, CA) is a hemoperfusion device composed of heparin-grafted 
polyethylene beads. It can be used in a series within an RRT circuit or 

as a standalone hemoperfusion treatment. Heparan-sulfate is a glycos-
aminoglycan that can bind pathogens; it shares its affinity with heparin, 
which is very similar. A large number of bacteria, parasites, and viruses 
were found to interact with the Seraph.48–50 A safety study took place in 
Germany on patients with septic shock requiring RRT. No adverse 
events occurred (NCT02914132). However, the clinical impact of Ser-
aph treatment has yet to be investigated.

Still in an early stage of development, a hemoperfusion device using the 
FcMBL protein has shown interesting results in animal models. The FcMBL 
protein (Opsonix, Wakefield, MA) is an engineered molecule containing the 
properties of opsonin mannose-binding lectin (MBL) that natively adheres 
with PAMPs to the Fc domain (i.e., the unchanging section) of human im-
munoglobulin. Hemadsorption using FcMBL could trap both pathogens as 
a whole or their debris once destroyed by antimicrobial therapy.51 Such a 
device is currently in testing and has shown favorable outcomes in septic 
mouse models, displaying a certain level of synergy with antibiotics.52

The Hemopurifier (Aethlon Medical, San Diego, CA) is a technique 
using coupled plasmapheresis and adsorption to clear blood-circulat-
ing viruses. After separation, plasma is put in contact with a lectin 
protein found in the common snowdrop (Galanthus nivalis aggluti-
nin), which has a powerful affinity for the glycoproteins found on the 
envelope of some viruses. This device is not yet available except for 
research. It was successfully applied to treat a patient with Ebola virus 
and showed significant clearance of circulating hepatitis C virus.53,54

Removing Inflammatory Cells

Cytapheresis targeting activated white blood cells is currently under 
study. Pino and colleagues developed a synthetic biomembrane able to 
catch activated leukocytes that can be plugged within a CRRT circuit.55 
A preliminary safety study on septic patients requiring RRT reported 
improved survival compared with case-matched controls, but this was 
not confirmed by the RCT conducted subsequently.56,57 On a side note, 
some of the aforementioned hemoperfusion devices (e.g., CytoSorb) 
targeting inflammatory mediators could clear activated white blood 
cells, as shown by Rimmelé and colleagues.58 That effect could partici-
pate in the overall immunomodulatory result.

BLOOD PURIFICATION FOR NONSEPTIC 
INDICATIONS

Nonseptic Inflammatory States
Acute pancreatitis usually has a mild course, with a global mortality 
rate below 1%. However, around 10% of patients will develop severe 
acute pancreatitis (SAP), involving extrapancreatic tissues and other 
organ systems, with a much higher mortality rate. The outcome and 
pathophysiology of SAP are closely related to early systemic inflam-
mation and cytokine release. Treatments based on antioxidants, 
platelet-activating antagonists, antibodies against mediators of  
inflammation such as TNF-alpha, or nonsteroidal antiinflammatory 
drugs all failed to demonstrate improvement of morbidity and mor-
tality in RCTs.59,60

In a meta-analysis, Hu and colleagues analyzed 12 trials (4 RCTs 
and 8 prospective studies) investigating blood purification techniques, 
mainly HVHF, in SAP. This meta-analysis demonstrated a significant 
lower incidence of mortality and ICU length of stay in the blood puri-
fication group (OR, 0.60; 95% CI 0.38–0.94). However, this improve-
ment was no longer significant when only RCTs were taken into ac-
count (OR, 0.56; 95% CI 0.21–1.49).61 The ongoing PACIFIC trial, a 
prospective multicenter case-control study, aims at investigating 
whether or not early administration of hemoperfusion with CytoSorb 
in patients with SAP can improve hemodynamic parameters.62
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Extracorporeal blood purification techniques can also be proposed 
for severely burned patients. Indeed, these patients exhibit a prolonged 
and fulminant inflammatory state, with high levels of proinflammatory 
and antiinflammatory mediators.63 Peng and colleagues evaluated hemo-
perfusion with polymyxin-B immobilized fibers in septic burned patients 
(total body surface area [TBSA] $50%). The use of polymyxin-B col-
umns in these patients infected with gram-negative bacteria decreased 
levels of endotoxin, IL-1b, IL-6, IL-8, and TNF-alpha.64 Less data are 
available regarding the use of PMMA membrane for burned patients. 
Nakae and colleagues reported three cases with severe burn injury (TBSA 
.30%) treated with CVVH and a PMMA membrane and observed a 
reduction in IL-6 levels in all three patients.65 Another interesting point 
consists in the ability of CytoSorb to remove myoglobin in vitro,66 which 
might be a promising therapy for rhabdomyolysis that occurs in conjunc-
tion with thermal injury, but no data are available for humans.

Blood purification techniques might also be used for severe trauma 
patients, although no data are available in humans. McKinley and col-
leagues showed in a rat model of hemorrhagic shock and traumatic 
brain injury a better survival (86% vs. 47%) in the group undergoing 
hemoperfusion with CytoSorb.67

Blood purification might also be interesting in other diseases in 
which the immunoinflammatory response is dysregulated. We can, for 
instance, mention cardiorenal syndromes or cancers like T-cell lym-
phoma causing cytokine release syndrome (CRS) with some chemo-
therapies. Recently, Stahl and colleagues published a case report of a 
65-year-old male patient undergoing refractory shock on grade 4 CRS 
after chimeric antigen receptor (CAR) T-cell treatment for diffuse 
large B-cell lymphoma.68 After failure of conventional treatment, in-
cluding IL-6 blockers, they reported that a wide range of proinflamma-
tory cytokines were lowered by more than 50% compared with their 
initial concentration after 24 hours of treatment with CytoSorb. Inter-
estingly, the substantial decrease of IL-6, interferon (IFN)-gamma, 
TNF-alpha, and IL-1 was followed by significant hemodynamic im-
provement. An RCT investigating extracorporeal treatment with Cyto-
Sorb in patients with severe CRS is ongoing (NCT04048434).

Artificial Liver Support Systems
The liver is a complex organ responsible for vital functions such as protein 
synthesis, heat production, and detoxification. The European Association 

for the Study of the Liver distinguishes acute liver failure in healthy liver 
(ACL) from acute on chronic liver failure, in which cirrhosis is decompen-
sated by an acute injury (ACLF). These two syndromes have different 
pathophysiologies, etiologies, and outcomes. Importantly, and since the 
end of the twentieth century, artificial livers have been developed to be 
used as supportive therapy until liver transplantation (bridge-to-trans-
plant) or liver regeneration (bridge-to-recovery) has occurred.

The most described devices are the molecular adsorbent recirculat-
ing system (MARS, Gambro Hospal GmbH, Planegg-Martinsried, 
Germany), the single-pass albumin dialysis (SPAD), and the fraction-
ated plasma separation and adsorption system (FPSA, Prometheus, 
Fresenius Medical Care, Bad Homburg, Allemagne).69 These systems, 
based on albumin dialysis, are supposed to remove from the blood al-
bumin-bound toxins that accumulate during liver failure. These toxins 
are potentially involved in the development of liver encephalopathy, 
hepatorenal syndrome (HRS), cardiovascular failure, and immuno-
suppression. In addition, these devices can theoretically remove plas-
matic nitric oxide (NO) and cytokines such as TNF-alpha, IL-6, or 
IL-10, although the contribution of those to multiple organ failure in 
ALF or ACLF is still unknown.70 Evidence has shown that artificial liver 
support systems may replace, at least partially, the liver detoxification 
function. However, clinical data on improved survival are very con-
flicting, and these devices are also very costly.

The MARS is a complex device in which treatment occurs in three 
steps (Fig. 98.3). First, the blood is dialyzed through the MARS mem-
brane (a high-flux dialysis membrane) where albumin-bound toxins 
are released in a dialysate enriched with albumin, according to the dif-
fusion principle. Second, the albumin in the dialysate is regenerated 
while toxins are cleared when passing through two adsorbing columns 
that contain activated charcoal and anion exchange resin. Third, the 
albumin circuit itself is dialyzed in the RRT circuit, cleaning the blood 
from water-soluble molecules and toxins (see Fig. 98.3).

To date, few meta-analyses have reported outcomes of MARS-
treated patients. In 2015 Tsipotis and colleagues analyzed 10 RCTs 
including 620 patients with ACL or ACLF treated with MARS (7 
RCTs) or Prometheus (3 RCTs). They showed an improvement in liver 
encephalopathy with albumin dialysis (relative risk [RR], 1.55; 95% 
CI 1.16–2.08); however, no benefit in mortality was observed (RR, 
0.95; 95% CI 0.84–1.07).71 He and colleagues conducted a separate 
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resin membrane

Classic RRT
membrane

Effluent

DialysateD

 Fig. 98.3

 

The molecular adsorbent recirculating system (MARS).

  

 



801CHAPTER 98 Advanced Techniques in Blood Purification

meta-analysis of trials involving patients with ALF or ACLF exclu-
sively treated with MARS. They found that MARS therapy signifi-
cantly reduced mortality compared with standard care (RR, 0.61; 95% 
CI 0.38–0.97; P 5 0.04). However, the authors also highlighted that 
many patients were finally not included because they went to trans-
plantation first, resulting in the low number of patients (n 5 49) fi-
nally analyzed. There was no significant survival benefit in ACLF pa-
tients treated with MARS (RR, 0.88; 95% CI 0.74–1.06; P 5 0.16).72

The SPAD is an artificial liver device in which the blood is dialyzed 
with an albumin-containing dialysate. After diffusion through the 
membrane, albumin-bound toxins are removed with the dialysate. 
With SPAD, albumin is not regenerated (in contrast with the MARS 
and Prometheus systems); therefore high amounts of albumin are re-
quired. Sponholz and colleagues in a controlled crossover study com-
pared the detoxification capacity and clinical outcomes of SPAD (4% 
albumin dialysate solution; 700 mL/h dialysis flow rate) with MARS 
(20% albumin flow rate equal to the blood flow rate, 2000 mL/h dialy-
sis flow). They observed similar reductions in bilirubin levels between 
the two devices. Interestingly, in contrast with other studies, neither 
MARS nor SPAD reduced cytokine levels. The effects of MARS and 
SPAD on liver encephalopathy and hemodynamic parameters were 
small and similar.73 Of note, another randomized crossover trial com-
paring MARS with SPAD is currently ongoing (NCT02310542).

The FPSA (i.e., Prometheus) system uses the patient’s own albumin 
to first enter the circuit through the AlbuFlow membrane. Then, the 
albumin is purified from its bound toxins, using a neutral resin ad-
sorber and an anion-exchange column and returns to the blood circuit. 
The blood is run through a second circuit for conventional high-flux 
hemodialysis before being returned to the patient. The efficacy of Pro-
metheus has recently been confirmed by Grodzicki and colleagues, who 
found significant decreases in serum ammonia, bilirubin, aspartate 
aminotransferase, alanine aminotransferase, urea, and creatinine in 
patients with ALF.74 Sentürk and colleagues found similar results in 
their study in which 27 patients with ALF or ACLF underwent several 
sessions of albumin dialysis with Prometheus. They observed a signifi-
cant decrease in total bilirubin, ammonia, blood urea nitrogen, serum 
creatinine levels, and liver encephalopathy scores.75 In 2012 Kribben 
and colleagues published the HELIOS study, a multicenter RCT com-
paring the use of Prometheus with standard medical care in patients 
with ACLF. They could not demonstrate any survival improvement at 
day 28 (66% vs. 63%, P 5 0.70) and at day 90 (47% vs. 38%, P 5 0.35), 
and the study was interrupted early because of futility. However, among 
the subgroup of patients with severe liver failure (Model for End-Stage 
Liver Disease [MELD] .30), probability of survival at day 90 was 
greater for patients treated with Prometheus (48% vs. 9%, P , 0.05).76

Among other devices, the Advanced Life Support System (ADVOS) 
showed promising results in animal studies.77 This device is composed 
of three circuits: a standard RRT circuit, an albumin running circuit, 
and a third circuit for regeneration and detoxification of toxin-loaded 
albumin. In 2017 Huber and colleagues confirmed positive results in 
an observational trial of 14 patients treated with ADVOS, demonstrat-
ing significant hemodynamic and biochemical improvements.78

CONCLUSION

Extracorporeal blood purification techniques are designed to clear 
excessive inflammatory mediators from the blood. This removal is 
nonspecific, but most of the techniques target a group of molecules 
(such as cytokines or endotoxins), activated white blood cells, or 

pathogens. The rationale for use is that removing harmful intermedi-
aries could avoid triggering the unwanted cytokine storm and the fol-
lowing immunoparalysis responsible for poor outcome in patients 
with sepsis. These properties of blood purification could also apply to 
nonseptic inflammatory shocks such as acute pancreatitis and severe 
burns. So far, improved outcomes have been shown regarding second-
ary criteria (e.g., hemodynamics, oxygenation), but none of the tech-
niques has shown conclusive evidence regarding survival.

Nevertheless, as stated by the Surviving Sepsis Campaign, research on 
this topic should be continued, as septic shock remains deadly and im-
munomodulation could be a leading treatment option in this context. 
Treatment timing and patient selection need to be carefully addressed in 
future trials. Blood levels of cytokines and endotoxin should be moni-
tored to decide on the best treatment to use. Techniques allowing for 
simultaneous RRT should be kept for patients requiring RRT, and stand-
alone therapies should be preferred for those without AKI. Artificial liver 
support systems are proposed for the removal of albumin-bound toxins.

Lately, extracorporeal blood purification has been suggested for the 
treatment of severe SARS-CoV-2 infections. These patients experience 
hyperinflammation, and therefore blood purification has been pro-
posed in various ways to prevent pulmonary and other organ damage. 
For now, only case reports or case series have been published, and ad-
ditional data are warranted to draw robust conclusions on the effects 
of these therapies in patients with COVID-19.79

KEY POINTS

• Blood purification techniques aim at removing different components from 

the blood, targeting the dysregulated immunoinflammatory response.

• Mostly described in sepsis, blood purification techniques may also be pro-

posed in acute pancreatitis, trauma, burns, and cancer.

• The lack of morbidity and mortality improvement in RCTs may possibly be 

explained by significant heterogeneity in these trials in terms of indications, 

timing of initiation, and patient populations.

• Most of the artificial liver support systems are based on albumin dialysis. 

These systems are supposed to remove albumin-bound toxins from the blood.

• These devices are not routinely implemented in ICUs because of the lack of 

conclusive RCTs.

 References for this chapter can be found at expertconsult.com.
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Fluid and Volume Therapy in the ICU

Todd W. Robinson and Barry I. Freedman

The goals of fluid administration are to optimize tissue oxygenation by 
augmenting intravascular volume, improving left ventricular preload, 
and increasing cardiac output.1 This chapter reviews the timing and 
considerations for choice of therapy in volume repletion and the  
effects of fluid volume overload in the postresuscitation period.

TIMING OF INITIAL VOLUME THERAPY

Studies from the early 2000s suggested that earlier recognition and 
treatment of septic shock correlated with improved outcomes. In a 
report by Rivers and colleagues, the Early Goal-Directed Therapy Col-
laborative Group randomized subjects to receive either intensive treat-
ment for septic shock within the initial 6 hours of therapy or standard 
therapy provided in the emergency department.2 Standard and early 
goal-directed therapy (EGDT) groups received antibiotics, vasoactive 
medications, and intravenous (IV) fluid for volume resuscitation. 
Goals for fluid administration included infusion of crystalloid in  
500-mL boluses every 30 minutes with a target central venous pressure 
of 8–12 mm Hg as a marker of effective repletion of intravascular 
volume and response to fluids. Although the total volume of fluid ad-
ministered by 72 hours was equivalent, the EGDT group received 
substantially more IV fluid in the first 6 hours of treatment. Compared 
with the standard therapy group, significant improvements related to 
in-hospital mortality were observed in the group assigned to earlier 
administration of volume-based resuscitation in conjunction with 
other therapies, including the optimization of central venous oxygen 
saturation with red blood cell transfusions and use of inotropes, if 
necessary. In-hospital mortality was 30.5% in the EGDT group, com-
pared with 46.5% in the standard therapy group (P 5 0.009). Replica-
tion of results in other studies prompted guidelines for the treatment 
of sepsis to include early volume repletion as part of protocol-based, 
quantitative resuscitation to reverse tissue hypoperfusion.3,4 In the 
Surviving Sepsis Campaign, initial resuscitation recommendations for 
the first 6 hours included treatment aimed at maintaining a central 
venous pressure of 8–12 mm Hg, a mean arterial pressure more than or 
equal to 65 mm Hg, urine output more than or equal to 0.5 mL kg/hr,  
and mixed venous oxygen saturation greater than 65%.5 In 2018 the 
Surviving Sepsis guidelines were further revised to accelerate this 
protocol-driven timeline and include recommendations for initiating 
fluid resuscitation within 1 hour for hypotension or lactatemia.6

Meeting hemodynamic stabilization endpoints in such a manner 
with goal-directed therapy and other supportive measures remains de-
sirable in most cases, especially in patients who prove to be fluid re-
sponsive. However, other multicenter studies that have re-examined 
this topic have not replicated survival benefits, and the advantages of 
aggressive EGDT have been questioned. The Australasian Resuscitation 
in Sepsis Evaluation (ARISE) study examined EGDT resuscitation in 
patients with septic shock.7 Sixteen hundred patients were randomized 

to EGDT or usual care. On average, patients in the EGDT group were 
treated with more IV fluid in the initial 6 hours of therapy compared 
with those randomized to usual care. Those in the EGDT group were 
also more likely to receive red blood cell transfusions. At 90 days, no 
significant differences were observed in patient survival. In-hospital 
mortality, the duration of organ support, and the length of hospital stay 
were also similar. The Protocol-based Care for Early Septic Shock (Pro-
CESS) investigative group showed comparable results, with no benefits 
found with EGDT.8 ProCESS was a prospective multicenter trial that 
randomized 1341 emergency department patients with septic shock to 
receive 6 hours of protocol-based EGDT, protocol-based standard 
therapy, or usual care. The investigators did not require placement of 
central venous catheters, administration of inotropes, or blood transfu-
sions in the protocol-based standard therapy group, as compared with 
the use of these therapies in the EGDT group. Overall, the total volume 
of fluid administered during the 6-hour study period was reported as 
being significantly different between the groups. Again, no differences 
in survival were observed at 90 days. There was also no significant im-
pact on 1-year mortality, the duration of time spent on mechanical 
ventilation, or the duration of time on renal replacement therapy. 
ProMISe was a pragmatic randomized trial that examined mortality 
and other critical illness outcomes in patients with septic shock across 
56 hospitals in England.9 Participants were randomized to either EGDT 
or usual care. A total of 1260 patients were enrolled, and there were no 
statistically significant between-group differences in mortality or the 
other secondary outcomes, including adverse events and quality of life. 
Additionally, EGDT increased the cost of care for these critically ill pa-
tients. Fig. 99.1 shows the relative risk of mortality in EGDT versus 
usual care in these four major randomized controlled trials.

TYPE OF VOLUME THERAPY

When deciding on IV fluid therapy, the choices can be broadly classified 
into three major categories. Crystalloid fluids have long been consid-
ered the mainstay of volume replacement in the hospital setting and 
include normal saline (NS), lactated Ringer’s (LR) solution, Hart-
mann’s solution, and other balanced salt solutions such as Plasma-Lyte. 
A second broad category includes colloid preparations such as albumin, 
hydroxyethyl starch (HES), dextran, and gelatin. Finally, blood prod-
ucts, including packed red blood cells, can be used for volume repletion 
in the treatment of hypoperfusion caused by inadequate circulating 
volumes. Table 99.1 compares the osmolality and composition of hu-
man plasma and common isotonic crystalloid fluid preparations.

CRYSTALLOIDS VERSUS COLLOIDS

The choice between crystalloids and colloids as therapeutic fluids in 
the intensive care unit (ICU) has long been a topic of debate and 
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TABLE 99.1 Osmolality and Composition of Plasma Versus Common Isotonic 
Crystalloid Fluid Preparations

 Plasma

0.9% Normal  

Saline (NS)a

Lactated  

Ringer’s (LR)b

Plasma-Lyte-LYTE  

A (PL)c

Sterile Water With 150 mEq/L 

Sodium Bicarbonated

Osmolality (mOsmol/L) 280–310 308 (calc) 273 (calc) 294 (calc) 300 (calc)

Sodium (mEq/L) 135–145 154 130 140 150

Potassium (mEq/L) 4.0–5.0 – 4.0 5.0 –

Chloride (mEq/L) 95–110 154 109 98 –

Calcium (mEq/L) 2.2–2.6 – 2.7 – –

Magnesium (mEq/L) 1.0–2.0 – – 3.0 –

Lactate (mEq/L) 0.8–1.8 – 28 – –

Acetate (mEq/L) – – – 27 –

Gluconate (mEq/L) – – – 23 –

Bicarbonate (mEq/L) 24–31 – – – 150

aBaxter Healthcare Corp. Sodium Chloride Injection, USP. Package Insert.
bBaxter Healthcare Corp. Lactated Ringer’s Injection, USP. Package Insert.
cBaxter Healthcare Corp. Plasma-Lyte A Injection pH 7.4, USP. Package Insert.
dHospira, Inc. Sodium Bicarbonate Injection, USP. Package Insert.

investigation. In an analysis of multiple population studies, Goldwas-
ser and Feldman observed that mortality was inversely associated 
with serum albumin levels.10 With each 2.5 g/L lower serum albumin 
concentration, a correlative 24%–56% increase in risk of death was 
detected. This relationship held true in healthy populations and in 
those who suffered from acute and chronic illnesses. Several mecha-
nisms for the protective effects of the albumin molecule have been 
explored. Among these, infused albumin reportedly has free radical 
scavenging antioxidant properties that may have clinical impor-
tance.11 Moreover, the proposed advantages for prescribing colloid 
over crystalloid fluid in resuscitation strategies for critically ill pa-
tients include concepts based on hemodynamic Starling’s principles 
and the role of plasma oncotic pressure. Theoretically, large colloid 
molecules that persist in the circulation enhance water reabsorption 
from the interstitial space and maintain the volume within the vascu-
lature for longer periods.12 Ideally, this characteristic would reduce 
the large fluid volumes that are often required for resuscitation and 
improve clinical outcomes.13

Prospective randomized trials examining the potential benefits of 
albumin and colloids in lieu of crystalloid solutions for volume reple-
tion have yielded variable results. For example, there are investigations 
that demonstrated benefit with albumin administration and support its 
clinical safety. In one such study, a group of 100 patients with hypoalbu-
minemia in the ICU were randomized to receive (versus not receive) 
albumin as part of their treatment regimen.14 The groups were well 
matched and had similar baseline serum albumin concentrations and 
Acute Physiology and Chronic Health Evaluation II (APACHE II) 
scores. Significant improvements in Sequential Organ Failure Assess-
ment (SOFA) scores were observed in the albumin-treated group.  
Interestingly, significant decreases in fluid gains were also seen in the 
albumin-treated group. These results led the investigators to suggest that 
treatment with albumin may lead to better outcomes in critically ill pa-
tients with hypoalbuminemia. Similarly, the Saline versus Albumin Fluid 
Evaluation (SAFE) study was a large trial that included nearly 7000 ICU 
patients with trauma, acute respiratory distress syndrome (ARDS), and 
severe sepsis.15 The participants were randomized to receive either 4% 

Fig. 99.1 Relative risk of mortality in early goal-directed therapy vs. usual care.
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albumin or NS for intravascular fluid resuscitation. In a subgroup analy-
sis of patients with severe sepsis, those in the albumin-treated group had 
a significantly lower heart rate and a significantly higher central venous 
pressure on days 1–3.16 No between-group differences were detected in 
the total SOFA score, and similar numbers of patients required renal 
replacement therapy in the saline- and albumin-treated groups. Multi-
variate logistic regression analysis revealed that the adjusted odds ratio 
(OR) for death in the albumin-treated versus saline-treated group was 
0.71 (85% confidence interval [CI]: 0.52–0.97; P 5 0.03), suggesting that 
albumin treatment may decrease the risk of death in severe sepsis. Fur-
thermore, data from a meta-analysis suggested that albumin administra-
tion is safe. In 55 trials that evaluated many different types of patients, 
including those with trauma, burns, hypoalbuminemia, and ascites, al-
bumin administration did not adversely affect mortality.17

In contrast to studies suggesting benefit with albumin therapy in 
sepsis, other large prospective randomized trials failed to support a 
clear benefit of infusing albumin over crystalloid solutions in patients 
in the ICU setting. In the larger and more diverse group of original 
SAFE study participants discussed earlier, investigators found no be-
tween-group differences in death or new episodes of single- or multi-
organ system failure between those treated with albumin versus sa-
line.15 There was also no significant difference in the number of days 
spent in the ICU, length of hospital stay, or days of renal replacement 
therapy in the subgroup analyses. Similarly, the Colloids Versus Crys-
talloids for the Resuscitation of the Critically Ill (CRISTAL) trial exam-
ined outcomes for ICU patients with shock from sepsis, trauma, or 
hypovolemia who were randomized to treatment with colloid solu-
tions compared with crystalloids.18 In addition to 4% and 20% albu-
min, the colloid arm of CRISTAL included gelatins, dextrans, and HES. 
At 28 days after study enrollment, even though colloid resuscitation 
was associated with fewer days of mechanical ventilation and more 
days without vasopressor therapy, no significant differences in mortal-
ity were observed between the patients who received colloids and those 
who received crystalloids. Patients with severe sepsis have also been 
randomized to receive crystalloid plus albumin therapy compared 
with crystalloids alone. In the more than 1800 randomized patients in 
the Albumin Italian Outcome Sepsis (ALBIOS) study, significantly 
higher mean arterial pressures and lower net fluid gains were observed 
in the albumin plus crystalloid therapy group.19 However, the investi-
gators also noted that the total daily amount of fluids administered did 
not differ between the groups and, more importantly, there were no 
significant differences in patient survival at 28 or 90 days between the 
groups. The Cochrane analysis of pooled data on this topic also found 
no evidence that colloids reduced the risk of death compared with 
crystalloids in the treatment of critically ill patients.20 Overall, there 
remains a paucity of data to suggest that clear benefits exist for admin-
istering albumin or other colloid solutions instead of crystalloids in 
critically ill patients requiring volume repletion. The lack of resound-
ing benefit is compounded by the high cost of albumin, which also 
makes it less attractive for routine use.20

There is also evidence suggesting that colloid solutions such as albu-
min may be associated with harmful effects. Though they tended to have 
higher critical illness severity scores, patients in the Sepsis Occurrence in 
Acutely ill Patients (SOAP) study who received albumin at any time dur-
ing their ICU stay had a higher risk of death.21 A systematic review of 37 
randomized trials comparing crystalloid with colloid administration 
also hinted at safety concerns. The investigators found that colloid resus-
citation was associated with a 4% increase in the absolute risk of mortal-
ity (95% CI, 1.00–1.08) and concluded that the difference in the effect of 
the colloids was not related to the types of inciting injuries.22

The harm associated with colloid infusion may be more pro-
nounced with respect to specific organ systems or types of colloids. In 

a post hoc analysis of the SAFE study, albumin administration in pa-
tients with traumatic brain injury was associated with higher mortality 
compared with those who received crystalloids.23

HYDROXYETHYL STARCH

Convincing evidence for harm was reported for critically ill patients 
treated with the synthetically derived HES. Of 7000 randomized pa-
tients in the Crystalloid versus Hydroxyethyl Starch Trial (CHEST), 
there was no significant mortality difference in those resuscitated with 
NS versus HES.24 However, there was a significant difference in adverse 
outcomes. Of 3352 patients receiving HES, 235 (7.0%) experienced a 
kidney-related adverse outcome that ultimately required renal replace-
ment therapy. In comparison, only 196 of 3375 (5.8%) required this 
intervention in the NS group (relative risk 1.21 [95% CI, 1.00–1.45];  
P 5 0.04). Additional studies also suggest harm. Among patients with 
sepsis who were randomized to receive IV fluid resuscitation with HES 
versus Ringer’s acetate, the risk of death at 90 days was higher in those 
who received HES.25 In that study, patients with sepsis who were 
treated with HES were also more likely to require renal replacement 
therapy. In major abdominal surgery, patients have also been random-
ized to either HES or saline in the postoperative period. There were no 
differences in mortality or adverse events within 14 days of the sur-
gery.26 The commonality between these findings have been confirmed 
in meta-analysis data from more than 35 trials in which HES was as-
sociated with a significantly increased risk of mortality and acute kid-
ney injury (AKI).27 Mechanistically, the total mass of the HES molecule 
has been proposed as directly toxic to renal proximal tubular cells, 
leading to the pathologic sequence of events that culminates in AKI.28 
This is contrary to other reports suggesting that it is the origin of the 
HES molecule (potato or corn), the carrier solution, or the effects of 
systemic inflammation that may be damaging to kidney cells.

ALBUMIN USE IN SELECT CLINICAL SETTINGS

Just as there are clinical situations in which the infusion of albumin and 
colloid solutions may be harmful, there are also specific circumstances 
where these fluids could have important and beneficial roles in the treat-
ment of critically ill patients. In a randomized, nonblinded clinical trial 
that examined 126 patients with cirrhosis and spontaneous bacterial 
peritonitis, participants were randomized to treatment with either IV 
antibiotics alone or IV antibiotics with albumin.29 The dose of albumin 
administered was 1.5 g/kg at diagnosis, with another 1 g/kg infused on 
day 3. In the patients who received albumin in addition to antibiotics, 
statistically significant reductions in renal impairment and death were 
observed. Additionally, a recent meta-analysis in 688 burn shock patients 
reported that treatments that included IV albumin were associated with 
statistically significant reductions in mortality and in the occurrence of 
compartment syndrome.13 Although larger, prospective randomized tri-
als are needed to guide management in burn shock resuscitation, these 
results suggest that albumin has the potential to improve outcomes.

In the majority of cases that require volume resuscitation in the 
ICU, there does not seem to be a robust signal favoring infusion of 
albumin or other colloid therapies over crystalloid fluids as first-line 
treatment for hypovolemia and septic shock. Crystalloids remain the 
treatment of choice in most settings.

CHLORIDE-RESTRICTIVE AND BALANCED 

CRYSTALLOID STRATEGIES

Increasing evidence indicates that isotonic crystalloid fluid prepara-
tions are not uniform or equivalent with respect to their side effect and 
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physiologic profiles. Despite isotonicity, NS is hyperchloremic relative 
to plasma (see Table 99.1). In animal studies, the effects of high chlo-
ride levels have been implicated in severe renal vasoconstriction, the 
suppression of plasma renin activity, and reduced glomerular filtration 
rate.30–32 In healthy human volunteers, magnetic resonance imaging 
studies have demonstrated that infusions of NS can cause significant 
reductions in renal blood flow velocity and reductions in the perfusion 
of renal cortical tissue.33

Organ hypoperfusion is common in critically ill patients, but lactic 
acid production alone is not sufficient to explain all cases of metabolic 
acidosis in the ICU.34–36 In addition to the aforementioned renal he-
modynamic changes, IV fluids with superphysiologic concentrations 
of chloride, such as NS, have been associated with development of 
hyperchloremic metabolic acidosis. McFarlane and Lee observed this 
phenomenon while studying surgical patients randomly assigned to 
receive either 0.9% NS or Plasma-Lyte 148 during major abdominal 
surgery.37 Patients receiving NS had significantly higher serum chlo-
ride concentrations, lower serum bicarbonate concentrations, and 
higher base deficit measurements compared with those who received 
Plasma-Lyte 148. Administration of NS has reproducibly been associ-
ated with decreases in serum bicarbonate levels or acidemic-range ar-
terial pH values.33,38–40 Extracellular dilution of buffer caused by the 
infusion of large volumes of fluid that lack bicarbonate may explain 
some of these changes.41 Another hypothesis employs the strong ion 
difference (SID) theory of acid-base evaluation to describe these ef-
fects. In the SID theory, acidosis can occur if the apparent difference 
between strong cations and anions in solution is reduced.42 As such, 
hyperchloremia caused by excessively larger gains in chloride (anion) 
concentration may contribute to the metabolic acidosis that has been 
observed with NS administration.43–46

In large-cohort observational studies, the deleterious physiologic 
effects of hyperchloremia and NS administration are reflected in 
clinical outcomes. In 22,851 surgical patients with normal preopera-
tive kidney function and normal serum chloride concentrations, 
postoperative hyperchloremia was associated with higher 30-day 
mortality, longer hospital stay, and more frequent postoperative kid-
ney dysfunction.47 A similar study in more than 30,000 adult patients 
undergoing major abdominal surgery found that those who received 
NS had more postoperative complications, including infection, renal 
failure requiring dialysis, and blood transfusions.48 Among patients in 
the ICU with sepsis, a retrospective analysis of more than 50,000 pa-
tients showed that balanced fluid administration (e.g., LR) was asso-
ciated with a significantly lower in-hospital mortality (19.6% vs. 
22.8%; relative risk, 0.86; 95% CI, 0.78–0.94).49 Similarly, among pa-
tients with systemic inflammatory response syndrome, in-hospital 
mortality was lower when the total chloride load was reduced.50 
Yunos and colleagues detected adverse events associated with chlo-
ride-liberal IV fluid administration in critically ill ICU patients.51 
These investigators conducted a prospective, open-label pilot study 
that examined patients in an academic ICU. Patients were treated 
with standard IV fluids during a 6-month control period, after which 
NS and other chloride-rich fluids were restricted to specialty- 
attending approval. The primary outcomes included a rise in serum 
creatinine concentration from baseline and incident AKI as defined 
by RIFLE (Risk, Injury, Failure, Loss, and End-stage kidney disease) 
classification. During the intervention period, saline administration 
decreased significantly. When the study periods were compared, those 
who received chloride-restrictive therapy had a lower mean rise in 
serum creatinine concentration while in the ICU and the incidence of 
AKI was significantly diminished. After adjustment for covariates, an 
increased risk of requiring renal replacement therapy was observed in 
the chloride-liberal cohort.

Historically, prospective trials examining chloride-liberal versus 
balanced crystalloid solutions were predominately focused on periop-
erative and trauma patients. When comparing resuscitation with 0.9% 
NS versus Plasma-Lyte A in 65 trauma patients, administration of 
Plasma-Lyte resulted in a lower frequency of hyperchloremia and was 
associated with greater correction of acid-base abnormalities.52 How-
ever, investigators found no significant differences in cumulative urine 
output, measures of resource use, or mortality between those resusci-
tated with saline versus Plasma-Lyte at 24 hours. Similarly, a report in 
60 patients undergoing abdominal aortic aneurysm repair revealed 
that intraoperative randomization to LR or NS (double-blinded) re-
sulted in a higher frequency of acidosis requiring bicarbonate therapy 
in those receiving NS, but did not significantly affect the duration of 
mechanical ventilation, length of ICU stay, length of hospital stay, or 
postoperative complications.53 In patients undergoing kidney trans-
plantation, the use of NS versus balanced crystalloids has been associ-
ated with a higher incidence of metabolic acidosis; however, fluid type 
did not negatively affect kidney allograft function as determined by 
serum creatinine concentration on postoperative day 3.38,54

Contemporary meta-analyses have also examined the question of 
balanced crystalloids versus isotonic saline in critically ill patients.55 
Results from data in six randomized controlled trials and a total cohort 
consisting of nearly 20,000 patients found no significant difference in 
in-hospital mortality (11.5% vs. 12.2%; OR 0.92; 95% CI 0.85–1.01;  
P = 0.09 ). Differences in AKI, overall ICU mortality, and need for 
renal replacement therapy were also similar between groups.

In 2018 a large, prospective, multicenter, cluster-randomized clini-
cal trial with more than 15,000 critically ill adults provided strong 
support to the clinical trend of using more balanced physiologic crys-
talloid solutions relative to formulations such as NS.56 The SMART 
investigators studied critically ill participants who were randomized to 
either NS versus LR or Plasma-Lyte. The cohorts were well matched for 
ICU admission diagnosis, vasopressor support, and baseline kidney 
function. The primary outcome included kidney outcomes and a com-
posite of death from any cause. There were significantly fewer adverse 
kidney outcomes in the LR group compared with NS (P 5 0.04). There 
was also a trend toward fewer new episodes of renal replacement 
therapy (P 5 0.06) and development of persistent renal dysfunction 
(P 5 0.08) in the LR group. A secondary analysis of these data was 
performed in patients with a specific sepsis diagnosis.57 Of the original 
15,802 SMART participants, 1641 had a diagnosis of sepsis. When this 
group was analyzed, there was a significant improvement for in-hospi-
tal 30-day mortality when patients received balanced fluids versus NS, 
and the results were also favorable in terms of 30-day mortality, ad-
verse kidney events, and vasopressor use.

Although additional large clinical trials that continue to directly 
compare various crystalloid solutions in patients with sepsis and other 
common ICU conditions are needed, based on the aforementioned 
evidence, the role for chloride-restrictive alternatives to NS in patients 
who have developed (or are at risk for developing) metabolic acidosis 
and/or renal insufficiency will likely continue to grow and gain clinical 
favor in the ICU.

Concerns with administering physiologically balanced solutions 
more closely matched to serum, for example, LR, have included the 
perceived risk of hyperkalemia because of their higher potassium con-
centrations. Even in clinical situations potentially associated with a 
higher risk for hyperkalemia, evidence supports that these balanced 
solutions are generally safe with appropriate monitoring. For example, 
in a prospective randomized trial of patients with rhabdomyolysis, 
treatment with LR was not associated with significant differences in 
serum potassium concentration compared with treatment with NS.58 
In patients with diabetic ketoacidosis, in which serum potassium levels 
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can rise because of the combination of hyperosmolality, insulin defi-
ciency, and AKI, patients who were resuscitated with balanced Plasma-
Lyte instead of NS had faster resolution of acidosis and lower 6- and 
12-hour serum potassium concentrations.59 After kidney transplanta-
tion, patients who received NS had higher frequencies of hyperkalemia 
relative to those who received LR.38

BLOOD TRANSFUSIONS

In critically ill patients with severe blood loss and hemorrhagic shock, 
blood transfusions are a foundation of treatment. In patients suffering 
from sepsis and other acute illnesses, red blood cell transfusions have 
been used to enhance oxygen delivery to poorly perfused tissue as a 
supplement to other fluid resuscitation and vasopressor/inotropic sup-
port. Unfortunately, data sufficient to guide management and support 
the benefit of red blood cell transfusion in critically ill patients with 
sepsis have yet to emerge.

Observational studies have detected possible mortality benefits with 
red blood cell transfusions in critically ill patients with sepsis.60,61 
Among the European ICUs that participated in the SOAP study, multi-
variate analysis of more than 3000 patients revealed that blood transfu-
sions were not associated with significantly higher mortality rates. In 
matched-pair propensity analysis, a higher 30-day survival rate was ob-
served in the group that had a transfusion at any time while in the ICU 
(P 5 0.004).60 In contrast, other multicenter and randomized trials have 
not shown similar benefit. In 838 critically ill patients in the ICU that 
were randomized to receive either restrictive or liberal blood transfusion 
strategies when hemoglobin concentrations were less than 9.0 g/dL, the 
in-hospital mortality was significantly lower when patients were treated 
with a limited transfusion strategy (22.2% vs. 28.1%, P 5 0.05).62 In an 
examination of 45 observational cohort studies that combined data 
from 272,596 critically ill patients, red blood cell transfusions were 
linked with increased morbidity and mortality.63 The pooled OR for 
death generated from the results of 12 studies was 1.7 (95% CI, 1.4–1.9). 
Transfusions were also associated with infectious complications, risk for 
developing multiorgan dysfunction syndrome, and ARDS.

The Surviving Sepsis guidelines include recommendations to pro-
vide blood transfusions in order to maintain hematocrits above 30% 
during the first 6 hours of resuscitation if there is evidence of tissue 
hypoperfusion after adequate repletion of the circulating volume. 
Guidelines for transfusion after the resolution of tissue hypoperfusion 
aim to keep the hemoglobin concentration between 7.0 g/dL and 9.0 g/dL  
in most patients.5 To examine these target values, Holst and colleagues 
randomized approximately 1000 patients with septic shock and hemo-
globin concentrations #9 g/dL to receive red blood cell transfusions to 
hemoglobin thresholds of 7 g/dL or 9 g/dL.64 Those who were random-
ized to the higher hemoglobin target were transfused a median of four 
units of blood, whereas a median of one unit was given to those in the 
lower hemoglobin target group. At 90 days, there was no significant 
difference in mortality between the groups. These results held true after 
adjusting for baseline risk factors. In addition, there was no significant 
difference in the number of ischemic events, severe reactions, or use of 
life support between the two groups. As such, the optimal hemoglobin 
target in patients with sepsis in the ICU remains uncertain, and based 
on the available current evidence, administering blood transfusions 
when the hemoglobin is above 7 g/dL does not appear to provide a 
significant benefit to infusion of crystalloids alone.

EFFECTS OF VOLUME OVERLOAD

Volume therapy in critically ill patients aims to avoid and reverse  
the consequences of hypoperfusion and end-organ damage. Because of 

the large volumes of IV fluid that are often required, deleterious effects 
from volume overload can develop during the management of shock 
and in the postresuscitation period. These effects may be manifested 
systemically, for example, by hypertension and increased myocardial 
demand, pulmonary congestion with respiratory failure, and/or pe-
ripheral edema.65

Evidence supports that fluid resuscitation resulting in clinical vol-
ume overload is not beneficial to critically ill patients and negatively 
affects clinical outcomes. An early signal came from a retrospective 
study of patients with sepsis.66 Achieving a net negative fluid balance 
greater than or equal to 500 mL within the first 3 hospital days corre-
lated with improved survival independent of age, critical illness, and 
kidney function. The previously mentioned SOAP study evaluated 
more than 3000 ICU patients with sepsis. One of the most significant 
predictors of death was a net positive fluid balance, and multivariate 
regression analysis implicated positive fluid balance as an independent 
predictor of outcome despite disease severity.67 Similarly, the Vasopres-
sin and Septic Shock Trial (VASST) investigators determined that more 
positive fluid balance was significantly associated with an increase in 
mortality.68 In these patients with sepsis, the cumulative mean fluid 
balance was 11 L fluid positive by postenrollment day 4. In patients 
who received conservative fluid management after the initial resuscita-
tion, equating to net “even” or negative fluid balance on at least 2 
consecutive days during the first week after the onset of septic shock, 
lower in-hospitality mortality was observed.69 Volume overload is not 
only associated with increasing mortality but also with greater use of 
related medical interventions, including thoracentesis and the pre-
scription of diuretic agents.65 Higher cumulative fluid balance has 
been associated with both acute lung injury (ALI) and ARDS.70 Both 
disorders portend poorer ICU outcomes. In contrast, more conserva-
tive fluid management strategies are associated with shorter durations 
of mechanical ventilation and improved outcomes in patients with 
ALI.71,72 In patients admitted to the ICU with cancer, mean cumulative 
fluid balances exceeding 1.1 L in 24 hours were more frequently ob-
served in the nonsurvivors.73 Among patients admitted to the neuro-
surgical ICU for subarachnoid hemorrhage, positive net fluid balances 
after 3 days predicted the occurrence of vasospasm by transcranial 
Doppler and was associated with a longer length of hospital stay.74

Volume overload is common in critically ill patients who develop 
AKI, particularly with oliguria. In patients who require renal replacement 
therapy, fluid overload at the time of dialysis initiation has been associ-
ated with a higher 90-day mortality.75 These differences in mortality 
persist after adjusting for disease severity, the timing of initiation of renal 
replacement therapy, dialytic modality, and sepsis. Additionally, patients 
enrolled in the Program to Improve Care in Acute Renal Disease 
(PICARD) study who had evidence of volume overload when the serum 
creatinine concentration was at its peak had significantly lower chances 
of recovering kidney function; their OR for death was 2.07 (95% CI, 
1.27–3.37) when volume overload was present at dialysis initiation.76

However, there is no clear prescription for avoiding the unintended 
complications of volume overload. Management decisions that limit or 
restrict aggressive fluid resuscitation may lead to poorer outcomes. In 
1490 patients who were randomized to restrictive fluid intake with a goal 
of net zero fluid balance around major abdominal surgery vs. traditional 
practices, those who had a restrictive regimen suffered a significantly 
higher rate of AKI without a difference in disability-free survivial.77

Complicating the issue is the fact that the assessment of volume 
overload and cumulative fluid balance is often subjective; results may 
be inconsistent because of errors in recording intakes and outputs and 
inaccurately measuring patient weights. A positive fluid balance might 
not correlate with clinical evidence of volume overload.65 Further-
more, objective measurements of volume status, such as central venous 
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pressure readings, may not always correlate with fluid balance. Addi-
tional clinical trials are necessary to further guide clinical decision 
making in volume administration.

CONCLUSION

Replenishing and maintaining an adequate intravascular volume in 
critically ill patients remains somewhat of an art, without a universally 
applicable “recipe” to guide fluid replacement. Individualization of 

TABLE 99.2 Major RCTs Evaluating Type of Fluid With Mortality and Dialysis Outcomes 
in the ICU

First Author Year Journal Type of Fluid n

Mortality  

Outcome P Dialysis Outcome P

Colloids 

Finfer (SAFE)15 2004 NEJM Albumin vs. Saline 6997 No difference 0.87 No difference in RRT days 0.41

Myburgh (SAFE)23 2007 NEJM Albumin vs. Saline in Traumatic  

Brain Injury

460 Higher with  

albumin

0.003 Not evaluated –

Perner25 2012 NEJM Hydroxyethyl Starch (HES) vs.  

Ringer’s Acetate

804 Higher with HES 0.03 RRT higher with HES 0.04

Myburgh (CHEST)24 2012 NEJM HES vs. Saline 3315 No difference 0.26 RRT higher with HES 0.04

Annane (CRISTAL)18 2013 JAMA Colloids vs. Crystalloids 2857 No difference 0.26 No difference in RRT 0.19

Zarychanski27 2013 JAMA HES vs. Crystalloid, Albumin, or Gelatin* 10,880 Higher with HES – RRT higher with HES –

Caironi19 2014 NEJM Albumin 1 Crystalloid vs. Crystalloid 1818 No difference 0.94 No difference in RRT 0.11

Futier (FLASH)26 2020 JAMA HES vs. Saline in Major  

Abdominal Surgery

826 Death or major 

complication:  

no difference

No difference in RRT 0.2

Chloride-Restrictive Crystalloids 

Yunos51 2012 JAMA Chloride Liberal vs. Chloride Restrictive 760 No difference 0.42 RRT higher with chloride 

liberal

0.005

Young (SPLIT)78 2015 JAMA Buffered Crystalloid vs. Saline 1067 No difference 0.4 No difference in RRT 0.91

Semler (SMART)56 2018 NEJM Balanced Crystalloid vs. Saline 7942 Tended higher  

with saline 

0.06 Kidney events higher  

with chloride liberal

0.04

 RRT less with balanced 0.08

Blood 

Hebert62 1999 NEJM Lower vs. Higher Hemoglobin Threshold 838 No difference 0.11 Not evaluated –

Villaneuva79 2013 NEJM Liberal vs. Restrictive Transfusion  

Acute in Acute GI Bleed

921 Higher in liberal 

strategy 

0.02 No difference in AKI 0.13

Holst64 2014 NEJM Lower vs. Higher Hemoglobin Threshold 998 No difference 0.44 No difference 0.49

Murphy80 2015 NEJM Liberal vs. Restrictive Transfusion after  

Cardiac Surgery

2007 Higher in  

restrictive 

0.045 Not evaluated –

Restrictive vs. Liberal Administration 

Wiedemann71 2006 NEJM Liberal vs. Restrictive Fluid  

Management in Acute Lung Injury

1000 No difference 0.3 RRT to day 60 higher  

with liberal

0.06

Myles (RELIEF)77 2018 NEJM Liberal vs. Restrictive Fluid Therapy in 

Major Abdominal Surgery 

3000 No difference 0.61 RRT higher in restrictive 0.048

EGDT vs. Usual Care 

Rivers2 2001 NEJM Early Goal-Directed Therapy (EGDT) vs. 

Usual Care

263 Higher in  

usual care

0.009 Not evaluated –

Yealy (ProCESS)8 2014 NEJM Protocol-Based EGDT vs. Usual Care 1341 No difference 0.83 No difference in RRT days 0.92

Peake (ARISE)7 2014 NEJM EGDT vs. Usual Care 1600 No difference 0.9 No difference in RRT 0.94

Mouncey (ProMISe)9 2015 NEJM EGDT vs. Usual Care 1260 No difference 0.9 No difference in RRT 0.62

care is required, often balancing the administration of vasopressors 
with proper fluid repletion. Nonetheless, randomized trials support 
several guiding principles that appear to optimize patient outcomes 
(Table 99.2). In sepsis, early goal-directed fluid administration using 
IV crystalloids before colloids or blood products remains a mainstay of 
therapy in patients who lack active blood loss or symptomatic anemia.  
In the settings of cirrhosis with peritonitis and possibly severe burns, 
albumin infusion along with crystalloids may improve outcomes.  
Infusion of HES appears to be associated with higher complication 

*Meta-analysis of 38 clinical trials.
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rates, particularly AKI. Prescription of chloride-containing crystalloids 
has begun to lose favor based on the desire to avoid the adverse effects 
of hyperchloremia and metabolic acidosis. Finally, excessive transfu-
sion of packed red blood cells for sepsis-induced hypoperfusion in lieu 
of crystalloids appears to provide little benefit. Hemoglobin levels 
above 7 g/dL do not seem to improve outcomes. It remains imperative 
to avoid volume overload, electrolyte abnormalities, and acid-base 
imbalance when replenishing intravascular volume in critically ill ICU 
patients.

ANNOTATED REFERENCES

Annane D, Siami S, Jaber S, et al. Effects of fluid resuscitation with colloids vs 
crystalloids on mortality in critically ill patients presenting with hypovole-
mic shock: The CRISTAL randomized trial. JAMA. 2013;310(17):
1809–1817.
For volume therapy in the ICU, the use of colloids vs. crystalloids did not re-

sult in a significant difference in 28-day mortality.

Levy MM, Evans LE, Rhodes A. The Surviving Sepsis Campaign Bundle: 2018 
update. Intensive Care Med. 2018;44:925–928.
The 2018 updates to the original 2014 guidelines to treat sepsis. These new 

guidelines make recommendations for a new “hour-1 bundle,” which includes 

rapid administration of crystalloid fluid in certain populations.

Marik PE, Corwin HL. Efficacy of red blood cell transfusion in the critically 
ill: A systematic review of the literature. Crit Care Med. 2008;36(9):
2667–2674.
A systematic review including 45 studies and more than 250,000 critically ill 

patients. The authors concluded that in this population, red blood cell trans-

fusions appeared to be associated with increased morbidity and mortality.

Semler MW, Self WH, Rice TW. Balanced crystalloids versus saline in critically 
ill adults. New Engl J Med. 2018;378(20):1951. doi:10.1056/NEJMc1804294.
A well-designed, cluster-randomized prospective trial that examined balanced 

crystalloids in critically ill patients and revealed a reduction in mortality and 

renal outcomes when compared with saline.

Zarychanski R, Abou-Setta AM, Turgeon AF, et al. Association of hydroxyethyl 
starch administration with mortality and acute kidney injury in critically 
ill patients requiring volume resuscitation: A systematic review and meta-
analysis. JAMA. 2013;309(7):678–688.
Meta-analysis data from 38 trials established that for ICU patients requiring 

volume resuscitation, hydroxyethyl starch has been associated with harm and 

should be avoided.

KEY POINTS

• Before considering the administration of colloids or blood products in criti-

cally ill patients with an inadequate vascular volume, intravenous crystal-

loids remain the mainstay of volume repletion therapy (except in the set-

tings of active bleeding or symptomatic anemia).

• In patients with cirrhosis and accompanying peritonitis, albumin infusion 

along with IV crystalloids may improve outcomes.

• Administration of HES appears to be associated with higher complication 

rates, particularly AKI.

• NS is losing favor for volume resuscitation based on its risk of inducing 

hyperchloremia and metabolic acidosis.

• Excessive transfusion of packed red blood cells in patients with sepsis and 

hypoperfusion appears to provide little added benefit to the infusion of 

crystalloids alone.

 References for this chapter can be found at expertconsult.com.
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Acute kidney injury (AKI) is recognized as one of the most serious 
complications in critically ill patients. It is strongly associated with 
higher short- and long-term mortality, increased resource utilization, 
and a higher risk for the development of chronic kidney disease (CKD) 
and end-stage kidney disease (ESKD).1 AKI is defined as a sudden de-
crease in the glomerular filtration rate (GFR) occurring over a period 
of hours to days.2 AKI is not a single disease, but rather a loose collec-
tion of various syndromes as heterogeneous as sepsis, cardiorenal 
syndrome, and urinary tract obstruction, which can often coexist.3 
Historically, AKI has been categorized according to the anatomic loca-
tion of the presumed insult into prerenal, intrinsic renal, and postrenal 
AKI. However, the diverse nature of AKI, resulting from multiple eti-
ologies with different pathophysiologies, has given way to specific de-
scriptive syndromes, such as sepsis-associated AKI, nephrotoxic AKI, 
and cardiorenal syndrome.3

AKI can result from decreased renal perfusion not severe enough to 
cause cellular injury, such as in hypovolemia, systemic vasodilation, or 
acute worsening of cardiac function. If renal tubular and glomerular 
structure are presumably intact but solute clearance is limited, the in-
jury is termed prerenal azotemia. If renal dysfunction is related to an 
obstruction of the urinary outflow tract, it is termed postrenal azote-

mia. AKI can also result from a renal insult, such as nephrotoxic expo-
sure, glomerular or interstitial inflammatory process, or in the setting 
of a systemic syndrome like sepsis. Prerenal azotemia and renal injury 
caused by sepsis, ischemia, and nephrotoxins are responsible for most 
episodes of AKI.4 The term acute tubular necrosis (ATN) was employed 
because of the demonstration of patchy necrosis of the tubular cells 
from autopsy studies late in the course of the disease. However, when 
performed, kidney biopsy findings in some conditions, such as sepsis 
and shock, show near absence of tubular necrosis despite profound 
kidney dysfunction. Furthermore, prerenal azotemia and intrinsic 
acute tubular necrosis can, and often do, coexist in the same patient. 
Because of the patchy nature of ATN, it is possible that some regions 
of the kidneys can have severe morphologic and functional ATN, 
whereas other parts may be structurally intact, awaiting only reperfu-
sion to resume normal filtration. Therefore the use of the terms prer-
enal azotemia and ATN can be misleading and is becoming more 
questioned.3,5

Renal blood flow is approximately 1200 mL/min and constitutes 
20% of cardiac output. Given this apparently generous perfusion, it 
may seem surprising that the kidneys are so susceptible to hemody-
namic insults. The majority of perfusion (80%–90%), however, is to 
the renal cortex, where glomerular filtration occurs. The medulla is 
designed to concentrate and dilute urine. During urine concentration, 
the high osmotic gradient required for the reabsorption of water is 
associated with a low rate of blood flow. In fact, oxygen tension in the 

outer medulla in the region of the metabolically active thick ascending 
limb of Henle is only around 10 mm Hg.6 This combination of low 
blood flow and diminished oxygen tension in a metabolically active 
environment makes the kidneys very susceptible to ischemic injury.

RENAL HYPOPERFUSION

Renal hypoperfusion is a consequence of the reduction in renal perfu-
sion without cellular injury. As such, this is a reversible process if the 
underlying cause is corrected. It may be secondary to decreased blood 
volume (e.g., vomiting, hypovolemia, and hemorrhage), or it may be 
caused by a reduction in the effective arterial blood volume (e.g., con-
gestive heart failure and cirrhosis). Further, the administration of 
medications that interfere with the normal autoregulatory ability of 
the kidney can contribute to prerenal azotemia. In settings of dimin-
ished renal perfusion, the administration of nonsteroidal antiinflam-
matory drugs (NSAIDs) or renin–angiotensin–aldosterone system 
(RAAS) inhibitors can precipitate overt prerenal azotemia. During 
prerenal azotemia, the RAAS becomes activated secondary to a de-
crease in renal blood flow, accompanied by increased activity of the 
adrenergic nervous system. Increased levels of angiotensin II and ad-
renergic activation increase proximal reabsorption of sodium, whereas 
aldosterone increases sodium reabsorption in the distal tubule. To-
gether, these actions decrease the urine sodium concentration to less 
than 20 mmol/L and fractional excretion of sodium to less than 1%.7 
Therapy of prerenal AKI involves reversing the underlying cause, such 
as volume replacement or discontinuation of offending agents.

POSTRENAL CAUSES OF AKI

Postrenal AKI occurs when there is a bilateral (or unilateral in the case 
of a single kidney) obstruction of urine flow. In this setting, intratubu-
lar pressure increases and, in turn, decreases the net glomerular filtra-
tion pressure. Obstruction of urine flow is a relatively uncommon 
cause of AKI and is more frequent in the community than in the in-
tensive care unit (ICU). Postrenal AKI can be divided into renal and 
extrarenal causes. Extrarenal causes include prostatic disease, pelvic 
malignancy, and retroperitoneal disorders. Intrarenal causes include 
crystal deposition, as occurs in ethylene glycol ingestion, or uric acid 
nephropathy in tumor lysis syndrome. Cast formation and tubular 
obstruction also occur in light-chain diseases, such as multiple my-
eloma. Possible postrenal causes of AKI should be evaluated with renal 
ultrasonography and the measurement of postvoid residual urine in 
the bladder (.50 mL is abnormal). It is important to rule out these 
causes rapidly because the potential for renal recovery is inversely re-
lated to the duration of obstruction.
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INTRINSIC AND SYNDROMIC CAUSES OF AKI

Intrinsic causes of AKI can affect the glomerulus, vasculature, intersti-
tium, or tubule. Suspicion of glomerulonephritis or vasculitis should 
be raised in a patient with renal failure who has an active urine sedi-
ment with red cells and red cell casts. In contrast, acute interstitial 
nephritis can present with pyuria and white cell casts in the urine; on 
occasion, hematuria is also present. Most cases of AKI from interstitial 
nephritis are drug related, commonly the result of antibiotics or 
NSAIDs. Recovery usually occurs with the removal of the offending 
agent and may be hastened by a short course of steroids: for example, 
1 mg/kg per day of prednisone for approximately 1–1.5 months.8 
Intrinsic renal failure is often termed ATN, although, as explained 
earlier, this is a histologic diagnosis that is rarely confirmed by biopsy. 
ATN can be broadly classified into ischemic ATN, when it follows pro-
longed renal hypoperfusion, and toxic ATN, when it results from expo-
sure to nephrotoxic drugs (such as antibiotics, contrast media, or 
chemotherapeutic agents) or endogenous toxins (such as myoglobin 
and uric acid). These toxins can have a direct cytotoxic effect on renal 
epithelial cells, affect intrarenal hemodynamics, or cause precipitation 
of metabolites or crystals, among others.3 The most common cause of 
AKI in critically ill patients is sepsis. The pathophysiology of sepsis-
associated acute kidney injury (S-AKI) remains incompletely under-
stood. Previously, S-AKI was considered primarily a disease of the re-
nal macrocirculation9 resulting from global renal ischemia, cellular 
damage, and ATN. However, an increasing body of evidence suggests 
that S-AKI can occur in the absence of overt signs of hypoperfusion 
and clinical signs of hemodynamic instability.10 A consistent finding in 
septic patients, independent of the severity of AKI, is the presence of 
microcirculatory dysfunction, inflammation, and adaptive bioener-
getic response to injury.11 The role of these mechanistic theories in the 
genesis of S-AKI and the potential therapeutic implications have been 
reviewed.10

Another form of AKI in the hospital is connected with the use of 
contrast media. Many studies have shown that contrast-related AKI, 
defined by small decrements in kidney function, is associated with in-
creased mortality. However, a recent analysis using the Bradford Hill 
criteria points to significant uncertainty on a causal link between con-
trast and AKI.12 Because other factors (e.g., medications, hypotension, 
or atheroemboli) can precipitate AKI after such exposure, the term 
contrast-associated acute kidney injury (C-AKI) has gained favor.13 The 
pathogenesis of AKI in this setting involves both the hemodynamic 
and toxic effects of contrast. Contrast media cause renal vasoconstric-
tion and medullary ischemia, in addition to direct tubular toxicity.14 
Preexisting renal disease, the use of contrast medium at a high volume 
(.350 mL or .4 mL per kilogram), and repeated administration 
within 72 hours after initial administration have been shown to be as-
sociated with an increased risk.

DEFINITION AND DIAGNOSIS

AKI is the abrupt decrease in GFR with resultant retention of urea and 
other nitrogenous waste products along with dysregulation of body 
fluids and electrolytes. The term acute kidney injury was proposed by 
the Acute Kidney Injury Network (AKIN) as an alternative to acute 
renal failure to encompass the entire range of insufficiency based on 
data showing that a small change in serum creatinine influences out-
come. The Acute Dialysis Quality Initiative (ADQI) group proposed a 
consensus categorized definition, the RIFLE criteria.15 Subsequently, 
AKIN proposed a revision of the RIFLE criteria16–18 to better account 
for small changes in serum creatinine not captured by RIFLE criteria. 
Several large observational trials confirmed the validity of the RIFLE 

and AKIN revised criteria, as increasing severity of AKI was associated 
with increasing risk of death.19,20 The Kidney Disease: Improving 
Global Outcomes (KDIGO) Clinical Practice Guidelines for AKI in-
cluded a revision to the definition of AKI while retaining the AKIN 
staging criteria, and these are now globally embraced (Table 100.1).21 
In an international cross-sectional study using these criteria, 57.3% of 
ICU patients met KDIGO criteria for AKI.22 The adjusted odds ratio 
for in-hospital mortality was progressive with the stage of AKI. All 
criteria mentioned earlier have the greatest utility in epidemiologic 
studies and in designing clinical trials in AKI. Despite this progress, the 
sensitivity and accuracy of AKI criteria have been generally acknowl-
edged to remain limited by a reliance on the imperfect assessment 
methods on which they are built: namely, urine output and serum 
creatinine. Multiple novel biomarkers are being extensively studied for 
early diagnosis and prognostication of AKI (Table 100.2).23 AKI is a 
clinical diagnosis that requires making changes in kidney function in 
the clinical context of the patient. Although sepsis is well recognized as 
the leading cause of AKI in the critically ill, it has been shown that 40% 
of critically ill patients develop sepsis after AKI.24 This suggests that 
AKI may increase the risk of sepsis. Furthermore, both sepsis and AKI 
are clinical diagnoses, and it is usually difficult to define the precise 
time either of these syndromes begin. Therefore the term S-AKI has 
been introduced to acknowledge the uncertainty around the attribu-
tion of etiology.10 S-AKI is defined as AKI in the presence of sepsis 
(based on Sepsis-3, the current consensus definition of sepsis) without 
other significant contributing factors explaining AKI or characterized 
by the simultaneous presence of both Sepsis-3 and KDIGO criteria.

There are several limitations to the use of serum creatinine and 
urine output for the diagnosis of AKI. There is no consensus method 
to establish baseline serum creatinine in the absence of previous val-
ues. Moreover, creatinine rise is often delayed and could be blunted in 
sepsis because of decreased creatinine production in addition to ag-
gressive fluid resuscitation. Urine output is insensitive to detect AKI 
compared with creatinine, is less reliable outside the ICU setting, and 

Stage Serum Creatinine Urine Output

1 1.5–1.9 times baseline

OR

$0.3 mg/dL (26.5 micromol/L) increase

,0.5 mL/kg/h for 

6–12 h

2 2.0–2.9 times baseline ,0.5 mL/kg/h for 

$12 h

3 3.0 times baseline

OR

Increase in serum creatinine to $4.0 

mg/dL (353.6 micromol/L)

OR

Initiation of renal replacement therapy

OR

In patients ,18 years, decrease in 

eGFR to ,35 mL/min per 1.73 m2

,0.3 mL/kg/h for 

$24 h

OR

Anuria for $12 h

TABLE 100.1 Criteria and Staging for 
Acute Kidney Injury

Data from KDIGO clinical practice guideline for acute kidney injury. 

Kidney Int. 2012;2(Suppl. 1):8.

eGFR, Estimated glomerular filtration rate.

Minimum criteria for acute kidney injury include an increase in serum 

creatinine (SCr) by $0.3 mg/dL (26.5 micromol/L) observed within 

48 hours; or an increase in SCr to $1.5 times baseline, which is 

known or presumed to have occurred within the prior 7 days; or urine 

volume ,0.5 mL/kg/h for 6 hours.
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can be affected by diuretics and other drugs. Urinalysis and urine mi-
croscopy may aid identification of S-AKI. Observational studies have 
shown that S-AKI shows more renal tubule epithelial cells and cast 
elements compared with nonseptic AKI.25,26 Patients with S-AKI had 
higher urine microscopy scores when compared with those with AKI 
from other causes.27 Thus urine sediment may help establish the cause 
of AKI, but its sensitivity is poor. Several biomarkers have been devel-
oped and may assist in the early detection of AKI in patients with 
sepsis (see Table 100.2). Further studies are required to establish any of 
these or other potential biomarkers as practical diagnostic tools in the 
early clinical diagnosis of AKI. Such tools may facilitate timely and ag-
gressive therapeutic interventions. A specific one worth mentioning is 
the furosemide stress test (FST). This test was proposed as a tool for 
determining the risk of AKI progression.28 It uses a protocolized dos-
age of furosemide (1.0 mg/kg of furosemide to diuretic-naive subjects 
and 1.5 mg/kg in subjects with prior furosemide exposure) in patients 
with AKI stages 1–2 to determine the risk of progression to stage 3 AKI 
or requirement for renal replacement therapy (RRT). The cutoff for 
predicting AKI progression during the first 2 hours after FST was a 
urine volume of less than 200 mL with high sensitivity and specificity. 
Since the original publication of the FST by Chawla and colleagues, 
this test has been prospectively validated to predict worsening AKI 
among critically ill patients and used to identify patients for random-
ization to different RRT initiation times.29,30 Two other recently devel-
oped biomarkers of cell cycle arrest are tissue inhibitor of metallopro-
teinases 2 (TIMP2) and insulin-like growth factor binding protein-7 
(IGFBP7).3 Those markers have been incorporated into the first diag-
nostic test for AKI approved by the US Food and Drug Administration 
(FDA): Nephrocheck (Astute Medical, San Diego, CA). Unlike damage 

markers, TIMP2 and IGFBP7 can be released in response to noninjuri-
ous, noxious stimuli and thus serve as kidney stress markers.31,32

EPIDEMIOLOGY AND OUTCOMES

The incidence of AKI is now believed to be significantly higher than 
previously thought, with over 50% of patients in the ICU developing 
stage 1 AKI at some point during the course, whereas stages 2 and 3 
AKI are considerably less.33 Sepsis remains one of the most common 
sources of AKI, and S-AKI is strongly associated with poor clinical 
outcomes. Precise estimation of the incidence of S-AKI is difficult, 
given the many confounders common in critically ill patients.23 Bag-
shaw and colleagues found sepsis considered responsible in 47.5% of 
an international cohort of 753 critically ill patients with AKI. More-
over, they demonstrated that S-AKI was associated with higher risk of 
in-hospital mortality and longer duration of hospitalization.34 More 
recently, a larger international consortium showed similar findings.1 
The Sepsis Occurring in Acutely ill Patients (SOAP) cohort study re-
cruited patients admitted to 198 ICUs across Europe.35 About a third 
of this cohort had sepsis, whereas AKI occurred in half of the cases and 
was associated with an ICU mortality of 41%.

About two-thirds of AKI episodes resolve within 7 days.36 When a 
case does not resolve or relapse occurs with subsequent lack of resolu-
tion, substantially worse clinical outcomes are expected. AKI is now 
increasingly recognized as having a bidirectional relationship with CKD 
in hospitalized patients. Although preexisting CKD increases the sus-
ceptibility toward the development of AKI, AKI has also been found to 
accelerate the development of CKD. After recovery from AKI, patients 
carry the risk of developing CKD, ESKD, and death.37 The severity of 

Type of Biomarker Subclass of Biomarker Examples of Biomarkers Comments

Functional biomarker  

of AKI 

Biochemical markers of  

glomerular filtration/  

function 

Serum creatinine, serum  

cystatin c, proenkephalin,  

visible fluorescent injectates 

Serum creatinine remains the gold standard, but other novel mark-

ers of glomerular function have been shown to rise earlier and 

with the same accuracy as creatinine. Injectables may represent 

the future of GFR measurement, with the injection of small  

dextrans providing rapid determination of GFR at the bedside. 

May be elevated in the setting of CKD

Global assessment of  

nephron function 

Urine output Urine output detects less severe AKI compared with creatinine and 

can be affected by diuretics and other drugs. Generally needs  

indwelling catheter for reliable measurement, with measure-

ments being less frequent outside the ICU

Global assessment of  

nephron capacity 

Furosemide stress test, renal  

reserve testing 

These tests interrogate the kidney’s capacity for increased function 

via protein loading (hyperfiltration) or diuretic responsiveness

Damage/injury  

biomarkers 

Global assessment of  

nephron injury 

Urinalysis Urinalysis can detect injury along the entire nephron (from glomeru-

lus to tubules); although scoring systems exist, none has been 

widely validated in any setting of AKI

Biochemical biomarkers  

of renal tubular injury 

Urinary NGAL, urinary KIM-1,  

soluble FAS 

These remain an area of intense AKI research but have yet to be 

widely validated in the setting of human AKI

AKI risk biomarkers Biochemical biomarkers  

of AKI risk 

TIMP2*IGFBP7, plasma NGAL Increasingly available for clinical use, these markers quantify an  

individual patient’s risk for impending AKI

Biomarkers of AKI risk Electronic alerts, electronic risk  

algorithms 

Several alerts have shown their ability to predict the impending  

development of sepsis and AKI separately. Using these alerts in 

concert with biochemical biomarkers may help to enrich AKI  

detection and risk stratification

TABLE 100.2 Biomarkers Used for Detection of Acute Kidney Injury

Adapted from Poston JT, Koyner JL. Sepsis associated acute kidney injury. BMJ. 2019;364:k4891.

AKI, Acute kidney injury; CKD, chronic kidney disease; GFR, glomerular filtration rate; ICU, intensive care unit; IGFBP7, insulin-like growth factor 

binding protein-7; KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase–associated lipocalin; TIMP2, tissue inhibitor of metalloproteinase-2.
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AKI, RRT requirement, and recovery status during hospitalization has 
been shown to determine the risk of progression to CKD.38,39 Over 1 
year, CKD developed in 21%, 30%, and 79% of 105 survivors with AKI 
reversal, recovery, and nonrecovery, respectively.

PREVENTION AND TREATMENT

In light of its dismal outcome, it is imperative that therapies to prevent 
or ameliorate AKI be developed. The fundamental principles of preven-
tion of AKI are identifying patients at risk and timely instituting ap-
propriate protective measures. Recently reviewed evidence has focused 
on clinical risk prediction, novel kidney damage biomarkers, automated 
electronic alerts embedded within electronic health records, and the 

concept of the renal angina index.40 If prerenal factors contribute, they 
should be identified and intravascular volume maintained or rapidly 
restored. Patients deemed at increased risk should have appropriate 
drug adjustment, discontinuation, or avoidance of nephrotoxins, in-
cluding unnecessary exposure to contrast media (Fig. 100.1). Beyond 
such seemingly obvious interventions, only a limited number of pre-
ventive treatments are potentially available.

Fluid resuscitation. Prompt resuscitation of the circulation with 
administration of intravenous fluids is a key component of sepsis man-
agement. High-quality resuscitation care of the patient with sepsis in-
cludes an initial modest bolus of resuscitation fluid (30 mL/kg within 
the first 3 hours) followed by a frequent assessment with dynamic mea-
sures of fluid responsiveness to determine whether additional fluids or 

• Critically ill patient
• Patient with sepsis

• Closely monitor serum creatinine and urine output
• Consider using emerging biomarkers and scoring systems

Avoid further renal insult
• Avoid nephrotoxic agents as

possible. Adjust drug doses and
monitor levels as appropriate

• Avoid hydroxyethyl starch
• Administer intravenous isotonic

sodium chloride, use low–osmolality
or iso–osmolality contrast medium
and minimize contrast volume in
patients at risk for C–AKI

Institute supportive therapy
• Consider early addition of antibiotics

• Control source of infection
• Ensure adequate volume resuscitation while

avoiding excessive fluid administration
• Use norepinephrine, vasopressin or both for

hemodynamic support as necessary

• Initiate RRT if indications arise
• Otherwise consider the broader

clinical context rather than
preemptive or laboratory
threshold-guided commencement

• Arrange long-term follow-up and
monitoring for development of
CKD and cardiovascular
consequence in all AKI survivors

Established AKI

• Choose RRT modality according
to availability, expertise,
resources, and cost

• Monitor parameters to ascertain
adequate RRT and volume control
are delivered

 Fig. 100.1
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vasoactive drugs are indicated.41 Recent studies have shown that proto-
colized resuscitation strategies did not improve outcomes, but a mini-
mal degree of resuscitation is needed to mitigate the risk of adverse 
outcomes. When volume replacement is indicated, both crystalloids 
(e.g., isotonic saline and Ringer’s lactate) and colloid-containing solu-
tions (e.g., albumin solution and colloidal substances) have been used 
to replace the extracellular fluid deficit. Crystalloids are the most com-
mon form of volume replacement, but their effect on plasma volume is 
limited. Colloidal substances, such as albumin, dextran, and hydroxy-
ethyl starches (HESs), because they are macromolecules, are better re-
tained within the intravascular space and have a greater effect on 
plasma volume. Albumin has been used for decades, but it is expensive. 
In view of the absence of evidence of a mortality benefit from albumin 
and its increased cost compared with crystalloids, albumin may be 
avoided according to a Cochrane Group systematic review.42 Dextran 
cannot be recommended for plasma volume expansion because of seri-
ous side effects, such as coagulation abnormalities and increased devel-
opment of AKI. Hyperoncotic starch solutions should be avoided in 
sepsis and in all other patients at risk for AKI, as multiple studies have 
shown that HESs are associated with increased risk of AKI and need for 
RRT compared with a variety of crystalloid solutions.43–46

Although crystalloids remain the first choice for fluid therapy in 
critically ill patients, there may be differences in renal outcomes among 
them. Isotonic 0.9% saline is widely available and is inexpensive, but is 
hyperchloremic relative to plasma. A large-volume resuscitation using 
isotonic saline may be associated with the development of a hyperchlo-
remic metabolic acidosis. A number of clinical trials tested the differ-
ential effects of the so-called balanced crystalloids (chloride concen-
trations ,110 mmol/L) compared with isotonic saline on clinical 
outcomes. The recent Saline Against Lactated Ringer’s or Plasma-Lyte 
in the Emergency Department (SALT-ED) and Isotonic Solutions and 
Major Adverse Renal Events (SMART) trials found fewer major ad-
verse kidney events.47,48 Both trials found about 1% absolute risk re-
duction for major adverse kidney events by 30 days in patients treated 
with balanced crystalloid. However, a subsequent meta-analysis of 21 
randomized controlled trials found no convincing evidence of an ef-
fect of balanced crystalloids on in-hospital mortality or AKI when 
compared with isotonic saline.49 Until further research is available, bal-
anced crystalloids may be preferred in patients in whom large volumes 
of fluids are administered (e.g., .2 L) in addition to those with hyper-
chloremic acidosis.

Fluid overload. As previously pointed out, aggressive fluid therapy 
is crucial to the successful management of both sepsis and AKI. How-
ever, septic AKI may not be characterized by hypoperfusion. Clear 
evidence shows that in addition to the risks of underresuscitation, in 
the setting of AKI, volume overload from aggressive overresuscitation 
is also harmful, creating a J- or U-shaped curve for resuscitation and 
mortality.23,50 The pathogenetic mechanism may involve renal edema, 
which, in an encapsulated organ, may induce congestion and isch-
emia.51 Fluid bolus therapy, combined with the oliguria of AKI, is 
likely to lead to fluid accumulation in septic patients.52 Fluid accumu-
lation was associated with adverse outcomes and increased mortality 
in multiple studies,53–55 with persistent and abundant data demon-
strating harm in a variety of patient populations, including those with 
septic AKI. In contrast, in the setting of major abdominal surgery,  
a fluid-liberal strategy was associated with lower rates of AKI and  
no difference in disability-free survival. This was based on a recent 
large-scale international pragmatic trial that investigated the impact 
of fluid restriction on the development of organ dysfunction after 
major abdominal surgery.56 Future investigations are still needed to 
determine the ideal fluid strategy for the prevention of septic and 
postoperative AKI.

Supportive care. Earlier and appropriate antimicrobial therapy, 
along with septic source control, has been associated with lower risk of 
AKI.57,58 For each hour that appropriate antimicrobial therapy was 
delayed, the risk of AKI increased by approximately 40%. Moreover, 
earlier antimicrobial therapy was associated with a greater likelihood 
of kidney recovery within 24 hours. Nephrotoxic therapies, such as 
treatment with aminoglycosides, vancomycin particularly when com-
bined with piperacillin-tazobactam59 and amphotericin B, should be 
used with caution to prevent kidney injury. Systematic surveillance for 
nephrotoxic medication exposure and AKI risk can lead to sustained 
reductions in avoidable harm.58 Strict therapeutic drug monitoring 
should be considered when applicable.

Diuretics are frequently used in patients with AKI, especially in an 
attempt to convert oliguric into nonoliguric AKI. Furosemide is not 
associated with any significant clinical benefits in the prevention or 
treatment of acute renal failure in adults.60 Although the use of loop 
diuretics in early or established AKI facilitates management of fluid 
overload, hyperkalemia, and hypercalcemia, any active role in the pre-
vention or amelioration of the AKI course remains unproven. There-
fore if diuretics are employed, care must be taken to avoid delaying the 
initiation of dialysis if clinically necessary. Metabolic acidosis is one of 
the complications of AKI. The administration of bicarbonate in pa-
tients with metabolic acidosis (pH ,7.2) and severe AKI may help to 
delay or avoid unnecessary RRT.61 By increasing pH to levels .7.3, 
bicarbonate therapy reduced 28-day mortality and the need for dialy-
sis. However, in patients with lactic acidosis, the primary aim of ther-
apy is reversal of the underlying disease (e.g., shock, sepsis).

Vasopressor support. Although hemodynamic monitoring is of 
unproven benefit, it is the standard of care in order to guide vasopres-
sor drug institution after fluid resuscitation. This typically includes 
physical examination or invasive monitoring (e.g., central venous 
catheter, arterial cannula, and even cardiac output monitoring in some 
cases) in severely ill patients. If patients remain hypotensive (e.g., mean 
arterial pressure [MAP] ,65 mm Hg) after adequate intravascular 
volume expansion, restoration of MAP will require the addition of 
vasopressor drugs.3 Because such agents cause vasoconstriction, there 
has been concern about their use in AKI. Norepinephrine is recom-
mended as a mainstay of therapy for septic shock treatment, showing 
the ability to increase MAP and improve renal perfusion.62 Compared 
with norepinephrine, vasopressin showed similar outcomes and no 
increased adverse events.63,64 These data suggest that vasopressin is a 
viable first-line alternative to norepinephrine. Dopamine is not recom-
mended for renal protection and is associated with more adverse 
events than norepinephrine.65Angiotensin II is a potent vasopressor 
without inotropic or chronotropic properties. Clinical trials have dem-
onstrated this novel vasoconstrictor may improve patient outcomes  
in the setting of vasodilatory shock and outcomes in the setting of 
shock-associated severe AKI.66,67 Fenoldopam, a selective dopamine 
receptor-1 agonist, resulted in less adverse renal outcomes but not  
decreased mortality.68

GLYCEMIC CONTROL AND NUTRITIONAL SUPPORT

It has been proposed that tight glycemic control can reduce the inci-
dence and severity of AKI in critically ill patients. However, studies 
have highlighted significant concerns regarding the effectiveness and 
safety of using intensive insulin therapy with tight glycemic control to 
prevent or ameliorate morbidity and mortality of AKI or other forms 
of organ injury. The international Normoglycemia in Intensive Care 
Evaluation and Survival Using Glucose Algorithm Regulation (NICE-
SUGAR) study enrolled over 6000 patients and set out to determine 
the risk/benefit of tight glycemic control in critically ill patients.69 It 
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showed that in contrast to conventional insulin therapy, intensive glu-
cose control increased mortality among these patients. A blood glucose 
target of #180 mg/dL resulted in a lower mortality than a target of 
81–108 mg/dL. Therefore it may be prudent to use conventional insu-
lin therapy in ICU patients at risk of AKI to target plasma glucose of 
140–180 mg/dL to avoid hypoglycemia. Nutritional support in patients 
with AKI does not differ significantly from that of critically ill patients. 
AKI affects water, electrolyte, and acid-base balance, but it also induces 
changes in protein, carbohydrate, and lipid metabolism. Although re-
quirements vary based upon the underlying catabolic state, patients 
with AKI should be supplemented with 20–30 kcal/kg body weight per 
day. Even in hypermetabolic states such as sepsis, energy expenditure 
is rarely greater than 130% of the calculated basic energy expenditure. 
Protein requirement increases with the severity of the underlying ill-
ness and with initiation of RRT. Whereas nondialysis patients with 
only mild to moderate illness require only 0.8–1.2 g/kg per day, criti-
cally ill patients or patients who are on RRT generally require 1.2–1.5 
g/kg per day or more.70 Dietary restrictions on potassium, phosphorus, 
sodium, and fluid intake (1–1.5 L per day, except if volume depleted) 
are generally indicated.

SPECIAL TYPES OF AKI

Abdominal compartment syndrome. (ACS) is defined as intraabdomi-
nal hypertension (IAH) with intraabdominal pressure (IAP) greater 
than 20 mm Hg with or without an abdominal perfusion pressure less 
than 60 mm Hg accompanied by end-organ dysfunction.71 Epidemio-
logic studies differ widely in their report of the incidence and preva-
lence of ACS in the ICU. However, there is agreement that the occur-
rence of IAH during the ICU stay is an independent predictor of 
patients’ outcome.72 This was reflected in studies conducted by Mal-
brain and colleagues and Vidal and colleagues showing significantly 
higher mortality rates and a higher incidence of organ failure or dys-
function—predominantly renal and pulmonary.73,74 A large systematic 
review and meta-analysis of studies identified multiple risk factors  
for IAH and ACS in ICU patients; many were specific to the type of 
patient population under study. These risk factors include large-volume 
crystalloid resuscitation, the presence of shock/hypotension, obesity, 
sepsis, abdominal surgery, severe acute pancreatitis, and ileus develop-
ment.75 Several mechanisms have been reviewed as the etiology for 
IAH-induced renal dysfunction and failure.72 The World Society of 
the Abdominal Compartment Syndrome proposed a management  
algorithm centered mostly on expert opinion that is based on the prin-
ciples of serial IAP monitoring, optimization of systemic organ perfu-
sion, IAP control, and reducing potential end-organ damage and sur-
gical decompression for refractory ACS.76

Contrast-associated acute kidney injury. Multiple trials and meta-
analyses have compared intravenous isotonic sodium bicarbonate with 
isotonic sodium chloride for the prevention of C-AKI, on the hypoth-
esis that urinary alkalinization would reduce contrast-induced genera-
tion of injurious oxygen free radicals. The results of these analyses 
were inconclusive, and they collectively formed the basis for the recent 
Prevention of Serious Adverse Events Following Angiography (PRE-
SERVE) study.77 This was a double-blind trial that randomly assigned 
5177 high-risk patients undergoing nonemergency angiography to 
receive intravenous isotonic sodium bicarbonate or intravenous iso-
tonic saline, in addition to oral acetylcysteine or oral placebo, for the 
prevention of a primary composite endpoint of death, need for dialy-
sis, or persistent impairment in kidney function. The trial showed no 
significant difference in the incidence of the primary outcome or in the 
incidence of C-AKI. Thus our recommendation for preventing con-
trast nephropathy in high-risk patients is to seek an alternative proce-

dure not requiring contrast when possible. If that is not feasible, ade-
quate hydration with isotonic sodium chloride should be  
performed.

Acute kidney injury in critically ill cancer patients. Cancer 
patients are particularly at risk for AKI secondary to infection and 
sepsis, tumor lysis syndrome, kidney damage induced by immunosup-
pression after hematopoietic stem cell transplantation, and direct  
effects from the primary malignancy.78,79 The development of AKI can 
further jeopardize cancer treatment, increase the toxicity, and/or  
reduce the delivery of chemotherapy and exclude patients from clinical 
trials. AKI requiring RRT is more common in ICU patients with cancer 
compared with those without cancer, and hospital mortality rates are 
high in cancer patients with AKI, especially when RRT is required.80

ROLE OF THE NEPHROLOGIST IN THE ICU

There are wide variations in the probability and timing of nephrology 
consultation in patients with AKI. The role of the nephrologist in 
managing ICU AKI patients also depends on the ICU model: that is, 
“closed” where the intensivist treats patients with AKI without input 
from a nephrologist versus “open” where management would be com-
bined. Although “closed” models are reported to result in fair patient 
outcomes,81 integrating nephrologists into the care of critically ill pa-
tients from the early stages of AKI has been shown to be associated 
with a lower incidence of progression to severe AKI, lower mortality, 
and enhanced patient recovery.82,83 Given their in-depth understand-
ing of AKI and RRT technologies,84 nephrologists are proficient at 
delivering dialytic and nondialytic treatment options for patients with 
AKI and in transitioning patients between these two treatment options 
based on each patient’s changing clinical status. They can facilitate 
transition of AKI-RRT to outpatient dialysis, aid in proper follow-up 
and management of patients at risk of progressive CKD, and assist in 
avoiding or discontinuing RRT when treatment is futile or not consis-
tent with the patient’s goals of therapy.85 Early follow-up by a ne-
phrologist after an AKI episode in those requiring RRT was associated 
with improved survival.86

RENAL REPLACEMENT THERAPY

Indications and Timing
As mentioned previously, about half of patients in the ICU develop 
AKI. Of those, an estimated 8%–12% receive RRT for severe AKI.22 
The optimal timing of the initiation of dialysis is not defined. There is 
little disagreement in commencing dialysis in the presence of life-
threatening conditions, such as diuretic-resistant volume overload, 
refractory hyperkalemia, acidosis, or overt symptoms and signs of 
uremia (e.g., encephalopathy and pericarditis). Medical treatment ap-
proaches for hyperkalemia result in intracellular shifts of potassium. 
When intermittent hemodialysis (IHD) is used to correct hyperkale-
mia after such measures have been used, dialytic potassium removal 
will be reduced, and higher serum levels of postdialysis potassium can 
occur.87 Metabolic acidosis is common in severe AKI, but can be cor-
rected with bicarbonate and rarely requires urgent dialysis if not ac-
companied by volume overload or uremia. Some poisons, drug over-
doses, and toxic compounds can contribute to acid-base disturbances 
and AKI. In such cases, dialysis can be supportive and facilitate the 
removal of these substances and their metabolites. In acute salicylate 
poisoning, RRT is indicated when the patient exhibits altered mental 
status, pulmonary or cerebral edema, renal impairment, fluid overload 
that prevents the administration of sodium bicarbonate, or clinical 
deterioration despite aggressive and appropriate supportive care.88 
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Ethylene glycol and methanol poisoning are important causes of  
anion-gap metabolic acidosis and can be cleared by dialysis. Metformin-
associated lactic acidosis may be an indication for dialysis, especially  
in critically ill patients at risk of death. In particular, such patients 
demonstrate a low pH (,6.9) and high serum lactate and metformin 
concentrations.89

The ideal time to consider RRT in AKI when “conventional” indica-
tions are absent has long been a perplexing challenge for clinicians. 
The lack of high-quality evidence has contributed to decisional uncer-
tainty and practice variation.90,91 Potential advantages of accelerated 
initiation of RRT include early control of electrolyte and acid-base 
derangements and uremia, avoidance of volume overload, and clear-
ance of inflammatory mediators. However, evidence that such effects 
translate into clinical benefits is sparse. Randomized controlled clinical 
trials focused on the timing of RRT initiation in critically ill patients 
with AKI have recently been reported. The Early Versus Late Initiation 
of Renal Replacement Therapy in Critically Ill Patients With Acute 
Kidney Injury (ELAIN) trial was a single-center trial that enrolled 231 
mostly surgical patients, comparing early RRT (starting within ,8 
hours of fulfilling KDIGO stage 2 AKI) with delayed RRT (starting 
within ,12 hours of developing KDIGO stage 3 AKI or upon an abso-
lute indication).92 The trial demonstrated a mortality benefit of early 
RRT compared with delayed treatment. The Artificial Kidney Initia-
tion in Kidney Injury (AKIKI) trial was a multicenter trial that com-
pared two strategies for starting RRT in 620 mixed critically ill patients 
with AKI who were receiving mechanical ventilation and/or vasoactive 
agents. The early strategy started RRT within ,6 hours of fulfilling 
KDIGO stage 3 AKI, and the delayed strategy started upon fulfilling 
clinical criteria related to worsening AKI or its complications.93 There 
was no difference in mortality; however, the RRT utilization differed 
significantly, with only half of patients in the delayed strategy receiving 
RRT compared with almost all in the early strategy. The IDEAL-ICU 
study was a multicenter, randomized, controlled trial that compared 
patients with early-stage septic shock and AKI but without life-threat-
ening complications to receive RRT within 12 hours after documenta-
tion of failure-stage AKI (early strategy) or after a delay of 48 hours if 
renal recovery had not occurred (delayed strategy).94 Follow-up data at 
90 days showed that mortality did not differ significantly between the 
two groups. Notably, 38% of patients in the delayed-initiation group 
did not receive RRT. The findings of these clinical trials leave the ques-
tion of elective RRT initiation in the absence of compelling indications 
incompletely resolved. The Standard versus Accelerated Initiation of 
RRT in AKI (STARRT-AKI) study is ongoing. This multinational trial 
completed enrollment of its target of 2866 patients with KDIGO stage 
2 or 3 AKI who do not have an emergent indication for RRT. Enrolled 
patients were randomly assigned to either early (within 12 hours) or 
delayed RRT initiation.95 Pending further evidence, we agree with the 
KDIGO group that RRT should be initiated emergently when life-
threatening changes exist. However, a clinical judgment considering 
the broader clinical context, the presence of conditions that can be 
modified with RRT, and trends of laboratory tests, rather than using 
any specific parameters, should be employed when making the deci-
sion to initiate RRT.21 Finally, it is important to consider the volume 
status when deciding the time for initiating RRT because volume over-
load, as previously discussed, appears to be an important factor associ-
ated with mortality in AKI. Table 100.3 depicts acceptable indications 
for initiating RRT in the ICU.

Renal Replacement Therapy Modality
In the ICU, acute RRT includes standard IHD, prolonged intermittent 
renal replacement therapies (PIRRTs; e.g., sustained low-efficiency di-
alysis [SLED]), continuous renal replacement therapies (CRRTs), and 

peritoneal dialysis (Table 100.4). RRT is required in severe AKI to re-
move uremic toxins and maintain fluid, electrolyte, and acid-base 
balance. All modalities are effective therapies that may be used and 
exchanged according to the hemodynamic status or coagulation prob-
lems of the patient. A recent meta-analysis compared clinical outcomes 
among critically ill adults with AKI treated with CRRT, IHD, and 
SLED.96 The RRT modality was not associated with in-hospital mortal-
ity or dialysis dependence. The authors concluded that they did not 
find a definitive advantage for any RRT modality on short-term patient 
or kidney survival.

PIRRTs have demonstrated comparable or better clinical outcomes 
to CRRT in small clinical trials.97,98 SLED is performed by using dialy-
sis machines to deliver a slow dialysate flow for periods ranging from 
8 to 12 hours per day, depending on the needs of the patient and toler-
ance to ultrafiltration. Advantages of this technique include high he-
modynamic tolerance, excellent solute-removal capability, and the ca-
pacity to be instituted using regular hemodialysis machines without 
acquiring new equipment. CRRT represents a spectrum of modalities 
that provides continuous support for severely ill patients with AKI. 
These include continuous venovenous hemofiltration (CVVH), con-
tinuous venovenous hemodialysis (CVVHD), and continuous venove-
nous hemodiafiltration (CVVHDF), which involve both convective 
and diffusive therapies. CRRT has been advocated in patients with AKI 
because of its enhanced ability to remove inflammatory mediators, 
which may provide benefit in septic patients, particularly using con-
vective modes of continuous therapy while maintaining hemodynamic 
stability. However, there are no studies clearly showing superior clini-
cal outcomes with different CRRT modes. The main disadvantage of 
CRRT is the need for prolonged anticoagulation to prevent clotting of 
the filter. This can be done with low-dose systemic heparin; however, 
there remains the risk of bleeding or heparin-induced thrombocytope-
nia. Regional citrate anticoagulation (RCA) is increasingly used in 
some centers. A number of clinical studies have shown advantages of 
RCA compared with heparin resulting in prolonged circuit life, re-
duced incidence of hemorrhagic complications, and lower transfusion 
needs.99 On the basis of these data, the KDIGO Clinical Practice 
Guidelines recommend the use of RCA as the preferred anticoagula-
tion modality for CRRT in patients without contraindications for ci-
trate, even in the absence of an increased bleeding risk or deranged 
coagulation. The guidelines also highlighted potential drawbacks to 
RCA, including the necessity of complex protocols and risk of meta-
bolic complications.

Nonobstructive oliguria (urine output ,200 mL/12 h) or anuria

Refractory severe acidemia

Refractory hyperkalemia (K1 .6.5 mmol/L)*

Uremia (encephalopathy, pericarditis, neuropathy, myopathy)

Severe dysnatremia (Na1 .160 or ,115 mmol/L)

Clinically significant organ edema (especially lung) unresponsive to diuretics

Drug overdose with dialyzable toxin

Coagulopathy requiring large amounts of blood products in a patient at risk  

for acute respiratory distress syndrome

NOTE: Any one of these indications is sufficient to consider initiating renal  

replacement therapy. Two of these indications make renal replacement  

therapy desirable.

TABLE 100.3 Potential Indications for 
Renal Replacement Therapy in the ICU

*Intermittent hemodialysis removes K1 more efficiently than continu-

ous modalities.
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In the absence of definitive data to support a particular modality, 
the modalities of RRT should be viewed as complementary, with the 
choice of RRT modality influenced by availability, expertise, resources, 
cost, and physician preference. The current KDIGO recommendations 
suggest that CRRT is preferable over intermittent therapies in patients 
who are hemodynamically unstable and/or have cerebral edema. Selec-
tion of RRT in special groups of patients has been reviewed.100 In pa-
tients with acute brain injury or increased intracranial pressure, CRRT 
is generally preferred over IHD, which may worsen neurologic status. 
A decline in neurologic status may result from the compromise of  
cerebral perfusion pressure during intradialytic hypotension. Alterna-
tively, cerebral edema and intracranial pressure may be enhanced by 
rapid intracellular solute-mediated volume shifts. Because the rates of 
volume and solute removal are slower during CRRT, this modality is 
seemingly better tolerated by patients with brain injury or increased 
intracranial pressure at risk for acute herniation. CRRT may also be 
preferred among those with fulminant hepatic failure and patients 
with severe chronic metabolic disturbances such as hyponatremia. In 
contrast, IHD is the preferred modality with intoxications because of 
its more rapid clearance of toxins.

Peritoneal dialysis is an alternative modality for AKI in which vas-
cular access may be difficult, in conditions where anticoagulation may 
be problematic, in underresourced regions, or after large disasters with 
mass casualties. Single-center studies have shown similar or better 
outcomes for selected patients treated with high-volume or tidal peri-
toneal dialysis compared with IHD or CRRT.101,102

Adequate Therapy Dosing
IHD is most commonly provided on a thrice-weekly or every-other-
day schedule. In chronic hemodialysis patients, adequacy of dialysis is 
primarily determined by the level of small-solute (urea) clearance. 
This is reflected by the Kt/V formula, where K is the dialysis membrane 
clearance of urea, t is the time on dialysis, and V is the volume of dis-
tribution of urea, which is equal to the total body water content. As 
seen from the formula, one can increase the time on dialysis or in-
crease the dialyzer clearance to enhance urea clearance. Dialyzer clear-
ance depends on blood flow and dialysate flow rates, in addition to the 
inherent properties of the membrane. Regarding IHD dosing, the VA/
NIH Acute Renal Failure Trial Network Study (ATN study) did not 

find a benefit for a more intensive strategy for RRT.103 This study com-
pared IHD (hemodynamically stable patients) with sustained low- 
efficiency dialysis (hemodynamically unstable patients) performed 
three (less intensive) versus six (more intensive) times a week in 563 
critically ill patients with AKI and failure of at least one nonrenal organ 
or sepsis. The prescribed Kt/V per session was 1.2–1.4, and the actual 
delivered mean dose was 1.3 in the less intensive arm. The 60-day 
mortality rate and percentage of patients recovering renal function 
were similar in both groups. The Hannover Dialysis Outcome study 
was a prospective randomized, parallel group study that used intensi-
fied extended dialysis (dosed to maintain plasma urea levels ,90 mg/dL) 
versus standard dialysis (dosed to maintain plasma urea levels between 
120 and 150 mg/dL) on 14- and 28-day mortality and renal func-
tion.104 The mortality and frequency of renal function recovery were 
similar between the two groups. Based on these two well-designed and 
performed clinical trials, it appears that increasing urea target clear-
ances does not improve mortality or rates of renal recovery. Therefore 
at least the smaller dose used in these trials should be pursued, with 
monitoring of the delivered dose of therapy to ascertain a minimum 
delivery of Kt/V of 1.2 per treatment when intermittent RRT in AKI 
patients is used. Nevertheless, applying the concept of Kt/V remains 
controversial in patients with AKI because urea generation and urea 
distribution volume are not constant or accurately measurable. More-
over, few AKI patients are in metabolic steady state, and many show a 
high protein catabolic rate or have a fluctuating volume status and 
renal function.105 Based on these arguments, the European Renal Best 
Practice position statement does not recommend using Kt/V as a mea-
sure of dialysis dose when using IHD and suggests that its duration  
be adapted to allow maintenance of metabolic and volume status.106 
Currently there are no standards for dose prescription of PIRRT. Daily 
laboratory and clinical parameters can be used to assess for adequacy 
of dialysis. Regarding CRRT, much of the dosing guidelines stem from 
two large-scale, multicenter, randomized controlled trials. In the afore-
mentioned VA/ATN study, 201 patients received CVVHDF in the less 
intensive arm (mean delivered effluent of 22 mL/kg/min) and 179 in 
the intensive therapy group (mean delivered effluent of 36 mL/kg/min). 
The higher dose of CRRT did not influence mortality or renal recovery. 
The Randomized Evaluation of Normal versus Augmented Level of 
RRT (RENAL) study was conducted at 35 centers throughout Australia 

 IHD SLED CRRT

Cost 1 11 1111

Duration 4 hours daily/alternate days 8–12 hours daily/alternate days 24 hours (though actually achieves less on 

average)

Hemodynamic instability Least suitable Good Most compatible

Compatible with extracorporeal life support No No Yes

In raised intracranial pressure Increases Can increase Usually no change

Anticoagulation Can be omitted Can be omitted Predilution can be used to maintain circuit

Serum concentration of renally cleared drugs Major fluctuations Some fluctuation Least fluctuation

Vascular access AV fistula or nontunneled or  

tunneled catheter

AV fistula or nontunneled or  

tunneled catheter

Nontunneled or tunneled catheter

Compatible with supporting large-volume  

infusions (antibiotics, nutrition, etc.)

No Would need to be daily and  

longer sessions

Most compatible

Mobilization Most compatible Could be compatible if done at  

night/rest time

Not compatible—would need to be  

discontinued

 TABLE 100.4 Comparison of Various RRT Modalities

Modified from Ahmed AR, Obilana A, Lappin D. Renal replacement therapy in the critical care setting. Crit Care Res Pract. 2019;16;2019:6948710.

AV, Arteriovenous; CRRT, continuous renal replacement therapy; IHD, intermittent hemodialysis; SLED, sustained  low-efficiency dialysis.
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and New Zealand.107 It compared the effects of postdilutional CVVHDF 
doses of 25 and 40 mL/kg/h on the 24-day and 90-day mortality rates of 
1508 critically ill AKI patients. Treatment with a higher-intensity regi-
men did not reduce the mortality at 90 days. In conclusion, the results of 
the two well-designed and executed VA/ATN and RENAL clinical trials 
did not show any benefit of higher CRRT doses for critically ill AKI pa-
tients beyond a threshold necessary to optimize clinical outcome. There-
fore when using CRRT for treating such patients, the dose to be targeted 
may be the minimal one used in these trials: 20–25 mL/kg/h. Notably, 
observational studies have suggested that the actual delivered effluent 
volume during CRRT is substantially less than the prescribed dose.108 
Therefore to ascertain that the target dose is delivered despite potential 
therapy interruptions, we recommend an effluent flow rate of approxi-
mately 25 mL/kg/h. Unfortunately, the clinical trials of RRT dose evalu-
ated only a fixed-dose prescription; it remains uncertain whether a fixed 
dose is appropriate for all critically ill patients or whether RRT dose 
should be individualized, dynamic, and continuously adapted to chang-
ing clinical status.109

Medication Dosing
During AKI, drugs normally eliminated by the kidney exhibit a mark-
edly decreased clearance. As the physiochemical characteristics of the 
drugs affect the removal by dialysis and hemofiltration, the amount of 
the drug removed during these procedures may be sufficient to require 
supplemental dosing. For patients on hemodialysis, a supplemental 
dose of the drug is most commonly administered at the completion of 
the dialysis session. Drug clearance with CVVH is through convective 
transport and approximates the unbound drug concentration in 
plasma multiplied by the ultrafiltration rate.110 Drugs with molecular 
weights of less than 500 Da are readily removed by either conventional 
hemodialysis or CVVH, but those with higher weights of 1000–5000 
Da are eliminated more efficiently by CVVH because of the use of 
high-flux membranes that allow the passage of larger molecules.

The volume of distribution greatly affects the clearance of a drug, 
in that drugs with large volumes of distribution are likely to be bound 
to a greater extent in the tissues. In this setting, only a small amount 
has access to the vasculature at any time. For such drugs, clearance 
with CVVH is greater than with intermittent therapies because of the 
continuous nature of the clearance. The extent of protein binding of a 
drug is important because the protein–drug complex has a molecular 
weight greater than 50,000 Da. At this size, neither intermittent nor 
continuous therapies will efficiently remove the drug. However, the 
extent of protein binding is dependent on pH, uremia, concentration 
of free fatty acids, heparin therapy, and relative concentrations of drug 
and protein. In critically ill patients, serum albumin is often decreased, 
thereby making more drug available for clearance during RRT. Because 
of the potential medication toxicities, in addition to the need to main-
tain therapeutic levels of multiple medications, it is important to 
consider and adjust dosing during AKI and with RRT. Dosages of 
medications must be adjusted for the type of RRT and for the specific 
characteristics of the drug. In septic patients, the altered volume of 
distribution increases drug half-life and affects the protein-binding 
capacity of many antimicrobials. The variability in body size and fluid 
composition often determines delayed achievement of antibiotic phar-
macodynamic targets and results in potentially subtherapeutic antibi-
otic concentrations at the infection site.111

CONCLUSION

Despite extensive clinical experience and improvements in supportive 
care, the mortality rate of critically ill patients with AKI remains high. 
Sepsis is the most common cause of AKI in the ICU. Current tools to 

diagnose AKI are suboptimal; thus biomarkers are being developed to 
better detect and prognosticate AKI. Specific treatment for AKI is still 
lacking; therefore prevention is key. Optimal volume management, 
appropriate antimicrobial therapy, and avoidance of further renal in-
sults are imperative once AKI is established. Timely and efficient RRT 
provisions are frequently necessary in critically ill patients with AKI.

KEY POINTS

• S-AKI is a common complication in hospitalized and critically ill patients. It 

is associated with extremely high mortality and increases the risk of devel-

oping chronic comorbidities.

• Blood urea nitrogen and creatinine are the most common parameters mea-

sured, but they are not sensitive indicators of renal dysfunction in an acute 

setting. Intense ongoing research is characterizing the diagnostic and prog-

nostic roles of injury biomarkers to improve supportive care and clinical 

outcomes.

• The FST accurately predicts patients at increased risk for severe AKI and 

requirement for RRT.

• Balanced solutions appear to minimally decrease the risk of major adverse 

kidney events in critically ill patients.

• Pretreatment with isotonic saline is similar to isotonic bicarbonate, and 

treatment with acetylcysteine is similar to placebo in reducing the risk of 

kidney-related outcomes after contrast procedures.

• Early nephrology consultation may lead to improved outcomes and facilitate 

interventions and transitions of care for patients with AKI.

• Dialysis initiation should be based on the broad clinical context and patient 

needs rather than any specific threshold.

• RRT modalities for critically ill patients are comparable and complementary. 

CRRT is preferable over intermittent therapies in patients who are hemody-

namically unstable and/or have cerebral edema.

• When using intermittent dialysis in AKI, monitoring the delivered dose of 

therapy is recommended to ascertain the minimum delivered Kt/V of 1.2 per 

treatment. With CRRT, effluent flow rates of at least 20 mL/kg/h should be 

attained.
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A patent urinary tract is necessary for optimal kidney function. Under 

normal circumstances, urine passes unimpeded from the renal pelvises to 

the tip of the urethra. Obstruction can occur anywhere along this pathway 

and may lead to both acute and progressive kidney parenchymal damage.

Several definitions may be encountered when considering urinary 

tract obstruction:

• Obstructive uropathy refers to any disorder that interferes with 

drainage of the urine. It may be acute or chronic and either partial 

or complete; the resulting symptom complex typically depends on 

both the acuity and severity.

• Obstructive nephropathy refers to cases in which obstructive uropa-

thy causes a decline in kidney function.

• Hydronephrosis refers to dilatation of the urinary collecting system 

and is usually, but not exclusively, seen in obstructive disorders. 

Nonobstructive pathogenesis of hydronephrosis includes vesico-

ureteral reflux or excessive flow through the collection system, such 

as with habitual water drinking or diabetes insipidus. Common 

anatomic variants, including the presence of an extrarenal pelvis 

and duplicated collecting systems, are also associated with hydro-

nephrosis on imaging.

EPIDEMIOLOGY

Urinary tract obstruction is a common disorder. On autopsy, 3.1% of 

adults have hydronephrosis.1 Data from the Healthcare Cost and Uti-

lization Project’s Nationwide Inpatient Sample (based on ICD-9 codes) 

indicate that 1.75% of all hospital discharges are complicated by either 

hydronephrosis or obstruction.2 When hydronephrosis is excluded, 

urinary tract obstruction occurs in approximately 1% of hospital dis-

charges.2 Urinary tract obstruction accounts for approximately 10% of 

community-acquired acute kidney injury3–5 and is a factor in 2.6% of 

acute kidney injury cases in the intensive care setting.6

ETIOLOGY

Many disorders may lead to urinary tract obstruction. A useful classi-

fication is to first separate pathology arising from within the urinary 

tract itself (intrinsic obstruction) from those diseases that arise outside 

the urinary tract causing external compression of the system (extrinsic 

obstruction). This discussion will also consider upper (from the renal 

pelvis to the ureterovesicular junction [UVJ]) and lower (from the 

bladder to the urethra) urinary tract obstruction separately.

Intrinsic Obstruction
Intrinsic urinary tract obstruction may be the result of pathology 

within the lumen (intraluminal) or within the walls of the collecting 

system (intramural).

Intraluminal Causes

Obstruction at the level of the renal tubules may be the result of crys-

tal-induced disease, uric acid nephropathy (as in tumor lysis syn-

drome), or cast nephropathy caused by multiple myeloma. Crystal-

induced nephropathy has been classically described with sulfadiazine, 

acyclovir, indinavir, triamterene, and methotrexate.7 Published case 

reports also implicate orlistat8 and ciprofloxacin.9

Nephrolithiasis is a common cause of upper urinary tract obstruc-

tion at the level of the ureter, with the size of the stone determining the 

likelihood of obstruction. Stones #2 mm, 3 mm, 4–6 mm, and .6 

mm will pass spontaneously 97%, 86%, 50%, and 1% of the time, re-

spectively.10 Typically, the obstruction occurs at one of the three nar-

rowest portions of the ureter: the ureteropelvic junction (UPJ), the 

UVJ, or the point where the ureter crosses over the pelvic brim. Neo-

plasms, blood clots, and sloughed renal papillae are rarer causes of 

intraluminal obstruction at the level of the ureter.

The causes of intraluminal obstruction at the level of the bladder are 

similar to those affecting the ureter, with urolithiasis, blood clots, and 

neoplasms being the most common. Worldwide, infection with Schisto-

soma haematobium with resulting fibrosis is a common cause of blad-

der obstruction.11 Although schistosomiasis is rare in industrialized 

nations, it should be suspected in patients from endemic areas such as 

Africa and the Middle East presenting with urinary tract obstruction.

Intramural Causes

Congenital malformations of the genitourinary tract can cause intra-

mural obstruction of the upper urinary tract. UPJ obstruction (UPJO) 

warrants specific mention, as it is the most common congenital geni-

tourinary disorder likely to present in adulthood. Kinks, valves, or an 

adynamic segment of ureter results in failure of peristalsis at the UPJ.12 

The widespread use of maternal prenatal ultrasound (US) has led to 

increased antenatal diagnosis of UPJO. The diagnosis can be made by 

US, intravenous urography (IVU), or in equivocal cases, isotope re-

nography (see later imaging section).

Another intramural cause of upper urinary tract obstruction is 

ureteral stricture caused by genitourinary tuberculosis (GU TB). Al-

though rare in the developed world, GU TB complicates up to 40% of 

patients with extrapulmonary tuberculosis.13 Hematogenous spread of 

mycobacteria can seed the renal cortex and ureters, causing inflamma-

tion with resultant fibrosis, obstruction, and secondary infections.13 

Seeding of the retroperitoneum and bladder can also lead to complica-

tions in patients with GU TB.

More common are disorders affecting the neuromuscular control 

of the lower urinary tract such as cerebrovascular accidents,14 spinal 

cord injury,15 multiple sclerosis,16 and diabetic neuropathy,17 which 

may lead to bladder outlet obstruction. Multiple medications, includ-

ing anticholinergics, opioid analgesics, nonsteroidal antiinflammatory 
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agents, alpha-adrenoreceptor agonists, benzodiazepines, and calcium 

channel blockers, have also been associated with urinary retention.18 

Stricture of the urethra may also lead to obstruction.

Extrinsic Compression
Pregnancy is typically associated with right-sided dilation of the renal 

pelvis, calyx, and ureter. Hormonal mechanisms and mechanical com-

pression from an enlarging uterus and ovarian vein plexus have been 

implicated in these changes.19 Clinically meaningful obstruction from 

the gravid uterus is extremely rare.

Malignancies can cause obstruction by several different mecha-

nisms. Local ureteric compression may be seen in metastatic cancers of 

the cervix, bladder, and prostate and with expanding retroperitoneal 

soft tissue masses. Alternatively, the ureters may be compressed or en-

cased by metastatic retroperitoneal lymphadenopathy.20

Retroperitoneal fibrosis may lead to the obstruction of one or both 

ureters via inflammation. It is an uncommon disorder, with a reported 

incidence rate of 1.3 cases per million population and a male:female 

ratio of 3.3:1.21 Although the majority of these cases are idiopathic 

(.75%),22 numerous conditions are suspected to cause retroperito-

neal fibrosis, including malignancies, medications, infection, trauma, 

radiation, and IgG4-related systemic disease.23,24 Treatment of idio-

pathic retroperitoneal fibrosis is initially with steroids, but recurrences 

are common. Case reports have described the use of cyclophospha-

mide, azathioprine, colchicine, mycophenolate, or tamoxifen for treat-

ment relapses or steroid-resistant disease, although conclusive data are 

absent.22

Abdominal aortic aneurysms (AAAs) may also cause obstruction 

caused by compression of the ureter or via inflammation. A published 

series of 999 cases of inflammatory AAA found preoperative hydrone-

phrosis in 7.4% of these cases.25 The clinician must always bear in 

mind that hydroureter and/or hydronephrosis may be absent in ob-

struction caused by retroperitoneal processes. Thus one must maintain 

a high degree of suspicion and use alternative imaging modalities 

when considering these disorders.

Extrinsic compression of the lower urinary tract is more common 

in males, and the cause is usually either benign prostatic hypertrophy 

(BPH) or prostate cancer. The etiology of urinary tract obstruction is 

summarized in Box 101.1.

CLINICAL PRESENTATION

The clinical presentation of urinary tract obstruction depends on the 

location, duration, and severity of obstruction and may therefore be 

quite variable.

Pain
Acute ureteral obstruction often presents with severe flank pain, oth-

erwise known as renal colic. This is usually the result of urolithiasis but 

may be the result of other causes of ureteral obstruction (see earlier). 

Obstruction causes increased intraluminal pressure and spasm of the 

ureteral muscles, which are responsible for the colicky pain.26 Partial 

ureteral obstruction may present with a chronic dull pain. Bladder 

outlet obstruction may lead to distention and subsequent abdominal 

discomfort.

Changes in Urine Output
One pitfall in the diagnosis of obstruction is the expectation that pa-

tients will be anuric. Although this is true of patients with the obstruc-

tion of all functioning renal mass—complete bilateral ureteral ob-

struction, complete obstruction of a solitary functioning kidney, or 

complete obstruction distal to the bladder neck—this is not the case in 

BOX 101.1 Causes of Urinary Tract 
Obstruction

Intrinsic Causes

Intraluminal

Renal Tubules

Crystal-induced disease

Uric acid nephropathy

Cast nephropathy (in multiple myeloma)

Upper Urinary Tract

Nephrolithiasis

Neoplasms

Blood clots

Sloughed renal papillae

Lower Urinary Tract

Urolithiasis

Blood clots

Neoplasms

Schistosomiasis

Intramural

Upper Urinary Tract

Congenital ureteropelvic junction obstruction

Genitourinary tuberculosis

Lower Urinary Tract

Disorders affecting neuromuscular control

Cerebrovascular accident

Spinal cord injury

Multiple sclerosis

Diabetic neuropathy

Medications

Anticholinergic agents

Opiates

Nonsteroidal antiinflammatory agents

Alpha-adrenoreceptor antagonists

Benzodiazepines

Calcium channel blockers

Urethral structure

Extrinsic Causes

Upper Urinary Tract

Pregnancy

Malignancy

Retroperitoneal fibrosis

Abdominal aortic aneurysms

Lower Urinary Tract

Benign prostatic hypertrophy

Prostate cancer

patients with less severe disease. The degree of urine output does not 

reliably predict the presence or absence of obstruction. Patients may 

present with normal urine output or even polyuria because of the ef-

fects of obstruction on renal salt and water handling (reviewed later).

Lower Urinary Tract Symptoms
Obstruction of the lower urinary tract often presents with some or all 

of a constellation of symptoms known collectively as lower urinary 

tract symptoms (LUTS). LUTS include voiding symptoms (difficulty 
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urinating, incomplete emptying), postmicturition symptoms (post-

void dribbling), and storage symptoms (urgency, frequency, hesitancy, 

incontinence).27 Alternatively, patients with lower urinary tract ob-

struction may be asymptomatic.

Renal Dysfunction
If asymptomatic, the initial clue to the underlying obstruction may be 

elevated serum creatinine on blood drawn for an unrelated reason. As 

urinary tract obstruction may be asymptomatic, it should be consid-

ered in the differential diagnosis of unexplained kidney failure.  

If blood work is not obtained during the course of the obstruction, the 

kidney function may deteriorate such that patients present with ure-

mic symptoms and the need for dialysis.

Infection
The urinary retention associated with lower urinary tract obstruction 

provides an excellent culture medium for bacteria. Patients may pres-

ent with cystitis, pyelonephritis, or sepsis. An obstructing renal stone 

may also be a nidus for infection. Recurrent infection should raise 

suspicion for possible anatomic abnormalities, especially in men. In 

one study, 25 out of 83 men (30%) with a febrile urinary tract infec-

tion had anatomic lesions in the lower urinary tract, supporting imag-

ing of the lower tract in men with this presentation,28 although data in 

men younger than 45 years old refute this.29

Laboratory Values
There are no laboratory values specific to obstruction. Blood tests may 

show no abnormalities or may show values consistent with kidney 

failure (elevated blood urea nitrogen, creatinine, potassium, and phos-

phorus levels and decreased calcium, bicarbonate, and hemoglobin 

values). The blood tests may also be indicative of renal tubular acidosis 

(RTA; see later). The urinalysis may be bland or may include red blood 

cells (in the setting of a stone or malignancy) or white blood cells (in 

the setting of infection). Significant albuminuria is uncommon, al-

though low-grade proteinuria can be observed, especially in the setting 

of infection. An experienced observer may also be able to discern crys-

tals in freshly voided urine. The fractional excretion of sodium (FENa) 

may be less than 1% in acute obstruction, but it is generally greater 

than 1% when the obstruction is chronic, owing to renal tubular dys-

function.

IMAGING IN URINARY TRACT OBSTRUCTION

Various imaging modalities may be used to diagnose obstruction: 

plain abdominal radiography, US, computed tomography (CT), IVU, 

retrograde pyelography, and nuclear scanning. It is important to un-

derstand the indications and limitations of each modality.

Plain Abdominal Radiography
Abdominal radiography (kidney, ureter, and bladder [KUB]) is often 

the first imaging modality performed in patients with acute flank pain. 

Although most stones are composed of calcium and should in theory 

be visible, only 59% of stones are detected on plain film.30 Compared 

with CT scanning, the sensitivity and specificity of abdominal films 

were 45%–59% and 77%, respectively.30 Further, plain films may not 

always be able to differentiate phleboliths from calculi. This limits the 

utility of plain abdominal films to the diagnosis of recurrent disease in 

those with known radiopaque stones.

Ultrasound
US is inexpensive, does not expose the patient to radiation, and is typi-

cally readily available. Its accuracy in detecting hydronephrosis makes 

US a good screening tool for obstruction in patients with unexplained 

kidney failure or patients with suspected lower urinary tract obstruc-

tion (Fig. 101.1). When CT is used as a reference, US has a traditionally 

reported sensitivity of 24% and a specificity of 90% for the detection of 

kidney stones and is likely to miss those less than 3 mm in size.31 An-

other disadvantage of US compared with CT is that bowel gas may 

obscure visualization of the ureters.32 Other conditions such as parapel-

vic cysts and renal artery aneurysms may mimic hydronephrosis on 

US.32 These conditions are easily distinguished via CT scanning.

In a large multicenter randomized controlled trial of adults present-

ing to the emergency department with suspected nephrolithiasis, US 

was found to be noninferior when compared with CT in regard to the 

rates of repeat hospitalizations for missed high-risk diagnoses and ad-

verse events.33 Additionally, US is the imaging modality of choice when 

radiation is contraindicated, such as in pregnant women and children.

Computed Tomography
CT has a high sensitivity (96%) and specificity (98% ) in the evalua-

tion of acute flank pain and suspected nephrolithiasis (Fig. 101.2); al-

though, as noted earlier, US may be a better first choice because of its 

lack of radiation. With CT, the retroperitoneum is also well visualized, 

making it ideal to detect retroperitoneal fibrosis or obstruction caused 

by retroperitoneal lymphadenopathy. In addition to defining the 

Fig. 101.1 Typical appearance of a hydronephrotic kidney showing renal 

pelvis and calyceal dilatation. Note the increase in the kidney length 

(14.34 cm) compared with normal (~10–11 cm).

Fig. 101.2 Bilateral nephrolithiasis on an unenhanced computed to-

mography scan. Note the staghorn appearance in the right kidney.
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A B

Fig. 101.3 Isotope renography. A, 99mTc-mercaptoacetyltriglycine-renogram performed on a 54-year-old male 

with large benign intraabdominal mass causing radiographic unilateral ureteral obstruction. Note that radio-

tracer peak uptake (yellow vertical lines) is normal in the right kidney, whereas tracer uptake is delayed in the 

obstructed left kidney. Furosemide administration (blue vertical line) resulted in reversal of the partial func-

tional obstruction. Time-sequence images of radiotracer uptake are shown. B, Mag-3 renogram of a 78-year-

old male with stage 4 metastatic bladder cancer with retroperitoneal metastases and bilateral, chronic ure-

teral obstruction. Images obtained after bilateral percutaneous nephrostomy tubes revealed a marginally 

functioning left kidney and completely nonfunctional right kidney. Perfusion (lower left panel), t 5 0 tracer 

uptake (lower middle panel), and time-averaged tracer uptake (lower right panel) images are shown.

anatomy of the collecting system, CT has the added benefit of visual-

izing other organ systems, thereby providing information regarding 

other conditions in the differential diagnosis of acute flank pain.

One concern raised with CT scanning is the high radiation dose 

administered. Each CT scan is equivalent to approximately 10 KUBs.34 

The reported dose of radiation, quantified in millisieverts (mSv), was 

significantly higher in patients initially undergoing CT (14.1 mSv) 

versus US (4.7–6.5 mSv) when presenting to the emergency depart-

ment with acute flank pain and suspected nephrolithiasis.33 Further-

more, this initial radiation exposure was cumulative and persisted at 6 

months with CT (17.2 mSv) versus US (9.3–10.1 mSv) regardless of 

subsequent imaging.33 Lower-dose-radiation CT protocols have previ-

ously been investigated. One study found that lower-dose-radiation 

CT scans (equivalent to that of plain film) have a sensitivity of 97% 

and a specificity of 96% for the diagnosis of acute renal colic when 

compared with the standard dose. The lower-dose CT was inferior at 

detecting stones less than 3 mm in size,35 which may impair its ability 

to diagnose non–collecting system pathology. Because of these limita-

tions, it is unclear whether spiral CT will remain the initial imaging 

procedure of choice for the evaluation of suspected nephrolithiasis.

Isotope Renography
In conventional renography, radiographic tracers, such as 99mTc-mer-

captoacetyltriglycine (MAG3), are injected into the patient’s blood-

stream and renal uptake and excretion are measured with a scintilla-

tion counter (Fig. 101.3). This test provides functional information by 

demonstrating decreased excretion in an obstructed kidney. The sensi-

tivity of the test may be enhanced by administering a loop diuretic 

during the scan, where the increased urine flow may unmask an occult 

obstruction. Isotope renography is often used to determine the degree 

to which anatomic obstruction (based on radiographic hydronephro-

sis) is causing functional obstruction.

For example, excretion can be normal despite the presence of hydrone-

phrosis from a parapelvic cyst, duplicated ureter, or extrarenal pelvis. Al-

ternatively, isotope renography can be useful to determine if functional 

obstruction is present despite little radiographic evidence of obstruction 

(such as in a patient with clinical suspicion of retroperitoneal fibrosis). 

One important limitation of isotope renography is that radiotracer uptake 

may be diminished and excretion prolonged with severely compromised 

glomerular filtration rate (GFR). This may lead to both false-negative and 

false-positive results, limiting its use in such situations.36 Renography also 

does not provide detailed anatomic information.

Intravenous Urography
IVU, in which the collecting system is imaged after the administration of in-

travenous (IV) contrast, was historically the study of choice for patients with 

acute flank pain. The need to administer nephrotoxic IV contrast and the 

delay in obtaining information render IVU less attractive than a CT scan.37

Retrograde Pyelography
US and CT scanning have largely superseded retrograde pyelography 

for the diagnosis of obstruction. Retrograde pyelography may be in-

dicated when obstruction is highly suspected on clinical grounds, the 

US is negative for hydronephrosis, and the patient is unable to receive 

IV contrast.1

PATHOPHYSIOLOGY OF OBSTRUCTION

Urinary tract obstruction may cause intrinsic kidney dysfunction. The 

most important effects are changes in renal blood flow, increased tu-

bular hydrostatic pressure (as a result of increased ureteral pressure), 

and the development of fibrosis in long-standing obstruction. Specific 

tubular derangements in sodium, water, potassium, acid, and divalent 

cation handling occur as well.

Changes in Renal Blood Flow, Tubular Hydrostatic 
Pressure, and Glomerular Filtration Rate
Various animal models have provided a basis for understanding the renal 

hemodynamic changes with urinary obstruction. The initial renal re-

sponse to obstruction follows a triphasic pattern.38 During the first 2 hours 

of obstruction, there is an initial increase in both renal blood flow and 

ureteral pressure. This is followed by a brief (2–3 hours) period in which 

renal blood flow declines because of increased afferent arteriolar resis-

tance, yet ureteral pressures continue to rise. Ultimately, the decrease in 
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renal blood flow leads to a decrease in ureteral pressure, with the pressure 

returning to normal levels by 10–12 hours after obstruction.

The GFR, which is determined by Starling forces between the glo-

merular capillary and renal tubules, is initially diminished by transmitted 

tubular hydrostatic pressure but is maintained by the augmented renal 

blood flow. Unresolved obstruction leads to persistent afferent arteriolar 

constriction and a sustained decrease in both renal blood flow and GFR.

Structural Changes, Maladaptive Cell Signaling, and 
Renal Fibrosis
Early in ureteral obstruction, dilatation of the ureter and renal pelvis 

causes mechanical compression of the medulla and cortex, with tu-

bular injury progressing in a retrograde manner.39 Injured tubular 

epithelial cells lose polarity and de-differentiate, secreting chemo-

kines that recruit circulating myeloid cells. A complex feed-forward 

loop of inflammatory cell signaling and oxidative stress ensues in the 

renal microenvironment.40,41 If obstruction is not reversed, cellular 

apoptosis, senescence, capillary rarefaction, and the formation of 

atubular glomeruli are observed.41 These changes ultimately result in 

the deposition of fibrillar collagen, with the contraction and loss of 

renal parenchymal volume typical of an end-stage kidney.

As with other progressive renal diseases, angiotensin-2 (AT-2) plays a 

central role in the perpetuation of renal parenchymal damage in chronic 

obstructive nephropathy. Independent of its vasoconstrictive properties, 

AT-2 has many other biologic functions, including the upregulation of 

several profibrotic mediators such as transforming growth factor beta-1, 

tumor necrosis factor alpha, and nuclear factor kappa B.42

Given the importance of the renin-angiotensin system in promot-

ing renal injury after obstruction, antagonizing AT-2 would appear to 

be a viable strategy to attenuate injury. Although human data are lack-

ing, animal data show benefits, provided the intervention is conducted 

after renal development is complete.41

Tubular Function
Tubular responses to unilateral or bilateral obstruction differ, with bi-

lateral obstruction (or unilateral obstruction in a patient with a soli-

tary kidney) being much more severe and having more important 

clinical implications. The following discussion will be limited to bilat-

eral obstruction. Urinary tract obstruction impairs all aspects of renal 

tubular function, including the ability to transport sodium, potassium, 

and hydrogen and to regulate urine concentration.

Sodium Reabsorption
Upon release of a bilateral obstruction, sodium excretion increases five to 

nine times that of normal.43 Because the GFR is also decreased because of 

the obstruction, the FENa may be 20 times higher than normal.43 Clini-

cally, this failure of sodium reabsorption may manifest as hypovolemia.

Sodium reabsorption in the kidney is accomplished by various api-

cal membrane transporters, which are coupled to the basolateral  

sodium-potassium ATPase. Many of these transporters, including the 

sodium/proton exchanger, sodium-phosphate cotransporter, sodium-

potassium-2/chloride cotransporter, and thiazide-sensitive cotrans-

porter, are down-regulated during and after the release of the obstruc-

tion.44 Recent studies suggest that the amiloride-sensitive epithelial 

sodium channel may be down-regulated as well.45 In addition to the 

down-regulation of transporters, up-regulation of atrial natriuretic 

peptide, a potent stimulus for sodium excretion, has been demon-

strated during and after the release of bilateral obstruction.46

Renal Water Handling
Several mechanisms render the kidneys unable to either concentrate or 

dilute urine after the release of an obstruction. In the case of urinary 

concentration, the sodium-potassium-2/chloride cotransporter is re-

quired to establish the medullary concentration gradient needed for 

osmotic water movement out of the collecting tubule. Dilution requires 

the removal of solute in both the loop of Henle and distal convoluted 

tubule via the sodium-potassium-2/chloride cotransporter and the 

thiazide-sensitive cotransporter, respectively. Osmotic diuresis caused 

by retained solutes may also lead to an inability to conserve water.

In addition to the effects of abnormal sodium reabsorption on 

water metabolism in the postobstructed kidney, animal data have 

demonstrated a direct role of antidiuretic hormone in the concentrat-

ing defect as well. Many studies have shown a down-regulation of 

aquaporins in the obstructed kidney,47–49 which may persist for weeks, 

accompanied by a long-term defect in urinary concentration.47 Clini-

cally, this inability to conserve water may manifest as nephrogenic dia-

betes insipidus and hypernatremia.

Acid-Base and Potassium Balance
Clinically, obstructed or postobstructed patients often manifest a hy-

perkalemic, hyperchloremic metabolic acidosis. Although this may be 

solely the result of the decreased GFR, some patients have persistent 

metabolic abnormalities long after the release of obstruction and stabi-

lization of GFR.50 Human data have revealed several pathophysiologic 

mechanisms. The majority of patients studied have a distal RTA, char-

acterized by a urinary pH above 5.5 despite the presence of a systemic 

acidosis.50 Abnormalities in sodium transport in the distal nephron (see 

earlier) may render this tubular segment unable to generate the lumen 

negative transepithelial difference needed for proton excretion—a  

so-called voltage-dependent defect.51 This voltage defect can also lead 

to potassium retention and hyperkalemia.

Other patients are able to acidify their urine to a pH below 5.5. These 

patients have low plasma levels of aldosterone with subsequent hyperka-

lemia, diagnostic of a type 4 RTA.50 The underlying mechanism in this 

case is decreased ammoniagenesis, most likely because of the hyperkale-

mia, although the hypoaldosteronism may also contribute.51 Patients 

with a type 4 RTA retain the ability to lower their urine pH and usually have 

a mild, self-limited acidosis, whereas those with a classic distal (type 1) RTA 

cannot excrete acid, and the resultant acidosis may be severe.

Animal studies have also demonstrated down-regulation of key 

renal acid-base transporters in urinary tract obstruction, including the 

cortical and medullary sodium hydrogen exchanger and several baso-

lateral sodium-bicarbonate transporters.52

Postobstructive Diuresis
The release of bilateral obstruction (or unilateral obstruction of a 

solitary kidney) may lead to a profound diuresis. Several mechanisms 

have already been described. Defects in sodium and water handling 

predispose to large urinary losses of both. The osmotic load of retained 

solutes also contributes. Much of the diuresis is appropriate, however, 

in that previously retained solute and water must be excreted. Typi-

cally, postobstructive diuresis is mild and transient and requires no 

treatment. Often the degree and duration of this diuresis are worsened 

by overzealous fluid administration in the face of a large, but poten-

tially appropriate, urine output.

The clinical manifestations of postobstructive diuresis that require 

treatment include volume depletion and hypernatremia (which may 

be managed by the administration of iso-osmotic and hypo-osmotic 

fluid, respectively). Careful attention to potassium, magnesium, phos-

phorus, and calcium levels is also warranted.

Other Tubular Functions
After the release of bilateral obstruction, phosphorus excretion rises pro-

portionally to sodium excretion.43 This may be mediated by a decrease in 
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the number of proximal sodium/phosphate cotransporters.44 Magne-

sium excretion also rises, likely from decreased absorption in the thick 

ascending loop of Henle because of a decrease in the transepithelial volt-

age difference created by the decreased sodium-potassium-2/chloride 

cotransporter activity.43 Calcium handling after obstruction is unclear 

and differs depending on the species of animal studied.43

TREATMENT

Management of obstructive uropathy depends on the location, severity, 

symptomatology, and etiology of the obstruction, in addition to the 

presence of concomitant factors such as infection or a decline in kidney 

function. The clinical scenario guides timing and whether initial man-

agement should be conservative or aimed at reestablishing the patency 

of the urinary tract. Chronic asymptomatic partial obstruction does 

not need emergent release, whereas acute, complete obstruction accom-

panied by infection, pain, or evidence of kidney dysfunction needs 

prompt intervention.

Lower urinary tract obstruction may be relieved simply by placing a 

urethral catheter. The combination of alpha-blockers and 5-alpha-reductase 

inhibitors has been shown to reduce symptoms of BPH and prevent urinary 

retention in men.53 Additionally, alpha-blockers initiated at the time of ure-

thral catheter placement may facilitate their subsequent removal once de-

compression has been achieved.54 Upper urinary tract obstruction should be 

managed with either percutaneously inserted nephrostomy tubes or via 

retrograde (i.e., via cystoscope) ureteral stenting.

Factors that may cause or exacerbate obstruction, such as constipa-

tion or the use of medications associated with urinary retention, 

should be addressed. Other supportive measures such as antibiotics 

and IV hydration should be instituted if clinically warranted. The 

metabolic abnormalities of kidney failure, particularly hyperkalemia, 

should be addressed. If needed, dialysis should not be withheld while 

awaiting decompressive therapy.

Should the obstruction be chronic and the kidney deemed non-

functional, it may be appropriate to proceed with nephrectomy if there 

is persistent pain or unresolved infection, such as in cases of xantho-

granulomatous pyelonephritis. This decision requires an estimate of 

the likelihood of recovery of kidney function.

RECOVERY OF KIDNEY FUNCTION

Whether or not an obstructed kidney will regain function is of para-

mount importance to the clinician and may dictate whether aggressive 

interventions are indicated or if the affected kidney should be removed. 

Unfortunately, data addressing this question, particularly human data, 

are scant. Currently, there are no methods available that reliability pre-

dict kidney recovery after relief of an obstruction,43 although one recent 

study found that a GFR of less than 10 mL/min in the obstructed kidney 

and abnormal renal perfusion (determined via isotope renography) 

predicted poor recovery in patients with unilateral ureteral occlusion.54

Animal studies demonstrate that the likelihood of renal recovery 

diminishes with longer duration of obstruction.43 Even with the re-

covery of GFR, there may be ongoing injury and progressive long-

term kidney damage after the release of the obstruction, likely the 

result of interstitial fibrosis associated with prolonged urinary tract 

obstruction.54 In humans, the cutoff point at which renal function is 

unlikely to return has not been determined, and partial recovery has 

been seen even after months of obstruction,55 suggesting that all 

obstructions should be relieved and followed by serial determina-

tions of kidney function. If desired, a kidney biopsy may be per-

formed to assess the degree of interstitial fibrosis and provide prog-

nostic information.

KEY POINTS

• Urinary tract obstruction may be caused by pathology anywhere from the 

renal tubules to the tip of the urethra and should be considered in all cases 

of unexplained kidney injury.

• Upper urinary tract obstruction may present as renal colic with or without 

hematuria. Lower tract obstruction may present with frequency, urgency, 

nocturia, hesitancy, and incomplete emptying. Urinary tract obstruction may 

also be completely asymptomatic.

• The presence of urine output does not exclude urinary tract obstruction.

• Because of its sensitivity, CT is the most commonly used initial imaging 

modality for suspected nephrolithiasis; however, this practice has been 

challenged by recent data comparing US with CT.

• Renal tubular dysfunction may manifest as sodium wasting, abnormal water 

handling, and acidosis with or without hyperkalemia.

• Release of obstruction may result in postobstructive diuresis. The diuresis 

is usually an appropriate response to the retention of nitrogenous waste 

products.

• Recovery of renal function is dependent on the duration of obstruction, with 

reports of recovery in patients who were dependent on dialysis for months.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Chevalier R, Thornhill B, Forbes M et al. Mechanisms of renal injury and  

progression of renal disease in congenital obstructive nephropathy. Pediatr 

Nephrol. 2010;25:687–697.

This article reviews the cellular and molecular mechanisms responsible for the 

progressive kidney injury associated with obstruction. Pertinent cytokines and 

growth factors, in addition to mediators of renal injury, are discussed. The 

authors discuss current and future strategies for preventing this injury.

Li C, Wang W, Kwon TH, et al. Altered expression of major renal Na trans-

porters in rats with bilateral ureteral obstruction and release of obstruc-

tion. Am J Physiol Renal Physiol. 2003;285:F889–F901.

This article provides the molecular basis for the salt wasting observed after  

relief of bilateral obstruction. Levels of expression of renal sodium transport-

ers were examined in rats after 24 hours of bilateral ureteral obstruction and 

at days 3 and 14 after relief of the obstruction. This article demonstrates the 

down-regulation of essentially all transporters during obstruction and the 

rates at which transporter function begins to normalize.

Shokeir AA. Renal colic: New concepts related to pathophysiology, diagnosis 

and treatment. Curr Opin Urol. 2002;12:263–269.

This is an excellent overall review to the approach of renal colic. Newer data 

regarding pathophysiology, diagnosis, and treatment are reviewed. The article 

provides a rational approach to imaging in this disorder, focusing on the 

newer imaging modalities.

Smith-Bindman R, Aubin C, Bailitz J, et al. Ultrasonography versus computed 

tomography for suspected nephrolithiasis. New Engl J Med. 2014;371(12):

1100–1110.

This trial randomized patients presenting to the emergency department (ED) 

with suspected nephrolithiasis to initial ultrasound (US) performed by ED per-

sonnel or a US technician versus spiral computed tomography (CT). As compared 

with CT, both US arms were noninferior with respect to missed major diagnoses 

at 30 days, adverse events, and rates of return ED visits and hospitalizations. Cu-

mulative radiation exposure at 6 months was also lower in both US arms.

Vaughan JED, Marion D, Poppas DP, et al. Pathophysiology of unilateral 

ureteral obstruction: Studies from Charlottesville to New York. J Urol. 

2004;172:2563–2569.

This study provides an excellent overview of the changes in renal tubular function 

during obstruction. The authors provide data implicating up-regulation of the  

renal renin-angiotensin-aldosterone system. The mechanisms of fibrosis are  

discussed, and the authors present current and future strategies to prevent the  

development and progression of kidney disease caused by obstructive uropathy.
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Iodinated contrast agents, which are administered intravascularly for 

medical imaging, are widely used pharmaceutical agents: more than  

80 million doses were estimated to be administered annually over a 

decade ago.1 Although vital for diagnostic and therapeutic purposes, 

their use can sometimes result in impairment of kidney function,  

resulting in a condition called contrast-induced acute kidney injury 

(CI-AKI) (previously known as contrast-induced nephropathy). In 

most cases, kidney dysfunction caused by contrast exposure is mild, 

transient, and only detected by sensitive tests. Clinically significant 

kidney injury is much less common, especially among individuals with 

previously normal kidney function.

CI-AKI has been traditionally defined as an absolute increase of 0.5 

mg/dL (44 mmol/L) or a relative increase of 25% in serum creatinine 

within 72 hours of receiving an iodinated contrast agent, in the ab-

sence of another explanatory etiology.2 However, the AKI Network and 

subsequently the Kidney Disease: Improving Global Outcomes 

(KDIGO) definitions (absolute increase in serum creatinine of 0.3 mg/

dL [26.4 mmol/L] or a relative increase of 50% within 48 hours) have 

gained popularity in recent years.2–4 These definitions, however, are 

mainly used for research purposes and are likely to evolve further as 

the use of biomarkers (such as tissue inhibitor of metalloproteinases 2 

[TIMP-2] and insulin-like growth factor binding protein-7 [IGFBP-7]) 

further penetrates the clinical arena. For clinical purposes, severe AKI 

requiring renal replacement therapy (RRT, i.e., dialysis) is much more 

important. However, even milder forms of AKI, as defined earlier, are 

significant, because they not only result in longer hospital stays but 

also because they are associated with increased long-term morbidity 

and mortality.5,6

Awareness of the factors predisposing to contrast-associated neph-

rotoxicity has increased over time to the point that clinicians may now 

overestimate the risk associated with some specific medical conditions. 

However, the increasing use of radiographic contrast media, possibly 

combined with increasing age and comorbidities of the treated popu-

lation, has contributed to the continuing importance of CI-AKI. In 

reality, given the mild and transient nature of the AKI in most cases, it 

is the association with subsequent clinical adverse events that drives 

the current interest in preventing CI-AKI.

EPIDEMIOLOGY

CI-AKI is often mentioned as the most common iatrogenic cause of 

AKI and overall the third most common cause of AKI in the hospital 

setting based on old and outdated literature.7,8 The overall incidence of 

AKI requiring dialysis has been gradually increasing, but this appears 

largely driven by the increasing comorbidity in the population rather 

than more contrast use.9 The actual incidence of AKI after contrast-

enhanced imaging has been reported to vary from as low as 1% to as 

high as 30% and depends on the nature of the contrast administered 

and the underlying risk factors in the patient population.10–15 In addi-

tion, these estimates are clouded by the fact that AKI after contrast 

administration can often be caused by other etiologies (e.g., acute tu-

bular necrosis from cardiogenic shock in a patient with acute coronary 

syndrome undergoing coronary angiography or severe sepsis in a pa-

tient undergoing a contrast-enhanced computed tomography [CT] 

scan, or atheroembolic renal disease),16,17 leading some researchers to 

use the term contrast-associated AKI or postcontrast AKI.18

The risk of CI-AKI varies with the route of administration. Typi-

cally, after elective coronary angiography, about 10%–15% of patients 

may develop AKI (as defined by the rise in creatinine), although the 

incidence of severe AKI requiring dialysis is much lower, at less than 

1%. The incidence of AKI after intravenous administration of contrast 

(as with contrast-enhanced CT scans) is believed to be much lower. A 

prospective study reported this incidence at 2.5% overall, with the risk 

sequentially increasing as the underlying baseline kidney function de-

creases.19 However, other studies have questioned whether the true 

incidence of contrast nephropathy after intravenous contrast is this 

high, given that there are underlying fluctuations in serum creatinine 

levels.20 In the last decade, large epidemiologic studies that incorpo-

rated propensity-matched controls who did not receive contrast made 

a reasonable case that there is little additional increase in AKI after 

intravenous contrast administration when adjusted for the underlying 

baseline risk of AKI.21–27 However, despite the fact that confounding 

can be accounted for in these analyses, selection bias, in addition to 

residual confounding cannot be excluded. As an example, patients 

perceived to be at high risk of AKI according to the treating clinician 

may not receive contrast and hence may be overrepresented in the 

controls in such studies. As an example, in one such analysis, contrast 

administration seemed to be associated with a lower risk of AKI, which 

is an implausible result merely reflecting underlying selection bias, as 

mentioned earlier.27 Nevertheless, the totality of evidence suggests that 

the risk of true CI-AKI is low in most patients, especially after intrave-

nous contrast and with preserved kidney function.

The most important underlying risk factor for the development of 

CI-AKI is compromised baseline kidney function. The incidence is less 

than 2% in the unselected general population but has been reported to 

be as high as 20%–30% with the addition of decreased kidney function 

and other risk factors.28 The incidence of CI-AKI increases in a graded 

manner as the severity of the underlying kidney function worsens. 

Among patients undergoing percutaneous coronary intervention, the 

risk of CI-AKI has been reported28 to be just under 20%, with a base-

line glomerular filtration rate (GFR) of less than 60 mL/min/1.73 m2, 

compared with less than 1% in unselected populations.29 These num-

bers mostly describe AKI, not necessarily CI-AKI. With IV contrast, 

there are mixed data on the difference in AKI with lower GFR.22,26 
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Among critically ill patients, one propensity score–matched study sug-

gests that intravenous contrast (CT) was associated with higher AKI 

and need for dialysis among patients with GFR ,45 mL/min/1.73 m2 

(odds ratio [OR] 2.72, 95% confidence interval [CI] 1.14–6.46), 

though with a very low absolute risk increase of 4.2%.23 However, 

no such effect was seen in another study in critically ill patients with 

sepsis.24

Other risk factors for CI-AKI described in the literature include 

diabetes, older age, cirrhosis, proteinuria, and other comorbid condi-

tions, including congestive heart failure, hypotension, volume deple-

tion, and concomitant administration of other nephrotoxic agents 

(e.g., nonsteroidal antiinflammatory drugs). It is unclear if some of 

these risk factors constitute an additional risk after adjusting for the 

underlying GFR. In addition, some of these risk factors, such as hypo-

tension and congestive heart failure, are risk factors for AKI, mostly 

from ischemic acute tubular necrosis (ATN), irrespective of contrast 

administration. Risk scores that include these factors identify patients 

at risk of AKI from ATN, not necessarily CI-AKI, and hence should be 

interpreted with caution.

Metformin is often considered to be a risk factor for CI-AKI (be-

cause the package insert advises withholding it for at least 48 hours 

before contrast imaging), but this is untrue. In patients who develop 

AKI, there is a higher incidence of metformin-associated lactic acido-

sis, which is associated with a high fatality rate. However, metformin-

associated lactic acidosis only occurs in a fraction of those patients 

who are not only taking metformin but also either have unstable kid-

ney function at baseline or do develop severe CI-AKI and in whom the 

recognition of kidney failure does not result in discontinuation of the 

metformin.30,31

Among patients who are already dialysis dependent, either on peri-

toneal dialysis (in which they often do have significant residual kidney 

function) or on hemodialysis, contrast imaging does not cause a de-

cline in the residual kidney function.32–34 There is no role for early or 

intensive dialysis to remove contrast material in these patients.

PATHOPHYSIOLOGY

Decreased renal blood flow, tubular cell damage, and tubular obstruc-

tion are the most commonly described pathways to AKI occurring af-

ter contrast administration.35 Coronary angiography and left ventricu-

lography have been shown to cause a decrease in renal blood flow 

measured directly using renal artery catheterization.36 In addition, 

animal data suggest differential vasoconstriction of afferent more than 

efferent arterioles, causing a direct effect on decreasing GFR.37 The 

vasoconstriction also occurs in the renal medulla via decreased blood 

flow in the vasa recta.38 Tissue hypoxia then results in free radical re-

lease, leading to oxidant damage to the tubular cells from reactive oxy-

gen species.38 Contrast agent uptake in tubular cells has been reported 

to be via the brush border enzyme dipeptidase-1, and CI-AKI may be 

related to volume depletion and dependent on resident renal phago-

cytes, interleukin-1, and leucocyte recruitment.39 Tubular filtration of 

relatively higher osmolar contrast media also results in osmotic diure-

sis, increasing medullary oxygen consumption and exacerbating the 

medullary hypoxia. Additionally, reabsorption of water leaves a high 

concentration of viscous contrast material in the tubules, which can 

result in intratubular physical obstruction.35

CLINICAL FEATURES AND DIAGNOSIS

Patients with CI-AKI are generally asymptomatic but have an acute 

rise in serum creatinine concentration 24–72 hours after the admin-

istration of the contrast agent.40 Kidney failure is usually nonoliguric 

in mild cases, but it may be oliguric, especially if there is significant 

preexisting renal impairment.41 Clinically significant deterioration is 

unlikely if the serum creatinine concentration does not increase by 

more than 0.5 mg/dL within 24 hours.40 To make an unequivocal di-

agnosis of CI-AKI, other potential causes of AKI must be ruled out. 

Prerenal factors, atheroembolic disease, and other nephrotoxic insults 

should be excluded.16,17 The relatively rapid onset and typical course 

may help differentiate CI-AKI from other causes of AKI. Urinalysis 

may be unremarkable or may show granular casts, tubular cells, or 

small amounts of proteinuria. Fractional excretion of sodium is usu-

ally low and is unhelpful in differentiating CI-AKI from prerenal, 

volume-responsive causes of AKI.41 Because this is a clinical diagnosis, 

the criteria in Table 102.1 may be helpful to determine if an AKI epi-

sode should be attributed to contrast.42

PROGNOSIS

Usually, the natural course of CI-AKI is peak creatinine (i.e., reflecting 

the lowest point of kidney function) occurring between 24 and  

72 hours after contrast administration followed by relatively rapid  

improvement over the next few days, back to baseline serum creatinine 

levels by 7–14 days.40 Overall, less than 1% of patients with CI-AKI 

will develop kidney failure that requires dialysis, and a smaller propor-

tion of such patients (estimated at 10%–50%) will remain dialysis- 

dependent. The minority that do remain dialysis-dependent consist of 

a mixture of patients who had true CI-AKI along with those who had 

Essential Criteria Major Criteria Minor Criteria

• Contrast exposure

• Presence of AKI stage 2 (AKIN)

• Preexisting GFR ,30

• Absence of sepsis or hypotension

• Absence of other nephrotoxic exposure

• Biopsy diagnosis of acute tubular injury not caused by pigment or 

other specified forms (myeloma, etc.)

• Absence of embolic signs

• Absence of RBC/WBC casts

• Preexisting GFR ,45

• Arterial contrast

• High-dose contrast

• Nephrogram on subsequent noncontrast imaging

• Oliguria

TABLE 102.1 Diagnostic Criteria for Contrast-Induced Acute Kidney Injury (CI-AKI)

 From Hiremath S, Velez JCQ. Preventing a nonexistent entity: The curious case of contrast and acute kidney injury.
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atheroembolic disease or other causes of AKI that often occur in the 

population.16,17 Nevertheless, despite the fact that most patients with 

CI-AKI recover, a large body of literature has emerged showing that an 

episode of AKI is associated with poor long-term outcomes, with a 

faster decline in kidney function and higher rates of subsequent RRT 

requirement, in addition to higher rates of hospitalization for heart 

failure and all-cause mortality.5,43

Although the association of CI-AKI with adverse clinical outcomes 

has been clearly and consistently shown, it is not yet known whether 

CI-AKI is on the causal pathway to these outcomes or if it is merely a 

marker of patients who are at high risk of these events.44–46 If the latter 

is true, CI-AKI may indeed be a less important health issue. Future 

trials using a variety of interventions with different mechanisms of 

action showing parallel diminution in CI-AKI and adverse events are 

required to establish more robust evidence for causality.

PREVENTION

The most effective method of preventing CI-AKI is to not give iodin-

ated contrast unless absolutely essential, especially in patients at high 

risk, such as those with advanced kidney disease. Unfortunately, the 

risks with contrast-enhanced magnetic resonance imaging in this pa-

tient population (i.e., the risk of nephrogenic systemic fibrosis from 

gadolinium)47–50 also limit the imaging options, though these risks are 

much lower with the currently used group II gadolinium com-

pounds.51 Given the elective nature of the nephrotoxic insult that al-

lows for attempting prophylaxis, many different interventions have 

been tested for CI-AKI prevention. Many of the studies are contradic-

tory, and the numbers of systematic reviews and meta-analyses are also 

quite high, so the reader needs to look at the entire body of literature 

in order to interpret the data.52

FLUID ADMINISTRATION

Type of Fluid
Periprocedural volume administration has been the mainstay of pre-

ventive efforts and presumably works by reducing the concentration of 

the contrast medium in the tubules, improving medullary blood flow 

(via suppression of vasopressin), and increasing the urinary flow it-

self.35 Isotonic saline has been shown to be superior to half-normal 

(0.45%) saline.29 There has been significant research in the possible 

superiority of a bicarbonate-based strategy compared with normal sa-

line, under the hypothesis that the resultant alkaline urine in the tu-

bules will decrease free radical formation and the subsequent oxidant 

tubular damage. However, the initial promise from the first trial has 

been belied by the results of subsequent larger trials and meta-analy-

ses.53–56 In particular, the Prevention of Serious Adverse Events Follow-

ing Angiography (PRESERVE) trial included 5177 patients undergoing 

angiography and did not report any difference in the incidence of AKI 

with bicarbonate compared with saline (OR, 0.93; 95% CI 0.72–1.22 for 

a composite endpoint of death, dialysis, or 50% rise in creatinine).57,58 

Another approach with very promising results relied on using left ven-

tricular end-diastolic pressure (LVEDP) to guide fluid administration 

in patients undergoing cardiac catheterization, with a relative risk of 

0.41 (95% CI 0.22–0.79; P 5 0.005) for CI-AKI compared with the 

standard saline protocol.59 This trial also showed a reduction in clini-

cally meaningful outcomes (reduction in persistent renal impairment 

and all-cause mortality at 6 months), although the number of events 

was small. Another point to be noted is that the intervention group 

received significantly larger amounts of fluid (mean 1727 mL compared 

with 812 mL in the control group), thus questioning the role of LVEDP-

guided therapy vis-á-vis more fluid alone. Further, LVEDP measure-

ment is not practical in many settings, such as intravenous contrast 

administration with CT scans, especially in outpatient settings.

Route of Fluid
Small trials have tested oral hydration strategies compared with intra-

venous strategies, and although they may be as effective, the small 

numbers of events in these trials preclude any definitive recommenda-

tions at this stage.60 Oral salt and water may be a reasonable option for 

the outpatient setting if hydration is warranted and the intravenous 

routine is not feasible.

Any Volume Expansion
The examination and the discussion earlier concluded that volume ex-

pansion is beneficial and decreases the risk of AKI after contrast admin-

istration. However, this presumption has been upended by two Dutch 

noninferiority trials. The A Maastricht Contrast-Induced Nephropathy 

Guideline (AMACING) trial enrolled 660 patients to intravenous hy-

dration with normal saline compared with no prophylaxis.61 Only two 

patients in both arms required dialysis, and there was no difference in 

any of the outcomes studied. The Kompas trial enrolled 523 patients to 

receive no prophylaxis or rehydration with 250 mL of sodium bicar-

bonate and also reported no difference in outcomes, with AKI in 11 

versus 7 patients and no patients requiring dialysis.62 Both of these trials 

included patients with a GFR .30 mL/min/1.73 m2. Hence in patients 

with GFR .30 mL/min/1.73 m2, no hydration is needed. Among those 

with a GFR ,30 mL/min/1.73 m2, especially with arterial contrast such 

as angiography, intravenous hydration may still be considered.

CHOICE AND VOLUME OF CONTRAST AGENT

Because the direct kidney damage occurs as a result of the contrast 

agent, significant research has been performed with respect to the 

physicochemical properties, specifically, the ionicity, osmolality, and 

viscosity, of the contrast agents and modifications to decrease CI-AKI 

(Table 102.2) for the classification of the different types). High-osmolality 

contrast agents, such as diatrizoate, have been shown to be worse with 

respect to low-osmolality agents and are thus no longer used in routine 

clinical practice.63 When low-osmolality contrast agents were com-

pared with iso-osmolar contrast agents (mainly iodixanol), the first 

Ionicity Relative Osmolality Osmolality (mOsm/kg H2O) Examples

Ionic monomers High osmolality 1500–1900 Diatrizoate, iothalamate, metrizoate, iodamide, ioxithalamate

Ionic dimers Low osmolality 600 Ioxaglate

Nonionic monomers Low osmolality 500–700 Iopamidol, iohexol, iomeprol, iopentol, iopromide, ioversol, ioxitol,  

metrizamide

Nonionic dimers Iso-osmolal 290–320 Iodixanol, iotrolan

TABLE 102.2 Classification of Iodinated Contrast Media
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trial showed a significantly lower risk of CI-AKI with iodixanol com-

pared with iohexol64; however, subsequent larger trials have had differ-

ent results.15,65 Systematic reviews and meta-analyses have suggested 

the possibility of a small nonsignificant benefit with iodixanol but with 

significant heterogeneity. This heterogeneity has been resolved either 

by grouping trials based on the route of contrast (e.g., there is a lower 

risk of CI-AKI in intraarterial contrast imaging with iodixanol use)66 

or by specific contrast agents (e.g., iodixanol resulted in less CI-AKI 

compared with iohexol but not with other low-osmolar agents).67 The 

volume of contrast agent administration also matters, suggesting a 

lower risk of CI-AKI with lower doses. A ratio of the volume (of con-

trast dose in mL) to creatinine clearance (variously from .2.6 to .4) 

has also been reported to be associated with a higher risk of CI-AKI, 

suggesting that the higher the creatinine clearance, the lower the neces-

sary volume of contrast agent.68,69

PROPHYLACTIC RRT

Hemodialysis and hemofiltration, which are performed soon after 

contrast administration, have been studied for CI-AKI prevention with 

mixed results.70 The rationale for doing this is to help remove the of-

fending iodinated contrast material, especially in patients with reduced 

kidney function who may not be able to clear it quickly. However, bio-

logically, the iodinated contrast material injected into, say, the coro-

nary circulation or the left ventricle for ventriculography reaches and 

causes damage to the nephrons within a few cardiac cycles, so the ef-

ficacy of removing the contrast agent after the length of time it takes 

to set up RRT is not very plausible. Indeed, the results of the largest 

trial studying this were emphatically negative.71,72 Other trials have 

reported a decrease in the proportion of patients with a decrease in 

creatinine clearance on the fourth day post contrast administration73 

or even in in-hospital mortality.74 These trials are very challenging to 

interpret, given that the hemofiltration or hemodialysis itself would 

change creatinine clearance directly, and it is not possible to tease the 

effect of RRT on creatinine clearance from the effect of the CI-AKI 

attenuation. In addition, these procedures have inherent risks, such as 

those associated with central line placement and hemodynamic issues 

with the RRT procedure itself.70,75

PHARMACOLOGIC STRATEGIES

N-Acetylcysteine
N-acetylcysteine (NAC) replenishes endogenous glutathione, acts as a 

biologic antioxidant, and may also possess antiinflammatory effects. It 

has been reported to reduce the risk of CI-AKI in a small trial76; how-

ever, subsequent trials have provided conflicting results. Heterogeneity 

with respect to the dose and route of administration, and the possible 

effect of NAC on creatinine levels rather than kidney function, have 

made it difficult to determine the true efficacy of NAC.77,78 Two large 

trials resolve this dilemma. The Acetylcysteine for Contrast-induced 

nephropathy Trial (ACT) included 2308 patients and measured not 

just CI-AKI on the basis of the change in creatinine but also clinical 

events, such as the need for RRT and mortality, and did not show any 

benefit of NAC.79 The PRESERVE trial, with 5177 patients, also 

showed little benefit with NAC, with an OR of 1.02 (955 CI 0.78–1.33) 

for the primary outcome and no difference in dialysis, death, or hospi-

talization.58 Arguments regarding the benign nature of NAC should 

take into account that the intravenous route can cause anaphylactoid 

reactions.80 In addition, although NAC is not expensive, oftentimes, it 

has been used in place of—rather than in addition to—truly effective 

prophylactic strategies such as volume expansion.81 Thus NAC has no 

role in CI-AKI prevention strategies.

DIURETICS

Diuretics, by their inherent effect, can increase urine flow and have been 

investigated for CI-AKI prevention because they may have a diluting 

effect on the iodinated contrast agent being filtered in the tubules. By 

themselves, the use of furosemide and mannitol has actually been 

shown to be detrimental82 and increases the incidence of CI-AKI, which 

is not entirely unsurprising, given the protective effect of volume ex-

pansion. More recently, however, the use of furosemide in addition to 

intravenous fluids (in the “RenalGuard” system), dosed to achieve a 

urine output of .300 mL/hr, at which point contrast administration is 

permitted, with subsequent titration of intravenous fluids (and furose-

mide as required) to match urine output, has been shown to be more 

effective than hydration alone.83,84 Of note, both the RenalGuard system 

and the LVEDP-guided hydration strategies result in a higher volume 

administered to the intervention group than to the controls, and the 

nature of both designs allows this to be performed in a safe manner.

STATINS

Statins have been found to be protective compared with placebo, in 

addition to when high-dose statins (e.g., atorvastatin 80 mg) are com-

pared with low-dose statins in the prevention of CI-AKI.85,86 However, 

these trials have been conducted in patients undergoing coronary an-

giography and/or interventions and not patients receiving intravenous 

contrast, and typically enrolled limited numbers of patients with 

chronic kidney disease; therefore these results cannot be easily trans-

lated into such populations. Last, under most current guidelines, the 

typical patient profile undergoing coronary angiography should be on 

a statin in the long term and not just for CI-AKI prevention.87

OTHERS

Small trials with ascorbic acid, calcium channel blockers, dopamine, 

fenoldopam, atrial natriuretic peptides, prostaglandin E1, theophyl-

line, and nonselective endothelin antagonists have all either failed to 

show any benefit in CI-AKI prevention or have shown benefit in small 

trials that need replication.88–92

MANAGEMENT

In most instances, CI-AKI never becomes clinically evident, and kid-

ney function returns to baseline within 2 weeks. In more severe cases, 

management is no different from that for AKI of any other cause.4 

Careful control of fluid and electrolyte balance, avoidance of further 

nephrotoxic insults, attention to nutrition, and surveillance for com-

plications are generally all that is required, although dialysis may be 

necessary in the occasional patient. Indications for dialysis are no dif-

ferent from those in other patients with AKI, taking into account 

clinical and biochemical factors such as hyperkalemia and volume 

overload. Prophylactic hemodialysis soon after the administration of a 

contrast agent in patients with high serum creatinine concentrations 

has had inconsistent effects, as previously noted. Moreover, dialysis 

should not be performed for routine removal of contrast medium after 

imaging in previously dialysis-dependent patients.34

CONCLUSION

CI-AKI remains a concern, especially with interventions involving in-

traarterial contrast or in patients with advanced kidney disease. How-

ever, especially in the critical care setting when a prompt diagnosis can 

be lifesaving, the concern of kidney injury should not overrule the 
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need for contrast-based imaging. CI-AKI is not common in the ab-

sence of risk factors, and these are generally detectable with a history 

and physical examination and the determination of the serum creati-

nine concentration. Because CI-AKI can be associated with other ad-

verse clinical outcomes, preventive measures are advisable, especially 

with advanced preexisting kidney disease when there is a risk that the 

patient may require dialysis. Although CI-AKI is associated with later 

adverse events, causality has not been proven, and the efficacy of pre-

ventive measures directed at CI-AKI in preventing these associated 

events has not been established. At this time, the optimal approach to 

preventing CI-AKI, which is summarized in the “Key Points” section, 

includes minimizing the contrast dose, using either iodixanol or a low-

osmolar contrast agent other than iohexol, and using isotonic sodium 

bicarbonate or saline in high-risk patients. Whether volume expansion 

is beneficial at all in high-risk patients is worthy of study.93 Finally, 

supportive care is indicated if severe CI-AKI does occur.
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KEY POINTS

• Assess the risk of CI-AKI in patients requiring a contrast imaging test.

• Use the National Cardiovascular Data Registry (NCDR) risk score if the 

patient is undergoing percutaneous coronary intervention.94

• For patients undergoing intravenous contrast administration, consider an 

estimated glomerular filtration rate ,30 mL/min/1.73 m2 as the principal 

risk factor.

• Additional risk factors include diabetes mellitus and unstable kidney 

function.

• Assess the risk/benefit of the proposed contrast imaging, and consider al-

ternative imaging in high-risk patients. In the context of critical illness, the 

risk of CI-AKI and its consequences may often be outweighed by the poten-

tial risks associated with a delayed or missed diagnosis as a result of inad-

equate imaging.

• Use the lowest possible dose of contrast media; consider using iodixanol or 

a low-osmolar contrast agent (other than iohexol).

• In high-risk patients, correct dehydration, hold diuretics, and consider intra-

venous fluids if there are no contraindications. Either normal (0.9%) saline 

or isotonic sodium bicarbonate, started at an initial rate of 3 mL/kg/hr at 

least 1 hour before and continued at 1 mL/kg/hr for 6 hours later, is com-

monly recommended.

• In high-risk patients, monitor creatinine within 24–72 hours post contrast 

administration.

 References for this chapter can be found at expertconsult.com.
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Glomerulonephritis

Dhruti P. Chen, Ronald J. Falk, and Gerald A. Hladik

Over half of all critically ill patients develop some degree of acute kid-

ney injury (AKI), and nearly 5% require renal replacement therapy 

(RRT). For those patients with severe AKI requiring RRT, mortality 

can be as high as 70%, and up to 30% of surviving patients remain 

dialysis dependent.1–6 AKI may be a consequence of prerenal causes 

resulting in hypoperfusion of the kidneys, intrinsic kidney disease, and 

postrenal or obstructive causes. In critically ill patients, most cases of 

AKI are related to ischemic or toxic acute tubular injury, which are 

treated with supportive measures and are often reversible. Acute glo-

merulonephritis (GN) accounts for about 4% of all cases of AKI.7 In 

addition to supportive care, initiation of correct treatment is para-

mount for patient and renal survival. The focus in this chapter is on 

GN, a cause of AKI for which there is often disease-specific therapy.

GLOMERULONEPHRITIS

In GN, patients present with nephritic syndrome characterized by he-

maturia, proteinuria, AKI, edema, and hypertension.8 Hematuria may 

be microscopic or macroscopic. The urine sediment demonstrates 

dysmorphic red blood cells (RBCs) and RBC casts. Urinary protein 

excretion typically exceeds 1 gram per day, and the degree of protein-

uria can be rapidly assessed using simultaneous measurement of the 

urine protein-to-creatinine ratio (urine PCR) and the urine albumin-

to-creatinine ratio (urine ACR). In general, the urine albumin-to-

protein ratio (urine ACR/urine PCR) exceeds 0.5 in patients with 

glomerular disease. In contrast, an albumin-to-protein ratio of ,0.4 is 

most consistent with tubular proteinuria when the urine PCR is ,3. In 

some instances, patients may have nephrotic-range proteinuria (.3 g/d) 

with associated clinical manifestations, including edema, hypoalbu-

minemia, and hyperlipidemia. Leukocyturia with or without white 

blood cell casts may be observed with GN of inflammatory origin.

In renal biopsy series of patients with unexplained AKI, the most 

common diagnoses included various forms of GN (pauci-immune 

GN, immunoglobulin [Ig]A nephropathy, postinfectious GN, lupus 

nephritis, anti–glomerular basement membrane [anti-GBM] dis-

ease) and acute interstitial nephritis (AIN).7,9–11 Indeed, the third 

most common cause of end-stage renal disease (ESRD) in the United 

States and Europe is GN.8 Distinguishing the type of GN with kidney 

biopsy is critical for diagnosis and for assessing the degree of acute 

versus chronic disease, which helps guide treatment and informs 

prognosis.

The most aggressive form of GN is described clinically as rapidly 

progressive glomerulonephritis (RPGN). Rather than a single disease 

entity, RPGN is the most severe clinical presentation of many glo-

merular diseases that are divided into renal-limited etiologies and 

systemic diseases that involve the kidneys (Table 103.1). RPGN is 

defined as rapidly declining renal function, progressive oliguria,  

hematuria, proteinuria, and hypertension.8 Although many critically 

ill patients may have hematuria associated with infection or trauma, 

hematuria and AKI should always prompt consideration of acute GN. 

Kidney ultrasound characteristically shows normal to slightly en-

larged kidneys, although reduced kidney size may be present when the 

diagnosis is delayed. Kidney biopsy reveals a high degree of glomeru-

lar injury with extensive crescent formation (Fig. 103.1). Importantly, 

the transition from acute cellular crescentic disease to chronic, irre-

versible injury may occur rapidly over days. The rapid progression of 

such cases constitutes a need for prompt diagnosis with early inter-

vention and therapy to interrupt a natural progression to chronic 

kidney disease. In adults, the most common cause of RPGN is pauci-

immune GN associated with antineutrophil cytoplasmic antibodies 

(ANCAs), followed by immune-complex diseases such as lupus ne-

phritis or mixed cryoglobulinemia. Anti-GBM disease (formerly 

called Goodpasture disease) is less common.8,12 Immunofluorescence 

microscopy shows pauci-immune staining in ANCA-associated GN; 

linear IgG staining of the GBM in anti-GBM disease; and immune 

complex deposition in lupus nephritis, IgA nephropathy, and infection-

related GN.

Pulmonary-renal syndrome, characterized by RPGN and diffuse 

alveolar hemorrhage (DAH), is a medical emergency requiring early 

aggressive treatment.13–15 Untreated, it is associated with high mortal-

ity and rapid progression to ESRD. Admission to the intensive care 

unit (ICU) and mortality are related to both the disease itself and in-

fectious complications. The clinical presentation is typically character-

ized by dyspnea, cough, hemoptysis, and in some cases fever, with chest 

radiography documenting pulmonary infiltrates. It may be difficult to 

distinguish from pneumonia, especially in patients without hemopty-

sis. Roughly 30% of patients with DAH do not have hemoptysis. The 

presence of renal dysfunction and hematuria in patients presenting 

with pulmonary symptoms should raise suspicion for a pulmonary-

renal syndrome. Although Goodpasture syndrome was first used in 

1958 to describe patients presenting with pulmonary hemorrhage and 

GN,16 the most common cause of pulmonary-renal syndrome is 

ANCA-associated vasculitis.8 Anti-GBM disease (formerly Goodpas-

ture disease) now refers to the triad of DAH, RPGN, and the presence 

of anti-GBM antibodies. It is the second most common cause of pul-

monary-renal syndrome. Much less common causes of pulmonary-

renal syndromes are systemic lupus erythematosus (SLE), thrombotic 

microangiopathies, and other forms of systemic vasculitis.

A thorough history and physical examination may provide evi-

dence for a systemic vasculitis (e.g., scleritis, purpuric rash, oral or 

sinus lesions). Bronchoscopy is critical to confirm DAH and evalu-

ate for infection. The gold standard for diagnosis is renal or pulmo-

nary biopsy, but critically ill patients are often at high risk for these 

procedures. The majority of patients have either ANCA-associated 
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vasculitis or anti-GBM disease. Because both diseases are treated 

similarly in the acute setting of RPGN and DAH, treatment with 

plasma exchange, corticosteroids, and cyclophosphamide may be 

initiated rapidly before the availability of serologic results.

PAUCI-IMMUNE NECROTIZING 

GLOMERULONEPHRITIS

Pauci-immune necrotizing GN or ANCA-associated GN may present 

as a systemic vasculitis, pulmonary-renal syndrome, or renal-limited 

disease. The spectrum of disease includes microscopic polyangiitis 

(MPA), granulomatosis with polyangiitis (GPA), and eosinophilic 

granulomatosis with polyangiitis (EGPA or Churg-Strauss disease).17,18 

Kidney biopsy shows focal and segmental crescentic GN, fibrinoid 

necrosis, and an absence of Ig or complement within the glomeruli by 

immunofluorescence microscopy. Either anti-myeloperoxidase (MPO) 

or anti–proteinase 3 (PR3) antibodies are detectable in most patients. 

However, a minority of patients with characteristic clinical manifesta-

tions of these diseases and pauci-immune GN do not have detectable 

antibodies.

The mortality of untreated disease is roughly 90% at 2 years after 

disease onset.19 However, advances in treatment have led to improved 

patient outcomes, with 80%–85% of patients achieving remission 

with effective immunosuppressive strategies.20 Treatment consists of 

pulse intravenous (IV) methylprednisolone followed by oral cortico-

steroids and IV cyclophosphamide, rituximab, or both.14,21–26 Even 

patients who are dialysis dependent on presentation often recover 

kidney function with appropriate treatment. Poor prognostic indica-

tors for patient and renal survival are the presence of DAH, severe 

kidney dysfunction at the time of diagnosis, a high degree of glo-

merular injury and tubulointerstitial fibrosis on biopsy, and older 

age.27–32 Patients with DAH have a high mortality rate, and plasma 

exchange may improve patient survival. Coagulation factors should 

be replaced in patients with active hemorrhage.19,33–36 For severe pul-

monary disease, a few patients have been successfully treated with 

extracorporeal membrane oxygenation (ECMO).37,38 Patients with 

severe renal disease have a greater likelihood of renal recovery when 

treated with plasma exchange.28,30,35,39,40

With appropriate treatment, roughly 80%–90% of patients achieve 

remission.19,27,33,41,42 Treatment resistance is more common in females, 

African Americans, and patients with severe renal disease. Relapse is 

more common in patients with anti-PR3 antibodies and in those with 

pulmonary and upper respiratory tract involvement. MPO ANCA is 

more commonly associated with MPA or renal-limited vasculitis. The 

ANCA-associated vasculitides (AAVs) follow a remitting and relapsing 

course, with the exception of drug-induced AAV (e.g., levamisole-

adulterated cocaine, hydralazine),43 making long-term monitoring a 

key component to patient and kidney survival.

ANTI–GLOMERULAR BASEMENT MEMBRANE 

GLOMERULONEPHRITIS

Anti-GBM disease (formerly Goodpasture disease) presents as DAH 

and RPGN with evidence of anti-GBM antibodies on serologic testing 

that target the noncollagenous domain of the a3 chain of type IV col-

lagen. Kidney biopsy shows linear deposition of antibodies, most com-

monly IgG and C3, along the GBM with glomerular crescent forma-

tion. It is the most aggressive form of RPGN,12 and roughly 30%–40% 

of patients present with renal-limited disease without pulmonary in-

volvement. It commonly affects Caucasians in a bimodal age distribu-

tion with peaks during the third and seventh decades.14,44–46

Untreated disease is highly fatal, and death is usually caused by 

pulmonary hemorrhage or renal failure. Treatment with therapeutic 

plasma exchange, cytotoxic agents, and corticosteroids was intro-

duced in the 1970s, resulting in improved patient and renal sur-

vival.47 In patients with pulmonary and renal involvement, plasma 

exchange is crucial for rapid clearance of anti-GBM antibodies48 and 

should be continued daily until antibodies are undetectable.46 Long-

term outcomes are related to the degree of pulmonary compromise 

and renal dysfunction at presentation. With appropriate treatment, 

survival rates may exceed 90% for acute disease, but patients requir-

ing RRT on initial presentation have lower survival rates.45,46,49 In 

fact, in patients with renal-limited anti-GBM disease requiring RRT 

RENAL LIMITED

IgA nephropathy

Infection-related glomerulonephritis Low complement, streptococcal  

serologies, bacterial cultures

ANCA-associated glomerulonephritis  

(pauci-immune glomerulonephritis)

ANCA titers

Anti-GBM disease (Goodpasture  

syndrome)

Anti-GBM antibodies

SYSTEMIC DISORDERS

Lupus nephritis Low complement, ANA, dsDNA  

antibodies

ANCA-associated small vessel vasculitis ANCA titers

Anti-GBM disease Anti-GBM antibodies

Henoch-Schönlein purpura None

Cryoglobulinemic vasculitis Low complement, cryoglobulins, 

hepatitis C serologies,  

positive rheumatoid factor

TABLE 103.1 Diseases Associated With 
Rapidly Progressive Glomerulonephritis and 
Pertinent Laboratory Studies

ANCA, Antineutrophil cytoplasmic antibodies; ANA, antinuclear anti-

bodies; dsDNA, double-stranded DNA; GBM, glomerular basement 

membrane; IgA, immunoglobulin A.

Fig. 103.1 Rapidly Progressive Glomerulonephritis. Cellular crescent 

is present in glomerulus (4- to 8-o’clock position), with fibrinoid necrosis 

of the glomerular capillary tuft (3200, trichrome).
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at presentation, less than 10% recover renal function at 1 year de-

spite treatment with plasma exchange, corticosteroids, and cyclo-

phosphamide.45,49

In contrast, patients with serum creatinine (SCr) levels below  

5.7 mg/dL on presentation in one study had 100% 1-year patient and 

95% renal survival.50 In addition to dialysis dependence and elevated 

SCr, predictors of poor renal outcome include oligoanuria, high  

anti-GBM antibody titers, and a high percentage of glomeruli with 

crescent formation and extensive tubulointerstitial disease on kidney 

biopsy.44,48,50,51 Although patient and renal survival is generally worse 

with anti-GBM disease than with ANCA-associated disease, late recur-

rence of anti-GBM disease almost never occurs, whereas recurrence of 

ANCA-associated disease is common.12,46

Both ANCA-associated vasculitis and anti-GBM disease are rare. 

Interestingly, a subset of patients have both types of antibodies de-

tected on serologic studies. Approximately 15%–30% of patients with 

ANCA-associated disease also have anti-GBM antibodies, whereas 

only 5%–10% of patients with anti-GBM antibodies also have detect-

able ANCA titers.12,45,46,52–54 Although outcome data are limited in this 

small group of patients, the outcomes of these patients may be better 

than patients with only anti-GBM antibodies.

LUPUS NEPHRITIS

Lupus nephritis occurs in 50%–60% of patients with SLE during  

the first 10 years of disease and is present in 35% of patients at initial 

diagnosis of SLE.55 Less than 5% of patients present with RPGN or 

pulmonary renal syndrome. The incidence of ESRD attributed to 

lupus nephritis is higher among blacks and Hispanics.56 In one study, 

up to 62% of blacks with lupus nephritis progressed to ESRD, com-

pared with 19% of Caucasians.57 In addition to history and physical 

examination, evaluation includes analysis of the urine sediment, be-

cause lupus nephritis may present as nephritic or nephrotic syndrome 

despite normal serum chemistries, quantitation of proteinuria, com-

plement levels, and serologies for ANA and anti-dsDNA antibodies. 

Though the presence of cellular casts and/or proteinuria .0.5 g/d is 

consistent with the diagnosis of lupus nephritis, renal biopsy is critical 

for diagnosis, prognosis, and guiding treatment.

Kidney biopsy is used to classify lupus nephritis into six categories: 

class I (minimal mesangial lupus GN), class II (mesangial proliferative 

lupus GN), class III (focal proliferative lupus GN), class IV (diffuse 

proliferative lupus GN), class V (membranous lupus GN), and class VI 

(advanced sclerosing lupus GN).58–60 Proliferative lesions in class III/IV 

lupus nephritis have poor renal survival without aggressive treatment. 

These classes often present with hematuria, proteinuria, hypertension, 

and AKI. Sclerosing lupus nephritis is a chronic, irreversible lesion that 

carries a poor prognosis.

Treatment of the more severe forms of lupus nephritis includes 

pulse methylprednisolone followed by oral corticosteroids and IV  

cyclophosphamide.61–64 Similar to treatment of pauci-immune GN, 

pulse IV cyclophosphamide is preferred over oral cyclophosphamide to 

decrease the risk of hemorrhagic cystitis. Over 80% of patients respond 

to treatment.61,65 Importantly, about 5%–10% of patients who require 

RRT initially recover enough kidney function to become dialysis inde-

pendent after treatment.66 Plasma exchange did not show additional 

benefit in a clinical trial using standard glucocorticoid plus cyclophos-

phamide for proliferative lupus nephritis induction therapy.67 Plasma 

exchange may have a role in select patients with lupus nephritis and 

concomitant microangiopathy caused by antiphospholipid antibodies 

or ADAMSTS13 antibodies.68 Studies comparing mycophenolate 

mofetil (MMF) to cyclophosphamide show equivalence, but not supe-

riority, of one agent over the other. However, relapse appears more 

common in patients treated with MMF.69–72 Induction should be fol-

lowed by maintenance therapy—the preferred agent being MMF with 

low-dose prednisone. Depending on response and side effects, addi-

tional cyclophosphamide or azathioprine may be considered.61,73–75 

Other therapies under investigation include abatacept and belimumab, 

but they are not accepted as lupus nephritis induction or maintenance 

therapies at this time.

Poor prognostic indicators at the beginning of treatment include 

male gender, African American race, severe hypertension, antiphos-

pholipid syndrome (APS), and delayed initiation of immunosuppres-

sive therapy. After induction treatment, poor prognostic indicators are 

failure to achieve remission at 6 months and uncontrolled hyperten-

sion.61,76 About one-third to half of patients will have relapse of dis-

ease. In some patients, recurrence of disease may be preceded by falling 

complement levels and rising anti-dsDNA titers. However, some pa-

tients with severe lupus nephritis have negative serologic studies.61,77 

Patients with only partial remission often recur sooner than patients 

with complete remission, and they are more likely to progress to 

ESRD.78 All patients with a history of lupus nephritis should be care-

fully monitored for recurrence of disease, and repeat renal biopsy is 

often needed to guide treatment decisions.

INFECTION-RELATED GLOMERULONEPHRITIS

Bacterial, viral, fungal, protozoal, and helminth infections may all re-

sult in infection-associated GN. Poststreptococcal glomerulonephritis 

(PSGN) presents as a classic nephritic syndrome occurring about 1–6 

weeks after bacterial infection. It most commonly occurs in children  

after a skin or pharyngeal infection with a nephritogenic strain of 

group A beta-hemolytic Streptococcus (GAS).79,80 Although PSGN re-

mains the most common cause of acute nephritic syndrome in the 

pediatric population in developing countries, the incidence of this 

disease has declined dramatically in the industrialized world. Recently, 

cases of infection-related GN (IRGN) caused by Staphylococcus and 

gram-negative bacteria have become more prevalent, especially in the 

setting of bacterial endocarditis and ventriculovascular shunt infec-

tions. In contrast to cases associated with GAS, renal insufficiency as-

sociated with Staphylococcus and other infections occurs while the pa-

tient is actively infected.

Children present with a classic nephritic syndrome with hematuria, 

proteinuria, hypertension, edema, and mild renal impairment. Severe 

hypertension with encephalopathy and seizures is uncommon and 

may require admission to the ICU.81,82 Laboratory findings demon-

strate depressed complement levels (CH50 and C3), consistent with 

activation of the alternative complement cascade; levels return to nor-

mal by 8–10 weeks.17 Serologic studies may be used to confirm recent 

streptococcal infection, particularly with recent pharyngitis.83,84 Renal 

biopsy demonstrates endocapillary proliferation and granular deposi-

tion of immune complexes by immunohistology.79,83,85,86

The acute nephritic syndrome usually resolves in 7–14 days, and 

the prognosis of children with PSGN is excellent. However, roughly 

10%–20% of children have persistent urinary abnormalities, including 

proteinuria and hematuria.6,8,84,87–89 Treatment is generally supportive, 

with antihypertensives and diuretics as needed in the acute phase. Ac-

tive infections should be treated, and prophylactic antibiotics are often 

indicated in endemic situations and for household contacts in regions 

with high prevalence of disease.

In contrast to children, outcomes for IRGN in adults in the industrial-

ized world are much worse, particularly for patients with underlying 

chronic disease or risk factors, including diabetes, cancer, alcoholism, 

liver disease, or IV drug use.17,79,80,90–93 Elderly patients often present with 

AKI, congestive heart failure, and nephrotic-range proteinuria. Treatment 
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consists of supportive care, including diuretics, antihypertensives, or RRT 

and eradication of the infection. Although evidence is lacking from ran-

domized controlled trials, pulse IV methylprednisolone can be consid-

ered in patients with extensive glomerular crescents and RPGN based on 

management of other glomerulonephridities.17 One-quarter to one-half 

of patients have persistent renal dysfunction, and as many as 15% may 

progress to ESRD.90–92,94 Long-term prognosis is worse in patients with 

persistent proteinuria .1 g/d after 6 months, and these patients should 

receive angiotensin-converting enzyme inhibitor or angiotensin receptor 

blocker therapy.17

Other important causes of infection-related GN include cryo-

globulinemic GN caused by hepatitis C virus (HCV), hepatitis B virus 

(HBV) or human immunodeficiency virus (HIV) infection. Signs and 

symptoms of systemic disease may include palpable purpura (dermal-

renal syndrome), arthralgias or arthritis, and peripheral neuropathy.95 

Laboratory findings may include hypocomplementemia (especially 

undetectable C4), elevated rheumatoid factor (RF), circulating cryo-

globulins, and positive viral serologies and nucleic acid testing. Kid-

ney biopsy demonstrates intraluminal thrombi on light microscopy 

with immunoglobulin and C3 deposition on immunohistology.  

In addition to appropriate antiviral therapy, management of cases of 

rapidly progressive kidney disease may include plasma exchange, 

rituximab or cyclophosphamide, and antiviral therapy.95–97

IgA NEPHROPATHY

IgA nephropathy (IgAN) is an extremely common form of GN world-

wide defined by dominant or codominant staining with glomerular 

IgA on kidney biopsy.98 It commonly presents in the second or third 

decade of life—in North America it affects males twice as commonly 

as females.99 The majority of patients present with macroscopic hema-

turia coinciding with an upper respiratory tract or gastrointestinal 

infection. Patients may develop hypertension and varying degrees of 

proteinuria and hematuria. Crescentic IgAN is associated with ne-

phrotic-range proteinuria, severe hypertension, and rapidly declining 

renal function in less than 10% of cases.100,101 Severe acute renal failure 

at initial presentation may also be the result of acute tubular necrosis 

caused by macroscopic hematuria. No specific laboratory study to date 

can establish the diagnosis; renal biopsy is required. The extent of 

changes by light microscopy is variable but is predictive of clinical 

outcome, and immunohistology demonstrates mesangial IgA deposits.

The long-term prognosis of patients with IgAN is highly variable, 

but many patients develop progressive renal failure. Progression to 

ESRD is approximately 15%–25% at 10 years and 25%–30% at 20 

years after diagnosis.102

In all patients, hypertension should be aggressively treated with re-

nin-angiotensin blockade and other agents if necessary.17,103 In patients 

with significant proteinuria (.1 g/d) and declining renal function de-

spite blood pressure control and antiproteinuric therapy, corticoste-

roids or immunosuppressive agents may be considered. Corticosteroids 

appear to reduce the risk of progression to ESRD and decrease protein-

uria in selected patients.104–108 Immunosuppressive medications such as 

cyclophosphamide or azathioprine should be reserved in rare cases of 

RPGN and crescentic GN.17,100,102 Predictors of disease progression in-

clude degree of renal dysfunction at diagnosis, significant proteinuria, 

hypertension, and evidence of chronic disease by renal biopsy.99,109,110

IgA VASCULITIS

IgA vasculitis (IgAV, formerly named Henoch-Schönlein purpura [HSP]) is 

a systemic disease characterized by a distinct nonthrombocytopenic pal-

pable purpuric rash, arthritis or arthralgias, gastrointestinal involvement, 

and IgAN. It occurs in children much more commonly than in adults. The 

classic presentation is sudden onset of rash, progressing from nonblanch-

ing erythematous macules, to urticarial papules, to purpura, with a sym-

metric distribution on the extensor surfaces of the distal extremities and 

buttocks.111,112 Children present more frequently with gastrointestinal 

manifestations and fevers, whereas adults often have more severe renal 

involvement along with joint symptoms.113,114 Renal involvement occurs 

in roughly one-third of children and two-thirds of adults.115 The most 

common manifestation is microscopic hematuria with or without RBC 

casts and no or mild proteinuria.116

Renal involvement in IgAV is usually more severe at presenta-

tion than IgAN, but most children completely recover.113,117,118 Esti-

mates of recovery and chronic kidney disease vary widely, but the 

prognosis for renal recovery is worse in adults. Poor prognostic 

indicators include renal dysfunction and significant proteinuria at 

presentation, hypertension, and extensive glomerular disease by 

renal biopsy.114,115,118,119 Treatment is primarily supportive care, and 

trials to date do not support any specific treatment regimen.120 

Corticosteroids may be useful in the short term, especially in the 

management of arthralgias and abdominal pain, but there is no 

clear evidence that prednisone prevents serious long-term renal 

disease.121,122 Kidney Disease Improving Global Outcomes (KDIGO) 

recommendations suggest persistent IgAV be treated as isolated 

IgAN with corticosteroid therapy.17 There are limited reports on 

the use of plasmapheresis for management of severe disease.123,124 

Two adults with severe systemic manifestations refractory to corti-

costeroids and immunosuppressive agents were treated with plas-

mapheresis, with subsequent improvement.125

THROMBOTIC MICROANGIOPATHIES

Thrombotic microangiopathy (TMA) is characterized by organ injury 

caused by widespread thrombosis of arterioles and capillaries, with 

intraluminal platelet aggregation and vessel wall thickening in the 

setting of thrombocytopenia and microangiopathic hemolytic anemia 

(MAHA).126–128 The underlying pathophysiologic cause of TMA is 

endothelial damage caused by a variety of insults. Primary TMA syn-

dromes include thrombotic thrombocytopenic purpura (TTP), Shiga 

toxin–mediated hemolytic uremic syndrome (HUS), drug-induced 

syndromes, complement-mediated syndromes, and metabolism- 

mediated disorders. Systemic disorders, including severe hyperten-

sion; pregnancy-associated syndromes, including severe preeclampsia/

HELLP syndrome; and autoimmune disorders, including SLE,129 

catastrophic antiphospholipid syndrome, and scleroderma (systemic  

sclerosis), may present with microangiopathic anemia and thrombocy-

topenia not unlike primary TMA. However, in these cases management 

is focused on the primary disease process.

The classic pentad of findings in TTP includes MAHA, thrombocy-

topenia, neurologic symptoms and signs, impaired renal function, and 

fever.126–128 Neurologic symptoms may dominate, presenting as confu-

sion, headache, seizures, and coma. Renal manifestations are usually 

more prominent in HUS, and the typical presentation in children in-

cludes MAHA, thrombocytopenia, and AKI. Laboratory hallmarks 

include MAHA with schistocytes on peripheral smear, elevated lactate 

dehydrogenase levels, and thrombocytopenia, with platelets usually 

less than 60,000/mL.

Remarkable progress has been made in elucidating the molecular 

basis for TTP and HUS. TTP occurs as both hereditary (Upshaw-

Shulman syndrome) and acquired forms related to either the defi-

ciency or presence of antibodies that disrupt the function of a zinc 

metalloprotease, ADAMTS 13 (a disintegrin and metalloprotease with 

thrombospondin type 1 motif 13).127,128,130 This protein is involved in 
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the cleavage of von Willebrand factor (vWF), and deficiency of AD-

AMTS 13 leads to the accumulation of large multimers of vWF, which 

bind platelets, leading to microvascular thrombosis. Historically, un-

treated TTP had a mortality rate of over 90%. However, mortality has 

fallen to 10%–20% with the advent of treatment using plasma ex-

change.131,132 Other therapies include glucocorticoids and rituximab in 

the case of refractory or relapsing disease.133,134 Hereditary forms re-

quire treatment with fresh frozen plasma or cryosupernatant that 

contains ADAMSTS 13. Because hereditary TTP is rare, acquired TTP 

is the presumed diagnosis in new cases.

HUS is the most common cause of AKI in children and presents 

with hemolytic anemia, thrombocytopenia, and AKI.126,135–137 The clas-

sic or diarrheal form of HUS (D 1 HUS) occurs most commonly after 

diarrheal infection with Shiga toxin–producing Escherichia coli (E. coli 

O157:H7), which accounts for 90% of cases. The peak incidence occurs 

in children younger than 5 years of age. The illness begins with ab-

dominal cramps and nonbloody diarrhea, followed by hemorrhagic 

diarrhea in 70% of patients. As the diarrheal illness is improving,  

patients develop severe renal failure, anemia, and thrombocytopenia. 

These children are often critically ill, and roughly one-half to two-

thirds of patients require RRT. About 70% of patients will require RBC 

transfusions, and 25% will have neurologic involvement. Over the last 

few decades, mortality rates have fallen from roughly 40%–50% to 

3%–5%, primarily as a result of aggressive supportive care with RBC 

transfusions and RRT as needed. Numerous therapies for HUS have 

been investigated without clear benefit, and treatment remains largely 

supportive. Treatment of the diarrheal illness associated with E. coli 

O157:H7 with antibiotics is associated with increased risk of develop-

ing HUS. Spontaneous resolution occurs 1–3 weeks after disease onset, 

and the majority of patients demonstrate renal recovery. Unfortu-

nately, some children develop ESRD, and up to 40% have long-term 

sequelae, including chronic kidney disease, persistent proteinuria, and 

hypertension. Nondiarrheal-associated HUS occurs in a minority of 

patients and may be associated with other infections such as Strepto-

coccus pneumoniae.

A small percentage of patients with HUS have sporadic or familial 

forms, known as complement-mediated HUS (previously called atypi-

cal HUS). These patients have defects in the regulation of the alterna-

tive complement pathway, and mutations have been described in 

complement factor H, complement factor I, and membrane cofactor 

protein.127,128,132 Mortality rates are highest in patients with comple-

ment factor H mutations, and most survivors progress to ESRD. Pa-

tients with severe complement-mediated HUS, such as those with 

complement factor H and complement factor I mutations who are at 

increased risk for ESRD, should receive treatment with eculizumab.138 

Other supportive measures may include RBC and platelet transfusions 

and provision of dialysis and nutritional support as indicated.

An extensive variety of drugs have been associated with TMA. Al-

though the mechanism of action as to why certain drugs cause this 

phenomenon is not completely understood, it is hypothesized to be 

either an immune-mediated effect or direct drug toxicity.139 The 

immune-mediated effect occurs when a drug induces formation of 

antibodies that ultimately react with endothelial cells, platelets, and 

neutrophils. This results in platelet microthrombi with platelet  

consumption and thrombocytopenia in addition to microvascular 

damage. The formation of these antibodies is triggered by the presence 

of the drug itself or an active metabolite of the drug. Thus once the 

drug is cleared from the system, no new organ damage occurs.140 

Drugs that cause TMA include quinine, gemcitabine, quetiapine, and 

oxaliplatin.141,142

A small percentage of patients with APS present with “catastrophic” 

APS characterized by acute TMA involving the small vessels of multiple 

organs.143 The disease progresses over days to weeks and commonly 

affects the kidneys, lungs, central nervous system, heart, and skin. The 

kidney is the most common organ affected, with renal involvement in 

over 70% of patients. Renal disease manifests as malignant hyperten-

sion and AKI, with 25% of patients requiring RRT. Mortality is esti-

mated at 50% of patients, and treatment based on case reports includes 

management of cause (e.g., infection), systemic anticoagulation, corti-

costeroids, and plasma exchange to remove anticardiolipin antibodies 

with or without IV Ig.144

Scleroderma renal crisis presents as AKI with abrupt onset of mod-

erate to severe hypertension and may be accompanied by encephalopa-

thy, seizures, or flash pulmonary edema.145 A subset of patients may not 

be hypertensive, but have blood pressures higher than baseline values, 

portending a worse prognosis.146 Roughly 10% of patients develop 

scleroderma renal crisis, usually occurring within 4 years of disease 

onset. The risk is greatest with diffuse cutaneous disease. Antecedent 

treatment with high-dose corticosteroids increases the risk of sclero-

derma renal crisis.147,148 Patients demonstrate MAHA, thrombocytope-

nia, proteinuria, microscopic hematuria, and marked increases in 

plasma renin. In the past, untreated disease had a dismal prognosis, 

with less than 10% survival. The use of angiotensin-converting enzyme 

(ACE) inhibitors has revolutionized treatment; acute mortality rates are 

now below 25% with appropriate treatment.145,149,150 About half to two-

thirds of patients will require RRT, but half of those patients recover 

sufficient renal function to become dialysis independent. Poor out-

comes are associated with SCr level .3 mg/dL at the initiation of ACE 

inhibitor therapy, dialysis dependence, poor blood pressure control, 

male gender, older age, and congestive heart failure. Patients with 

scleroderma renal crisis who do not require RRT have 90% survival 

rates at 5 years. In contrast, patients who become dialysis dependent 

have only 40% survival at 5 years. Early recognition and treatment are 

critical for both patient and renal outcomes. ACE inhibitors should be 

initiated rapidly and continued even if patients develop progressive re-

nal failure or require RRT.

KEY POINTS

• Many underlying causes for AKI resulting from intrinsic renal disease are 

reversible. Because the transition of active glomerular lesions to irrevers-

ible scar occurs rapidly, prompt diagnosis and early intervention are crucial.

• Pulmonary-renal syndrome constitutes a medical emergency. Studies dem-

onstrate that early aggressive treatment improves patient and renal survival.

• Detailed history and physical examination is important for distinguishing 

renal-limited disease from systemic diseases.

• Initial evaluation should include basic chemistries, evaluation of urine 

sediment, complete blood counts with peripheral blood smear review, as-

sessment for proteinuria, and renal ultrasound.

• Serum complement levels are important tools in distinguishing causes of 

GN: (1) normal serum complement (IgAN, IgAV, pauci-immune necrotizing 

GN, and anti-GBM) and (2) depressed serum complement (immune complex 

GN, including infection-related GN and lupus nephritis).

• Depending on the clinical scenario, additional evaluations may include 

ANCAs, anti-GBM antibodies, antinuclear antibodies (ANAs), anti–double-

stranded DNA (dsDNA) antibodies, serologies for streptococcal infection, 

viral serologies, and bacterial cultures.

• The diagnosis of most glomerular syndromes requires kidney biopsy. How-

ever, critically ill patients are often at increased risk for complications, and 

it may be necessary to proceed with treatment in the absence of kidney 

biopsy in certain situations.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Almaani S, Meara A, Rovin BH. Update on lupus nephritis. Clin J Am Soc 

Nephrol. 2017;12: 825–835.

Summarizes histologic classification of lupus nephritis and current approach 

to induction and maintenance therapy for proliferative lupus nephritis, with 

an overview of recent trials.

Brocklebank V, Wood KM, Kavanagh D. Thrombotic microangiopathy and the 

kidney. Clin J Am Soc Nephrol. 2018;13:300–317.

Overview of the classification, characteristics, and a pragmatic approach to 

thrombotic microangiopathies.

Geetha D, Jefferson JA. ANCA-associated vasculitis: Core curriculum 2020. 

Am J Kidney Dis. 2020;75:124–137.

Relevant review of classification system of systemic vasculitis, pathophysiol-

ogy, and clinical features. Summarizes trial data in induction therapy, in-

cluding use of cyclophosphamide and rituximab.

Levy JB, Turner AN, Rees AJ, et al Long-term outcome of anti-glomerular 

basement membrane antibody disease treated with plasma exchange and 

immunosuppression. Ann Intern Med. 2001;134:1033–1042.

Retrospective review of patients with anti-GBM disease, with emphasis on  

renal function at presentation and patient outcomes.

Nasr SH, Radhakrishnan J, D’Agati VD. Bacterial infection-related glomerulo-

nephritis in adults. Kidney. 2013;83(5):792.

Review of infection-related GN in adults demonstrating a large proportion of 

adults with infection-related GN do not recover renal function, especially 

those who are elderly or have underlying diabetic glomerulosclerosis.

Satoskar AA, Parikh SV, Nadasdy T. Epidemiology, pathogenesis, treatment 

and outcomes of infection-associated glomerulonephritis. Nat Rev 

Nephrol. 2020;16:32–50.

Review of infection-associated glomerulonephritis with a focus on the epide-

miology and clinical incidence of Staphylococcus infection–associated GN.

Steen VD, Medsger Jr TA. Long-term outcomes of scleroderma renal crisis. 

Ann Intern Med. 2000;133:600–603.

This study evaluates the long-term outcomes of patients with scleroderma  

renal crisis, with an emphasis on renal outcomes.
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Interstitial Nephritis

Elizabeth S. Kotzen, Evan M. Zeitler, and Gerald A. Hladik

Acute interstitial nephritis (AIN) is an important cause of acute kidney 

injury (AKI) characterized by inflammation of the renal interstitium 

and tubules, sparing the glomeruli and vasculature.1 It is more prop-

erly called acute tubulointerstitial nephritis (Fig. 104.1). The disorder 

results from an inflammatory reaction, often of the hypersensitivity 

type.2 Biopsy series show that AIN is present in 6.5%–27% of kidney 

biopsies performed for unexplained AKI; it is probably the third most 

common cause of AKI in hospitalized patients, following prerenal AKI 

and acute tubular necrosis (ATN).3,4

Medication-associated AIN is the most frequent etiology (50%–85% 

of cases) (Table 104.1); other etiologies include autoimmune disorders 

(0%–41% of cases) and infections (2%–16% of cases) (Table 104.2).5–8 

Systemic disorders associated with biopsy-proven AIN include systemic 

lupus erythematosus (SLE), sarcoidosis, Sjogren syndrome, and IgG4-

related disease (Table 104.3).3,5,9 A subset of patients with AIN have tubu-

lointerstitial nephritis and uveitis (TINU) syndrome, which is character-

ized by AIN and bilateral uveitis. TINU comprises 5%–22% of 

biopsy-proven AIN.6–8,10 Furthermore, AIN may be present in the context 

of a drug reaction with eosinophilia and systemic symptoms (DRESS) 

syndrome. Allopurinol is one of the more common culprit drugs associ-

ated with DRESS.11 Critically ill patients are routinely treated with medi-

cations associated with AIN, including antibiotics, NSAIDs, proton 

pump inhibitors, and diuretics (see Table 104.1).2,7,12 Immune checkpoint 

inhibitors are recent additions to available therapy that cause AIN.13

Prompt recognition of AIN is important in order to identify incit-

ing drugs that should be discontinued to minimize ongoing kidney 

injury. The prototypical example of AIN is methicillin-associated AIN. 

The first case series described a classic triad of fevers, eosinophilia, and 

pyuria within 8–36 days after exposure.14 Unfortunately, this classic 

triad occurs in only 5%–10% of patients with AIN and does not pro-

vide a useful diagnostic strategy to identify patients with the condi-

tion.2,3,15 Measurement of urinary eosinophils has previously been 

touted as a diagnostic test for AIN. This test is no longer recommended 

because of poor sensitivity and specificity.3,16 The fractional excretion 

of sodium (FeNa) is commonly calculated in the evaluation of AKI to 

distinguish between prerenal AKI and ATN; however, there is no char-

acteristic FeNa value that distinguishes AIN from other causes of AKI.3

The most typical presentation of AIN is nonoliguric AKI, although a 

minority of patients may develop oliguria and dialysis dependence.12 

Clinical signs and symptoms that are suggestive (but not diagnostic) of 

AIN in the context of unexplained AKI include recent exposure to a drug 

implicated in AIN (see Table 113.1), morbilliform rash, elevated serum 

eosinophils, pyuria, and the presence of white blood cell casts on urine 

microscopy. Hematuria and low-level proteinuria may be present. Bio-

markers are under investigation, and further study may bring about a 

noninvasive diagnostic approach to AIN in the future.17 For now, kidney 

biopsy remains the only validated way to diagnose AIN.3

Typically, kidney manifestations develop, on average, 10 days after 

initiation of the inciting medication, with 80% of patients developing 

kidney manifestations within 21 days of the drug exposure.2 It is impor-

tant to note that the classic description of drug-induced AIN as an acute 

process occurring within a few weeks after exposure to the offending 

medication is too narrow. Renal manifestations may occur as soon as a 

few days after exposure (especially in the setting of prior exposure) or 

many months after the exposure (nonsteroidal antiinflammatory drugs 

[NSAIDs] are often associated with a 6- to 18-month period of expo-

sure before development of renal dysfunction).8,12 Additionally, the 

kidney injury may be acute, subacute, or chronic.8,12 Risk factors for 

Antibiotics: beta-lactams, rifampin, fluoroquinolones

Antiinflammatories: NSAIDs, 5-aminosalicylates

Proton pump inhibitors

Immune checkpoint inhibitors

Allopurinol

Anticonvulsants: phenytoin, carbamazepine, phenobarbital

Diuretics: thiazides, loop diuretics, triamterene

Herbal medications

TABLE 104.1 Medications Most Frequently 
Associated With Acute Interstitial Nephritis

NSAID, Nonsteroidal antiinflammatory drug.

Fig. 104.1 Acute Interstitial Nephritis. Diffuse, predominantly mono-

nuclear cell infiltrate is present within an expanded and mildly edematous 

interstitium, and periodic acid–Schiff (PAS)-positive tubular basement 

membranes have wrinkling. Foci of tubulitis are also present (3200, PAS).
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adverse renal outcomes include older age, delay of diagnosis, and recur-

rent AIN episodes, which often happen either because of TINU syn-

drome or because of re-exposure to the offending drug.8

The cornerstone of treatment for AIN is removal of the suspected 

offending agent. In the case of drug-induced AIN, any potentially 

causative medication should be stopped whenever possible. When 

present, underlying infections should be identified and treated. If indi-

cated, dialysis should be provided.

Corticosteroids are commonly used in the treatment of AIN. How-

ever, high-quality evidence is lacking and is derived from retrospec-

tive trials. The three largest retrospective studies reached discordant 

conclusions.2,15,18 Of note, in the two studies that did not find a ben-

efit of steroids, patients who received steroids had higher pretreat-

ment serum creatinine levels. In contrast, a benefit was observed in 

steroid-treated patients in the study in which the treatment and con-

trol groups had similar baseline serum creatinine levels. Prospective 

randomized controlled trials regarding the use of corticosteroids in 

AIN are required.

A recent retrospective study of 182 patients with biopsy-proven 

AIN treated with corticosteroids revealed 41% complete recovery of 

kidney function, 45% partial recovery, and 13% with no improvement 

in kidney function. Five percent of patients were dialysis-dependent at 

6 months follow-up.19

In the absence of evidence from prospective randomized trials to 

guide treatment, we recommend the following approach to manage-

ment, which is generally in line with other expert recommendations:2,12,20

 1. In the event of unexplained AKI, after excluding obstructive AKI 

with imaging and evaluating for ATN and acute glomerulonephri-

tis with urine microscopy, consider removal of medications fre-

quently associated with AIN when possible.

 2. For unexplained AKI requiring dialysis, kidney biopsy should be 

performed as soon as feasible. For unexplained AKI not requiring 

dialysis, we perform kidney biopsy if there is no improvement in 

kidney function within 5–7 days of withdrawal of the potentially 

offending medication.

 3. If the biopsy confirms AIN, with minimal fibrosis present on the 

biopsy, we pursue a trial of corticosteroids as follows: prednisone  

1 mg/kg per day (max 80 mg per day) for 1–3 weeks. In severe or 

dialysis-dependent AIN, we would consider an initial 3-day pulse of 

500 mg intravenous methylprednisolone before initiation of oral 

corticosteroids. The severity of inflammatory morphologic changes 

on biopsy also helps to guide our decisions about the duration of 

therapy and whether to employ pulse methylprednisolone. If no 

response is observed within 3 weeks, the prednisone can be rapidly 

tapered. Prednisone is generally tapered more slowly in responsive 

patients, with up to 8 weeks of total steroid exposure. There is evi-

dence that there is no benefit in continuing steroid treatment for 

.8 weeks.19

Some authors have maintained that AIN resulting from NSAID 

exposure is less likely to respond to corticosteroid therapy. However, 

Gonzalez and colleagues found benefit of corticosteroids in NSAID-

induced AIN. Therefore it is reasonable to consider corticosteroid 

therapy in patients with NSAID-induced AIN.

Mycophenolate mofetil (MMF) was found to provide possible ben-

efit in a case series of eight patients with steroid-resistant AIN. MMF 

has also been used in 14 patients who experienced recurrent AIN upon 

steroid discontinuation.8,21

KEY POINTS

• The diagnosis of AIN should be considered in patients with AKI and sterile 

pyuria or systemic manifestations of hypersensitivity, especially when 

temporally associated with medication initiation or infection.

• Medications, particularly antibiotics, are responsible for over two-thirds of 

cases of AIN.

• A definitive diagnosis of AIN can only be made with kidney biopsy.

• Treatment of drug-induced AIN begins with discontinuation of the causative 

agent. Treatment with corticosteroids is an important adjuvant when dis-

continuation of the causative agent alone is not sufficient to produce im-

provement in kidney function.

 References for this chapter can be found at expertconsult.com.

BACTERIAL INFECTIONS

Brucella

Chlamydia

Corynebacterium

Enterococcus

Escherichia coli

Francisella

Legionella

Leptospirosis

Streptococcus

Treponema

Yersinia

FUNGAL INFECTIONS

Candida

Coccidioidomycosis

Histoplasmosis

MYCOBACTERIAL INFECTIONS

Mycobacterium tuberculosis

Mycobacterium kansasii

Mycobacterium haemophilum

PARASITIC INFECTIONS

Leishmania

Toxoplasma

VIRAL INFECTIONS

Adenovirus (kidney transplant recipients)

Cytomegalovirus

Epstein-Barr virus

Polyomavirus (kidney transplant recipients)

TABLE 104.2 Pathogens Associated With 
Infection-Related Acute Interstitial Nephritis

Antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis

Antitubular basement membrane antibody–associated interstitial nephritis

Drug reaction with eosinophilia and systemic symptoms (DRESS) syndrome

Hypocomplementemic tubulointerstitial nephritis

Immunoglobulin G4–related disease

Sjögren syndrome

Systemic lupus erythematosus

Tubulointerstitial nephritis and uveitis (TINU) syndrome

TABLE 104.3 Systemic Diseases 
Associated With Interstitial Nephritis
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The importance of selecting appropriate initial antimicrobial ther-
apy has been emphasized in the most recent Surviving Sepsis Guide-
lines.21 The guidelines recommend that initial empiric antiinfective 
therapy include one or more drugs that have activity against all likely 
pathogens (bacterial and/or fungal or viral) and that the antibiotics 
penetrate, in adequate concentrations, into the tissues presumed to be 
the source of sepsis (grade 1B).21 This guideline urges clinicians to use 
the patient’s history (including drug intolerances), recent receipt of 
antibiotics, underlying disease, clinical syndrome, and susceptibility 
patterns of pathogens in the community and hospital and that have 
been previously documented to colonize or infect the patient when 
making decisions regarding initial antimicrobial regimen selection.

Timing of Antibiotic Administration
In addition to selecting an appropriate antimicrobial regimen, the tim-
ing of antibiotic delivery is an essential element in determining the 
outcome of critically ill patients with infection. Several studies have 
found strong relationships between delays in effective antimicrobial 
initiation and in-hospital mortality for serious infections, including 
ventilator-associated pneumonia (VAP) and septic shock.22,23 A meta-
analysis of randomized and observational studies evaluating the im-
pact of goal-directed bundles on the outcomes of patients with septic 
shock found that timely antibiotic administration was statistically 
more common among patients receiving protocolized management of 
septic shock.24 Members of the Surviving Sepsis Campaign subse-
quently performed a retrospective analysis of a large data set collected 
prospectively from 165 ICUs in Europe, the United States, and South 
America.25 In-hospital mortality was 29.7% for the cohort as a whole, 
and there was a statistically significant increase in the probability of 
death associated with the number of hours of delay for the first antibi-
otic administration.

Timely administration of effective antibiotics seems to be an im-
portant element in determining the outcome of critically ill patients. 
As discussed later, prediction tools for the presence of antibiotic resis-
tance and rapid diagnostics may allow for a more rapid administration 
of appropriate therapy. However, emergency departments and ICUs 
should also ensure that they have processes in place to obtain and de-
liver antibiotic therapy expeditiously once the order for such therapy 
is received from the treating physicians.

The use of treatment bundles for the management of patients with 
sepsis and septic shock has been associated with lower hospital mortality 

Antimicrobial stewardship is an important concept that is pertinent 
to virtually every clinician. Its goals are to combat the emergence of 
resistance, improve clinical outcomes, and decrease healthcare costs 
(Fig. 105.1).1–7 In this chapter, we will focus on the advances in and 
obstacles to antimicrobial stewardship as outlined in Table 105.1 by 
breaking this discussion into two major areas: optimization of anti-
microbial therapy and avoidance of unnecessary antibiotic adminis-
tration.

OPTIMIZATION OF ANTIMICROBIAL THERAPY

Appropriate Antimicrobial Selection
Appropriate antibiotic therapy is the cornerstone of management in 
septic shock and in any serious infection requiring intensive care unit 
(ICU) care and has a great influence on hospital mortality. Appropriate 
antibiotic therapy is defined as an initial antimicrobial regimen that 
demonstrates in vitro activity against the isolated organisms respon-
sible for the infection, whereas inappropriate antibiotic therapy is de-
fined as an initial regimen demonstrating a lack of in vitro activity 
against the causative pathogens.8 The administration of inappropriate 
initial antibiotic therapy can lead to treatment failures and adverse 
outcomes.9–15 Similar associations between the administration of inap-
propriate initial antimicrobial therapy and greater mortality have been 
shown for bloodstream infections by Candida.16–18 Moreover, the im-
portance of treating all pathogens associated with serious infection is 
further emphasized by a retrospective analysis of patients with severe 
sepsis and septic shock.19 For the entire cohort, the number needed to 
treat with appropriate antimicrobial therapy to prevent one patient 
death was 4.0 (95% confidence interval [CI], 3.7–4.3). The importance 
of early appropriate antibiotic selection was also demonstrated in a 
recent randomized trial among patients with Escherichia coli or Klebsi-

ella pneumonia bloodstream infection and ceftriaxone resistance dem-
onstrating that definitive treatment with piperacillin-tazobactam com-
pared with meropenem resulted in greater 30-day mortality.20 This 
study also highlights the importance of early identification of antibi-
otic resistance to optimize antimicrobial prescription in order to im-
prove patient outcomes.

*Conflicts of Interest: Dr. Kollef ’s effort was supported by the Barnes-
Jewish Hospital Foundation.
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Fig. 105.1 The goals of antimicrobial stewardship programs.

 1. Optimization of antimicrobial therapy

 a. Appropriate antimicrobial selection

 b. Timing of antibiotic administration

 c. Adequate dosing of antimicrobials and PK/PD considerations

 d. Duration of antibiotic treatment

 e. Augmented renal clearance

 f. Therapeutic drug monitoring

 2. Avoidance of unnecessary antibiotic administration

 a. Deescalation of empiric antibiotic regimen

 b. Use of antibiotic resistance prediction tools

 c. Biomarker guidance of antimicrobial therapy

 d. Formalized antimicrobial stewardship programs

 e. Rapid microbiologic diagnostics

 f. Telemedicine driven stewardship

 g. Closed multidisciplinary ICU management

 h. Optimized infection control program

TABLE 105.1 Antimicrobial Stewardship 
Program for the ICU Setting

ICU, Intensive care unit; PK/PD, pharmacokinetic/pharmacodynamic.

thought to be caused primarily by the earlier administration of antibiot-
ics.26,27 However, these treatment bundles fail to examine important 
clinical issues, including whether antibiotic therapy is necessary in all 
patients with presumed sepsis, the dosing strategies and duration of 
antibiotics, and whether the administered antibiotic regimen is active 
against the offending pathogens. The success of sepsis treatment bundles 
has now been used, in part, by the authors of the Surviving Sepsis Cam-
paign Guidelines to recommend the use of broad-spectrum antibiotics 
within 1 hour of presentation in all patients with clinically suspected 
sepsis.28 However, a recent editorial has attempted to focus attention on 
the problems associated with the overuse of antibiotics in patients with 
possible sepsis.29 This editorial highlights the difficulties in establishing 
an accurate diagnosis of sepsis attributed to underlying infection, the 
adverse consequences associated with routine administration of antibi-
otics in critically ill patients, and the problem of equating sepsis with the 
more severe condition of septic shock.29 Recent pleas have emerged from 
the Infectious Diseases Society of America, emergency medicine thought 

leaders, and critical care thought leaders urging for more rational ap-
proaches for directing antibiotic therapy in complex patients and elimi-
nating the 1-hour sepsis bundle.30–33

Adequate Dosing of Antimicrobials and 
Pharmacokinetic/Pharmacodynamic Considerations
In addition to delivering timely appropriate antibiotic regimens, ad-
equate drug concentrations at the site of infection are needed to opti-
mize clinical outcomes. Beta-lactam and carbapenem antibiotics are 
time-dependent antimicrobials whose activities are primarily related 
to the duration the free drug concentration exceeds the pathogen 
minimum inhibitory concentration (TFREE/MIC).34–36 Many factors 
influence the pharmacokinetics of antimicrobials in critically ill pa-
tients. Hypoalbuminemia, large-volume crystalloid administration, 
large pleural effusions or abdominal ascites, catecholamines, aug-
mented renal clearance (ARC), and renal replacement therapies can 
all significantly alter infection site concentrations of administered 
antibiotics.37

In VAP treatment, particularly for gram-negative bacteria (GNB), 
dose and duration of treatment might need to be augmented despite 
having selected an appropriate initial regimen. For instance, meta-
analyses of tigecycline showed an increased mortality in nosocomial 
pneumonia, particularly VAP driven by GNB infections.38–40 A ran-
domized trial of patients with hospital-acquired pneumonia (HAP) 
found that tigecycline with or without ceftazidime had inferior cure 
rates to imipenem-cilastatin with or without vancomycin across all 
pathogens.41 The hypothesis that the tigecycline dose (75 mg every 
12 hours) was too low to achieve high enough concentrations above 
the MICs of pathogens prompted a higher-dose study (100 mg every 
12 hours) compared with imipenem-cilastatin.42 Similarly, ceftobip-
role, a cephalosporin with activity against methicillin-resistant Staphy-

lococcus aureus (MRSA) and an extended GNB spectrum equivalent to 
ceftazidime or cefepime, was compared with linezolid and ceftazidime 
in patients with HAP/VAP.43 Even though it achieved similar cure rates 
in patients with HAP, ceftobiprole was inferior to linezolid and ceftazi-
dime in patients with VAP, in large part thought to be a result of the 
underdosing of ceftobiprole in critically ill patients. This concern has 
led to a doubling of the dose of ceftolozane/tazobactam for the treat-
ment of HAP/VAP.44

Critically ill patients display different pharmacokinetics; therefore 
newer drug administration strategies for beta-lactams and carbapen-
ems have been investigated to include the use of prolonged infusions 
in order to optimize antibiotic delivery to infection sites. Several re-
cent meta-analyses suggest that prolonged infusions of beta-lactam 
and carbapenem antibiotics may be associated with improved  
outcomes in critically ill patients.45–47 However, the results from the 
largest multicenter trial performed to date of prolonged antibiotic 
infusion in critically ill patients failed to demonstrate any mortality 
benefit.48

One of the best examples of the need for proper antibiotic dosing 
and drug exposure at the site of infection was recently demonstrated 
in a multicenter trial.49 These investigators aimed to determine 
whether beta-lactam antibiotic dosing in critically ill patients 
achieves concentrations associated with maximal activity and 
whether antibiotic concentrations affect patient outcome. Of the 248 
patients treated for infection, 16% did not achieve a TFREE/MIC ratio 
greater than 1 at 50% of the dosing interval, and these patients were 
32% less likely to have a positive clinical outcome. Positive clinical 
outcome was associated with a TFREE/MIC ratio greater than 1 at both 
50% and 100% of the dosing intervals. These data suggest that many 
critically ill patients experience adverse outcomes as a result of inad-
equate antibiotic exposure.
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Duration of Antibiotic Therapy
For most critically ill patients, empiric antibiotic courses of 7–8 days 
of treatment should suffice, unless specific infections are identified, 
such as bacteremia, fungemia, endocarditis, osteomyelitis, or meningi-
tis, which would require longer treatment durations. The data sup-
porting the use of shorter courses of antibiotic therapy are probably 
strongest for VAP, depending on clinical severity, rapidity of clinical 
improvement, and most important, the underlying microbiology.50–53 
The exceptions to shorter courses of antibiotic therapy in VAP are the 
difficult-to-treat pathogens such as Pseudomonas aeruginosa and other 
nonfermenters that experience higher recurrence rates with shorter 
treatment regimens.50 At least one randomized trial has found a 
greater mortality among patients with P. aeruginosa VAP receiving only 
7 days of treatment.54 Longer durations of treatment for nonferment-
ing GNB may be most important in situations where antibiotic expo-
sure in the lung is limited by host factors such as increased volume of 
drug distribution and ARC.

The inflammatory biomarker procalcitonin has been shown to 
aid in limiting the duration of antibiotic exposure for patients with 
VAP and other types of infections.55–57 However, other clinical trials 
have failed to replicate these findings. A study performed in nine 
ICUs in Denmark enrolled 1200 critically ill patients to receive ei-
ther the “standard-of-care-only,” receiving treatment according to 
the current international guidelines and blinded to procalcitonin 
levels, or the “procalcitonin arm,” in which current guidelines were 
supplemented with a drug-escalation algorithm and intensified di-
agnostics based on daily procalcitonin measurements.58 Although 
there was no mortality difference, length of stay in the ICU was in-
creased by 1 day in the procalcitonin arm. A recent multicenter trial 
from Australia that enrolled 400 patients with suspected bacterial 
infection/sepsis also failed to demonstrate reductions in the overall 
median number of antibiotic treatment days with the use of procal-
citonin.59 Similarly, a large U.S. study failed to show a reduction in 
antibiotic duration among patients with suspected lower respiratory 
tract infections.60

In summary, clinicians should be aware that 7–8 days of therapy 
should suffice for empiric antibiotic therapy in most ICU patients. 
However, even shorter courses of empiric therapy should be used when 
the presence of infection is excluded, and longer treatment regimens 
may be required when dealing with specific host- and pathogen- 
related factors such as ARC, increased volume of distribution, and 
presence of infection with P. aeruginosa or other nonfermenters. It is 
probably most important to critically review all antibiotics on a daily 
basis to ensure that they are indeed necessary and, if so, that they are 
delivered in adequate concentrations.61

Augmented Renal Clearance
ARC is defined as an 8-hour creatinine clearance more than or equal 
to 130 mL/min/1.73 m2. One recent study has suggested that over 
65% of ICU patients have ARC on at least one occasion during the 
first 7 days of their critical illness.62 ARC has been linked with 
subtherapeutic beta-lactam63 and glycopeptide concentrations64 and 
increased therapeutic failures in patients receiving antimicrobial 
therapy, resulting in adverse patient outcomes.54,65,66 However, sev-
eral recent studies have cast doubt on whether ARC is associated with 
excess mortality, especially when antibiotic dosing is optimized.67,68 
One group of investigators has developed a scoring system to identify 
patients at high risk for ARC based on the following factors: age of 
50 years or younger (6 points), trauma (3 points), and Sequential 
Organ Failure Assessment (SOFA) score of 4 or less (1 point).69 A 
subsequent study found that the ARC score was 100% sensitive and 

71.4% specific for detecting ARC.70 Monte Carlo pharmacokinetic 
simulations demonstrated increased time at therapeutic antibiotic 
levels with the use of extended infusion dosing in the setting of ARC 
at drug cost savings of up to 66.7% over multiple intermittent dosing 
regimens. In addition to ARC, the use of renal replacement therapies 
can result in underexposure of antibiotics at the site of infection, 
requiring careful dosing adjustments.71 Further research is required 
to determine the influence of ARC on the outcomes of critically ill 
patients and how to optimize antimicrobial therapy when ARC is 
present.

Therapeutic Drug Monitoring
Therapeutic drug monitoring (TDM) for beta-lactams and carbap-
enems can be accomplished by several methodologies, allowing  
serum concentrations of antibiotics to be assessed in order to opti-
mize delivery and minimize the occurrence of toxicity.72,73 However, 
the use of TDM for antibiotics other than vancomycin, aminoglyco-
sides, and voriconazole has not become a routine or standard prac-
tice in most ICUs. Recent studies have demonstrated the ability of 
TDM to identify the need for antibiotic dosing adjustments in the 
setting of continuous renal replacement therapy resulting from ex-
cess serum antibiotic concentrations74 and during treatment of 
multidrug-resistant (MDR) P. aeruginosa with fluctuating renal 
function.75 Unfortunately, at the present time, large variations exist 
in the types of beta-lactams tested, the patients selected for TDM, 
drug assay methodologies, pharmacokinetic/pharmacodynamic tar-
gets, and dose adjustment strategies employed among critically ill 
patients.76 An ongoing trial assessing continuous infusion of piper-
acillin-tazobactam guided by TDM in patients with sepsis should 
provide needed clarity to this issue.77

AVOIDANCE OF UNNECESSARY ANTIBIOTIC 
ADMINISTRATION

Deescalation of Empiric Antibiotic RegimensAntimicrobial deescala-
tion is a clinical approach to empiric antibiotic therapy of serious 
infections that attempts to balance the need for appropriate initial 
therapy with the need to limit unnecessary antimicrobial exposure in 
order to curtail the emergence of resistance.78 A deescalation ap-
proach usually requires initial combination antimicrobial treatment 
targeting nonfermenting GNB and MRSA.79 However, depending on 
the clinical presentation, patient risk factors, and local epidemiology, 
other pathogens such as Candida species and Clostridium difficile, 
especially when diarrhea is present, may also need to be covered. 
Once the microbiologic results are available and the patient’s clinical 
response is observed, the antibiotic regimen can be narrowed based 
on the susceptibilities of the identified pathogens. Our local experi-
ence, and that of other groups, bears this out in demonstrating that 
the administration of appropriate initial antibiotic therapy with sub-
sequent antimicrobial deescalation is associated with improved sur-
vival and shorter hospital stays.80–82 Moreover, local antibiotic dees-
calation guidelines have been able to successfully limit the use of 
broad-spectrum antibiotics targeting GNB in patients with skin and 
skin structure infections, representing an example of antimicrobial 
stewardship.83,84

Computer decision support systems have also been employed to 
facilitate antimicrobial deescalation practices in the ICU setting. 
Thursky and colleagues employed a real-time microbiology browser 
and computerized decision support system for pathogen isolate– 
directed antibiotic prescription and found significant reductions in 
the proportion of patients prescribed carbapenems, third-generation 
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cephalosporins, and vancomycin.85 Similarly, our hospital has devel-
oped an automated decision support system with real-time access to 
patients’ prior antibiotic exposures and microbiologic results.86 Our 
experience with this system has shown that the use of inappropriate 
therapy can be reduced by almost 50% and that access to these data 
assist in the performance of timely deescalation.86 Similar outcomes 
have been achieved using pharmacist-driven diagnostic testing for 
antimicrobial deescalation in community-acquired pneumonia 
(CAP).87 However, the impact of antimicrobial de-escalation as a 
casual contributor to survival and not simply representing a marker 
of disease severity is still controversial.88

Use of Antibiotic Resistance Prediction Tools
Knowledge of patient risk factors for the presence of infection with 
antibiotic-resistant pathogens should be a routine part of antibiotic 
decision making. For example, antibiotic-resistant pathogens are more 
commonly found in patients with CAP who have healthcare–associ-
ated risk factors (recent hospitalization, admission from a nursing 
home, or recent antibiotic treatment).89,90 However, a recent meta-
analysis found that the current definition employed for healthcare–as-
sociated pneumonia (HCAP) did not accurately identify infections 
attributed to antibiotic-resistant pathogens, providing further support 
for the use of more specific criteria to make this clinically important 
determination.91

Shindo and colleagues demonstrated that independent risk factors 
for antibiotic-resistant bacteria occur in patients diagnosed with both 
CAP and HCAP, including prior hospitalization, immunosuppression, 
previous antibiotic use, gastric acid–suppressive therapy, tube feeding, 
and nonambulatory status.92 Another Japanese study prospectively ap-
plied a therapeutic algorithm based on the presence of risk factors for 
MDR pathogens in a multicenter cohort study of patients with CAP 
and HCAP.93 These investigators found that MDR pathogens were 
more common in patients with HCAP than in those with CAP. More-
over, these same investigators found that using these risks in a unified 
algorithm allowed antibiotic therapy to be simplified in the majority 
of patients with CAP.93

Potential benefits derived from the use of computerized systems 
include improvements in the efficiency and costs of existing stew-
ardship programs, improvements in clinicians’ knowledge regard-
ing the treatment of infectious diseases, and improvements in 
pathogen prediction.94,95 Thiel and colleagues demonstrated that 
the implementation of a standardized order set for patients with 
sepsis—that is currently automated and includes orders for antimi-
crobial therapy—resulted in more appropriate initial antimicrobial 
therapy and improved clinical outcomes in patients with severe 
sepsis and bacteremia.96

Unfortunately, antibiotic prediction tools can also lead to over-
use of broad-spectrum agents. The 2016 Infectious Diseases Society 
of America/American Thoracic Society (IDSA/ATS) updated guide-
lines for hospital- and ventilator-acquired pneumonia recommend 
MRSA coverage if the local resistance patterns are unknown or 
greater than 10%–20% and, similarly, double antimicrobial coverage 
for P. aeruginosa if the local resistance patterns for monotherapy 
are unknown or greater than 10%.97 They also incorporated patient-
specific risk factors, such as recent intravenous antibiotic adminis-
tration; need for mechanical ventilation or renal replacement  
therapy; and even the presence of shock, acute respiratory distress 
syndrome, or structural lung disease. However, a recent study of 
3562 patients with HAP found that the IDSA/ATS guidelines would 
result in 56% of HAP cases being empirically treated for MRSA, 
whereas 23% would be treated with antipseudomonal agents even 
though cultures for MRSA and antibiotic-resistant gram-negative 

rods were positive in only 5.17% and 2.30% of patients, respec-
tively.98 Looking forward, new artificial intelligence/machine learn-
ing techniques will be iteratively developed so we may move beyond 
labeling an infection by where it is diagnosed and instead focus on 
a patient-specific cumulative risk for MDR pathogens, leading to 
highly tailored empiric therapy and less overuse of broad-spectrum 
antibiotics.99

Biomarker Guidance of Antibiotic Therapy
Procalcitonin has demonstrated utility, especially in the ambulatory 
setting, in guiding decisions regarding antimicrobial therapy.55–57 
However, not all experiences with procalcitonin-guided decision 
making have shown reductions in duration of antibiotic exposure.58,59 
A recent comprehensive literature review of procalcitonin-guided 
antibiotic management in critically ill patients found that the diag-
nostic value of serum procalcitonin concentrations to discriminate 
among systemic inflammatory response syndrome (SIRS), sepsis, se-
vere sepsis, and septic shock was unestablished.100 On the other hand, 
at least two meta-analyses suggest that procalcitonin guidance can be 
used to shorten the duration of antimicrobial therapy in the ICU set-
ting.101,102 The routine use of procalcitonin as an aid in antibiotic de-
cision making should depend on whether a particular ICU has an al-
ready established culture of successful antimicrobial deescalation and 
stewardship.100

The serum markers (1,3)-b-D-glucan and galactomannan have 
been used in identifying pathogens associated with invasive fungal 
infections to assist clinicians in guiding antifungal therapy. Based on 
their high negative predictive value in the appropriate clinical setting, 
the most suitable use of these markers seems to be in excluding the 
presence of invasive fungal infections.103,104 However, one study sug-
gests that the use of (1,3)-b-d-glucan is the most rapid method for 
the identification of intraabdominal candidiasis in order to provide 
timely therapy in such patients.105 In addition, an investigation that 
measured galactomannan levels in bronchoalveolar lavage (BAL) 
fluid obtained from ICU patients lends support to its use in pathogen 
identification and early treatment of pulmonary infection.106 None-
theless, a more recent study only showed modest agreement between 
galactomannan in BAL fluid and validated clinical diagnostic criteria 
for invasive fungal disease.107 These markers of infection certainly 
have the potential to enhance stewardship—primarily through dees-
calation once a fungal infection has been excluded—and future clini-
cal experience with these markers will determine if this potential can 
be fully realized.108

Formalized Antimicrobial Stewardship  
Programs and Telemedicine
Formally implemented antimicrobial stewardship programs (ASPs) 
have been associated not only with reduced infection rates but also 
with significant cost saving associated with reductions in the defined 
daily doses of antimicrobials targeted by the ASP.84,109,110 ASPs have 
been shown to increase the appropriateness of therapy for serious 
infections such as CAP and to increase the number of infectious 
disease consultations, which might also dramatically improve patient 
outcomes, including mortality, hospital length of stay, and rates of 
readmission by providing a more precise antibiotic prescrip-
tion.84,111–113 These attributes of ASPs account for why they are now 
recognized as mandatory components of hospital quality improve-
ment efforts.

A recently updated meta-analysis of ASPs has solidified the benefits 
of these quality improvement initiatives.114 This meta-analysis found 
that ASPs could significantly result in less antimicrobial usage and re-
ductions in C. difficile infections and colonization or infection with 
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antibiotic-resistant bacteria.114 Additionally, more effective antibiotic 
prescribing practices for pneumonia because of the presence of an ASP 
were associated with a significant reduction in mortality, whereas prac-
tices aimed at decreasing excessive antibiotic prescribing were not as-
sociated with any significant increase in mortality.

Telemedicine is emerging as a feasible strategy for implementing 
antibiotic stewardship, especially in hospitals lacking infectious disease 
consultants and preexisting robust stewardship programs.115–117 Given 
the increasing complexity of decision making in infectious diseases, 
advancements in telemedicine will likely drive future use of this strat-
egy for stewardship.118

Rapid Microbiologic Diagnostics
Conventional microbiologic procedures typically require several days 
for isolation, identification, and antimicrobial susceptibility testing of 
isolated bacteria from clinical samples, including blood, respiratory 
tract, urine, and sterile site specimens. A number of molecular plat-
forms currently exist for the rapid identification of pathogens and an-
tibiotic susceptibility. These include polymerase chain reaction (PCR), 
multiplex PCR, matrix-assisted laser desorption-ionization time-of-
flight (MALDI-TOF) mass spectrometry (MS), fluorescent in situ hy-
bridization, immunochromatography, nuclear magnetic resonance, and 
volatile organic compound analysis, with each having specific advan-
tages and disadvantages.119 Additionally, automated microscopy meth-
ods such as the Identification/Antimicrobial Susceptibility Testing (ID/
AST) system (Accelerate Diagnostics, Tucson, AZ) have been developed 
using both genomic and phenotypic technologies to provide pathogen 
identification and antimicrobial susceptibilities in a rapid manner.120

The potential benefit of rapid microbiologic diagnostics (RMDs) 
on patient outcomes with serious infections is illustrated by several 
recent studies. Clinical samples from patients with monomicrobial 
gram-negative bacteremia were tested and compared between the Ac-
celerate Pheno System and standard-of-care methods, including Veri-
gene and Bruker MALDI Biotyper systems for ID and the Vitek 2 sys-
tem for AST.121 ID mean time was 21 hours for MALDI-TOF MS, 4.4 
hours for Verigene, and 3.7 hours for the Accelerate Pheno System. 
AST mean time was 35 hours for Vitek 2 and 9.0 hours for the Acceler-
ate Pheno System. If the Accelerate Pheno System results had been 
available to inform patient care, 25% of patients could have been put 

on active therapy sooner, whereas 78% of patients who had therapy 
optimized during hospitalization could have had therapy optimized 
sooner. These findings are similar to those found at our institution 
employing similar diagnostic approaches.122

CONCLUSION

Although antimicrobial therapy is frequently prescribed, clinicians 
should realize that these important therapeutic agents should be used 
wisely. Judicious use of antibiotics serves to combat the emergence of 
resistance, improve clinical outcomes, and decrease costs. Clinicians 
should realize the advances that have been made with regard to antimi-
crobial stewardship and use these tools, and any future advances, to pro-
mote improved antimicrobial use. We are currently at a crossroads where 
antimicrobial stewardship offers us an opportunity to move forward in 
terms of enhancing the treatment of antibiotic-resistant infections for 
years to come (Figs. 105.2 and 105.3). ICU clinicians must be leaders in 
ensuring that their institutions have robust and effective ASPs.123

Optimization of appropriate antimicrobial therapy as

part of an antimicrobial stewardship program

Select appropriate

antimicrobial regimen

Timing of 

antibiotic administration

Adequate dosing of antibiotics

and PK/PD considerations

Duration of

antibiotic treatment

• Knowledge of local

epidemiology

• Use of surveillance cultures

• Antibiotic resistance prediction
instruments

• Use of emerging rapid
diagnostics

• Empiric combination

antimicrobial regimens

• Infectious disease consultation

• Use of de-escalation protocols
• Administrative pharmacy

machanism for rapid drug

delivery

• Quality improvement program

to assess antibiotic delivery

time to patients

• Maximize tolerable dosing

• Use of prolonged infusions
• Identify presence of

augmented renal clearance

• Identify presence of increased
volume of distribution

• Use of aerosolized antibiotics

• 7–8 days for most infections

• 10–14 days for Pseudomonas

aeruginosa and other

nonfermentors

• >7–8 days for patients with

augmented renal clearance

• Use of biomarkers (e.g.,

procalcitonin) to guide

treatment duration

• Use of pharmacist-directed de-
escalation protocol to guide

treatment duration

Fig. 105.2 Optimization of appropriate antimicrobial therapy as part of an antimicrobial stewardship program.

KEY POINTS

• All ICUs should participate in active ASPs directed at optimizing the use of 

antimicrobials in critically ill patients.

• The ASPs should focus on both optimizing the delivery of antimicrobial 

agents to infected patients and avoiding the unnecessary use of these 

agents.

• Optimal antibiotic administration can be achieved by ensuring appropriate 

selection of drugs, timely administration of antibiotics, adequate dosing of 

these agents, avoidance of prolonged durations of therapy, and adjustments 

in delivery of drugs based on the physiology of critically ill patients (e.g., 

potential use of higher drug doses and/or prolonged infusions in the setting 

of augmented renal clearance and increased volume of distribution).

• Minimizing the unnecessary use of antibiotics can be achieved with the use 

of deescalation strategies, use of antibiotic resistance prediction tools or 

biomarkers, and in the future, rapid diagnostics for pathogen detection and 

antimicrobial susceptibility.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Bassetti M, Kollef MH, Poulakou G. Principles of antimicrobial stewardship 
for bacterial and fungal infections in ICU. Intensive Care Med. 
2017;43(12):1894–1897.
A concise review highlighting appropriate antimicrobial stewardship practices 

and areas for future research.

Besnard T, Carrié C, Petit L, et al. Increased dosing regimens of piperacillin-
tazobactam are needed to avoid subtherapeutic exposure in critically ill 
patients with augmented renal clearance. Crit Care. 2019;23(1):13.
This study highlights the importance of nonlabel dosing of antibiotics when 

augmented renal clearance influences serum and/or tissue concentrations of 

the prescribed antibiotic.

Burnham JP, Olsen MA, Stwalley D, et al. Infectious diseases consultation re-
duces 30-day and 1-year all-cause mortality for multidrug-resistant organ-
ism infections. Open Forum Infect Dis. 2018;5(3):ofy026.
A provocative study demonstrating the importance of factious disease expertise in 

clinical decision making for patients with serious infections in the hospital setting.

Hage CA, Carmona EM, Epelbaum O, et al. Microbiological laboratory testing 
in the diagnosis of fungal infections in pulmonary and critical care practice. 

Suspected infection in ICU patient

Obtain the following:

• Microbiologic samples for culture and special stains
• Biomarkers (e.g. procalcitonin)
• Rapid microbiologic test

Prescribe empiric antibiotics employing a combination of
agents targeting likely MDROs based on local epidemiology

and patient risk factors

Monitor clinical response to treatment (temperature,

white blood cell count, hemodynamic parameters, organ

function, biomarker levels)

Microbiologic identification of pathogen(s) and
antimicrobial susceptibility

Only viruses

identified

Consider
discontinuation of

antibiotics

Significant clinical

improvement after 48–96
hours of treatment

Significant clinical

improvement after 48–96
hours of treatment

• Consider discontinuation of 
antibiotics, or limiting the course of 
de-escalated therapy to <7 days

• Review dosing of antibiotics to

optimize drug levels

• Reculture for possible super
infection

• Consider non-infectious causes

 of fever/inflammation
• Examine for abscess formation

• De-escalate empiric antibiotics

based on microbiology results
• Discontinue antibiotics after 7–

10 day course based on site of
infection and pathogen

Yes

YesYes

No

NoNo

Fig. 105.3 An algorithm for the use of antimicrobial therapy in critically ill patients attempting to balance the 

need for early appropriate therapy in infected patients with the need to avoid the unnecessary use of broad-

spectrum antibiotics.

An official American Thoracic Society clinical practice guideline. Am J 

Respir Crit Care Med. 2019;200(5):535–550.
An important recent review of the microbiology laboratory and its ability to 

facilitate the diagnosis of invasive fungal infections.

Harris PNA, Tambyah PA, Lye DC, et al. Effect of piperacillin-tazobactam vs 
meropenem on 30-day mortality for patients with E. coli or Klebsiella 
pneumoniae bloodstream infection and ceftriaxone resistance: A random-
ized clinical trial. JAMA. 2018;320(10):984–994.
An important randomized trial that confirms the importance of appropriate 

initial antimicrobial therapy as a determinant of outcome in patients with 

serious infections, including bacteremia.

Klompas M, Calandra T, Singer M. Antibiotics for sepsis: Finding the equilib-
rium. JAMA. 2018;320:1433–1434.
An important rebuttal to the 1-hour bundle for sepsis and septic shock treat-

ment. This editorial highlights many of the potential detrimental effects of 

unnecessary antibiotic therapy when infection is not present or treated with 

the incorrect agents.

Kollef MH, Bassetti M, Francois B, et al. The intensive care medicine research 
agenda on multidrug-resistant bacteria, antibiotics, and stewardship.  
Intensive Care Med. 2017;43(9):1187–1197.
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Provides an agenda for important future research questions focused on infec-

tious diseases that are managed in the ICU setting. Also briefly reviews the 

current literature and its limitations.

Kollef MH, Chastre J, Clavel M, et al. A randomized trial of 7-day doripenem 
versus 10-day imipenem-cilastatin for ventilator-associated pneumonia. 
Crit. Care. 2012;16(6):R218.
An important study illustrating that a 7-day course of antibiotic therapy may 

not be appropriate for all patients with VAP. In particular, patients with VAP 

attributed to Pseudomonas aeruginosa may need a longer course of therapy, 

especially when antibiotic delivery factors or host factors are not optimal.

Martinez-Nadal G, Puerta-Alcalde P, Gudiol C, et al. Inappropriate empirical 
antibiotic treatment in high-risk neutropenic patients with bacteremia in 
the era of multidrug resistance. Clin Infect Dis. 2020;70(6):1068–1074.
As more patients entering the ICU setting are immune suppressed, this refer-

ence highlights the importance of appropriate antimicrobial therapy in neu-

tropenic patients with bacteremia.

Maruyama T, Fujisawa T, Ishida T, et al. A therapeutic strategy for all pneumo-
nia patients: A 3-year prospective multicenter cohort study using risk fac-
tors for multidrug-resistant pathogens to select initial empiric therapy. 
Clin Infect Dis. 2019;68(7):1080–1088.
An important study illustrating the utility of local decision rules for prescrib-

ing antibiotics to patients with community-onset pneumonia.

Michelson A, Kollef MH. Redefining the threshold for broad spectrum antibi-
otics. Ann Am Thorac Soc. 2019;16(11):1367–1369.
An important study illustrating the limitation of unvalidated antibiotic  

prescription decision rules and how they can lead to overuse of antibiotics.

Pickens CI, Wunderink RG. Principles and practice of antibiotic stewardship 
in the ICU. Chest. 2019;156(1):163–171.
An up-to-date reference for the initiation and improvement of antimicrobial 

stewardship practices as they relate to critically ill patients.

Rhodes NJ, Liu J, O’Donnell JN, et al. Prolonged infusion piperacillin-tazobactam 
decreases mortality and improves outcomes in severely ill patients: Results of a 
systematic review and meta-analysis. Crit Care Med. 2018;46(2):236–243.
A systematic review of the evidence in support of prolonged infusions for 

piperacillin-tazobactam in the critically ill patient. Provides support for this 

practice and highlights potential limitations of the practice.

Seymour CW, Gesten F, Prescott H, et al. Time to treatment and mortality during 
mandated emergency care for sepsis. New Engl J Med. 2017;376:2235–2244.
This study demonstrates the importance of the timing of antibiotic therapy in 

patients with sepsis and septic shock.

Timsit JF, Bassetti M, Cremer O, et al. Rationalizing antimicrobial therapy in 
the ICU: A narrative review. Intensive Care Med. 2019;45(2):172–189.
A concise review of the rationale for antimicrobial stewardship in the ICU 

and the best practices for achieving stewardship.

  

 



e1

REFERENCES

 1. Bassetti, M., Kollef, M. H., & Poulakou, G. (2017). Principles of antimicro-
bial stewardship for bacterial and fungal infections in ICU. Intensive Care 

Medicine, 43(12), 1894–1897.
 2. Kollef, M. H., Bassetti, M., Francois, B., Burnham, J., Dimopoulos, G.,  

Garnacho-Montero, J., et al. (2017). The intensive care medicine research 
agenda on multidrug-resistant bacteria, antibiotics, and stewardship. In-

tensive Care Medicine, 43(9), 1187–1197.
 3. Kollef, M. H., & Micek, S. T. (2014). Rational use of antibiotics in the ICU: 

balancing stewardship and clinical outcomes. JAMA, 312(14), 1403–1404.
 4. Chastain, D. B., Cluck, D. B., Stover, K. R., Lusardi, K. T., Marx, A., Green, 

S., et al. (2019). A Baker’s Dozen of Top Antimicrobial Stewardship Inter-
vention Publications in 2017. Open Forum Infectious Diseases, 6(4), ofz133.

 5. Kollef, M. H. (2013). Antibiotics for the critically ill: more than just select-
ing appropriate initial therapy. Critical Care, 17(3), 146.

 6. Nathwani, D., Varghese, D., Stephens, J., Ansari, W., Martin, S., & Char-
bonneau, C. (2019). Value of hospital antimicrobial stewardship programs 
[ASPs]: a systematic review. Antimicrobial Resistance and Infection Control, 
8, 35.

 7. Pickens, C. I., & Wunderink, R. G. (2019). Principles and Practice of  
Antibiotic Stewardship in the ICU. Chest, 156(1), 163–171.

 8. Kollef, M. H. (2008). Broad-spectrum antimicrobials and treatment of  
serious bacterial infections: getting it right up front. Clinical Infectious 

Diseases, 47(Suppl. 1), S3–S13.
 9. Micek, S. T., Lang, A., Fuller, B. M., Hampton, N. B., & Kollef, M. H. 

(2014). Clinical implications for patients treated inappropriately for  
community-acquired pneumonia in the emergency department. BMC 

Infectious Diseases, 14, 61.
 10. Shorr, A. F., Zilberberg, M. D., Micek, S. T., & Kollef, M. H. (2014).  

Predictors of hospital mortality among septic ICU patients with Acineto-
bacter spp. bacteremia: a cohort study. BMC Infectious Diseases, 14(1), 572.

 11. Vardakas, K. Z., Rafailidis, P. I., Konstantelias, A. A., & Falagas, M. E. 
(2013). Predictors of mortality in patients with infections due to multi-
drug resistant gram negative bacteria: the study, the patient, the bug or the 
drug? Journal of Infection, 66(5), 401–414.

 12. Harbarth, S., Garbino, J., Pugin, J., Romand, J. A., Lew, D., & Pittet, D. 
(2003). Inappropriate initial antimicrobial therapy and its effect on  
survival in a clinical trial of immunomodulating therapy for severe sepsis. 
American Journal of Medicine, 115(7), 529–535.

 13. Martinez-Nadal, G., Puerta-Alcalde, P., Gudiol, C., Cardozo, C., Albasanz-
Puig, A., Marco, F., et al. (2020). Inappropriate Empirical Antibiotic Treat-
ment in High-risk Neutropenic Patients With Bacteremia in the Era of 
Multidrug Resistance. Clinical Infectious Diseases, 70(6), 1068–1074.

 14. Du, X., Xu, X., Yao, J., Deng, K., Chen, S., Shen, Z., et al. (2019). Predictors 
of mortality in patients infected with carbapenem-resistant Acinetobacter 
baumannii: A systematic review and meta-analysis. American Journal of 

Infection Control, 47(9), 1140–1145.
 15. Micek, S. T., Lloyd, A. E., Ritchie, D. J., Reichley, R. M., Fraser, V. J., & 

Kollef, M. H. (2005). Pseudomonas aeruginosa bloodstream infection:  
importance of appropriate initial antimicrobial treatment. Antimicrobial 

Agents and Chemotherapy, 49(4), 1306–1311.
 16. Labelle, A. J., Micek, S. T., Roubinian, N., & Kollef, M. H. (2008). Treat-

ment-related risk factors for hospital mortality in Candida bloodstream 
infections. Critical Care Medicine, 36(11), 2967–2972.

 17. Kollef, M., Micek, S., Hampton, N., Doherty, J. A., & Kumar, A. (2012). 
Septic shock attributed to Candida infection: importance of empiric ther-
apy and source control. Clinical Infectious Diseases, 54(12), 1739–1746.

 18. Bassetti, M., Righi, E., Ansaldi, F., Merelli, M., Trucchi, C., De Pascale, G., 
et al. (2014). A multicenter study of septic shock due to candidemia:  
outcomes and predictors of mortality. Intensive Care Medicine, 40(6), 
839–845.

 19. Vazquez-Guillamet, C., Scolari, M., Zilberberg, M. D., Shorr, A. F., Micek, 
S. T., & Kollef, M. (2014). Using the number needed to treat to assess  
appropriate antimicrobial therapy as a determinant of outcome in severe 
sepsis and septic shock. Critical Care Medicine, 42(11), 2342–2349.

 20. Harris, P. N. A., Tambyah, P. A., Lye, D. C., Mo, Y., Lee, T. H., Yilmaz, M.,  
et al. (2018). Effect of Piperacillin-Tazobactam vs Meropenem on 30-Day 

Mortality for Patients With E coli or Klebsiella pneumoniae Bloodstream 
Infection and Ceftriaxone Resistance: A Randomized Clinical Trial. JAMA, 
320(10), 984–994.

 21. Rhodes, A., Evans, L. E., Alhazzani, W., Levy, M. M., Antonelli, M., Ferrer, 
R., et al. (2017). Surviving Sepsis Campaign: International Guidelines for 
Management of Sepsis and Septic Shock: 2016. Critical Care Medicine, 
45(3), 486–552.

 22. Iregui, M., Ward, S., Sherman, G., Fraser, V. J., & Kollef, M. H. (2002). 
Clinical importance of delays in the initiation of appropriate antibiotic 
treatment for ventilator-associated pneumonia. Chest, 122(1), 262–268.

 23. Kumar, A., Roberts, D., Wood, K. E., Light, B., Parrillo, J. E., Sharma, S.,  
et al. (2006). Duration of hypotension before initiation of effective  
antimicrobial therapy is the critical determinant of survival in human  
septic shock. Critical Care Medicine, 34(6), 1589–1596.

 24. Chen, C., & Kollef, M. H. (2014). Conservative fluid therapy in septic 
shock: an example of targeted therapeutic minimization. Critical Care, 
18(4), 481.

 25. Ferrer, R., Martin-Loeches, I., Phillips, G., Osborn, T. M., Townsend, S., 
Dellinger, R. P., et al. (2014). Empiric antibiotic treatment reduces  
mortality in severe sepsis and septic shock from the first hour: results  
from a guideline-based performance improvement program. Critical Care 

Medicine, 42(8), 1749–1755.
 26. Seymour, C. W., Gesten, F., Prescott, H., Friedrich, M. E., Iwashyna, T. J., 

Phillips, G. S., et al. (2017). Time to treatment and mortality during  
mandated emergency care for sepsis. New England Journal of Medicine, 
376, 2235–2244.

 27. Liu, V. X., Morehouse, J. W., Marelich, G. P., Soule, J., Russell, T., Skeath, 
M., et al. (2016). Multicenter implementation of a treatment bundle for 
patients with sepsis and intermediate lactate values. American Journal of 

Respiratory and Critical Care Medicine, 193, 1264–1270.
 28. Levy, M. M., Evans, L. E., & Rhodes, A. (2018). The Surviving Sepsis  

Campaign Bundle: 2018 update. Intensive Care Medicine, 44, 925–928.
 29. Klompas, M., Calandra, T., & Singer, M. (2018). Antibiotics for sepsis-

finding the equilibrium. JAMA, 320, 1433–1434.
 30. Spiegel, R., Farkas, J. D., Rola, P., Kenny, J. E., Olusanya, S., Marik, P. E.,  

et al. (2019). The 2018 Surviving Sepsis Campaign’s Treatment Bundle: 
When guidelines outpace the evidence supporting their use. Annals of 

Emergency Medicine, 73(4), 356–358.
 31. IDSA Sepsis Task Force. (2018). Infectious Diseases Society of America 

(IDSA) Position Statement. Why IDSA Did Not Endorse the Surviving 
Sepsis Campaign Guidelines. Clinical Infectious Diseases, 66, 1631–1635.

 32. Marik, P. E., Farkas, J. D., Spiegel, R., & Weingart, S. (2019). POINT: 
Should the Surviving Sepsis Campaign Guidelines Be Retired? Yes. Chest, 
155, 12–14.

 33. Kollef, M. H., & Burnham, J. P. (2019). Antibiotic thresholds for sepsis and 
septic shock. Clinical Infectious Diseases, 69(6), 938–940.

 34. Timsit, J. F., Bassetti, M., Cremer, O., Daikos, G., de Waele, J., Kallil, A.,  
et al. (2019). Rationalizing antimicrobial therapy in the ICU: a narrative 
review. Intensive Care Medicine, 45(2), 172–189.

 35. Veiga, R. P., & Paiva, J. A. (2018). Pharmacokinetics-pharmacodynamics  
issues relevant for the clinical use of beta-lactam antibiotics in critically  
ill patients. Critical Care, 22(1), 233.

 36. Guilhaumou, R., Benaboud, S., Bennis, Y., Dahyot-Fizelier, C., Dailly, E., 
Gandia, P., et al. (2019). Optimization of the treatment with beta-lactam 
antibiotics in critically ill patients-guidelines from the French Society of 
Pharmacology and Therapeutics (Société Française de Pharmacologie  
et Thérapeutique-SFPT) and the French Society of Anaesthesia and  
Intensive Care Medicine (Société Française d’Anesthésie et Réanimation-
SFAR). Critical Care, 23(1), 104.

 37. Pea, F. (2013). Plasma pharmacokinetics of antimicrobial agents in  
critically ill patients. Current Clinical Pharmacology, 8(1), 5–12.

 38. Cai, Y., Wang, R., Liang, B., Bai, N., & Liu, Y. (2011). Systematic review  
and meta-analysis of the effectiveness and safety of tigecycline for treat-
ment of infectious disease. Antimicrobial Agents and Chemotherapy, 55(3), 
1162–1172.

 39. McGovern, P. C., Wible, M., El-Tahtawy, A., Biswas, P., & Meyer, R. D. 
(2013). All-cause mortality imbalance in the tigecycline phase 3 and 4 
clinical trials. International Journal of Antimicrobial Agents, 41(5), 463–467.

  

 



e2

 40. Prasad, P., Sun, J., Danner, R. L., & Natanson, C. (2012). Excess deaths asso-
ciated with tigecycline after approval based on noninferiority trials. Clinical 

Infectious Diseases, 54(12), 1699–709.
 41. Freire, A. T., Melnyk, V., Kim, M. J., Datsenko, O., Dzyublik, O., Glumcher, 

F., et al. (2010). Comparison of tigecycline with imipenem/cilastatin for 
the treatment of hospital-acquired pneumonia. Diagnostic Microbiology 

and Infectious Disease, 68(2), 140–151.
 42. Ramirez, J., Dartois, N., Gandjini, H., Yan, J. L., Korth-Bradley, J., &  

McGovern, P. C. (2013). Randomized phase 2 trial to evaluate the clinical 
efficacy of two high-dosage tigecycline regimens versus imipenem- 
cilastatin for treatment of hospital-acquired pneumonia. Antimicrobial 

Agents and Chemotherapy, 57(4), 1756–1762.
 43. Awad, S. S., Rodriguez, A. H., Chuang, Y. C., Marjanek, Z., Pareigis, A. J., 

Reis, G., et al. (2014). A Phase 3 randomized double-blind comparison of 
ceftobiprole medocaril versus ceftazidime plus linezolid for the treatment 
of hospital-acquired pneumonia. Clinical Infectious Diseases, 59(1), 51–61.

 44. Kollef, M. H., Nováček, M., Kivistik, Ü., Réa-Neto, Á., Shime, N., 
Martin-Loeches, I., et al. (2019). ASPECT-NP: a randomised, controlled, 
double-blind, phase 3, non-inferiority trial of ceftolozane/tazobactam  
versus meropenem for treatment of nosocomial pneumonia. Lancet 

Infectious Diseases, 19(12), 1299–1311.
 45. Yu, Z., Pang, X., Wu, X., Shan, C., & Jiang, S. (2018). Clinical outcomes of 

prolonged infusion (extended infusion or continuous infusion) versus  
intermittent bolus of meropenem in severe infection: A meta-analysis. 
PLoS One, 13(7), e0201667.

 46. Vardakas, K. Z., Voulgaris, G. L., Maliaros, A., Samonis, G., & Falagas, M. E. 
(2018). Prolonged versus short-term intravenous infusion of antipseudomonal 
b-lactams for patients with sepsis: a systematic review and meta-analysis of 
randomised trials. Lancet Infectious Diseases, 18(1), 108–120.

 47. Rhodes, N. J., Liu, J., O’Donnell, J. N., Dulhunty, J. M., Abdul-Aziz, M. H., 
Berko, P. Y., et al. (2018). Prolonged Infusion Piperacillin-Tazobactam  
Decreases Mortality and Improves Outcomes in Severely Ill Patients:  
Results of a Systematic Review and Meta-Analysis. Critical Care Medicine, 
46(2), 236–243.

 48. Dulhunty, J. M., Roberts, J. A., Davis, J. S., Webb, S. A., Bellomo, R., 
Gomersall, C., et al. (2015). A multicenter randomized trial of continuous 
versus intermittent b-lactam infusion in severe sepsis. American Journal of 

Respiratory and Critical Care Medicine, 192(11), 1298–1305.
 49. Roberts, J. A., Paul, S. K., Akova, M., Bassetti, M., De Waele, J. J., Dimo-

poulos, G., et al. (2014). DALI: defining antibiotic levels in intensive care 
unit patients: are current b-lactam antibiotic doses sufficient for critically 
ill patients? Clinical Infectious Diseases, 58(8), 1072–1083.

 50. Chastre, J., Wolff, M., Fagon, J. Y., Chevret, S., Thomas, F., Wermert, D.,  
et al. (2003). Comparison of 8 vs 15 days of antibiotic therapy for  
ventilator-associated pneumonia in adults: a randomized trial. JAMA, 
290(19), 2588–2598.

 51. Capellier, G., Mockly, H., Charpentier, C., Annane, D., Blasco, G.,  
Desmettre, T., et al. (2012). Early-onset ventilator-associated pneumonia 
in adults randomized clinical trial: comparison of 8 versus 15 days of  
antibiotic treatment. PLoS One, 7(8), e41290.

 52. Dimopoulos, G., Poulakou, G., Pneumatikos, I. A., Armaganidis, A., Kollef, 
M. H., & Matthaiou, D. K. (2013). Short- vs long-duration antibiotic  
regimens for ventilator-associated pneumonia: a systematic review and 
meta-analysis. Chest, 144(6), 1759–1767.

 53. Pugh, R., Grant, C., Cooke, R. P., & Dempsey, G. (2011). Short-course  
versus prolonged-course antibiotic therapy for hospital-acquired pneumo-
nia in critically ill adults. Cochrane Database of Systematic Reviews, (10), 
CD007577.

 54. Kollef, M. H., Chastre, J., Clavel, M., Restrepo, M. I., Michiels, B., Kaniga, 
K., et al. (2012). A randomized trial of 7-day doripenem versus 10-day 
imipenem-cilastatin for ventilator-associated pneumonia. Critical Care, 
16(6), R218.

 55. Stolz, D., Smyrnios, N., Eggimann, P., Pargger, H., Thakkar, N., Siegemund, 
M., et al. (2009). Procalcitonin for reduced antibiotic exposure in ventila-
tor-associated pneumonia: a randomised study. European Respiratory 

Journal, 34(6), 1364–1375.
 56. Bouadma, L., Luyt, C. E., Tubach, F., Cracco, C., Alvarez, A., Schwebel, C.,  

et al. (2010). Use of procalcitonin to reduce patients’ exposure to antibiotics 

in intensive care units (PRORATA trial): a multicentre randomised  
controlled trial. Lancet, 375(9713), 463–474.

 57. Hochreiter, M., Köhler, T., Schweiger, A. M., Keck, F. S., Bein, B., von  
Spiegel, T., et al. (2009). Procalcitonin to guide duration of antibiotic  
therapy in intensive care patients: a randomized prospective controlled 
trial. Critical Care, 13(3), R83.

 58. Jensen, J. U., Hein, L., Lundgren, B., Bestle, M. H., Mohr, T. T., Andersen, 
M. H., et al. (2011). Procalcitonin And Survival Study (PASS) group.  
Procalcitonin-guided interventions against infections to increase early  
appropriate antibiotics and improve survival in the intensive care unit:  
a randomized trial. Critical Care Medicine, 39(9), 2048–2058.

 59. Shehabi, Y., Sterba, M., Garrett, P. M., Rachakonda, K. S., Stephens, D., 
Harrigan, P., et al. (2014). Procalcitonin algorithm in critically ill adults 
with undifferentiated infection or suspected sepsis. A randomized con-
trolled trial. American Journal of Respiratory and Critical Care Medicine, 
190(10), 1102–1110.

 60. Huang, D. T., Yealy, D. M., Filbin, M. R., Brown, A. M., Chang, C. H., Doi, 
Y., et al. (2018). Procalcitonin-Guided Use of Antibiotics for Lower Respi-
ratory Tract Infection. New England Journal of Medicine, 379(3), 236–249.

 61. Micek, S. T., Ward, S., Fraser, V. J., & Kollef, M. H. (2004). A randomized 
controlled trial of an antibiotic discontinuation policy for clinically  
suspected ventilator-associated pneumonia. Chest, 125(5), 1791–1799.

 62. Udy, A. A., Baptista, J. P., Lim, N. L., Joynt, G. M., Jarrett, P., Wockner, L.,  
et al. (2014). Augmented renal clearance in the ICU: results of a multi-
center observational study of renal function in critically ill patients with 
normal plasma. Critical Care Medicine, 42(3), 520–527.

 63. Besnard, T., Carrié, C., Petit, L., & Biais, M. (2019). Increased dosing regimens 
of piperacillin-tazobactam are needed to avoid subtherapeutic exposure in 
critically ill patients with augmented renal clearance. Critical Care, 23(1), 13.

 64. Villanueva, R. D., Talledo, O., Neely, S., White, B., Celii, A., Cross, A., et al. 
(2019). Vancomycin dosing in critically ill trauma patients: The VANCTIC 
Study. Journal of Trauma and Acute Care Surgery, 87(5), 1164–1171.

 65. Claus, B. O., Hoste, E. A., Colpaert, K., Robays, H., Decruyenaere, J., & De 
Waele, J. J. (2013). Augmented renal clearance is a common finding with 
worse clinical outcome in critically ill patients receiving antimicrobial 
therapy. Journal of Critical Care, 28(5), 695–700.

 66. Roberts, J. A., & Lipman, J. (2013). Optimal doripenem dosing simulations 
in critically ill nosocomial pneumonia patients with obesity, augmented 
renal clearance, and decreased bacterial susceptibility. Critical Care Medi-

cine, 41(2), 489–495.
 67. Udy, A. A., Dulhunty, J. M., Roberts, J. A., Davis, J. S., Webb, S. A. R.,  

Bellomo, R., et al. (2017). Association between augmented renal clearance 
and clinical outcomes in patients receiving b-lactam antibiotic therapy by 
continuous or intermittent infusion: a nested cohort study of the BLING-
II randomised, placebo-controlled, clinical trial. International Journal of 

Antimicrobial Agents, 49(5), 624–630.
 68. Burnham, J. P., Micek, S. T., & Kollef, M. H. (2017). Augmented renal 

clearance is not a risk factor for mortality in Enterobacteriaceae blood-
stream infections treated with appropriate empiric antimicrobials. PLoS 

One, 12(7), e0180247.
 69. Udy, A. A., Roberts, J. A., Shorr, A. F., Boots, R. J., & Lipman, J. (2013). 

Augmented renal clearance in septic and traumatized patients with  
normal plasma creatinine concentrations: identifying at-risk patients.  
Critical Care, 17(1), R35.

 70. Akers, K. S., Niece, K. L., Chung, K. K., Cannon, J. W., Cota, J. M., &  
Murray, C. K. (2014). Modified Augmented Renal Clearance score predicts 
rapid piperacillin and tazobactam clearance in critically ill surgery and 
trauma patients. Journal of Trauma and Acute Care Surgery, 77(3 Suppl. 2), 
S163–S170.

 71. De Waele, J. J., & Carlier, M. (2014). Beta-lactam antibiotic dosing during 
continuous renal replacement therapy: How can we optimize therapy? 
Critical Care, 18(3), 158.

 72. Barco, S., Bandettini, R., Maffia, A., Tripodi, G., Castagnola, E., & 
Cangemi, G. (2015). Quantification of piperacillin, tazobactam, merope-
nem, ceftazidime, and linezolid in human plasma by liquid chromatogra-
phy/tandem mass spectrometry. Journal of Chemotherapy, 27(6), 343–347.

 73. Zander, J., Maier, B., Suhr, A., Zoller, M., Frey, L., Teupser, D., et al. (2015). Quan-
tification of piperacillin, tazobactam, cefepime, meropenem, ciprofloxacin and 

  

 



e3

linezolid in serum using an isotope dilution UHPLC-MS/MS method with 
semi-automated sample preparation. Clinical Chemistry and Laboratory 

Medicine, 53(5), 781–791.
 74. Beumier, M., Casu, G. S., Hites, M., Seyler, L., Cotton, F., Vincent, J. L.,  

et al. (2014). b-lactam antibiotic concentrations during continuous renal 
replacement therapy. Critical Care, 18(3), R105.

 75. Afaneh, C. I., Ho, V. P., McWhorter, P., Nicolau, D. P., & Barie, P. S. (2012). 
Minor fluctuations in renal function may alter therapeutic drug concen-
trations substantially during high-dose, continuous-infusion beta-lactam 
therapy for multi-drug-resistant gram-negative bacilli. Surgical Infections 

(Larchmt), 13(6), 415–417.
 76. Wong, G., Brinkman, A., Benefield, R. J., Carlier, M., De Waele, J. J., El  

Helali, N., et al. (2014). An international, multicentre survey of b-lactam 
antibiotic therapeutic drug monitoring practice in intensive care units. 
Journal of Antimicrobial Chemotherapy, 69(5), 1416–1423.

 77. Hagel, S., Fiedler, S., Hohn, A., Brinkmann, A., Frey, O. R., Hoyer, H., et al. 
(2019). Therapeutic drug monitoring-based dose optimisation of piper-
acillin/tazobactam to improve outcome in patients with sepsis (TARGET): 
a prospective, multi-centre, randomised controlled trial. Trials, 20(1), 330.

 78. Kollef, M. H., & Micek, S. T. (2005). Strategies to prevent antimicrobial  
resistance in the intensive care unit. Critical Care Medicine, 33(8), 
1845–1853.

 79. Ibrahim, E. H., Ward, S., Sherman, G., Schaiff, R., Fraser, V. J., & Kollef, M. 
H. (2001). Experience with a clinical guideline for the treatment of venti-
lator-associated pneumonia. Critical Care Medicine, 29(6), 1109–1115.

 80. Shorr, A. F., Micek, S. T., Welch, E. C., Doherty, J. A., Reichley, R. M., & 
Kollef, M. H. (2011). Inappropriate antibiotic therapy in gram-negative 
sepsis increases hospital length of stay. Critical Care Medicine, 39(1), 
46–51.

 81. Rello, J., Vidaur, L., Sandiumenge, A., Rodríguez, A., Gualis, B., Boque, C., 
et al. (2004). De-escalation therapy in ventilator-associated pneumonia. 
Critical Care Medicine, 32(11), 2183–2190.

 82. Garnacho-Montero, J., Gutiérrez-Pizarraya, A., Escoresca-Ortega, A., orcia-
Palomo, Y., Fernández-Delgado, E., Herrera-Melero, I., et al. (2014). De- 
escalation of empirical therapy is associated with lower mortality in patients 
with severe sepsis and septic shock. Intensive Care Medicine, 40(1), 32–40.

 83. Jenkins, T. C., Sabel, A. L., Sarcone, E. E., Price, C. S., Mehler, P. S., Bur-
man, W. J., et al. (2010). Skin and soft-tissue infections requiring hospital-
ization at an academic medical center: opportunities for antimicrobial 
stewardship. Clinical Infectious Diseases, 51(8), 895–903.

 84. Jenkins, T. C., Knepper, B. C., Sabel, A. L., Sarcone, E. E., Long, J. A., 
Haukoos, J. S., et al. (2011). Decreased antibiotic utilization after imple-
mentation of a guideline for inpatient cellulitis and cutaneous abscess.  
Archives of Internal Medicine, 171(12), 1072–1079.

 85. Thursky, K. A., Buising, K. L., Bak, N., Macgregor, L., Street, A. C.,  
Macintyre, C. R., et al. (2006). Reduction of broad-spectrum antibiotic  
use with computerized decision support in an intensive care unit.  
International Journal for Quality in Health Care, 18(3), 224–231.

 86. Micek, S. T., Heard, K. M., Gowan, M., & Kollef, M. H. (2014). Identifying 
critically ill patients at risk for inappropriate antibiotic therapy: a pilot 
study of a point-of-care decision support alert. Critical Care Medicine, 
42(8), 1832–1838.

 87. Bianchini, M. L., Mercuro, N. J., Kenney, R. M., Peters, M. A., Samuel, L. P., 
Swiderek, J., et al. (2019). Improving care for critically ill patients with 
community-acquired pneumonia. American Journal of Health-System 

Pharmacy, 76(12), 861–868.
 88. Tabah, A., Cotta, M. O., Garnacho-Montero, J., Schouten, J., Roberts, J. A., 

Lipman, J., et al. (2016). A Systematic Review of the Definitions, Determi-
nants, and Clinical Outcomes of Antimicrobial De-escalation in the Inten-
sive Care Unit. Clinical Infectious Diseases, 62(8), 1009–1017.

 89. Shorr, A. F., Zilberberg, M. D., Micek, S. T., & Kollef, M. H. (2008). Predic-
tion of infection due to antibiotic-resistant bacteria by select risk factors 
for health care-associated pneumonia. Archives of Internal Medicine, 
168(20), 2205–2210.

 90. Shorr, A. F., Zilberberg, M. D., Reichley, R., Kan, J., Hoban, A., Hoffman, J., 
et al. (2012). Validation of a clinical score for assessing the risk of resistant 
pathogens in patients with pneumonia presenting to the emergency de-
partment. Clinical Infectious Diseases, 54(2), 193–198.

 91. Chalmers, J. D., Rother, C., Salih, W., & Ewig, S. (2014). Healthcare- 
associated pneumonia does not accurately identify potentially resistant 
pathogens: a systematic review and meta-analysis. Clinical Infectious 

Diseases, 58(3), 330–339.
 92. Shindo, Y., Ito, R., Kobayashi, D., Ando, M., Ichikawa, M., Shiraki, A.,  

et al. (2013). Risk factors for drug-resistant pathogens in community- 
acquired and healthcare-associated pneumonia. American Journal of 

Respiratory and Critical Care Medicine, 188(8), 985–995.
 93. Maruyama, T., Fujisawa, T., Okuno, M., Toyoshima, H., Tsutsui, K., 

Maeda, H., et al. (2013). A new strategy for healthcare-associated pneu-
monia: a 2-year prospective multicenter cohort study using risk factors 
for multidrug-resistant pathogens to select initial empiric therapy.  
Clinical Infectious Diseases, 57(10), 1373–1383.

 94. Bouchand, F., Dinh, A., Roux, A. L., Davido, B., Michelon, H., Lepainteur, 
M., et al. (2017). Implementation of a simple innovative system for  
postprescription antibiotic review based on computerized tools with 
shared access. Journal of Hospital Infection, 95(3), 312–317.

 95. Ertürk Şengel, B., Bilgin, H., Ören Bilgin, B., Gidener, T., Saydam, S., 
Pekmezci, A., et al. (2019). The need for an antibiotic stewardship  
program in a hospital using a computerized pre-authorization system. 
International Journal of Infectious Diseases, 82, 40–43.

 96. Thiel, S. W., Asghar, M. F., Micek, S. T., Reichley, R. M., Doherty, J. A., & 
Kollef, M. H. (2009). Hospital-wide impact of a standardized order set 
for the management of bacteremic severe sepsis. Critical Care Medicine, 
37(3), 819–824.

 97. Kalil, A. C., Metersky, M. L., Klompas, M., Muscedere, J., Sweeney, D. A., 
Palmer, L. B., et al. (2016). Management of adults with hospital-acquired 
and ventilator- associated pneumonia: 2016 clinical practice guidelines 
by the Infectious Diseases Society of America and the American Tho-
racic Society. Clinical Infectious Diseases, 63(5), e61–e111.

 98. Bostwick, A. D., Jones, B. E., Paine, R., Goetz, M. B., Samore, M., & Jones, 
M. (2019). Potential Impact of HAP Guidelines on Empiric Antibiotics: 
An Evaluation of 113 VA Medical Centers. Annals of the American 

Thoracic Society, 16(11), 1392–1398.
 99. Michelson, A., & Kollef, M. H. (2019). Redefining the threshold for 

broad spectrum antibiotics. Annals of the American Thoracic Society, 
16(11), 1367–1369.

 100. Sridharan, P., & Chamberlain, R. S. (2013). The efficacy of procalcitonin 
as a biomarker in the management of sepsis: slaying dragons or tilting at 
windmills? Surgical Infections (Larchmt), 14(6), 489–511.

 101. Prkno, A., Wacker, C., Brunkhorst, F. M., & Schlattmann, P. (2013).  
Procalcitonin-guided therapy in intensive care unit patients with severe 
sepsis and septic shock–a systematic review and meta-analysis. Critical 

Care, 17(6), R291.
 102. Soni, N. J., Samson, D. J., Galaydick, J. L., Vats, V., Huang, E. S., Aronson, 

N., et al. (2013). Procalcitonin-guided antibiotic therapy: a systematic  
review and meta-analysis. Journal of Hospital Medicine, 8(9), 530–540.

 103. Maertens, J., Deeren, D., Dierickx, D., & Theunissen, K. (2006). Preemp-
tive antifungal therapy: still a way to go. Current Opinion in Infectious 

Diseases, 19(6), 551–556.
 104. Pfeiffer, C. D., Fine, J. P., & Safdar, N. (2006). Diagnosis of invasive asper-

gillosis using a galactomannan assay: a meta-analysis. Clinical Infectious 

Diseases, 42(10), 1417–1427.
 105. Tissot, F., Lamoth, F., Hauser, P. M., Orasch, C., Flückiger, U., Siegemund, 

M., et al. (2013). b-glucan antigenemia anticipates diagnosis of blood 
culture-negative intraabdominal candidiasis. American Journal of 

Respiratory and Critical Care Medicine, 188(9), 1100–1109.
 106. Meersseman, W., Lagrou, K., Maertens, J., Wilmer, A., Hermans, G., 

Vanderschueren, S., et al. (2008). Galactomannan in bronchoalveolar  
lavage fluid: a tool for diagnosing aspergillosis in intensive care unit  
patients. American Journal of Respiratory and Critical Care Medicine, 
177(1), 27–34.

 107. Affolter, K., Tamm, M., Jahn, K., Halter, J., Passweg, J., Hirsch, H. H.,  
et al. (2014). Galactomannan in bronchoalveolar lavage for diagnosing 
invasive fungal disease. American Journal of Respiratory and Critical Care 

Medicine, 190(3), 309–317.
 108. Hage, C. A., Carmona, E. M., Epelbaum, O., Evans, S. E., Gabe, L. M., 

Haydour, Q., et al. (2019). Microbiological Laboratory Testing in the  

  

 



e4

Diagnosis of Fungal Infections in Pulmonary and Critical Care Practice. 
An Official American Thoracic Society Clinical Practice Guideline. 
American Journal of Respiratory and Critical Care Medicine, 200(5), 
535–550.

 109. D’Agata, E. M. C., Tran, D., Bautista, J., Shemin, D., & Grima, D. (2018). 
Clinical and Economic Benefits of Antimicrobial Stewardship Programs 
in Hemodialysis Facilities: A Decision Analytic Model. Clinical Journal 

of the American Society of Nephrology, 13(9), 1389–1397.
 110. File, T. M., Jr., Srinivasan, A., & Bartlett, J. G. (2014). Antimicrobial  

stewardship: importance for patient and public health. Clinical Infectious 

Diseases, 59(Suppl. 3), S93–S96.
 111. Cole, K. A., Rivard, K. R., & Dumkow, L. E. (2019). Antimicrobial 

Stewardship Interventions to Combat Antibiotic Resistance: an  
Update on Targeted Strategies. Current Infectious Disease Reports, 
21(10), 33.

 112. Burnham, J. P., Olsen, M. A., Stwalley, D., Kwon, J. H., Babcock, H. M., & 
Kollef, M. H. (2018). Infectious Diseases Consultation Reduces 30-Day 
and 1-Year All-Cause Mortality for Multidrug-Resistant Organism  
Infections. Open Forum Infectious Diseases, 5(3), ofy026.

 113. Devchand, M., Stewardson, A. J., Urbancic, K. F., Khumra, S., Mahony, A. 
A., Walker, S., et al. (2019). Outcomes of an electronic medical record 
(EMR)-driven intensive care unit (ICU)-antimicrobial stewardship 
(AMS) ward round: Assessing the “Five Moments of Antimicrobial  
Prescribing”. Infection Control and Hospital Epidemiology, 40(10), 
1170–1175.

 114. Davey, P., Marwick, C. A., Scott, C. L., Charani, E., McNeil, K., Brown, E., 
et al. (2017). Interventions to improve antibiotic prescribing practices for 
hospital inpatients. Cochrane Database of Systematic Reviews, 2, 
CD003543.

 115. Burnham, J. P., Fritz, S. A., Yaeger, L. H., & Colditz, G. A. (2019). Telemed-
icine infectious diseases consultations and clinical outcomes: a systematic 
review and meta-analysis protocol. Systematic Reviews, 8(1), 135.

 116. Young, J. D., Abdel-Massih, R., Herchline, T., McCurdy, L., Moyer, K. J., 
Scott, J. D., et al. (2019). Infectious Diseases Society of America Position 
Statement on Telehealth and Telemedicine as Applied to the Practice of 
Infectious Diseases. Clinical Infectious Diseases, 68(9), 1437–1443.

 117. Stevenson, L. D., Banks, R. E., Stryczek, K. C., Crnich, C. J., Ide, E. M., 
Wilson, B. M., et al. (2018). A pilot study using telehealth to implement 
antimicrobial stewardship at two rural Veterans Affairs medical centers. 
Infection Control and Hospital Epidemiology, 39(10), 1163–1169.

 118. Emberger, J., Tassone, D., Stevens, M. P., & Markley, J. D. (2018). The 
Current State of Antimicrobial Stewardship: Challenges, Successes, and 
Future Directions. Current Infectious Disease Reports, 20(9), 31.

 119. Vazquez Guillamet,, M. C., Burnham, J. P., & Kollef, M. H. (2019). Novel 
Approaches to Hasten Detection of Pathogens and Antimicrobial Resis-
tance in the Intensive Care Unit. Seminars in Respiratory and Critical 

Care Medicine, 40(4), 454–464.
 120. Schneider, J. G., Wood, J. B., Schmitt, B. H., Emery, C. L., Davis, T. E., 

Smith, N. W., et al. (2019). Susceptibility Provision Enhances Effective 
De-escalation (SPEED): utilizing rapid phenotypic susceptibility testing 
in Gram-negative bloodstream infections and its potential clinical  
impact. Journal of Antimicrobial Chemotherapy, 74(Supp. 1), i16–i23.

 121. Burnham, C. A., Frobel, R. A., Herrera, M. L., & Wickes, B. L. (2014). 
Rapid ertapenem susceptibility testing and Klebsiella pneumoniae  
carbapenemase phenotype detection in Klebsiella pneumoniae isolates 
by use of automated microscopy of immobilized live bacterial cells.  
Journal of Clinical Microbiology, 52(3), 982–986.

 122. Burnham, J. P., Wallace, M. A., Fuller, B. M., Shupe, A., Burnham, C. D., 
& Kollef, M. H. (2019). Clinical Effect of Expedited Pathogen Identifica-
tion and Susceptibility Testing for Gram-Negative Bacteremia and  
Candidemia by Use of the Accelerate PhenoTM System. Journal of 

Applied Laboratory Medicine, 3(4), 569–579.
 123. Kollef, M. H., & Micek, S. T. (2012). Antimicrobial stewardship pro-

grams: mandatory for all ICUs. Critical Care, 16(6), 179.

  

 



106

Prevention and Control of Nosocomial Pneumonia

Richard G. Wunderink

Pneumonia causes 79% of all infectious deaths in the United States and 

is a leading cause of death around the world.1 Although community-

acquired pneumonia (CAP) causes most of these deaths, nosocomial 

pneumonia, both hospital-acquired pneumonia (HAP) in general and 

the ventilator-associated pneumonia (VAP) subset, remains an impor-

tant cause of mortality and morbidity in the critically ill.2 Preventing 

pneumonia in the critically ill is a daunting task, and even controlling 

the incidence is difficult. Although complete prevention of nosocomial 

pneumonia is unlikely,3 substantial progress has been made.

With a prevalence of 21.8%, pneumonia remains the most com-

mon nosocomial infection,4 including in the intensive care unit (ICU).5 

The incidence varies significantly among different types of ICU pa-

tients. Postoperative patients, especially those undergoing cardiotho-

racic, neurosurgical, and trauma-related surgery, appear to have the 

highest rates.6 Coronary care unit patients appear to have the lowest 

rates; medical, respiratory, and other surgical patients demonstrate 

intermediate rates.

Despite significant improvements in other important nosocomial 

infections, the prevalence of nosocomial pneumonia has not de-

creased.4 However, prevention strategies discussed in this chapter have 

substantially changed the clinical presentations of HAP/VAP. VAP rates 

have decreased as prevention strategies effectively decrease the inci-

dence of early-onset (within 7 days of intubation) VAPs.7 Conversely, 

VAP now occurs in a subset of patients who enter a vicious cycle of 

prolonged ventilation, which increases the risk of pneumonia, leading 

to further prolongation of ventilation and high risk of recurrent pneu-

monia. One major factor characterizing these patients is the dramatic 

increase (from 18.7% to 29.9% over 13 years) in the proportion of 

pneumonia patients with any immunocompromising condition.8

A distinction should be made between prevention of all nosocomial 

pneumonia and prevention of life-threatening nosocomial pneumonia. 

Differential effects of prevention strategies have resulted in a shift in the 

etiology of VAP. For example, methicillin-resistant Staphylococcus au-

reus (MRSA) caused up to 30% of VAPs in the past,9,10 whereas more 

recent studies find rates as low as 7%.10,11 Conversely, the frequency of 

pneumonia multidrug-resistant (MDR) strains of Enterobacterales has 

progressively increased for both HAP and VAP. Prevention of HAP/VAP 

due to Pseudomonas aeruginosa, Acinetobacter species, and MDR En-

terobacterales, especially carbapenem-resistant Enterobacterales (CRE), 

is more likely to affect mortality. Unfortunately, the most effective strat-

egies to prevent pneumonia work predominantly or exclusively in 

early-onset VAP and therefore have not resulted in a significant im-

provement in mortality. Conversely, one of the most consistent adverse 

effects of VAP (including early-onset) is a prolonged duration of me-

chanical ventilation. Because duration of ICU stay is the principal de-

terminant of cost of care, prevention measures may be cost-effective 

even if they do not result in improved mortality.

The other major shift in nosocomial pneumonia epidemiology in 

the ICU is that HAP precipitating the need for mechanical ventilation 

is now more common than VAP.12 The influence of endotracheal intu-

bation is so dominant that ICU-acquired pneumonia was once consid-

ered almost synonymous with VAP. Endotracheal intubation increases 

the rate of nosocomial pneumonia between 3-fold and 21-fold.9 HAP 

associated with mechanical ventilation appears to have an equal risk of 

MDR pathogens and higher crude mortality rates than VAP.12,13 Even in 

the ICU, increased use of noninvasive ventilation and high-flow oxygen 

delivery results in more HAP patients who are not intubated. Therefore 

prevention strategies need to be extended outside the ICU and to non-

intubated patients to make further progress in preventing overall pneu-

monia rates and associated morbidity and mortality.

Lack of diagnostic accuracy severely compromises efforts to pre-

vent HAP/VAP.14,15 Etiologic diagnosis is particularly difficult in pa-

tients who are not intubated. Radiographic interpretation is also 

problematic. The National Nosocomial Infections Surveillance (NNIS) 

definition of infectious ventilator-associated complication (IVAC), 

which does not require a chest radiograph in the definition,15 is neither 

sensitive nor specific, and VAP prevention strategies to alter the fre-

quency of this entity have been disappointing.16 Others ignore the 

need for abnormal chest radiographs and instead combine VAP with a 

newly defined ventilator-associated tracheobronchitis (VAT).17–19 

Whether VAT is an early stage of VAP and progresses to VAP is still 

debatable.

PATHOGENESIS

Two keys to prevention and control strategies are a clear understanding 

of the underlying pathogenesis of nosocomial pneumonia and a com-

prehensive approach to prevention. The benefit of both is best demon-

strated by a study deploying seven interventions to prevent HAP in 

high-risk patients with an automatically triggered order set in a large 

integrated healthcare system.14 These interventions (Table 106.1) were 

based on the pathogenesis of HAP. Over a 6-year period, HAP rates 

decreased from 5.9 to 1.79/1000 admissions (P 5 0.003), with mortal-

ity decreasing from 1.05 to 0.34/1000 admissions and highly signifi-

cant decreases in broad-spectrum antibiotics.

The essence of nosocomial pneumonia pathogenesis involves three 

basic steps:

 1. Colonization of the oropharynx with pathogenic microorganisms

 2. Aspiration of oropharyngeal contents into the lower respiratory 

tract

3. Overwhelming of the lower respiratory tract’s host defense 

mechanisms.

Effective prevention and control measures can be analyzed by their 

effect on one or more of these steps.

846

  

 



847CHAPTER 106 Prevention and Control of Nosocomial Pneumonia

Despite the simplicity of this paradigm, assumption that the patho-

genesis of all types of HAP/VAP is the same would be naive and incor-

rect. An example is the role of gastric colonization preceding oropha-

ryngeal colonization, the basis for attention to enteral feedings and 

stress ulcer prophylaxis in VAP prevention. Although possibly impor-

tant for pneumonia caused by Enterobacterales, gastric and enteric 

colonization has no role in the pathogenesis of S. aureus or P. aerugi-

nosa pneumonia, the two common causes of VAP. Conversely, daily 

chlorhexidine baths did not prevent VAP in a trauma population but 

did significantly decrease VAP from MRSA.20 Therefore prevention 

strategies should be individualized to the patients, pathogens, and 

mechanisms prevalent in a specific ICU.

COLONIZATION WITH PATHOGENIC 
MICROORGANISMS

The major antecedent event to most nosocomial pneumonias is colo-

nization of the oropharynx with pathogenic bacteria. The oropharynx 

is not sterile, but the character of the normal flora is remarkably con-

stant. A variety of factors alter the normal flora, allowing replacement 

by more pathogenic microorganisms. The importance of the normal 

flora is illustrated by the adverse effects of iseganan, an antimicrobial 

peptide active against almost all bacteria.21 Oropharyngeal application 

of iseganan did not significantly decrease VAP rates but was associated 

with a trend for increased mortality.

Time of exposure to these selective forces within the hospital is criti-

cal. Early-onset pneumonia, even early-onset VAP, tends to be caused by 

less pathogenic microorganisms characteristic of CAP such as strepto-

cocci, Hemophilus influenzae, or methicillin-sensitive S. aureus. Most 

selective forces are introduced in the hospital environment itself, rather 

than specifically in the ICU. Therefore patients who develop pneumonia 

during the first few days of ICU admission or mechanical ventilation are 

at risk for MDR pathogens if preceded by a 3- to 5-day hospital stay. 

Many of the same factors also operate in skilled-care nursing facilities 

and lead to the designation of healthcare–associated pneumonia 

(HCAP). Although this term has been abandoned,22 the risk factors 

remain.

Previously, colonization of the oropharynx by gram-negative en-

teric bacilli, generally from the Enterobacterales order, was empha-

sized. As part of the normal bowel flora, oropharyngeal colonization 

occurred by one of two main routes. The first is reflux of bacteria into 

the stomach from the duodenum, with subsequent gastroesophageal 

reflux into the esophagus and oropharynx. Colonization and prolifera-

tion in the stomach are critical intermediate steps in this pathway. 

Therefore many prevention strategies logically target the stomach.  

The other route is self-inoculation by the fecal-oral route, through 

contamination of equipment or the hands of healthcare providers or 

the patient.

The pattern with Enterobacterales does not apply to all HAP/VAP 

pathogens. None of S. aureus, P. aeruginosa, and Acinetobacter species, 

common causes of VAP, have a typical colonization pattern like that of 

Enterobacterales. S. aureus is a normal colonizer of the skin and the 

nasopharynx. Antegrade colonization of the oropharynx from the 

nose, especially with the use of nasogastric tubes in many critically ill 

patients, can occur quite easily. Lack of nasal colonization, detected on 

admission screening, effectively excludes MRSA as a cause of HAP/

VAP. Acinetobacter is found on moist body surfaces and in the gingival 

crevices of patients with poor oral hygiene. P. aeruginosa is usually not 

part of normal bowel flora but is ubiquitous in the environment. One 

of the unique aspects of Pseudomonas VAP is the appearance of tra-

cheal colonization before oropharyngeal colonization.23 Because colo-

nization of the stomach is not an important intermediary step for 

these pathogens, prevention measures directed at the stomach are not 

likely to affect pneumonia caused by them. Conversely, both MRSA 

and Acinetobacter colonization can be decreased with the use of 

chlorhexidine whole-body bathing.20

Recent data from the lung microbiome have suggested that gram-

negative pathogens may potentially cause pneumonia without ante-

cedent oropharyngeal colonization. A gut-specific Bacteroides strain 

was found to be increased in patients with acute respiratory distress 

syndrome (ARDS) and/or sepsis.24 This finding may represent hema-

togenous spread of enteral pathogens to the lung via gut translocation, 

independent of oropharyngeal colonization, and may explain the as-

sociation of septic shock and ARDS with the risk of MDR pathogens.25 

Protection of the gastrointestinal (GI) brush border with enteral nutri-

tion or selective decontamination of the digestive tract (SDD) may be 

more important in some of these patients in addition to those with 

chemotherapy-induced mucositis.

AVOIDANCE OF ANTIBIOTICS

The single most important factor that leads to colonization of the oro-

pharynx with pathogenic microorganisms is use of systemic antibiotics, 

especially broad-spectrum, that include coverage of gram-positive 

pathogens.26 Antibiotic killing of the usual oropharyngeal flora gives 

pathogens a selection advantage; at the same time, some pathogens are 

also eliminated. For this reason, antibiotics function more as amplifying 

agents rather than as true causes of colonization. The pathogenic  

microorganisms must still reside in the area normally, such as nasopha-

ryngeal carriage of S. aureus, or be transferred from other sites, includ-

ing the environment to colonize. Thus pneumonia can still occur  

despite avoidance of antibiotics. However, the causative microorgan-

isms are more likely to be less virulent pathogens or even normal flora, 

such as alpha-hemolytic streptococci, and less likely to lead to life-

threatening pneumonia.

Diagnostic strategies for fever in the ICU that result in the use of 

fewer antibiotics have been associated with lower mortality.27 Shorter 

courses and fewer antibiotics for documented infections in critically ill 

patients have also been associated with a decreased risk of superinfec-

tion.28–30 Although avoiding antibiotics may have only a small effect on 

the risk of developing the first episode of pneumonia, limiting their 

usage has a major effect on secondary pneumonia and infection-re-

lated death in the ICU.

Topical Antibacterial Agents
In contrast to systemic antibiotics, the use of topical antibiotics for the 

prevention of colonization may be beneficial. In general, strategies rely 

on controlling pathogenic microorganisms at specific sites, despite the 

Aggressive mobilization

Upright posture for meals

Careful swallow evaluation before any feeding

Attention to sedation levels

Elevated head of bed for sleep

Rigorous oral care

Feeding tube care

TABLE 106.1 Interventions for High-Risk 
Patients to Prevent Hospital-Acquired 
Pneumonia

From Lacerna CC, Patey D, Block L, et al. A successful program pre-

venting nonventilator hospital-acquired pneumonia in a large hospital 

system. Infect Control Hosp Epidemiol. 2020;41(5):547–552.
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effect on normal flora. Topical agents generally do not have the toxicity 

of systemic agents, and although the use of topical antibiotics can lead 

to MDR isolates, the risk may not be as great as with systemic antibiotics.

Selective Digestive Decontamination of the Digestive 
Tract
By far the most extensively studied and most aggressive form of topical 

antibiotic strategy to prevent colonization is SDD. Although the spe-

cific agents used in different studies vary, the major focus is on control-

ling oropharyngeal colonization by sterilizing almost the entire GI 

tract, including the large bowel. SDD is discussed more extensively in 

Chapter 110.

Topical Oropharyngeal Agents
Controlling colonization of the oropharynx alone has also generated 

interest because little disruption of the normal bowel flora is expected 

by treating only the primary area of concern. Oropharyngeal decon-

tamination alone appears to be equivalent to SDD for the prevention 

of VAP.31 Chlorhexidine oral rinse has been the most extensively stud-

ied.32 Unfortunately, different concentrations of chlorhexidine have 

been used and different populations have been compared. The stron-

gest support for efficacy is for the 2% concentration. Chlorhexidine 

may not be able to prevent infection with MDR pathogens such as 

Pseudomonas and Acinetobacter.33 Oral decontamination with other 

agents, such as povidone/iodine and antimicrobial peptides,21 has not 

demonstrated benefit. Universal decolonization of patients with daily 

chlorhexidine for 5 days and nasopharyngeal mupirocin demonstrated 

lower MRSA bacteremia and surgical site infection rates but no effect 

on pneumonia.34

Aerosolized Antibiotics
The earliest studied form of topical colonization prevention was aero-

solized antibiotics. In the early era of mechanical ventilation, daily 

aerosolized polymyxin B resulted in a dramatic decrease in the rate of 

gram-negative VAP.35 Not surprisingly, routine use was soon compli-

cated by the emergence of antibiotic-resistant microorganisms. This 

feature, combined with a lack of mortality benefit, led to abandonment 

of this strategy. Aerosolized ceftazidime did not decrease VAP rates in 

trauma patients but did not increase MDR pathogen colonization ei-

ther.36 A recent variation of this practice is to use aerosolized antibiot-

ics for purulent tracheobronchitis, thought to be a precursor to VAP.37

AVOIDANCE OF INCREASED GASTRIC pH

The normally acidic environment of the gastric lumen is extremely 

effective in preventing colonization with either swallowed oropharyn-

geal flora or refluxed enteric flora. Several prevention strategies focus 

on this aspect of prevention.

Stress Ulcer Prophylaxis
Because GI bleeding from stress ulceration was at one time a substan-

tial problem in ventilated patients and a major cause of death, prophy-

laxis against stress ulceration was considered critical for ventilated 

patients. This generated a debate regarding the optimal GI bleeding 

prophylaxis, which has evolved over the last few decades. Initially, ant-

acids were found to be inferior to histamine-2 blockers (H2
 
blockers). 

In addition to increasing gastric pH, antacids increase gastric volume, 

probably an independent risk factor for VAP. Subsequently sucralfate 

was hypothesized to be superior to H2
 
blockers because it did not af-

fect gastric pH and might have intrinsic antibacterial properties. No 

clear-cut benefit of sucralfate over H2 blockers in reducing VAP was 

found, whereas a slight but consistent increase in GI bleeding has been 

documented.38 Proton pump inhibitors (PPIs) appear equivalent to 

H2 blockers.39

However, the incidence of stress mucosal ulceration has decreased 

markedly as a result of better hemodynamic resuscitation, improved 

ventilatory strategies, and earlier use of enteral nutrition. Several mul-

tivariate analyses found PPIs associated with increased pneumonia 

rates, including HAP/VAP,40,41 HCAP, and even CAP.42 Based on this 

concern, the need for stress ulcer prophylaxis at all in most mechani-

cally ventilated patients has been questioned. Multicenter placebo-

controlled trials have not found a benefit in either mortality or even GI 

bleeding, with inconsistent increases in VAP rates.38,43 Ironically, GI 

prophylaxis had been encouraged as part of a ventilator/VAP bundle in 

many institutions. A subgroup of patients at increased risk for GI hem-

orrhage can be identified, and patients without these high-risk factors 

may not need prophylaxis.43,44

Enteral Nutrition Strategies
Malnutrition is clearly associated with an increased risk of pneumonia 

and increased mortality in the critically ill. In addition to classic effects 

on cell-mediated immunity, an effect specific to pneumonia is in-

creased binding of gram-negative bacilli, including Pseudomonas, to 

epithelial cells.23

Enteral administration of nutrition is the preferred route for treat-

ing and preventing malnutrition in the critically ill, although parenteral 

nutrition in high-risk patients is preferable to no nutrition.45 Meta-

analysis has suggested that patients can even be fed soon after GI sur-

gery.46,47 However, continuous enteral nutrition infusions may increase 

both gastric pH and gastric volume, increasing VAP risk.48,49 A random-

ized trial found that the risk of VAP was increased with early aggressive 

feedings compared with low-level enteral nutrition (approximately 

20% of goal feeding rate).50 The lower rate was chosen to avoid atrophy 

of the microvilli of the enteric mucosa, potentially avoiding gut trans-

location. The increased risk of VAP was attributed to an increased risk 

of aspiration, also seen in a surgical series.47 However, meta-analysis of 

early vs. delayed enteral nutrition suggests a mortality benefit and prob-

able decreased risk of VAP with early feedings.51 A balance between 

potential risks would be early initiation of enteral feeding but avoidance 

of high gastric residuals and gastric distention. Neither bolus feedings52 

nor acidification of enteral feedings53 improved VAP rates but were as-

sociated with increased adverse consequences.

MODIFIED ENDOTRACHEAL TUBES

Bacteria can adhere to the polyvinyl chloride surface of endotracheal 

tubes through secretion of a glycocalyx. Protected from systemic anti-

biotics and host defense mechanisms, microorganisms in this glycoca-

lyx can become a source of reinoculation of the lower respiratory tract. 

This mechanism may explain the high recurrent VAP rates, particularly 

for Pseudomonas. A silver-impregnated endotracheal tube demon-

strated a lower incidence of VAP and a delay in onset in those that do 

develop VAP,54 although cost remains a barrier to routine use.

CROSS-INFECTION

The role of cross-contamination in the ICU should never be underes-

timated. Cross-contamination can cause colonization with specific 

pathogenic bacteria in a patient who has no other risk factors for that 

microorganism. In particular, P. aeruginosa and MRSA appear to have 

the greatest potential to cause cross-contamination and subsequent 

infection.

By far the most important factor in cross-infection is handwashing 

among caregivers. Multiple studies document poor infection control 
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practices of medical personnel, including physicians and bedside 

nurses. The risk of inadequate handwashing increases with the intensity 

of care needed for an individual patient and with the number of pa-

tients per nurse.55 Use of an alcohol-based, self-drying hand wash ap-

pears to be effective and to increase compliance with handwashing.56,57 

Routine decolonizing also appears to decrease rates of cross-infection.34

Avoiding cross-contamination via medical equipment is also im-

portant. Contaminated equipment remains a major cause of epidemic 

outbreaks of nosocomial pneumonia. Any clustering of VAP, especially 

when caused by an unusual microorganism, should raise this possibil-

ity. Respiratory therapy equipment is particularly suspect, and adher-

ence to standards for the sterilization of ventilators, bronchoscopes, 

and other reusable equipment should be rigorous.

ASPIRATION

The role of aspiration in nosocomial pneumonia is probably the least 

controversial, although the possibility of hematogenous spread from 

GI tract to lung has been raised.24 Aerosolization, the third major 

mechanism for microbes to gain access to the lung, is rare outside of 

contaminated respiratory therapy equipment. Evidence from a variety 

of sources documents the importance of aspiration, although the defi-

nition of aspiration may vary.

LARGE-VOLUME ASPIRATION

Large-volume aspiration is clearly a risk factor in nonintubated ICU 

patients. Although the aspirated material itself may not be infectious, 

such as enteral feedings, aspiration of a large bolus clearly predisposes 

to pneumonia. Large-volume aspiration may result in ARDS, which by 

itself is associated with an increased risk of VAP.25 Predisposing factors 

for this type of aspiration are GI, such as protracted vomiting from 

bowel obstruction or GI bleeding, and neurologic, including seizures, 

induction of anesthesia, and alcohol intoxication. Two components of 

the successful HAP prevention program (see Table 106.1) are specifi-

cally directed at preventing aspiration.14

Appropriate endotracheal intubation is actually a protective factor 

for this type of aspiration acutely, and tracheostomy may be useful for 

chronic issues with aspiration. Once large-volume aspiration has oc-

curred, selective use of bronchoscopy to extract solid material that 

might occlude a bronchus and cause a postobstructive pneumonia is 

one of the few preventive measures of benefit. Empirical antibiotics, 

especially prolonged courses, do not clearly prevent pneumonia but do 

select for more virulent microorganisms.

SMALL-VOLUME ASPIRATION

Aspiration of a smaller volume of secretions is also associated with 

pneumonia in both intubated and nonintubated patients. Neurologic 

disease with inability to protect the upper airway is consistently docu-

mented as a risk factor for pneumonia. In this situation, aspiration 

occurs before or in conjunction with endotracheal intubation. The 

bolus can be either oropharyngeal secretions or gastric secretions. In 

the former situation, a large inoculum of oropharyngeal flora can 

reach the lower respiratory tract, and clinical pneumonia usually oc-

curs within 48–72 hours. High levels of amylase in bronchoalveolar 

lavage (BAL) fluid is a marker of this risk.58

Prevention of pneumonia from acute small-volume aspiration is 

probably best achieved by prophylactic antibiotics. Prospective obser-

vational studies have suggested that antibiotics early in the course of 

mechanical ventilation are associated with a lower incidence of pneu-

monia.48,59 However, two prospective, randomized trials of short-course 

(2 days or less) beta-lactam prophylaxis in patients intubated for non-

traumatic coma provide the best evidence.60,61 In both studies, the inci-

dence of subsequent VAP in the prophylaxis group was decreased by at 

least 40% compared with the control group that did not receive any 

antibiotic. These findings have also been independently corroborated 

by a before/after quality improvement study62 and the many SDD stud-

ies that find decreased pneumonia incidence only if a short course of 

systemic antibiotics was included with the topical antibiotics. Prophy-

lactic antibiotics are of benefit only in the initial intubation of patients 

not previously hospitalized for a significant period. Efficacy of the short 

course is dependent on the fact that the aspirated bolus contains mainly 

normal oral flora rather than a high concentration of MDR pathogens. 

Continuing antibiotics for longer courses has no additional benefit.63

This prevention strategy seems to contradict the importance of 

avoiding unnecessary antibiotics discussed earlier. Two aspects of this 

strategy outweigh the potential downside of increased risk of oropha-

ryngeal colonization with more pathogenic bacteria. First, the antibi-

otics are continued for 48 hours or less. Second, the 40% lower risk of 

pneumonia in patients given prophylaxis avoids a subsequent longer 

course of antibiotics, often with a broader-spectrum agent.

MICROASPIRATION

Microaspiration is by far the most important form of aspiration in 

endotracheally intubated patients. Oropharyngeal secretions pool 

above the cuff of the endotracheal tube in most intubated patients. 

Extremely small volumes of secretions can pass below the cuff during 

small movements of the endotracheal tube associated with head repo-

sitioning, high airway pressures, coughing, and other activities. Up to 

45% of patients have abundant aspiration (as documented by measur-

able pepsin in $65% of tracheal aspirates) in the first 48 hours post 

intubation.64 Because oropharyngeal secretions contain 106–1010 bac-

teria/mL, even 0.1 mL of secretions can present a significant challenge 

to the host defenses of the lower respiratory tract.

Shorter Duration of Endotracheal Intubation
The risk of VAP is not linear; the greatest risk occurs early, with a 3%/

day risk in the first week, 2%/day in the second week, and 1%/day 

subsequently.59 In addition, early-onset VAP (within 5–7 days of intu-

bation) has the lowest attributable mortality.9,65 Therefore the sooner 

the patient is extubated, the lower the cumulative risk of pneumonia 

and the lower the risk of lethal nosocomial pneumonia.

The best strategy is avoiding intubation completely. Management of 

many patients with noninvasive ventilation (NIV) is now standard prac-

tice in most ICUs. However, patients who fail NIV appear to have an 

increased duration of subsequent endotracheal intubation and thus an 

increased risk of VAP. Careful selection of candidates for NIV and early 

abandonment in unsuccessful cases are critical to decreasing the pneu-

monia risk. The use of high-flow nasal cannulas as an alternative to NIV 

may also decrease the risk of pneumonia and days of ventilation.66

Even when patients are intubated, variations in the duration of 

mechanical ventilation for the same type and severity of critical illness 

suggest that efforts to shorten this duration are the most viable ap-

proach to preventing VAP. Several protocolized strategies have demon-

strated a significant benefit,67 including daily interruption of sedation 

and daily assessment of ability to wean.68–71 The overall benefit is par-

tially attributable in part to lower VAP rates, which in turn decrease the 

duration of ventilation.

The downside of an aggressive extubation strategy is the association 

between reintubation and a threefold increase in risk of VAP.72,73 Need 

for reintubation re-exposes the patient to the risk of small-volume as-

piration. In addition, colonization of the oropharyngeal secretions by 
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more pathogenic bacteria is more likely because of the prior episode of 

intubation, and short-course antibiotics will not have the same benefi-

cial effect. Therefore although avoiding or shortening the duration of 

mechanical ventilation is clearly a laudable goal, an increase in the risk 

of VAP may occur with an overly aggressive approach.

Avoidance of Ventilator Tubing Manipulation
Condensation of exhaled gas in the expiratory limb of the tubing or 

from humidifiers in the inspiratory limb can become heavily colonized 

with bacteria. Instillation of this liquid bolus into the patient’s airway 

during manipulation of the tubing or movement of the patient can 

present a significant bacterial challenge to the lower respiratory tract 

defenses. The most consistent evidence that ventilator tube manipula-

tion may increase the risk of VAP is that increasing the interval be-

tween changes of the ventilator tubing decreases the incidence of VAP. 

Most institutions no longer change ventilator tubing unless gross con-

tamination is present.

Meta-analysis of randomized controlled trials of heat and moisture 

exchangers (HMEs) rather than heater-humidifiers suggested a 30% 

reduction in VAP rates, especially if the patient was ventilated for more 

than 7 days.74 Increased rates of endotracheal tube occlusion second-

ary to inspissated secretions with the use of HMEs and other consid-

erations, especially cost, determine the frequency of their use.

Transporting patients outside the ICU, usually for diagnostic 

procedures, is also associated with an increased risk of VAP.73 In a 

prospective study, 24% of patients requiring transport outside of the 

ICU developed VAP, compared with only 4% of patients who did not. 

The need for ventilation by bagging, changing ventilators, moving 

the patient out of bed, and other aspects of the process all increase 

the possibility of inadvertent introduction of condensate from the 

ventilator tubing into the patient. In addition, unintentional extuba-

tion is greater when transferring ventilated patients.

Maintenance of Artificial Airway Cuff Pressure
Adequate pressure (generally $25 cm H2O) to maintain a seal around 

the cuff of artificial airways is critical to prevent microaspiration. 

Maintaining continuous control of tracheal cuff pressure resulted in a 

decrease in VAP incidence from 22 to 9.7 confirmed cases/1000 venti-

lator days.64 Maintenance of cuff pressures may also decrease proximal 

airway secretions, the hallmark for the diagnosis of VAT.37 The addi-

tion of low levels of positive end-expiratory pressure (PEEP) has been 

associated with decreased aspiration75 and risk of VAP,76 possibly par-

tially because of the greater attention to tracheal cuff pressures re-

quired in patients on PEEP. Inattention to tracheal cuff pressure may 

cancel the benefit of other airway interventions, such as specially de-

signed tubes and continuous aspiration of subglottic secretions.77

Modified Endotracheal Tubes
A variety of modifications of the endotracheal tube itself have been 

designed to decrease microaspiration. Most attempt to minimize the 

longitudinal folds seen in standard tracheal cuffs by changing either 

the type of material or the shape of the cuff.78 No significant difference 

in VAP rates has been found in tapered versus cylindrical or polyure-

thane versus polyvinyl chloride cuffs.79

An endotracheal tube that allows continuous aspiration of subglot-

tic secretions (CASS) pooled above the endotracheal tube cuff has been 

the most extensively studied modification. This tube has an extra chan-

nel with the lumen on the dorsal surface, just above the level of the in-

flatable cuff. One clinical practice guideline found the greatest level of 

evidence for VAP prevention was demonstrated with CASS.80 Studies of 

CASS have variably demonstrated lower VAP rates81,82 but mainly in 

early-onset VAP. No decrease in VAP caused by MDR microorganisms 

and no mortality differences have been demonstrated. Consistent with 

this pattern, the benefit is obviated if the patient receives antibiotics 

early in the course of mechanical ventilation,77 similar to the benefit of 

prophylactic antibiotics in early-onset VAP.60 Pneumonia can also occur 

if the system malfunctions, usually a result of plugging of the lumen or 

low cuff pressures, allowing secretions to drain into the distal trachea 

rather than collecting above the cuff. These factors and the high cost 

have limited the use of this modality.

Early Tracheostomy
Tracheostomy has several potential benefits for the prevention of VAP. 

The glottis is not held open by the endotracheal tube and the vocal 

cords can be opposed, decreasing the risk of aspiration significantly. 

The security of a tracheostomy may allow greater mobilization and a 

greater amount of time spent in the upright position, also decreasing 

aspiration. Routine tracheostomy may be one explanation for the level-

ing off of VAP incidence after several weeks of mechanical ventilation. 

Early reports of an increased risk of pneumonia with tracheostomy 

were compromised by lack of adjustment for prior duration of me-

chanical ventilation, inaccurate diagnosis (with some tracheostomy site 

infections classified as pneumonia), and variable surgical techniques. 

The benefit of early tracheostomy remains unsettled but likely of 

greater benefit in patients with brain injury or other serious neurologic 

insults.83–85 Technique may also matter, with early tracheostomy per-

formed by the percutaneous dilatational technique more beneficial.84

SEMIRECUMBENT POSITIONING

The degree of gastroesophageal reflux is significantly greater in supine 

patients than in semirecumbent patients.86 Not only is reflux greater, 

but bowel flora colonized the oropharynx and bronchial tree in 68% of 

patients ventilated in the supine position, compared with only 32% in 

the semirecumbent position. A prospective, randomized trial clearly 

demonstrated that both clinically suspected and microbiologically 

confirmed cases of VAP were more common in patients ventilated in 

the supine position (8% of clinically suspected VAPs versus 34% for 

semirecumbent).49 Supine body position (odds ratio 6.8) and enteral 

nutrition (odds ratio 5.7) were both independent risk factors for VAP, 

with the highest frequency in patients receiving enteral nutrition in the 

supine position (14 of 28; 50%).

Avoiding the supine position as much as possible is a simple and 

effective preventive measure that should be practiced in all ICUs.80 

However, compliance with elevation of the head of the bed to 45 de-

grees is difficult, and achieving lower degrees of elevation are not as-

sociated with decreased VAP rates.87 Lateral Trendelenburg positioning 

did not substantially decrease VAP rates,88 and prone positioning may 

actually increase rates.89 Early mobilization of ventilated patients to 

both sitting upright at the bedside and actual ambulation not only 

decreases pooling of secretions and microaspiration but also appears 

to shorten the duration of ventilation.90

Avoidance of Gastric Overdistention
Even in a semirecumbent position, many patients still have gastro-

esophageal reflux and microaspiration when given enteral feedings. 

The major issue is overdistention of the stomach. The first is use of 

nasoenteric tubes rather than nasogastric tubes. Although attractive 

theoretically, meta-analysis of randomized, controlled trials did not 

show a benefit for VAP prevention by postpyloric feeding compared 

with gastric feeding.91 The major limitation is the difficulty in placing 

postpyloric tubes.

The second strategy is the use of gastric prokinetic agents, such as 

metoclopramide. An additional benefit of these agents is increased 
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tone of the lower esophageal sphincter, potentially decreasing the risk 

of reflux while increasing gastric emptying. Once again, a randomized, 

controlled trial failed to confirm the benefit of using this agent to de-

crease the risk of VAP.39

OVERWHELMING LOWER RESPIRATORY TRACT 
HOST DEFENSES

An underappreciated fact regarding nosocomial pneumonia is that 

despite aspiration of oropharyngeal secretions documented to contain 

pathogenic bacteria, only a minority of colonized patients actually 

develop pneumonia. In the classic study of Johanson and colleagues, 

only 23% of patients with gram-negative colonization of the orophar-

ynx subsequently developed pneumonia.92 Others have shown that 

quantitative culture levels of microorganisms equivalent to those 

found in pneumonia can transiently appear in routine nonbroncho-

scopic BAL samples without causing clinical VAP.93 Thus the two steps 

described earlier—colonization by pathogens and aspiration—are 

necessary, but not sufficient, causes of nosocomial pneumonia.

The third step in the pathogenesis of nosocomial pneumonia—

overwhelming lower respiratory tract defenses—is the least studied or 

understood. One major reason for this lack of emphasis may be that 

the causes are heterogeneous and patient dependent, rather than the 

stereotypical steps of colonization and aspiration. As infection control 

and patient safety efforts have become more effective, the remaining 

patients who do develop VAP are likely to have significant defects in 

host immunity. Patients who develop VAP should generally be consid-

ered to have a form of acquired immunosuppression.94 The more fre-

quent occurrence of other nosocomial infections in patients with VAP 

supports this concept. In addition, some VAP patients develop multi-

ple separate episodes of VAP,95 suggesting disproportionate compro-

mise of lower respiratory tract defenses.

Many of the causes of compromised lower respiratory tract defenses 

are caused by the underlying disease or critical illness precipitating ICU 

admission and need for mechanical ventilation. However, several risks 

generic to most ICU patients may be targets for prevention.

MINIMIZING ANTIBIOTIC USE

Rather than being sterile, lung alveoli harbor a normal bacterial flora. 

This recognition raises important issues in understanding the develop-

ment of HAP/VAP. The normal lung microbiome is similar to that of 

the normal oropharynx, predominantly streptococci, but also anaer-

obes, Hemophilus, and Mycoplasma, but at significantly lower concen-

trations.96,97 These normal flora therefore represent an important 

component of host defense adversely affected by systemic antibiotics, 

similar to the oropharynx and the GI tract. Pseudomonas pneumonia 

is virtually never seen without prior antibiotic exposure and develops 

with progressive monolithic replacement of the normal heterogeneous 

lung microbiome in response to antibiotic pressure.98 Minimizing the 

effect of antibiotics on VAP may occur with enteral probiotics,99 but 

lung-specific therapy is not available. Consistently, diagnostic strate-

gies for VAP that result in less antibiotic treatment27,30 and earlier dis-

continuation in culture-negative patients100 have resulted in improved 

mortality and less superinfection.

CORTICOSTEROIDS

Systemic corticosteroids have well-documented antiinflammatory ef-

fects that can influence immune function. The difficulty in determin-

ing the effect of corticosteroids on the risk of VAP is the competing 

beneficial effect on other risk factors for VAP. An example is the use of 

corticosteroids may allow earlier extubation of a patient intubated for 

an exacerbation of asthma, thereby lowering the risk of VAP. This dual 

effect probably holds true for most cases in which corticosteroids are 

used acutely for critically ill patients. The potential benefits begin to be 

outweighed by adverse consequences after more prolonged courses.

TRANSFUSIONS

A common cause of immunosuppression is red blood cell transfu-

sions. This effect of transfusions has been known for decades and was 

used therapeutically in the past for pre-transplantation management 

of patients with end-stage renal disease. The trigger for red blood cell 

transfusion varies widely among institutions and even among indi-

vidual practitioners. A more restrictive transfusion policy may avoid 

compromising host immunity. A conservative transfusion policy was 

associated with equivalent mortality to more liberal transfusions in 

most ICU patients101 and decreased VAP rates in trauma patients.102

KEY POINTS

• Two keys to prevention and control strategies are a clear understanding of 

the underlying pathogenesis of nosocomial pneumonia and a comprehen-

sive approach to prevention.

• A distinction should be made between the prevention of all nosocomial 

pneumonia and the prevention of life-threatening nosocomial pneumonia, 

usually caused by MDR pathogens.

• Pathogenesis of nosocomial pneumonia can be broken down into three ba-

sic steps: colonization of the oropharynx with pathogenic microorganisms, 

aspiration, and overwhelming of the lower respiratory tract’s host defense 

processes.

• The most important factor in colonization of the oropharynx with pathogenic 

microorganisms and compromise of distal lung defenses is the suppression 

of normal flora at these sites by systemic antibiotics, especially broad-

spectrum antibiotics.

• The risk of VAP is time dependent, so any maneuver that decreases the 

duration of mechanical ventilation will decrease pneumonia rates.

• Avoiding the supine position as much as possible in ventilated patients 

and maintaining adequate tracheal cuff pressure are simple and effective 

measures to prevent microaspiration and should be practiced in all ICUs.

• Causes of the relative immunocompromise that allows bacteria to over-

whelm local host defenses in the lung are heterogeneous and patient  

dependent, unlike the stereotypical steps of colonization and aspiration.

ANNOTATED REFERENCES

Drakulovic MB, Torres A, Bauer TT, et al. Supine body position as a risk factor 

for nosocomial pneumonia in mechanically ventilated patients: A ran-

domised trial. Lancet. 1999;354:1851–1858.

Classic randomized, controlled trial of body positioning clearly demonstrated 

a decreased risk with the semirecumbent position, providing strong evidence 

of the role of microaspiration in the pathogenesis of VAP.

Francois B, Cariou A, Clere-Jehl R, et al. Prevention of early ventilator- 

associated pneumonia after cardiac arrest. New Engl J Med. 2019;381:

1831–1842.

Randomized, controlled trial of true prophylactic antibiotic use to prevent 

VAP in a defined subgroup illustrates the two-edged sword of antibiotics— 

decreasing the risk of early pneumonia demonstrated here while selecting  

for more pathogenic microorganisms and possibly increasing the risk of  

late-onset VAP.

 References for this chapter can be found at expertconsult.com.
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Girard TD, Kress JP, Fuchs BD, et al. Efficacy and safety of a paired sedation 

and ventilator weaning protocol for mechanically ventilated patients in  

intensive care (Awakening and Breathing Controlled trial): A randomised 

controlled trial. Lancet. 2008;371:126–134.

The combination of daily awakening from sedation and spontaneous breath-

ing trials resulted in earlier extubation, shorter ICU length of stay, and lower 

mortality than the group with attempts at spontaneous breathing trials  

without specified sedation holds.

Lacerna CC, Patey D, Block L, et al. A successful program preventing nonven-

tilator hospital-acquired pneumonia in a large hospital system. Infect 

Control Hosp Epidemiol. 2020;41:547–552.

A HAP prevention program in an integrated health care system demonstrated 

dramatic decrease in HAP rates, mortality, and antibiotic use in high-risk 

patients. This study demonstrates the benefit of a comprehensive program, 

even if the evidence base for certain components is not robust.

Nseir S, Zerimech F, Fournier C, et al. Continuous control of tracheal cuff 

pressure and microaspiration of gastric contents in critically ill patients. 

Am J Respir Crit Care Med. 2011;184:1041–1047.

Study illustrating the significant number of intubated patients with micro-

aspiration and demonstrating the benefit of continuous maintenance of  

tracheal cuff pressure on both suspected and confirmed VAP.
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Gram-negative bacteria are ubiquitous microorganisms of particular 
concern, especially the gram-negative bacilli (GNB), because of the fast 
spread of multidrug resistance (MDR). GNBs have intrinsic abilities to 
find new pathways of resistance and to transmit genetic material that 
allows other bacteria to become resistant as well (i.e., resistance acquisi-
tion via horizontal gene transfer). Mutations lead to new phenotypes 
with modified antibiotic targets, such as ribosomal mutation, whereas 
genes encoding drug efflux permeases and genes encoding antibiotic-
modifying enzymes, such as beta-lactamases, are most often acquired 
via horizontal transfer.1,2 Specifically, the development of extended-
spectrum beta-lactamases that confer resistance to penicillins and 
cephalosporins and of carbapenemases that confer resistance to carbap-
enems, as well, is considered of critical importance. It is noteworthy that 
in the World Health Organization (WHO) priority list, all the critical 
priority (Priority 1) microorganisms are gram-negative—carbapenem-
resistant Acinetobacter baumanni (CRAB), carbapenem-resistant Pseu-

domonas aeruginosa, third-generation cephalosporin-resistant and car-
bapenem-resistant Enterobacteriaceae (CRE); the vast majority of the 
high-priority ones (Priority 2).3

In the intensive care setting GNBs are responsible for multiple in-
fections, such as bloodstream infections, ventilator-associated pneu-
monia (VAP), device-associated infections, intraabdominal infections 
(IAIs), urinary tract infections (UTIs), and soft tissue infections. MDR 
GNBs represent a healthcare burden and are associated with poor 
outcomes (i.e., increased morbidity and mortality).4 The antimicrobial 
agents most commonly used in the intensive care unit (ICU) to com-
bat MDR GNBs include beta-lactams, fluoroquinolones, aminoglyco-
sides, polymyxins, and newly introduced tetracyclines.

It should be highlighted that several reports have demonstrated 
suboptimal concentrations of antimicrobial agents in critically ill 
patients when conventional dosing schemes were used.5 Therefore 
during the last decade, apart from the efforts to develop new antimi-
crobial agents, research has focused on optimization of the use of the 
currently available antimicrobial agents in the critical care setting, 
aiming for both improvement of clinical outcomes and limiting re-
sistance emergence.6,7 For dose optimization, alternative dosing 
schemes have been recommended, based on the pharmacokinetic 
and pharmacodynamic (PK/PD) characteristics of the antimicrobial 
agents and dosing individualization. For dosing individualization, 
nomograms validated in critically ill patients and dosing software 
can be used; however, therapeutic drug monitoring (TDM)–guided 
dosing is recommended as the safer and more effective means to 
achieve optimal antimicrobial exposures.7–11

In this chapter we summarize the characteristics of the classes of 
antimicrobial agents used in the critical care setting for GNBs, including 

“older” antimicrobial agents that have been “reintroduced” as salvage 
treatments, and introduce novel approved antimicrobial agents.

BETA-LACTAMS

Beta-lactams include penicillins, cephalosporins, carbapenems, and 
monobactams. They share a four-membered beta-lactam ring. Aztreo-
nam is a monobactam that contains only the beta-lactam ring. In peni-
cillins, the beta-lactam ring is connected to a five-membered thiazoli-
dine ring and a side chain that distinguishes the different penicillins; in 
cephalosporins, it is connected to a six-membered sulfur-containing 
dihydrothiazine ring and two side chains that distinguish the different 
cephalosporins, whereas in carbapenems, the beta-lactam ring is con-
nected to a five-membered thiazolidine ring that contains a carbon 
double bond instead of sulfur, and a side chain differentiates the differ-
ent members of the class.12

Mode of Action of Beta-Lactams
Beta-lactams exert bactericidal action by inhibition of the synthesis of 
the peptidoglycan layer of the cell wall: via acylation of penicillin-
binding protein transpeptidase enzymes (PBPs), they inhibit the cross-
linkage of the peptidoglycan chains with subsequent bacteriolysis and 
cell death.13–15 The efficacy of a beta-lactam antimicrobial agent is de-
termined, at least in part, by its ability to reach the target PBPs and its 
binding affinity to various PBPs.13–16

Resistance to Beta-Lactams
Resistance to beta-lactams occurs via (1) PBP modifications that  
decrease their binding affinity (mainly in gram-positive bacteria),  
(2) loss or deficiency of outer membrane proteins that decrease per-
meability (in gram-negative bacteria), (3) presence of efflux pumps 
that force out the beta-lactams, and (4) hydrolysis by beta-lactamases 
(chromosomally encoded or via plasmids or transposons).17–20 Beta-
lactamase production is the most common mechanism of beta-lactam 
resistance in clinically important gram-negative bacteria and is largely 
responsible for GNB resistance in hospitals and, particularly, in the 
critical care setting.20 Beta-lactamases are mainly classified either based 
on their molecular structure (i.e., their amino acid sequence) or based 
on their function.21–23 Molecular classification is the simplest and least 
controversial approach, whereby beta-lactamases are divided into four 
classes, A, B, C, and D (Ambler classification).21 The hydrolysis of the 
classes A, C, and D is done though an active-site serine, whereas class 
B includes metalloenzymes that hydrolyze beta-lactam through at least 
one active-site zinc.21 The functional classification, on the other hand, 
relates the varied beta-lactamases to their clinical role and classifies 
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them in three groups with several subgroups.22,23 Group 1 are cephalo-
sporinases belonging to class C of molecular classification (including 
the AmpC beta-lactamases) that inactivate most cephalosporins and 
aztreonam and are not inhibited by clavulanate or tazobactam, and, 
moreover, in the case of large production, particularly in hosts with 
decreased beta-lactam accumulation, can inactivate carbapenems, es-
pecially ertapenem.22,24–26 Group 2 are serine beta-lactamases belong-
ing to molecular classes A and D and represent the largest group,  
as they include the extended-spectrum beta-lactamases (ESBLs) that 
hydrolyze third-generation cephalosporins and aztreonam (subgroup 
2be), found in GNBs, particularly Enterobacteriaceae.22,23 ESBLs 
are another beta-lactamase of particular concern, as the number of 
nosocomial infection outbreaks caused by ESBL-producing GNBs  
is high and ever increasing, and in many parts of the world ESBL-
producing strains are endemic.22,27–33 Group 3 are metallo-beta-
lactamases (MBLs), a unique group both structurally and functionally, 
with the ability to hydrolyze carbapenems (although some serine beta-
lactamases have also acquired this ability); the imipenemase (IMP) 
and Verona integron metallo beta-lactamase (VIM) that have appeared 
globally, mainly in lactose nonfermenting GNBs but also in Enterobac-

teriaceae, belong to this group.22,23,34 Contrary to the serine beta-lac-
tamases, MBLs have poor hydrolytic capability for monobactams and 
are not inhibited by clavulanic acid or tazobactam.22,23 Functional clas-
sification is more subjective than the molecular one; nevertheless, it 
correlates the properties of a specific beta-lactamase with the micro-
biologic resistance profile for an isolate that is more useful in the 
medical setting.22,23 Finally, regarding resistance to beta-lactams, it 
should be emphasized that although ESBL- and AmpC- producing 
GNBs are susceptible to carbapenems, carbapenemase-producing 
strains have been rapidly increasing worldwide (and are already en-
demic in several countries) and represent a serious public health 
threat, as these strains generally display MDR, including all beta-lac-
tams and aminoglycosides and fluoroquinolones.35–37

Spectrum of Activity of Beta-Lactams
Beta-lactam antimicrobial agents have a wide spectrum of activity 
against gram-positive and gram-negative aerobic and anaerobic bacte-
ria. However, each individual class of beta-lactams has a unique micro-
biologic spectrum. Natural penicillins are seldom used in critical care 
settings because they lack activity against beta-lactamase–producing 
bacteria. The class of cephalosporins is categorized into five generations 
depending on their temporal discovery and their spectrum of activity.38 
The first- and second-generation cephalosporins generally have only 
limited use in the critical care setting. Third-generation cephalosporins 
include the parenterally administered cefotaxime, ceftazidime, cefo-
perazone, ceftizoxime, and ceftriaxone.39 They provide a broad coverage 
of gram-negative bacteria, with expanded activity against the Entero-

bacteriaceae and Streptococcus pneumoniae but lack activity against en-
terococci, methicillin-resistant Staphylococcus aureus (MRSA), Listeria 

monocytogenes, Stenotrophomonas maltophilia, and many Acinetobacter 
spp. Based on their antipseudomonal activity, cefoperazone and  
ceftazidime have clinically useful potency against P. aeruginosa. Third-
generation cephalosporins can be hydrolyzed by ESBL-producing 
GNBs. The fourth-generation cephalosporins, cefpirome (not available 
in the United States) and cefepime, have improved penetration to the 
outer membrane of gram-negative bacteria because of an additional 
quaternary ammonium group.15 Their spectrum is the widest of all 
cephalosporins: against gram-negative bacteria, their activity is similar 
to ceftazidime, but they are less susceptible to inactivation by AmpC  
beta-lactamases, whereas against gram-positives, they have activity 
similar to cefotaxime and ceftriaxone.15,38,40 Resistance to fourth-
generation cephalosporins is increasing, and they can be inactivated by 

many new ESBLs and carbapenemases.15 Moreover, therapy for infec-
tions by ESBL-producing strains with maintained susceptible mini-
mum inhibitory concentrations (MICs) is controversial.15,41 Both third-
generation (especially ceftriaxone and cefotaxime) and fourth-generation 
cephalosporins penetrate the blood-brain barrier.15,38

Ceftaroline and ceftobiprole are considered fifth-generation  
cephalosporins and are the first ones with anti-MRSA activity. Their 
activity against gram-negative bacteria corresponds to that of the 
third-generation cephalosporins (i.e., they are hydrolyzed by ESBL 
and AmpC beta-lactamases).42,43 Ceftaroline was approved by the 
Food and Drug Administration (FDA) in 2010 and by the European 
Medicines Agency (EMA) in 2012 for the indication of community-
acquired pneumonia (CAP) and complicated skin and soft tissue infec-
tions (cSSSIs).44–46 Ceftobiprole has been approved in several European 
countries and in Canada for the treatment of CAP and hospital- 
acquired pneumonia (HAP), excluding VAP, but is not approved in the 
United States.43,44 For further details on the anti-MRSA cephalosporins, 
ceftaroline and ceftobiprole, we refer the reader to the relevant chapter 
(i.e., antimicrobial agents against gram-positive bacteria).

The carbapenems are the broadest-spectrum beta-lactams and are 
typically reserved for severe nosocomial infections. Imipenem is de-
graded by the enzyme dehydropeptidase-1 (DHP-1) of the renal tu-
bules and is combined with cilastatin, a DHP-1 inhibitor, whereas 
meropenem, doripenem, and ertapenem have increased stability to-
wards the action of DHP-1.47 Carbapenems have a broad spectrum of 
in vitro activity, covering gram-positive bacteria, excluding MRSA and 
Enterococcus faecium, and gram-negative bacteria, excluding S. malto-

philia, and anaerobes. Imipenem/cilastatin and meropenem are typi-
cally reserved for severe nosocomial infections, having established ef-
ficacy in the treatment of a variety of infections, including complicated 
UTIs (cUTIs; including pyelonephritis), complicated IAIs (cIAIs), SS-
SIs, CAP, nosocomial pneumonia (including VAP), meningitis (me-
ropenem only), and febrile neutropenia.47 In general, doripenem has 
been demonstrated to have better in vitro activity than imipenem and 
similar or slightly better activity than meropenem against P. aerugi-

nosa.48 However, its clinical use is more limited compared with me-
ropenem and imipenem, as its approved indications include cIAIs and 
cUTIs (including pyelonephritis) only, whereas there is a labeling 
warning for increased risk of death for VAP patients.49,50 Ertapenem’s 
spectrum of activity is less wide compared with imipenem, merope-
nem, and doripenem, as it is inactive against important lactose nonfer-
menting GNBs, including P. aeruginosa and A. baumannii, in addition 
to against Enterococci, and it is more suited for community-acquired 
than for nosocomial infections. Because of its favorable pharmacoki-
netic properties, it is also suitable for outpatient intravenous (IV) an-
timicrobial treatment.47 Carbapenems are stable against ESBL and 
AmpC beta-lactamase–producing GNBs but are susceptible to carbap-
enemases and MBLs.51,52

Aztreonam is a monobactam with broad aerobic gram-negative 
activity, but it lacks efficacy against gram-positive bacteria and  
anaerobes.14

Combination of Beta-Lactams with Beta-Lactamase 
Inhibitors
One strategy for achieving beta-lactamase stability is combining beta-
lactams with beta-lactamase inhibitors, such as clavulanate, sulbactam, 
and tazobactam and, more recently, with novel inhibitors such as avi-
bactam, vaborbactam, relebactam, zidebactam, nacubactam, and tani-
borbactam.53 Although beta-lactamase inhibitors lack antibacterial 
activity at clinically relevant concentrations, they preserve and en-
hance the antibacterial activity of the partner beta-lactam against  
beta-lactamase–producing pathogens. For the co-formulation of a 
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beta-lactam/beta-lactamase inhibitor, two main factors are taken into 
consideration, namely the activity of the inhibitor against the beta-
lactamases that the partner beta-lactam is susceptible to and the simi-
larities in the PK properties between the partners to warrant structural 
integrity protection of the beta-lactam throughout a given dosing in-
terval.53 Ampicillin/sulbactam is active against gram-positive bacteria, 
including Enterococcus spp., gram-negative cocci, and certain strains of 
Enterobacteriaceae (not ESBL-producing ones).54–56 Ticarcillin/clavula-
nate and piperacillin/tazobactam have a broader spectrum of activity, 
including P. aeruginosa, Enterobacteriaceae, and several anaerobes. 
Piperacillin has better antipseudomonal activity than ticarcillin.57,58 
However, the resistance rates of P. aeruginosa to piperacillin/tazobac-
tam in the ICU are significantly increasing worldwide, necessitating 
optimization of drug exposure or combination therapy to ensure the 
efficacy against it.59–62

PK/PD of Beta-Lactams
Beta-lactam antibacterial agents are generally hydrophilic, with a low 
volume of distribution (Vd) similar to the extracellular fluid, and the 
main route of elimination is the kidneys (although in piperacillin/
tazobactam, biliary excretion may be important, and ceftriaxone has 
significant biliary excretion as well).63 Frequent physiologic alterations 
in critically ill patients, such as increased Vd because of sepsis and/or 
fluid resuscitation and augmented renal clearance (increased glomeru-
lar filtration rates [GFR], lead to inadequate (subtherapeutic) concen-
trations of beta-lactams.64,65 On the other hand, acute renal injury may 
lead to higher plasma concentrations and increased toxicity. The pro-
tein binding of beta-lactams is moderate (30%–50%) to low (,30%); 
however, they are members of a class with high protein binding, which 
includes ertapenem (,95%), ceftriaxone, flucloxacillin, and oxacillin. 
For these agents, the hypoalbuminemia that is common in critical ill-
ness may lead to low unbound concentrations towards the end of the 
dosing interval, because of the higher clearance of the (increased) free 
fraction.8,66 The in vivo half-lives of beta-lactams vary.38,47

Beta-lactams are time-dependent killing antibiotics; the PK/PD 
index associated with optimal beta-lactam activity is the percentage  
of time that the free serum concentration is above the pathogen MIC 
(% fT.MIC).8 Data from critically ill patients suggest that longer 
beta-lactam exposures (e.g., 100% fT.MIC) and higher concentra-
tions (e.g., 2–5 3 MIC) than previously described may be beneficial 
with maximal killing effect and suppressed bacterial resistance.8,67–70 
Finally, a recent analysis of pooled data of critically ill patients with 
monomicrobial gram-negative bloodstream infections reported that 
beta-lactam fCmin/MIC .1.3 was a significant predictor of a posi-
tive clinical outcome and recommended it as an antibiotic dosing 
target.71

Dosing and Monitoring of Beta-Lactams
As mentioned earlier, because of the physiologic alterations of criti-
cally ill patients, conventional antibiotic dosing of beta-lactams anti-
microbial agents may lead to subtherapeutic concentrations.72,73 A re-
cent position paper on TDM of antimicrobial agents in critical care 
recommended an initial loading dose of beta-lactams followed by 
prolonged infusion, continuous or extended (3–4 hours), in order to 
maximize PK/PD target attainment and possibly improve clinical out-
comes.8 The panel recommended routine TDM of beta-lactams to 
optimize dosing of critically ill patients, achieving therapeutic targets 
in the critically ill populations, and at the same time, minimizing tox-
icity. For continuous administration, samples can be taken any time 
point during the infusion (with target Css.MIC).8 For intermittent 
administration, minimum concentration (Cmin) should be monitored 
(with target 100% fT.MIC); sampling should occur 24–48 hours after 

treatment initiations, with one sample taken 30 minutes before or just 
before the administration of the following dose.8

Prolonged dosing of beta-lactams. Some evidence exists that suggests 
better outcomes are achieved with prolonged administration of beta-
lactams (i.e., continuous or extended 3-hour IV infusions) compared 
with the standard intermittent administration, especially for critically 
ill patients with infections by resistant GNBs.74–78 Although results 
from randomized controlled trials (RCTs) are controversial, a meta-
analysis of three RCTs comparing continuous with standard intermit-
tent bolus administration of beta-lactam antibiotics in septic critically 
ill patients found decreased hospital mortality with continuous beta-
lactam administration, but no difference in clinical cure rates.79 BLING 
III is an ongoing, prospective, international phase III RCT with a  
recruitment target of 7000 critically ill patients with sepsis, which 
compares continuous with intermittent administration of beta- 
lactams (piperacillin-tazobactam or meropenem), aiming to provide 
evidence to support one method of administration over the other.80

Synergy of Beta-Lactams in Combination with other 
Antimicrobials
Synergy (i.e., effect of a combination greater than expected based on 
individual antimicrobial agents) is frequently reported with the com-
bination of a cell wall–active antimicrobial, such as a beta-lactam, with 
other agents, most commonly, an aminoglycoside or a fluoroquino-
lone, even against pathogens with higher MICs. Several studies have 
demonstrated survival benefit from early administration of such a 
combination therapy in patients with sepsis and septic shock.81–83 
Other studies have not shown benefit from a combination, such as an 
RCT in patients with septic shock in a country with a quite low level of 
MDRs, which failed to demonstrate a decrease in organ failure when 
fluoroquinolones were added to carbapenems.84 Nevertheless, it 
should be noted that for the empiric management of septic shock, the 
Surviving Sepsis Campaign guidelines suggest the empiric combina-
tion of at least two antibiotics of different antimicrobial classes, target-
ing the most likely potential pathogens, noting that the recommenda-
tion is weak and the quality of evidence low.85,86

Adverse Events of Beta-Lactams
Beta-lactams are the most commonly reported antibiotic classes to 
cause allergic drug reactions, especially penicillins (,10%) and ceph-
alosporins (less than penicillins; 1%–7%), whereas the incidence of 
allergic reactions caused by carbapenems is lower (,3% in the gen-
eral population).12,14,87,88 Immediate hypersensitivity reactions are 
immunoglobulin E (IgE)–mediated and usually occur within 6 hours 
(typically within 1 hour) from last drug administration, whereas the 
nonimmediate hypersensitivity reactions are mediated by the T cells 
and may occur any time after the first drug administration, typically 
after several days of treatment.89 Immediate reactions usually present 
with symptoms and signs from the skin (e.g., itching, rash, angio-
edema), the upper and lower respiratory system (e.g., sneezing, nasal 
congestion, hoarseness, wheezing), the gastrointestinal system (e.g., 
mild abdominal pain, nausea, diarrhea), and the cardiovascular 
system (e.g., tachycardia, hypotension); they can appear isolated or in 
combination as severe anaphylaxis. Nonimmediate hypersensitivity 
reactions are most commonly manifested with maculopapular exan-
thema and urticaria.12

Penicillins can cause gastrointestinal disturbances, particularly 
diarrhea, but hematologic toxicity is rare.13,90 Also, high doses of 
penicillins cause abnormalities of platelet aggregation, while Coombs-
positive hemolytic anemia is a rare adverse event.13,91,92 Renal toxicity 
of penicillins varies and can range from allergic angiitis to interstitial 
nephritis.93
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Cephalosporins have low toxicity and are generally safe and well 
tolerated.38 The most frequent adverse reactions of cephalosporins in-
clude nausea, vomiting, lack of appetite, and abdominal pain.38 Less 
common reactions include hypersensitivity reactions, drug-induced 
immune hemolytic anemia, pseudomembranous colitis, disulfiram-like 
reactions, vitamin K deficiency, and enhancement of the nephrotoxicity 
of aminoglycosides.38

Carbapenems are generally well-tolerated. The most common ad-
verse events include gastrointestinal disturbances, such as nausea, 
vomiting and diarrhea, headache, dermatologic reactions such as 
rash, and injection site effects such as phlebitis.14 As carbapenems 
have minimal hepatic metabolism, clinically significant hepatotoxicity 
is rare, although mild-to-moderate asymptomatic increases in serum 
aminotransferases may occur, but rapidly resolve after drug discon-
tinuation.94 Also, carbapenems are considered to have low propensity 
for nephrotoxicity, coagulation disorders, and Clostridium difficile 
diarrhea.14 Seizures are the most serious adverse event, particularly 
for imipenem (1%–2% compared with 0.1%–0.3% for the other car-
bapenems), especially when higher doses are used ($4 g/day).95,96 
Although seizures are overall rare, the incidence increases in cases 
with renal impairment, lower body weight, and history of seizures or 
other central nervous system (CNS) comorbidities.96–98 Carbapenems 
do not have significant drug interactions, although concomitant ad-
ministration with valproic acid may lead to subtherapeutic levels of 
valproic acid.99

Aztreonam is generally well tolerated, with more common adverse 
events including infusion site reactions such as phlebitis, gastrointesti-
nal disturbances (nausea, vomiting, and diarrhea), and rash.14

It should be noted that the more aggressive beta-lactam dosing to 
account for altered drug PK in critically ill patients might have led to 
excessive drug exposure being increasingly reported over the last de-
cade.8 TDM of beta-lactams, apart from helping to optimize expo-
sures, can help in decreasing related toxicities.8 Cmin samples at steady 
state, or even earlier when dosing software is used, can help avoid 
overexposure to beta-lactams.10,100

Cross-reactivity of beta-lactams. Although subjects can be sensitized 
by any of the beta-lactam’s components, the side chains are those struc-
tures that have the main contribution to immunologic recognition and 
therefore cause cross-reactivity among beta-lactam antibiotics.12 The 
immunologic cross-reactivity related to the common b-lactam ring 
(i.e., cross-reactivity between all beta-lactams) is very rare, especially  
in subjects with T-cell–mediated allergy.12 If a complete allergy workup 
cannot be performed and there is an urgent need to use a beta-lactam, 
the evaluation can be done with skin tests with beta-lactam agents  
that do not share identical/similar side chains with the culprit agent;  
in case of negative results, the alternative beta-lactam can be adminis-
tered with graded challenges. In case of patients with history of mild, 
nonimmediate beta-lactam hypersensitivity reaction and no time avail-
able for delayed pretreatment skin test reading, the administration of a full 
dose of a beta-lactam structurally unrelated to the culprit is an option.12

Novel Approved Beta-Lactamase/Beta-Lactamase 
Inhibitor Combinations
Ceftolozane/Tazobactam
Ceftolozane/tazobactam is a combination of the novel oxyimino-
aminothiazolyl cephalosporin ceftolozane with the irreversible beta-
lactamase inhibitor tazobactam.101,102 It was approved in 2014 by the 
FDA for the indication of cUTIs and for cIAIs in combination with 
metronidazole, whereas EMA approval was granted in 2015 for cIAIs, 
acute pyelonephritis, and cUTIs.43,103 In 2019 the EMA approved 
ceftolozane/tazobactam for the indication of HAP/VAP as well.43,103

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Ceftolozane/tazobactam is active mostly against gram-negative patho-
gens, including Enterobacteriaceae and P. aeruginosa, whereas its activ-
ity against gram-positive pathogens and anaerobes is very limited.104,105 
Ceftolozane’s MIC against P. aeruginosa is 9–16 times lower than the 
MICs of ceftazidime, imipenem, and ciprofloxacin, having also an 
earlier in vitro and a faster in vivo killing than ceftazidime.101 Never-
theless, it is still vulnerable to the action of Ambler class A (e.g., ESBLs) 
and class C beta-lactamases (although the stability to AmpC enzymes 
varies).101 Although tazobactam seems to add little to the antipseudo-
monal activity of ceftolozane, this addition does provide ceftolozane 
stability against several class A and C enzymes produced by other 
GNBs and thus increases ceftolozane’s coverage, including several 
ESBL-producing strains, particularly of the CTX-M family, and in part 
strains producing AmpC.15,106 Ceftolozane/tazobactam does not have 
appreciable activity against GNBs producing Klebsiella pneumoniae 
carbapenemases (KPCs) or MBLs or class D beta-lactamases (e.g., 
OXA-carbapenemases).107,108 Resistance mechanisms to the action 
of ceftolozane/tazobactam include production of class A beta-lac-
tamases (some of ESBLs and most of KPCs), class B MBLs, class D 
carbapenemases (OXA-48-like), and hyperproduction of AmpC (not in 
P. aeruginosa).43,53

PK/PD. Ceftolozane/tazobactam has dose-independent linear PKs 
and has a relatively short half-life of 2.7 hours in healthy, uninfected 
adults, without significant accumulation after multiple doses.109 The 
protein binding of ceftolozane/tazobactam is low (16%–21% for 
ceftolozane and 30% for tazobactam).110 It is renally cleared with 
minimal metabolism, and the clearance of tazobactam is not affected 
by the combination with ceftolozane. Both ceftolozane and tazobac-
tam penetrated well into the lung parenchyma, with the epithelial 
lining fluid (ELF) to plasma area under the inhibitory curve (AUC) 
ratio of 48% and 44%, respectively.111,112

Clinical efficacy. In a phase II RCT (NCT01147640) that compared 
ceftolozane/tazobactam in combination with metronidazole with  
meropenem in cIAIs, the microbiologic success was 100% against  
P. aeruginosa (100%), and K. pneumoniae and 89.5% against Esche-

richia coli (89.5%).113 In a phase III RCT (NCT01345929) in patients 
with cUTIs, superiority was demonstrated for ceftolozane/tazobactam 
compared with levofloxacin, with microbiologic eradication at test- 
of-cure (TOC) 88.9% and 74.4%, respectively.43,114 ASPECT-NP, a 
double-blind phase III RCT (NCT02070757) that compared ceftolo-
zane/tazobactam with meropenem (3 g ceftolozane/tazobactam versus 
1 g meropenem IV every 8 hours for 8–14 days) in patients with gram-
negative nosocomial pneumonia (VAP or ventilated HAP) demon-
strated noninferiority of ceftolozane/tazobactam on both clinical cure 
at TOC and mortality at day 28.115 It is noteworthy that based on the 
ELF/plasma ratio, the dose used in the ASPECT-NP trial is double the 
dose used for cIAIs and cUTIs.115,116 Regarding resistance development, 
in the ceftolozane/tazobactam arm of a phase III RCT, no emergence 
of nonsusceptibility was reported for any participant with susceptible  
P. aeruginosa at baseline.115,117

Dosage. See Table 107.1 for dosages.118–121 The recommended dura-
tion of treatment is 7 days for cUTIs, including acute pyelonephritis; 
4–14 days for cIAIs; and 8–14 days for HAP/VAP.121

Adverse events. Mild to moderate nausea, headache, constipation, 
diarrhea, and pyrexia were the most common ($3%) adverse reac-
tions in pooled phase III RCTs of cUTIs and cIAIs.122 There are warn-
ings related to decreased efficacy in a subgroup of patients with 
baseline CrCl of 30–50 mL/min, serious anaphylactic reactions  
in patients with hypersensitivity to beta-lactams, and C. difficille–
associated diarrhea.121
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Antimicrobial 

Agents Adult Dose§§

Dosing Alteration (Renal or Hepatic 

Impairment)

B-Lactams ±
Ampicillin/ 

sulbactam

1.5–3 g q6h CrCl 15–29 mL/min: 1.5–3 g q12h

CrCl 5–14 mL/min: 1.5–3 g q24h

CRRT: 1.5–3 g q8–12h

Note: Off-label doses of 24 g 

have been suggested for 

CRAB (18 g ampicillin 1 6 

g sulbactam)

Ticarcillin/ 

clavulanate

3.1 g q4–6h CrCl 30–60 mL/min: 3.1 g LD, then 2 g q4h

CrCl 10–30 mL/min: 3.1 g LD, then 2 g q8h

CrCl ,10 mL/min: 3.1 g LD, then 2 g q12h

CRRT: 2–3.1 g q6–8h

Piperacillin/ 

tazobactam

2.25–4.5 g q6h CrCl 40–60 mL/min: 3.75–4.5 g q6h

CrCl 20–40 mL/min: 2.25–3.375 g q6h

CrCl: ,20 mL/min: 2.25 g q6–8h

CRRT: 4.5 g q6–8h

Cefazolin 1–1.5 g q6–8h CrCl: 11–34 mL/min: 500 mg q12h

CrCl: #10 mL/min: 500 mg q18–24h

CRRT: 1–2 g q12h

Cefotetan 2–3 g q12h Renal impairment:

CrCl: .30 mL/min: 2–3 g q12h

CrCl: 10–30 mL/min: 2–3 g q24h

CrCl: ,10 mL/min: 2–3 g q48h

CRRT: 1–2 g q12h

Cefoxitin 2 g q4–6h CrCl: 30–50 mL/min: 1–2 g q8–12h

CrCl: 10–29 mL/min: 1–2 g q12–24h

CrCl: ,10 mL/min: 0.5–1 g q12–48h

CRRT: 1–2 g q8–12h

Cefuroxime 1.5 g q8h CrCl: 10–20 mL/min: 750 mg q12h

CrCl: ,10 mL/min: 750 mg q24h

CRRT: 1 g q12h

Ceftazidime 1–2 g q8h CrCl: 31–50 mL/min: 1 g q12h

CrCl: 16–30 mL/min: 1 g q24h

CrCl: 6–15 mL/min: 0.5 g q24h

CrCl: ,5 mL/min: 0.5 g q48h

CRRT: 2 g q8–12h

Ceftriaxone 1–2 g q24h No adjustment

CRRT: 1–2 g q12h

Cefepime 1–2 g q8–12h CrCl: 11–29 mL/min: 1–2 g q24h

CrCl: #10 mL/min: 1 g q24h

CRRT: 2 g q8–12h

TABLE 107.1 Recommended Adult Dosing Regimens and Dosing Alterations*

1Ceftobiprole 500 mg q8h CrCl 30–,50: 500 mg q12h

CrCl ,30: 250 mg q12h

CrCl ,15: 200 mg q12h (In severe renal 

impairment, it should be used with caution 

because of a risk of accumulation)

ESRD on HD: 25 mg q24h (hemodialyzable)

Ceftaroline 2Standard dose: 600 mg 

q12h
3High dose: 600 mg q8h

CrCl 31–50: 400 mg q12h

CrCl 15–30: 300 mg q12h

CrCl ,15: 200 mg q12h

CRRT: 400–600 mg q12h

Ceftazidime/ 

avibactam 

2.5 (2 1 0.5) g q8h (2-h IV 

infusion)

CrCl 31–50: 1.25 (1 1 0.25) g q8h

CrCl 16–30: 927.5 (750 1 187.5) mg q12h

CrCl 6–15: 927.5 (750 1 187.5) mg q24h

#ESRD: 927.5 (750 1 187.5) mg q48h

Ceftolozane/

tazobactam

1.5 (1 1 0.5) g q8h IV (1-h IV 

infusion)
∞For HAP/VAP:

3 (2 1 1) g q8h

CrCl 30–50: 750 (500 1 250) mg q8h and for 

HAP/VAP 1.5 (1 1 0.5) g q8h

CrCl 15–29: 375 (250 1 125) mg q8h and for 

HAP/VAP 750 (500 1 250) mg q8h

#ESRD on HD: Single LD of 750 (500 1 250) mg 

followed by 150 (100 1 50) mg q8h for the 

remainder of the treatment duration and for 

HAP/VAP: single LD of 2.25 gr followed by 

450 (300 1 150) mg q8h

Imipenem 500 mg–1 g q6–8h CrCl 41–70 mL/min: 500–750 mg q8h

CrCl 21–40 mL/min: 250–500 mg q6h

CrCl ,20 mL/min: 250–500 mg q12h

CRRT: 500 mg q6h

Imipenem/ 

cilastatin/ 

relebactam

1.25 g (0.5 1 0.5 1 0.25) 

q6h (30 min IV infusion)

CrCl 60–89 mL/min: 1 g (0.4 1 0.4 1 0.2) q6h

CrCl 30–59 mL/min: 0.75 (0.3 1 0.3 1 0.15) g q6h

CrCl 15–29 mL/min: 0.5 (0.2 1 0.2 1 0.1) g q6h

CrCl ,15 mL/min: should not be administered 

unless HD is instituted within 48 h

ESRD on HD: 0.5 mL/min: 0.5 (0.2 1 0.2 1 0.1) g q6h

Meropenem 1 g q8h (3-hour IV infusion)

High dose:

2 g q8h (3-h IV infusion)

CrCl 25–50 mL/min: 1 g q12h

CrCl 10–25 mL/min: 500 mg q12h

CrCl ,10 mL/min: 500 mg q24h

CRRT: 1 g q12h

Meropenem/

vaborbactam

4 (2 1 2) g q8h (3-hr IV 

infusion)

CrCl 30–49: 2 (111) g q8h

CrCl 15–29: 2 (1 1 1) g q12h

CrCl ,15: 1 (0.5 1 0.5) g q12h

Antimicrobial 

Agents Adult Dose§§

Dosing Alteration (Renal or Hepatic 

Impairment)

Continued
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Ertapenem 1 g q24h CrCl ,30 mL/min: 500 mg q24h

CRRT: 500 mg–1 g q24h

Doripenem 500 mg q8h CrCl 30–50 mL/min: 250 mg q8h

CrCl 10–29 mL/min: 250 mg q12h

CRRT: 500 mg q8h

Aztreonam 1–2 g q8h CrCl 10–29 mL/min: 500 mg–1 g q8h

CrCl ,10 mL/min: 500 mg–1 g q12h

CRRT: 2 g q12h

Cefiderocol Cr Cl 90–,120: 2 g q8h 

(3-hr IV infusion)

Augmented CrCl $120: 

2 g q8h

CrCl 60–,90: 2 g q8h

CrCl 30–,60: 1.5 g q8h

CrCl 15–, 30: 1 g q8h

ESRD (CrCl ,15) with/without IHD: 

0.75 g q12h

CRRT: Base the dosage on the effluent  

flow rate:

• #2 L/hr: 1.5 g q12h

• 2.1–3 L/hr: 2 g q12h

• 3.1–4 L/hr 1.5 g q8h

• $4.1 L/hr: 2 g q8h

Aminoglycosides†
Gentamicin and 

tobramycin

1.5–2.5 mg/kg q8h or 5 mg/

kg q24h once-daily dose 

recommended

CrCl 40–59 mL/min: 1.5–2.5 mg/kg q12h

CrCl 20–39 mL/min: 1.5–2.5 mg/kg q24h

CrCl ,20 mL/min: Redose when trough levels 

,1 mg/mL

CRRT: Redose when trough levels ,1 mg/mL

Amikacin 7.5 mg/kg q8h or 15 mg/kg 

q24h once-daily dose  

recommended

CrCl 40–59 mL/min: 5–7.5 mg/kg q12h

CrCl 20–39 mL/min: 5–7.5 mg/kg q24h

CrCl ,20 mL/min: Redose when trough levels 

,5 mg/mL

CRRT: Redose based on trough levels ,5 mg/mL

Plazomicin≠ 15 mg/kg q24h CrCl $60 and ,90: 15 mg q24h

CrCl $30 and ,60: 10 mg q24h

CrCl $ 15 and ,30: 10 mg q48h

CrCl ,15 and CRRT: insufficient information to 

recommend a dosage regimen

Fluoroquinolones
Ciprofloxacin 400 mg q8–12h CrCl 5–29 mL/min: 200–400 mg q18–24 h

CRRT: 400 mg q12h

Levofloxacin 750 mg q24h CrCl 20–49 mL/min: 750 mg q48h

CrCl 10–19 mL/min: 750 mg initially, then 500 mg 

q48h

CRRT: 750 mg initially, then 500–750 mg q24h

Omadacycline^ LD on D1: 200 mg once  

(60-min IV infusion) or  

100 mg twice (30-min  

IV infusion)

Maintenance dose:  

100 mg q24h (30-min  

IV infusion)

No dosage adjustment is warranted in patients 

with renal or hepatic impairment

Polymyxins
Colistin  

(polymyxin E)‡
LD of CMS: 300 mg CBA  

(,9 million IU)

Daily maintenance dose  

of CMS (CrCl $90):

360 mg CBA daily dose  

(10.9 million IU)

CrCl

mg CBA 

daily dose4  

million IU 

daily dose4

CrCl 80–,90: 340 10.30

CrCl 70–,80: 300 9.00

CrCl 60–,70: 275 8.35

CrCl 50–,60: 245 7.40

CrCl 40–,50: 220 6.65

CrCl 30–,40: 195 5.90

CrCl 20–,30: 175 5.30

CrCl 10–,20: 160 4.85

CrCl 5–,10: 145 4.40

CrCl :  0 130 3.95

Intermittent HD: On a nondialysis day,  

CMS dose of 130 mg CBA/day  

(,3.95 million IU/day); on a dialysis day, 

administration of a supplemental dose of 

CMS 40 mg CBA (,1.2 million IU) or 

50 mg CBA (,1.6 million IU) for a 3- or 

4-hour IHD session, respectively; SLED:  

10% of the CMS dose should be added to  

the baseline daily dose per SLED-hour

CRRT: CBA 440 mg/day (,13.3 million IU/day)

Polymyxin B‡ LD: 2.0–2.5 mg/kg  

for polymyxin B  

(equivalent to 20,000–

25,000 IU/kg)

Maintenance dose:  

1.25–1.5 mg/kg (equivalent 

to 12,500–15,000 IU/kg) 

q12h

Unnecessary renal dose adjustments may lead 

to underexposure and clinical failure

TABLE 107.1 Recommended Adult Dosing Regimens and Dosing Alterations—cont’d

Antimicrobial 

Agents Adult Dose§§

Dosing Alteration (Renal or Hepatic 

Impairment)

Antimicrobial 

Agents Adult Dose§§

Dosing Alteration (Renal or Hepatic 

Impairment)
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Ceftazidime/Avibactam

Ceftazidime/avibactam is a combination of the cephalosporin ceftazi-
dime and the novel beta-lactamase inhibitor avibactam.102 It was ap-
proved by the FDA in 2015 for the indications of cUTIs, including 
acute pyelonephritis, and, in combination with metronidazole, cIAIs, 
and in 2018 it was approved for hospital-acquired bacterial pneumo-
nia (HABP)/ventilator-associated bacterial pneumonia (VABP).123,124

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 

Although ceftazidime is resistant to hydrolysis by several older narrow-
spectrum beta-lactamases (such as TEM-1 or SHV-1) or by most of 
the class D carbapenemases, it is hydrolyzed by class A ESBLs and class 
C beta-lactamases (AmpC type) and carbapenemases, such as KPCs 
and MBLs.43,53 Avibactam is a diazabicyclooctane, a first-in-class non-
beta-lactam beta-lactamase reversible inhibitor without intrinsic anti-
microbial activity, which binds covalently to beta-lactamases by a 
process that, contrary to beta-lactam beta-lactamase inhibitors, does 
not involve hydrolysis.43,101,125,126 When avibactam is combined with 
ceftazidime, it protects ceftazidime from hydrolysis by class A and C 
beta-lactamases and increases its antimicrobial activity.43,125,127 In in 
vitro studies, it is active against .99.9% of meropenem-, ceftazidime- 
and piperacillin/tazobactam-resistant isolates of Enterobacteriaceae 
and P. aeruginosa, including KPC and OXA-48 producers.127,128 Al-
though ceftazidime/avibactam covers ESBL-producing and most KPC-
producing isolates, it is inactive against MBL-producing ones.129–131 
The addition of avibactam does not provide any additional activity 
towards the limited antimicrobial spectrum of ceftazidime against 
gram-positive microorganisms and anaerobes.43 Combinations of 
ceftazidime/avibactam with aztreonam, meropenem, amikacin, and 
fosfomycin have been reported to be synergistic in vitro against MDR 
K. pneumoniae and P. aeruginosa.132 Regarding resistance development, 
the main mechanism to ceftazidime/avibactam includes production of 
class B MBLs, hyperexpression of efflux pumps, porin alteration, in-
creased expression of the eblaKPC gene or mutations on-loop of KPC 
enzymes, whereas mutations in PBPs occur rarely.53

PK/PD. Ceftazidime/avibactam has linear PKs.43 The Vd after mul-
tiple doses is 17 L and 22.2 L for ceftazidime and avibactam, respec-
tively.123 The protein binding of ceftazidime/avibactam is low (,10% 
for ceftazidime and 5.7%–8.2% for avibactam).123 It is primarily re-
nally excreted as unchanged drug (.80% of ceftazidime and .95% of 
avibactam).133 It has modest lung penetration, and in a phase I study 
of healthy subjects, the mean ELF/plasma ratio was 35% and 31% for 
avibactam and ceftazidime, respectively, and the concentration in-
creased in a dose-dependent way.134

Clinical efficacy. Ceftazidime/avibactam demonstrated noninferior-
ity in several phase III RCTs: versus doripenem in a phase III RCT 
(RECAPTURE; NCT01595438) in hospitalized adult patients with 
cUTIs; versus the best available treatment (BAT) in patients with cU-
TIs or cIAIs caused by ceftazidime-resistant strains (REPRISE; NCT016 
44643); combined with metronidazole versus meropenem in patients 
with cIAIs (NCT01726023); and versus meropenem in patients with 
HAP, including VAP (REPROVE; NCT01808092).135–138

Dosage. See Table 107.1 for dosages.123,139 The recommended dura-
tion of treatment is 5–14 days for IAIs and 7–14 days for cUTIs and 
HABP/VABP.123,139

Adverse events. Ceftazidime/avibactam is generally well tolerated, 
usually with mild adverse events. The most frequent events were gas-
trointestinal disturbances, such as diarrhea and/or nausea and/or 
vomiting ($5% in patients with cIAIs (combined with metronida-
zole) and in patients with HABP/VABP and 3% in patients with cU-
TIs).123 Other adverse events include hypokalemia, liver function test 
alteration, headache, and fever.43 Less common (,1%) adverse events 
include blood count alterations such as eosinophilia, thrombocytosis 

or thrombocytopenia, candidiasis, and seizures.123 There is a warning 
about decreased efficacy in patients with cIAIs with baseline CrCl of 
30–50 mL/ min and a recommendation of at least daily monitoring  
of CrCl and dose adjustment accordingly.123. In the phase III trial 
in patients with cIAIs, mortality in the subgroup with baseline CrCl 
30–50 mL/min was 19.5% and 7% for the ceftazidime/avibactam  
plus metronidazole arm and the meropenem arm, respectively, but 
patients in the ceftazidime/avibactam arm received 33% lower daily 
doses than suggested.123 There are also warnings related to hypersen-
sitivity reactions, C. difficile diarrhea, and CNS reactions, especially in 
patients with renal impairment.123

Meropenem/Vaborbactam

Meropenem/vaborbactam is a combination of the broad-spectrum 
carbapenem meropenem and the novel cyclic boronic acid–based 
beta-lactamase inhibitor vaborbactam.101 Approval was granted by the 
FDA in 2017 for the indication of cUTIs.140 In 2018 the EMA granted 
marketing authorization for meropenem/vaborbactam for the indica-
tions of cUTIs, including pyelonephritis, cIAIs, HAP (including VAP), 
bacteremia associated or suspected to be associated with any of the 
previously mentioned indications, and infections caused by aerobic 
GNBs with limited treatment options.141,142

Mode of Action, Spectrum of Activity, and Mechanisms of Resistance. 

Meropenem covers a wide range of gram-positive, gram-negative, and 
anaerobic bacteria and is stable to hydrolysis by penicillinases and 
cephalosporinases.43 Nevertheless, it is vulnerable to hydrolysis by other 
beta-lactamases, such as serine beta-lactamases and MBLs.101 Vaborbac-
tam exerts potent inhibition of serine beta-lactamases of class A  
(including ESBLs and KPCs) and class C (including AmpC) by forming 
reversible covalent bonds with them, and although it does not have in-
trinsic antimicrobial activity, when combined with meropenem, it pro-
vides protection to meropenem against degradation by these enzy
mes.101,143,144 Vaborbactam does not inhibit class B (MBL)– and class D 
(OXA)-beta-lactamase–producing strains.43,101,106,145 Therefore the spec-
trum of activity of meropenem/vaborbactam is that of meropenem, 
supplemented with activity against several serine beta-lactamase– 
producing strains.43,101,143 Combined with vaborbactam, a decrease of 
meropenem’s MIC against most Enterobacteriaceae ranging from 2- to 
.1024-fold, in addition to activity close to 100% against KPC-positive 
Enterobacteriaceae isolates, have been reported.146,147 Vaborbactam does 
not increase the activity of meropenem against strains of P. aeruginosa 

with MDR phenotypes mediated by porin changes and/or efflux mecha-
nism changes or against A. baumannii strains producing primarily class 
D (OXA-type) beta-lactamases.43,147 Also, resistance to meropenem/
vaborbactam has been reported in S. maltophilia, Elizabethkingia, and 
Aeromonas.43,148 It should be noted that vaborbactam does not enhance 
meropenem’s activity against gram-positive bacteria and anaerobes.43,147

The main mechanisms of resistance to meropenem/vaborbac-
tam include class B MBLs, class D carbapenemases (OXA-48-like), 
porin alterations (e.g., loss of outer membrane porins OmpK36 
and 35 used by vaborbactam to penetrate the bacterial cell, de-
creased expression of other porins), and hyperexpression of efflux 
pumps.43,53 In summary, meropenem/vaborbactam is active against 
most Enterobacteriaceae, particularly KPC-producing strains, in ad-
dition to ESBL- and AmpC-producing ones, but is inactive against 
MBL- and class D–producing strains, whereas for P. aeruginosa it 
has similar activity as meropenem.53

PK/PD. The Vd of meropenem/vaborbactam at steady state is 20.2. 
L and 18.6 L, the protein binding is 2% and 33%, and the half-life  
is 1.22 and 1.68 hours for meropenem and vaborbactam, respec-
tively.43,140 Meropenem/vaborbactam is primarily renally excreted.140,141 
Meropenem has a minor pathway of metabolism by hydrolysis (22%), 
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whereas vaborbactam is not metabolized, but excreted unchanged in 
the urine.140,141 The lung disposition profile is favorable, with ELF-to-
plasma unbound concentration ratios of 65% for meropenem and 
79% for vaborbactam in healthy subjects.43,149

Clinical efficacy. Meropenem had similar efficacy to piperacillin/
tazobactam (clinical success and microbiologic eradication) in a phase 
III RCT (TANGO I study; NCT02166476) in patients with cUTIs.150 In 
another open-label, phase III RCT (TANGO II study; NCT02168946) 
in patients with cUTIs, IAIs, HABP/VABP, or bacteremia caused by 
CRE, meropenem/vaborbactam achieved increased clinical cure rate 
and decreased 28-day all-cause mortality versus BAT, along with de-
creased nephrotoxicity.151

Dosage. See Table 107.1 for dosages.140,141 The recommended 
duration of treatment is up to 14 days: 5–10 days for cUTIs and IAIs, 
7–14 days for HAP/VAP, and duration according to the site of infection 
for bacteremia and MDR GNB infections with limited treatment  
options.140,141

Adverse events. Meropenem/vaborbactam has a favorable safety 
profile, similar to comparators. In the phase III TANGO II clinical trial, 
the most common ($3%) adverse events reported for meropenem/
vaborbactam included headache, phlebitis, and diarrhea, and other 
adverse events occurring $1% included hypersensitivity, nausea, 
increases of alanine and aspartate aminotransferases, pyrexia, and  
hypokalemia.140,151,152 There are warnings related to hypersensitivity 
reactions, seizures, and other CNS reactions; C. difficile–associated di-
arrhea; and decreased levels of valproic acid when coadministered with 
meropenem.140

Imipenem/Cilastatin/Relebactam

Imipenem/cilastatin/relebactam is a novel triple antimicrobial agent 
that combines the carbapenem imipenem, the dehydropeptidase in-
hibitor cilastatin, and the novel beta-lactamase inhibitor relebactam.106 
It was approved by the FDA in 2019 for the cUTIs, including pyelone-
phritis, and cIAIs caused by susceptible GNBs when there are limited 
or no alternative options; in 2020 it was approved for HABP/VABP as 
well.153,154 EMA approval was granted in 2020 for the indications of 
HAP (including VAP), bacteremia with to (or suspected to be associ-
ated with) HAP/VAP, and infections caused by gram-negative micro-
organisms with limited treatment options.155,156

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Imipenem/cilastatin/relebactam covers Enterobacteriaceae and lactose 
nonfermenting GNBs.101 Relebactam, which is structurally related to 
avibactam, inhibits class A and C beta-lactamases and enhances the 
antimicrobial spectrum of imipenem/cilastatin, increasing the activ-
ity of imipenem against most Enterobacteriaceae and P. aeruginosa, as 
shown by a 2- to 128-fold and 8-fold decrease of MIC, respec-
tively.157–159 Imipenem/cilastatin/relebactam is active against E. coli 
(including ESBL- and KPC-producing isolates), K. pneumoniae (in-
cluding ESBL, KPC, AmpC, and imipenem-resistant K. pneumoniae 

expressing AmpC beta-lactamases or KPC carbapenemases), and P. 

aeruginosa isolates with AmpC expression or outer membrane pro-
tein D (OprD) deficiency.101,160,161 Nevertheless, it is inactive against 
A. baumannii; imipenem-resistant isolates of Enterobacteriaceae pro-
ducing IMPs, VIMs, or NDM MBLs; and P. aeruginosa producing IMP 
or VIM MBLs.101 Moreover, although there is a theoretical back-
ground for activity against OXA-producing isolates, the reported data 
are variable, and a quite recent surveillance study failed to demon-
strate such activity.162 It has similar gram-positive activity as imipe-
nem/cilastatin. The main mechanisms of resistance to imipenem/
cilastatin/relebactam include production of class B MBLs, class D 
carbapenemases (OXA-48-like), specific class A carbapenemases 
(such as GES), hyperexpression of KPC, and porin alterations.53 

In summary, imipenem/cilastatin/relebactam can be used for various 
resistant Enterobacteriaceae (such as ESBL-, KPC-, and AmpC-produc-
ing ones), excluding MBL- and class D–producing strains, and for 
carbapenem-resistant P. aeruginosa, as relebactam reinstates imipen-
em’s activity in 80% of imipenem-resistant P. aeruginosa strains.53

PK/PD. The best PD predictor of activity of relebactam in animal 
and in vitro models is fAUC0–24hr/MIC.154 The half-life of relebactam 
is approximately 1.2 hours.154 The steady-state Vd of imipenem/
cilastatin/relebactam is 24.3 L, 13.8 L, and 19 L, respectively, and the 
protein binding is 20%, 40%, and 22%, respectively, and independent 
of concentration.154 Imipenem/cilastatin/relebactam is mainly renally 
excreted by glomerular filtration and active tubular secretion.155 Rele-
bactam has minimal metabolism, and .90% is excreted unchanged in 
the urine, whereas the percentage of imipenem and cilastatin that is 
excreted unchanged is 63% and 77%, respectively.154 Relebactam and 
imipenem have similar penetration to ELF, with exposure relative to 
plasma 55%.163

Clinical efficacy. The FDA granted approval to imipenem/cilastatin/
relebactam based on the results of two phase II RCTs that compared it 
with imipenem/cilastatin in patients with cIAIs (NCT01506271) and 
cUTIs (NCT01505634).164–165 Imipenem/cilastatin/relebactam also 
demonstrated noninferiority compared with piperacillin/tazobactam 
in a phase III RCT (RESTORE IMI-2; NCT02493764) conducted in 
bacterial HAP and VAP.166 In another phase III RCT (RESTORE IMI-1 
study; NCT02452047) that included only infections by imipenem-
nonsusceptible but colistin- and imipenem/cilastatin/relebactam- 
susceptible pathogens (HAP/VAP, cUTIs, cIAIs), imipenem/cilastatin/
relebactam monotherapy had similar efficacy to an imipenem/ 
cilastatin and colistin combination.167

Dosage. For dosages, see Table 107.1.154 The FDA recommends a 
duration of treatment ranging from 4 to 14 days depending on the 
severity and location of the infection and clinical response, whereas the 
EMA recommends 7–14 days for HAP/VAP.154,155

Adverse events. Treatment-related adverse events in the RESTORE 
IMI-2 trial were 11.7% and 9.7% for imipenem/cilastatin/relebactam 
and piperacillin/tazobactam, respectively.166 In RESTORE IMI-1, the 
serious adverse events of the imipenem/cilastatin/relebactam arm were 
16% compared with 31% of the imipenem/cilastatin plus colistin arm, 
and the nephrotoxicity was 10% and 56%, respectively.167 The most 
common ($2%) adverse events of imipenem/cilastatin/relebactam 
include gastrointestinal disturbances (diarrhea, nausea, vomiting), in-
creases of alanine and aspartate aminotransferases, infusion site reac-
tions/phlebitis, pyrexia, and hypertension.154 Other adverse events in-
clude blood and lymphatic system disorders (agranulocytosis, 
increased eosinophils, hemolytic anemia, seizures, hepatobiliary disor-
ders including jaundice and liver failure, rash, increased lactate dehy-
drogenase, and positive Coombs test).154 There are warnings regarding 
hypersensitivity, seizures, and CNS adverse reactions; avoidance of 
concomitant use with valproic acid because of the risk of decreased 
serum concentrations of valproic acid and breakthrough seizures; and 
C. difficile diarrhea.154 Concomitant use of imipenem/cilastatin/rele-
bactam with ganciclovir should be avoided (unless the expected ben-
efit outweighs the risk), as there are reports of cases of generalized 
seizures when used with imipenem/cilastatin.154

Novel Siderophore Cephalosporins

Cefiderocol is the first siderophore cephalosporin, and in 2019, was 
granted approval by the FDA for the treatment of adults with cUTIs, 
and in 2020 it was approved also for the treatment of bacterial HAP 
and VAP caused by susceptible GNBs: A. baumannii complex, E. coli, 
Enterobacter cloacae complex, K. pneumoniae, P. aeruginosa, and 
Serratia marcescens.168,169 The EMA approved cefiderocol in 2020.170,171
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Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Cefiderocol has a unique structure, that is, combination of a cate-
chol-type siderophore with a cephalosporin core that has similar side 
chains to cefepime and ceftazidime, which enhances its stability 
against many beta-lactamases, such as ESBLs and carbapenemases. 
Cefiderocol chelates with ferric ion and, apart from entering the 
gram-negative bacteria by passive diffusion via membrane porins 
like the other beta-lactams, it uses their iron uptake system to pene-
trate the siderophore-iron complex pathway, bypassing their outer 
membrane barriers. Its unique mode of action enables cefiderocol to 
overcome resistance by decreased porin expression. Moreover, the 
chelation with iron provides cefiderocol resistance to hydrolysis by 
all beta-lactamases (Ambler class B included).1,101 As soon as it is 
within the periplasmic space, cefiderocol dissociates from iron and 
binds to PBPs, particularly PBP3, inhibiting peptidoglycan synthesis 
like the other beta-lactams.172

Cefiderocol is active against a wide range of gram-negative bacteria, 
including both lactose-fermenting, such as E. coli, Klebsiella spp., 
Enterobacter spp., Proteus spp., Providencia spp., Salmonella spp., Yersinia 
spp., and Vibrio spp., and nonfermenting GNBs, such as Acinetobacter 
spp., Pseudomonas spp., Burkholderia spp., and S. maltophilia. Cefiderocol 
is stable against many beta-lactamases, such as ESBLs (e.g., CTX-M) and 
carbapenemases (e.g., Ambler class B metallo-beta-lactamases [NDM, 
VIM, IMP] and serine-type beta-lactamases [OXA-23, OXA-48-like, 
OXA-51-like, OXA-58]).173 However, cefiderocol has weak in vitro ac-
tivity against aerobic gram-positive bacteria and anaerobic bacteria, 
demonstrating high MICs.173,174 Reduced susceptibility to cefiderocol 
may occur via the mutation or differential expression of specific iron-
transporters.175

PK/PD. The PD target best associated with the efficacy of cefiderocol 
is similar to the other cephalosporins. Cefiderocol appears to display 
linear pharmacokinetics, its Vd is 18 L, it has an elimination half-life of 
2.72 hours, the protein binding (mainly albumin) is 40%–60%, and it 
is primarily renally excreted unchanged.174 Cefiderocol appears to dis-
tribute fast and in parallel from plasma to ELF, with lung penetration of 
approximately 24%, whereas the penetration to alveolar macrophage 
seems to be much lower; further studies in critically ill patients are 
needed.174,176

Clinical efficacy. In an open-label phase III RCT (CREDIBLE-CR 
study; NCT02714595) conducted in critically ill patients with infec-
tions caused by carbapenem-resistant GNBs (sepsis/bloodstream 
infection, cUTI, healthcare–associated pneumonia [HCAP]/HAP/
VAP), cefiderocol was compared with BAT.177 Patients in the cefidero-
col arm received monotherapy, whereas the BAT arm mostly received 
combination therapy (more frequently, colistin-based regimens).172 
In the CR-mITT population, clinical cure rates at TOC were compa-
rable between arms overall and for each individual disease state, but 
all-cause mortality at day 14, day 28, and day 49 was numerically 
higher in the cefiderocol arm, particularly in patients with HCAP/
HAP/VAP and bloodstream infections/sepsis.172 The greater mortal-
ity imbalance was at day 49 in patients with A. baumannii.172 In an-
other phase III RCT (APEKS-NP study; NCT03032380) cefiderocol 
was compared with meropenem (both combined with linezolid for at 
least 5 days) in patients with HAP, VAP, or HCAP and demonstrated 
noninferiority with respect to mortality.178,179 A phase II RCT that 
compared cefiderocol with BAT in patients with bloodstream infec-
tions is still ongoing.180

Dosage. For dosages, see Table 107.1.170 The recommended dura-
tion is 7–14 days.170

Adverse events. Based on data of the clinical trials, cefiderocol 
appears to be well tolerated and with a similar safety profile as 
other cephalosporins. In the CREDIBLE-CR trial the reported 

treatment-related adverse events were 14.9% in the cefiderocol arm 
versus 22.4% in the BAT arm; the most common adverse events for 
cefiderocol, with incidence $10%, were diarrhea, increased trans-
aminases, pleural effusion, and chest pain. It should be noted that 
cefiderocol has a labeled warning for an increase in all-cause mor-
tality that was observed in patients treated with cefiderocol com-
pared with BAT in the CREDIBLE-CR trial; the increased mortality 
occurred in patients with nosocomial pneumonia, bloodstream 
infections, or sepsis.170,177

FLUOROQUINOLONES

Fluoroquinolones were discovered in the early 1960s and are antimi-
crobial agents with a broad spectrum of activity. The most commonly 
used members of the class are ciprofloxacin, levofloxacin, and moxi-
floxacin, and recently the use of a new fluoroquinolone, delafloxacin, 
was approved.

Mode of Action of Fluoroquinolones
The action of fluoroquinolones is exerted by bacterial DNA synthesis 
inhibition; bacterial cell death follows this action.181 Fluoroquinolones 
target two members of the topoisomerase enzymatic class, namely 
DNA gyrase and topoisomerase IV, that are essential for DNA replica-
tion: it appears that they trap the enzyme-DNA complexes after strand 
breakage and before resealing, generating a DNA break that the cell is 
unable to repair.182 In gram-negative bacteria, the DNA gyrase is con-
sidered the most susceptible to fluoroquinolone inhibition, whereas  
in gram-positive bacteria, topoisomerase IV is considered the most 
susceptible one.181

Spectrum of Activity of Fluoroquinolones
Fluoroquinolones have activity against a wide range of both  
gram-positive and gram-negative organisms.181 Levofloxacin and 
moxifloxacin are potent against penicillin-sensitive or -resistant S. 

pneumoniae but inactive against MRSA. Over the years, increasing 
resistance has reduced the usefulness of fluoroquinolones against 
gram-negative bacteria, especially in the critical care setting. Cipro-
floxacin is considered the most potent fluoroquinolone against 
gram-negative bacteria, with the lowest MIC values, but a higher  
levofloxacin dose can be used to achieve similar efficacy. For com-
mon resistant ICU GNBs, fluoroquinolones are used in combination 
with beta-lactams.

Resistance to Fluoroquinolones
Mutations in target enzymes (DNA gyrase and topoisomerase IV) and 
in efflux pumps are the main mediators of resistance to fluoroquino-
lones.183 Specifically, amino acid substitutions in genes encoding sub-
units of the target enzymes lead to structure alterations and, conse-
quently, decreased fluoroquinolone-binding affinity, whereas in 
gram-negative bacteria, mutations that alter the outer membrane po-
rin proteins can decrease the passive diffusion of fluoroquinolones 
into the cells.183 It should be noted that mutations are selected first in 
the more susceptible target (i.e., A gyrase in gram-negative bacteria 
and topoisomerase IV in the gram-positive ones).183 Additional muta-
tions increase the resistance further, with the most resistant strains 
having mutations in several genes. Fluoroquinolone resistance can be 
also mediated by plasmids that protect cells from the lethal effects of 
quinolones.183

PK/PD of Fluoroquinolones
Fluoroquinolones have excellent oral bioavailability that approaches 
100%.184 The large Vd after rapid oral absorption suggests adequate 
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tissue concentrations. Fluoroquinolones are moderately lipophilic 
antibiotics and, apart from levofloxacin, their Vd generally is not 
affected by critical illness. It should be noted that in order to avoid 
chelation, oral fluoroquinolones should be administered at least  
2 hours before or 6 hours after medications containing polyvalent 
cations (e.g., magnesium- or aluminum-containing antacids, sucral-
fate, iron supplements, or multivitamins containing zinc or iron).184 
Steady-state concentrations are achieved in 24, 48, and 72 hours for 
ciprofloxacin, levofloxacin, and moxifloxacin, respectively.8 Protein 
binding for most of the members of the class is moderate to low. 
Fluoroquinolones have good penetration into multiple sites of the 
human body.181 Ciprofloxacin and levofloxacin are excreted renally as 
unmetabolized drug, necessitating dosing adjustments in renal insuf-
ficiency.181 Moxifloxacin does not require dose adjustments in renal 
impairment and, although is mainly metabolized in the liver, does not 
need adjustment in hepatic impairment either.181

Fluoroquinolones exhibit “concentration-dependent” bactericidal 
activity, with a steady-state AUC (AUC 0–24)/MIC ratio representing 
the best predictor of clinical efficacy.8 Nevertheless, it should be 
noted that for optimal bactericidal activity, higher Cmax/MIC ratios 
(. 8–20 xMIC) might also be necessary. Higher AUC 0–24/MIC 
($125) are needed against gram-negative organisms compared with 
gram-positive ones (25–30).185 On the other hand, for resistance 
emergence suppression in infections by GNBs, even higher AUC 
0–24/MIC ratios (.100–200) are needed.8

Dosing and Monitoring of Fluoroquinolones
In critically ill patients a fluoroquinolone dosing regimen that maxi-
mizes the AUC 0–24/MIC (i.e., use of a loading dose and higher main-
tenance doses) might be required. A recent position paper on TDM use 
in critical care neither recommends nor discourages the use of TDM.8 
Taking into consideration the high PK variability in critically ill pa-
tients and the high propensity of resistance emergence, the expert 
panel notes that TDM might be useful, especially when MICs are close 
to breakpoint.8 Fluoroquinolone TDM monitoring should be AUC/
MIC based, with two samples taken 2 hours and 6 hours after dosing, 
with a target of fAUC0–24/MIC $80. In the case of Cmax/MIC moni-
toring, one sample should be taken 30 minutes after the end of infu-
sion, targeting for Cmax/MIC $8–12. Regarding toxicity, the clinical 
PK/PD thresholds are unclear.8

Adverse Events of Fluoroquinolones
The most common adverse events are gastrointestinal and CNS 
stimulation.181 Although less common, fluoroquinolones have also 
been related to a range of possible severe adverse events.181 Disabling 
and potentially irreversible serious adverse reactions that have oc-
curred together have been associated with fluoroquinolone use,  
including tendinitis and tendon rupture (such as Achilles tendon, 
rotator cuff, biceps, thumb), peripheral neuropathy, and CNS effects 
(such as insomnia, seizures, hallucinations, insomnia, depression, 
and severe headaches).181,184 Fluoroquinolones should be avoided in 
patients with myasthenia gravis, as they can cause exacerbation.181,184 
Hypersensitivity reactions and C. difficile diarrhea may occur with 
administration of fluroquinolones.181,184 Fluoroquinolones may alter 
the serum glucose concentration (hypoglycemia or hyperglycemia), 
especially in patients with a history of diabetes on hypoglycemic 
agents.181 QTc interval prolongation and arrhythmias, including 
potentially fatal torsades de pointes arrhythmias, have been associ-
ated with the use of ciprofloxacin, levofloxacin, and moxifloxacin, 
particularly in patients with uncorrected hypokalemia or receiving 
class IA or III antiarrythmics.184,186,187 There are reports of fluoroqui-
nolone-associated seizures; however, certain causality is still under 

debate.188–191 A warning was issued by the FDA in 2016 noting that in 
certain infections risks may outweigh the benefits of fluoroquinolone 
use.192 Fluoroquinolones are a frequent target of antimicrobial stew-
ardship programs aiming to optimize prescribing and decrease  
related adverse events.193

Novel Approved Fluoroquinolones
Delafloxacin
Delafloxacin, an anionic fluoroquinolone, was approved by the FDA 
in 2017 for the treatment of acute bacterial skin and skin structure 
infections (ABSSSIs) caused by designated susceptible bacteria, and 
in 2019 it was approved for the indication of bacterial CAP as 
well.184,194,195

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Delafloxacin exerts its action similarly as the other members of the 
class; however, unlike the other fluoroquinolones, it is regarded as a 
dual target agent (i.e., a fluoroquinolone with nearly equivalent affinity 
for both DNA gyrase and topoisomerase IV).193 This property might 
explain its broad in vitro activity against both gram-negative and gram-
positive bacteria, including MRSA (also MRSA with mutations in the 
quinolone resistance–determining region that confer resistance to both 
ciprofloxacin and levofloxacin), atypical bacteria, and mycobacte-
ria.193,196 Delafloxacin has the ability to penetrate S. aureus biofilms.193 
Moreover, the unique anionic property of delafloxacin provides in-
creased potency in acidic environments, with a reported 2-fold to 32-
fold decrease in MICs.197 In vitro, delafloxacin had similar activity 
against Enterobacteriaceae as ciprofloxacin and levofloxacin, whereas 
for P. aeruginosa delafloxacin had similar activity as ciprofloxacin.198 
Against high-resistant-ciprofloxacin Enterobacteriaceae strains from 
UTIs, delafloxacin was inactive against all ESBL- and KPC-producing 
strains.197

PK/PD. Delafloxacin is fast absorbed after oral administration, 
but unlike other fluoroquinolones, its mean bioavailability is only 
58.8% and compared with IV delafloxacin, the Cmax of oral admin-
istration was lower.184,199,200 The Vd of delafloxacin nears the total 
body water, and the protein binding, mainly albumin, is approxi-
mately 84%.199,200 A bioexponential decrease in plasma concentra-
tions is demonstrated, with a half-life of 6–8 hours and steady state 
reached in 3 days for both IV and oral formulations.199 Glucuronida-
tion is the main metabolic pathway of delafloxacin; however, 50%  
or more of a single oral or IV dose of delafloxacin can be found  
unchanged in the urine.184 As with the other fluoroquinolones, dela-
floxacin has concentration-dependent bactericidal activity and simi-
lar PD predictors for optimal efficacy.184 An fCmax/MIC ratio of 12 
or an AUC/MIC ratio of 100–125 correlates best with efficacy against 
gram-negative bacteria.193 Delafloxacin’s exposure increases with 
decreased renal clearance, whereas hepatic impairment seems to have 
no significant impact.184

Clinical efficacy. Delafloxacin demonstrated similar efficacy versus 
vancomycin plus aztreonam in two phase III RCTs in patients with 
ABSSIs (PROCEED studies: NCT01811732 and NCT01984684), and 
in obese patients, cure rate as assessed by the investigators was 
higher.201–203 In a phase III RCT (DEFINE-CABP study; NCT02679573) 
in patients with community-acquired bacterial pneumonia (CABP) 
delafloxacin monotherapy (IV with potential switch to oral) was non-
inferior to moxifloxacin (IV with potential switch to oral and potential 
blinded switch to IV linezolid in case of MRSA confirmation).204

Dosage. Delafloxacin is administered at a dose of 300 mg by IV 
in a 60-minute infusion every 12 hours or a 450-mg tablet orally 
every 12 hours (see Table 107.1).184 The recommended duration of 
treatment is 5–14 days and 5–10 days for ABSSSI and bacterial CAP,  
respectively.184
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Adverse events. Delafloxacin was generally well-tolerated in clinical 
trials.193 The most common adverse events reported in phase I and II 
trials were gastrointestinal (i.e., low- to moderate-intensity diarrhea, 
nausea, and vomiting), and in phase III trials the three most common 
ones (.5%) were diarrhea, nausea, and infusion site extravasation. In 
contrast to other fluoroquinolones, delafloxacin has not been associ-
ated with significant effects on the QTc interval.205 Delafloxacin has 
several warnings and precautions (i.e., boxed warning about serious 
adverse reactions, including tendinitis and tendon rupture, peripheral 
neuropathy, CNS effects, and exacerbation of myasthenia gravis).184 
The majority are those in common with the other fluoroquinolones; 
however, delafloxacin has an additional warning related to its IV ve-
hicle, the sulfobutylether-B-cyclodextrin (SBECD), which may accu-
mulate in the case of moderate or severe renal impairment, and close 
monitoring of serum creatinine is advised.206

AMINOGLYCOSIDES

Aminoglycosides are commonly used in many ICUs, especially if resis-
tant gram-negative infections are suspected, usually in combination 
with other antimicrobial agents, particularly beta-lactams. The most 
frequently used aminoglycosides in the ICU are amikacin, gentamicin, 
and tobramycin, and recently, a new aminoglycoside, plazomicin, was 
granted approval.207,208

Mode of Action of Aminoglycosides
Aminoglycosides, discovered in the 1940s, are an important element 
of the antimicrobial arsenal.209 They are cationic antibiotics binding 
passively to negatively charged portions of the outer membranes  
of gram-negative bacilli and competitively displacing cell wall Mg21 
and Ca21 that link lipopolysaccharides, interfering with transporta-
tion across the cell membranes.209 Inside the cell they exert their an-
timicrobial activity by binding with high avidity and irreversibly to 
the 16S ribosomal RNA (rRNA) of the 30S subunit of prokaryotic 
ribosomes in a region that decodes the messenger RNA (mRNA), 
resulting in disruption of protein synthesis.210 The avidity of binding 
presents variability between the different aminoglycosides, depend-
ing on the number of amino groups of each one.209 In gram-positive 
bacteria, aminoglycoside uptake is reduced by the thicker outer cell 
wall membranes.209 Aminoglycosides are generally bactericidal, and 
their efficacy can be enhanced in several cases by the combination 
with cell wall inhibiting antimicrobial agents such as beta-lactams 
and glycopeptides.210

Spectrum of Activity of Aminoglycosides
The primary action of aminoglycosides is directed against gram-
negative bacteria and mycobacteria.210 They are especially potent 
against Enterobacteriaceae, but they are also active against Yersinia 

pestis, Francisella tularensis, and lactose nonfermenting GNBs such as 
P. aeruginosa and A. baumannii.210 There are some differences, how-
ever, between the different members of the group regarding their in 
vitro efficacy against different microorganisms.209 Gentamicin is a 
potent agent against Enterobacteriaceae. Tobramycin has slightly 
higher activity than gentamicin against P. aeruginosa and Acineto-

bacter spp. Amikacin, despite generally having higher MICs than 
gentamicin against Enterobacteriaceae, usually (.80%) remains active 
against isolates that have acquired resistance to both gentamicin and 
tobramycin.209 Against gram-positive bacteria, aminoglycosides are 
active against methicillin-sensitive S. aureus (MSSA). Although 
MRSA, streptococci, and enterococci are resistant, aminoglycosides 
are successfully used in combination with other drugs to provide 
synergistic effect.209

Resistance to Aminoglycosides
Bacterial resistance to aminoglycosides can be intrinsic or acquired. 
Intrinsic resistance may be nonenzymatic (i.e., mutations in the 16S 
rRNA that confer resistance) or enzymatic (i.e., methylating enzymes 
modifying 16S rRNA).211 It should be noted that anaerobic bacteria 
have intrinsic resistance to aminoglycosides.209 The main mechanisms 
of acquired resistance include reduced entry, the presence of efflux 
pumps (or a combination of both), and enzymatic modification of the 
drug.209 Aminoglycoside-modifying enzyme genes are mostly trans-
ferred by plasmids and transposons and can result in rapid spread of 
resistance.212,213

PK/PD of Aminoglycosides
The members of the aminoglycoside class share similar PK properties: 
they are hydrophilic, rapidly distributed from the vascular to extravascu-
lar space, have low protein binding (10%–20%), have low Vd,(in healthy 
adults 0.2–0.3 L/kg), and are primarily excreted unchanged (.90%) by 
the kidneys with clearance proportional to the glomerular filtration rate 
(there is a need for dose adjustment in renal impairment).8,209 The 
pathophysiologic changes that occur in critically ill patients significantly 
affect both Vd (significantly increased) and clearance, with a risk for 
subtherapeutic levels when clearance is augmented or toxic levels in the 
case of development of renal impairment.8 In obese individuals, the Vd 
increases less than expected or even possibly decreases.214

The activity of aminoglycosides in vitro is reduced in anaerobic 
environments and/or environments with acidic PH, which may be 
particularly relevant in cases of empyema or abscess.215 Because of 
their structural and chemical characteristics, aminoglycosides cross 
biologic membranes poorly, apart from the renal tubular cells and, 
possibly, the inner ear cells that might possess an inherent transport 
mechanism.209 Aminoglycosides cross the blood-brain and cerebrospi-
nal fluid (CSF) barriers poorly, achieving low concentrations in the 
CSF. They can be instilled in the lumbar sac or intraventricularly for 
meningitis caused by susceptible aerobic GNB in rare cases that such 
treatment is necessary.216 Systematic administration of aminoglycosides 
achieves low concentrations in the respiratory secretions, and the pen-
etration into the ELF ranges from 32% to 54% compared with serum.217 
Adjunctive inhaled (nebulized) amikacin has been used along with  
IV standard-of-care treatment for patients with VAP and ventilator- 
associated tracheobronchitis (VAT) caused by GNBs, but results of 
clinical trials have not supported its use yet. The results of a recent study 
suggested that ELF components might inhibit amikacin-mediated bac-
terial killing, even when amikacin’s ELF concentrations are high.218 
Results from infection models regarding optimal dose/dosing interval 
for inhaled amikacin should be considered in future clinical trials.218

Aminoglycosides demonstrate “concentration-dependent” bacte-
ricidal activity, have a postantibiotic effect (PAE) (i.e., persistent 
suppression of bacterial growth after a short antibiotic exposure that 
is longer with higher concentrations), and show synergism with 
other antimicrobial agents with cell-wall activity.8,219 The optimal 
Cmax is considered to be $8–10 3 MIC, but recent data have 
claimed that the AUC 0–24/MIC ratio might better predict their ac-
tivity and judge target attainment as well in extended-interval dosing 
of aminoglycosides.8,220,221

Dosing and Monitoring of Aminoglycosides
For systematic use, aminoglycosides can be administered IV or intra-
muscularly. IV, they are usually administered over a period of 15– 
30 minutes; however, in case of larger doses, it is reasonable to increase 
the infusion time up to 60 minutes to avoid the rapid rise in serum 
levels and decrease the potential risk of neuromuscular blockade.209 It 
should be noted that aminoglycosides should not be administered at 

  

 



865CHAPTER 107 Antimicrobial Agents With Primary Activity Against Gram-Negative Bacteria

the same time and same IV line as beta-lactams, because this would 
lead to inactivation of the aminoglycosides.222,223 The optimal dosing 
strategy of aminoglycosides has been debated. Traditionally, the total 
daily dose of aminoglycoside based on the patient’s renal function was 
administered divided into multiple times per day or, less frequently, 
the total once-daily dosing. However, once-daily dosing appears to 
have similar or even better clinical efficacy and may delay the nephro-
toxicity onset if used in short durations.224 Therefore a single high dose 
with extended intervals is currently recommended in patients with 
gram-negative infections.8 Moreover, administration of a higher-than-
standard aminoglycoside dosing regimen might be required for criti-
cally ill patients.225–227 Results of PD evaluation of plasma and ELF 
exposures of amikacin against susceptible P. aeruginosa using a dy-
namic in vitro hollow-fiber infection model suggested that the use of 
high-dose amikacin may improve its efficacy because of rapid elimina-
tion of susceptible bacteria, whereas the efficacy of the subsequent 
doses may be reduced given the fast amplification of less susceptible 
bacteria.228

Therapeutic monitoring of serum concentrations of aminoglyco-
sides to reguide dosing is essential for both efficacy and toxicity.8 It has 
been reported that TDM-guided dosing with Bayesian dose adaptation 
of gentamicin administered for gram-negative infections led to a de-
crease of both hospital stay and nephrotoxicity.229 For critically ill pa-
tients specifically, important alterations of Vd and CL have been widely 
described, and TDM should be routinely performed.

For Cmax/MIC monitoring, one sample should be taken 30 minutes 
after the end of infusion targeting Cmax/MIC $8–10 3 MIC.8,220,221 
Cmin monitoring is recommended for treatment of more than 3 days, 
with one sample taken 30 minutes or just before the next dosing, tar-
geting Cmin for amikacin ,2.5 mg/L and for gentamicin/tobramycin 
,0.5 mg/L; the clinical Cmin threshold for ototoxicity and nephrotox-
icity is .5 mg/L and .1 mg/L for amikacin and gentamicin/tobramy-
cin, respectively. However, a recent position paper recommended 
AUC-based monitoring, with the first sample taken 30 minutes after 
the end of infusion and the second taken between 6 and 22 hours 
postinfusion, with target AUC 80–120 mg h/L.8

An international survey on aminoglycoside use in ICUs reported 
that short courses of high doses were mainly used in patients with 
septic shock, but wide variability existed between different units.207 
The most commonly used aminoglycoside was amikacin (66%), fol-
lowed by gentamicin (33%) and, in the vast majority (98%), were 
prescribed in combination with other antimicrobial agents, mostly 
beta-lactams (96%).207 TDM was performed in approximately half of 
the cases (Cmax in 47% and Cmin in 57%).207

Adverse Events of Aminoglycosides
Nephrotoxicity represents the most common adverse effect of amino-
glycosides. Reported rates vary widely from 0% to 50%, with most re-
ports in the range of 5%–25%; this variability may be attributed to 
different definitions used, different tests, or different clinical set-
tings.209 The typical presentation of aminoglycoside-related nephro-
toxicity is nonoliguric acute kidney injury (AKI) occurring 7–10 days 
after the onset of treatment.209 Factors that increase the risk of neph-
rotoxicity include patient-related factors (older age, preexisting renal 
disease, volume depletion and hypotension/shock, liver dysfunction), 
recent aminoglycoside use, larger doses, frequent dosing intervals, 
longer duration of therapy ($3 days), concomitant use of other neph-
rotoxic drugs (e.g., vancomycin, amphotericin B, diuretics, foscarnet, 
nonsteroidal antiinflammatory drugs [NSAIDs], cyclosporin, tacroli-
mus, angiotensin-converting enzyme/angiotensin receptor blocker 
[ACE/ARB]), and use of IV radiocontrast agents.209 Another serious 
adverse event of aminoglycosides is ototoxicity that can manifest as 

auditory (cochlear) or vestibular toxicity.209 The reported frequency of 
ototoxicity also varies widely: 2%–10% and 3%–14% for cochlear and 
vestibular toxicity, respectively.209 Cochlear and vestibular toxicity may 
be unilateral or bilateral.209 Cochlear toxicity may appear days to weeks 
after discontinuation of aminoglycosides, and high-frequency hearing 
loss can occur with no symptoms.209 The true frequency of vestibular 
toxicity is very difficult to determine, as patients may have suffered 
severe injury long before the initiation of symptoms.209 Reported risk 
factors for ototoxicity include older age, longer treatment duration, 
impaired renal function, concomitant use of loop diuretics, concomi-
tant use of vancomycin, associated bacteremia, liver dysfunction, hy-
povolemia, and degree of temperature elevation.209,230,231 Ototoxicity 
and nephrotoxicity have been associated with high Cmin and AUC 
exposures over days.8

A rare but severe and potentially lethal adverse event after amino-
glycoside administration is the neuromuscular blockade that may lead 
to flaccid paralysis and respiratory depression.232 The mechanism of 
neuromuscular blockade is both presynaptic (inhibition of acetylcho-
line release) and postsynaptic (blockage of acetylcholine receptor).209 
Risk factors include rapid rise of aminoglycosides in the serum, con-
comitant use of drugs that interfere with the neuromuscular transmis-
sion (e.g., D-tubocurarine, succinylcholine, or similar), hypomagnese-
mia, hypocalcemia, and may be use of calcium channel blockers, and 
the role of myasthenia gravis as a risk factor is controversial.209

Novel Approved Aminoglycosides
Plazomicin. Plazomicin is a new semisynthetic aminoglycoside for IV 
use. It was approved by the FDA in 2018 for adult cUTIs, including 
acute pyelonephritis, in patients with limited or no alternative treat-
ment options.233

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Plazomicin is derived by the addition of an N1 2(S)-hydroxy amino-
butyryl and a hydroxyethyl substituent at the 6 position of sisomicin; 
these structure modifications protect plazomicin from most aminogly-
coside-modifying enzymes (AMEs), which typically inactivate previ-
ous aminoglycosides, but not against 16S ribosomal methyltransfer-
ases that reduce aminoglycoside affinity for the ribosomal target.101,233,234

The antibacterial spectrum of plazomicin covers GNBs, including 
CREs.101 It is more active against Enterobacteriaceae than against lac-
tose-nonfermenting GNBs; it is inactive in vitro against A. baumannii 

and S. maltofilia, and its activity against P. aeruginosa is variable.101,233 
The activity of plazomicin against gram-positive bacteria is similar to 
that of other aminoglycosides; although it demonstrated in vitro activ-
ity against S. aureus and Staphylococcus epidermidis, it is inactive 
against streptococci (including Streptococcus pneumoniae) and entero-
cocci.208,233 As with the other members of the class, it is inactive against 
anaerobes.233 Although plazomicin is active in vitro against CRE and 
aminoglycoside-resistant Enterobacteriaceae containing AMEs, such as 
acetyltransferases, phosphotransferases, and nucleotidyl-transferases, 
it is not active against ribosomal (16S mRNA) methyltransferase-
containing strains found in most NDM-1-producing Enterobacteria-

ceae that are also resistant to other aminoglycosides, and may have 
reduced activity against Enterobacteriaceae with efflux pump or porin 
underexpression.101,233,235,236 Synergy studies have evaluated in vitro the 
combination of plazomicin with older antimicrobial agents, such as 
piperacillin/tazobactam and ceftazidime, against MDR Enterobacteria-

ceae, including isolates with aminoglycoside and beta-lactam-resis-
tance, with promising results.237,238 Also, plazomicin combined with 
colistin, meropenem, or fosfomycin had synergistic activity against 
VIM-1– and KPC-2–producing K. pneumoniae isolates, whereas com-
bination with meropenem or imipenem showed in vitro synergy 
against A. baumannii.239,240
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PK/PD. Plazomicin, similar to the other aminoglycosides, is poorly ab-
sorbed orally and should be administered parenterally.208 The Vd of plazo-
micin is 18–31 L, protein binding is 20% (concentration-independent),  
it has a half-life of approximately 3.5 hours when renal function is normal, 
and it is mainly renally eliminated like the other aminoglycosides, without 
metabolism to an appreciable extent.101,208,233,241 The lung penetration of 
plazomicin is quite poor, with ELF to plasma ratio of AUC approximately 
13% (similar to the 14% of amikacin).233,241

Clinical efficacy. Plazomicin has demonstrated noninferiority in 
phase III RCTs, in cUTIs, and in acute pyelonephritis compared with 
meropenem (EPIC study; NCT02486627).242 In another phase III open-
label RCT (CARE study; NCT01970371), plazomicin was compared 
with colistin (both combined with meropenem or tigecycline) in pa-
tients with bloodstream infections or cUTIs (including acute pyelone-
phritis) or HAP/VAP caused by CRE, and plazomicin showed favorable 
microbiologic response and decreased all-cause mortality at day 28.237,243

Dosage. For dosages, see Table 107.1.233 The recommended dura-
tion for the treatment of cUTI, including pyelonephritis, is 4–7 days.233

Adverse events. In the phase III trials plazomicin was generally well-
tolerated, and adverse effects were comparable between plazomicin 
and meropenem arms, with diarrhea, hypertension, headache, nausea, 
vomiting, and hypotension the most commonly reported ones 
(.1%).233 There were no clinically significant events potentially related 
to ototoxicity.241 Regarding renal function, increases of $0.5 mg/dL in 
serum creatinine occurred in 7.0% and 4% in the plazomicin and 
meropenem arms, respectively; after the last follow-up visit, it was as-
sessed that plazomicin conferred an additional 2.3% in serum creati-
nine rise over the background rate of the patients at any time during 
the study. The incidence of nephrotoxicity was higher when plasma 
trough levels were $3 mg/mL (36% versus 5%, respectively).208,233 
Neuromuscular blockade has not been reported in the clinical trials of 
plazomicin to date; however, it is reasonable to be administered with 
caution in patients with neuromuscular diseases such as myasthenia 
gravis or when a neuromuscular blocking agent, such as succinylcho-
line, is administered. There are boxed warnings in the prescribing  
information of plazomicin regarding nephrotoxicity, ototoxicity, neu-
romuscular blockade, and fetal harm if administered in pregnancy.233

TETRACYCLINES

Tetracyclines are a class of bacteriostatic antibacterial agents that were 
discovered in the late 1940s. They exert their action by inhibiting bacte-
rial protein synthesis, primarily by reversibly binding to the 30S ribo-
somal unit, while they also suppress bacterial adhesion to human cells, 
and thus reduce their pathogenicity.244 They have a broad spectrum of 
antibacterial activity, including gram-positive and gram-negative bacte-
ria, atypical bacteria, mycobacteria, and protozoan parasites.244 The PD 
parameter that correlates best with activity of tetracyclines is the 
fAUC0–24/MIC ratios. Tetracyclines inhibit bone growth and cause tooth 
discoloration/enamel hypoplasia and should not be used during tooth 
development (last half of pregnancy, infancy, and childhood to 8 
years).244The first-generation tetracyclines include chlorotetracycline, 
oxytetracycline, tetracycline, and demeclocycline; the second genera-
tion includes doxycycline and minocycline; and the glycylcycline tigecy-
cline belongs to the third generation. Very recently novel semisynthetic 
tetracyclines were branded: the fluorocycline eravacycline and the ami-
nomethylcycline omadacycline.101,244 In this chapter we only present the 
members of the class that are more relevant to the critical care setting 
(i.e., tigecycline, eravacycline, and omadacycline).

Tigecycline
Tigecycline is the first glycylcycline, a class of semisynthetic tetracy-
clines. It has been approved based on noninferiority studies by both 

the FDA (2005) and EMA (2006) for the treatment of adults with 
CSSSIs and cIAIs, and the FDA also granted approval to tigecycline for 
bacterial CAP in 2009.245 During the last decade it has been used as 
salvage treatment for CRE and CRAB infections.245

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Tigecycline has the same mode of action as other tetracyclines, but it is 
specifically designed to overcome the common mechanisms of resis-
tance against tetracyclines. Specifically, it has been developed by at-
taching an N-alkyl-glycylamido moiety to the 9-position of minocy-
cline, and this addition confers unique microbiologic properties (i.e., 
tigecycline demonstrates fivefold higher binding affinity to ribosomes 
compared with older tetracyclines) and is able to overcome resistance 
mediated by acquired efflux pumps and/or ribosomal protection 
mechanisms.246 Although tigecycline is generally considered bacterio-
static, it exerts bactericidal activity against isolates of S. pneumoniae 
and Legionella pneumophila.247 Tigecycline is active against a wide va-
riety of gram-positive and gram-negative aerobic and anaerobic bacte-
ria and atypical bacteria.245 It covers Staphylococcus spp. (methicillin-
sensitive and methicillin-resistant strains), Streptococcus spp., and 

Enterococcus spp.; it is highly active against community-acquired 
MRSA and against vancomycin-resistant enterococci strains.245 Against 
gram-negative bacteria, tigecycline has good activity against most En-

terobacteriaceae, excluding Proteus spp., Morganella spp., and Provi-

dencia spp. and against lactose-nonfermenting GNBs, including A. 

baumannii and S. maltophilia, whereas P. aeruginosa and Burkholderia 

cepacia represent notable exceptions.245 It should be noted that al-
though tigecycline used to be considered one of the most active agents 
against A. baumannii, susceptibility has been reduced over recent 
years.245,248 Moreover, high resistance of Enterobacteriaceae to tigecy-
cline has been reported in several countries around the world.245 
In Europe, 11.4% of carbapenem-resistant Enterobacteriaceae in the 
SENTRY surveillance program were nonsusceptible to tigecycline, and 
in the United States resistance rates from 9.2% to 38.5% have been 
reported.245,249,250

The mechanisms of resistance against tigecycline are not fully un-
raveled. Overexpression of efflux pumps is the most common re-
ported mechanism in gram-negative bacteria, whereas ribosomal al-
terations have been described in both gram-negative and gram-positive 
tigecycline-resistant bacteria.251–253

PK/PD. The steady-state Vd of tigecycline is high, 500–700 L, and the 
protein binding is 71%–89% (nonlinear plasma protein binding, with  
a decrease in unbound fraction as concentration increases).247,254 It 
penetrates rapidly to the tissues with resulting low serum concentration 
that may confuse the assessment of the relationship between serum 
concentrations and outcomes.254 It has a long half-life (37–64 hours), 
as it is released slowly from the tissues.255 Tigecycline does not undergo 
extensive metabolism (,10%).247 The predominant elimination route 
is biliary excretion of unchanged tigecycline and its metabolites (bili-
ary/fecal excretion 59%), and glucuronidation and renal excretion  
of unchanged tigecycline represent secondary routes.247 In healthy 
volunteers, AUC0–12h in alveolar cells and in the ELF was 78-fold and 
32% higher than AUC0–12h in alveolar cells and ELF, respectively.247 CSF 
penetration of tigecycline is low.256,257 A PK study reported that after 
a single 100-mg IV dose of tigecycline, the concentrations in tissue/ 
fluid were significantly higher compared with serum (expressed as 
AUC0-–4h ratio): in bile (3537), gallbladder (323), colon (32.6), and 
lungs (32), whereas they were lower in bone (30.41), synovial fluid 
(30.31), and CSF (30.11).257 Tigecycline has in vitro time-dependent 
activity with extended PAE, and the best PD predictor is AUC0–24h/
MIC.258

Clinical efficacy. The efficacy of tigecycline for the indications of 
cIAIs, cSSSIs, and CAP has been demonstrated in several phase III and 
IV RCTs.259–265. Nevertheless, efficacy for nosocomial pneumonia and 
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diabetic foot infections has not been established.266–268 Moreover, in a 
pooled analysis of 13 clinical trials, an increase in all-cause mortality 
in tigecycline arms versus the comparators was found (mortality 4.0% 
versus 3.0%), without the cause of this increase having been clearly 
established.247,269 Particularly, in patients with VAP, the arm that re-
ceived tigecycline had lower cure rates (47.9% versus 70.1% for tige-
cycline and comparator, respectively) and higher mortality (19.1% 
versus 12.3% for tigecycline and comparator, respectively), whereas 
VAP with baseline bacteremia had the highest risk of clinical failure 
and mortality.270 Another meta-analysis of 10 clinical trials (including 
trials after tigecycline’s approval) conducted for FDA-approved uses 
only, also demonstrated increased mortality compared with other 
drugs (2.5% versus 1.8%, respectively).247,269 Based on these data, a 
combination of tigecycline with other antimicrobial agents has been 
suggested, especially for critically ill patients, such as combinations 
with colistin, polymyxin B, rifampicin, or meropenem.271 Also, higher 
doses (200 mg followed by 100 mg/12 hours instead of the approved 
dose of 100 mg followed by 50 mg/12 hours) have been used off-label 
for the treatment of MDR infections and in HAP/VAP.245 A recent 
meta-analysis of 10 studies that assessed the effectiveness and safety 
of high-dose tigecycline compared with the standard dose or other 
non-tigecycline-containing regimens, reported that the high-dose 
regimen had lower all-cause mortality, a higher cure rate, and a higher 
microbiologic eradication rate for the treatment of severe infections. 
Nonetheless, it was emphasized that the included studies were mostly 
observational, with a high risk of bias, a fact that represents an impor-
tant limitation for the generalization of the results, and further studies 
are needed.272

Dosage. For dosages, see Table 107.1. It should be highlighted that 
an off-label higher dose has been suggested, especially for the treat-
ment of HAP/VAP, A. baumannii, CRE, and bacteremic infections 
(i.e., 100 mg every 12 hours after 200-mg loading dose).272 The rec-
ommended duration of treatment is 5–14 days for SSSIs and cUTIs 
and 7–14 days for CAP guided by the severity, infection site, and bac-
teriologic progress.247

Adverse events. Nausea, vomiting, diarrhea, abdominal pain, 
headache, and serum glutamate pyruvate transaminase (SGPT) in-
crease are the most common adverse events with an incidence 
.5%.245,247 A higher dose of tigecycline has been related to an aug-
mented risk of gastrointestinal tract adverse events and coagulopathy, 
usually reversible with tigecycline discontinuation, manifested by a 
decrease in fibrinogen levels and prolongation of prothrombin time 
and activated partial thromboplastin time.245,273–275 Anaphylaxis/
anaphylactoid reactions (including life threatening), hepatic dysfunc-
tion/liver failure, and pancreatitis, including fatalities, and C. diffi-

cile–associated diarrhea have been reported.247 As with the other tet-
racyclines, tigecycline may cause fetal harm if administered during 
pregnancy and permanent discoloration of teeth if administered  
during tooth development.247

Eravacycline
Eravacycline is a novel fluorocycline of the tetracycline class of antimi-
crobial agents, with broad-spectrum antibacterial activity.101 In 2018 
eravacycline was approved by both the FDA and the EMA for the indi-
cation of adult cIAIs.276,277

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 

Eravacycline is a bacterial protein synthesis inhibitor, like the other 
tetracyclines. It is a synthetic tigecycline analogue with a pair of 
modifications to the D-ring core at C-7 and C-8; these modifica-
tions widen the activity of eravacycline against gram-positive and 
gram-negative bacteria that have acquired certain mechanisms of 
resistance against tetracyclines, such as efflux pumps and ribosomal 
protection mechanisms.101,278,279 The in vitro ribosomal-binding 

affinity of eravacycline is 10 times higher than other tetracyclines 
and inhibits bacterial protein translation at concentrations four 
times lower.278,280,281

The antimicrobial spectrum of eravacycline, as demonstrated by 
vitro studies, is broad, covering a wide range of microorganisms, in-
cluding MDR GNBs and MDR gram-positive microorganisms, such as 
MRSA and VRE.106,282 Generally, eravacycline is bacteriostatic like the 
other tetracyclines; however, it is bactericidal against strains of A. bau-

mannii, E. coli, and K. pneumoniae. Moreover, it should be noted that 
its activity includes CRAB strains, ESBL-Enterobacteriaceae, and some 
CRE strains, and it is also active against biofilms formed by uropatho-
genic E. coli. 281,283 It should be highlighted, though, that it is not active 
against P. aeruginosa and Burkholderia cenocepacia.281

PK/PD. The Vd of eravacycline at steady state is approximately 
321 L, protein binding is 79%–100% and it increases with increasing 
plasma concentration, and it has a long half-life of approximately  
20 hours. It is mainly metabolized via oxidation by CYP3A4 and FMO; 
concomitant administration with strong CYP3A4 inducers, such as 
rifampicin, phenobarbital, carbamazepine, and phenytoin, leads to a 
clinically significant increase of eravacycline’s metabolism.276,280 After a 
single IV dose, 34% and 47% of the dose is excreted in the urine and 
feces, respectively, as unchanged eravacycline and metabolites.276 Re-
garding eravacycline’s PD, the best predictors of activity are fAUC0–24/
MIC ratios.276

Clinical efficacy. Eravacycline showed noninferiority in phase III 
RCTs in patients with cIAIs compared with ertapenem (NCT01844856; 
IGNITE1) and compared with meropenem (NCT02784704; IG-
NITE4).284 However, because of poor PK in the urinary tract, eravacy-
cline failed to show noninferiority in two phase III RCTs in patients 
with cUTIs compared with levofloxacin (NCT01978938; IGNITE 2) 
and compared with ertapenem (NCT03032510; IGNITE3).285,286 
It is noteworthy that eravacycline is not indicated for cUTIs.276

Dosage. For dosages, see Table 107.1.276 The recommended treat-
ment duration is 4–14 days.276

Adverse events. Eravacycline’s most common adverse reactions 
observed in clinical trials (incidence $3%) include infusion site reac-
tions (7.7%), nausea (6.5%), and vomiting (3.7%).276 As it has a simi-
lar structure to the tetracycline class of antimicrobial agents, it might 
have similar adverse reactions, and there are warnings about life-
threatening hypersensitivity (anaphylactic) reactions; inhibition of 
bone growth and tooth discoloration (yellow-gray-brown)/enamel 
hypoplasia if used during tooth development (last half of pregnancy, 
infancy, and childhood to 8 years); reversible inhibition of bone 
growth (if administered from the second trimester of pregnancy to  
8 years); and C. difficile–associated diarrhea.276

Omadacycline
Omadacycline is a novel antibacterial agent from the class of tetracy-
clines.1,287,288 In 2018 the FDA approved omadacycline for the treat-
ment of ABSSSIs and CABP.288

Mode of Action, Spectrum of Activity, and Resistance Mechanisms. 
Omadacycline is the first-in-class aminomethylcycline. Similar to 
the other members of the class, it blocks protein synthesis by bind-
ing to the 30S ribosomal subunit.289 It is active against a broad 
spectrum of gram-positive microorganisms, including VRE and 
MRSA, and gram-negative microorganisms, some ESBL-producing 
Enterobacteriaceae, some strains of CRE (KPCs, NDM, OXA-48), 
S. maltophilia, A. baumannii (including some CRAB strains), atyp-
icals, and anaerobes. Notably, it is not active against P. aeruginosa, 
Proteus mirabilis, Providencia spp., and Morganella morganii.1,290 
Although it is generally considered bacteriostatic, it showed bacte-
ricidal activity against strains of S. pneumoniae and Haemophilus 

influenzae.288
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Similar to eravacycline, the unique structure enables omadacycline 
to overcome several resistance mechanisms that inactivate tetracy-
clines, such as efflux pumps and target site protection, and does not 
seem to have cross-resistance with other antibiotic classes.288,291

PK/PD. Omadacycline is the first 9-aminomethylcycline with IV 
and oral formulations. The Vd of omadacycline at steady state in 
healthy individuals is 168–288 L, and protein binding was 21%.287,292 
Omadacycline is excreted unchanged in the feces (81.1%) and urine 
(14.4%), and its potential for drug-drug interactions is low. As with 
older tetracyclines and eravacycline, the PD parameter that best cor-
relates with activity is the fAUC0–24/MIC ratios.287,292 Omadacycline has 
PAE that is in general similar to tigecycline.287,292

Clinical efficacy. The noninferiority of omadacycline as effective 
monotherapy for ABSSSI and CABP in inpatient (not ICU patients) 
and outpatient settings has been established by three phase III RCTs: 
OASIS-1 (NCT02378480) and OASIS 2 (NCT02877927) studies in 
patients with ABSSI with linezolid as a comparator and OPTIC 
(NCT02531438) in patients with CABP with moxifloxacin as a com-
parator.291,293,294 The role of omadacycline in the treatment of infec-
tions caused by MDR GNBs is still unclear, and clinical trials  
are needed to evaluate its role against pathogens such as CRE and A. 

baumannii.1,287

Dosage. There are formulations of omadacycline for both oral 
and IV use. For dosages, see Table 107.1.288 The suggested duration of 
treatment is 7–14 days.288

  Adverse events. The most common adverse reactions, with inci-
dence $2%, include nausea, vomiting, infusion site reactions, alanine 
aminotransferase increase, aspartate aminotransferase increase, 
gamma-glutamyl transferase increase, hypertension, headache, diar-
rhea, insomnia, and constipation.288,295 There is a warning for mortal-
ity imbalance in bacterial CAP (2% versus 1% for the moxifloxacin 
arm) but without a clearly established cause for the increased mortal-
ity, and caution is advised, especially for CAP patients with higher se-
verity.288 Moreover, as it belongs to the tetracycline class, there are 
warnings regarding administration during tooth development (it may 
cause discoloration and enamel hypoplasia), during bone develop-
ment (it may cause reversible hypoplasia), and about the possibility of 
C. difficile–associated diarrhea.288

POLYMYXINS

Polymyxins are an “old” class of cationic antimicrobial agents that 
became available in the 1950s, including five different chemical com-
pounds (polymyxin A–E); in clinical practice, polymyxin E (colistin) 
and polymyxin B have been mainly used. With the exponential in-
crease of MDR GNB worldwide, polymyxins have been “rediscovered” 
and have become a last-line defense against infections by MDR/XDR 
(extensively drug resistant) GNBs that are otherwise untreatable.296 
Colistin and polymyxin E, although having almost identical in vitro 
microbiologic activity, differ in the form administered parenterally to 
patients, with clinical implications; when both are available, the 
choice should be carefully considered in each case based on the rela-
tive merits.297

Mode of Action, Spectrum of Activity, and Resistance 
Mechanisms
Polymyxins are bactericidal agents that exert their action by disrupting 
the bacterial membranes.298 They interact with the lipid A component 
of lipopolysaccharide (LPS) through anionic displacement of LPS 
stabilizing magnesium and calcium, resulting in loss of integrity and 
increased permeability of outer membranes, leakage of cell contents, 
and eventually, cellular death.298 This unique mechanism of action, 

apart from providing rapid bactericidal activity, may also increase the 
activity of other antibiotic classes.298

Polymyxins are active against a wide spectrum of GNBs, including 
A. baumanni, P. aeruginosa, and K. pneumoniae. It should be noted, 
however, that they have poor activity against Proteus spp. (most species 
present high resistance to polymyxins) and against Providencia spp., 
Serratia spp., Moraxella spp., Morganella spp., Burkholderia spp., 
Aeromonas spp., Vibrio spp., Helicobacter spp., Vibrio spp., and 

Edwardsiella spp. Polymyxins are not active against gram-positive 
microorganisms, gram-negative cocci, and anaerobes.299

Resistance of gram-negative bacteria to colistin seems to be related 
to an LPS modification that stops the initial interaction between the 
positively charged peptides of polymyxins and LPS.300 A plasmid-
mediated resistance mechanism (MCR-1) and resistance conferred  
by bacterial capsule polysaccharide mutations have been also de-
scribed.301,302 It should be highlighted that cross-resistance between 
polymyxins is complete.297 Although resistance to polymyxins is still 
relatively rare, it has been increasingly reported in several countries 
worldwide, especially for A. baumanni, P. aeruginosa, and K. pneu-

moniae, and is in parallel with its increased use in human and 
animals.303–305 Regrowth after polymyxin administration, rapid for A. 

baumannii and delayed for P. aeruginosa, has been described, attrib-
uted in part to the presence of heteroresistance, and therefore the 
combined use of polymyxins with another active agent has been sug-
gested (with the dose of the other agent to be administered without a 
long interval from the dose of polymyxin).

PK/PD–Synergy
Polymyxins are rapidly bactericidal antimicrobial agents in a “concen-
tration-dependent” manner, with a PAE for P. aeruginosa but not for A. 

baumannii.8,296

PK/PD of colistin (polymyxin E). Colistin is administered as an 
inactive prodrug, colistimethate (CMS), also known as colistin meth-
anesulfonate, that is slowly hydrolyzed to active colistin; two forms of 
colistin are commercially available: for parenteral (IV, intrathecal, in-
traventricular) or aerosol use and for topical or oral use (not absorbed 
when given orally).296,306 Colistin is mainly distributed within the 
extracellular space, so its Vd is low and can be altered in critically ill 
patients, as can its clearance.306 The half-life of CMS is 2 hours, and the 
half-life of colistin hydrolyzed by CMS is 4 hours. Protein binding  
is concentration-dependent, reportedly 59%–74%.307 Two-thirds of 
CMS is renally cleared within 24 hours, although the active colistin is 
not renally eliminated. The fAUC0–24/MIC ratio is the best predictor of 
the activity of colistin; fAUC0–24/MIC ratios of 10.9–13.7 and 3.5–9.0 
are reported as optimal for bactericidal activity against P. aeruginosa 
and A. baumannii, respectively.8,308 Colistin achieves adequate concen-
tration in the liver, kidney, heart, and muscle, but the distribution in 
the bones, joint fluid, CSF, biliary tract, lung parenchyma, and pleural 
fluid is poor.309 After inhalation, serum levels of colistin are very low.310

PK/PD of polymyxin B. Polymyxin B is administered in its active 
form. The profile of polymyxin B is similar to that of colistin, with the 
AUC0–24/MIC (fAUC0–24/MIC) ratio best predicting its activity.8 The 
serum half-life of polymyxin B is 9–11.5 hours.311 Protein binding is 
high, but presents great variability (58%–98.4%).8 Contrary to colistin, 
polymyxin B is eliminated mainly by nonrenal pathways, with ,1% 
recovered unchanged in the urine, and its clearance seems to be  
relatively unaffected by renal function.8,312

Combination of polymyxins with other antimicrobial agents. Colistin 
and polymyxin B have assumed an important role as salvage therapy for 
otherwise untreatable gram-negative infections, most notably MDR 
and XDR strains of P. aeruginosa, A. baumannii, and Enterobacteria-

ceae.313 The increasing reports related to the emergence of polymyxin 
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resistance with monotherapy lend theoretical support to a possible 
benefit of a combination with other active antimicrobial agents to 
achieve enhanced bacterial killing and a suppression of resistant sub-
populations.314 However, the role of such combinations has been de-
bated, and the evidence is quite controversial.314 Polymyxins have been 
combined with other antimicrobial agents in vitro for synergy against 
MDR GNBs, such as imipenem, meropenem, piperacillin, ciprofloxa-
cin, moxifloxacin, amikacin, gentamycin, minocycline aztreonam, cefo-
taxime, levofloxacin, fosfomycin, ceftolozane/tazobactam, and rifampi-
cin, with maximum synergy having been observed with rifampicin.314,315 
A meta-analysis of RCT and observational studies comparing poly-
myxin monotherapy and polymyxin-based combination therapy for 
infections caused by carbapenem-resistant or carbapenemase-produc-
ing GNBs reported an increased mortality in cases of monotherapy; 
however, because of the low quality of evidence, it cannot be taken as 
proof of positive impact of the combination.316 Moreover, regarding A. 

baumannii infections, three RCTs did not demonstrate any decrease in 
mortality with the use of rifampicin/colistin or fosfomycin/colistin.316 
The international guidelines on polymyxin use, although acknowledg-
ing and emphasizing the lack of strong evidence, recommend the use of 
combination therapy for infections caused by CRE, CRPA, and CRA.296 
Specifically, for CRE, CRPA, and CRA, colistin or polymyxin B is rec-
ommended to be used combined with one or more antimicrobial 
agents to which the pathogen displays a susceptible MIC.296 In case of 
unavailability of another agent with susceptible MIC for the infecting 
CRE or CRPA, the combination with a second and/or third nonsuscep-
tible agent (such as carbapenem) is recommended, with priority given 
to nonsusceptible agents with the lowest MIC relative to the respective 
susceptibility breakpoint.296 For infections caused by CRAB, if no ad-
ditional antimicrobial agent with a susceptible MIC is available, mono-
therapy with polymyxin B or colistin is recommended.296

Dosing and Monitoring
Because of different conventions used to describe dosing of the poly-
myxins, especially colistin, with several CMS commercial preparations, 
outdated product information, and other uncertainties regarding 
polymyxin’s use that could lead to dose confusion, international guide-
lines were published for the optimal use of polymyxins.296,317–319

Colistin (polymyxin E) dosing. The international guidelines recom-
mended, for clarity and harmonization, doses to be prescribed as 
milligrams of the chemical CMA; 1 million internal units (IU) cor-
responds to ,33 mg colistin base activity (CBA) and also corresponds 
to ,80 mg of the chemical CMS. For critically ill patients a loading 
dosing of colistin is recommended because of the expected increased 
Vd: initiation of IV therapy with a CMS loading dose of 300 mg CBA 
(,9 million IU) infused over 0.5–1 hours and after 12–24 hours, ad-
ministration of the first maintenance dose.8,296,306,307,319,320 The recom-
mended maintenance daily dose is 300–360 mg CBA (,9–10.9 million 
IU), divided into 12-hour intervals (0.5- to 1-hour infusions). 8,296,319 
In cases of renal impairment, the loading dose and the maintenance 
dose should be adapted to renal function that should be monitored 
daily (see Table 107.1). Colistin’s TDM has an inherent difficulty be-
cause of ex vivo conversion of CMS to colistin.296 The international 
guidelines recommend that TDM and adaptive feedback control 
(AFC) be used for colistin whenever available, although they empha-
size that the optimal approach for TDM implementation needs to be 
researched further.296,321 An AUCss,24 hr of ,50 mg · hour/L that is 
equivalent to a target average steady state plasma concentration (Css,avg) 
of ,2 mg/L for total drug is required, and this is considered the maxi-
mum tolerable target, as higher concentrations have been associated 
with increased incidence and severity of nephrotoxicity.296 The Css avg 
2 mg/L target is expected to achieve an fAUC0–24/MIC ratio of ,12 

for pathogens with an MIC of #2 mg/L, which is the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) breakpoint 
for susceptibility to colistin for P. aeruginosa, A. baumannii, and En-

terobacteriaciae.8 The recent position paper on TDM neither recom-
mends nor discourages routine TDM for colistin.8 It suggests, however, 
that if TDM is used, as colistin’s therapeutic index is remarkably nar-
row, the sampling and handling should be appropriate, that is, sampling 
should be done in a way that minimizes ex vivo conversion of CMS to 
colistin (sampling just before the next dose when both CSM concentra-
tions and conversion are at the lowest), and the samples should be 
processed immediately.8 It should be pointed out that colistin concen-
trations fluctuate only a little at steady state; thus the Css average target 
can be applied for Cmin monitoring as well.8

Polymyxin B dosing. A loading dose of 2.0–2.5 mg/kg for polymyxin 
B, based on total body weight (equivalent to 20,000–25,000 IU/kg)  
administered IV over 1 hour, is recommended for patients with severe 
infections, and the maintenance dose is 1.25–1.5 mg/kg (equivalent to 
12,500–15,000 IU/kg) every 12 hours as a 1-hour IV infusion. Adjust-
ment of the loading or the maintenance dose of colistin B is not rec-
ommended for renal impairment; nonetheless, additional research is 
warranted for the definition of the optimal maintenance doses in 
terms of efficacy and safety.296,321 Unnecessary renal dose adjustments 
may lead to underexposure and clinical failure.296 The international 
guidelines on polymyxins recommend TDM and AFC to be used if 
there is availability, with the dosing guidance for polymyxin B having 
a similar target as for colistin (i.e., Css,avg of 2 mg/L, seems appropriate). 
Nevertheless, emerging data suggest that polymyxin B might have a 
different toxicodynamic profile than colistin, and a Css,avg of 2–4 mg/L 
(AUCss,24 hr50–100 mg · hour/L) may be acceptable in terms of toxic-
ity.296 The recent position paper on TDM, on the other hand, neither 
recommends nor encourages monitoring for polymyxin B.8

Adverse Events
Dose-related, usually reversible, nephrotoxicity risk and neurotoxicity 
risk are the major dose-limiting adverse events of polymyxin use.322,323 
Neurotoxicity may manifest as paresthesias and peripheral neuropa-
thy, but the most severe form is neuromuscular blockade resulting in 
muscle weakness and even apnea with need for ventilatory support 
until the effect of polymyxin wears off. Curariform drugs potentiate 
neurotoxicity, whereas IV administration of calcium may contribute 
to apnea reversal. Overdose of polymyxins, presence of renal impair-
ment, and concurrent use of aminoglycoside increase the risk of 
nephrotoxicity.323–326

FOSFONIC ACID DERIVATIVES: FOSFOMYCIN

Fosfomycin is another “old” antibiotic, discovered in the 1960s, with its 
use almost abandoned until the mid-2000s, when it again attracted  
the interest of clinicians and was reintroduced into clinical practice as 
alternative/salvage treatment for infections by XDR and pandrug- 
resistant (PDR) GNBs, especially in the critical care setting.327–338 IV 
fosfomycin has been approved in several countries, including Euro-
pean ones, encouraging salvage use in the labeling information.327 In 
the United States, only the oral formulation is approved, whereas the 
IV formulation has been granted Qualified Infectious Disease Product 
and Fast Track designation by the FDA.327,339

Mode of Action
Fosfomycin represents an antimicrobial class of its own, without any 
structural relevance with other currently clinically approved class.336 It 
is a bactericidal antibiotic and exerts its action by a unique mechanism 
of irreversible inhibition of peptidoglycan synthesis, one of the initial 
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steps of prokaryote wall synthesis, acting in an earlier step than beta-
lactams and glycopeptides.327,328,336 This inhibition eventually leads to 
cell lysis and death.327,328,336 This unique mechanism of action makes 
cross-resistance with other antimicrobial agents most unlikely, and in 
addition, it allows for synergistic action with other antibiotics, such as 
beta-lactams, aminoglycosides, and fluoroquinolones.327,331–333,336

Spectrum of Activity
Fosfomycin is active against both gram-negative and gram-positive 
microorganisms, such as Enterobacteriaceae, including ESBL- and car-
bapenemase-producing ones; S. aureus, including MRSA, enterococci, 
including vancomycin-resistant strains; L. monocytogenes, and Neisse-

ria gonorrhoeae.327 The sensitivity of streptococcal species is variable, 
whereas Staphylococcus capitis and Staphylococcus saprophyticus are 
intrinsically resistant to fosfomycin.327,336 The activity against P. aeru-

ginosa is moderate with variable MICs, whereas A. baumannii, B. 

cepacia, and M. morganii are resistant to fosfomycin, and its use should 
only be considered as part of a combination regimen.333,336 It should be 
noted that the susceptibility testing of fosfomycin is problematic.327 
Regarding resistance to fosfomycin, it can be inherent or acquired, 
chromosomal or plasmid-mediated, and the main mechanisms in-
clude reduced permeability, binding site modification, and enzymatic 
inactivation; more than one mechanism may coexist.331,332 Whereas in 
vitro resistance development is fast, in vivo development is slower.331,332

PK/PD
Fosfomycin is a hydrophilic antimicrobial agent with Vd comparable to 
that of beta-lactams and aminoglycosides, and it has negligible protein 
binding.328,336 It is not metabolized, it is almost entirely renally ex-
creted by glomerular filtration unchanged to the urine, and its half-life 
is 2.3–7.4 hours.328,333,336 It has good penetration into many tissue 
types, lungs, CSF, and abscess fluid.327,336 However, the PK/PD of fos-
fomycin may be altered in critically ill patients and is not well-studied 
in the critical care setting.327,328 A significant PK variability of fosfomy-
cin that could only partially be explained by difference in renal func-
tion was reported in a population PK study in critically ill patients.329 
To date, the most appropriate parameter for the PK/PD profile of the 
drug has not been established, and no well-defined parameters exist to 
safely predict drug efficacy or resistance development.327

Clinical Efficacy
A meta-analysis of RCTs and comparative observational trials about IV 
fosfomycin reported that it was mostly used for sepsis/bacteremia and 
infections of the respiratory tract, bone/joint, and CNS and that there 
were no differences in clinical or microbiologic efficacy.337 The main 
use of fosfomycin currently is for MDR, XDR, and PDR pathogens. 
Studies have shown good efficacy for MRSA infections (even as mono-
therapy) and against ESBL-producing E. coli, carbapenem-resistant K. 

pneumoniae (in combination regimens), and MDR P. aeruginosa (in 
combination regimens).327,336

Because of reports of fast resistance development during mono-
therapy, especially for GNBs, fosfomycin should be used in combina-
tion with other active antimicrobial agents, but no specific agent can be 
recommended, as the available data regarding possible synergies are 
inconsistent.327 Some in vitro data suggest a benefit when fosfomycin is 
coadministered with carbapenems, aminoglycosides, fluoroquinolones, 
and colistin.327,336 Also, time-kill experiments have reported promising 
results against MBL-producing K. pneumoniae with triple combina-
tions of fosfomycin with antimicrobials such as colistin, meropenem, 
rifampin, vancomycin, telavancin, and daptomycin.336

Further studies are warranted to establish the correct dose/dosing 
intervals of IV fosfomycin and the most appropriate companion anti-
microbial agents in order to optimize efficacy against difficult-to-treat 
GNBs.327

Dosage
Oral and IV formulations of fosfomycin are available.327,333 IV doses 
of fosfomycin up to 24 g daily have been used for severe infections by 
MDR pathogens (see Table 107.1).327,335 However, the individual mini-
mum and maximum doses, the infusion duration, and the optimal 
dosing intervals for fosfomycin administration need to be further  
established.327 The limited PK data in critically ill patients prevent 
accurate dosing guidance, and further studies are needed.327

Adverse events. Fosfomycin has a favorable safety profile with unre-
markable toxicity and mild adverse events, with diarrhea being the 
most frequent.327,336–338 The most significant adverse events are revers-
ible hypokalemia and sodium overload (0.32 g [14 mEq] of sodium in 
1 g of disodium fosfomycin), but both are closely monitored and can 
be corrected in the intensive care setting.327 Nonetheless, it should be 
noted, however, that for high doses of fosfomycin (exceeding 16 g/day), 
further data on safety are needed.

 References for this chapter can be found at expertconsult.com.

• Concerns regarding the rapid spread of antimicrobial resistance against 

clinically important gram-negative bacteria are ever increasing at a world-

wide level, with treatment choices for MDR strains being limited, especially 

for strains that produce extended-spectrum beta-lactamases and carbapen-

emases. Carbapenemases particularly inactivate the potent class of carbap-

enems along with all beta-lactams.

• During the last decade new antimicrobial agents or combinations of beta-

lactam with beta-lactamase inhibitors have been approved, reinforcing our 

armamentarium against gram-negative bacteria, namely ceftolozane/tazo-

bactam, ceftazidime/avibactam, meropenem/vaborbactam, imipenem/

cilastatin/relebactam, plazomicin, eravacycline, omadacycline, and dela-

floxacin. However, the options against carbapenem-resistant A. baumannii 

and MBL-producing strains are still limited. Moreover, resistance against 

novel anti–gram-negative agents has already started to emerge; implemen-

tation of antimicrobial stewardship is essential for the preservation of their 

activity and the extension of their self-life.

• Older antibiotics, such as polymyxins and fosfomycin, have been “rediscov-

ered” and used as “salvage” treatment for infections caused by MDR gram-

negative bacteria.

• The potential for synergy of antibiotic combinations and the impact on 

outcome improvement are still controversial. However, although there is no 

definitive evidence yet about the impact of combination therapy on clinical 

outcomes, it is recommended in patients with difficult-to-treat MDR gram-

negative bacteria in order to increase efficacy and limit resistance develop-

ment. The potential of combinations of the novel antibiotics with the older 

ones needs to be explored.

• Apart from discovering novel antimicrobial agents, dosing optimization of 

the current antimicrobial agents, taking into consideration their PK/PD 

characteristics along with the physiologic changes of critically ill patients, 

is of utmost importance. TDM allows dosage individualization at the bed-

side and is expected to significantly contribute to outcome improvement, 

decrease potential toxicity, and curb resistance development.

KEY POINTS
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ANNOTATED REFERENCES

Abdul-Aziz MH, Alffenaar JWC, Bassetti M, et al. Antimicrobial therapeutic 
drug monitoring in critically ill adult patients: A position paper. Intensive 

Care Med. 2020;46(6):1127–1153.
A position paper endorsed by the European Society of Intensive Care Medi-

cine (ESICM), Pharmacokinetic/Pharmacodynamic and Critically Ill Patient 

Study Groups of European Society of Clinical Microbiology and Infectious 

Diseases (ESCMID), International Association for Therapeutic Drug Moni-

toring and Clinical Toxicology (IATDMCT), and International Society of  

Antimicrobial Chemotherapy (ISAC). Available data on TDM of antibacteri-

als, antifungals, and antivirals in critically ill adult patients in the ICU were 

reviewed and discussed, and a practical guide on how TDM can be applied  

in routine clinical practice in order to improve outcomes was provided. For 

critically ill patients, routine TDM was recommended for aminoglycosides, 

beta-lactam antibiotics, linezolid, teicoplanin, vancomycin, and voriconazole.

Koulenti D, Song A, Ellingboe A, et al. Infections by multidrug-resistant 
Gram-negative Bacteria: What’s new in our arsenal and what’s in the  
pipeline? Int J Antimicrob Agents. 2019;53(3):211–224.
A comprehensive review that critically summarizes the novel approved  

antibiotics for gram-negative bacterial infections, presents promising agents 

in the pipeline currently in clinical trials (phase III, II, or I), and introduces 

new alternative avenues with potential to combat multidrug-resistant  

gram-negative bacteria in the future.

Leone M, Roberts JA, Bassetti M, et al. Update in antibiotic therapy in inten-
sive care unit report from the 2019 Nimes International Symposium.  
Anaesth Crit Care Pain Med. 2019;38(6):647–656.
The 2019 Nîmes International Symposium in Antibiotic Therapy Optimisa-

tion aimed at determining the best approaches of a number of the antibiotic 

management strategies for critically ill patients. A panel of experts, aiming  

to determine the best antibiotic management strategies in the critical care  

setting, reviewed the relevant latest literature and presented the available  

evidence and key messages for the following topics: requirements of optimal 

antibiotic stewardship program, risks of subtherapeutic dosing of antibiotics 

in critically ill patients, persisting issues about efficiency of combination ther-

apy and the value of de-escalation, new perspectives of pharmacokinetics, 

drug toxicities including collateral damages associated with antibiotics, the 

place of nebulization of antibiotics, management of patients receiving extra-

corporeal therapies, and the place of new antibiotics.

Roger C, Louart B, Elotmani L, et al. An international survey on aminoglyco-
side practices in critically ill patients: The AMINO III study. Ann Intensive 

Care. 2021;11(1):49.
A prospective, multicenter, observational cohort study conducted in 59 

ICUs in five countries that enrolled 931 consecutive patients receiving 

aminoglycosides (AG) for septic shock. The 84% of the patients received 

AG empirically; amikacin was the most frequently used AG, followed by 

gentamicin (33%), the median (IQR) duration of therapy was 2 (1–3) 

days, the median dose was 25 ± 6, 6 ± 2, and 6 ± 2 mg/kg for amikacin, 

gentamicin, and tobramycin, respectively, and the median dosing interval 

was 26 (23.5–43.5) hours. TDM of Cmax and Cmin was performed in 47% 

and 57% of the patients, respectively. After the first dose 68% of patients 

achieved a Cmax/MIC .8, suggesting that efforts to optimize the first AG 

dose are warranted, and 71% of the patients had Cmin above the recom-

mended thresholds.

Tsuji BT, Pogue JM, Zavascki AP, et al. International consensus guidelines for 
the optimal use of the polymyxins: Endorsed by the American College of 
Clinical Pharmacy (ACCP), European Society of Clinical Microbiology 
and Infectious Diseases (ESCMID), Infectious Diseases Society of America 
(IDSA), International Society for Anti-infective Pharmacology (ISAP), So-
ciety of Critical Care Medicine (SCCM), and Society of Infectious Diseases 
Pharmacists (SIDP). Pharmacotherapy. 2019;39(1):10–39.
The first ever consensus therapeutic guidelines for optimal therapeutic use 

of polymyxins, colistin (polymyxin E), and polymyxin B in adult patients 

endorsed by the IDSA, ISAP, SCCM, and SIDP. Also endorsed by ESCMID 

as a consensus statement and the overall document conclusions endorsed by 

the European Committee on Antimicrobial Susceptibility Testing (EUCAST). 

The document was developed based on evidence by a diverse international 

expert panel aiming to make therapeutic recommendations regarding PK/

PD properties and PK targets of polymyxins, polymyxin agent selection, 

dosing, dosage adjustment, TDM, polymyxin-based combination therapy, 

intrathecal therapy, inhalation therapy, toxicity, and prevention of renal 

failure.
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 126. Ehmann, D. E., Jahić, H., Ross, P. L., Gu, R. F., Hu, J., Kern, G., et al. 
(2012). Avibactam is a covalent, reversible, non–b-lactam b-lactamase 
inhibitor. Proceedings of the National Academy of Sciences, 109(29), 
11663–11668.

 127. Sader, H. S., Flamm, R. K., Carvalhaes, C. G., & Castanheira, M. (2020). 
Comparison of ceftazidime-avibactam and ceftolozane-tazobactam in  
vitro activities when tested against gram-negative bacteria isolated from 
patients hospitalized with pneumonia in United States medical centers 
(2017–2018). Diagnostic Microbiology and Infectious Disease, 96(3), 
114833.

 128. García-Castillo, M., García-Fernández, S., Gómez-Gil, R., Pitart, C., Oviaño, 
M., Gracia-Ahufinger, I., et al. (2018). Activity of ceftazidime-avibactam 
against carbapenemase-producing Enterobacteriaceae from urine speci-
mens obtained during the infection-carbapenem resistance evaluation  
surveillance trial (iCREST) in Spain. International Journal of Antimicrobial 

Agents, 51(3), 511–515.
 129. Zhanel, G. G., Lawson, C. D., Adam, H., Schweizer, F., Zelenitsky, S., 

Lagacé-Wiens, P. R., et al. (2013). Ceftazidime-avibactam: A novel 
cephalosporin/b-lactamase inhibitor combination. Drugs, 73(2), 
159–177.

 130. Shields, R. K., Potoski, B. A., Haidar, G., Hao, B., Doi, Y., Chen, L., et al. 
(2016). Clinical outcomes, drug toxicity, and emergence of ceftazidime-
avibactam resistance among patients treated for carbapenem-resistant En-
terobacteriaceae infections. Clinical Infectious Diseases, 63(12), 1615–1618.

 131. Rodríguez-Baño, J., Gutiérrez-Gutiérrez, B., Machuca, I., & Pascual,  
A. (2018). Treatment of infections caused by extended-spectrum-beta-
lactamase-, AmpC-, and carbapenemase-producing Enterobacteriaceae. 
Clinical Microbiology Reviews, 31(2), e00079-00017.

 132. Mikhail, S., Singh, N. B., Kebriaei, R., Rice, S. A., Stamper, K. C.,  
Castanheira, M., et al. (2019). Evaluation of the synergy of ceftazidime- 
avibactam in combination with meropenem, amikacin, aztreonam,  
colistin, or fosfomycin against well-characterized multidrug-resistant 
Klebsiella pneumoniae and Pseudomonas aeruginosa. Antimicrobial 

Agents and Chemotherapy, 63(8), e00779-00719.
 133. Lagacé-Wiens, P., Walkty, A., & Karlowsky, J. A. (2014). Ceftazidime– 

avibactam: An evidence-based review of its pharmacology and potential 
use in the treatment of Gram-negative bacterial infections. Core 

Evidence, 9, 13.
 134. Nicolau, D. P., Siew, L., Armstrong, J., Li, J., Edeki, T., Learoyd, M.,  

et al. (2015). Phase 1 study assessing the steady-state concentration of 
ceftazidime and avibactam in plasma and epithelial lining fluid following 
two dosing regimens. Journal of Antimicrobial Chemotherapy, 70(10), 
2862–2869.

 135. Wagenlehner, F. M., Sobel, J. D., Newell, P., Armstrong, J., Huang, X., 
Stone, G. G., et al. (2016). Ceftazidime-avibactam versus doripenem for 
the treatment of complicated urinary tract infections, including acute 
pyelonephritis: RECAPTURE, a phase 3 randomized trial program.  
Clinical Infectious Diseases, 63(6), 754–762.

 136. Carmeli, Y., Armstrong, J., Laud, P. J., Newell, P., Stone, G., Wardman, A., 
et al. (2016). Ceftazidime-avibactam or best available therapy in patients 
with ceftazidime-resistant Enterobacteriaceae and Pseudomonas aerugi-
nosa complicated urinary tract infections or complicated intra-abdomi-
nal infections (REPRISE): A randomised, pathogen-directed, phase 3 
study. Lancet. Infectious Diseases, 16(6), 661–673.

 137. Qin, X., Tran, B. G., Kim, M. J., Wang, L., Nguyen, D. A., Chen, Q., et al. 
(2017). A randomised, double-blind, phase 3 study comparing the efficacy 
and safety of ceftazidime/avibactam plus metronidazole versus merope-
nem for complicated intra-abdominal infections in hospitalised adults in 
Asia. International Journal of Antimicrobial Agents, 49(5), 579–588.

 138. Torres, A., Zhong, N., Pachl, J., Timsit, J. F., Kollef, M., Chen, Z., et al. 
(2018). Ceftazidime-avibactam versus meropenem in nosocomial  
pneumonia, including ventilator-associated pneumonia (REPROVE):  
A randomised, double-blind, phase 3 non-inferiority trial. Lancet. 

Infectious Diseases, 18(3), 285–295.
 139. Product_Monograph_Zavicefta. Retrieved from https://www.pfizerpro.

in/sites/default/files/zavicefta_product_monograph_0.pdf. Accessed 
May 2021.

 140. FDA_Vabomere. (2017). http://www.vabomere.com/media/pdf/vabo-
mere-us-prescribing-information.pdf. Revised 06/2021 Accessed 
June 2021.

 141. EMA_Vaborem_EPAR_Product_information. (2018). https://www.ema.
europa.eu/en/documents/product-information/vaborem-epar-product-
information_en.pdf. Last updated 07/05/2021 Accessed June 2021.

 142. EMA_Vaborem. (2018). https://www.ema.europa.eu/en/medicines/
human/EPAR/vaborem. Accessed June 2021.

 143. Lomovskaya, O., Sun, D., Rubio-Aparicio, D., Nelson, K., Tsivkovski, R., 
Griffith, D. C., et al. (2017). Vaborbactam: Spectrum of beta-lactamase 
inhibition and impact of resistance mechanisms on activity in Entero-
bacteriaceae. Antimicrobial Agents and Chemotherapy, 61(11), e01443-
01417.

 144. Hecker, S. J., Reddy, K. R., Totrov, M., Hirst, G. C., Lomovskaya,  
O., Griffith, D. C., et al. (2015). Discovery of a cyclic boronic acid  
b-lactamase inhibitor (RPX7009) with utility vs class A serine carbapen-
emases. Journal of Medicinal Chemistry, 58, 3682–3692.

 145. Zhanel, G. G., Lawrence, C. K., Adam, H., Schweizer, F., Zelenitsky, S.,  
Zhanel, M., et al. (). Imipenem–relebactam and meropenem–vaborbactam: 
Two novel carbapenem-b-lactamase inhibitor combinations. Drugs, 

78(1), 65–98.

e4

  

 

https://clinicaltrials.gov/ct2/show/NCT01345929
https://www.merck.com/product/usa/pi_circulars/z/zerbaxa/zerbaxa_pi.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/206494s005
https://www.drugs.com/history/avycaz.html
https://www.pfizerpro.in/sites/default/files/zavicefta_product_monograph_0.pdf
http://www.vabomere.com/media/pdf/vabomere-us-prescribing-information.pdf
https://www.ema.europa.eu/en/documents/product-information/vaborem-epar-product-information_en.pdf
https://www.ema.europa.eu/en/medicines/human/EPAR/vaborem
https://clinicaltrials.gov/ct2/show/NCT01345929
https://www.merck.com/product/usa/pi_circulars/z/zerbaxa/zerbaxa_pi.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/206494s005
https://www.drugs.com/history/avycaz.html
https://www.pfizerpro.in/sites/default/files/zavicefta_product_monograph_0.pdf
http://www.vabomere.com/media/pdf/vabomere-us-prescribing-information.pdf
https://www.ema.europa.eu/en/documents/product-information/vaborem-epar-product-information_en.pdf
https://www.ema.europa.eu/en/medicines/human/EPAR/vaborem


 146. Hackel, M. A., Lomovskaya, O., Dudley, M. N., Karlowsky, J. A., & Sahm, 
D. F. (2018). In vitro activity of meropenem-vaborbactam against clinical 
isolates of KPC-positive Enterobacteriaceae. Antimicrobial Agents and 

Chemotherapy, 62(1), e01904-01917.
 147. Lapuebla, A., Abdallah, M., Olafisoye, O., Cortes, C., Urban, C., Quale, J., 

et al. (2015). Activity of meropenem combined with RPX7009, a novel 
b-lactamase inhibitor, against Gram-negative clinical isolates in New 
York City. Antimicrobial Agents and Chemotherapy, 59(8), 4856–4860.

 148. Novelli, A., Del Giacomo, P., Rossolini, G. M., & Tumbarello, M. (2020). 
Meropenem/vaborbactam: A next generation b-lactam b-lactamase inhib-
itor combination. Expert Review of Anti-Infective Therapy, 18(7), 643–655.

 149. Wenzler, E., Gotfried, M. H., Loutit, J. S., Durso, S., Griffith, D. C.,  
Dudley, M. N., et al. (2015). Meropenem-RPX7009 concentrations in 
plasma, epithelial lining fluid, and alveolar macrophages of healthy adult 
subjects. Antimicrobial Agents and Chemotherapy, 59(12), 7232–7239.

 150. Kaye, K. S., Bhowmick, T., Metallidis, S., Bleasdale, S. C., Sagan, O. S., 
Stus, V., et al. (2018). Effect of meropenem-vaborbactam vs piperacillin-
tazobactam on clinical cure or improvement and microbial eradication 
in complicated urinary tract infection: The TANGO I randomized clini-
cal trial. JAMA, 319(8), 788–799.

 151. Wunderink, R. G., Giamarellos-Bourboulis, E. J., Rahav, G., Mathers, A. J., 
Bassetti, M., Vazquez, J., et al. (2018). Effect and safety of meropenem-
vaborbactam versus best-available therapy in patients with carbapenem-
resistant enterobacteriaceae infections: The TANGO II randomized clini-
cal trial. Infectious Diseases and Therapy, 7(4), 439–455.

 152. Drugs.com_Vabomere. Retrieved from https://www.drugs.com/pro/
vabomere-injection.html. Last updated June 1, 2021. Accessed June 2021.

 153. Drugs.com_Recarbio. (2020). Retrieved from https://www.drugs.com/
history/recarbrio.html. Last updated 09/06/2020. Accessed June 2020.

 154. FDA_Recarbrio. (2019). Retrieved from https://www.accessdata.fda.gov/
drugsatfda_docs/label/2020/212819s002lbl.pdf. Revised 06/2021 Accessed 
July 2021.

 155. EMA_Recarbrio_EPAR. (2020). Retrieved from https://www.ema.europa.
eu/en/medicines/human/EPAR/recarbrio. Last updated 18/05/2021 
Accessed August 2021.

 156. EMA_Recarbrio_EPAR_Product_information. (2021). Retrieved from 
https://www.ema.europa.eu/en/documents/product-information/
recarbrio-epar-product-information_en.pdf. Last updated: 11/03/2021. 
Accessed July 2021.

 157. Zhanel, G. G., Lawrence, C. K., Adam, H., Schweizer, F., Zelenitsky, S., 
Zhanel, M., et al. (2018). Imipenem-relebactam and meropenem-vabor-
bactam: Two novel carbapenem-b-lactamase inhibitor combinations. 
Drugs, 78(1), 65–98.

 158. Lob, S. H., Hackel, M. A., Kazmierczak, K. M., Hoban, D. J., Young, K., 
Motyl, M. R., et al. (2017). Invitro activity of imipenem-relebactam 
against gram-negative bacilli isolated from patients with lower respira-
tory tract infections in the United States in 2015 - Results from the 
SMART global surveillance program. Diagnostic Microbiology and 

Infectious Disease, 88(2), 171–176.
 159. Wong, D., & van Duin, D. (2017). Novel Beta-lactamase inhibitors:  

Unlocking their potential in therapy. Drugs, 77(6), 615–628.
 160. Livermore, D. M., Warner, M., Mushtaq, S. (2013). Activity of MK-7655 

combined with imipenem against Enterobacteriaceae and Pseudomonas 
aeruginosa. Journal of Antimicrobial Chemotherapy, 68(10), 2286–2290.

 161. Lapuebla, A., Abdallah, M., Olafisoye, O., Cortes, C., Urban, C.,  
Landman, D., et al. (2015). Activity of imipenem with relebactam against 
Gram-Negative pathogens from New York City. Antimicrobial Agents 

and Chemotherapy, 59(8), 5029–5031.
 162. Canver, M. C., Satlin, M. J., Westblade, L. F., Kreiswirth, B. N., Chen, L., 

Robertson, A., et al. (2019). Activity of imipenem-relebactam and com-
parator agents against genetically characterized isolates of carbapenem-
resistant Enterobacteriaceae. Antimicrobial Agents and Chemotherapy, 

63(9), e00672.
 163. Rizk, M. L., Rhee, E. G., Jumes, P. A., Gotfried, M. H., Zhao, T., Mangin, 

E., et al. (2018). Intrapulmonary pharmacokinetics of relebactam, a 
novel b-lactamase inhibitor, dosed in combination with imipenem-cilas-
tatin in healthy subjects. Antimicrobial Agents and Chemotherapy, 62(3), 
e01411–e01417.

 164. Lucasti, C., Vasile, L., Sandesc, D., Venskutonis, D., McLeroth, P., Lala, M., 
et al. (2016). Phase 2, dose-ranging study of relebactam with imipenem-
cilastatin in subjects with complicated intra-abdominal infection. Anti-

microbial Agents and Chemotherapy, 60(10), 6234–6243.
 165. Sims, M., Mariyanovski, V., McLeroth, P., Akers, W., Lee, Y. C., Brown, M. L., 

et al. (2017). Prospective, randomized, double-blind, phase 2 dose- 
ranging study comparing efficacy and safety of imipenem/cilastatin plus 
relebactam with imipenem/cilastatin alone in patients with complicated 
urinary tract infections. Journal of Antimicrobial Chemotherapy, 72(9), 
2616–2626.

 166. Titov, I., Wunderink, R. G., Roquilly, A., Rodríguez Gonzalez, D.,  
David-Wang, A., Boucher, H. W., et al. (2020). A randomized, double-
blind, multicenter trial comparing efficacy and safety of imipenem/ 
cilastatin/relebactam versus piperacillin/tazobactam in adults with hos-
pital-acquired or ventilator-associated bacterial pneumonia (RESTORE-
IMI 2 study). Clinical Infectious Diseases.

 167. Motsch, J., Murta de Oliveira, C., Stus, V., Köksal, I., Lyulko, O., Boucher, 
H. W., et al. (2020). RESTORE-IMI 1: A multicenter, randomized, dou-
ble-blind trial comparing efficacy and safety of imipenem/relebactam vs 
colistin plus imipenem in patients with imipenem-nonsusceptible bacte-
rial Infections. Clinical Infectious Diseases, 70(9), 1799–1808.

 168. Shionogi_Fetroja. (2020). Retrieved from https://www.shionogi.com/us/
en/news/2020/9/shionogi-announces-fda-approval-of-fetroja-cefidero-
col-for-the-treatment-of-hospital-acquired-bacterial-pneumonia-and-
ventilator-associated-bacterial-pneumonia.html. Press release 
27/09/2020. Accessed April 2021.

 169. FDA_Fetroja. (2019). https://www.accessdata.fda.gov/drugsatfda_docs/
label/2020/209445s002lbl.pdf. Revised: 09/2020. Accessed April 2021.

 170. EMA_Fetcroja. (2020). https://www.ema.europa.eu/en/medicines/
human/EPAR/fetcroja. Last updated 28/07/2020 Accessed April 2021.

 171. EMA_Fetcroja_EPAR_Product_information. (2020). https://www.ema.
europa.eu/en/documents/product-information/fetcroja-epar-product- 
information_en.pdf. Last updated 28/07/2021. Accessed April 2021.

 172. Wu, J. Y., Srinivas, P., & Pogue, J. M. (2020). Cefiderocol: A novel agent 
for the management of multidrug-resistant Gram-negative organisms. 
Infectious Diseases and Therapy, 9(1), 17–40.

 173. Ito, A., Sato, T., Ota, M., Takemura, M., Nishikawa, T., Toba, S., et al. 
(2018). In vitro antibacterial properties of cefiderocol, a novel sidero-
phore cephalosporin, against Gram-negative bacteria. Antimicrobial 

Agents and Chemotherapy, 62(1), e01454-01417.
 174. Saisho, Y., Katsube, T., White, S., Fukase, H., & Shimada, J. (2018).  

Pharmacokinetics, safety, and tolerability of cefiderocol, a novel sidero-
phore cephalosporin for Gram-negative bacteria, in healthy subjects.  
Antimicrobial Agents and Chemotherapy, 62(3), e02163-02117.
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108
Antimicrobial Agents With Primary Activity 
Against Gram-Positive Bacteria

Kelli A. Cole and Diane M. Cappelletty

Nosocomial infections continue to pose a significant burden on the 

healthcare system. The most recent summary of data reported to the 

National Healthcare Safety Network (NHSN) showed that gram-positive 

organisms remained a leading cause of healthcare–associated infections 

(HAIs) between 2015 and 2017.1 Similarly, the EPIC II study in 2007 

demonstrated that gram-positive organisms were associated with 47% of 

infections in the intensive care unit (ICU).2 Staphylococcus aureus and 

coagulase-negative staphylococci were the most commonly isolated 

pathogen in nosocomial bacteremia, and the former was responsible for 

the greatest proportion of ventilator-associated pneumonia and surgical 

site infections in hospital ICUs. Along with the increase in prevalence of 

gram-positive cocci in the ICU, staphylococci are becoming multidrug 

resistant. This chapter addresses gram-positive organisms and resistance 

issues associated with each of the antimicrobials with activity against 

these pathogens.

VANCOMYCIN

Vancomycin was discovered in 1956 and marketed in 1958. Early prepa-

rations of the drug contained pyrogens and impurities that produced a 

brownish, muddy appearance that provided vancomycin’s nickname, 

“Mississippi mud.” In addition, these pyrogens and impurities caused 

high fevers, hypotension, severe phlebitis, and possibly nephrotoxicity.3

Mechanisms of Action and Resistance
Vancomycin is a glycopeptide that inhibits synthesis of the cell wall by 

binding to the d-alanyl-d-alanine terminus of cell wall precursor units 

and is bactericidal against most gram-positive organisms. In the mid-

2000s, the Clinical and Laboratory Standards Institute (CLSI) and the 

U.S. Food and Drug Administration (FDA) changed the vancomycin 

breakpoints against S. aureus from less than or equal to 4 mg/mL to less 

than or equal to 2 mg/mL for susceptible strains. Intermediate suscep-

tibility is now 4–8 mg/mL, and resistance to vancomycin is greater than 

or equal to 16 mg/mL.4 The European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) changed their vancomycin interpre-

tations against S. aureus to less than or equal to 2 mg/mL as susceptible 

and greater than 2 mg/mL as resistant. These changes in breakpoints 

will alter how literature is interpreted with respect to the frequency or 

prevalence of vancomycin-intermediate or vancomycin-resistant S. 

aureus over the past 30 years.

Vancomycin-intermediate S. aureus (VISA), defined using the previous 

breakpoints of minimum inhibitory concentration (MIC) 8–16 mg/mL, was 

first reported from Japan in 1996; by June 2002, eight cases were confirmed 

in the United States.5 A precursor to VISA, known as heteroresistant vanco-

mycin-intermediate S. aureus (hVISA), was described around the same 

time.6 A systematic review and meta-analysis from 2015 found that both 

phenotypes are increasing in prevalence.7 In June 2002, the first case of 

vancomycin-resistant S. aureus (VRSA) with an MIC greater than 32 mg/mL 

was identified in Michigan, and to date, 14 clinical isolates have been re-

ported.5,8,9 Although the exact mechanism leading to reduced susceptibility 

in VISA isolates has yet to be determined, many agree that a common ele-

ment involves thickening of the cell wall, whereas all VRSA strains possessed 

the VanA gene.

Nine types of resistance for vancomycin have been isolated from 

enterococci: VanA, VanB, VanC, VanD, VanE, VanG, VanL, VanM, and 

VanN. The VanA phenotype, inducible by vancomycin, confers high-

level resistance to both teicoplanin (MICs: 16–512 mg/mL) and vanco-

mycin (MICs: 64 to greater than 1000 mg/mL), whereas VanB confers 

low-level resistance primarily to vancomycin. Both have been identi-

fied in Enterococcus faecium and Enterococcus faecalis. VanA, B, D, and 

E are all transferable to other organisms. In contrast, the VanC pheno-

types are endogenous (constitutively produced) and are components 

of Enterococcus gallinarum, Enterococcus casseliflavus, and Enterococcus 

flavescens and confer resistance to vancomycin alone.

Spectrum of Activity
Vancomycin is active primarily against aerobic gram-positive cocci, 

including streptococci and staphylococci. Although it is considered the 

drug of choice for most methicillin-resistant S. aureus (MRSA) infec-

tions, it has been shown to be inferior to nafcillin or oxacillin for the 

treatment of methicillin-susceptible S. aureus (MSSA), and similarly 

should be considered an agent of last resort against streptococci.10,11 It 

has reliable activity against Corynebacterium spp. and is also consid-

ered first-line for such infections. The activity of vancomycin against 

enterococci varies greatly with the species. E. faecium is the most resis-

tant, with approximately 80% of strains demonstrating resistance 

compared with only ,10% of E. faecalis strains.1

Vancomycin is active against anaerobic gram-positive organisms such 

as Peptostreptococcus spp., Propionibacterium spp., Eubacterium spp., Bifi-

dobacterium spp., and most Clostridium spp., including C. difficile.12

Pharmacokinetics and Pharmacodynamics
Vancomycin is administered orally and parenterally. The drug is poorly 

absorbed after oral administration, and although the majority of the 

drug is excreted unchanged in feces, inflammation of the gastrointestinal 

tract may result in increased absorption.13 Intramuscular injections are 

extremely painful and should not be used. Intraperitoneal, intrathecal, 

or intraventricular administration may be needed in certain circum-

stances. Vancomycin is approximately 55% bound to plasma proteins. 

The volume of distribution (Vd) corrected for weight ranges is 0.4–0.9 

L/kg.14–17 Vancomycin does not penetrate well into aqueous humor or 

noninflamed meninges; however, penetration ranges from 1% to 37% of 

serum concentrations in the setting of meningeal inflammation.18–20 

Penetration is greater than 75% serum concentrations into ascitic, 
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pericardial, and synovial fluids; approximately 50% into pleural fluid; 

and 30%–50% into bile.16 Elimination of vancomycin is 80%–90% un-

changed drug in the urine via glomerular filtration and the remaining 

via nonrenal elimination (up to 40 mL/min in healthy individuals).21 

The half-life of the drug increases with decreased renal function; in pa-

tients with creatinine clearances (CrCl) greater than 80 mL/min, the 

half-life is 4–6 hours. The pharmacodynamic target predicting efficacy 

has received much attention and is suggested to be an area under the 

concentration time curve to MIC (AUC/MIC) ratio of 400.22

Dosage Regimens and Therapeutic Monitoring
Therapeutic Drug Monitoring

Routine monitoring of vancomycin serum concentrations has become 

a highly debated issue over the years. Those who advocate routine 

monitoring cite the need to ensure therapeutic concentrations and to 

minimize toxicities.

Studies have shown that peak concentrations of vancomycin are not 

associated with safety or clinical efficacy. Therefore monitoring peak 

serum concentrations has largely fallen out of favor. On the other hand, 

vancomycin troughs have been heavily studied for their correlation 

with efficacy and toxicity. And although a few publications found im-

proved outcomes when targeting vancomycin troughs of 15–20 mg/mL 

for serious MRSA infections, mounting evidence suggests that vanco-

mycin troughs of this magnitude (greater than or equal to 15 mg/mL) 

are associated with an increased risk of nephrotoxicity.23–25 Because of 

this, greater attention has been given to AUC-based dosing strategies, 

with recent literature finding that an AUC/MIC target ratio of $400 

was associated with decreased mortality and clinical failure while at the 

same time lower rates of nephrotoxicity and overall vancomycin expo-

sure.26–29 Unfortunately, AUC monitoring is not routinely performed in 

clinical practice, and most critically ill patients are inappropriate for 

AUC-based dosing. Thus it still remains prudent to measure serum 

trough concentrations until more definitive guidance is provided to 

address these patient populations.30

Intravenous Administration in Adults

In nonobese adults with normal renal function, the usual dose of van-

comycin is 1 g (~15 mg/kg actual body weight) intravenously (IV) 

every 12 hours. For severe MRSA infections, 15–20 mg/kg every 8–12 

hours has been recommended to achieve serum trough concentrations 

of 15–20 mg/mL, and loading doses of 25–30 mg/kg are proposed for 

critically ill patients in order to achieve higher concentrations sooner 

(both grade IIIB recommendations).30 Several dosing nomograms us-

ing body weight and CrCl have been developed to accurately and easily 

dose vancomycin; however, significant interpatient variability exists in 

both volume of distribution and renal clearance estimation in the 

critically ill population, so use of these nomograms is limited.31–34 

Similarly, use of continuous infusion has been proposed, but with 

limited data on its benefit over intermittent infusion.35,36 Table 108.1 

lists dosing regimens for the antimicrobials discussed in this chapter.

Dosing in the Setting of Obesity

Morbidly obese, critically ill patients are difficult to dose given the lack 

of pharmacokinetic studies. Although actual body weight and CrCl 

continue to be the best correlate to volume of distribution and vanco-

mycin clearance in the obese population, use of traditional weight-

based dosing has led to overexposure and toxicity.37 This has prompted 

various alternative dosing strategies, including AUC-targeted nomo-

grams, but these have yet to be studied in the combined critically ill 

and obese cohort.38–40 Because of this, therapeutic drug monitoring 

(TDM) remains a key tool in managing vancomycin dosing in this 

population.41,42

Dosing in Renal Failure/Dialysis

Dose reduction is recommended for patients with renal dysfunction.15 

In patients receiving intermittent hemodialysis, vancomycin pharma-

cokinetics vary depending on the patient’s actual body weight, timing 

of administration, residual renal function, and type of dialysis mem-

brane used. With older, low-flux membranes, less frequent and lower 

postdialysis supplemental doses are required.43 With high-flux mem-

branes, as much as 50% of vancomycin is removed.44–49 In these situa-

tions, common practice involves administration of a weight-based 

loading dose followed by maintenance doses given during the last hour 

of each dialysis session.50 Use of trough levels before each dialysis ses-

sion may further guide dosing.

When continuous renal replacement therapy (CRRT) is being used, 

vancomycin dosing again depends on patient- and dialysis modality–

related factors. Continuous venovenous hemodialysis (CVVHD) and 

continuous venovenous hemodiafiltration (CVVHDF) result in a 

greater total body clearance of vancomycin than does continuous ve-

novenous hemofiltration (CVVH); therefore dosing every 12–24 hours 

and every 24–48 hours has been proposed for each modality, respec-

tively.21,51–53 For patients receiving sustained low-efficiency dialysis 

(SLED), a newer modality combining intermittent hemodialysis and 

CRRT, it appears that an initial weight-based loading dose followed by 

maintenance doses coupled with TDM may be appropriate.54 Overall, 

a review of several pharmacokinetic studies in patients receiving vari-

ous forms of CRRT showed an association between effluent flow rate 

and vancomycin clearance. However, these findings require additional 

validation.55 Based on the variability in clearances achieved with each 

of these methods depending on blood flow rate, ultrafiltration rate, 

and the membranes used, TDM remains an effective method of ensur-

ing appropriate vancomycin dosing when CRRT is used.

Dosing in Cardiopulmonary Bypass/Extracorporeal  

Membrane Oxygenation

Cardiopulmonary bypass (CPB) was found to significantly affect the 

pharmacokinetic parameters of vancomycin in several small studies 

over the past 20 years. For example, Ortega and colleagues observed an 

immediate decrease in vancomycin serum concentration by 7 mg/mL 

after initiation of CBP, followed by gradual and steady decreases over 

the next 30 minutes.56 However, a recent prospective, comparative 

evaluation of vancomycin pharmacokinetics found no difference in 

maximum plasma concentration (Cmax), area under the curve (AUC0–8), 

Vd, and clearance (Cl) between patients undergoing cardiac surgery 

with and without CBP.57

Three studies in adult patients receiving extracorporeal membrane 

oxygenation (ECMO) found no significant differences in pharmacoki-

netic parameters compared with matched controls, reflecting vanco-

mycin’s relative stability in ECMO circuits.58

Oral Administration

Oral administration of vancomycin is only for treating C. difficile coli-

tis. The dose is 125–500 mg orally every 6 hours depending on severity 

and is not adjusted for renal dysfunction. Two oral formulations (cap-

sules or liquid) can be used, or the IV solution can be administered 

orally to treat C. difficile. In cases of ileus or toxic megacolon, admin-

istration via rectal tube (as a retention enema) or ileostomy can be 

considered.

Adverse Effects

The most notable adverse effects associated with vancomycin include 

nephrotoxicity, ototoxicity, and infusion-related reactions.

Initial reports of nephrotoxicity were thought to be related to impu-

rities in the early formulations.3 After improved purification methods, 
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Drug Dosage Adverse Effects Considerations

Vancomycin Oral (PO) and intravenous (IV)  

administration

Dose based on actual body weight (ABW)

PO: 125–500 mg q6h

IV: 1 g (~15 mg/kg) q12h for average-weight adult 

or 15 mg/kg loading dose followed by 30 mg/kg/

day continuous infusion

IV: For morbidly obese adult, dose on ABW  

~15 mg/kg/dose

Red man syndrome: erythema,  

pruritus, flushing of upper torso

Thrombophlebitis

Ototoxicity: rare

Nephrotoxicity: rare

Maculopapular or erythematous 

rashes

Intramuscular injections painful

Poorly absorbed orally

Half-life of drug increases with decreased 

renal function

Optimal target to be determined

For obese patients and patients on dialysis, 

consider therapeutic drug monitoring

Teicoplanin PO and IV administration

PO: 200 mg BID (Clostridium difficile–

associated diarrhea)

Moderate infections: 400 mg (6 mg/kg) once  

followed by maintenance dose 200 mg (3 mg/kg) 

q24h

Severe infections: 400–800 mg (6–12 mg/kg) q12h 

for 2–3 doses, followed by 400–800 mg q24h

Nephrotoxicity: rare

Ototoxicity: rare

Hypersensitivity

Special dosage considerations for  

patients with renal failure, patients on  

dialysis

Compassionate use only in the United 

States (not FDA approved)

Telavancin IV: 10 mg/kg once daily Nausea and vomiting

Taste perversion

Foamy urine

Renal impairment

Teratogenic in animal models, further  

information needed in humans

Interferes with common anticoagulation 

and urine protein dipstick testing

Daptomycin IV: 4 mg/kg q24h for average-weight adult for skin 

and skin structure infection

6 mg/kg q24h for bacteremia/endocarditis

Transient muscle weakness

Myalgia

CPK elevations

Contraindicated in pneumonia

8–12 mg/kg considered for serious  

infections

Linezolid Bioequivalence between PO and IV formulations

Moderate infections: 600 mg twice daily

Uncomplicated infections: 400 mg twice daily

Reversible myelosuppression

Anemia

Neutropenia

Thrombocytopenia

Monoamine oxidase interactions

Peripheral and optic neuropathy

Oral formulation is bioequivalent to IV  

formulation

Caution with prolonged use and in patients 

on selective serotonin reuptake inhibitors 

(SSRIs)

Tedizolid Bioequivalence between PO and IV formulations

200 mg daily for acute bacterial skin and skin 

structure infections

Nausea, vomiting, diarrhea

Headache

Dizziness

Less myelosuppressive and risk for  

monoamine oxidase interaction

Quinupristin/ 

dalfopristin

IV: 7.5 mg/kg q8–12h infused over 1 hr Arthralgia

Myalgia

Infusion-related

Nausea, vomiting, diarrhea, rash

Last-line agent because of significant  

toxicities

TABLE 108.1 Dosages for Agents With Primary Activity Against Gram-Positive Bacteria

the rate is generally accepted to be between 5% and 10% when vanco-

mycin is not administered with other nephrotoxic agents and trough 

concentrations are less than 10 mg/mL.59–61 Factors that may increase 

the risk of nephrotoxicity include trough concentrations .15 mg/mL, 

higher total daily doses ($4 g/day), larger patient weight, prolonged 

durations (.7 days), and concomitant nephrotoxins (i.e., aminoglyco-

sides).23,61–67 Recently, piperacillin-tazobactam in combination with 

vancomycin has also been associated with increased risk of acute kidney 

injury when compared with either agent alone and when compared 

with combinations of vancomycin with other beta-lactams.68,69 On the 

other hand, use of continuous infusion appears to lower these risks.35 

Although vancomycin-associated nephrotoxicity is usually reversible, it 

can lead to increased hospital length of stay, healthcare costs, and even 

mortality.62

 Ototoxicity is rare and ranges from vertigo and tinnitus to hearing 

loss.3,59 Correlation between vancomycin exposure and risk of ototox-

icity is lacking, suggesting that early reports of toxicity may have been 

caused by either another drug or the combination of another drug 

with vancomycin.59,70 In the majority of cases, ototoxicity symptoms 

disappear within a month of discontinuing vancomycin.

Red man syndrome comprises erythema, pruritus, and flushing of 

the upper torso and is often associated with too rapid an infusion of 

the drug. In general, the infusion rate should not exceed 1 g/hr. Less 

frequently, hypotension and angioedema can occur. It is thought that 

increased histamine release is the cause of this syndrome, and the  

effects can be relieved by antihistamines.3,59,71–74

Other toxicities associated with vancomycin include maculopapu-

lar or erythematous rashes (2%–8%)17,75,76 and anecdotal reports of 

neutropenia and thrombocytopenia.75,77

TEICOPLANIN

Teicoplanin is a glycopeptide antibiotic and is not approved for use in the 

United States. It is available for use in Europe, some Asian countries, 
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Mexico, New Zealand, and Australia. It has a more favorable adverse effect 

profile than vancomycin; however, there is concern over teicoplanin’s 

clinical efficacy in the treatment of severe gram-positive infections.

Mechanisms of Action and Resistance
Teicoplanin, like other glycopeptide antibiotics, inhibits synthesis of the cell 

wall by binding to the d-alanyl-d-alanine terminus of cell wall precursor 

units. Resistance has been reported in both staphylococci and enterococci. 

The VanA phenotype confers high-level resistance to both teicoplanin 

(MIC: 16–512 mg/mL) and vancomycin (MIC: 64 to .1000 mg/mL). 

The VanB phenotype has also been identified in both E. faecium and E. 

faecalis and usually confers low-level resistance to vancomycin but not to 

teicoplanin. This resistance may limit the utility of teicoplanin for some 

vancomycin-resistant enterococcal infections. Several reports of S. aureus 

resistance developing during therapy with teicoplanin have been re-

ported.78–81 The mechanism of the resistance was determined in one 

patient to be constitutive and non–plasmid-mediated.79 Most phenotypes 

of hVISA and VISA demonstrate cross-resistance to teicoplanin.82

Spectrum of Activity
Teicoplanin is only active against gram-positive organisms. Activity 

against MSSA and MRSA is comparable to that of vancomycin. Coag-

ulase-negative staphylococci have a varied pattern of susceptibility to 

teicoplanin. Staphylococcus haemolyticus is the most resistant species to 

teicoplanin (30%).76 For methicillin-resistant coagulase-negative 

staphylococci, 39% of isolates have teicoplanin MICs greater than  

8 mg/mL compared with 1% with vancomycin.76,83 Teicoplanin is ac-

tive against other aerobic and anaerobic gram-positive organisms such 

as Corynebacterium spp.; Clostridium spp., including C. difficile and C. 

perfringens; Peptostreptococcus spp.; and Propionibacterium acnes.

Pharmacokinetics and Pharmacodynamics
Teicoplanin is administered orally and intravenously. The drug is 

poorly absorbed after oral administration, and approximately 40% of 

the drug is excreted unchanged in feces. IV administration of 400 mg  

(6 mg/kg) should provide a peak serum concentration of 20–50 mg/mL 

attained 1 hour after administration.84 The volume of distribution is 

large, at 0.9–1.41 L/kg, and teicoplanin is 90%–95% protein bound.84 

Tissue distribution is variable; most notably, penetration is poor into 

noninflamed meninges and fat but good into myocardium and pericar-

dium.85 Teicoplanin is primarily eliminated via glomerular filtration, 

and only 3% is metabolized.84 The half-life is approximately 150 hours 

in patients with normal renal function.84 In patients with mild to mod-

erate renal dysfunction, the half-life was found to be 157–567 hours.85,86

Dosage Regimens and Therapeutic Monitoring
Despite the long half-life in patients with normal renal function, teico-

planin should be administered daily, and the dose is dependent on the 

severity of infection. For less serious infections involving the urinary 

tract, skin, soft tissue, and lower respiratory tract, a loading dose of  

400 mg (6 mg/kg) 3 1 is administered, followed by a maintenance 

dose of 200 mg (3 mg/kg) every 24 hours. For severe infections such as 

septicemia, endocarditis, and osteomyelitis, 400 mg of teicoplanin is 

administered every 12 hours for 3 doses, followed by 400 mg every  

24 hours. For specific clinical scenarios such as S. aureus endocarditis, 

levels between 20 and 30 mg/L have been recommended. Therefore 

higher doses (up to 12 mg/kg) are suggested.84,87

Dosing in Renal Failure/Dialysis

Teicoplanin is not removed by hemodialysis or continuous ambulatory 

peritoneal dialysis (CAPD).88,89 The amount removed by high-flux mem-

branes such as CVVH, CVVHD, and CVVHDF can be significant.90–92 

For renal dysfunction, several dosing regimens exist, with doses even as 

high as 600–1800 mg/day during CVVH.91 Even with such high doses, 

therapeutic drug monitoring is still recommended, given the variability 

in protein binding and ultrafiltration rates when using CRRT.

Dosing in Venoarterial Extracorporeal  

Membrane Oxygenation

Limited data are available on the use of teicoplanin in patients receiv-

ing venoarterial extracorporeal membrane oxygenation (VA-ECMO). 

Eleven patients received a median loading dose of 11.6 mg/kg every  

12 hours 3 3 then a fourth dose 24 hours after the third dose. The 

range of trough concentrations was 14.85–44.84 mg/mL.93

Adverse Effects
Nephrotoxicity associated with teicoplanin is much lower than with 

vancomycin. The incidence from published and unpublished studies 

found the nephrotoxic rate to be 4%.71 Ototoxic rates with teicoplanin 

are similar to those with vancomycin.71 Hypersensitivity reactions are 

the most common adverse reaction to teicoplanin (2%–15%).71

TELAVANCIN

Mechanisms of Action and Resistance
Telavancin is a lipoglycopeptide derivative of vancomycin that has a 

dual mechanism of action. It binds to the d-alanyl-d-alanine terminus 

of the cell wall precursors, as does vancomycin, but additionally binds 

to bacterial membranes, resulting in depolarization and increased 

permeability of the membrane.94,95 This dual mode of action, in addi-

tion to structural differences, allows for enhanced activity against 

MRSA and some enterococci.96 The acquired VanA phenotype in en-

terococci confers resistance to telavancin. However, susceptibility  

is retained with the VanB phenotype.97 Van-mediated resistance in 

S. aureus leads to reduced telavancin activity but not as great as for 

vancomycin. In vitro studies have shown a low rate of de novo resis-

tance development in both staphylococci and enterococci, even with 

previous vancomycin exposure, and currently only one case of elevated 

telavancin MIC has been reported with clinical use.98–104

Spectrum of Activity
Telavancin is active against MSSA, MRSA, coagulase-negative staphy-

lococci, vancomycin-susceptible enterococci, Streptococcus pyogenes, 

Streptococcus agalactiae, and Streptococcus anginosus. The MIC90 

against both MSSA and MRSA is 0.06 mg/mL, and despite higher 

MICs, telavancin does have activity against vancomycin-intermediate 

and vancomycin-resistant strains (MIC ranges of 0.03–0.25 mg/mL, 

0.06–0.5 mg/mL, and 0.25–8 mg/mL against hVISA, VISA, and VRSA, 

respectively).105–110 Against Enterococcus spp., telavancin is slightly less 

potent, and greater activity is seen against vancomycin-resistant 

strains, with VanB over those with VanA.97,105–110 Telavancin is active 

against most anaerobic gram-positive organisms, including C. difficile 

and C. perfringens.111

Pharmacokinetics and Pharmacodynamics
Telavancin is administered IV and demonstrates linear pharmacokinet-

ics over doses of 7.5–15 mg/kg. In healthy subjects, doses of 7.5 and  

15 mg/kg at steady state resulted in mean Cmax serum concentrations of 

88 and 186 mg/mL and trough concentrations of 6 and 16 mg/mL, re-

spectively.112 Approximately 70% of telavancin is renally eliminated, and 

the half-life was dose dependent and ranged from 6 to 7.5 hours.112 

Telavancin is 90% protein bound to albumin and has a volume of distri-

bution of approximately 0.14 L/kg.113 Telavancin penetrates lung epithe-

lial lining fluid and alveolar macrophages well, and concentrations  
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exceeded 0.5 mg/mL during the entire dosing interval.114 Penetration 

into blister fluid is approximately 40% of serum concentrations but only 

1%–2% into inflamed meninges.115,116

Telavancin exhibits rapid concentration-dependent killing. The 

pharmacodynamic parameter identified in animal models as the best 

predictor of efficacy is the AUC/MIC ratio, with a target of 219 result-

ing in optimal killing.117,118

Dosage Regimens and Therapeutic Monitoring
For both complicated skin and skin structure infections and hospital-

acquired/ventilator-associated pneumonia, telavancin is dosed 10 mg/kg 

IV every 24 hours when CrCl is over 50 mL/min.

Dosing in Renal Failure/Dialysis

Because of the high urinary elimination of telavancin, dosage reduc-

tions are required when the patient’s CrCl falls below 50 mL/min. If 

CrCl is 30–50 mL/min, the dose of telavancin is 7.5 mg/kg every  

24 hours; when less than 30 mL/min, the dose is further reduced to  

10 mg/kg every 48 hours.113,118 Hemodialysis does not have a signifi-

cant impact on telavancin removal.119 In vitro studies evaluated the 

effect of CRRT on telavancin elimination and found high ultrafiltrate 

or dialysate rates can remove a significant amount of telavancin, which 

could require supplemental dosing.120

Dosing in the Setting of Obesity
A linear relationship is seen between body weight and clearance, thus 

supporting the milligram per kilogram dosing strategy; however, fur-

ther investigation is warranted, given the potential overestimation of 

CrCl using total body weight.121,122

Adverse Effects
Little information is available about the safety of telavancin in preg-

nant women. In three animal species, telavancin was found to have 

fetal effects including decreased birth weight and increased digit and 

limb malformations. A serum pregnancy test should be performed in 

women of childbearing age before starting telavancin. A pregnancy 

exposure registry is available should there be a need to use telavancin 

in a pregnant woman.113

The most common adverse effects associated with telavancin are 

nausea, vomiting, diarrhea, taste disturbance, foamy urine, and renal 

impairment.113,123–126 Telavancin interferes with urine protein qualita-

tive dipstick tests and several anticoagulation tests, including pro-

thrombin time (PT), activated partial thromboplastin time (APTT), 

international normalized ratio (INR), activated clotting time (ACT), 

and factor X activity assays.113 For this reason, concomitant use with 

unfractionated heparin is contraindicated.113,127 When measuring anti-

coagulation, these tests should be performed as close as possible before 

a patient’s next dose or alternative monitoring methods considered.113

DAPTOMYCIN

Daptomycin is a lipopeptide that was first discovered in the 1980s and 

was approved in 2003 by the FDA for complicated skin and skin struc-

ture infections and in 2006 for S. aureus bloodstream infections, in-

cluding right-sided endocarditis.

Mechanisms of Action and Resistance
Daptomycin has a unique mechanism of action targeting the cell 

membrane in the presence of calcium.128,129 To date, there have been 

several case series and case reports describing daptomycin resistance in 

patients with S. aureus.130 The mechanism appears to be multifactorial, 

with cell membrane changes being largely implicated. Development of 

resistance in enterococcus has been observed as well.131 However, in 

contrast to S. aureus, genetic pathways appear to be the key alterations 

explaining this phenomenon. Clinically, the development of resistance 

has led to treatment failures and the need for salvage therapy.

Spectrum of Activity
Daptomycin’s rapid, concentration-dependent antibacterial activity en-

compasses most gram-positive bacteria (staphylococci, pneumococci, 

and enterococci), including vancomycin-resistant and penicillin-resis-

tant strains. Because of the calcium-dependent nature of daptomycin 

activity, all in vitro testing must be supplemented with physiologic 

concentrations of calcium.132 The breakpoint for susceptibility is less 

than or equal to 1 mg/mL for staphylococci and beta-hemolytic strep-

tococci. Isolates with higher MICs are considered nonsusceptible. Al-

though rare, 0.03% and 0.06% of S. aureus strains were found to be 

nonsusceptible in the United States and Europe, respectively.133 Dapto-

mycin initially appeared active against vancomycin-intermediate and 

vancomycin-resistant strains of S. aureus. However, a recent analysis of 

33 VISA isolates found 70% resistance to daptomycin.134 Interestingly, 

100% of VRSA isolates were susceptible, possibly because of the differ-

ence in resistance mechanisms. The FDA breakpoint for susceptibility 

against enterococci is less than or equal to 4 mg/mL, whereas EUCAST 

is currently reviewing and CLSI has recently established new cut-

offs.135,136 This includes a definition of susceptible dose-dependent 

(MIC # 4 mg/mL), warranting higher doses of 8–12 mg/kg, or resistant 

($8 mg/mL) for all E. faecium isolates. On the contrary, #2 mg/mL is 

considered susceptible, 4 mg/mL intermediate, and $8 mg/mL resistant 

for all other Enterococcus spp. Daptomycin resistance is more common 

in enterococci compared with staphylococci and is higher among  

E. faecium than E. faecalis.133

Pharmacokinetics and Pharmacodynamics
Daptomycin given as either a 30- or 2-minute infusion demonstrates 

linear kinetics at dosing from 4 to 12 mg/kg.136,137 The drug is 90%–95% 

protein bound and has a lower affinity for tissue proteins, leading to a 

small volume of distribution and relatively low rate of central nervous 

system (CNS) penetration.136 Although it does distribute to lung paren-

chyma, it is inactivated by pulmonary surfactant, rendering it ineffective 

in bronchoalveolar pneumonia. It is primarily eliminated by the renal 

route, and the half-life is 7–9 hours in patients with normal renal func-

tion.136 In patients with CrCl less than 30 mL/min, end-stage renal dis-

ease, hemodialysis, or peritoneal dialysis, a 4 mg/kg dose should provide 

peak serum concentrations around 25–30 mg/mL and a half-life of about 

30 hours.136

Daptomycin is rapidly bactericidal and exhibits concentration-de-

pendent killing against gram-positive organisms, including entero-

cocci.128,129 Daptomycin also exhibits a postantibiotic effect that allows 

for once-daily dosing.138

Dosage Regimens and Therapeutic Monitoring
Intravenous Administration in Adults

For complicated skin and skin structure infections, dosing of dapto-

mycin is 4 mg/kg every 24 hours. Dosing for S. aureus bacteremia or 

right-sided endocarditis is 6 mg/kg every 24 hours.136 Limited clinical 

evidence suggests consideration of higher doses (8–12 mg/kg) in spe-

cific scenarios such as MRSA bacteremia or deep-seated enterococcal 

infections.139,140

Dosing in the Setting of Obesity

Daptomycin exposure is greater in obese patients, but does not exceed 

safety thresholds.141,142 Based on this, recommendations have been to 

base daptomycin dosage on total body weight. However, recent data 
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demonstrate greater risk for toxicities in this population, such as cre-

atine phosphokinase (CPK) elevations, and some may advocate for 

alternative dosing strategies.143–147 Despite this, there is currently insuf-

ficient evidence to routinely use other weight measurements, such as 

ideal body weight or adjusted body weight, when determining dapto-

mycin dosage, especially in critically ill obese patients.

Dosing in Renal Failure/Dialysis

In patients with CrCl less than 30 mL/min or undergoing hemodialysis 

or chronic peritoneal dialysis, the dose should be reduced and given 

every 48 hours according to the underlying infection.136 In patients 

undergoing CRRT, the amount of daptomycin removed is dependent 

on the type of filter and the flow rates.148 Dosing recommendations for 

patients undergoing CRRT are 4–6 mg/kg every 48 hours, although 

there is some speculation that doses may need to be increased to  

8–10 mg/kg every 48 hours or 4–6 mg/kg every 24 hours.52,149–154 

Similarly, a dose of 6 mg/kg every 24 hours has been proposed for 

patients receiving extended daily dialysis (EDD).155 Despite this, until 

more data are obtained, the use of higher doses should be balanced 

with the risk of adverse effects.

Dosing in Cardiopulmonary Bypass/Extracorporeal  

Membrane Oxygenation

Daptomycin administered at a dose of 8 mg/kg to patients undergoing 

cardiopulmonary artery bypass grafting requiring CPB produced mean 

concentrations greater than 30 mg/mL throughout the procedure and 

until sternum closure.156 In a single ex vivo study examining daptomy-

cin concentrations after passage through pediatric and adult ECMO 

circuits, no significant daptomycin loss was observed at 24 hours.157

Dosing in Burn Patients

One study evaluated single-dose pharmacokinetics (4 mg/kg) in burn 

patients and found the Cmax was 44% lower, with 47% lower AUC and 

an increase in volume of distribution and clearance.158 The authors 

suggest a dose of 10–12 mg/kg in burn patients should provide the 

same drug exposure as 6 mg/kg in healthy volunteers.

Adverse Effects
CPK concentrations increased in 2.8% of patients treated with dapto-

mycin in the complicated skin and skin structure infection studies and 

9.2% in the bacteremia/endocarditis trial.129,136 Elevations in CPK can 

occur 2–3 days before clinical signs or symptoms of myopathy present 

but generally return to normal upon discontinuation of the drug.138 

Daptomycin minimal concentrations (Cmin) above 24.3 mg/L and con-

comitant statin therapy have been associated with increased risk of this 

adverse effect.144,159

LINEZOLID

Linezolid was approved in 2000 by the FDA for several indications in-

volving susceptible gram-positive organisms, including skin and skin 

structure infections, community-acquired and nosocomial pneumo-

nia, and vancomycin-resistant E. faecium infections (including those 

with concomitant bacteremia).

Mechanisms of Action and Resistance
Linezolid is an oxazolidinone antibiotic, a newer class of synthetic 

agents. Linezolid binds to the 50S ribosome and inhibits the binding of 

messenger RNA (mRNA), thereby preventing protein synthesis.160 

Clinical isolates of S. aureus, E. faecium, and E. faecalis resistant to line-

zolid have been identified, but rates are low (#1.5%) and have re-

mained relatively stable.161 The most common mechanism of resistance 

is chromosomal alteration of the 23S ribosomal RNA (rRNA).161 Other 

emerging mechanisms involve acquisition of the natural resistance 

gene, cfr, and a newly identified gene, optrA, both of which have been 

increasing in linezolid nonsusceptible isolates in recent years.162–165 This 

finding is worrisome because the cfr gene confers resistance to other 

antimicrobial classes, including chloramphenicol and clindamycin, and 

both genes are transmissible.163 These resistance issues, although rare, 

do raise concern and emphasize the importance of appropriate use of 

linezolid.

Spectrum of Activity
The FDA and CLSI breakpoint for susceptibility to linezolid is less  

than or equal to 4 mg/mL for staphylococci and less than or equal to 

2 mg/mL for enterococci and streptococci. EUCAST breakpoints are 

less than or equal to 4 mg/mL for staphylococci and enterococci and 

less than or equal to 2 mg/mL for streptococci. It is active against both 

MSSA and MRSA and VISA and VRSA.134,161,166,167 Linezolid is equally 

active against both vancomycin-susceptible and vancomycin-resistant 

enterococci and both penicillin-susceptible and penicillin-resistant  

S. pneumoniae.161,168 Linezolid is also active against a variety of other 

organisms, including Pasteurella multocida, Peptostreptococcus spp., 

Fusobacterium spp., and Prevotella spp.

Pharmacokinetics and Pharmacodynamics
Linezolid is available in both oral and IV formulations. Oral absorp-

tion is over 90%, making the oral formulation bioequivalent to the IV 

formulation. The peak serum concentration and half-life at steady 

state after 600 mg twice daily are 14–18 mg/mL and 5–6 hours.169–171 

Linezolid is approximately 30% protein bound and penetrates quickly 

into bone, fat, and muscle, achieving 50%–60% of serum concentra-

tions in bone and 90%–95% in muscle.172 Cerebrospinal penetration 

has been documented in patients with meningitis at a fluid/plasma 

ratio around 1, and pulmonary distribution is excellent.173–177 Elimina-

tion of linezolid is 30% renal and 70% metabolized to inactive me-

tabolites, with essentially no linezolid eliminated in feces as unchanged 

drug.171 Linezolid is not an inducer of the cytochrome P-450 enzyme 

system.

Linezolid is bacteriostatic against staphylococci and enterococci 

and is bactericidal against streptococci. It demonstrates time-depen-

dent pharmacodynamics, and the parameters that best model the kill-

ing activity are an AUC/MIC ratio .100 and %T . MIC of $85%.178

Dosage Regimens and Therapeutic Monitoring
Intravenous Administration in Adults

The usual dose of linezolid is 600 mg twice daily, and for uncompli-

cated skin and skin structure infections, the dose is 400 mg twice daily. 

In critically ill patients, linezolid pharmacokinetics have been found to 

vary significantly and may lead to insufficient levels in those receiving 

standard dosing.179–183 For this reason, alternative dosing strategies 

(i.e., continuous infusion, increased frequency, higher doses) coupled 

with TDM have been proposed; however, further studies are needed to 

assess the efficacy and safety of this.179,184

Dosing in the Setting of Obesity

Body weight has been associated with alterations in linezolid kinetics; 

however, no concrete dose adjustments have been recommended for 

critically ill, obese patients.178,185,186

Dosing in Renal Failure/Dialysis

Hemodialysis removes approximately 30% of linezolid during a  

3- to 4-hour session, and limited data exist on peritoneal dialysis 

removal. However, no dosage adjustment is needed in patients with 
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renal dysfunction or end-stage renal disease. During different mo-

dalities of CRRT, linezolid removal is variable and has the potential 

to lead to subtherapeutic levels; however, further studies are  

warranted to determine the optimal dosing regimen when CRRT is 

used.187,188

Dosing in Burn Patients

In a small study of severe burn patients, the volume of distribution and 

renal clearance were similar to healthy controls; however, total clear-

ance was higher, likely the result of increased nonrenal clearance  

in those with thermal injuries (323 1 191 vs. 80.4 1 27.5 mL/min, 

P 5 0.063).189

Adverse Effects
Reversible myelosuppression is the most significant adverse effect as-

sociated with linezolid therapy. Anemia, neutropenia, and thrombocy-

topenia have all been reported, and the incidence increases with dura-

tions of therapy exceeding 14 days.190,191 Renal dysfunction and 

elevated linezolid concentrations have also been associated with this 

toxicity.192 Complete blood cell counts should be monitored weekly, 

especially in patients in whom the duration of therapy is likely to  

exceed 2 weeks.

Linezolid is a reversible, nonselective inhibitor of monoamine oxi-

dase; therefore the potential for interaction with adrenergic and seroto-

nergic agents exists. Several case reports of serotonin syndrome (fever, 

agitation, tremors, and mental status changes) secondary to an interac-

tion between linezolid and selective serotonin reuptake inhibitors (SSRIs) 

have been identified.193

Serious reactions, including optic or peripheral neuropathy, have 

been increasingly reported and are generally seen after longer dura-

tions of linezolid therapy.193 Optic neuropathy tends to be reversible 

upon discontinuation of linezolid, but peripheral neuropathy tends to 

be permanent.193 The mechanism underlying this neuropathy is 

thought to involve the inhibition of mitochondrial protein synthe-

sis.193,194 Lactic acidosis, another potentially fatal effect, is also thought 

to be caused by prolonged therapy and mitochondrial disruption.195

TEDIZOLID

FDA-approved in 2014 and European Medicines Agency (EMA)–approved 

in 2015, tedizolid is currently indicated only for the treatment of acute 

bacterial skin and skin structure infections.

Mechanisms of Action and Resistance
Tedizolid phosphate, the prodrug of the active moiety tedizolid, is a 

second-generation oxazolidinone. It acts via a mechanism similar to li-

nezolid in preventing protein synthesis by binding to the 50S ribo-

some.196 Owing to the incorporation of a D-ring substituent and a hy-

droxymethyl group, however, tedizolid exhibits fourfold to eightfold 

greater potency against staphylococcal, streptococcal, and enterococcal 

isolates.197,198 These structural changes are also responsible for tedizolid’s 

ability to maintain activity against some oxazolidinone-resistant organ-

isms expressing the cfr gene.199,200 Cross-resistance to tedizolid can occur, 

however, and is likely mediated by a combination of alterations at the 

ribosomal binding site or acquisition of the otprA gene.165,200,201 Overall, 

the spontaneous development of resistance to tedizolid is low.202

Spectrum of Activity
The FDA breakpoint for susceptibility to tedizolid is less than or equal 

to 0.25 mg/mL for streptococci in the S. anginosus group and less than 

or equal to 0.5 mg/mL for S. pyogenes, S. agalactiae, E. faecalis, and S. 

aureus (including both methicillin-resistant and methicillin-susceptible 

isolates).203 Against hVISA, VISA, and daptomycin-nonsusceptible 

(DNS) S. aureus, tedizolid demonstrates activity with an MIC90 value of 

0.5 mg/mL against all pathogens.166 Higher MICs were seen when te-

dizolid was tested against linezolid-resistant isolates of S. aureus (range: 

1–8 mg/mL), albeit much lower than the MICs to linezolid (range: 8–64 

mg/mL).204 Tedizolid is equally active against both vancomycin-suscep-

tible and vancomycin-resistant enterococci with an MIC90 of 0.5 mg/

mL, and against linezolid-resistant enterococci, the MIC ranged from 1 

to 4 mg/mL.203,204 Tedizolid exhibited similar potency against penicillin-

susceptible and penicillin-resistant S. pneumoniae with an MIC90 of 

0.25 mg/mL.203

Pharmacokinetics and Pharmacodynamics
Tedizolid is available in both oral and IV formulations as tedizolid 

phosphate, a prodrug that is rapidly converted by serum phosphatases 

to the active tedizolid compound. Oral absorption is approximately 

90%.205,206 The mean maximum plasma concentration ranged from 

1.8 to 2.4 mg/mL at 2–3 hours after oral administration, with a mean 

half-life of approximately 11 hours.205 Tedizolid is 90% protein bound 

and is widely distributed into soft tissues (Vd 5 108 L), including sig-

nificant accumulation in epithelial lining fluid (ELF).207,208 Elimina-

tion of tedizolid is 20% renal and 80% via the liver as an inactive sul-

fate conjugate.209,210 Tedizolid has low affinity for cytochrome P-450 

enzymes, and weak, reversible inhibition of monoamine oxidase 

(MAO) was seen in vitro.196,211

Tedizolid is bacteriostatic, and early models suggest that the AUC/

MIC ratio is the pharmacodynamic parameter most reflective of te-

dizolid killing of staphylococci.212–215

Dosage Regimens and Therapeutic Monitoring
The usual dose of tedizolid is 200 mg once daily for the treatment of acute 

bacterial skin and skin structure infections and is not affected by obe-

sity.216 At this time, there have been no completed studies exclusively in 

critically ill patients. However, a phase III study is currently ongoing 

comparing tedizolid with linezolid for the treatment of hospital-acquired 

bacterial pneumonia (HABP) and ventilated nosocomial pneumonia 

(VNP).217

A study of patients with extensive renal and hepatic impairment 

suggested that no adjustment of tedizolid dosage is required for these 

populations.210 Additionally, neither hemodialysis nor CRRT signifi-

cantly removes the drug.210,218

Adverse Effects
The potential for myelosuppression, similar to that observed with line-

zolid, exists with tedizolid; however, it was not observed in healthy adults 

receiving 200 mg of tedizolid daily for 21 days.219 Similarly, a pooled 

analysis of two phase III trials found a lower incidence of thrombocyto-

penia compared with those receiving linezolid.220 These results suggest 

that tedizolid may have less harmful hematologic effects than linezolid.

MAO inhibition by tedizolid was also evaluated in human and ani-

mal studies, yet no significant rise in blood pressure or serotonergic 

effect was seen.211 Similarly, no evidence of optic or peripheral neu-

ropathy was found after a 21-day course of tedizolid in healthy adults.221 

Despite these findings, the true impact of these untoward reactions re-

mains to be seen as more widespread use of tedizolid takes place.

QUINUPRISTIN/DALFOPRISTIN

Mechanisms of Action and Resistance
Quinupristin/dalfopristin is a streptogramin antibiotic and is a mix of 

two different streptogramin components from groups A and B. The 

individual components are bacteriostatic, but the combination is often 
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bactericidal except against E. faecium. Each component binds to differ-

ent sites on the 50S subunit of the ribosome, inhibiting translation of 

mRNA at the elongation step, thereby inhibiting protein synthesis.222

Streptogramins share similar sites of action with macrolide and 

lincomycin antibiotics. As a result, mechanisms of resistance are also 

shared. The most common type of resistance to streptogramins in-

volves the erythromycin resistance methylase (erm) genes, termed 

MLSB.223 These genes decrease the binding of antibiotics such as 

streptogramins group B, erythromycin, and clindamycin by dimeth-

ylating a residue on the 23S ribosome. Group A streptogramins are 

not affected, and the combination often retains its synergistic activ-

ity.223 Enzymatic modification of both components is another 

mechanism of resistance to the drug.224,225 The third mechanism 

involves efflux pumps: one that pumps out both macrolides and 

streptogramins and one specific for streptogramins.224,226,227

Spectrum of Activity
Quinupristin/dalfopristin is active against a wide variety of gram-

positive organisms in addition to many anaerobes and oral flora or-

ganisms. An MIC of 2 mg/mL or less indicates susceptibility. Against 

vancomycin-intermediate and vancomycin-resistant S. aureus, the 

drug is active with MICs of 0.25–1 mg/mL.228,229 Both vancomycin-

susceptible and vancomycin-resistant E. faecium are susceptible to 

quinupristin/dalfopristin (MIC90: 1–4 mg/mL); however, E. faecalis is 

resistant to quinupristin/dalfopristin (MIC90: 4–32 mg/mL).229–231

Pharmacokinetics and Pharmacodynamics
In healthy volunteers and in patients undergoing CAPD, the mean peak 

serum concentration of quinupristin was 2.6 and 2.9 mg/mL, respectively, 

and for dalfopristin it was 7.1 and 8.5 mg/mL, respectively, after a single 

7.5-mg/kg dose.232 Quinupristin/dalfopristin is hepatically metabolized 

to several active metabolites, and both the parent components and the 

metabolites are primarily eliminated via bile into feces.233 Urinary excre-

tion of quinupristin/dalfopristin and metabolites is 15%–19%. The mean 

half-life ranges from 1.2 to 1.5 hours. The drug is 90% protein bound.234

Dosage Regimens and Therapeutic Monitoring
The dose of quinupristin/dalfopristin is 7.5 mg/kg every 8–12 hours and 

infused over 1 hour. Dosage reduction is likely required in patients with se-

vere liver dysfunction, although specific recommendations are not available.

Dosing in Renal Failure/Dialysis

Neither hemodialysis nor peritoneal dialysis removes any appreciable 

amount of quinupristin/dalfopristin.232,235 Penetration into the perito-

neal cavity is negligible in CAPD patients. No dosage adjustment is 

needed in patients with renal insufficiency or on dialysis.

Adverse Effects
Myalgias (6%–7%) and arthralgias (9%–9.5%) are the most severe ad-

verse effects and are often the reason for discontinuation of the drug.236,237 

Elevations in direct and conjugated bilirubin and gamma-glutamyl trans-

ferase are common. Infusion-related adverse effects occur in 30%–45% 

of patients with peripheral lines used for the infusion.236 The reactions 

include pain, burning, inflammation, and thrombophlebitis. Other tox-

icities include nausea, diarrhea, vomiting, and rash.

 References for this chapter can be found at expertconsult.com.

KEY POINTS

• Vancomycin is a first-line agent for most gram-positive infections, including those 

caused by staphylococci, streptococci, and enterococci. Resistance to vancomy-

cin in S. aureus is rare but much more common in Enterococcus spp.

• Significant attention has been drawn to the challenge of dosing vancomy-

cin, especially in the critically ill population. TDM is recommended, and the 

optimal target for safety and efficacy is a continued source of debate.

• Red man syndrome, nephrotoxicity, and, rarely, ototoxicity are the most 

common adverse effects associated with vancomycin use.

• Telavancin can be used as an alternative for skin and skin structure infec-

tions or nosocomial pneumonia; however, use of this agent is plagued by 

teratogenicity and interference with anticoagulation tests.

• Daptomycin is a lipopeptide with gram-positive activity, including several 

vancomycin-resistant strains. It is approved for bacteremia, right-sided en-

docarditis, and complicated skin and skin structure infections.

• Dosing concerns exist with critically ill patients, and traditional weight-

based dosing has led to subtherapeutic and supratherapeutic concentra-

tions in different populations. Alternative dosing strategies need to balance 

efficacy with the risk of toxicity, most commonly manifested as myopathy 

and CPK elevations.

• Linezolid is an oxazolidinone used both intravenously and orally for skin and 

skin structure infections and for pneumonia. The most common side effects 

include myelosuppression, MAO interactions, and peripheral and optic 

neuropathy.

ANNOTATED REFERENCES

Neely M, Kato L, Youn G, et al. Prospective trial on the use of trough concen-

tration versus area under the curve to determine therapeutic vancomycin 

dosing. Antimicrob Agents Chemother. 2018;62(2):e02042.

Prospective study comparing clinical outcomes between trough-based and 

AUC-guided vancomycin dosing. The study found lower rates of nephrotoxic-

ity without compromising clinical efficacy.

Roger C, Roberts JA, Muller L. Clinical pharmacokinetics and pharmacody-

namics of oxazolidinones. Clin Pharmacokinet. 2018;57(5):559-575.

Comprehensive review of the pharmacokinetics/pharmacodynamics and  

toxicodynamics of linezolid and tedizolid, including clinical applications.

Rybak M, Lomaestro B, Rotschafer JC, et al. Therapeutic monitoring of van-

comycin in adult patients: A consensus review of the American Society  

of Health-System Pharmacists, the Infectious Diseases Society of America, 

and the Society of Infectious Diseases Pharmacists. Am J Health Syst 

Pharm. 2009;66:82-98.

Vancomycin guidelines developed provide the evidence or lack of evidence 

supporting the dosing, monitoring efficacy, and toxicity of vancomycin  

therapy. This is the first guideline for the use of vancomycin.

Timbrook T, Caffrey A, Luther M, et al. Association of higher daptomycin 

dose (7 mg/kg or greater) with improved survival in patients with  

methicillin-resistant Staphylococcus aureus bacteremia. Pharmacotherapy. 

2018;38(2):189-196.

Retrospective cohort examining the comparative effectiveness of traditional 

daptomycin dosing with higher weight-based dosing in patients with MRSA 

bacteremia. The study found significantly lower rates of 30-day mortality in 

those receiving higher doses.
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Antimicrobial Agents Active Against  
Anaerobic Bacteria

Itzhak Brook

Infections caused by anaerobic bacteria are common and may be seri-

ous and life-threatening. Anaerobes are predominant components of 

the bacterial flora of the normal human skin and mucous membranes1 

and are a common cause of endogenous bacterial infections. Because 

of their fastidious nature, they are difficult to isolate and are often 

overlooked. Their isolation requires appropriate methods of collec-

tion, transportation, and cultivation.2–5 Treatment of anaerobic bacte-

rial infections is complicated by the relatively slow growth of these 

organisms, frequent polymicrobial nature, and growing resistance to 

antimicrobials.

Antimicrobial resistance among anaerobes has increased in the past 

three decades, and their susceptibility has become less predictable.6–14 

The most commonly isolated antibiotic-resistant anaerobes are those 

that belong to the Bacteroides fragilis group.15 This increase makes the 

choice of appropriate empiric therapy more difficult. Resistance patterns 

have been monitored through national and local surveys, but suscepti-

bility testing of anaerobic bacteria at individual hospitals is rarely 

done.10,11 This chapter describes the antimicrobials effective against an-

aerobic bacteria and the resistance of these organisms against them.

ANTIMICROBIAL AGENTS EFFECTIVE AGAINST 
ANAEROBIC BACTERIA

Table 109.1 illustrates the antimicrobials effective against anaerobic 

bacteria and their efficacy against both aerobic and anaerobic bacteria. 

Table 109.2 illustrates the resistance of bacteria from the B. fragilis 

group and other anaerobes to antimicrobials.

Beta-Lactam Antibiotics
Penicillin G is the classical drug of choice when the infecting strains 

are susceptible. Most Clostridium strains (except some C. ramosum, C. 

clostridioforme, and C. innocuum) and Peptostreptococcus spp. remain 

susceptible to penicillin. Most B. fragilis groups are resistant to penicil-

lin. Other strains that may show resistance are growing numbers of 

anaerobic gram-negative bacilli (AGNB), such as pigmented Prevotella 

and Porphyromonas spp., Prevotella oralis, P. bivia, B. disiens, strains of 

Clostridia, Fusobacterium spp. (F. varium and F. mortiferum), and mi-

croaerophilic streptococci. Some of these strains show minimum in-

hibitory concentration (MIC) of 8–32 units/mL of penicillin G. In 

these instances, administration of very high dosages of penicillin G 

(for non–beta-lactamase producers) may eradicate the infection.

Ampicillin, amoxicillin, and penicillin are generally equal in activ-

ity to penicillin G, but the semisynthetic penicillins are less active. 

Methicillin, nafcillin, and the isoxazolyl penicillins (oxacillin, cloxa-

cillin, and dicloxacillin) are ineffective against the B. fragilis group, 

have unpredictable activity, and are frequently inferior to penicillin G 

against anaerobes.16

Penicillin and ampicillin/amoxicillin are of limited utility because 

of the production of beta-lactamases by many oral and most intraab-

dominal anaerobes. Clavulanate, sulbactam, and tazobactam irrevers-

ibly inhibit beta-lactamase enzymes produced by beta-lactamase– 

producing Fusobacterium spp. and AGNB.16–18 When used in 

combination with a beta-lactam antibiotic (e.g., ampicillin-sulbac-

tam, amoxicillin-clavulanate, and piperacillin-tazobactam), they are 

effective in treating anaerobic infections caused by beta-lactamase–

producing bacteria (BLPB).

Beta-lactam/beta-lactamase inhibitor combinations (BL-BLICs) 

are appropriate choices for mixed aerobic-anaerobic infections. They 

have maintained good activity against most anaerobes. Whereas 89% 

of B. fragilis are susceptible to ampicillin-sulbactam, 98% are suscep-

tible to piperacillin-tazobactam8 compared with 86% and 92%, respec-

tively, for B. thetaiotaomicron isolates. Recently, the Infectious Diseases 

Society of America (IDSA) removed ampicillin-sulbactam from the 

recommended list of drugs for intraabdominal infections because of 

increased Escherichia coli resistance.19 Amoxicillin-clavulanate remains 

the agent of choice for human and animal bite wound infections,20 

especially when anaerobes may be involved. Piperacillin-tazobactam is 

also a frequently and appropriately prescribed agent for serious in-

traabdominal infections. It has also maintained good activity against 

most anaerobes.8

The semisynthetic penicillins, the carboxy-penicillins (carbenicillin 

and ticarcillin) and ureidopenicillins (piperacillin, azlocillin, and mezlo-

cillin), generally are administered in large quantities to achieve high serum 

concentration. These drugs are effective against Enterobacteriaceae and 

have good activity against most anaerobes at these concentrations. How-

ever, up to 30% of the bacteria in the B. fragilis group is resistant.21

Many anaerobes possess cephalosporinases, and therefore cephalo-

sporins have limited utility.22 The activity of cephalosporins against 

the beta-lactamase–producing AGNB varies. The antimicrobial spec-

trum of the first-generation cephalosporins against anaerobes is simi-

lar to penicillin G, although on a weight basis, they are less active. Most 

strains of the B. fragilis group and many Prevotella, Porphyromonas, 

and Fusobacterium spp. are resistant to these agents.23 Cephalospori-

nases have little or no hydrolytic activity against the second-generation 

cefoxitin (a cephamycin), which is the most effective cephalosporin 

against the B. fragilis group. However, susceptibility may vary by geo-

graphic location and is generally directly related to its clinical use. 

Cefoxitin is relatively inactive against most species of Clostridium, in-

cluding C. difficile, with the exception of C. perfringens.23–25

Cefoxitin is often used for surgical prophylaxis at most body sites 

that involve mucous membranes. With the exception of moxalactam, 

the third-generation cephalosporins are not as active against B. fragilis.

Currently, approximately 85% of B. fragilis isolates are susceptible 

to cefoxitin, but the other B. fragilis group species are more resistant.8 
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Antimicrobial Agent

ANAEROBIC BACTERIA AEROBIC BACTERIA

Beta-Lactamase– 

Producing AGNB Other Anaerobes Gram-Positive Cocci Enterobacteriaceae

Penicillina 0 1 1 1 1 0

Chloramphenicola 1 1 1 1 1 1 1 1

Cephalothin 0 1 1 1 

Cefoxitin 1 1 1 1 1 1 1 1 1

Carbapenems 1 1 1 1 1 1 1 1 1 1 1 1

Clindamycina
11 1 1 1 1 1 1 0

Ticarcillin 1 1 1 1 1 1 1

Amoxicillin 1 clavulanatea
1 1 1 1 1 1 1 1 1 1

Piperacillin 1 tazobactam 1 1 1 1 1 1 1 1 1 1

Metronidazolea
1 1 1 1 1 1 0 0

Moxifloxacin 11 11 11 111

Tigecycline 11 111 111 11

TABLE 109.1 Antimicrobial Agents Effective Against Mixed Infections

 Amp-Sulb Amx-Clav Pip-Tazo Fox Erta Imi Mero Dori Clinda Moxi Tige

Suscept. breakpoint ,8/4 ,4/2 ,32/4 ,16 ,4 ,4 ,4 ,4 ,2 ,2 ,4

Resistant .32/16 .16/8 .128/4 .64 .16 .16 .16 .16 .8 .8 .16

Organism

Bacteroides fragilis 2.8–11 4–37 0–5 4–25 1.4–10 0.3–7 1.2–22 1.3–12 10–42 10–41 2–11

B. thetaiotaomicron 4.9–15 12–37 0–12 6.8–68 1.3–3 0–7 0–3 0–3 39.8–60 13–75 0–5.8

Parabacteroides  

distasonis

15–20.6 21 0–14 11–60 0–6 0–1 0–1 0 14.3–64 12.5–52 0–3.2

B. ovatus 2–8 18 0 18–59 2–2.2 0 0 0 36–45.5 8–87 2–5.2

B. vulgatus 3–25 14 1.1–7 11–20 0–2 0–7 0 0 40–54 21–74 0–5

B. fragilis group 10–20 0–8 17–33 ,1–1 32–52 14–57 2–13

Prevotella spp. 0 0–19 0–1 0–3 0 0–6 13–33 11–42 0

Fusobacterium spp. 0–11 0 0 0 4 8 0 8–31 10–25 0

Clostridium spp. 0 0–5 0 16–35 0–4 15 0–5 0 16–25 7–53 14

Anaerobic gram- 

positive cocci

0 0–6 0–3 0–2 0 0 0 0 5–27 3–36 0

TABLE 109.2 Percent Resistance of Bacteroides fragilis Group and Other Anaerobes to 
Antimicrobial Agents (Includes Intermediate-Resistant Strains)

Adapted from Mazuski JE, Solomkin JS. Intra-abdominal infections. Surg Clin North Am. 2009;89(2):421-ix.

Amx-Clav, Amoxicillin/clavulanate; Amp-Sulb, ampicillin/sulbactam; Clinda, clindamycin; Dori, doripenem; Erta, ertapenem; Fox, cefoxitin; Imi, 

imipenem; Mero, meropenem; Moxi, moxifloxacin; Pip-Tazo, piperacillin/tazobactam; Tige, tigecycline.

Metronidazole is not included because .99% of gram-negative strains are susceptible.

Cefotetan is less effective than cefoxitin against B. fragilis and other mem-

bers of the B. fragilis group. Recently, the IDSA removed cefotetan from 

the recommended list of drugs against intraabdominal infections because 

of poor B. fragilis group activity and resultant clinical failures.26–28

The carbapenems (imipenem, meropenem, doripenem, and ertap-

enem) have excellent activity against anaerobes.29 Imipenem, a thiena-

mycin, is a beta-lactam antibiotic that is effective against a wide variety 

of aerobic and anaerobic gram-positive and gram-negative organisms, 

including B. fragilis.30,31 It is also effective against most Enterobacteria-

ceae, with about 5%–15% of Pseudomonas spp. resistance.32 To over-

come the problem of renal metabolism of imipenem, it is combined at 

a 1:1 ratio with an inhibitor of the renal dipeptidase, cilastatin. This 

agent is an effective single agent for the treatment of mixed aerobic-

anaerobic infections. Recarbrio (imipenem, cilastatin, and the beta-

lactamase inhibitor relebactam) has been approved by the Food and 

Drug Administration (FDA) for the treatment of complicated intraab-

dominal infections. Relebactam is active against both class A and class 

C beta-lactamases and restores imipenem susceptibility to many imi-

penem-resistant isolates of AmpC-producing Pseudomonas aeruginosa 

and Enterobacteriaceae expressing Klebsiella pneumoniae carbapene-

mases (KPC) or combinations of impermeability and extended-spec-

trum beta-lactamases (ESBLs)/AmpCs.33

AGNB, Anaerobic gram-negative bacilli.

Degrees of activity: 0 to 1 1 1.
aAvailable also in oral form.
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Meropenem antibacterial activity is similar to imipenem. However, 

it is less active against staphylococci and enterococci and provides  

better coverage of aerobic and facultative gram-negative bacteria.34 

Meropenem has been effective in abdominal infections, meningitis in 

children and adults, community-acquired and nosocomial pneumonia, 

and neutropenic fever.35

Ertapenem, a newer 1-beta-methyl carbapenem, is stable to dehy-

dropeptidase and has a broad antibacterial spectrum for aerobic and 

anaerobic bacteria, including C. perfringens, Fusobacterium spp., Pepto-

streptococcus spp., and AGNB.36 Compared with other available car-

bapenems, ertapenem has a long half-life of 4.5 hours and is given as a 

single daily dose. It is not active against P. aeruginosa, Enterococcus spp., 

and Acinetobacter spp.

Doripenem, a synthetic 1-beta-methyl carbapenem, possesses a simi-

lar antimicrobial spectrum to meropenem and imipenem.31 It has sig-

nificant in vitro activity against aerobic and anaerobic bacteria, including 

the B. fragilis group. In vitro, resistant P. aeruginosa mutants appear to be 

harder to select with doripenem than with other carbapenems.

Carbapenems are generally employed in more serious anaerobic in-

fections such as intraabdominal and skin and soft tissue infections.26–28 

Recent reports have noted the development of some carbapenem resis-

tance among anaerobes,13 ranging from 1.1% to 2.5% in a multicenter 

US survey but higher in a small number of isolates from Taiwan.37

Resistance to Beta-Lactam Antibiotics
Anaerobes manifest three major resistance mechanisms to beta-lactam 

antibiotics: inactivating enzymes, mainly beta-lactamases (BLAs), 

which include penicillinases and cephalosporinases; low-affinity peni-

cillin binding proteins (PBPs); and decreased permeability through 

alterations in the porin channel.38 The production of BLAs is the most 

common mechanism of resistance to beta-lactam antibiotics in anaer-

obes, especially among the B. fragilis group and Prevotella spp.39 Typi-

cally, the cephalosporinases belong to the 2e class type and can be in-

hibited by three beta-lactamase inhibitors: clavulanic acid, sulbactam, 

and tazobactam. Each individual cephalosporin may have either a class 

or specific inhibitor enzyme that is able to inactivate it.

Carbapenemases are active against the carbapenems and all beta-

lactam antibiotics. Carbapenem resistance occurs in ,1% of US iso-

lates, and up to 3% of Bacteroides strains harbor one of the genes that 

is expressed at a very low level.

With a few exceptions among some Clostridium spp., strains of Clos-

tridium, Porphyromonas, and Fusobacterium have also been found to 

express resistance by one or more of the BLAs. BLA-producing Fusobac-

terium and Clostridium spp. express enzymes that are generally inhibited 

by clavulanic acid.40 Resistance to beta-lactam antibiotics through 

changes in the OMP/porin channels, decreased PBP affinity, and efflux 

pumps41 is less well studied. The bacteria in the B. fragilis group are 

generally resistant to penicillins (average 90%), piperacillin (25%), 

cefoxitin (25%), cefotetan (30%–85%), and third-generation cephalo-

sporins.42,43 The combinations of BL-BLICs inhibitors and carbapenems 

have maintained their excellent antibacterial activity. The combination 

of ampicillin-sulbactam, amoxicillin-clavulanate, ticarcillin-clavulanate, 

and piperacillin-tazobactam is generally very active against members of 

the B. fragilis group.42 However, species-to-species variation in suscepti-

bility occurs.44 Resistance to co-amoxiclav (8%) was reported in Slova-

nia.45 B[6]. fragilis group resistance rates for piperacillin-tazobactam is 

generally ,1%.42 However, resistance of Parabacteroides distasonis to 

ampicillin-sulbactam has risen to 20% in 2002–2004 but continued to 

be low for the other B. fragilis group species.

The carbapenems (imipenem, meropenem, doripenem, and ertape-

nem) are very effective against all members of the B. fragilis group, and 

resistance is rare at ,0.1%.41,44,46 Geometric mean MICs for imipenem 

and meropenem for P. distasonis, B. thetaiotaomicron, and B. ovatus have 

been reported to be onefold dilution lower than those for ertapenem42 

in 2004. The non–B. fragilis group (including B. intestinalis, B. nordii, B. 

pyogenes, B. stercoris, B. salyersiae, and B. cellulosilyticus) was found resis-

tant to meropenem (14%) between 2014 and 2016 in Korea.47 Imipenem 

resistance was found in a quarter of metronidazole-resistant isolates.48

Beta-lactams are generally effective against non–B. fragilis group 

species, and resistance to them is generally low, except that more than 

half of Prevotella spp. may also produce BLAs. A multicenter survey30 

found penicillin resistance for Fusobacterium spp., Porphyromonas 

spp., and Peptostreptococcus spp. at 9%, 21%, and 6%, respectively. No 

resistance was found to cefoxitin, cefotetan, beta-lactam/BLA inhibitor 

combinations, and carbapenems in that survey, with the exception of 

Peptostreptococcus spp. and Porphyromonas spp. (4% and 5% resistance 

to ampicillin-sulbactam, respectively). BLAs were identified in several 

Prevotella and Porphyromonas spp. recovered from pediatric intraab-

dominal infections.

Chloramphenicol
Chloramphenicol, a bacteriostatic agent, is active against most anaerobic 

bacteria but is rarely used in the United States.3,23 Resistance is rare. Al-

though several failures to eradicate anaerobic infections with chloram-

phenicol have been reported,49 this agent has been used for over 65 years 

for treatment of anaerobic infections. In the past, it was the drug of 

choice for the treatment of serious anaerobic infections, including the 

central nervous system (CNS). However, the drug has potential signifi-

cant toxicity. The risk of fatal aplastic anemia with chloramphenicol is 

estimated to be approximately 1 per 25,000–40,000 patients treated. This 

serious complication is unrelated to the reversible, dosage-dependent 

leukopenia. Other side effects include the production of the potentially 

fatal “gray baby syndrome” when given to neonates, hemolytic anemia in 

patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency, 

and optic neuritis in those who take the drug for a prolonged time.50

Chloramphenicol has a unique property of lipid solubility to per-

mit penetration across lipid barriers. Levels in the cerebrospinal fluid, 

with or without meningitis, usually are one-third to three-fourths the 

serum concentrations. Levels in brain tissue may be substantially 

higher than serum levels.51

Macrolides: Erythromycin, Azithromycin, and 
Clarithromycin
The macrolides, which possess low human or animal toxicity, have 

moderate to good in vitro activity against anaerobic bacteria other 

than the B. fragilis group and Fusobacterium.23 Macrolides are 

active against pigmented Prevotella and Porphyromonas and micro-

aerophilic streptococci, gram-positive non–spore-forming anaero-

bic bacilli, and certain clostridia. They are less effective against 

Fusobacterium and Peptostreptococcus spp.52 They show relatively 

good activity against C. perfringens and poor or inconsistent activ-

ity against AGNB.

Clarithromycin is the most active of the macrolides against gram-

positive oral cavity anaerobes, including Actinomyces spp., Propionibacte-

rium spp., Lactobacillus spp., and Bifidobacterium dentium. Azithromycin 

is slightly less active than erythromycin against these species.52 Azithro-

mycin is the most active macrolide against AGNB: Fusobacterium spp., 

Bacteroides spp., Wolinella spp., and Actinobacillus actinomycetemcomi-

tans, including those resistant to erythromycin. Clarithromycin showed 

similar activity to erythromycin against most AGNBs.53

Erythromycin resistance during therapy can occur.54,55 Erythromy-

cin is effective in the treatment of mild to moderately severe anaerobic 

soft tissue and pleuropulmonary infections when combined with ad-

equate débridement or drainage of infected tissue. Phlebitis is reported 
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to develop in one-third of the patients receiving intravenous erythro-

mycin, but the oral preparation is well tolerated.

Clindamycin
Clindamycin has a broad range of activity against anaerobes. It is used to 

treat dental infections, especially in patients allergic to penicillin, and to 

treat aspiration pneumonia. Clindamycin hydrochloride is rapidly ab-

sorbed from the gastrointestinal tract.56–58 It rapidly penetrates into 

body tissues and fluids, including saliva, sputum, respiratory tissue, 

pleural fluid, soft tissues, prostate, semen, bones, and joints,59 and into 

fetal blood and tissues. Clindamycin does not efficiently cross the blood-

brain barrier or eye and should not be administered in CNS infections.

The side effect of most concern is C. difficile–associated colitis.60,61 

Colitis has also been associated with a number of other antimicrobials, 

such as ampicillin, cephalosporins, and quinolones, and occasionally 

also in the absence of previous antimicrobial therapy.

Because B. fragilis resistance to clindamycin is increasing, it is no 

longer recommended as an empiric therapy for intraabdominal infecti

ons.13,42,46,62 Clindamycin resistance was found in 31.6% of B. fragilis 

group isolates among isolates recovered from 2013 to 2015 in a study 

done in South India.63 High rates of resistance were reported to clinda-

mycin, in particular among isolates of the Bacteroides fragilis group 

(22.1%–48.1%) and Prevotella spp. (10.9%–32.2%) in a study of nine 

European countries between 2010 and 2016.64 Clindamycin resistance 

was found in 54% of Finegoldia genera, 49% of Bacteroides spp., and 

40% of Prevotella spp. recovered in Spain in 2018.65 An 8-year study 

revealed that 19.3% of 2721 B. fragilis group isolates, 29.6% of P. dista-

sonis, 33.4% of B. ovatus, 33.3% of B. thetaiotaomicron, and 35.6% of 

Bacteroides vulgatus strains were clindamycin resistant. This is a signifi-

cant increase compared with only 3% clindamycin resistance in 1987.43

Clindamycin resistance was detected in 46.6% of B. fragilis and 

17.6% of Propionibacterium acnes isolates recovered from pulmonary 

empyema.66 Resistance has also increased for many non-Bacteroides 

anaerobes. Up to 10% resistance was noted in Prevotella spp., Fusobac-

terium spp., Porphyromonas spp., and Peptostreptococcus spp., with 

higher rates for some Clostridium spp. (especially C. difficile).30 P. acnes 

isolates have also become more resistant to clindamycin, and this has 

been associated with prior therapy for acne.67

Clindamycin has lost some of its activity against anaerobic gram-

positive cocci (Finegoldia magna, 30% resistant; Peptoniphilus spp.; 

etc.) and Prevotella spp. (P. bivia, 70% resistant; P. oralis and P. mela-

ninogenica, both 40% resistant), although its activity against Fusobac-

terium and Porphyromonas spp. remains good.68

Among the other resistant anaerobes are various species of Clos-

tridium, especially C. difficile. Approximately 20% of C. ramosum are 

resistant to clindamycin, as are a smaller number of C. perfringens.

Metronidazole and Tinidazole
Metronidazole and tinidazole have excellent in vitro activity against 

most obligate anaerobic bacteria, such as the B. fragilis group, other 

species of Bacteroides, Fusobacterium, and Clostridium.36 Only six 

strains of the B. fragilis group were ever reported to be clinically resis-

tant and associated with therapeutic failure.2

Resistance of anaerobic gram-positive cocci is rare, and nonsporu-

lating bacilli are common. Microaerophilic streptococci, P. acnes, and 

Actinomyces spp. are almost uniformly resistant.69 Aerobic and faculta-

tive anaerobes are usually highly resistant. Because of its lack of activity 

against aerobic bacteria, an antimicrobial effective against these organ-

isms (e.g., a cephalosporin, a fluoroquinolone) needs to be added 

when treating a polymicrobial infection.

Adverse reactions to metronidazole are rare and include CNS toxic-

ity, ataxia, vertigo, headaches, convulsions, and peripheral neuropathy. 

Peripheral neuropathy is associated with prolonged metronidazole use. 

Gastrointestinal side effects are common and include nausea, vomit-

ing, metallic taste, anorexia, and diarrhea. Other adverse reactions in-

clude reversible neutropenia, phlebitis at intravenous infusion sites, 

and drug fever.

Some studies in mice70,71 have shown possible mutagenic activity 

associated with administration of large doses of metronidazole. Other 

experiments71 in rats and hamsters did not show any pathology. In ad-

dition, no evidence of mutagenicity was found in humans.72

Metronidazole is effective in the treatment of anaerobic infections, 

including those of the CNS.73,74 Valid data on the safety of metronida-

zole in pregnancy are still needed. The nonteratogenicity of metronida-

zole is difficult to prove, but the existing data indicate no major risks.75

Resistance to metronidazole among the B. fragilis group is rare.35,76 

Half of the resistant B. fragilis group isolates carry one of nine known 

nim genes (nim A–I) on either a chromosome or a mobilizable plas-

mid. This gene encodes a nitroimidazole reductase that converts 4- or 

5-nitroimidazole to 4- or 5-aminoimidazole, preventing the formation 

of toxic nitroso residues necessary for the agent’s activity. Resistance 

among gram-positive organisms that are not strict anaerobes is fre-

quent, especially for P. acnes and Actinomyces spp. A significant in-

crease in metronidazole resistance of Bacteroides spp., from 12.3% in 

2010–2011 to 17.5% in 2017, was found in a study done in Pakistan.48

Tetracyclines
Tetracycline is of limited use because of the development of resistance 

to it by most anaerobes. Resistance to P. acnes has been related to previ-

ous use.67 Only about 45% of all B. fragilis strains presently are suscep-

tible to this drug.23 The tetracycline analogues, doxycycline and mino-

cycline, are more active than the parent compound. Because of 

significant resistance to these drugs, they are useful only when suscep-

tibility tests can be performed or in less severe infections in which a 

therapeutic trial is feasible. The use of tetracycline is not recom-

mended before 8 years of age because of its adverse effect on teeth.

Tigecycline is a glycylcycline, a direct analog of minocycline with 

a 9-glycylamide moiety. It has activity against both aerobic gram-

negative and gram-positive bacteria, anaerobes,77,78 and certain drug-

resistant pathogens.79 It is active against the Streptococcus anginosus 

group (which includes S. anginosus, S. intermedius, and S. constellatus), 

B. fragilis, B. thetaiotaomicron, B. uniformis, B. vulgatus, C. perfringens, 

C. difficile, and Parvimonas micra (Peptostreptococcus micros).77 Resis-

tance of tigecycline for members of the B. fragilis group varied from 

3.3% to 7.2%.13,42

Omadacycline (OMC), a broad-spectrum aminomethylcycline, has 

shown clinical efficacy in anaerobic acute bacterial skin and skin struc-

ture infections and in animal models of intraabdominal anaerobic in-

fections. The in vitro activity of OMC against anaerobes was similar to 

that of tigecycline.80

Eravacycline is fully synthetic fluorocycline antibiotic of the tetra-

cycline class with in vitro activity against clinically important gram-

positive and gram-negative aerobic and anaerobic bacteria, including 

most of those resistant to cephalosporins, fluoroquinolones, beta- 

lactam/beta-lactamase inhibitors, multidrug-resistant strains and car-

bapenem-resistant Enterobacteriaceae, and most anaerobic pathogens.81 

It has been approved by the FDA for the treatment of complicated  

intraabdominal infections.

Fluoroquinolones
Quinolones with low activity against anaerobes include ciprofloxacin, 

ofloxacin, levofloxacin, fleroxacin, pefloxacin, enoxacin, and lome-

floxacin. Compounds with intermediate antianaerobic activity include 

sparfloxacin and grepafloxacin.82 Trovafloxacin, gatifloxacin, and 
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moxifloxacin yield low MICs against most groups of anaerobes.83 The 

use of trovafloxacin has been limited because of hepatotoxicity. Qui-

nolones with the greatest in vitro activity against anaerobes include 

clinafloxacin and sitafloxacin.84

Moxifloxacin has been studied as monotherapy in intraabdominal 

infections in adults26,62 and has shown activity against intraabdominal 

anaerobic isolates.85,86 However, the increasing fluoroquinolone resis-

tance in both the E. coli and B. fragilis groups has reduced its use in 

intraabdominal infections.9,13,62,86

The use of quinolones is restricted in growing children because of 

their possible adverse effects on cartilage. The major concerns with the 

use of fluoroquinolones to treat anaerobic infections have been the 

increasing resistance in the B. fragilis group and anaerobic gram-posi-

tive cocci and the impact of these antibiotics on the growing incidence 

of C. difficile–associated disease.84

Bacteroides spp. resistance to fluoroquinolone has been attributed 

to either an alteration in efflux of the antibiotic or a mutation in the 

quinolone resistance determining region (QRDR) of the gyrase A gene 

(gyrA) from either single or multiple mutations.87 High-level resis-

tance can be caused by both mechanisms.

Other Agents
Bacitracin was active in vitro against pigmented Prevotella and Porphy-

romonas spp. but is inactive against B. fragilis and Fusobacterium nu-

cleatum.23 Vancomycin and daptomycin are effective against all gram-

positive anaerobes but are inactive against AGNB.88 Quinupristin/

dalfopristin shows antibacterial activity against some anaerobic organ-

isms that were tested, including C. perfringens, Lactobacillus spp., and 

Peptostreptococcus spp.89 Linezolid is active against Fusobacterium nu-

cleatum and other Fusobacterium spp., and Porphyromonas spp., Pre-

votella spp., and Peptostreptococcus spp.53 Little clinical experience has, 

however, been gained in the treatment of anaerobic infections using 

these agents.

GENERAL CONSIDERATION  
OF ANTIMICROBIAL SELECTION

Because anaerobic infection is often polymicrobial, antimicrobials 

effective against both aerobic and anaerobic components of the in-

fection should be administered. When such therapy is not given, the 

infection may persist, and serious complications may occur.2,3,90 A 

number of factors should be considered when choosing appropriate 

antimicrobial agents: they should be effective against all target or-

ganisms, induce little or no resistance, achieve sufficient levels in the 

infected site, have minimal toxicity, and have maximum stability 

and longevity.

When selecting antimicrobials for the therapy of mixed infec-

tions, their antibacterial spectrum and their availability in oral or 

parenteral form should be considered (see Table 109.1). Some anti-

microbials have a limited range of activity. For example, metronida-

zole is only active against anaerobes and therefore cannot be admin-

istered as a single agent for the therapy of mixed infections. Other 

antimicrobials, such as carbapenems, tigecycline, and BL-BLICs, 

possess a broader spectrum of activity against aerobic and anaerobic 

bacteria.

Selecting antimicrobials is simplified when a reliable culture result 

is available. However, this may be particularly difficult in anaerobic 

infections because of the difficulties in obtaining appropriate speci-

mens. For this reason, many patients are treated empirically on the 

basis of suspected, rather than established, pathogens. Fortunately,  

the types of anaerobes involved in many anaerobic infections and 

their antimicrobial susceptibility patterns tend to be predictable.2,3 

However, some anaerobes have become resistant to antimicrobials, 

and many can develop resistance during therapy.41,91

Aside from susceptibility patterns, other factors influencing the 

choice of antimicrobial therapy include the pharmacologic character-

istics of the various drugs, their toxicity, their effect on the normal 

flora, and bactericidal activity.2,3 Although identification of the infect-

ing organisms and their antimicrobial susceptibility may be needed for 

selection of optimal therapy, the clinical setting and Gram stain prepa-

ration of the specimen may indicate the types of anaerobes present in 

the infection and the nature of the infectious process.

Typically, antimicrobial therapy for anaerobic infections should be 

given for prolonged periods because of their tendency to relapse. This 

may range from 3 weeks to 3 months, depending on the site and sever-

ity of the infection.

RESULTS/DISCUSSION

Hastey and colleagues,92 who reported the changes in the antibiotic 

susceptibility of anaerobic bacteria in the United States from 2007–

2009 to 2010–2012, illustrated the importance of the annual genera-

tion of an institutional-specific antibiogram of anaerobic bacteria for 

tracking of resistance trends over time. The authors illustrated that 

increased resistance led to most of the significant changes noted be-

tween the two periods. Significant increases in antimicrobial resistance 

was seen overall with anaerobic gram-positive cocci to ampicillin/sul-

bactam, cefoxitin, and moxifloxacin. Small increases in resistance rates 

were noted for meropenem against the B. fragilis group without 

B. fragilis and for metronidazole against the B. fragilis group, whereas 

moderate increases in resistance rates were seen in both for ampicillin-

sulbactam and piperacillin-tazobactam. For organisms other than  

B. fragilis, there was a similar pattern of moderate increases in resis-

tance to ampicillin-sulbactam and ertapenem but smaller increases in 

metronidazole resistance rates. In contrast, the resistance rate de-

creased in the B. fragilis group without B. fragilis for cefoxitin. Moxi-

floxacin resistance rates were also lower for some B. fragilis group iso-

lates and for certain other anaerobes such as Prevotella spp.

KEY POINTS

• Because anaerobic infection is often polymicrobial, antimicrobials effective 

against both aerobic and anaerobic components of the infection should be 

administered. When such therapy is not given, the infection may persist, 

and serious complications may occur.

• Anaerobes are often involved in mixed infections, which present unique 

situations for antimicrobial use. The interactions between the different 

bacteria and the various antibiotics can be difficult to distinguish and/or 

predict.

• Selecting antimicrobials is simplified when a reliable culture result is avail-

able. However, this may be particularly difficult in anaerobic infections be-

cause of the difficulties in obtaining appropriate specimens.

• Susceptibility patterns of anaerobes have been changing over the years, 

and susceptibility to metronidazole cannot be assumed. Although suscepti-

bility testing of anaerobes is difficult, clinicians must realize the importance 

of performing and analyzing the susceptibility tests.

• Several beta-lactam antibiotics, fluoroquinolones, clindamycin, and tigecy-

cline possess activity against anaerobic organisms. However, resistance is 

a concern with all of these classes of antibiotics. A few investigational 

agents have the potential for use in anaerobic infections, but clinical data 

are needed.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Aldridge KE, Ashcraft D, O’Brien M, et al. Bacteremia due to Bacteroides fragi-

lis group: Distribution of species, beta-lactamase production, and antimi-

crobial susceptibility patterns. Antimicrob Agents Chemother. 2003;47:

148–153.

This paper presents susceptibility data on 542 blood isolates of the B. fragilis 

group tested over a 12-year period. Metronidazole, beta-lactam/beta-lactamase 

combinations, and carbapenems were consistently the most active agents. These 

data show the importance of susceptibility testing of the B. fragilis group and 

serve as a guide in the choice of empiric antimicrobial therapy.

Lamp KC, Freeman CD, Klutman NE, et al. Pharmacokinetics and pharmacodynam-

ics of the nitroimidazole antimicrobials. Clin Pharmacokinet. 1999;36:353–373.

This review presents a comprehensive overview of the pharmacokinetics, phar-

macodynamics, and use of metronidazole and nitroimidazole antimicrobials.

Peláez T, Alcalá L, Alonso R, et al. Reassessment of Clostridium difficile suscep-

tibility to metronidazole and vancomycin. Antimicrob Agents Chemother. 

2002;46:1647–1650.

C. difficile is generally assumed to be sensitive to metronidazole and vanco-

mycin. However, this manuscript shows that some isolates are either resistant 

(6.3% for metronidazole) or have intermediate resistance (3.1% to vancomy-

cin) to these agents.

Snydman DR, Jacobus NV, McDermott LA, et al. Lessons learned from the 

anaerobe survey: Historical perspective and review of the most recent data 

(2005–2007). Clin Infect Dis. 2010;50:S26–S33.

This report affirms the findings of Aldridge and colleagues and documents the 

first report of metronidazole resistance among Bacteroides spp. in the United 

States. Trends in susceptibility testing showed increasing resistance to clinda-

mycin, moxifloxacin, and ampicillin/sulbactam, with relatively stable resis-

tance rates to carbapenems and piperacillin/tazobactam.

Wexler HM. Bacteroides: The good, the bad, and the nitty-gritty. Clin Microbiol 

Rev. 2007;20:593–621.

A comprehensive review of Bacteroides with emphasis on virulence, infec-

tions in humans, resistance, antianaerobic agents, and susceptibilities.
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Selective Decontamination  
of the Digestive Tract

Evelien A.N. Oostdijk, Jeroen A. Schouten, and Anne Marie G.A. de Smet

Infections acquired in the intensive care unit (ICU) often occur during 

the treatment of critically ill patients, increasing their morbidity, mor-

tality, and healthcare costs.1,2 Several studies suggest that the use of 

prophylactic antibiotic regimens such as selective decontamination of 

the digestive tract (SDD)3–6 and selective oropharyngeal decontamina-

tion (SOD) can reduce the incidence of nosocomial infections and 

mortality in ICU patients.5,7,8 The SDD approach9,10 is directed toward 

the following: prevention of secondary colonization with gram-nega-

tive bacteria, Staphylococcus aureus, and yeasts through application of 

nonabsorbable antimicrobial agents in the oropharynx and gastroin-

testinal tract; preemptive treatment of possible infections caused by 

commensal respiratory tract bacteria through systemic administration 

of cephalosporins during the patient’s first 4 days in the ICU; and 

maintenance of anaerobic intestinal flora through selective use of an-

tibiotics (administered both topically and systemically) without anti-

anaerobic activity.10

BACKGROUND

The intestinal flora is highly diverse and consists primarily of an-

aerobic bacteria. Intact anaerobic flora is considered an important 

defense mechanism against intestinal colonization by potentially 

pathogenic microorganisms. The commensal flora of the oropharynx 

consists of hundreds of bacterial species, including enterococci and 

anaerobic bacteria, which are replaced by gram-negative bacteria 

during the first week of hospitalization in the ICU. Gastric acidity 

usually prevents bacterial overgrowth in the stomach. Yet in ICU 

patients, reduced acid production caused by underlying diseases, use 

of acid-modifying medication (stress ulcer prophylaxis), and intra-

gastric administration of enteral nutrition (with a pH of 6) leads to 

a gastric environment that favors bacterial growth, especially of 

gram-negative bacteria.

Anaerobic bacteria grow well on the mucosa of the gut and actively 

line the epithelium.11 Disruption of this layer by antibiotics that de-

stroy the anaerobic flora may create a portal of entry for pathogenic 

microorganisms.

Combinations of nonabsorbable antibiotics have been used to se-

lectively decontaminate the digestive tract and reduce the load of 

pathogenic aerobic microorganisms while maintaining the anaerobic 

flora. This concept was first investigated in mice9 and later developed 

into an infection prevention strategy for neutropenic leukemia pa-

tients, which the investigators called selective decontamination of the 

digestive tract, or SDD.12,13

From Concept to Practice in the ICU
The earlier experience with SDD in leukemia patients suggested that 

some infections in ICU patients might have an endogenous source and 

could be prevented in the same way. After a 2-year observational  

microbiologic study of trauma patients, an infection classification was 

proposed (Table 110.1) that included definitions for colonization and 

the use of SDD for infection prevention in trauma patients in the 

ICU.10,14,15 These studies resulted in the establishment of an SDD regi-

men consisting of the application of nonabsorbable antimicrobial 

agents in the oropharynx and gastrointestinal tract to prevent acquired 

colonization with gram-negative bacteria, S. aureus, and yeasts, in 

combination with 4 days of intravenous administration of a third-

generation cephalosporin to preemptively treat incubating respiratory 

tract infections with gram-positive and gram-negative bacteria. Topi-

cal and systemic antibiotics were selected based on their antibacterial 

spectrum and presumed absence of activity on the anaerobic intestinal 

flora.14,15

CLINICAL RESULTS

Earlier Studies
The first study of SDD in ICU patients was performed in 63 trauma 

patients, using a historical control group of 59 trauma patients.10 Be-

cause of its design and use of a historical control group, this study not 

only triggered many critical comments and editorials but also led to 

additional studies in more heterogeneous ICU patient populations, 

with different combinations of absorbable and nonabsorbable antibi-

otics, with or without parenteral antibiotics.3,16–18 The conflicting 

results of these clinical trials led to the conclusion that there was insuf-

ficient scientific evidence to recommend SDD as a routine infection 

control measure in ICU patients.19

SDD was also used early as a prophylactic strategy in major gastro-

intestinal surgery and showed a decreased rate of postoperative infec-

tions and anastomotic leakage.20 SDD has been reported to reduce 

gram-negative colonization and to decrease postoperative infection 

rates after esophagectomy.21 This study included a very limited patient 

group from a single center, and the surgical technique, perioperative 

care, and SDD protocols have changed over time.

Randomized ICU Studies
A Dutch single-center, prospective, controlled, randomized, unblinded 

study in 2003 reported significantly lower ICU and hospital mortality 

rates (35% and 22%, respectively), shorter length of stay, and lower inci-

dence of antibiotic resistance in patients with an expected duration of 

mechanical ventilation of $2 days and/or expected length of stay in 

the ICU of $3 days and receiving SDD.4,22 A subsequent multicenter, 

controlled, crossover study using cluster randomization and identical 

inclusion criteria that compared SDD with SOD was performed in the 

Netherlands. SOD was included because of the hypothesis that the main 
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effect of SDD—a reduction in the incidence of ventilator-associated 

pneumonia (VAP)—could be achieved by oropharyngeal decontamina-

tion only, without intestinal decontamination and without the routine 

prophylactic use of systemic antibiotics during the first 4 days of ventila-

tion.7,8 The results of this first Dutch multicenter trial (DMT-I) with 

almost 6000 patients showed that SDD and SOD groups were associated 

with a reduction in mortality at day 28 of 13% and 11% relative to con-

trols, respectively, corresponding to an absolute reduction of 3.5% and 

2.9%.5 There were several noteworthy limitations to this study; in par-

ticular, as with most SDD studies, it was not blinded, so all physicians 

were aware of the treatment patient participants would receive. Because 

inclusion was based on several criteria, this created the possibility of se-

lection bias. To minimize the occurrence of selection bias, patient eligi-

bility and inclusion rates were monitored frequently and immediately 

followed by feedback to the participating investigators. Yet despite the 

use of these measures next to the objective inclusion criteria, there were 

baseline differences between the control and the two intervention 

groups. Patients in the intervention groups (SDD and SOD) were more 

frequently intubated, were less likely to be surgical patients, and had a 

higher baseline APACHE score. Further, SDD patients were older com-

pared with SOD and control patients.5

A second Dutch open cluster, randomized, crossover, multicenter 

trial (DMT-II: 11,997 patients) compared 12 months of SDD with 12 

months of SOD. Again, there was a baseline difference, with SDD pa-

tients being more severely ill. Mortality at day 28 was significantly 

higher in the SOD group (25.7% compared with 23.8%, respectively, 

with corresponding adjusted odds ratios (ORs) of 0.85 (95% confi-

dence interval [CI] 0.77–0.93).23

Various meta-analyses were published. In 2009 a Cochrane 

meta-analysis was published on the effects of topical antibiotics 

(with or without systemic antibiotics) and their effects on mortal-

ity and the incidence of respiratory tract infections (RTIs).6 This 

meta-analysis included 36 trials, with a total of 6914 patients 

(without DMT-I and DMT-II). They concluded that a combina-

tion of topical and systemic antibiotics as compared with controls 

resulted in a significant reduction in both RTIs (16 studies; OR, 

0.28; 95% CI 0.20–0.38) and mortality (17 studies; OR, 0.75; 95% 

CI, 0.65–0.87).

Topical antibiotics alone as compared with controls or comparing 

topical plus systemic with systemic alone resulted in a significant  

reduction in RTIs (17 studies; OR, 0.44; 95% CI, 0.31–0.63) but not in 

mortality (19 studies; OR, 0.97; 95% CI, 0.82–1.16).

Another systemic review and meta-analysis published in 2014 com-

pared SDD, SOD, and oropharyngeal chlorhexidine for the prevention 

of death and concluded that SDD had a favorable effect on mortality 

with a less certain effect of SOD. Both were superior to chlorhexidine, 

with a remark that chlorhexidine might be associated with increased 

mortality.24 In 2018 an individual patient data meta-analysis was pub-

lished. It included all patients of six randomized controlled studies 

(including DMT-I and DMT-II) and found significantly lower hospital 

mortality during SDD and SOD as compared with control, with an OR 

of 0.82 (95% CI 0.72–0.93) and 0.84 (95% CI 0.73–0.97), respectively. 

In a head-to-head comparison, in-hospital mortality was lower during 

SDD than during SOD (adjusted odds ratio [aOR], 0.90; 95% CI, 

0.82–0.97).25

It has been a consistent critique that no large randomized con-

trolled trials (RCTs) had been performed in countries with higher 

levels of antibiotic resistance. All Dutch trials were carried out in ICUs 

with low levels of antibiotic resistance. Wittekamp and colleagues per-

formed a cluster randomized trial in a diversity of European countries 

in settings with moderate to high levels of antibiotic resistance.26 In 

13 European, non-Dutch or Scandinavian ICUs, SDD, SOD, or a 

chlorhexidine mouthwash were used for 6-month periods. Only ICUs 

with an extended-spectrum beta-lactamase prevalence of at least 5% 

among Enterobacteriaceae-causing bloodstream infections were eligi-

ble. The order of interventions was randomized.

The difference with the trials performed in the Netherlands was 

the use of the chlorhexidine and omitting the standard systemic pro-

phylaxis (4 days of intravenous [IV] cephalosporin) during SDD. 

Another difference with the Dutch randomized studies is that there 

were no protocol modifications for patients with tracheostomy, jeju-

nostomy, or colostomy or for those with persistent respiratory tract 

colonization with yeasts or gram-negative bacteria. In total 8665 

patients were included. No significant differences were found in the 

incidence of ICU-acquired bacteremias with multidrug-resistant, 

gram-negative bacteria and for mortality at day 28 between the three 

groups.

The “what, when, and why” of the different parts of the SDD regi-

men as it is used in the two Dutch randomized studies are shown in 

Table 110.2.

Colonization resistance The strong protective effect of the endogenous anaerobic fraction of the intestinal microflora in resisting colonization 

by aerobe microorganisms along the alimentary canal. Suppression of the anaerobic flora increases the risk of over-

growth by gram-negative bacteria.

PPM Potentially pathogenic microorganisms

SDD Selective decontamination of the digestive tract is the selective elimination of PPM from the oral and intestinal flora 

by topical, nonabsorbable antibiotics.

SOD Selective oropharyngeal decontamination is the selective elimination of PPM from the oral flora by topical, nonabsorb-

able antibiotics.

Primary endogenous infections Caused by PPM with which the oropharynx and/or digestive tract of the patient was colonized at admission. These 

PPM are part of the “normal” flora of the patient.

Secondary endogenous infections Caused by PPM with which the oropharynx and/or digestive tract of the patient was not colonized at admission but 

acquired during ICU stay.

Exogenous infections Caused by PPM not present at admission and developing without preceding colonization.

Colonization Presence of the same species of PPM in an organ system for more than 3 days ($2 positive cultures) without signs of 

infection.

TABLE 110.1 Definitions

ICU, Intensive care unit.
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What When Why

BASELINE

Oropharyngeal application of 0.5 g of a paste  

containing polymyxin E, tobramycin, and  

amphotericin B, each in a 2% concentration*

Four times daily until ICU discharge Selective decontamination of the oropharynx

Administration of 10 mL of a suspension containing 

100 mg polymyxin E, 80 mg tobramycin, and 500 

mg amphotericin B via the nasogastric tube

Four times daily until ICU discharge Selective decontamination of the gut from stomach 

to rectum

Cefotaxime 1 g intravenously during the first 4 days 

of study (or other third-generation cephalosporins)

Four times daily during the first 4 days Preemptive treatment of primary endogenous  

infections

Avoidance of systemic antibiotics that might impair 

the colonization resistance (i.e., antibiotics with 

antianaerobic activity)

During treatment with SDD, until ICU discharge Avoidance of penicillins, carbapenems, etc. No  

addition of antibiotics for patients with coloniza-

tion without clinical signs suggestive of infection

Cultures of endotracheal* aspirates, 

oropharyngeal* and rectal swabs

On admission and surveillance cultures twice 

weekly

Determination of colonization pattern at admission 

and during treatment, including monitoring of  

effectiveness of SDD

Detection of infection

Oropharyngeal care* Four times daily using sterile water or chlorhexidine† 

mouthwash, preceding application of oropharyn-

geal paste; includes brushing of teeth twice daily. 

Clean visually contaminated oropharyngeal cavity 

with swab moistened with 1.5% hydrogen peroxide

Cleansing of mouth and teeth

Removing residue of paste

Preparing mouth for (next) application of paste

Use of normal hygiene guidelines* Always Preventing transmission of pathogens in the patient

Prevention of (exogenous) cross-contamination and 

infections from and to other patients

Control of outbreak

MODIFICATIONS FOR PATIENTS WITH

Tracheostomy* 0.5 g of paste applied around the tracheostomy  

4 times daily

Selective decontamination of the oropharynx

Duodenal tube or jejunostomy Divide the 10 mL of suspension into 5 mL  

suspension via the gastric tube and 5 mL via  

the duodenal tube or jejunostomy

Selective decontamination of the gut from stomach 

to rectum

Colostomy or ileostomy SDD suppositories (containing 100 mg polymyxin E, 

40 mg tobramycin, and 500 mg amphotericin B) 

twice daily in the distal part of the gut

Selective decontamination of the gut from stomach 

to rectum

Documented cephalosporin allergy Cefotaxime can be replaced by ciprofloxacin (twice 

daily 400 mg)

Avoidance of allergic reaction

MODIFICATIONS FOR PATIENTS WITH PERSISTENT RESPIRATORY TRACT COLONIZATION WITH YEASTS OR GRAM-NEGA-

TIVE BACTERIA

If a surveillance culture (.48 h after admission cul-

ture) of the throat yields yeasts and/or  

gram-negative bacteria*

Increase application of oropharyngeal paste to  

8 times daily until two surveillance cultures are 

negative

Decolonization

If a sputum surveillance (.48 h after admission 

culture) culture yields yeasts*

Nebulize 5 mL (5 mg) amphotericin B 4 times daily 

until two sputum cultures are negative

Decolonization

If a sputum surveillance culture (.48 h after 

admission culture) yields gram-negative bacteria*

Nebulize 5 mL (80 mg) polymyxin E 4 times daily  

until two sputum cultures are negative

Decolonization

TABLE 110.2 Selective Decontamination of the Digestive Tract Regimen

ICU, Intensive care unit; SDD, selective decontamination of the digestive tract.
*The SOD regimen from de Smet AM, Kluytmans JA, Cooper BS, et al. Decontamination of the digestive tract and oropharynx in intensive care 

patients. N Engl J Med. 2009;360:20–31.

†Chlorhexidine was not used in the Dutch SDD-SOD trial (N Engl J Med. 2009;360:20–31).

MICROBIOLOGIC EFFECTS OF SELECTIVE 
DECONTAMINATION

Decontaminating Effect
The DMT-I showed that the proportion of SDD patients colonized with 

gram-negative bacteria isolated from rectal swabs decreased from 56% 

at day 3 to 25% at day 8 and 15% at day 14. Oropharyngeal colonization 

rates with gram-negative bacteria decreased from 18% at day 2 to 4% at 

day 8 among SDD patients. The same trial showed a comparable de-

crease in oropharyngeal colonization rates with gram-negative bacteria 

in SOD patients from 20% at day 2 to 7% at day 8.5 These results are 

comparable to those reported in other studies.10,27,28 Further, it was 
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shown that SDD could eradicate cephalosporin-resistant Enterobacte-

riaceae from the intestinal tract.29

The positive effects of SDD and SOD on respiratory tract coloniza-

tion and infection have been described extensively.4,6–8 The DMT-I 

showed significantly a lower incidence of ICU-acquired bacteremia 

during SOD and SDD for S. aureus gram-negative rods as Pseudomo-

nas aeruginosa and other nonfermenters and Enterobacteriaceae as 

compared with controls. The incidence of ICU-acquired candidemia 

was lower in the SDD group compared with either SOD or control 

groups.5 Patients receiving SDD had a lower incidence of ICU-ac-

quired bacteremia with Enterobacteriaceae than those receiving 

SOD,5,30 a result that was confirmed in the DMT-II.23

Emergence and Selection of Antibiotic Resistance in 
Gram-Negative and Gram-Positive Microorganisms 
During Selective Decontamination
Enhanced selection of antibiotic-resistant microorganisms has been 

suggested to occur as a result of the application of SDD and SOD 

and as such is considered an important threat to SDD and SOD.31 

Consistent use of surveillance cultures as part of SDD and SOD 

protocols makes it possible to assess the efficacy of enteral decon-

tamination and to detect the emergence of antibiotic-resistant 

pathogens early.

Gram-Negative Microorganisms

To the contrary of what has been suggested, several studies showed an 

overall decrease in antibiotic-resistant, gram-negative microorganisms 

in patients during the episode when they were receiving SDD, includ-

ing a significantly beneficial effect on colonization with resistant gram-

negative bacteria, such as P. aeruginosa resistant to ceftazidime, imipe-

nem, and ciprofloxacin and other aerobic gram-negatives resistant to 

imipenem, ciprofloxacin, and tobramycin.4,18,32 One prospective Dutch 

study determined the effect of SDD on colonization with antibiotic-

resistant gram-negative bacteria (ARGNB) after ICU discharge  

(T 5 0) on day 3, 6 and 10. They found lower ARGNB rates at ICU 

discharge during SDD as compared with SOD and in addition the risk 

to acquire ARGNB after ICU discharge was found to be lower as well 

(hazard ratio, 0.61; 95% CI, 0.40–0.91; P 5 .02).33 Patients receiving 

SDD during the DMT-I had a lower incidence of ICU-acquired candi-

demia and a lower incidence of bacteremia with Enterobacteriaceae 

and with highly resistant microorganisms (HRMOs; as defined in 

Dutch guidelines34) than those receiving SOD. Apart from candidemia, 

this was all confirmed in the DMT-II.35

Analysis of the rates of colistin resistance during SDD and SOD in 

DMT-I showed that during persistent intestinal carriage of gram-

negative bacteria and during intestinal colonization with tobramycin-

resistant gram-negative bacteria, the risk of acquisition of colistin- 

resistant gram-negative bacteria and conversion rates to colistin 

resistance increased. The overall risk of acquisition of colistin-resistant 

gram-negative bacteria and conversion rates to colistin resistance were, 

however, low.36 This finding was confirmed by a Dutch study analyzing 

colistin-resistant Enterobacter cloacae in two ICUs during SDD using 

detailed microbiologic techniques, including whole-genome sequenc-

ing. They found low acquisition rates for colistin-resistant E. cloacae 

and no trend in time during their 5-year study period. Conversion 

from colistin susceptibility to colistin resistance occurred, yet the main 

route of acquisition of colistin-resistant E. cloacae was via clonal trans-

mission, stressing the need for detailed microbiologic surveillance 

during SDD.37

A post hoc analysis in five Dutch ICUs using SDD or SOD over 7 

years showed no increase in the prevalence of resistance against colistin 

or tobramycin.38 A Dutch single-center study determined the ecologic 

effects of SDD over a 21-year period. SDD was used throughout the 

whole 21 years. No increase was observed in incidence rates of ICU-

acquired antibiotic-resistant bacteria.39 On the other hand, an increase 

in colistin resistance in extended-spectrum beta-lactamase (ESBL)–

producing Klebsiella pneumoniae was reported when SDD was used to 

control an outbreak.40

The incidence of candidemia and bacteremia caused by HRMO 

was low in both the DMT-I and DMT-II, so whether the difference 

between SDD and SOD will translate into a difference in clinical out-

come depends on the overall incidence of candidemia and HRMO 

bacteremia, the appropriateness of empiric antimicrobial therapy in 

such patients, and the attributable effects of such events on the out-

come and length of stay.

All these findings do not support the concern that the use of topical 

antibiotics, with or without systemic prophylaxis with third-genera-

tion cephalosporins, increases the prevalence levels of antibiotic resis-

tance in gram-negative bacteria. This conclusion is further supported 

by two 5-year prospective studies and a recent meta-analysis.31,41,42

Finally, a post hoc analysis of the European SDD (without systemic 

antibiotics)-SOD-chlorhexidine study on the eradication and acquisi-

tion of third-generation cephalosporin and carbapenem-resistant 

gram-negative bacteria showed in mechanically ventilated patients 

that SDD was associated with less acquisition and more eradication of 

both the cephalosporin- and carbapenem-resistant bacteria in the 

rectum compared with the SOD and chlorhexidine group. Both SDD 

and SOD were associated with less acquisition and more eradication of 

cephalosporin- and carbapenem-resistant bacteria in the respiratory 

tract compared with the chlorhexidine group.43

Gram-Positive Microorganisms

Methicillin-resistant S. aureus (MRSA) and vancomycin-resistant En-

terococcus (VRE) are highly prevalent in ICUs in many countries, un-

like the Netherlands, where the last three major studies were carried 

out. The use of topical antibiotics for SDD or SOD is generally consid-

ered to be contraindicated in such settings, as such regimens may in-

crease colonization and infection rates with these bacteria. The effects 

of SDD and SOD are studied in settings with high levels of MRSA.41 In 

one study, a shift toward gram-positive organisms was detected after 

the introduction of SDD in trauma patients, including an outbreak 

and increased carriage rates with MRSA 2 years after the introduction 

of SDD.44,45 This shift was successfully addressed by implementation of 

control measures.44 To prevent infections with MRSA, some investiga-

tors add vancomycin to the SOD or SDD regimen.7,46 When applied 

topically, vancomycin is not absorbed and reaches high concentrations 

in the intestinal tract. In a Spanish burn unit, SDD with topical vanco-

mycin was associated with improved patient outcome and lower colo-

nization rates with MRSA.46

The results of the DMT-I and DMT-II indicate that both SDD 

and SOD are associated with higher rates of acquired respiratory 

tract colonization (DMT-I), but not with higher rates of bacteremia 

caused by enterococci or rectal colonization with VRE (DMT-I and 

DMT-II). In ICU patients, enterococci will colonize all body sites 

(especially the skin) and contaminate the inanimate environment. 

Enterococci are now among the most frequent causes of hospital-

acquired infections worldwide, and the proportion of infections 

caused by ampicillin-resistant enterococci (ARE) has increased sub-

stantially in Western countries, including the Netherlands.47 In the 

United States, approximately 35% of all ICU-acquired enterococcal 

bacteremias are caused by VRE. The clinical relevance of ARE and 

VRE infections is unclear.

Widespread use of topical vancomycin in units with high levels of 

MRSA will increase the selective pressure for VRE. This factor should be 

carefully balanced against the benefits of applying SDD or SOD with 
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vancomycin added to oral paste and/or suspension. In the United States, 

ICUs with high levels of MRSA frequently also have high endemic levels 

of VRE. In such settings, the addition of oropharyngeal chlorhexidine 

oral washings and/or chlorhexidine body washings may help to control 

spread and bloodstream infections caused by VRE and MRSA.48,49

Ecologic Effects
During the DMT-I, surveillance cultures from the respiratory and in-

testinal tract were obtained each month on a fixed day from all patients 

present in the ICU, regardless of whether they were included in the 

study.5 These 18 point-prevalence studies in 13 ICUs allowed analysis 

of the effects of SDD and SOD on the bacterial ecology in these ICUs 

together. The effect of SDD (over a 6-month period) and SDD/SOD 

(combined over a 12-month period) on intestinal and respiratory tract 

carriage with gram-negative bacteria was determined by comparing 

results from consecutive point-prevalence surveys using intervention 

to consecutive point-prevalence data in the preintervention and inter-

vention periods.50 The average proportion of patients colonized with 

ceftazidime-, tobramycin-, or ciprofloxacin-resistant gram-negative 

bacteria in the intestinal tract decreased during the use of SDD in the 

ICU and increased again after discontinuation. During combined 

SDD/SOD, resistance levels in the respiratory tract were low (#6%) 

for all three antibiotics but seemed to increase gradually, with a sig-

nificant increase only for ceftazidime resistance (P ,.05). After discon-

tinuation of SDD/SOD, the resistance levels increased to 10% or 

higher. Clearly, both SDD and SOD have marked ecologic effects that 

are supported by the results of a 4-year ecologic study published in 

2014.51 According to the DMT-II, SDD showed significantly lower 

rectal carriage of ARGNB than did SOD.23 Further, a gradual increase 

in tobramycin resistance was observed during both the SOD and SDD 

periods, but more clearly during SDD; however, the incidence of ac-

quired bacteremia with aminoglycoside-resistant GNB was lower in 

the SDD group than in the SOD group.23 Of note, some of these pa-

tients were in the ICU only briefly and not receiving SOD or SDD, and 

the incidence of resistance in other hospital wards was unknown. An 

increasing incidence of resistance in the participating hospitals might 

have influenced these results.

Overall, the ecologic effects (i.e., lowest resistance levels during in-

terventions) corroborate the positive effects of SOD and even more of 

SDD on antibiotic resistance in individual patients. One might regard 

this effect as a herd effect of the use of SDD or SOD.4,31

Other Issues
Effectiveness of SDD in Specific Patient Groups
Evidence suggests that SDD might not be equally effective in all ICU 

patient groups. In one meta-analysis, increased SDD efficacy was ob-

served in surgical patients.17 Further, studies on the preoperative use of 

SDD suspension and other oral antibiotics in patients undergoing 

gastrointestinal surgery report lower rates of surgical site infections 

(SSIs) and anastomotic leakage.20,52,53 In 2019 a Dutch multicenter 

RCT was published that included patients with colorectal cancer who 

electively underwent curative surgery with a primary anastomosis. 

Both the control and SDD group patients received perioperative IV 

cefazolin and metronidazole. The SDD group received standard SDD 

(i.e., tobramycin, colistin, and amphotericin B). SDD was started 3 

days before surgery and continued until patients had normal bowel 

motion with a minimum of 3 days after surgery. Four hundred and 

fifty-five patients were included, and no significant differences were 

found for the incidence of anastomotic leakage (6.1% during SDD 

versus 9.7% in the control group). Yet infectious complications were 

less frequent during SDD as compared with control (14.9% versus 

26.9%, respectively).54 The individual patient data meta-analysis did 

show comparable treatment effects for SOD and SDD in surgical  

versus nonsurgical patients.25

Hospital-Acquired Infections After  

Treatment With SOD and SDD

In the SDD study by De Jonge and colleagues, the relative risk reduc-

tion in ICU mortality of 35% decreased to 22% at hospital discharge.4 

Triggered by these findings, it was hypothesized that this reduction in 

survival benefit after ICU discharge might be related to an increased 

incidence of hospital-acquired infections (HAIs) in patients who had 

received SDD in the ICU. Nested within the DMT-I, the incidence of 

HAI was prospectively monitored during the first 14 days after ICU 

discharge in all patients transferred to regular wards in two university 

hospitals.55 Most HAIs were in the respiratory tract, with a similar in-

cidence and duration of infection in all three posttreatment study 

groups. The incidence of bloodstream infections was also similar in the 

three posttreatment groups, but the time until infection tended to  

be longer in the post-SOD and post-SDD groups compared with the 

post-control group. On the other hand, the incidence of SSIs increased 

in the postintervention groups. The low rates of HAI, the overall low 

mortality rates after ICU discharge, and the low prevalence of infec-

tions among those who succumbed after ICU discharge refute the hy-

pothesis that discontinuation of SDD and SOD post-ICU increases the 

infection rate and thus affects clinical outcomes.55

Antibiotic Use and Cost-Effectiveness

De Jonge and colleagues determined that the total cost of antibiotics, 

topical and systemic, was 11% lower in the SDD group than in the 

control group. This difference was primarily attributed to the decrease 

in the use of antibiotics such as ciprofloxacin, ceftazidime, imipenem, 

and antifungal treatment.4 These results were confirmed by the DMT-

I, with a decrease of 12% and 10% in the use of daily defined doses 

(DDDs) of systemic antibiotics in the SDD and SOD groups, respec-

tively, as compared with controls.5 Although the increase in the use of 

third-generation cephalosporins in SDD patients was obvious, DMT-1 

showed a remarkable decrease in more broad-spectrum antimicrobial 

use such as ciprofloxacin, ceftazidime, and imipenem and in antifungal 

treatment. As such, SDD may be considered a potentially powerful 

intervention in antimicrobial stewardship programs. It may be hy-

pothesized that the lack of an effect on antimicrobial resistance (AMR) 

by SOD/SDD is caused by a decrease in the Defined Daily Dose (DDD) 

of broad-spectrum antibiotics used in these same patients.

A cost-effectiveness individual patient data meta-analysis included 

DMT-I and DMT-II. It reported significantly lower hospital mortality 

during SDD as compared with SOD, with no difference in costs.56

Adverse Events

Three patients are reported to have suffered large clots from accumula-

tion of the buccally applied oral SDD/SOD paste, causing obstruction 

of the esophagus or jejunum. This complication can be prevented by 

regular and appropriate oral care.57

Toxic serum concentrations of tobramycin caused by enteral ab-

sorption has been reported as an adverse event of prolonged use of 

SDD. As tobramycin is renally eliminated, patients with kidney failure 

are most at risk for toxic levels. A prospective study in 19 SDD pa-

tients treated with renal replacement therapy could detect serum to-

bramycin concentrations in 63% of the patients.58 They reported a 

toxic concentration ($2.0 mg/L) in one patient (5%). The highest 

concentrations of tobramycin were found in patients with bowel isch-

emia. It is hypothesized that ischemia may lead to decreased intestinal 

barrier function, in turn leading to detectable serum tobramycin con-

centrations.
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The use of chlorhexidine 2% mouthwash has been associated with 

the development of oral mucosal lesions, including ulcerations and 

bleeding mucosa.59 Replacement with 1% mouthwash resulted in re-

ported intolerance in less than 1% of the patients.

KEY POINTS

• SOD and SDD improve survival in ICU patients.

• Both SDD and SOD lower the incidence of ICU-acquired bacteremia, RTIs, 

and the use of systemic (broad-spectrum) antibiotics. SDD reduces the inci-

dence of ICU-acquired bacteremia compared with SOD. Only SDD lowers 

the incidence of candidemia compared with controls.

• No evidence supports the concern that the use of topical antibiotics with or 

without systemic prophylaxis increases the prevalence of antibiotic resis-

tance to gram-negative bacteria. In particular, SDD decreases the rate of 

antibiotic resistance to gram-negative bacteria.

• Both SDD and SOD are cost-effective.

• More studies are needed to determine the long-term effects of SOD and 

SDD on antibiotic resistance, with special attention to the changes in anti-

biotic resistance among gram-negative bacteria in surroundings with high 

antibiotic resistance levels.

• During the use of SDD, strict surveillance should be carried out to monitor 

effectiveness and to detect colonization with resistant bacteria.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

de Smet AM, Kluytmans JA, Cooper BS, et al. Decontamination of the diges-

tive tract and oropharynx in intensive care patients. N Engl J Med. 

2009;360:20–31.

First multicenter, cluster-randomized trial comparing SDD with SOD and 

control in groups (2000 patients per group). Both interventions significantly 

improved survival (absolute mortality reduction of 3.5% and 2.9%, respec-

tively) and decreased the rate of bacteremia (ORs SDD versus control, 044; 

SOD versus control, 0.68; SDD versus SOD, 0.65).

Oostdijk EA, Kesecioglu J, Schultz MJ, et al. Effects of decontamination of the 

oropharynx and intestinal tract on antibiotic resistance in ICUs: A ran-

domized clinical trial. JAMA. 2014;312(14):1429–1437.

Multicenter, cluster-randomized crossover trial in the Netherlands comparing 

12 months SDD with 12 months of SOD (11,997 patients). During SDD 

point prevalence of antibiotic-resistant gram-negative bacteria in rectal swabs 

was significantly lower as compared with SOD as was mortality and inci-

dence of ICU-acquired bacteremia.

Plantinga NL, de Smet AMGA, Oostdijk EAN, et al. Selective digestive and 

oropharyngeal decontamination in medical and surgical ICU patients: In-

dividual patient data meta-analysis. Clin Microbiol Infect. 2018;24:505–513.

A meta-analysis using individual patient data of six randomized studies on 

selective decontamination with a total of 16,528 ICU patients. Both SDD and 

SOD reduced mortality as compared with a control group, with SDD being 

more effective than SOD. These effects were irrespective of type of ICU ad-

mission (surgical versus nonsurgical).

Stoutenbeek CP, van Saene HKF, Miranda DR, et al. The effect of selective de-

contamination of the digestive tract on colonization and infection rate in 

multiple trauma patients. Intensive Care Med. 1984;10:185–192.

The first study on SDD in ICU patients. Good description and overview of 

theoretical background.

Wittekamp BH, Plantinga NL, Cooper BS, et al. Decontamination strategies 

and bloodstream infections with antibiotic-resistant microorganisms in 

ventilated patients: A randomized clinical trial. JAMA. 2018;320:2087–2098.

Cluster randomized crossover trial with 8665 patients comparing the effects 

of chlorhexidine mouthwash, SOD, or SDD with a control group with only 

chlorhexidine body washings. The study was conducted in 13 European ICUs 

with moderate-high levels of antibiotic resistance. They found no significant 

reduction in ICU-acquired bacteremias caused by multidrug-resistant gram 

negatives or a reduction in mortality for all interventions as compared with 

standard care.
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Intravascular Catheter-Related Infections

Niccolò Buetti and Jean-François Timsit

INTRODUCTION

Intravascular catheters are essential in the care of critically ill patients 

in order to allow safe intravenous administration of medications, help 

in the monitoring of hemodynamic parameters, and aid in the intra-

venous administration of fluid resuscitation. In European intensive 

care units (ICUs), the central venous catheter (CVC) utilization rate 

was, on average, 71 CVC days per 100 patient days.1 Moreover, blood-

stream infections (BSIs) were catheter-related in 42.6% of cases,1 and 

rates of catheter-related BSIs (CR-BSI) ranged to levels as high as 1–6.2 

per 1000 catheter days.1 In the United States, 15 million CVC days are 

estimated to occur each year in ICU patients, in addition to about 

40,000 CVC-related BSIs, leading to a rate of more than 2 per 1000 

CVC days.2 However, peripherally inserted central venous catheters 

(PICCs) are less frequently placed for central access in critically ill pa-

tients, and their use in the ICU setting remains debated.3

CR-BSIs are associated with a significantly increased mortality.4 

However, recent studies describe a nonincreased risk of mortality in a 

cohort of patients where catheters were systematically removed.5 The 

excess of ICU length of stay is estimated at 9–12 days.6,7 Early adequate 

antimicrobial therapy and catheter removal are key components of 

therapy in the case of CR-BSI with severe sepsis or shock. Data on 

duration of antimicrobial therapy are scarce and will be discussed.

In contrast to other hospital-acquired infections, the majority of the 

risk factors for intravascular catheter infection are linked to the device 

itself and can be prevented efficiently.8,9 Healthcare worker education 

and training and continuous unit–based improvement programs are 

therefore instrumental.9,10 We will discuss the potential interests of new 

technical developments and put them into perspective according to the 

available recommendations. Our focus will be mostly on short-term 

CVC use in critically ill patients, though other catheters are also men-

tioned.

PICCs, arterial, and short-term dialysis catheters will be discussed 

separately in the electronic supplemental material.

PATHOPHYSIOLOGY AND MICROBIOLOGY

The colonization of the catheter can occur by two main pathways: the 

extraluminal route or the intraluminal route. Colonization of the cath-

eter from its dermal surface is the predominant route of colonization for 

short-term CVCs (,15–30 days), whereas colonization via the intralu-

minal route resulting from hub contamination predominates for long-

term CVCs.11 These main differences should be kept in mind when 

choosing between different diagnostic options and preventive strategies.

The occurrence of bacteremia caused by common skin organisms (e.g., 

coagulase-negative staphylococci [CoNS] or Staphylococcus aureus) is a 

major criterion for the diagnosis of CR-BSI, although Enterobacteriaceae 

and Pseudomonas aeruginosa are increasingly observed these last years,12 

especially in case of femoral site of insertion.13,14

DEFINITIONS

Definitions that are currently accepted are displayed in Table 111.1 and 

apply to all types of vascular catheters. Having them in mind is impor-

tant to better interpret clinical evidence. Two major definitions are used 

to define BSIs caused by vascular catheters: central line associated–BSI 

(CLA-BSI) and catheter-related BSI (CR-BSI). The CLA-BSI definition 

requires a single positive blood culture for a typical pathogen (or two 

positive blood cultures for a skin commensal) without positive tip cul-

ture or positive peripheral blood cultures. Although this definition is 

accepted for surveillance, it overestimates the true incidence of catheter 

infections and remains subjective in assigning the source of infection.2,15 

A recent meta-analysis illustrated that the consistency between CLA-BSI 

and CR-BSI definitions was rather poor.16 Indeed, the CR-BSI definition 

is a more specific clinical definition that requires specialized microbio-

logic data (e.g., differential time to positivity [DTP], catheter tip culture) 

and positive peripheral blood cultures.17

DIAGNOSIS OF CATHETER INFECTIONS

Clinical Diagnosis
An old study showed that inflammation signs (e.g., erythema or red-

ness) at the exit site are nonspecific and are rarely present in case of 

CR-BSI.20 However, an analysis including four randomized controlled 

trials (RCTs) with more recent data illustrated that local signs at re-

moval were significantly associated with CR-BSI and were highly pre-

dictive for catheter infection, especially in the first 7 catheter days.21 

Usually, when CR-BSI is suspected, the common practice in the ICU is 

to remove the CVC and replace it at a new site. However, only about 

15%–25% of CVCs so removed indeed proved infected upon quantita-

tive tip culture.22–24

Diagnosis of CR-BSI After Catheter Removal
Cultures at catheter removal should only be performed if an intravas-

cular catheter infection is suspected (see Table 111.1).18 Although the 

qualitative broth tip culture has a high sensitivity, its specificity is very 

low, and contamination cannot be discriminated from infection; it 

should therefore be abandoned. Quantitative culture techniques have 

been developed and explore either the extraluminal part of the catheter 

(semiquantitative Maki technique) or the extraluminal and intralumi-

nal parts via vortex wash or sonication.25–28 The semiquantitative cul-

ture techniques appear to be as accurate as the quantitative methods for 

diagnosis of catheter-related infections.29 Of note, the sensitivity of the 
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 Definition Comments

Catheter tip colonization Positive culture of the catheter tip that grew to $15 cfu/mL 

(semiquantitative), 102 cfu/mL (quantitative sonication), or 

103 cfu/mL (quantitative vortexing).

Qualitative culture should no longer be used.

Exit site infection Tenderness, erythema, or induration . 0.5 cm at the exit site. It 

may be associated with other signs and symptoms (e.g., fever 

or purulent drainage).

Positive culture of exudate confirms the exit site infection  

microbiologically.

Catheter-related  

bloodstream infection 

(CR-BSI)

One positive blood culture obtained from peripheral vein and 

clinical manifestation of infection and (1) a catheter tip coloni-

zation or (2) a differential time to positivity of more than 120 

min and no obvious source of bacteremia except the catheter 

or (3) simultaneous quantitative cultures of blood with a ratio 

of .3:1 cfu/mL of blood (catheter vs. peripheral blood).

Simultaneous quantitative culture from a peripheral vein and 

the catheter of 3–5: 1 ratio is rarely used.

Central line associated–

bloodstream infection 

(CLA-BSI)

One positive blood culture and clinical manifestation of infection 

in a patient with a catheter in place with no other source of 

bacteremia except the catheter.

Easy to use for surveillance purposes. However,  this defini-

tion can lead to an overestimation of the BSI incidence 

caused by catheter infection, especially in ICU and in onco-

hematologic patients.

Catheter-related clinical 

sepsis 

Clinical manifestation of infection that disappears within  

48 hours of catheter removal and a positive catheter tip  

culture and no other obvious treated source of infection.

Represent 30%–50% of catheter-related infections with  

general manifestation. Not easy to collect routinely, but 

may need antimicrobial treatment.

Suspected intravascular 

catheter infection

The presence of one of the following signs: elevation of  

inflammatory signs (fever or organ dysfunction) after catheter 

placement without other infectious or noninfectious explana-

tions; exit site infection signs (purulent discharge, redness, or 

cellulitis .0.5 cm diameter, abscess); positive blood culture 

without identification of infectious focus.

This definition is based on expert opinion.18 The exclusion of 

other sources of infection can lead to important variability 

in the final classification in ICU patients. The purulence of 

the exit site of the catheter is a strong argument to impute 

the catheter as the source of infection.

Clinical/laboratory signs 

or risk factors for  

complicated  

catheter infection

• Hemodynamic instability.

• Neutropenia (,500/mm3) or immunosuppression (including 

organ transplantation).

• Local exit site signs (purulent discharge or redness/cellulitis 

.0.5 cm diameter).

This definition is based on exclusion criteria used in a study 

investigating a watchful waiting strategy versus immediate 

catheter removal in ICU patients with suspected catheter-

related infection.19

Noncomplicated  

intravascular  

catheter infection

• Favorable clinical course without persistence of fever and 

negative blood cultures after 72 hours of adequate treatment.

• No septic metastasis, endocarditis, or septic thrombophlebitis.

• Without other intravascular devices or immunosuppression.

In contrast, a persistent CR-BSI is defined as the presence of 

positive blood cultures after 72 hours of adequate antimi-

crobial therapy.

Catheter-related  

thrombophlebitis

Clinical definition: induration or erythema, warmth, and pain or 

tenderness along the tract of a catheterized or recently cathe-

terized vein. Alternatively, imaging evidence of vascular throm-

bosis and clinical manifestations concordant with location of a 

catheterized or recently catheterized vein.

TABLE 111.1 Proposed Definitions

Adapted from Timsit JF, Rupp M, Bouza E, et al. A state of the art review on optimal practices to prevent, recognize, and manage complications 

associated with intravascular devices in the critically ill. Intensive Care Med. 2018;44(6):742–759; and Buetti N, Timsit JF. Management and 

prevention of central venous catheter-related infections in the ICU. Semin Respir Crit Care Med. 2019;40(4):508–523.

BSI, Bloodstream infection; cfu, colony-forming unit; CoNS, coagulase-negative staphylococci; ICU, intensive care unit.

catheter culture may be decreased in case of prior use of 

antimicrobials.30,30a This point should be kept in mind when interpret-

ing negative or borderline culture results. Therefore the need to per-

form diagnostic tests (blood and catheter cultures) before starting any 

new antimicrobials should be always emphasized.

Diagnosis of CR-BSI With Catheter in Place
In the case of severe sepsis or shock, the catheter should be promptly 

removed.17,31 However, most of the suspected catheter infections are 

not life-threatening, and diagnostic techniques allowing an accurate 

diagnosis while keeping the catheter in place are an attractive option19 

(see “Management of Catheter-Related Infections”).

Quantitative Culture of the Catheter Exit Site

A negative culture of the catheter exit site in case of suspicion of infec-

tion may rule out the diagnosis of CR-BSI or colonization but their role 

remains debated in the literature.32,32a Alternatively, the combination of 

skin and flushed needleless connectors culture (i.e., connectors closing 

catheter hubs requiring a less invasive microbiologic diagnostic) may be 

a valuable option for ruling out catheter colonization,33 thus avoiding 

any unnecessary catheter replacement.

Differential Time to Positivity

Simultaneous blood cultures, drawn through the catheter and a pe-

ripheral vein without removal or exchange of the catheter, are accurate 
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means for predicting CR-BSI. The time to positivity (TTP) of a blood 

culture is related to the magnitude of the bacterial inoculum: if a cath-

eter is the source of bacteremia, blood cultures sampled through this 

catheter will likely have an increased inoculum than peripheral sam-

ples and should yield bacterial growth more quickly.34 Therefore the 

differential time to positivity (DTP) of hub-drawn blood cultures as 

compared with peripherally drawn blood cultures has been proposed 

as a means to diagnose CR-BSI35 (i.e., the difference in the time to 

positivity between hub blood and peripheral blood cultures). If a cut-

off of 120 minutes is used, sensitivity and specificity are greater than 

90%35; moreover, for short-term catheters, a meta-analysis docu-

mented a sensitivity of 89% and specificity of 87%.27 Theoretically, this 

technique only explores the intraluminal route of infection, but other 

authors showed that it can be used for both short-term and long-term 

CR-BSI diagnosis,36,37 thus indirectly suggesting a good yield for the 

extraluminal route diagnosis. However, aspiration of blood cultures 

drawn through the catheter lumen is technically impossible in one case 

out of four.38 Furthermore, each lumen may represent a source of in-

fection. It has been shown that the sampling of one out of three lu-

mens of triple-lumen catheters misses 37% of the CR-BSI cases.39 

Moreover, the role of DTP for the diagnosis of several specific micro-

organism CR-BSIs remains debated. For diagnosis of Candida CR-BSI, 

one retrospective study showed good sensitivity (85%) and specificity 

(82%),40 whereas other investigators reported a specificity of only 

40%.41 Similar controversies are observed for the diagnosis of S. au-

reus, CoNS, or non-AmpC Enterobacteriaceae CR-BSI with DTP.42–45

Paired Quantitative Blood Cultures

A diagnosis of CR-BSI can be made if the microorganism colony count 

is higher in blood cultures obtained from the CVC versus percutane-

ously obtained peripheral blood.17 Although it is an accurate method 

to diagnose CR-BSI,27 this technique is limited by the lack of standard-

ized cutoff points. In addition, most laboratories rarely perform quan-

titative blood cultures.17,27

PREVENTION

The only sure way to prevent CR-BSI, in addition to other catheter-

related complications, is to avoid unnecessary intravascular cathe-

ters.46,47 An increasing body of studies indicates the safety of peripheral 

intravenous lines for administration of low-dose vasoactive medica-

tion.48,49 Therefore a minimization of catheter use or the use of alter-

natives are important tools for CR-BSI prevention. The need for CVCs 

should be assessed daily, and unnecessary CVCs should be removed.15

Guidelines on CR-BSI prevention have been recently updated.8,9,18,31,50,50a 

They belong to two categories: studies applying multimodule programs to 

improve general infection control measures when using catheters, such as 

surveillance, education, and quality management strategies, and studies 

that have tested new biomaterials, antiseptic dressings, and catheter locks. 

Their key points are illustrated in Figs. 111.1, 111.2, and 111.3.

Catheter Insertion
Sterile Barrier Precautions

Full barrier precautions using sterile gloves, long-sleeved sterile gown, 

procedure mask, cap, and large sterile sheath drape during catheter 

insertion are essential for the prevention of CR-BSI and should repre-

sent the standard during CVC and pulmonary catheter insertion.51,52 

Only one prospective randomized study in surgical patients did not 

show any additional benefit for full sterile barrier precautions.53 

Nevertheless, most available evidence suggests risk reduction with this 

intervention. A bedside checklist should be used to improve the com-

pliance with appropriate insertion procedures.54

STRUCTURE AND PROCESS OF CARE FOR PREVENTION OF CR-BSI IN ICU

• Participate in a surveillance network

• Educate, assess knowledge, and audit
 the adherence to recommendations of
 ICU HCWs

• Organize a follow-up of your process of care
 and CR-BSI ratea

• Use only trained HCWs who demonstrate
 competence in catheter insertion and
 maintenance

• Ensure adequate nurse-to-patient ratio

• Use checklist for catheter insertion,
 catheter care, and catheter removal

Fig. 111.1 Structure and Process of Care for Prevention of Catheter-

Related Bloodstream Infections (CR-BSI) in the Intensive Care Unit 

(ICU). HCWs, Healthcare workers.

CATHETER INSERTION

RECOMMENDED: DO NOT:

• Hand hygiene
• Full barrier precautions for
 CVC insertion

• Preparation of cutaneous site
 with 2% alcohol CHG

• Subclavian rather than jugular
 or femoral access

• Insert unnecessary CVCs
• Replace CVCs systematically

• Scrub the skin with antiseptic
 detergent before application of an
 antiseptic solution

• Use subclavian access for short-term
 dialysis catheters

Fig. 111.2 Catheter Insertion. Strongly recommended preventive 

measures are written in bold. CHG, Chlorhexidine gluconate; CR-BSI, 

catheter-related bloodstream infection; CVC, central venous catheter.

CATHETER CARERECOMMENDED:

DO NOT:

• Daily visual inspection of the catheter site

• Replace the dressing every 7 days;
 document the date of change

• Replace tubing at least every 7 days

• Replace tubing used to administer blood
 product, lipid emulsions within 24 hours
 of initiating the infusion- consider
 CHG-impregnated dressings.

• Leave in place unnecessary CVCs

• Leave in place dressing if unstuck,
 soiled or moistened

Fig. 111.3 Catheter Care. Strongly recommended preventive mea-

sures are written in bold. CVC, Central venous catheter.
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the gram-positive subgroup and became nonsignificant after removal of 

a high-risk-of-bias study.73 The impact on gram-negative BSI was not 

significant.73 The last cluster-RCT conducted in more than 70 German 

ICUs showed no benefit of chlorhexidine bathing on CLABSI.73a Consid-

ering the existing concerns about the risk of emergence of CHG resis-

tance and antibiotic cross-resistance,65 the implementation of universal 

skin decolonization with CHG warrants caution and further evaluation.74

Catheter Insertion Site

Selection of the insertion site should be based on both the benefits 

and the risks of the procedure. These include infection, thrombosis, 

and mechanical complications. The subclavian site is the preferred 

insertion site for reducing infectious complications.75,76 An old RCT 

demonstrated that the subclavian site was associated with lower risk of 

infectious and thrombotic complications than femoral catheterization 

in ICU patients.73 The three-site multicentric RCT confirmed the su-

periority of the subclavian site compared with the femoral site, and 

based on results of the per-protocol analysis, a decreased risk for the 

subclavian site was observed compared with the jugular site.72 Of note, 

the impact of systematic ultrasound-guided catheter insertion has not 

been routinely considered in the previously mentioned analyses.

Several meta-analyses compared the differences in the infectious 

risk between femoral and jugular sites.77–80 Two of them showed a su-

periority for the jugular insertion site. However, when considering 

RCTs only, the femoral and internal jugular accesses were associated 

with similar risk of infection.78,79,81 Two studies using individual data 

of RCTs suggested that catheter colonization and infection were higher 

for the femoral site in females, in patients with elevated body mass 

index (.28.4),81 or if the catheter dwell time was $5 days.80

Catheter Fixation

Application of sutures disrupts the skin at the insertion site and may 

serve as a nidus for microbial growth. An innovative approach using a 

suture-free system has been proposed by Karpanen and colleagues.82 

This securement system performed similarly in terms of CVC migra-

tion and unplanned removal of CVC; however, to date, its effect on 

CR-BSI reduction has not been demonstrated.

Ultrasound-Guided Placement

The use of ultrasound compared with anatomic landmarks is associated 

with greater procedural success, lower number of attempts, shorter 

time of catheterization, and a reduction of mechanical complication, 

especially for internal jugular and subclavian veins.83,84 Moreover, this 

technique may allow prompt recognition of complications (e.g., pneu-

mothorax).85 However, the impact of ultrasound on the rate of catheter 

infections is uncertain. Only a few studies have assessed the infectious 

risk associated with ultrasound guidance, and a prospective study did 

not show any effect of ultrasound guidance on CVC-associated BSIs or 

mortality.86 A recent large post-hoc analysis including data until 2014 

showed that ultrasound guidance may be associated with an increased 

risk of infection. In hospitals where ultrasound equipment is available 

and the physician has a sufficient training level, combining the ana-

tomic landmarks with ultrasound catheter insertion procedures should 

be considered to reduce the risk of mechanical complications.

Thrombosis and Infection

Some clinical data suggested a close relationship between catheter 

thrombosis and infection.87 A fibrin sheath surrounding the catheter 

enhances catheter colonization,88 and therefore the diagnosis of cath-

eter thrombosis should increase the suspicion for catheter infection. 

Anticoagulant and antithrombotic agents have been used to prevent 

and manage complications of CVCs. However, the role of heparin in 

Skin Antisepsis

Skin antisepsis is one of the most important preventive measures. An 

old in vitro study postulated that antiseptic detergent before applica-

tion of an antiseptic solution may decrease the amount of bacteria and 

(potentially antiseptic-inhibiting) protein-rich biomaterials on the 

skin.55 However, an RCT demonstrated that cleansing of the skin with 

a detergent is unnecessary; therefore this measure should be aban-

doned unless the skin is obviously contaminated.24

Adequate skin decontamination requires correct application tech-

nique, including the dose for the skin surface area and allowing adequate 

drying time. The optimal modality of antiseptic application remains 

controversial.56 The application of the antiseptic either using applicators 

or sterile gauze handled with a pincer may increase antiseptic diffusion 

into the deeper layers of the skin while keeping the hands of the operator 

away to reduce the risk of contamination.31 Single-use vials containing 

sterilized antiseptic further reduce the risk of contaminated solutions 

from multiuse bottles but may increase costs.31

Numerous studies have been conducted to identify the best antiseptic 

solution for skin decontamination. In patients without contraindications 

(e.g., chlorhexidine allergy), a sterile 2% (w/v) chlorhexidine gluconate 

(CHG) solution should be used to decontaminate the skin before the 

insertion of a vascular catheter, and neither aqueous nor alcoholic povi-

done-iodine (PVI) should be used as a first-line agent for skin decon-

tamination.24,57–59 The CHG superiority is probably because of its rapid 

bactericidal activity. The majority of these studies were conducted using 

2% alcoholic CHG. Interestingly, one prospective cohort study found no 

difference in catheter colonization by CR-BSI between 0.5% alcoholic 

chlorhexidine and 2% aqueous chlorhexidine.60 In contrast, another ob-

servational study found a similar risk for catheter-related infections be-

tween alcoholic CHG ,1% and alcoholic PVI, suggesting less benefit 

using lower concentrations of CHG.59 The potential benefit of the 2% 

alcoholic CHG compared with 0.5% alcoholic CHG has been demon-

strated in vitro61 and suggested by one before-and-after study evaluating 

S. aureus bacteremia in patients receiving hemodialysis.62 Given the wide-

spread use of CHG in medicine, the development of CHG resistance, and 

especially cross-resistance, to clinically relevant antibiotics has raised 

concerns.63 For example, gram-negative bacteria can exhibit a high level 

of intrinsic resistance to CHG (e.g., P. aeruginosa, Proteus spp., and 

Providencia stuartii).63,64 Moreover, efflux pumps’ gene-resistance mecha-

nisms are present in both gram-positive (e.g., Enterococcus spp.) and 

gram-negative microorganisms (e.g., Acinetobacter spp. or Klebsiella 

pneumoniae), thus raising the concern that the resistance to CHG with 

widespread clinical use may simultaneously increase the antibiotic resis-

tance.63,65 Moreover, CHG tolerance has been associated with methicillin-

resistant S. aureus (MRSA) decolonization protocol failure.66 However, 

the clinical impact of this is uncertain, and a possible cross-resistance 

between CHG and antibiotics remains controversial.65 Ubiquitous use 

of CHG, including patient bathing, oral care, and decontamination of 

medical devices, however, warrants closer monitoring for emergence of 

resistant strains to CHG and cross-resistance to antibiotics.31,63,65 CHG is 

probably the most effective disinfectant; however, it is associated with 

more cutaneous skin reactions,24,67 and rarely, severe anaphylaxis has 

been reported.68 Sequential use of PVI-containing and CHG cutaneous 

antiseptics may be beneficial, particularly for high-risk cases, but pro-

spective, multicentered RCTs should be conducted to more rigorously 

address the utility of this approach to preventing intravascular catheter-

related infections.69

Chlorhexidine Patient Bathing

Important RCTs have found that routine patient washing with CHG  

or universal decolonization protocols result in significant CLA-BSI 

reduction.70–72 However, in a meta-analysis, the effect was evident in 
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preventing CR-BSI remained controversial: a recent meta-analysis 

showed that heparin saline is not superior to regular saline in reducing 

CR-BSI.89 Data supporting the specific use of systemic anticoagulant 

therapy to prevent catheter-related thrombosis in ICU patients are 

scarce. In selected patient populations (e.g., cancer patients) with 

CVCs, anticoagulation administration should balance the possible 

benefit of reduced thromboembolic complications with the possible 

harms of anticoagulants.31,90 To date, routine use of systemic antico-

agulation cannot be recommended.

Few data exist regarding the use of heparin-bonded catheters in 

adult patients in the ICU. A meta-analysis including two studies per-

formed in pediatric patients concluded that heparin-bonded cathe-

ters did not reduce the rate of catheter-related thrombosis.91 One 

study reported a reduction in the rate of CR-BSI and colonization 

after the use of heparin-bonded catheters.91 Another study including 

patients with hemato-oncologic disease illustrated that the use of 

heparin-coated catheters can be a safe and effective approach for 

prevention of CR-BSI.92 However, the potential interest of heparin-

coated catheters might be balanced by the risk of heparin-induced 

thrombocytopenia.

Catheter Care
Replacement

Repeated catheterizations of the same vein are associated with an  

increased risk of catheter infection.22 However, the scheduled replace-

ment of catheters as a preventive strategy has not lowered catheter in-

fection rates in many trials in the 1980s to 1990s.93,94 These findings 

argue in favor of avoiding any routine replacement of CVCs for cath-

eters that are functioning and have no evidence of local or systemic 

complications.95 Importantly, such a statement might not hold true for 

arterial catheters, whose daily risk of colonization might increase with 

duration of catheter maintenance.96

Dressing

Semipermeable transparent dressings are widely used; they allow con-

tinuous observation of the skin insertion site and reduce the risk of 

extrinsic colonization. Gauze dressing is preferred if blood is oozing 

from the catheter insertion site. Catheter dressings should be changed 

immediately if the dressing becomes damp, loosened, or soiled. The 

risk of CR-BSI increases by more than threefold after the second 

dressing disruption and by more than tenfold if the final dressing is 

disrupted.97 The optimal frequency of routine changes of a CVC 

dressing is not well-established. However, an RCT demonstrated that 

the interval of scheduled dressing changes could be safely increased to 

7 days in the ICU, provided the dressings are closely monitored.98 New 

dressings combining high adhesiveness and permeability and good 

skin tolerance were not able to decrease the risk of catheter infection 

and overall catheter complications in a large monocentric RCT.99 The 

application of a new acrylic terpolymer skin-protective barrier film 

around the catheter insertion site resulted in fewer dressing disrup-

tions and skin integrity issues. However, the effect on CR-BSI was not 

demonstrated, and this technology was tested only in CHG-impreg-

nated dressing.100

Both CHG-impregnated sponges and CHG-gel dressings were as-

sociated in two RCTs with a 60% decrease in the risk of catheter infec-

tions, including CR-BSIs.98,101 The limitations of these studies included 

the use of skin antisepsis with PVI at insertion and when changing 

dressings (first study) and the lack of a double-blind design and a 

manufacturer’s financial participation (second study). Moreover, 

CHG-impregnated sponges and CHG-gel dressings triggered contact 

dermatitis at a low rate, ,10/10,000 catheters in adult patients. 

Two meta-analyses confirmed that CHG-impregnated dressings were 

beneficial in preventing catheter colonization and CR-BSI.102,103 In 

light of these considerations, CHG-impregnated dressings should 

probably be used to decrease CR-BSI in adults.

Administration Set Replacement (Tubing)

Administration sets that do not convey lipids, blood, or blood prod-

ucts may be left in place for intervals of up to 96 hours without in-

creasing the risk of infection.104 A large RCT conducted in several ICUs 

in Australia showed that infusion set use can be safely extended to 

seven days.105,105a Nevertheless, tubing used to administer blood, blood 

products, or lipid emulsions (including propofol infusions) should 

probably be replaced at least every 24 hours.106,107

Catheter Hubs and Needleless Connectors

Any excessive manipulation of CVCs increases the risk for subsequent 

bacterial ingress into the catheter lumen, and therefore CR-BSI, and 

must be avoided.10 Any intravascular access point with a surface open 

to the environment requires disinfection before use, as it acts as the 

immediate portal of entry.108 Before accessing catheter hubs or needle-

less connectors, an appropriate antiseptic (alcoholic CHG, 70% alco-

hol) should be used.8,15,108 Applying mechanical friction for at least 5 

seconds was associated with reduced contamination109,110 and should 

therefore be implemented. However, it is unclear whether this mini-

mum scrub time can be generalized to needleless connectors.109 Al-

though some needleless systems appear to be associated with a greater 

risk of BSI, probably related to their features (i.e., transparency, dis-

placement, flow dynamic, fluid pathway, difficulty of cleaning),15,111–114 

needleless intravascular connector valves may be introduced into 

clinical practice to minimize the risk of needlestick injury during in-

termittent use.

The catheter hub should be appropriately disinfected to prevent 

catheter infections; however, the compliance with this time-con-

suming manual disinfection process is low. New antiseptic barrier 

caps have been developed that clean the catheter hub by continuous 

passive disinfection and may be associated with a lower CLA-BSI 

incidence.115

Antimicrobial-Coated or -Impregnated Catheters

The efficacy of catheters impregnated with CHG and silver sulfadia-

zine was tested in many RCT studies in the 1990s. A meta-analysis 

including 57 studies and 11 types of impregnations showed that cath-

eter impregnation significantly reduced CR-BSI and colonization.116 

However, catheter impregnation did not significantly influence the 

rates of clinically diagnosed sepsis, all-cause mortality, and catheter-

related local infections.116 In terms of microbiologic outcomes (e.g., 

catheter colonization) minocycline-rifampicin impregnation ap-

peared to be superior to chlorhexidine–silver sulfadiazine impregna-

tion, which was in turn superior to silver impregnation.116 However, 

many of the studies were performed in the era before infection pre-

ventive bundles became routinely used; whether impregnated cathe-

ters are still cost-effective in such settings is uncertain.31,116 Although 

the emergence of antimicrobial resistance is of concern, particularly 

with the minocycline-rifampin–coated catheter, the available data 

suggest that the long-term use of antimicrobial-coated CVCs is not 

associated with increased resistance against staphylococcal species.117 

However, no clear conclusion could be drawn regarding the impact of 

the use of rifampin-minocycline–impregnated catheters on the devel-

opment of antimicrobial resistance or on the selection of resistant 

flora and Candida spp.118,119 Therefore the use of such catheters 

should be limited to hospital units with an infection rate above the 

institutional goals despite their compliance with basic catheter infec-

tion prevention practices.8,15 Other catheters impregnated with silver 
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zeolite, oligon, platinum, and carbon have been tested but have not 

proven their efficacy.120

Systemic Antibiotic or Antiseptic Lock Solutions

The prophylactic use of systemic antibiotics at the time of catheter inser-

tion has not proven to be effective in reducing CR-BSI. However, only a 

few studies investigated the role of systemic antibiotic prophylaxis in 

short-term catheters. A meta-analysis including three relatively small 

studies demonstrated that the routine use of prophylactic systemic anti-

biotics in newborns during the full period of CVC maintenance reduced 

the rate of “proven” or “suspected” septicemia and of clinical sepsis with-

out any effect on mortality.121 Only a few studies investigated the role of 

systemic antibiotic prophylaxis in adults. Concurrent systemic antibiot-

ics at catheter insertion and intravascular catheter-related infection in 

the ICU: a post hoc analysis using individual data from five large 

RCTs.123,123a The prophylactic use of systemic antibiotics at catheter in-

sertion has not proven to be effective in reducing the incidence of CR-

BSI and is therefore discouraged.

Antimicrobial lock therapy (ALT) consists of instilling a supra-

therapeutic concentration of an antimicrobial solution into a catheter 

lumen and leaving it in place until the catheter hub is reaccessed. ALT 

is intended for catheters not used continuously and targets endolumi-

nal catheter infections. Importantly, most available data evaluating 

this strategy are derived from long-term catheters.31 In a meta-analy-

sis, the use of antimicrobial lock solutions led to a reduction of CLA-

BSI rate and a decrease of exit-site infections compared with the use 

of heparin.124 However, this meta-analysis identified a significant 

publication bias.124 Moreover, lock solutions may lead to the emer-

gence of antibiotic-resistant organisms125 and could lead to systemic 

toxicity caused by lock solution spillage from catheters.31 Some fibri-

nolytics reduced the rate of catheter infection and dysfunction in 

tunneled dialysis catheters126; however, the extrapolation of these 

studies to short-term catheters inserted in ICU patients is debatable 

because of differences in catheter type, use, and accessibility for ALT.31 

To date, the use of prophylactic ALT for short-term catheters cannot 

be recommended.

Role of Nursing Care
The intravenous catheter care bundle includes a checklist for catheter 

insertion, appropriate postinsertion catheter care, and prompt removal 

of the catheter when no longer required.8,50 Nursing staff and any per-

sonnel involved with the care of intravascular catheters have an essen-

tial role during these processes.31 The checklist is a tool to assure that 

the catheter insertion procedure is followed correctly, and it empowers 

healthcare workers to challenge and stop the procedure if this is not 

executed appropriately.8,31 Finally, it is essential to assure an appropriate 

nurse-to-patient ratio and limit the use of float nurses in ICUs.8,127

Bundles of Care
Several insertion and maintenance prevention measures can be combined 

to create a bundle. Implementation of such bundles has been demon-

strated to reduce the median incidence of CLA-BSI from 6.4 per 1000 

catheter days to 2.5 per 1000 catheter days after their implementation.128

Proposed bundles should result from available recommendations 

and be adapted locally.129 The key components include (1) improvement 

of hand hygiene compliance; (2) use of maximal barrier precautions 

during the insertion; (3) preferential use of subclavian access; (4) use of 

alcoholic 2% CHG for skin antisepsis and catheter care; (5) daily inspec-

tion of the insertion site; (6) immediate change of unstuck, soiled, or 

moistened catheter dressings; and (7) removal of the catheters as soon as 

no longer requested. Although nearly 50% of US ICUs reported having 

a CLA-BSI prevention bundle policy, only 38% of institutions that 

monitored bundle implementation reported full bundle compliance.130 

Therefore hospitals must target improving bundle implementation and 

compliance as opposed to simply instituting policies.130 Several success 

stories were published using these recommendations, most of which 

were observed in ICUs.47,131–134

Knowledge, Education, and Behavioral Interventions
Practice change was one of the most important interventions that re-

duced the incidence of CLA-BSI.128 In particular, the implementation of 

central-line bundles has the potential to reduce the incidence of CLA-

BSI.128 Knowledge, education, and training are the cornerstones of any 

behavior change strategy. Individual experience is instrumental in ex-

plaining behavior compared with the evidence base or formal educa-

tion.135 Therefore isolated knowledge delivery by ex cathedra teaching or 

handing out of written protocols is not sufficient to change behavior.31 In 

this context, a systematic review on organization and structure of infec-

tion control identified three essential components addressing knowledge, 

education, and behavioral interventions: (1) guidelines should be used in 

combination with practical education and training; (2) education and 

training should involve frontline staff and should be team- and task- 

oriented; and (3) implementation should follow a multimodal strategy, 

including tools such as checklists and bundles, developed by multidisci-

plinary teams, taking into account local conditions.124,125,136–138

MANAGEMENT OF CATHETER-RELATED 
INFECTIONS

Catheter Removal or a More Conservative Attitude?
When CR-BSI is suspected, in the case of hemodynamic instability, 

immunosuppression, or if local signs of infection are observed, the 

catheter should be removed31 (see Table 111.1 and Fig. 111.4). Other-

wise, the decision of catheter removal should take into account the 

ease of a new catheter insertion and the severity of the comorbidities 

of the patient. In this context, there are few relevant data, especially 

from RCTs. Moreover, cautious decisions about catheter removal and 

type and length of antibiotic therapy should be made after each case is 

examined in light of these variables. An RCT including a relatively low 

number of hemodynamically stable critically ill patients without 

proven bacteremia and without local signs of CR-BSI illustrated that a 

watchful waiting strategy (versus immediate catheter removal) permit-

ted a substantial decrease in the number of unnecessarily removed 

CVCs without increasing morbidity.19 Another strategy for patients 

with limited venous access (e.g., patients with a hemodialysis catheter) 

is the change of catheter over a guidewire (GWX).139 An old systematic 

review comparing GWX with new site replacement showed a trend 

toward fewer mechanical complications but increased infections using 

GWX.140

When conservative strategies have been initiated, the catheter 

should be removed depending on microorganisms recovered and on 

the clinical course within the first 72 hours (see Table 111.1).

Catheter removal is strongly recommended in patients with CR-BSI 

caused by S. aureus, gram-negative bacilli, enterococci, fungi, or multi-

drug-resistant (MDR) bacteria.17,141–145 If CoNS are identified and if blood 

culture contamination is ruled out, the catheter should also be removed: 

CVC retention does not have any impact on the resolution of CoNS bac-

teremia but is a significant risk factor for recurrence.146 For CR-BSI (i.e., 

bacteremic intravascular catheter infection) in the ICU, the catheter re-

moval is usually preferable, as it allows a complete removal of the source 

of infection. Overall, conservative strategies are associated with an in-

creased risk, and critically ill patients have to be cautiously monitored. Of 

note, if GWX is performed in the setting of a catheter infection, the newly 
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CATHETER MANAGEMENT

Suspicion of catheter-related infection*?

Shock, signs, or risk factors

for complicated catheter

infection†?

Catheter removal Watchful waiting strategy

Re-evaluation after 72 h

Confirmed CR-BSI Negative microbiology OR

positive blood cultures

probably not related to the

catheter

Watchful waiting strategy
Non-complicated‡ CR-BSI

Catheter removal is generally

preferred

Persistent CR-BSI

Catheter removal

AND

assess complications:

• Thrombophlebitis?

• Endocarditis or

 metastatic infection?

• Other vascular line

 infection?

Yes

Yes

No

Fig. 111.4 Algorithm for the Management of Suspected Catheter-Related Infections. *Elevation of in-

flammatory signs after catheter placement without other infectious or noninfectious explanations, or exit site 

infection signs (purulent discharge, redness/cellulitis .0.5 cm diameter, abscess), or positive blood culture 

without identification of infectious focus. †Hemodynamic instability; or neutropenia (,500/mm3) or immuno-

suppression (including organ transplantation); or local exit site signs (purulent discharge or redness/cellulitis 

.0.5 cm diameter). ‡Favorable clinical course without persistence of fever and negative blood cultures after 

72 hours of adequate treatment; and no septic metastasis, endocarditis, or septic thrombophlebitis; and no 

other intravascular devices or immunosuppression. CR-BSI, Catheter-related bloodstream infection.

placed catheter should be removed. The optimal timing of antimicrobial 

therapy administration in this specific case has not been evaluated.

Positive Catheter Tip Culture With No  
Positive Blood Cultures
The Infectious Diseases Society of America (IDSA) guidelines recom-

mend that catheter cultures be performed each time a catheter is  

removed for suspected CR-BSI.17 However, in the ICU, at the time of 

any catheter removal, the body temperature is abnormal in more than 

half of the patients, and two of the four systemic inflammatory  

response syndrome (SIRS) criteria are present in about 90% of  

patients.98,101 Thus most catheter tips would end up by being cultured 

on the sole basis of these criteria. There are limited data on the clinical 

significance of positive tip culture without concomitant bacteremia  

or fungemia.147 Considering all microorganisms, the prevalence of 

subsequent BSI (i.e., delayed BSI with the same microorganism as the 

one recovered from the catheter tip) ranges from 1.3% to 4.1%.147–151 

However, a comparison between studies is difficult because of the lack 

of a generally accepted definition of subsequent BSI.150 Therefore the 

management of a positive catheter culture without positive blood cul-

tures in a patient without specific symptoms is a challenge at bedside.  

The decision of whether antibiotic treatment should be administered 

depends on the identified microorganism. Overall, the risk of subsequent 

BSI is the highest for S. aureus, followed by gram-negative microor-

ganisms, whereas it is low for Enterococcus spp. and CoNS.

In patients with suspicion of infection and positive catheter tip 

culture with S. aureus though without demonstrated bacteremia 

within 24 hours after intravascular catheter removal, the risk of subse-

quent S. aureus bacteremia is 24% if they do not receive immediate 

antistaphylococcal antibiotics.152 Interestingly, a treatment within 
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24 hours after intravascular catheter removal led to a reduction in  

the incidence of subsequent bacteremia,152 and therefore the majority 

of authors supported the role of antibiotics for S. aureus.153–156 

An important percentage of subsequent BSI has also been found for P. 

aeruginosa,157 extensively resistant Acinetobacter baumannii,158 Serratia 

marcescens,150 and more generally for gram-negative microorgan-

isms.159 The risk is probably lower for CoNS and enterococci.151 Little 

is known about the significance of a fungal colonization of a catheter 

tip (i.e., candidemia). Whereas some authors found a low risk of devel-

oping subsequent fungemia,160,161 other studies hypothesized an in-

creased risk of developing a delayed fungal infection.162 These findings 

are supported by two other studies investigating subsequent fungemia 

and bacteremia.147,151 All these retrospective studies suffer from impor-

tant methodologic flaws and did not demonstrate that subsequent BSI 

was directly related to the positive catheter tip culture. It makes sense 

to treat critically ill patients with sepsis whose catheter tip reveals a 

significant growth of S. aureus, P. aeruginosa, A. baumannii, or Can-

dida spp., especially if they are immunocompromised or if a thrombo-

sis of the catheterized vein was observed at removal.87 For these micro-

organisms, follow-up blood cultures should be drawn, and an 

ultrasound examination may be considered.31 When the catheter tip 

culture yields CoNS, Enterococcus spp. or Enterobacteriaceae, manage-

ment without any antimicrobial treatment may be considered. The 

duration of therapy is not known: a maximum of 3–5 days is generally 

accepted18 (Table 111.2).

Empiric Treatment
Empiric therapy should be individualized to the patient’s characteristics, 

clinical stability, risk factors, and local epidemiology (Fig. 111.5). Once 

an intravascular catheter infection is suspected and associated with 

clinical or laboratory signs for complicated infection (see Table 111.1), 

empiric antimicrobial therapy should be administered immediately after 

appropriate samples are drawn for culture.

CR-BSI are frequently caused by gram-positive microorganisms 

and, accordingly, intravenous vancomycin (or daptomycin in patients 

with acute renal failure or when organisms have reduced susceptibility 

to vancomycin) is recommended in healthcare settings with a high 

prevalence of MRSA.22 Empiric therapy for gram-negative pathogens, 

particularly P. aeruginosa, should be based on clinical (e.g., severity of 

disease, neutropenia, immunosuppression, or hematologic malignancy) 

and epidemiologic factors (e.g., known colonization or exposure to 

high-prevalence healthcare settings).17,31 It is usually recommended to 

use a fourth-generation cephalosporin, beta-lactam/beta-lactamase in-

hibitor combination, or carbapenem.15 Moreover, having had a previ-

ous MDR gram-negative infection, sharing a room with a known MDR 

carrier, critical illness, neutropenia and immunosuppression, and prior 

antibiotic therapy are recognized risk factors for MDR gram-negative 

infections.163,164 Especially in patients with documented recent coloni-

zation with MDR gram-negative bacilli, a combination therapy with 

two different classes of antimicrobials against MDR gram-negative ba-

cilli is indicated.15 Empiric coverage for fungal infections should be 

considered only in a limited subpopulation of septic and severely ill 

immunocompromised patients (e.g., bone marrow or organ trans-

plants, hematologic malignancy, or other immunosuppression) and if 

multiple sites are colonized with Candida spp., or for patients with total 

parenteral nutrition or prolonged administration of broad-spectrum 

antibiotics.17,31,165 Empiric treatment consists mainly of an echinocan-

din, whereas fluconazole may represent an option in patients without 

risk of azole-resistant fungal infections (i.e., without previous identifi-

cation of C. glabrata or C. krusei or without exposure to fluconazole in 

the previous 3 months).31,165 Among other critically ill patients with 

ICU-acquired sepsis (e.g., nonsevere immunocompromised with risk 

factors for invasive Candida infections), an empirical treatment with 

echinocandin did not improve the fungal infection–free survival at day 

28 and is therefore discouraged.166

Targeted Antimicrobial Treatment According to the 
Specific Pathogen Isolated
Once the antimicrobial susceptibility patterns are available, a de-

escalation to the most appropriate therapy with the narrowest pos-

sible spectrum is recommended. The targeted treatment depends on 

the causative pathogen, presence of complications, catheter manage-

ment, and host factors.15,165 In general, in noncomplicated intravas-

cular catheter infections (for definition, see Table 111.1), a short 

course of antimicrobial treatment should be administered.15,165,165a 

The therapy duration may range from 5–7 days to 6 weeks165 (see 

Table 111.2). Recommendations on duration of treatment for CR-

BSI are often extrapolated from hospital-acquired bacteremia litera-

ture. A systematic review that included bacteremic critically ill patients 

showed no significant differences in clinical cure, microbiologic cure, 

and survival among bacteremic patients receiving shorter (5–7 days) 

versus longer duration (7–21 days) antibiotic therapy.167 To date, the 

results from a large Canadian multicentric RCT in critically ill pa-

tients with bacteremia (BALANCE Trial) are not available.168

S. aureus is frequently responsible for CR-BSI. Standard therapy for 

methicillin-susceptible S. aureus (MSSA) consists of an antistaphylo-

coccal penicillin or first-generation cephalosporin.169 The addition of 

an aminoglycoside is not recommended, as it does not offer clinically 

significant benefit and increases the risk for renal impairment.170 For 

MRSA, and based on long-term clinical experience and trial results, 

vancomycin (with trough levels of 15–20 mg/mL) or daptomycin are 

the agents of choice.171 For uncomplicated S. aureus infection (i.e., not 

associated with endocarditis or metastatic infection, negative follow-up 

Microbiologic Findings

Duration of  

Antimicrobial 

Therapy

Staphylococcus Aureus, Candida spp.
Negative blood cultures 3–5 days

Positive blood cultures, without complications* 14 days

Positive blood cultures, with complications* 4–6 weeks

Enterococcus spp., CoNS,a Enterobacteriaceaeb

Negative blood cultures No therapyb

Positive blood cultures, without complications* 5–7 days

Positive blood cultures, with complications* 4–6 weeks

Pseudomonas Aeruginosa, Acinetobacter Baumannii
Negative blood cultures 3–5 days

Positive blood cultures, without complications* 7 days

Positive blood cultures, with complications* 4–6 weeks

TABLE 111.2 Proposed Targeted Therapy 
After Catheter Removal for Suspected 
Infection and Positive Catheter Tip Culture

*See Table 111.1 for complications.
aWithholding antimicrobial therapy for CoNS may be considered.
bIn the case of positive catheter tip with Serratia spp. without concur-

rent positive blood cultures a short course of antimicrobial therapy 

should be considered.

CoNS, Coagulase-negative staphylococci.
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ANTIBIOTIC THERAPY

Suspicion of catheter-related infection*

AND

Clinical or laboratory signs or risk factors for complicated catheter

infection†

Empiric treatment

• Gram-positive coverage

• Consider empirical MRSA treatment in high prevalence setttings

(avoid empiric CoNS coverage)

• Gram-negative coverage (depending on severity of disease,

neutropenia, immunosuppression, known colonization, or exposure to

MDR high-prevalence health care settings)

• Consider treatment of P. aeruginosa (especially in femoral

catheters)

• Combination therapy (i.e., two different antibiotic classes) in

patients with MDR risk factors**

• No empirical antifungal therapy

Microbiology positive

Persistent

CR-BSI
Non-

complicated‡

CR-BSI

Catheter tip culture

positive

Long treatment

duration
See Table 111.2See Table 111.2

Microbiology negative

Non-

complicated‡

clinical course

Complicated§

clinical course

Stop antibiotics

after 3–5 days
Look for another

source of

infection

sYe

Fig. 111.5 Algorithm for Antibiotic Therapy in Suspected Catheter-Related Infections. *Elevation of in-

flammatory signs after catheter placement without other infectious or noninfectious explanations; or exit site 

infection signs (purulent discharge, redness/cellulitis .0.5 cm diameter, abscess); or positive blood culture 

without identification of infectious focus. †Hemodynamic instability; or neutropenia (,500/mm3) or immuno-

suppression (including organ transplantation); or local exit site signs (purulent discharge or redness/cellulitis 

.0.5 cm diameter). **Previous multidrug-resistant (MDR) gram-negative infection or colonization, sharing a 

room with a known MDR carrier (e.g., neutropenic and immunosuppressed patients). ‡Favorable clinical 

course without persistence of fever and negative blood cultures after 72 hours of adequate treatment; and 

no septic metastasis, endocarditis, or septic thrombophlebitis; and without other intravascular devices or 

immunosuppression. §Persistence of fever or inflammatory signs after 72 hours or septic metastasis, endo-

carditis, or septic thrombophlebitis. CoNS, Coagulase-negative staphylococci; CR-BSI, catheter-related blood-

stream infection; MRSA. methicillin-resistant Staphylococcus aureus.

blood cultures, prompt response to institution of therapy, no indwell-

ing intravascular devices), 14-day therapy may be administered.171 

Otherwise, 4–6 weeks of antibiotic treatment should be given.

The optimal treatment for CoNS has not been addressed in clinical 

trials. A recent retrospective study that included a large number of 

ICU patients after catheter removal showed that withholding antimi-

crobial therapy in CoNS-CR-BSI was not associated with either short-

term complications or long-term recurrences.172 However, other ex-

perts advocate short antibiotic treatment courses (5–7 days).17 

Of note, Staphylococcus lugdunensis should be treated similarly to 

S. aureus.173

For enterococcal CR-BSI, ampicillin is the first choice for ampicillin-

susceptible strains, vancomycin for those that are ampicillin-resistant, 

and daptomycin or linezolid for vancomycin-resistant enterococci 

(VRE) strains.174 The role of combination therapy for treating entero-

coccal CR-BSI without endocarditis is unresolved, especially for VRE.175 

A 7-day course of therapy is recommended for uncomplicated entero-

coccal CR-BSI if the catheter is removed.18

Most of the recommendations for the management of CR-BSI 

caused by gram-negative bacilli have been limited by their small num-

bers of cases. Among gram-negative bacteria infections, the risk for 

metastatic complications is lower compared with S. aureus infections. 
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The antibiotic therapeutic course should be administered for at least  

7 days with a single agent if the catheter is removed.18,31

Among Candida CR-BSI, echinocandins have the advantage of their 

fungicidal activity and their activity against yeasts in biofilm.176 Fluco-

nazole is an alternative for patients who are stable, have had no prior 

azole exposure,176 and whose catheter is removed. Lipid formulation of 

amphotericin B and voriconazole are alternatives that may be consid-

ered, especially if C. krusei is identified.176 The recommended minimal 

duration of therapy for candidemia without metastatic complications is 

14 days after documented clearance of Candida from the blood-

stream.176,177

In exceptional circumstances, catheter salvage therapy might be 

proposed in the ICU, especially for long-term catheter inserted before 

the ICU stay. This treatment should only be discussed in the absence 

of severe sepsis and when fungi, S. aureus, Pseudomonas spp., A. bau-

mannii, or MDR bacteria are not involved. Compared with parenteral 

therapy alone, therapy including antibiotic lock was significantly more 

likely efficient for catheter salvage.

Complicated Courses
Persistent fever or bacteremia after catheter removal and despite an ad-

equate antimicrobial therapy (i.e., persistent CR-BSI; see Table 111.1) 

may reflect a persisting infection focus. This must trigger an active 

search for another vascular line infection, metastatic abscess, septic 

thrombophlebitis (e.g., with ultrasound examination), or endocarditis 

(e.g., with transesophageal echocardiography).17,31 A prolonged antibi-

otic course combined with adequate management of the complication 

may be required (4–6 weeks of therapy).

Failure resulting from the poor pharmacokinetic-pharmacody-

namic properties of the antimicrobial are mainly encountered when 

treating MRSA with glycopeptides. The volume of distribution of hy-

drophilic antimicrobials is always increased in case of septic shock and 

might explain the failure of treatment with beta-lactams or vancomy-

cin.178 Therefore therapeutic drug monitoring for the pharmacokinetic 

optimization of antimicrobial doses, particularly vancomycin, is 

strongly recommended.179 A trough level of vancomycin between 15 

and 20 mg/L should be reached. Daptomycin might be an alterna-

tive,180 particularly when the minimum inhibitory concentration 

(MIC) to vancomycin reaches 1.5 mg/mL.181

An infected intravascular thrombus after catheter removal may 

explain the persistence of severe sepsis despite adequate antibiotic 

therapy. The most common causal microorganism is S. aureus, whereas 

Candida spp. and gram-negative bacilli are less frequently observed. 

The optimal choice and duration of therapy are based on retrospective 

studies and expert recommendations. A 4- to 6-week course of antibi-

otic treatment is usually administered. In addition, the available litera-

ture suggests that early administration of heparin should be consid-

ered in the management of patients with septic thrombophlebitis.182,183

CONCLUSION

Intravascular catheter-related infections remain a leading cause of 

nosocomial infections, particularly in ICUs. They are the most fre-

quent cause of hospital-acquired bacteremia and can be prevented if 

rigorous policies are implemented. They should be one of the main 

targets of a quality improvement program. The management of CR-

BSI requires catheter removal in most critically ill patients. In non-

complicated intravascular catheter infections, a short course of antimi-

crobial treatment is usually appropriate.

KEY POINTS

• Catheters are the leading source of bloodstream infections in critically ill 

patients.

• Comprehensive, unit-based improvement programs are effective in decreas-

ing the rate of CR-BSI.

• A locally adapted checklist of preventive measures should include hand hy-

giene, cutaneous antisepsis with 2% alcoholic CHG preparation, maximal 

barrier precautions, preferential use of a subclavian venous insertion site, a 

strict policy of catheter maintenance, and prompt ablation of useless catheters.

• A conservative approach might be attempted in mild infections, whereas the 

catheter should always be removed in cases of severe sepsis or septic shock.

• In case of persistence of fever or positive blood culture after 3 days despite 

adequate antimicrobial therapy and catheter removal, endocarditis or 

thrombophlebitis should be ruled out.
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PERIPHERALLY INSERTED CENTRAL CATHETERS

The use of PICCs has increased in ICU patients.184,185 Compared with 

CVCs, PICCs exhibit several advantages, including (1) a convenient 

placement procedure via the upper extremity without pleural-pulmo-

nary damage; (2) low cost; (3) placement performed by nurse-led vascu-

lar access teams; and (4) clinical advantages in specific patient popula-

tions (e.g., with coagulopathies, morbid obesity).186–188 A systematic 

review found no significant difference in rates of CR-BSI between PICCs 

and CVCs in hospitalized patients (including ICU patients).189 However, 

PICCs are associated with several risks, particularly in critically ill pa-

tients. Probably because of their insertion in smaller veins, PICCs are 

prone to venous stasis; a systematic review showed that PICCs were as-

sociated with a higher risk of deep vein thrombosis than are CVCs, espe-

cially in critically ill patients.3 Moreover, because of their small diameter 

and length, PICCs appear to be more prone to catheter tip malposition-

ing, catheter dysfunction, and thrombophlebitis than CVCs.190 In gen-

eral, PICC infections were strongly associated with multilumen cathe-

ters,189,191 which are frequently used in the ICU setting. Moreover, PICCs 

placed at the bedside in the ICU setting are associated with higher com-

plication rates (e.g., infectious complications) than those placed by in-

terventional radiology in non-ICU patients.192 For all these reasons, 

PICCs cannot be strongly recommended for short-term (,15–20 days) 

catheterization in the ICU.193 Exceptions may be made in patients with 

severe obesity or with an elevated hemorrhagic risk.

ARTERIAL CATHETERS

Arterial catheters (ACs) are essential in the care of critically ill patients 

to facilitate hemodynamic monitoring and frequent blood sampling. 

Frequent complications of ACs include transient vascular occlusion, 

hemorrhage, hematoma, iatrogenic pseudoaneurysm, air embolism, 

and neurologic injury.194 The risk of mechanical complication is de-

creased by ultrasound-guided access.195–197

To date, the duration of catheter maintenance of ACs is similar to 

CVCs, thus increasing the infection risk among ACs.198 The infection risk 

associated with ACs is similar to that observed for CVCs.99,199,200 However, 

a nationwide survey showed that clinicians significantly underestimated 

the infection risk associated with ACs.201 In contrast to CVCs, the daily 

colonization risk appeared to increase during catheter maintenance.96 

The infection risk is lower for radial as compared with femoral ACs200; 

therefore radial access should be preferred. The microorganisms respon-

sible for colonization and infection of ACs appeared similar to those 

identified in CVCs.14,202 Reducing the duration of AC insertion may also 

limit the risk of arterial thrombi and infection occurrence.

SHORT-TERM HEMODIALYSIS CATHETERS

About one-third of critically ill patients have acute kidney injury 

(AKI), of whom approximately 20% receive renal replacement therapy 

(RRT).203 In the ICU, vascular access for RRT for AKI management is 

usually granted by means of a large-bore, short-term dual-lumen cath-

eter (DC) inserted in a central vein.204 On one hand, extrapolating the 

DC data regarding catheter-related infections from long-term dialysis 

patients is debatable, as procedures applied in dialysis centers and in 

the ICU differ in terms of catheter types, patient populations, modali-

ties, and catheter duration.204 On the other hand, data on the epidemi-

ology of standard CVCs cannot be extrapolated to DCs, as the latter 

differ substantially from CVCs in design and use (e.g., different use 

with frequent hub disconnections, other insertion sites, and different 

lumens).204 For example, the subclavian site is discouraged to preserve 

the vascular network. The most information and recommendations on 

DC are based on data on the use of CVCs in the ICU.205,206 A recent 

post hoc analysis of four RCTs showed that the infection risk was 

higher for DCs than for CVCs within the first 7 catheter days and ap-

peared to be similar to CVCs later on. These findings suggest that tar-

geted prevention strategies for DCs should focus on the period after 

catheter insertion.207 The risk of DC colonization was demonstrated to 

remain stable over time for intermittent hemodialysis but to increase 

after 10 days for continuous RRT.208 There is no difference in CR-BSI 

between the jugular and the femoral insertion sites; however, the risk 

of colonization is higher at the femoral site in obese patients.81 An old 

small RCT showed that minocycline-rifampicin–coated DCs failed to 

decrease the rate of colonization but reduced CR-BSIs.209 Studies con-

ducted in chronic dialysis patients have suggested that locks might be 

associated with lower rates of thrombotic and infective complications, 

particularly if associated with antimicrobial solutions.210 However, 

only a few studies were conducted in critically ill patients.23,211,212 Sou-

weine and colleagues demonstrated that a 2-minute 60% ethanol lock 

was not able to decrease the rate of intravascular catheter infections in 

short-term hemodialysis catheters of ICU patients.23 A large study 

comparing interdialytic lock with unfractionated heparin and citrate 

as a catheter locking solution for nontunneled central venous hemodi-

alysis catheters showed no significant difference in catheter-related 

infections between the two groups.213 To date, the use of prophylactic 

ALT for short-term DC cannot be recommended. Skin antisepsis be-

fore catheter insertion should be performed with 2% CHG for DC,24 

but the impact of CHG dressings on DC catheter infections was not 

evaluated. However, in light of recent published data, the introduction 

of CHG dressing in the first 7 days for DC may be of value.207 Empiri-

cal treatment therapies for DCs did not differ from CVCs: new data 

suggested that microorganisms associated with CR-BSI were similar 

between CVCs and DCs.14 The risk of catheter colonization for DCs 

replaced because of dysfunction did not differ between DCs inserted 

by new puncture or exchanged over a guidewire.214
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Septic Shock

Jean-Louis Vincent

INCIDENCE

Septic shock is a form of acute circulatory shock that occurs secondary 

to severe infection. The incidence of septic shock may be rising, partly 

related to medical progress that allows individuals to survive longer, 

resulting in increased numbers of older, debilitated, or immunocom-

promised patients passing through the intensive care unit (ICU). Some 

15% of ICU patients develop septic shock at one time or another, and 

the mortality rate is 40%–50%.1,2 Somewhat lower mortality rates have 

been reported in some trials evaluating the effects of new therapeutic 

interventions, but such studies include a number of exclusion criteria 

that are often associated with high mortality rates—cirrhosis, immu-

nosuppression, and “do-not-resuscitate orders,” for example—so it is 

perhaps not surprising that mortality rates are lower in these therapeu-

tic trials than in “real life.”

ETIOLOGY OF SEPTIC SHOCK

Septic shock is most often bacterial, but it can also be caused by a fun-

gal, parasitic, or viral3 infection. In one-third of patients, no infectious 

agent is identified.1 About half of the infections are nosocomial in ori-

gin. Although an infection can originate anywhere, the lung is the most 

common source of infection (40%), followed by the abdomen (20%), 

indwelling venous and arterial catheters and primary bacteremias 

(15%), and the urinary tract (10%).1

PATHOPHYSIOLOGY OF SEPTIC SHOCK

The pathophysiology of septic shock is complex. Essentially, the sys-

temic sepsis response starts with the body’s recognition of an invading 

organism or its toxins. Among the bacterial factors, one of the best 

known toxins is lipopolysaccharide, which is part of the outer gram-

negative bacterial membrane, but other bacteria-derived factors in-

clude lipoteichoic acid and peptidoglycan. In certain cases, especially 

infections involving Staphylococcus aureus or beta-hemolytic group A 

streptococcus, the formation of superantigens results in toxic shock 

syndrome.

The early humoral response involves the complement and contact 

(kinin-kallikrein) systems. Immune cells, principally monocytes/mac-

rophages and polymorphonuclear neutrophils (PMNs), are not only 

able to recognize pathogenic agents and their products so they can 

phagocytose and destroy them but also to release a series of mediators 

that can activate other cells. Among cell membrane receptors impli-

cated in the recognition of pathogenic agents are the Toll-like recep-

tors. In response to cellular stimulation, intracellular signaling is acti-

vated, resulting largely in the activation of transcriptional factors, 

including nuclear factor kappa B, which in turn are responsible for the 

initiation of proinflammatory reactions. A number of cytokines that 

interact synergistically are released by macrophages and other cells. 

Two of the key players are tumor necrosis factor alpha (TNF-a) and 

interleukin (IL)-1. TNF-a and IL-1 are particularly important proin-

flammatory cytokines whose administration in animals can reproduce 

all features of septic shock, including hypotension and development of 

multiple organ failure. A host of secondary mediators, including lipid 

mediators, oxygen free radicals, proteases, and arachidonic acid me-

tabolites, are also released by macrophages, PMNs, and other cells. 

Vasodilator substances such as nitric oxide (NO) and prostaglandins 

are released by endothelial cells and are responsible for the early hemo-

dynamic changes of sepsis. NO, in particular, acts as a powerful vaso-

dilator on vascular smooth muscle. Increased NO production is es-

sentially the result of the induction of inducible NO synthase by 

proinflammatory cytokines. The formation of large quantities of NO 

can also have secondary toxic effects on cells. It is important to note 

that the inflammatory response also causes release of vasoconstrictor 

substances, including thromboxane and endothelins.

Other effects of the inflammatory reaction that accompanies septic 

shock include expression of adhesion molecules on vascular endothe-

lium and circulating cells (platelets, PMNs, and monocytes), allowing 

adhesion of activated leukocytes and their migration to subendothelial 

tissues. Alterations in intercellular endothelial junctions result in in-

creased capillary permeability and generalized edema. Alterations in 

coagulation and fibrinolysis complete the picture, with proinflamma-

tory mediators creating a procoagulant state. In addition, sepsis causes 

a significant reduction in plasma levels of natural anticoagulants such 

as protein C, protein S, and antithrombin by reducing their synthesis 

and increasing their consumption and clearance. Thrombolysis is also 

stimulated with an increase in the levels of plasminogen activator in-

hibitor-1. The net result is a balance that favors procoagulant processes, 

often leading to disseminated intravascular coagulation and contribut-

ing to the microcirculatory disorder that leads to multiple organ failure 

and death in many patients with sepsis. Antiinflammatory mediators 

including IL-4 and IL-10 are also released, which limit the effects of 

proinflammatory mediators and can lead to a state of relative immuno-

suppression sometimes called immunoparalysis.4 Many patients are 

already immunosuppressed when sepsis is diagnosed.5

CLASSIFICATION

Patients with septic shock may be classified according to the letters 

PIRO6:

P 5 Predisposing Factors
Each patient has specific characteristics. For example, an individual 

receiving long-term immunosuppressant therapy requires a different 
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approach than someone who was previously healthy. Factors associ-

ated with lifestyle, such as alcoholism, may influence the course of 

septic shock.7 Patient age and gender may also be important. Increas-

ingly, genetics is being considered, and studies are discovering the ge-

netic factors that can influence the development of and survival from 

sepsis.8–10 Improved understanding of these aspects should help better 

direct therapeutic strategies.

I 5 Infectious Insult
This refers to the specific characteristics of the infection, that is, the 

agent or pathogen involved (e.g., gram-positive vs. gram-negative, 

bacteria vs. virus or fungus), the source of sepsis (e.g., urinary tract vs. 

respiratory tract), and the degree of extension of the infection (e.g., 

pneumonia confined to one lobe of one lung vs. generalized bilateral 

lung involvement, appendicitis vs. generalized peritonitis). All of these 

factors can influence the severity of sepsis response and the patient’s 

likely response to therapy.

R 5 Host Response
This refers to factors involved in the inflammatory response of the host 

to the infection and is assessed largely by the presence or absence of the 

signs and symptoms of sepsis (e.g., degree of elevation of white blood 

cell count, C-reactive protein [CRP], or procalcitonin). Each patient 

mounts a different response dependent on various factors, including 

those previously discussed, and a patient’s response will vary with his 

or her clinical course and treatment.

O 5 Organ Dysfunction
This refers to the degree of organ dysfunction related to sepsis and can 

be evaluated using the Sequential Organ Failure Assessment (SOFA) 

score,11 which uses objective, readily available measures to quantify the 

dysfunction of six organ systems (Table 112.1). Dysfunction of each 

organ is rated according to a scale (0 [normal function] to 4 [organ 

failure]), and individual scores can then be summed to provide a total. 

Individual organ function and a composite score can thus be followed 

during the course of the disease and treatment.

CLINICAL PRESENTATION

It has been suggested that sepsis progresses in a continuum through 

to septic shock, but in the clinical situation, such a progression is not 

always so clear-cut or constant, and it is difficult to predict which 

patients are going to develop septic shock and when. Septic shock 

can develop very abruptly, without evidence of signs of sepsis in the 

preceding hours.

Septic shock is characterized by the persistence of severe arterial 

hypotension requiring vasopressor support, despite adequate fluid re-

suscitation, and the presence of perfusion abnormalities manifested by 

oliguria, reduced peripheral perfusion, and altered mental status. Sep-

tic shock is typically associated with hyperlactatemia (blood lactate 

concentrations greater than 2 mEq/L).12

One may anticipate that patients with septic shock will have fever, 

leukocytosis, and other typical features of sepsis, but this is not always 

true. Fever may be an important clue, but moderate fever can be found 

in other types of shock as well. More importantly, fever is often absent 

in patients with septic shock; in fact, hypothermia may be present in 

10%–15% of cases, and this feature is associated with higher mortality 

rates.13 Tachycardia can be the result of circulatory alterations associ-

ated with any type of shock. Leukocytosis is also nonspecific and can 

be found in other types of circulatory failure; moreover, acute leuko-

penia may occur in sepsis because of peripheral trapping of activated 

leukocytes and is also associated with a worse prognosis. Lactic acido-

sis, a hallmark of all types of circulatory failure, is usually compensated 

for by hyperventilation, so tachypnea is not specific for septic shock.

A more typical characteristic of septic shock is the hyperkinetic  

pattern characterized by high cardiac output. Although such a hemody-

namic pattern is not entirely specific—it can be found in other inflam-

matory states such as polytrauma, pancreatitis, or even anaphylactic 

SOFA Score 0 1 2 3 4

Respiration
PaO2/FiO2, mm Hg .400 #400 #300 #200 with respiratory support #100 with respiratory support

Coagulation
Platelets 3 103/mm3 .150 #150 #100 #50 #20

Liver
Bilirubin, mg/dL (mmol/L) ,1.2 (,20) 1.2–1.9 (20–32) 2.0–5.9 (33–101) 6.0–11.9 (102–204) .12.0 (.204)

Cardiovascular
Hypotension No hypotension MAP ,70 mm Hg Dopamine #5 or dobutamine 

(any dose)*

Dopamine .5 or epinephrine 

#0.1 or norepinephrine #0.1*

Dopamine .15 or epinephrine 

.0.1 or norepinephrine .0.1*

Central Nervous System
Glasgow Coma Score 15 13–14 10–12 6–9 ,6

Renal
Creatinine, mg/dL (mmol/L) 

or urine output

,1.2 (,110) 1.2–1.9 (110–170) 2.0–3.4 (171–299) 3.5–4.9 (300–440) or 

,500 mL/d

.5.0 (.440) or ,200 mL/d

TABLE 112.1 The Sequential Organ Failure Assessment Score

From Vincent JL, de Mendonca A, Cantraine F, et al. Use of the SOFA score to assess the incidence of organ dysfunction/failure in intensive care 

units. Results of a multicenter, prospective study. Crit Care Med. 1988;26:1793–1800.

*Adrenergic agents administered for at least 1 hour (doses given are in mg/kg/min).
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shock—it should alert the attending physician to a likely diagnosis of 

septic shock.

HEMODYNAMIC CHANGES

The inflammatory reaction causes intense vasodilation that increases 

vascular capacity and results in a fall in arterial blood pressure. Hypo-

volemia caused by fluid loss (e.g., diarrhea, vomiting, or sweating) and 

alterations in capillary permeability contribute to hypotension, and 

reduced myocardial contractility can further aggravate the hemody-

namic situation, although it is completely reversible when the septic 

shock resolves. The pathophysiology of reduced myocardial contractil-

ity includes alterations in endothelial function, beta-adrenergic recep-

tors, and myocardial calcium metabolism. These effects are caused 

largely by sepsis mediators such as TNF-a and IL-1, oxygen free radi-

cals, platelet activating factor, and NO, which all have negative inotropic 

effects.

After vascular filling as a result of volume resuscitation, the hemo-

dynamic status in septic shock is characterized by reduced vascular 

tone associated with reduced systemic vascular resistance and a raised 

cardiac output. In addition, impaired myocardial contractility causes a 

fall in the ventricular ejection fraction. Ejection volume and cardiac 

output may be maintained by an increase in diastolic volumes. Hence, 

there is myocardial depression or dysfunction without any true cardiac 

failure (which would be associated with reduced cardiac output).

MONITORING

Any patient with septic shock requires monitoring with an arterial 

catheter to enable reliable and continuous assessment of arterial pres-

sure. Changes in systolic and pulse pressures in mechanically venti-

lated patients during the respiratory cycle may also indicate a greater 

likelihood of response to a fluid challenge; however, this sign is not 

reliable when the patient triggers the ventilator.14 The arterial catheter 

also facilitates blood sampling, notably for blood gas analysis.

Invasive Versus Less Invasive Monitoring
The use of the pulmonary artery catheter (PAC) has decreased sub-

stantially in recent years, primarily because of the development of less 

invasive techniques, especially echocardiography. Echocardiography 

can provide useful additional information, largely to visualize the de-

gree of ventricular filling and ejection volume. However, echocardiog-

raphy provides no information on the adequacy of cardiac output for 

the patient’s needs and is difficult to perform continuously, so infor-

mation is usually intermittent. Other less invasive methods of monitor-

ing cardiac output include PiCCO, LidCO, transesophageal Doppler 

techniques, and even bioimpedance or bioreactance techniques.15,16 

However, measurement of cardiac output in isolation is not very helpful 

in most critically ill patients.

Blood Lactate Levels
The blood lactate level is an important biologic variable for determin-

ing the adequacy of perfusion and oxygenation. The normal blood 

lactate level is around 1 mEq/L, and hyperlactatemia becomes clearly 

pathologic above a level of 2 mEq/L. Although hyperlactatemia is the 

result of cellular hypoxia in other forms of circulatory shock, in septic 

shock, additional mechanisms may play an important role in raising 

blood lactate levels. In sepsis, blood lactate levels may be raised by an 

increase in cellular metabolism, inhibition of pyruvate dehydrogenase, 

and reduced clearance. Repeated measurements enable one to assess 

the efficacy of treatment17 and have a predictive value superior to de-

rived oxygenation parameters. The evolution of blood lactate levels 

enables a global evaluation of the state of shock in response to treat-

ment, although in view of the relatively slow rate of change, blood 

lactate levels cannot be used to guide resuscitation.

Peripheral Perfusion Parameters
Measurements of the gastric intramucosal pH or its derivatives (mu-

cosal PCO2 or the difference between the mucosal and arterial PCO2 

[the PCO2 gap]) reflect splanchnic perfusion and hence provide an 

idea of the adequacy of regional oxygenation. However, these tech-

niques may be influenced by technical considerations, including  

the influence of gastric acid and enteral nutrition, and are not used 

clinically.

Other techniques for monitoring peripheral perfusion have been 

developed. Although the sublingual tissue is not a region that would 

immediately seem to be of most interest, it is easily accessible. Using 

techniques of orthogonal polarization spectral or side stream darkfield 

imaging, the heterogeneity of microcirculatory flow and the propor-

tion of perfused vessels can be observed (Fig. 112.1) and quantified in 

patients with sepsis.18 Moreover, the impact of therapeutic interven-

tions on such vessels can be monitored,19,20 opening the possibility that 

monitoring the microcirculation could be used to guide treatment.

Near-infrared spectroscopy is a technique that uses the differential 

absorption properties of oxygenated and deoxygenated hemoglobin to 

evaluate tissue oxygenation (StO2). Analysis of changes in StO2 during 

a circulatory stress test, such as a brief episode of forearm ischemia 

(venous or arterial occlusion), may be more useful to quantify sepsis-

induced microvascular dysfunction than an isolated StO2 value.21 The 

Fig. 112.1 Representative examples of sublingual microvasculature 

in a healthy volunteer (top panel) and in a patient with septic shock 

(lower panel). Note decrease in density of small vessels in sepsis. 

 (From De Backer D, Creteur J, Preiser JC, et al. Microvascular blood 

flow is altered in patients with sepsis. Am J Respir Crit Care Med. 

2002;166:98–104, with permission.)
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cutaneous perfusion can also be assessed objectively using Doppler 

techniques.22

Although all these techniques have demonstrated clearly the pres-

ence of an altered microcirculation in patients with sepsis, findings 

which are associated with prognosis,23 further research is needed to 

fully evaluate the relevance of these values to the early resuscitation 

and care of critically ill patients.

MANAGEMENT

Septic shock, which both causes and reflects dysfunction of vital or-

gans, is a serious condition, and patients must be stabilized as a matter 

of urgency. Management of the patient with septic shock involves three 

inseparable components: treatment of the infection, cardiovascular 

resuscitation, and modulation of the host response (Fig. 112.2).24

Treatment of Infection
Infection must be treated effectively and rapidly. Antibiotic therapy 

should be started as early as “reasonably possible.” In all cases, sam-

pling of blood and other material for culture is very important. In se-

vere cases, including septic shock, antibiotic administration is urgent. 

In less severe cases, a bit more time could be taken to further evaluate 

the patient and sometimes in complex cases to consult with infectious 

disease specialists to determine the optimal agents. The choice of anti-

biotics may depend on local microbiologic flora and resistance pat-

terns. Often, however, the microorganisms responsible for sepsis in  

an individual patient are not known for sure, and empiric broad-

spectrum antibiotics must be given to ensure adequate coverage.  

Such empiric therapy must then be modified as soon as microbiology 

culture results become available.

In addition to antibiotic treatment, any focus of infection must be 

removed or drained without delay. If no source is identified, a system-

atic search should be made based on the “big five”: lungs, abdomen, 

urine, wounds, and catheters.

Cardiovascular Resuscitation
The VIP rule proposed by Weil and Shubin25 should be followed. Each 

patient is, in fact, a VIP, but the letters refer here to Ventilation, Infu-

sion, and Pump.

V 5 Ventilation

All patients with septic shock must be generously oxygenated, with the 

aim of correcting any hypoxemia, regardless of whether it is caused by 

inadequate cardiac output, pulmonary edema, or pulmonary disease. 

Severe cases require endotracheal intubation and mechanical ventila-

tion. Noninvasive ventilation is not recommended in such hemody-

namically unstable patients. Even though it may represent a temporary 

support rather than a treatment per se, mechanical ventilation allows 

not only an improvement in gaseous exchange but also has beneficial 

hemodynamic effects, notably by reducing the oxygen requirement of 

the respiratory muscles. As soon as the situation becomes more stable, 

hyperoxemia should be avoided. A reasonable rule is to target an SpO2 

of around 94%–97%.

I 5 Infusion

Septic shock is accompanied by absolute and relative hypovolemia,  

the result of various mechanisms:

• Externallosses,whichmaybeobvious,suchasvomitinganddiar-
rhea, or less apparent, such as sweating

• Internallossesviaanincreaseincapillarypermeabilitywithdevel-
opment of edema and sometimes liquid effusions (peritoneal, 

pleural effusion)

• Increase in plasma volume associated with arterial and venous 
dilatation

Hypovolemia needs to be corrected rapidly, as it causes hemody-

namic instability both at the level of cardiac output and in terms of 

peripheral perfusion.

Assessment of an adequate volume state is essentially clinical: res-

toration of arterial pressure, improvement of cutaneous perfusion, 

improved urine output, and improved mental state. The central ve-

nous pressure (CVP) can be a useful guide, but it is not possible to 

define in advance the CVP that should be reached in any individual 

patient. Measurements of cardiac filling are primarily used as a limit to 

fluid administration in order to minimize the risk of pulmonary 

edema. In fluid replacement, it is preferable to use a fluid challenge 

technique, in which filling pressures are measured at regular intervals 

during fluid administration (Table 112.2).26 If cardiac output is moni-

tored, one should ensure that it increases with fluid boluses, and such 

fluid administration should be stopped when cardiac output reaches a 

plateau. The passive leg raising test represents a form of mini-fluid 

challenge without giving fluids. Raising the legs sounds easy, but there 

are limitations. Importantly, the test should not trigger a stress re-

sponse in the patient, which would result in an increase in cardiac 

output, arterial pressure, and heart rate in any individual. In any case, 

it is not the blood pressure that counts, but the transient increase in 

stroke volume associated with the maneuver that must be assessed 

properly.27

There has been considerable debate as to which fluid should be 

used in sepsis, but it is the quantity of fluid rather than the type of fluid 

per se that is of greatest importance. Because of their propensity for 

leakage into the extravascular space, greater volumes of crystalloids are 

needed to achieve the same effect as colloids,28 thus potentially increas-

ing the risk of edema, but colloids are more expensive and carry their 

own risks. Although this is still controversial, the current evidence  

Fig. 112.2 The three aspects of the treatment of septic shock.

Treatment of Septic Shock

Hemodynamic
stabilization

VasoactiveFluids
agents

Modulation of the septic response

Corticosteroids
(in severe

septic shock)?

Low-dose
vasopressin?

Infection control

SourceAntibiotics
control

Define Example

Type of fluid Ringer’s lactate

Rate of infusion 200 mL in 10 min

Objective Mean arterial pressure .75 mm Hg

Limits Central venous pressure 16 mm Hg

TABLE 112.2 The Fluid Challenge 
Technique (With the TROL Mnemonic)
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supports the administration of some albumin in septic patients with 

significant hypoalbuminemia and risks of multiple organ failure.

P 5 Pump (Vasoactive Agents)

If fluid administration alone is unable to restore an adequate perfusion 

pressure, vasoactive agents are required. Catecholamines are preferred 

for their rapid action and efficacy and their short half-lives. Adrenergic 

agents stimulate beta-1 (positive inotropes), beta-2 (essentially vasodi-

lators and bronchodilators), and alpha- (essentially vasoconstrictors) 

receptors to varying degrees. Dopamine also stimulates dopaminergic 

receptors, causing vasodilation primarily in the splanchnic and renal 

regions, but the clinical relevance of this effect is doubtful.

A randomized controlled study showed that dopamine use is asso-

ciated with increased adverse effects, notably arrhythmias, in patients 

with shock,29 and a meta-analysis indicated that dopamine administra-

tion is associated with higher mortality rates than norepinephrine in 

septic shock.28 Norepinephrine is therefore the preferred first-line 

vasopressor in patients with septic shock. Epinephrine should not be 

used as a first-line vasopressor in patients with septic shock; it can have 

deleterious effects on splanchnic circulation and increase cellular  

metabolism. Dobutamine is often added to vasopressor therapy, par-

ticularly when using norepinephrine, to increase cardiac output by its 

positive inotropic effects.

Angiotensin II has strong vasopressor activity. Initially proposed 

(also called “hypertensin”) in the early 1960s,30 therapeutic interest 

was revived with the commercial development of a new preparation 

(angiotensin II).31 The beneficial effects need to be better defined 

before generalized use can be recommended.

The place of vasopressin derivatives is also not well defined.  

Patients with septic shock usually have a degree of relative vasopressin 

deficiency so that vasopressin supplementation may be warranted. The 

primary risk is that of excessive vasoconstriction, with reduced blood 

flow to the splanchnic and coronary circulation. Therefore vasopressin 

should never be administered when cardiac output is low. Doses 

should not exceed 0.03 U/min, and cardiac output should be moni-

tored. Vasopressin may be involved in endothelial protection so that its 

early administration may limit edema formation.32 This hypothesis, 

however, requires confirmation by further study.

Maintaining oxygen delivery (DO2), and therefore cardiac output, 

is fundamental, because septic shock is typically a hyperkinetic state. 

Mixed venous oxygen saturation (SvO2) is typically normal or high. 

Attempts to maintain central venous oxygen saturation (ScvO2) at 

least at 70% may be beneficial, although taking this approach should 

not be routine.33 In patients who do not improve with initial resuscita-

tion, ScvO2 should be checked.33 A low ScvO2 should prompt the ad-

ministration of more fluids and possibly dobutamine. A transfusion 

may be useful.34 Decreasing oxygen demand by administering seda-

tives has its own problems because sedatives can decrease DO2 and 

alter the microcirculation.

Immunomodulation
Clinical trials assessing drugs that limit the effects of proinflammatory 

cytokines such as TNF-a (anti-TNF antibodies, TNF receptors) and IL-1 

(IL-1 receptor antagonist inhibitors) have not given convincing results 

regarding the beneficial effects of these agents on outcome, probably 

largely because such cytokines have multiple effects, beneficial and 

harmful. Administration of activated protein C (drotrecogin alfa [acti-

vated]) early in septic shock reduced mortality and morbidity in initial 

studies,35 but the drug was withdrawn from the market after negative 

results were obtained in a placebo-controlled study.36 A trial of throm-

bomodulin in patients with sepsis-associated coagulopathy37 gave prom-

ising results38 but further study is needed to confirm this effect.

The administration of large doses of corticosteroids for patients 

with septic shock was proposed many years ago and not shown to be 

beneficial. More recently, the concept of relative adrenal insufficiency 

has emerged, and administration of moderate doses of corticosteroids 

(200 mg hydrocortisone in 24 hours) in patients with septic shock may 

be effective.39

The treatment of fever is controversial. Increased body temperature 

increases oxygen requirements, but the increased cellular metabolism 

may form part of the body’s natural defense. Animal studies have sug-

gested that control of fever is detrimental40 and that the release of heat 

shock proteins in fever may have important cell-protective effects.41 A 

multicenter study of acetaminophen in febrile ICU patients with sus-

pected infection showed that the drug was well tolerated but did not 

reduce mortality.42

High-flow hemofiltration techniques can remove a range of bacte-

rial products and mediators. These techniques appear to improve he-

modynamic status and decrease vasopressor requirements. However, 

clinical studies have provided conflicting data regarding the effects of 

these techniques on outcomes.43

Nutritional Support
Malnutrition can prolong the course of sepsis and increase the risk of 

complications. When considering nutritional support in patients with 

septic shock, several factors should be remembered:

• Thereisnourgencytostartnutritionalsupportunlessthepatient
is malnourished.

• Theenteralrouteispreferabletotheparenteralroute.
• Enteralnutritionshouldnotbestartedduringtheinitialphaseof

resuscitation. Although studies are limited, increasing the oxygen 

requirements of the gut is probably unwise in circulatory shock. 

However, as soon as the patient has achieved a degree of hemody-

namic stability (after a maximum of 24–48 hours), enteral nutri-

tion should be started.

• Thereisnourgencytostartparenteralnutrition.Waitingafewdays
is acceptable.

• Carefulcontrolofbloodglucoselevelsisrecommended.Itissug-

gested that the glucose concentration be kept below 180 mg/dL or, 

even better, below 150 mg/dL.44 This can be achieved quite easily 

with modern equipment. Variability in glucose levels should also be 

avoided.45

Organ Support
Organ dysfunction can involve any organ and can be quantified using 

the SOFA score (see Table 112.1). Techniques for individual organ sup-

port are covered in separate chapters, but an overview is given here.

Respiratory Alterations

Respiratory failure is a common complication of sepsis and is usually 

characterized by hypoxemia. The diagnosis of acute respiratory dis-

tress syndrome (ARDS) is made when the PaO2/FiO2 ratio is less than 

300 mm Hg in the presence of bilateral infiltrates on a chest radio-

graph, with no evidence of left heart failure.46 There is no specific 

therapy for ARDS, and treatment relies on respiratory support and 

management of the underlying cause (e.g., sepsis).47

When starting a patient on mechanical ventilation, several factors 

need particular attention:

• Worseningofarterialhypotensionwhenstartingmechanicalventi-
lation suggests the presence of hypovolemia because of a reduction 

in venous return (and hence in cardiac output) when intrathoracic 

pressures are increased.

• As in all mechanically ventilated patients, the use of large tidal
volumes and high inflation pressures must be avoided not only for 
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hemodynamic reasons but also to avoid a major inflammatory re-

action from ventilator-induced lung injury (VILI).

• Sedation must be avoided whenever possible. Administration of
effective analgesia can help reduce sedative needs, which in turn 

can improve patient comfort and shorten the duration of me-

chanical ventilation and ICU stay.48 This approach can be summa-

rized in the mnemonic, eCASH: early Comfort using Analgesia, 

minimal Sedatives and maximal Humane care.49

Renal Alterations

Sepsis is the leading cause of acute renal failure in the ICU.50 Renal 

function can worsen as a result of combined circulatory changes and 

inflammation. In addition, management of septic patients may involve 

administration of nephrotoxic agents, such as aminoglycosides or  

contrast material used for radiologic examinations.

Unfortunately, there is no prophylactic approach to renal failure 

other than to try to maintain adequate renal perfusion and overall 

volume state. Administration of dopaminergic agents is ineffective at 

preventing renal failure,51 and the indiscriminate use of diuretics may 

be harmful.52

Renal replacement therapy is frequently necessary in septic pa-

tients. In septic shock, continuous venovenous hemofiltration tech-

niques, with or without dialysis, are generally preferred over intermit-

tent techniques to facilitate control of fluid balance.

Coagulation Alterations

Coagulopathy is common in septic shock. A low platelet count is com-

mon and may be associated with a prolonged prothrombin time and 

an activated partial thromboplastin time. Treatment of these altera-

tions revolves primarily around the cause, and there is no indication 

for heparin administration other than for thromboembolism prophy-

laxis. In severe cases associated with significant bleeding, administra-

tion of fresh frozen plasma or platelet infusions may be indicated.

Hepatic Alterations

Circulatory shock of any cause frequently results in the elevation of 

liver-associated enzyme levels, but the contribution of various organs 

(e.g., muscles) to increased enzyme levels is difficult to quantify. Often 

there is a rise in bilirubin levels after several days, without evidence of 

hemolysis, major hematomas, or biliary pathology. Supplementary 

examinations such as ultrasound may be indicated to exclude any as-

sociated biliary pathology.

Cerebral Function Alterations

Circulatory shock is typically accompanied by an alteration in cogni-

tive function, initially manifested as confusion without coma. Cere-

bral alterations can be prolonged, and the patient is then said to have 

septic encephalopathy. The exact cause of the encephalopathy is un-

clear, although various mediators of sepsis have been implicated. 

Sedative agents, especially benzodiazepines, can contribute to delir-

ium. Investigations are of little use except to exclude other causes. The 

electroencephalogram generally shows a diffuse slowing,53 whereas 

cerebral computed tomography and cerebrospinal fluid examination 

are normal. These alterations are usually fully reversible with the reso-

lution of shock.

CONCLUSION

Optimal treatment of a patient with septic shock requires a rapid and 

effective management plan with the assistance of the full ICU team. 

Infection control and achieving hemodynamic stability must be tack-

led simultaneously. Other interventions are currently undergoing 

clinical trials, with the hope that they will improve the microcircula-

tory changes of sepsis or beneficially modulate the host response. A 

better characterization of patients with septic shock—for example, by 

using the PIRO system—is necessary to appropriately titrate therapeutic 

interventions to individual patients.

 References for this chapter can be found at expertconsult.com.

• Septic shock affects about 15% of ICU patients and has a mortality rate of 

close to 40%–50%.

• Septic shock is most commonly caused by a bacterial infection, although 

fungi, viruses, and parasites can all be implicated. The most common source 

of such serious infection is the lung, followed by the abdomen.

• Patients with sepsis can be classified according to their predisposing fac-

tors, the nature of the infection, degree of immune response, and associ-

ated organ dysfunction.

• Septic shock is defined as sepsis with organ dysfunction with persistent 

arterial hypotension requiring vasopressor administration despite adequate 

fluid resuscitation in the presence of perfusion abnormalities manifested by 

oliguria, reduced peripheral perfusion, and/or altered mental status.

• Blood lactate levels are typically raised in septic shock, and persistently 

raised levels are a poor prognostic sign.

• Management of septic shock includes infection control, hemodynamic 

stabilization, and modulation of the host response.

KEY POINTS

ANNOTATED REFERENCES

De Backer D, Aldecoa C, Njimi H, et al. Dopamine versus norepinephrine in 

the treatment of septic shock: A meta-analysis. Crit Care Med. 2012;40:

725–730.

Meta-analysis demonstrating greater mortality and a higher incidence  

of arrhythmic events with dopamine compared with norepinephrine  

administration.

Evans L, Rhodes A, Alhazzani W, et al. Surviving Sepsis Campaign:  

International guidelines for management of sepsis and septic shock:  

2021. Crit Care Med. 2021;49:e1063-e1143:486–552.

Evidence-based guidelines on all aspects of the management of patients with 

sepsis and septic shock.

Singer M, Deutschman CS, Seymour CW, et al. The Third International  

Consensus definitions for sepsis and septic shock (Sepsis-3). JAMA. 

2016;315:801–810.

Updated definitions and clinical criteria for diagnosis of sepsis and septic shock.

  

 

http://expertconsult.com
http://expertconsult.com


REFERENCES

 1. Vincent, J. L., Marshall, J. C., Namendys-Silva, S. A., Francois, B., Martin-

Loeches, I., Lipman, J., et al. (2014). Assessment of the worldwide burden 

of critical illness: the Intensive Care Over Nations (ICON) audit. Lancet 

Respiratory Medicine, 2, 380–386.

 2. Vincent, J. L., Jones, G., David, S., Olariu, E., & Cadwell, K. K. (2019).  

Frequency and mortality of septic shock in Europe and North America: a 

systematic review and meta-analysis. Critical Care, 23, 196.

 3. Vincent, J. L. (2021). COVID-19: it’s all about sepsis. Future Microbiology, 

16, 131–133.

 4. Hamers, L., Kox, M., & Pickkers, P. (2015). Sepsis-induced immunoparaly-

sis: mechanisms, markers, and treatment options. Minerva Anestesiologica, 

81, 426–439.

 5. Scicluna, B. P., van Vught, L. A., Zwinderman, A. H., Wiewel, M. A.,  

Davenport, E. E., Burnham, K. L., et al. (2017). Classification of patients 

with sepsis according to blood genomic endotype: a prospective cohort 

study. Lancet Respiratory Medicine, 5, 816–826.

 6. Levy, M. M., Fink, M. P., Marshall, J. C., Abraham, E., Angus, D., Cook, D., 

et al. (2003). 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis 

Definitions Conference. Critical Care Medicine, 31, 1250–1256.

 7. O’Brien, J. M., Jr., Lu, B., Ali, N. A., Martin, G. S., Aberegg, S. K., Marsh, C. B., 

et al. (2007). Alcohol dependence is independently associated with sepsis, 

septic shock, and hospital mortality among adult intensive care unit pa-

tients. Critical Care Medicine, 35, 345–350.

 8. Meyer, N. J., Ferguson, J. F., Feng, R., Wang, F., Patel, P. N., Li, M., et al. 

(2014). A functional synonymous coding variant in the IL1RN gene is  

associated with survival in septic shock. American Journal of Respiratory 

and Critical Care Medicine, 190, 656–664.

 9. Lu, H., Wen, D., Wang, X., Gan, L., Du, J., Sun, J., et al. (2019). Host  

genetic variants in sepsis risk: a field synopsis and meta-analysis. Critical 

Care, 23, 26.

 10. Thair, S. A., Topchiy, E., Boyd, J. H., Cirstea, M., Wang, C., Nakada, T. A., 

et al. (2016). TNFAIP2 inhibits early TNFalpha-induced NF-x03BA;B sig-

naling and decreases survival in septic shock patients. Journal of Innate 

Immunity, 8, 57–66.

 11. Vincent, J. L., Moreno, R., Takala, J., Willatts, S., De Mendonca, A.,  

Bruining, H., et al. (1996). The SOFA (Sepsis-related Organ Failure  

Assessment) score to describe organ dysfunction/failure. On behalf of the 

Working Group on Sepsis-Related Problems of the European Society of 

Intensive Care Medicine. Intensive Care Medicine, 22, 707–710.

 12. Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M.,  

Annane, D., Bauer, M., et al. (2016). The Third International Consensus 

Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA, 315, 801–810.

 13. Kushimoto, S., Gando, S., Saitoh, D., Mayumi, T., Ogura, H., Fujishima, S., 

et al. (2013). The impact of body temperature abnormalities on the dis-

ease severity and outcome in patients with severe sepsis: an analysis from 

a multicenter, prospective survey of severe sepsis. Critical Care, 17, R271.

 14. Yang, X., & Du, B. (2014). Does pulse pressure variation predict fluid  

responsiveness in critically ill patients? A systematic review and meta-

analysis. Critical Care, 18, 650.

 15. Vincent, J. L., Rhodes, A., Perel, A., Martin, G. S., Della, R. G., Vallet, B.,  

et al. (2011). Clinical review: Update on hemodynamic monitoring—a 

consensus of 16. Critical Care, 15, 229.

 16. De Backer, D., & Vincent, J. L. (2021). Noninvasive monitoring in the in-

tensive care unit. Seminars in Respiratory and Critical Care Medicine, 42, 

40–46.

 17. Vincent, J. L., Quintairos e Silva, A., Couto, L., Jr., & Taccone, F. S. (2016). 

The value of blood lactate kinetics in critically ill patients: a systematic  

review. Critical Care, 20, 257.

 18. Ince, C., Boerma, E. C., Cecconi, M., De Backer, D., Shapiro, N. I.,  

Duranteau, J., et al. (2018). Second consensus on the assessment of  

sublingual microcirculation in critically ill patients: results from a task 

force of the European Society of Intensive Care Medicine. Intensive Care 

Medicine, 44, 281–299.

 19. Ospina-Tascon, G., Neves, A. P., Occhipinti, G., Donadello, K., Buchele, G., 

Simion, D., et al. (2010). Effects of fluids on microvascular perfusion in 

patients with severe sepsis. Intensive Care Medicine, 36, 949–955.

 20. Donati, A., Damiani, E., Luchetti, M., Domizi, R., Scorcella, C., Carsetti, A., 

et al. (2014). Microcirculatory effects of the transfusion of leukodepleted 

or non-leukodepleted red blood cells in patients with sepsis: a pilot study. 

Critical Care, 18, R33.

 21. Shapiro, N. I., Arnold, R., Sherwin, R., O’Connor, J., Najarro, G., Singh, S., 

et al. (2011). The association of near-infrared spectroscopy-derived tissue 

oxygenation measurements with sepsis syndromes, organ dysfunction and 

mortality in emergency department patients with sepsis. Critical Care, 15, 

R223.

 22. Mongkolpun, W., Orbegozo, D., Cordeiro, C. P. R., Franco, C. J. C. S.,  

Vincent, J. L., & Creteur, J. (2020). Alterations in skin blood flow at the 

fingertip are related to mortality in patients with circulatory shock.  

Critical Care Medicine, 48, 443–450.

 23. De Backer, D., Ricottilli, F., & Ospina-Tascon, G. A. (2021). Septic shock: a 

microcirculation disease. Current Opinion in Anaesthesiology, 34, 85–91.

 24. Evans, L., Rhodes, A., Alhazzani, W.,  Antonelli, M., Coopersmith, C.M., 

French, C., et al. (2017). Surviving Sepsis Campaign: International Guide-

lines for Management of Sepsis and Septic Shock: 2016. Critical Care 

Medicine, 45, 486–552.

 25. Weil, M. H., & Shubin, H. (1969). The “VIP” approach to the bedside 

management of shock. JAMA, 207, 337–340.

 26. Vincent, J. L., Cecconi, M., & De, B. D. (2020). The fluid challenge. Critical 

Care, 24, 703.

 27. Monnet, X., & Teboul, J. L. (2015). Passive leg raising: five rules, not a 

drop of fluid! Critical Care, 19, 18.

 28. De Backer, D., Aldecoa, C., Njimi, H., & Vincent, J. L. (2012). Dopamine 

versus norepinephrine in the treatment of septic shock: a metaanalysis. 

Critical Care Medicine, 40, 725–730.

 29. De Backer, D., Biston, P., Devriendt, J., Madl, C., Chochrad, D., Aldecoa, C., 

et al. (2010). Comparison of dopamine and norepinephrine in the treatment 

of shock. New England Journal of Medicine, 362, 779–789.

 30. Nesbit, W. S., & Levagood, F. B. (1961). Preliminary observations on a 

clinical evaluation of angiotensin II, a new pressor agent. Grace Hospital 

Bulletin, 39, 9–12.

 31. Khanna, A., English, S. W., Wang, X. S., Ham, K., Tumlin, J., Szerlip, H.,  

et al. (2017). Angiotensin II for the treatment of vasodilatory shock. New 

England Journal of Medicine, 377, 419–430.

 32. He, X., Su, F., Taccone, F. S., Laporte, R., Kjolbye, A. L., Zhang, J., et al. 

(2016). A selective V1A receptor agonist, selepressin, is superior to argi-

nine vasopressin and to norepinephrine in ovine septic shock. Critical 

Care Medicine, 44, 23–31.

 33. Vincent, J. L., & De Backer, D. (2018). From early goal-directed therapy to 

late(r) ScvO2 checks. Chest, 154, 1267–1269.

 34. Cavalcante Dos Santos, E., Orbegozo, D., Mongkolpun, W., Galfo, V.,  

Nan, W., Gouvêa Bogossian, E., et al. (2020). Systematic review and  

meta-analysis of effects of transfusion on hemodynamic and oxygenation 

variables. Critical Care Medicine, 48, 241–248.

 35. Bernard, G. R., Vincent, J. L., Laterre, P. F., LaRosa, S. P., Dhainaut, J. F., 

Lopez-Rodriguez, A., et al. (2001). Efficacy and safety of recombinant  

human activated protein C for severe sepsis. New England Journal of 

Medicine, 344, 699–709.

 36. Ranieri, V. M., Thompson, B. T., Barie, P. S., Dhainaut, J. F., Douglas, I. S., 

Finfer, S., et al. (2012). Drotrecogin alfa (activated) in adults with septic 

shock. New England Journal of Medicine, 366, 2055–2064.

 37. Vincent, J. L., Francois, B., Zabolotskikh, I., Daga, M. K., Lascarrou, J. B., 

Kirov, M. Y., et al. (2019). Effect of a recombinant human soluble throm-

bomodulin on mortality in patients with sepsis-associated coagulopathy: 

The SCARLET randomized clinical trial. JAMA, 321, 1993–2002.

 38. Levi, M., Vincent, J. L., Tanaka, K., Radford, A. H., Kayanoki, T.,  

Fineberg, D. A., et al. (2020). Effect of a recombinant human soluble 

thrombomodulin on baseline coagulation biomarker levels and mortality 

outcome in patients with sepsis-associated coagulopathy. Critical Care 

Medicine, 48, 1140–1147.

 39. Annane, D., Renault, A., Brun-Buisson, C., Megarbane, B., Quenot, J. P., 

Siami, S., et al. (2018). Hydrocortisone plus fludrocortisone for adults 

with septic shock. New England Journal of Medicine, 378, 809–818.

 40. Su, F., Nguyen, N. D., Wang, Z., Cai, Y., Rogiers, P., & Vincent, J. L. (2005). 

Fever control in septic shock: beneficial or harmful? Shock, 23, 516–520.

e1

  

 



 41. Launey, Y., Nesseler, N., Malledant, Y., & Seguin, P. (2011). Clinical review: 

fever in septic ICU patients–friend or foe? Critical Care, 15, 222.

 42. Young, P., Saxena, M., Bellomo, R., Freebairn, R., Hammond, N., van Haren, 

F., et al. (2015). Acetaminophen for fever in critically Ill patients with sus-

pected infection. New England Journal of Medicine, 373, 2215–2224.

 43. Snow, T. A. C., Littlewood, S., Corredor, C., Singer, M., & Arulkumaran, N. 

(2021). Effect of extracorporeal blood purification on mortality in sepsis: A 

meta-analysis and trial sequential analysis. Blood Purification, 50, 462–472.

 44. Vincent, J. L. (2010). Blood glucose control in 2010: 110 to 150 mg/dL and 

minimal variability. Critical Care Medicine, 38, 993–995.

 45. Hermanides, J., Vriesendorp, T. M., Bosman, R. J., Zandstra, D. F.,  

Hoekstra, J. B., & Devries, J. H. (2010). Glucose variability is associated 

with intensive care unit mortality. Critical Care Medicine, 38, 838–842.

 46. Ranieri, V. M., Rubenfeld, G. D., Thompson, B. T., Ferguson, N. D., 

Caldwell, E., Fan, E., et al. (2012). Acute respiratory distress syndrome:  

the Berlin Definition. JAMA, 307, 2526–2533.

 47. Vincent, J. L., & Slutsky, A. S. (2020). We’ve never seen a patient with 

ARDS! Intensive Care Medicine, 46, 2133–2135.

 48. Balzer, F., Weiss, B., Kumpf, O., Treskatsch, S., Spies, C., Wernecke, K. D., 

et al. (2015). Early deep sedation is associated with decreased in-hospital 

and two-year follow-up survival. Critical Care, 19, 197.

 49. Vincent, J. L., Shehabi, Y., Walsh, T. S., Pandharipande, P. P., Ball, J. A., 

Spronk, P., et al. (2016). Comfort and patient-centred care without exces-

sive sedation: the eCASH concept. Intensive Care Medicine, 42, 962–971.

 50. Alobaidi, R., Basu, R. K., Goldstein, S. L., & Bagshaw, S. M. (2015). Sepsis-

associated acute kidney injury. Seminars in Nephrology, 35, 2–11.

 51. Bellomo, R., Chapman, M., Finfer, S., Hickling, K., & Myburgh, J. (2000). 

Low-dose dopamine in patients with early renal dysfunction: a placebo-

controlled randomised trial. Australian and New Zealand Intensive Care 

Society (ANZICS) Clinical Trials Group. Lancet, 356, 2139–2143.

 52. Mehta, R. L., Pascual, M. T., Soroko, S., & Chertow, G. M. (2002). Diuret-

ics, mortality, and nonrecovery of renal function in acute renal failure. 

JAMA, 288, 2547–2553.

 53. Hosokawa, K., Gaspard, N., Su, F., Oddo, M., Vincent, J. L., & Taccone, F. S. 

(2014). Clinical neurophysiological assessment of sepsis-associated brain 

dysfunction: a systematic review. Critical Care, 18, 674.

e2

  

 



113

Infections of the Urogenital Tract

Florian M.E. Wagenlehner, Adrian Pilatz, and Kurt G. Naber

Infections in the intensive care unit (ICU) contribute significantly to 

patient morbidity. Depending on the type of ICU, nosocomial infections 

may account for 70% of infections.1 Nosocomial infections of the uro-

genital tract are frequent and sometimes underestimated in the ICU.2

DEFINITION

Urinary tract infection (UTI) can be the primary cause for admission 

to the ICU or can be acquired after intensive care procedures. Because 

patients are frequently sedated in the ICU, clinical diagnosis of UTI is 

often difficult. Nevertheless, UTI is an important cause of morbidity 

and antibiotic resistance in the ICU. Complicated UTI is a highly het-

erogeneous entity, with a common pattern of the following factors3,4:

• Anatomic,structural,orfunctionalalterationsoftheurinarytract,
which significantly impede urodynamic properties (e.g., stents, 

urine transport disturbances, instrumentation of the urinary tract, 

stones, tumors, or neurologic disorders)

• Impairedrenalfunctioncausedbyparenchymaldiseasesorprere-

nal, intrarenal, or postrenal nephropathies (e.g., acute and chronic 

renal insufficiencies, cardiac insufficiency)

• Accompanying diseases impairing the patient’s immune status
(e.g., diabetes mellitus, liver insufficiency, use of immunosuppres-

sive agents such as corticosteroids, acquired immunodeficiency 

syndrome[AIDS],hypothermia)

ETIOLOGY

Causative pathogens of UTI are almost exclusively bacteria and yeast. 

Viral pathogens are only found in patients with severe immunosup-

pression, such as after bone marrow transplantation. High antibiotic 

pressure and special circumstances in the ICU modulate the microbial 

spectrum. Escherichia coli is the most frequent pathogen but occurs 

less frequently in nosocomial UTI than in uncomplicated community-

acquired UTI. Other Enterobacteriaceae may also be uropathogenic 

(e.g., Klebsiella, Proteus, Enterobacter, Serratia, Citrobacter, or Morgan-

ella species). Nonfermenters such as Pseudomonas aeruginosa, gram-

positive cocci such as staphylococci and enterococci, and Candida 

species may also play an important role. The microbial spectrum is 

likely to differ over time and from one institution to the other. To fol-

low the spectrum and development of antibiotic resistance, each ICU 

has to update its own surveillance analyses (Table 113.1, Fig. 113.1).

EPIDEMIOLOGY

The Extended Prevalence of Infection in Intensive Care (EPIC II) study1 

revealed that 51% of patients were infected on the study day and that 

71% of all patients were receiving antibiotics. The most frequent types 

of ICU-acquired infections with their total occurrence were respiratory 

tract infections, 63.5%; abdominal infections, 19.6%; bloodstream in-

fections, 15.1%; and renal or UTIs, 14.3%.1 The true incidence of UTI, 

however, may be even higher if more meticulously looked for. In a pro-

spective study specifically evaluating nosocomial UTI, nosocomial UTIs 

accounted for 28% of nosocomial infections, lower respiratory tract 

infections for 21%, pneumonia for 12%, and bloodstream infections 

for 11%. The rates of urinary catheter–associated UTIs varied between 

4.2% (symptomatic UTI) and 14.0% (asymptomatic UTI), which 

shows that asymptomatic bacteriuria is frequent in ICU patients, al-

though symptoms of UTIs in intensive care patients are frequently 

difficult to assess.2 In the global one-day point prevalence study in uro-

logic hospitalized patients (GPIU study), asymptomatic bacteriuria 

accountedfor27%ofhealthcare–associated(HA)UTIs(HAUTIs),fol-
lowed by cystitis (26%), pyelonephritis (20%), urosepsis (11%), and 

other urogenital infections (16%),7showingthatHAUTIispresentin
high frequency in certain patient groups. In a recent infection control 

programHAUTIcausedbyindwellingurinarycatheters(CAUTI)rates
wereassessedinICUsinordertopreventCAUTIbyeducationalmeans.
Beforetheintervention,theCAUTIrateinICUpatientswas2.48CAU-

TIs/1000 catheter days. In non-ICUs the CAUTI rate was 2.28/1000
catheter days.8

UTIs in the ICU are divided into two groups:

 1. UTIs with nonurologic complicating causes: diabetes mellitus, re-

nal insufficiency, immunodeficiency, infectious foci contiguous to 

the urogenital tract, or trauma patients

 2. UTIs with urologic complicating causes: renal transplantation, neuro-

genic bladder dysfunction, procedures in the urogenital tract, urinary 

stonesorforeignbodiesintheurogenitaltract(e.g.,CAUTI)
In UTIs with primary nonurologic complicating causes, antimicro-

bial therapy is generally sufficient. However, in UTIs with primary 

urologic causes, the complicating factors must be identified and 

treated. In such cases, antimicrobial therapy is only one component of 

the treatment.

Urinary Tract Infections With Nonurologic Complicating 
Causes
Individuals with diabetes are at higher risk of UTIs.9,10 Increased sus-

ceptibility in patients with diabetes is positively associated with the 

increased duration and severity of diabetes as a result of impaired 

granulocyte function, decreased excretion of the Tamm-Horsfall pro-

tein, low levels of interleukin (IL)-6 and IL-8 in the urine that lead to 

lower “cidality” of the urine, and altered microflora in the genital  

region. Furthermore, diabetic cystopathy and nephropathy may be 

complicating factors in the urinary tract. In addition to antibiotics, 

treatment must address the metabolic situation. In pyelonephritis, 

usually a switch to insulin or insulin-analogous therapy is necessary.
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Name of Study SENTRY5 SENTRY5 SENTRY5 ESGNI-0036 GPIU-Study7

Regions of the world North America Latin America Europe Europe Global

Year of surveillance 2000 2000 2000 2000 2003–2010

Type of surveillance Longitudinal Longitudinal Longitudinal Cross-section Cross-section

Origin of samples Microbiology laboratories Microbiology laboratories Microbiology laboratories Different departments in 

the hospital

Urology departments

Number of pathogens n 5 1466 n 5 531 n 5 783 n 5 607 n 5 1371

SPECIES, %
Escherichia coli 43% 60% 46% 36% 40%

Klebsiella spp. 12% 12% 9% 8% 11%

Pseudomonas spp. 7% 6% 9% 7% 11%

Proteus spp. 6% 7% 10% 8% 6%

Enterobacter spp. 3% 4% 4% 4% 5%

Citrobacter spp. 4% 2% 2% 2% n.r.

Enterococcus spp. 16% 4% 13% 16% 12%

Staphylococcus spp. 6% 3% 3% 4% 6%

RESISTANCE RATES OF ANTIBIOTICS FOR THE TOTAL BACTERIAL SPECTRUM TESTED, %

Ampicillin 59%[e] 62%[e] 65%[e] 66%[e] n.r.

Ampicillin 1 BLI 31%[e] 36%[e] 36%[e] 29%[a] 53%

TMP/SMZ 43%[e] 38%[e] 48%[e] 32%[a] 53%

Ciprofloxacin 29%[e] 32%[e] 29%[e] 17%[b] 51%

Gentamicin n.r. n.r. n.r. 18% 42%

Ceftazidime n.r. n.r. n.r. 13%[c] 38%

Amikacin n.r. n.r. n.r. 19%[c] n.r.

Piperacillin/tazobactam n.r. n.r. n.r. n.r. 30%

Imipenem n.r. n.r. n.r. 14%[c] 10%

Vancomycin n.r. n.r. n.r. 1%[d] n.r.

TABLE 113.1 Bacterial Spectrum of Healthcare–Associated Uropathogens ($2%) From Distinct 
Surveillance Studies

BLI, Beta-lactamase inhibitor; n.r., not reported; TMP/SMZ, trimethoprim-sulfamethoxazole.
aGram-negative bacteria excluding Pseudomonas aeruginosa.
bGram-negative bacteria.
cP. aeruginosa.
dEnterococci.
eE. coli, Klebsiella spp., P. aeruginosa, enterococci.
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The place of immunosuppression per se in the development of UTI 

remains unresolved.11 Patients with end-stage renal failure are gener-

ally not particularly susceptible to the usual gram-negative urinary 

pathogens, although they may acquire unusual and granulomatous 

infections. Patients have evidence of reduced cellular and humoral im-

munity. However, the situation is a little clearer in male patients with 

human immunodeficiency virus (HIV) and AIDS, where there is a
close relationship between CD4 counts and the risk of bacteriuria, 

particularly in those whose counts are less than 200 cells/mL.12

Pathogens may be translocated into the urinary tract from contiguous 

infectious foci (e.g., appendicitis, sigmoid diverticulitis, or translocation 

byileus).Symptomsandlocalizationofpaincanbemisleadingandmay
delay the diagnosis. Operations or trauma may cause hypothermia, tissue 

hypoxia, and hemodynamic alterations that result in kidney dysfunction 

and impaired mucosal perfusion. The use of latex catheters in these criti-

cal situations (e.g., operations with heart-lung machine) can also lead to 

urethralstrictures.Siliconecathetersorsuprapubiccathetersarerecom-

mended in these patients.13SuprapubiccatheterscannotpreventUTIs.
They can, however, lower the rate of UTIs from 40% to 18%.14

Urinary Tract Infections With Urologic  
Complicating Causes
Patients show a high risk of developing bacteriuria after renal trans-

plantation, threatening clinical outcomes for both the patient and 

transplant. Early infections (up to 3 months after transplantation) are 

differentiated from late infections (more than 3 months after trans-

plantation). Early infections may present with no symptoms. In this 

phase, occult bacteremia (60% of bacteremias after renal transplanta-

tion originate from the urinary tract), allograft dysfunction, and recur-

rent UTIs after antibiotic therapy are frequently seen.4Sometimes, it
can be quite difficult to distinguish rejection from infection. Patients 

must also be investigated for surgical complications.

UTIs caused by Candida species are frequently asymptomatic. 

There is, however, a risk of obstructive fungal balls leading to candi-

demia or invasion of the anastomosis in renal transplant recipients. 

Asymptomatic candiduria should therefore be treated in these pa-

tients.4 Urine transport disturbances (e.g., from an obstructive ureteral 

stone) require specific urologic therapy such as percutaneous nephros-

tomy or stenting. In case of bladder obstruction, an indwelling urinary 

catheter (suprapubic or transurethral) will be the primary therapy in 

the ICU. Long-term indwelling catheters (more than 30 days) are as-

sociated with a selected microbial spectrum of difficult-to-treat uro-

pathogens (e.g., Providencia spp., Proteus spp., or Pseudomonas spp.).15 

After initiation of antimicrobial therapy, the catheter should be re-

placed to remove the biofilm material.4

PATHOPHYSIOLOGY

UTIs generally occur from organisms invading the urinary tract via the 

urethra. Pathogens originate from endogenous or exogenous nosoco-

mial flora. Hematogenous spread to the urinary tract is rare.

In uncomplicated UTIs, pathogens need to have specific virulence 

factors enabling them to initiate an infection after invasion of the uri-

nary tract. The medical conditions of an ICU patient may weaken 

physiologic barriers and defenses, thus facilitating the entry of patho-

gens. In addition, the nosocomial environment in the ICU, including 

antibiotic pressure and decreased supply of oxygen or nutrients (e.g., 

iron) to tissues, can select pathogens with specific resistance patterns. 

Ageneraladaptationstrategyistheformationofhypermutatorstrains,
which show 100- to 1000-fold increased mutation frequencies, en-

abling the pathogens to rapidly adapt to challenging environments and 

thus develop effective mechanisms for antibiotic resistance.16,17

AnimportantmechanismcontributingtoUTIistheformationof
biofilms, which are associated with the increased number of biomate-

rials used in medical practice. Biofilm infections develop not only 

around foreign bodies such as urinary catheters or stents but also in 

urinary stones, scarred or necrotic tissue, obstructive uropathies, or 

evenchronicbacterialprostatitis.Abiofilmhasbeendefinedasanac-

cumulation of microorganisms and their extracellular products form-

ing a structured community on a surface. The formation of a biofilm 

generally consists of three steps:

 1. Deposition of a host conditioning film

2. Attachment of microorganisms followed by microbial adhesion
and anchorage to the surface by exopolymer production

 3. Growth, multiplication, and dissemination of the organisms

The basic structural unit of a biofilm is a microcolony—that is, a 

discrete matrix-enclosed community consisting of bacteria of one or 

more species. The biofilm is usually built up of three layers13,14:

 1. Linking film that attaches to the surface of a tissue or biomaterial

 2. Base film of compact microorganisms

3. Surfacefilmasanouterlayer,whereplanktonicorganismscanbe
released to float freely and spread on the surface

Bacteria within biofilms differ both in behavior and phenotypic form 

from the planktonic, free-floating bacteria. The failure of antimicrobial 

agents to treat biofilms has been attributed to a variety of mechanisms:

• Organismsencapsulatedinbiofilmsgrowmoreslowlythanplank-

tonic ones, probably because encapsulated bacteria have a de-

creased nutrient and oxygen supply, leading to a decreased meta-

bolic rate and antimicrobial susceptibility. This may select a less 

susceptible genotype, forming a resistant population. Furthermore, 

antimicrobial binding proteins are poorly expressed in these slow-

growing bacteria.

• The biofilm matrix delays or impedes the diffusion of antibiotic
molecules into the deeper layer of the film (extrinsic resistance).

• Bacteriawithinthebiofilmarephenotypicallysodifferentfromtheir
planktonic counterparts that antimicrobial agents fail to eradicate 

them. Bacteria within a biofilm activate many genes that alter the cell 

envelope and molecular targets by altering the susceptibility to anti-

microbial agents (intrinsic resistance). These phenotypic changes are 

likely to play a more important role in the development of antimicro-

bial resistance than external resistance (biofilm matrix, glycocalyx).

• Bacteriawithinabiofilmcansensetheexternalenvironment,com-

municate with each other, and transfer genetic information and 

plasmids within biofilms.

• Bacteria in biofilms can usually survive antibacterial concentra-

tions 100–150 times higher than those needed to kill planktonic 

bacteria of the same species.18–20

Antimicrobialtreatmentcanbeeffectiveinonly“young”biofilms
(,24hours).Atpresent,combinationtherapywithfluoroquinolones
and macrolides or fosfomycin seems to be most effective against bio-

film infections. During an acute febrile phase of biofilm infection, 

antimicrobial therapy is essential and can be effective because the 

planktonic bacteria are responsible for the febrile reactions and not the 

bacteria covered in the biofilm. However, to eradicate pathogens from 

the biofilm, the biofilm itself has to be removed (e.g., catheter change 

or extraction of infectious stones).

DIAGNOSIS

Medical History and Physical Examination
Sedated intubated patients are often difficult to evaluate regarding
their signs and symptoms of UTIs. The patient or a family member 

should be asked about previous episodes of UTIs and urologic diseases 

(e.g., stones or tumors) or operations.
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The physical examination should include inspection and palpation 

of the costophrenic area, lower abdomen, pubic region, inguinal 

lymph nodes, and genitals and a digital transvaginal or transrectal ex-

amination. Ultrasound is an important diagnostic device, and its use 

should be frequently considered because of the close proximity of the 

urogenital organs to the intestine, spleen, liver, pancreas, gallbladder, 

ovary, or uterus.

Urinary Examinations
Urine specimens in ICU patients are almost exclusively collected from 

catheters. Because urine from catheters has to be collected into a closed 

system, the urine specimen should be taken from the puncture site at 

the catheter after disinfection, without opening the closed system. 

There are different complementary methods for laboratory examina-

tion of the urine specimen.

Dipstick Test

The dipstick test is performed with undiluted urine and investigates 

the following infection-related parameters21:

• pH:Analkalineurine (pH.8.0) points to urease-producing or-

ganisms such as Proteus or Providencia spp. and is associated with 

magnesium-ammonium-phosphate stones.

• Nitrate: Most Enterobacteriaceae harbor a nitrate reductase that
reduces nitrate to nitrite. Some common uropathogens such as
Enterococcus and Staphylococcus lack nitrate reductase and will 

therefore not be detected using this parameter, independent of 

their urinary concentration. The positive detection of nitrate re-

quiresitsinclusioninthepatient’sdiet.
• Leukocytes(positiveleukocyteesterase):Granulocytesarethemost

frequentlydetectedleukocytesintheurineofUTIpatients.Macro-

phages appear fairly often in patients with UTIs, but their signifi-

cance remains unknown.

• Erythrocytes (positive hemoglobin): Hematuria remains a major
sign of urinary tract and renal disease.

• Specificgravity/osmolality(degreeofurinedilution).
• Protein:Totalproteininurineisamixtureofhigh-andlow-molec-

ular-weight plasma proteins from the kidney and urinary tract or 

bacteria.

• Glucose(metabolicconditionofthepatient).

Microscopy

There are two possibilities of a microscopic evaluation21:

 1. Chamber counting of uncentrifuged urine (standard values for 

urine are shown in Table 113.2).

 2. Urinary sediment findings; at least 10 fields of vision at 4003 mag-

nification are counted, and the mean value of particles is registered. 

However, centrifugation methods are never quantitative in count-

ing erythrocytes and leukocytes because of variable loss during 

centrifugation.

Urine Flow Cytometry

Flow cytometry usually combines impedance method detection 

with the identification and quantification of urinary particles, 

such as leukocytes and bacterial cells, available for real-time as-

sessment. Urine flow cytometry has not been specifically evaluated 

in critical care patients. However, existing data suggest that flow 

cytometry is beneficial in real-time assessment of uropathogens 

and leukocytes.22

Microbiology

To differentiate contamination in urine from significant bacteriuria, 

quantitative microbiology is needed. The microbial count has to be 

interpreted in relation to the urinary dilution.

Clinical Diagnosis
To survey and compare infection rates in different institutions, UTIs 

should be classified according to widely accepted definitions, such as 

thedefinitionsoftheUSCentersforDiseaseControlandPrevention
(CDC). The CDC/National Healthcare Safety Network definitions23 

stratify HAUTIs into symptomatic, asymptomatic, and other infec-

tions of the urinary tract. To be of value in determining a nosocomial 

infection, urine specimens must be obtained aseptically using an ap-

propriate technique such as clean catch collection, bladder catheteriza-

tion, or suprapubic aspiration.

THERAPY

General Principles
Not all bacteriuric patients in the ICU need to be treated. In general, 

asymptomatic bacteriuria does not have to be treated.24 Therapy 

should only be started in patients with significant symptoms and mor-

bidity and in whom asymptomatic bacteriuria may be deleterious (e.g., 

before traumatizing intervention of the urinary tract and in pregnant 

women). In the ICU, indications for treatment of asymptomatic UTIs 

might include some other circumstances such as renal transplant, se-

vere diabetes mellitus, or severe immunosuppression. In complicated 

UTIs, antibiotic therapy can only be successful when complicating fac-

tors can be eliminated or urodynamic functions restored. Treatment of 

complicated UTIs therefore comprises adequate antibiotic treatment 

and successful urologic intervention.

Antibiotic Therapy
For therapy of complicated UTI, antibiotics must possess appropriate 

pharmacodynamic and pharmacokinetic prerequisites: high renal unme-

tabolized clearance with good antibacterial activity, both in acidic and al-

kalineurine.Moreover,microbialresistancepatternsmustbeconsidered
in the choice of antibiotics. Increasing antibiotic resistance, especially 

among Enterobacteriaceae, makes prudent antibiotic therapy increasingly 

difficult. The increasing appearance of quinolone-resistant and extended-

spectrum beta-lactamase (ESBL)–forming enterobacteria will inevitably
lead to the increased use of carbapenems in empiric therapy, thus increas-

ing antibiotic pressure on these highly potent antibiotics. To diminish the 

selection pressure for resistant pathogens, antibiotics from different classes 

shouldbeused.Multipleantimicrobialagentsareavailablefortherapyfor
complicated UTIs (see Table 113.2): second- or third-generation cephalo-

sporins, broad-spectrum penicillins with beta-lactamase inhibitors, ceph-

alosporins with beta-lactamase inhibitors, carbapenems, carbapenems 

with beta-lactamase inhibitors, monobactams, fluoroquinolones, and 

aminoglycosides. For empiric therapy of severe UTIs, broad-spectrum 

antibiotics should be used (e.g., broad-spectrum penicillins with beta-

lactamase inhibitors, third-generation cephalosporins with or without 

beta-lactamaseinhibitors,fluoroquinolones,orcarbapenems).Aminogly-

cosides as monotherapy have recently been shown to be noninferior to 

carbapenems or colistin and in severe infections.25,26Synergismwithami-
noglycosides, which inhibit protein synthesis and thus block the formation 

of toxins or virulence factors, might also be useful for initial therapy, but 

side effects have to be considered.

Candiduria is a common problem in ICUs. It may represent harmless 

colonization, but it can also be an early sign of systemic candidosis.27A
second urine culture after replacing the urethral catheter can rule out 

contamination. In critically ill patients, systemic therapy for Candida 

species should be started according to susceptibility testing or species 

differentiation (see Table 113.2). Complicating factors such as diabetes 

mellitus or urologic abnormalities should be treated concomitantly. 

Systemic antimycotic therapy is preferred to local instillation therapy
because of the potentially systemic nature of candiduria in ICU patients.
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Antibiotic Group Substance

DOSAGE

Oral IV

Aminopenicillin 1 BLI Ampicillin/sulbactam 0.750 g twice daily 0.75–3 g 3 times daily

Amoxicillin/clavulanic acid 1 g twice daily or 0.625 g 3 times daily 1.2–2.2 g 3 times daily

Acylureidopenicillin 1 BLI Piperacillin/tazobactam — 2.5–4.5 g 3 times daily

Piperacillin/sulbactam — 5 g 3 times daily

Cephalosporin Gr. 1 Cephalexin Prophylaxis only —

Cephalosporin Gr. 2 Cefuroxime axetil 500 mg twice daily —

Cefuroxime — 0.75–1.5 g 3 times daily

Cefotiam — 1–2 g 2–3 times daily

Cephalosporin Gr. 3 Cefpodoxime proxetil 200 mg twice daily —

Ceftibuten 200–400 mg daily —

Cephalosporin Gr. 3a Cefotaxime — 1–2 g 2–3 times daily

Ceftriaxone — 1–2 g daily

Cephalosporin Gr. 3b Ceftazidime — 1–2 g 2–3 times daily

Cephalosporin Gr. 4 Cefepime — 2 g twice daily

Cephalosporin 1 BLI Ceftolozane/tazobactam — Ceftolozane/tazobactam 1.5 g 3 times daily

Ceftazidime/avibactam — Ceftazidime/avibactam 2.5 g 3 times daily

Carbapenem Gr. 1 Imipenem — 0.5–1 g q6–8h

Meropenem — 0.5–1 g 3 times daily

Doripenem 0.5 g 3 times daily

Carbapenem Gr. 2 Ertapenem — 1 g daily

Fluoroquinolone Gr. 2 Ciprofloxacin

Ciprofloxacin XR

500–750 mg twice daily

1000 mg daily

400 mg twice daily

—

Fluoroquinolone Gr. 3 Levofloxacin 500–750 mg daily 500–750 mg

Aminoglycoside Plazomicin — 15 mg/kg/body weight once daily

Antimycotic Group
Azole derivatives Fluconazole 400–800 mg daily 400–800 mg daily

Voriconazole 4–6 mg/kg BW daily 4–6 mg/kg BW daily

Pyrimidine analog Flucytosine 100–150 mg/kg BW 4 times daily

Echinocandin Caspofungin 50–70 mg daily

TABLE 113.2 Division and Dosage of Distinct Antibiotics Recommended for Treatment of 
Urinary Tract Infections

BLI, Beta-lactamase inhibitor; BW, body weight, IV, intravenous.
Data adapted from Grabe M, Bartoletti R, Bjerklund-Johansen TE, et al. Guidelines on Urological Infections. European Association of Urology 

Guidelines, Arnhem. The Netherlands: European Association of Urology; 2015.

Urologic Therapy
Urologic interventional therapy of complicated UTIs is divided into 

acute therapy and control of the infectious focus with delayed de-

finitive therapy. The primary aim of acute therapy is early focus 

control, with minimal tissue necrosis. In primary therapy, catheters, 

stents, or drains are frequently used. Delayed definitive therapy of the 

urinary tract (e.g., lithotomy, prostatic resection, or ureter reimplan-

tation) is frequently performed after days or weeks of stabilization.

Prophylaxis of Catheter-Associated Urinary  
Tract Infections
Some80%–90%ofnosocomialUTIsareassociatedwithurinarycath-

eters or instrumentation of the urinary tract. The best prophylaxis is to 

avoid a catheter or, if catheterization is necessary, to minimize catheter 

duration. Unfortunately, prevention programs with the aim of reduc-

ingCAUTIsbyeducationalactivitieswerenotabletoreduceCAUTI
rates in ICUs compared with non-ICUs.8 Various techniques have been 

used to avoid catheter-related infections.

Silver coating of catheters may exert a bactericidal effect, but the
concentration of free silver ions must be high, whereas the exposure to 

albumin and chloride ions has to be low because silver-chloride com-

plexes can precipitate.28Amulticenterrandomizedcontrolledtrialus-

ing silver alloy– or nitrofural-coated catheters in adults requiring short-

term catheterization in the hospital could not demonstrate a sufficiently 

high reduction in symptomatic UTIs to recommend routine use of 

antimicrobial-impregnated catheters.29Suprapubiccatheterizationcan
initially decrease the rate of UTIs from 40% to 18% because proximity 

to the anal region and irritation of the urethral mucosa with ensuing 

mucopurulent discharge are avoided.14 Urinary drainage should be 

performed with a closed system that should not be opened either for 

emptying or for urinary sampling. The sites used for urinary sampling 

must be adequately sterilized. General hygienic procedures such as 

aseptic catheter insertion, wearing of disposable gloves, and hygienic 

hand disinfection to prevent cross-contamination or cross-infection are 

mandatory. International consensus recommendations for the use of 

urinarycatheterstopreventHAinfectionshavebeendescribed.30
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Recommended Evidence-Based Measurements for 
Preventing Catheter-Associated Urinary Tract Infections
TheprimarymethodologiesforpreventingCAUTIs30 include:

• Limitingunnecessarycatheterizationanddiscontinuinguseofthe
catheter as early as possible.

• Policiesandproceduresforrecommendedcatheterinsertionindi-
cations, insertion and maintenance techniques, discontinuation 

strategies, and replacement indications should be developed and 

closely followed.

• Alternativestoindwellingurethralcatheterizationshouldbecon-

sidered, such as condom catheterization, intermittent catheteriza-

tion, or suprapubic catheterization, although data are insufficient 

to recommend one alternative over another.

• Closedcatheterdrainagesystemsshouldbeused.
• Mostothermeasures for thepreventionofCAUTIs, suchaspro-

phylaxis with systemic antimicrobials, methenamine salts, cran-

berry products, enhanced meatal care, and catheter irrigation with 

either antimicrobials or saline, are not recommended.30

• Itisalsounclearwhetherroutinecatheterchangesreducetherisk
of catheter-associated bacteriuria or UTIs.

SPECIAL CLINICAL ISSUES

Infections of the Upper Urinary Tract and  
Contiguous Organs
Pyelonephritis
The high osmolality of the renal medulla has a negative effect on leu-

kocyte function. For this reason, the interstitium of the renal medulla 

is more affected in pyelonephritis than the cortex. Clinical symptoms 

are unilateral or bilateral flank pain, painful micturition, dysuria, and 

fever (.38°C). Focal nephritis is limited to one or more renal lobules, 

which is comparable to that in lobular pneumonia. Ultrasonographic 

findings are circumscribed lesions with interrupted echoes that break 

throughthenormalcortex/medullaorganization.Acomputedtomog-

raphy (CT) scan with contrast medium shows typical oval-shaped, 

poorlylimitedareasofdiminishedcontrastperfusion.Asdifferential
diagnoses, renal abscess, tumor, and renal infarction must be taken 

into account. Emphysematous pyelonephritis characteristically shows 

gas formation in the renal parenchyma and perirenal space. Diabetes 

mellitus or obstructive renal disease is the predisposing factor. The 

most frequently isolated organisms are E. coli, Klebsiella pneumoniae, 

and Enterobacter cloacae. Fermentation of glucose in Enterobacteria-

ceae occurs via two different metabolic pathways: mixed acid fermen-

tation and the butylene glycol pathway. Organisms of the Klebsiella-

Enterobacter-Hafnia-Serratia group and, to a lesser extent, E. coli use 

the butylene glycol pathway and produce copious amounts of CO2, 

which appears clinically as gas formation.31Aggravatedbydiminished
tissue perfusion, the contralateral side is often affected as well.

Renal and Perirenal Abscess

Clinical symptoms are rigor, fever, back or abdominal pain, flank ten-

derness, mass lesion and redness of the flank, and tenderness of the 

upper lumbar and paraspinal muscles. Respiratory insufficiency, he-

modynamic instability, or reflectory paralytic ileus occurs frequently. 

Frequent signs of renal abscess formation are fever and leukocytosis 

for more than 72 hours, despite antibiotic therapy. The urinary culture 

may be negative in 14%–20% of cases.32 Frequently isolated organisms 

are E. coli, K. pneumoniae, Proteus spp., and Staphylococcus aureus from 

hematogenous spread. The fascial limitations are open toward the 

pelvis, and the perirenal fat is in close contact with the pelvic fat tissue. 

Aperinephriticabscessmaythereforepointtothegroinorperivesical

tissue or to the contralateral side, thus penetrating the peritoneum. 

Inflammation of the flank, thigh, back, buttocks, and lower abdomen 

may occur. Because of the late diagnosis, the mortality can be as high 

as 57%. Blood cultures are positive in 10%–40% of cases, and urinary 

cultures are positive in 50%–80%.33

Infections of the Lower Urinary Tract and  
Contiguous Organs
Cystitis

Cystitis is frequently limited to the bladder mucosa and hence shows 

nosystemicsignsorsymptoms.Anascendinginfectioncan,however,
clinically result. Cystitis in the ICU is almost exclusively catheter-asso-

ciatedandcancausehematuria.Spontaneouseliminationisfrequently
found after removal of the indwelling catheter but is less frequent in 

elderly patients.4

Epididymitis/Orchitis

Epididymitis in the ICU is usually an ascending infection and can also 

involve the testis. Possible causes are subvesical obstruction, transure-

thral resection of the prostate, or an indwelling transurethral urinary 

catheter, in which case the pathogens are identical with the pathogens 

in the urine. Of note, epididymitis is frequently involved in urogenital 

tuberculosis. Orchitis with the formation of a sterile hydrocele can ap-

pear during the course of polyserositis or cardiac failure and may point 

to a generalized systemic disease.

Cavernitis

Cavernitis of the penis is a rare phlegmonous infection of the cavern-

ous bodies. Possible causes are indwelling transurethral urinary cath-

eters, penile operations, autoinjection for erectile dysfunction, pelvic 

operations, or trauma. Pathogens may represent skin flora or uro-

pathogens. Treatment consists of suprapubic catheterization, broad-

spectrum antibiotic therapy, and, if needed, operative débridement.

Acute Prostatitis and Prostatic Abscess

Acute prostatitis and prostatic abscess are bacterial infections of the
prostate gland. Prostate biopsy is currently one of the most frequent 

causes for development of acute bacterial prostatitis. The bacterial 

spectrum consists of 53%–80% E. coli and other enterobacteria, 19% 

gram-positive bacteria, and 17% anaerobic bacteria.34 In regions with 

a high incidence of Neisseria gonorrhoeae, the prostate may be in-

volved.Symptomsarehighfever,rigor,dysuria,urinaryretention,and
perineal pain. Rectal palpation reveals an enlarged, tender prostate. 

Prostate massage is contraindicated. In acute prostatitis, the pathogens 

are usually detected in the urine. However, the urine may be sterile in 

prostatic abscess formation. Therapy consists of a combination of an-

tibiotic therapy with broad-spectrum antibiotics and the insertion of a 

suprapubic catheter. In case of a prostatic abscess, urologic drainage is 

necessary.34

Fournier Gangrene

Fournier gangrene is a necrotizing fasciitis of the dartos and Colles 

fascias. It is mainly seen in men in the fourth to seventh decades but 

also occurs in women or newborns. Causes are operations or trauma 

in the genital or perineal region, including microlesions, or infectious 

processes from the rectal or urethral areas. Important predisposing 

factors are diabetes mellitus, liver insufficiency, chronic alcoholism, 

hematologic diseases, or malnutrition. Patient-related predictors of 

mortality are increasing age; increased Charlson comorbidity index; 

preexisting conditions such as congestive heart failure, renal failure, or 

coagulopathy; and hospital admission via transfer.35 Fatality rates were 
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7.5% in one large study.36 The infectious process follows anatomically 

preformed spaces. The superficial perineal fascia is fixed dorsally at the 

transverse deep perineal muscle and laterally at the iliac bone and 

merges ventrally in the superficial abdominal fascia. Hence, a ventrally 

open and craniodorsally and laterally closed space is formed (Colles 

space), which facilitates the spread of infection. In contrast to gas gan-

grene,thefascialbordersarerespectedinFourniergangrene.Amixed
bacterial flora is seen, consisting of gram-positive cocci, enterobacte-

ria, and anaerobic bacteria. The released toxins facilitate platelet ag-

gregation and complement activation, which, in conjunction with the 

release of heparinase by anaerobic bacteria, lead to small vessel throm-

bosis and tissue necrosis. The destruction of tissue enhances the poten-

tial of acute renal failure. Fournier gangrene is a rapidly progressing 

infection that leads to septic shock if not treated in time.

Therapy for Fournier gangrene consists of immediate operative 

débridement, followed by subsequent operations until the infectious 

process has been controlled.A suprapubic catheter is advisable, and
colostomy may have to be performed in cases where fecal contamina-

tionof thewoundis inevitable.Acombinationofantibiotic therapy
with broad-spectrum beta-lactam antibiotics, fluoroquinolones, and 

clindamycin is recommended.

Urosepsis
In 20%–30% of all septic patients, the initial infectious focus is in the 

urogenital tract. The most frequent causes of urosepsis are obstructive 

diseases of the urinary tract such as ureteral stones, anomalies, stenosis, 

or tumor. Early relief from the obstruction controls the infectious focus 

and improves organ perfusion. This is one reason why mortality in 

urosepsis is usually lower than that in other septic forms (Fig. 113.2).37

Biomarkers such as procalcitonin and/or midregional proadreno-

medullin, in addition to lactate, should be included into the early diag-

nostic work-up. The initial levels of procalcitonin or midregional pro-

adrenomedullin are positively correlated with signs of severity, such as 

bacteremia or length of hospital stay, but do not predict treatment out-

come in urosepsis.38 C-reactive protein is not discriminatory at all.

Immediately after microbiologic sampling of urine and blood, 

empiric broad-spectrum antibiotic therapy should be started paren-

terally. Adequate initial (e.g., in the first hour) antibiotic therapy
ensures improved outcome in septic shock.39,40 Inappropriate anti-

microbial therapy in severe UTIs is linked to a higher mortality 

rate.41 Empiric antibiotic therapy is based upon the expected bacte-

rial spectrum, institution-specific resistance rates, specific pharma-

cokinetic and pharmacodynamic factors in UTIs, and individual  

patient characteristics.

The bacterial spectrum in urosepsis predominantly consists of En-

terobacteriaceae such as E. coli, Proteus spp., Enterobacter and Klebsiella 

spp., nonfermenting organisms such as P. aeruginosa, and gram-

positive organisms.42,43 Candida spp. and Pseudomonas spp. occur as 

causative agents in urosepsis mainly if the host defense is impaired. 

Patients with candiduria show frequently invasive candidiasis and 

candidemia.44,45 Candiduria at any time in an ICU is associated with 

highermortalityrates(oddsratio[OR],2.86).45 Viruses are not com-

mon causes of urosepsis.

Althoughurosepsisisasystemicdisease,theactivityofanantibi-
otic at the site of the infection is critical. A variety of studies have
shown that inflammatory mediators such as IL-6, CXC chemokines, 

endotoxin, or HMGB1 are produced and released in the urinary
tract.46–48 Therefore predominantly antimicrobial substances with high 

activities in the urogenital tract are recommended.49,50

The increasing antibiotic resistance rates of pathogens causing 

urosepsis significantly diminish the choice of antibiotics available for 

adequate empiric initial therapy in urosepsis. In particular, the increas-

ingratesofEnterobacteriaceaeproducingESBLposeclinicallyrelevant
problems.5,51–53 Other recent developments of concern include 

increased rates of fluoroquinolone-resistant enterobacteria and vanco-

mycin-resistant enterococci.54,55 Currently, there are no specific phar-

macokinetic/pharmacodynamic parameters available for the treatment 

of patients with urosepsis.

Correct dosing in urosepsis has to consider the altered systemic and 

especially renal pathophysiology that exists in patients with urosepsis. 

Sepsisandthetreatmentthereofresultinhigherclearancesofantibac-

terial drugs.56 The increased volume of distribution as a result of 

peripheral edema in sepsis will lead to underexposure, especially of 

hydrophilic antimicrobials such as beta-lactams and aminoglycosides, 

which exhibit a volume of distribution mainly restricted to the extra-

cellular space.57 Increased dosing is therefore necessary. On the other 

hand, urosepsis may also cause multiple organ dysfunction such as 

hepatic or renal dysfunction, resulting in decreased clearance of anti-

bacterial drugs. In such a case, dosing adjustment has to be considered. 

Asbeta-lactamsare time-dependentantibacterials,optimaladminis-

tration would be by continuous infusion. Fluoroquinolones, on the 

other hand, display largely concentration-dependent activity. The vol-

ume of distribution of fluoroquinolones in sepsis is not greatly influ-

enced by fluid shifts, and therefore no alterations of standard doses are 

necessary, unless renal dysfunction occurs.56,57 Antimicrobial resis-

tance in patients with UTI and urosepsis is generally higher than anti-

microbial resistance in patients with nonseptic UTI.58 Depending on 

local susceptibility patterns, a third-generation cephalosporin with or 
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without a beta-lactamase inhibitor, piperacillin, in combination with a 

beta-lactamase inhibitor or a carbapenem may be appropriate for em-

piric therapy.4,59–62 In areas with a high (.10%) rate of Enterobacte-

riaceaeproducingESBL,initialtreatmentwithacarbapenemmightbe
advisable.59–63Aminoglycosidesasmonotherapymightbeanalterna-

tive.26 In case of candiduria with signs of sepsis, antifungal treatment 

is recommended.44,45

KEY POINTS

• Complicated UTI is a highly heterogeneous entity with a common pattern of 

complicating factors.

• The bacterial spectrum of complicated UTIs is much broader than that of 

uncomplicated UTIs, comprising a variety of gram-negative and gram-posi-

tive pathogens and, among these, frequently multiresistant pathogens. Pa-

tients with urosepsis have higher antimicrobial resistance rates than pa-

tients with nonseptic UTI.

• UTIs are frequent in ICUs. It would be pragmatic to stratify UTIs into those 

with nonurologic complicating causes, in which antimicrobial therapy is the 

primary therapy, and those with urologic complicating causes, in which the 

complicating urologic anomaly has to be effectively treated as well.

• Pathogens of nosocomial complicated UTIs may be characterized by certain 

properties such as adaptation strategies to changing environments (i.e., 

hypermutator strains) or propensity to biofilm formation.

• The diagnosis of UTIs is based on medical history and a thorough physical 

examination, including bedside ultrasound and investigations of urine (dip-

stick test, microscopy, and microbiology). For clinical diagnosis, general 

accepted criteria should be employed. Symptomatic UTIs in ICU patients are 

especially difficult to evaluate.

• Not all bacteriuric patients in ICUs need to be treated. Therapy should, 

however, be started early in those with significant symptoms and morbidity. 

Management of complicated UTIs comprises adequate antibiotic therapy 

and successful treatment of complicating factors.

• Prophylaxis of UTIs is important. However, the percentage of infections that 

can be prevented is not known. Important points in prophylaxis encompass 

training of staff, hygiene measures, type of catheter and drainage, and  

patient care.

• Special clinical pictures of UTIs and infections of contiguous organs are 

seen in the ICU. UTIs of the upper urinary tract are distinguished from those 

of the lower urinary tract and infections of the male adnexal glands and 

fasciitis of the perineum and scrotum. All these pictures can potentially 

merge into urosepsis if the UTI is not treated adequately. The urogenital 

tract is the source of sepsis in 20%–30% of cases.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

GotoT,NakameY,NishidaM,etal.Bacterialbiofilmsandcathetersinexperi-
mental urinary tract infection. Int J Antimicrob Agents. 1999;11:227–231.

An experimental setup to study the antibiotic susceptibility of pathogens in 

biofilm. Fluoroquinolones, and perhaps macrolides, have advantageous effects 

in the treatment of biofilm infections.

Bonkat G, Bartoletti RR, Bruyère F, et al. Guidelines on Urological Infections. 

European Association of Urology Guidelines, Arnhem. The Netherlands: 

EuropeanAssociationofUrology;2022.
This is the extensive version of the guidelines on urologic infections elaborated  

by the corresponding guidelines panel of the European Association of Urology 

(ESIU). The topics include classification, diagnosis, treatment, and follow-up of 

uncomplicated UTI; UTI in children; UTI in diabetes mellitus, renal insuffi-

ciency, renal transplant recipients, and immunosuppression; complicated UTI 

caused by urologic disorders, sepsis syndrome, urosepsis, urethritis, prostatitis, 

epididymitis, and orchitis; and principles of perioperative prophylaxis in urology.

HootonTM,BradleySF,CardenasDD,etal.Diagnosis,prevention,andtreat-
ment of catheter-associated urinary tract infection in adults: 2009 Interna-

tionalClinicalPracticeGuidelinesfromtheInfectiousDiseasesSocietyof
America.Clin Infect Dis. 2010;50:625–663.

These international guidelines deal with diagnosis, prevention, and treatment 

of catheter-associated urinary tract infection in adults, the most frequent 

cause for UTI in the intensive care units.

OliverA,CantónR,CampoP,etal.HighfrequencyofhypermutablePseudomo-

nas aeruginosa in cystic fibrosis lung infection. Science. 2000;288:1251–1254.

This study elucidates an excellent model for the special propensities of nosoco-

mial pathogens. There were 36.7% of patients with cystic fibrosis who har-

bored P. aeruginosa isolates with 100- to 1000-fold increased mutation rates, 

thus enabling them to rapidly adapt to changing environmental needs.

VincentJL,RelloJ,MarshallJ,etal.Internationalstudyoftheprevalenceand
outcomes of infection in intensive care units. JAMA. 2009;302:2323–2329.

This multicenter 1-day prevalence study on 1265 ICUs in 75 countries  

investigated 14,414 patients; 51% were infected on the study day. The ICU 

mortality rate of infected patients was more than twice that of noninfected 

patients. Therefore infection control in critically ill patients is important.
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Central Nervous System Infections

Michael J. Bradshaw and Karen C. Bloch

Central nervous system (CNS) infections represent life-threatening 

conditions that require emergent evaluation and frequently treatment 

in a critical care unit.1 These infections may be challenging to identify, 

as numerous noninfectious conditions mimic CNS infections. Even 

when an infectious syndrome is suspected, it may take several days 

before a specific microorganism is identified, necessitating the use  

of broad empiric therapy directed against the most likely causative 

pathogens based on clinical, epidemiologic, and demographic clues. 

Pharmacologic considerations in selecting appropriate antimicrobials 

include the ability of the agent to cross the blood-brain barrier and 

achieve bactericidal levels at the site of infection. Clinical outcomes 

associated with CNS infections are directly related to the rapidity with 

which appropriate medical or surgical interventions can be provided, 

adding urgency to the diagnostic and therapeutic evaluation.2

CNS infections may be caused by bacteria, fungi, viruses, protozoa, 

and prions. The risk of infection with these pathogens varies based on 

the host immune status (e.g., human immunodeficiency virus [HIV] 

infection, immunosuppression), epidemiology (e.g., time of year, 

travel to endemic regions), and acquisition site (e.g., community  

acquired vs. healthcare acquired). The microbiology and pathophysiol-

ogy of CNS infections differ based on the specific anatomic site of in-

fection. The major CNS syndromes covered in this chapter include 

meningitis, brain abscess, encephalitis, and myelitis. These syndromes 

may occur in isolation or may be found as overlapping conditions 

(e.g., meningoencephalitis or encephalomyelitis). Localizing the site of 

infection is often the first step in guiding the diagnostic evaluation and 

initiating empiric therapy. An interdisciplinary approach with  

colleagues from critical care, infectious disease, and neurology is im-

portant in addressing diagnostic and treatment considerations and 

potential complications.

MENINGITIS

Infections of the meninges can be subclassified by the acuity of onset of 

symptoms. Bacterial infections cause an acute meningitis syndrome, 

characterized by rapid (,48 hours) progression of fever, headache, and 

neck stiffness or meningismus. In contrast, subacute meningitis syn-

drome, caused by viruses, fungi, or mycobacteria, is more slowly evolv-

ing, with symptoms developing over several days to weeks (Box 114.1). 

The following sections outline approaches to acute and subacute men-

ingitis. These approaches prioritize the competing needs of obtaining a 

precise microbiologic diagnosis versus instituting early antimicrobial 

therapy.

Anatomy
Bacterial meningitis is a pyogenic infection of the meninges and sub-

arachnoid space, with bacteria usually confined to the nutrient-rich  

cerebrospinal fluid (CSF), although brain and spinal cord parenchyma 

can be involved, given their anatomic proximity. In adults, CSF is pro-

duced at a rate of approximately 500 mL/day, yet the CSF space averages 

only 140 mL in volume; therefore there is rapid production and reab-

sorption. CSF is formed in the choroid plexus of the ventricles, flows 

into the subarachnoid space at the cisterna magna and around the cere-

bral hemispheres, and is reabsorbed by the arachnoid villi (Fig. 114.1). 

The cerebral and spinal subarachnoid spaces connect at the cisterna 

magna, and the flow of CSF through the spinal subarachnoid space is of 

variable velocity and direction.

There are numerous potential and actual spaces among the layers 

of the meninges (see Fig. 114.1). Meningitis involves the actual space 

(i.e., the subarachnoid space), which consists of multiple intercon-

nected compartments. The small size of the foramina of Luschka and 

Magendie allows for a unidirectional caudal flow toward the cisterna 

magna, where the CSF then moves into the spinal canal. This compart-

mentalization has implications in therapy because the movement of 

medications and infectious agents is influenced by the rate and direc-

tion of CSF flow. Obstruction of CSF flow can produce hydrocephalus 

and may restrict the entry of antibiotics into sites of ongoing infection.

Infectious agents can invade the CSF by at least three routes 

(Box 114.2). First, the vascular structures of the choroid plexus and 

pia and the vessels that traverse the subarachnoid space may serve 

as conduits during bacteremia.3 A second less common route is by 

direct invasion across the protective meninges. Physical disruption 

of the dura by trauma or surgery allows for the direct invasion of 

the subarachnoid space and should be considered in patients with 

a history of CSF leakage or clear, watery rhinorrhea, in addition to 

those who have undergone recent neurosurgical interventions. Em-

issary veins provide another pathway for bacteria to spread from 

contiguous foci into the subarachnoid space. These veins traverse 

the skull and dura, directly connecting the soft tissues of the head 

and neck with the venous system of the brain and meninges, in-

cluding the arachnoid villi. Although blood in the emissary veins 

usually flows away from the brain, the CNS veins and dural sinuses 

do not contain valves, and retrograde flow of bacteria is possible. 

Rarely, organisms may reach the ventricles or subarachnoid space 

from within the neural tissue; for example, rupture of a brain ab-

scess into the ventricles may have disastrous effects. Until 2015, it 

was thought that the brain has no lymphatic drainage, and these 

recently identified vessels may prove to be another route of infec-

tious contamination of the CNS.4,5

Pathophysiology
Despite complex host-cellular and anatomic defense mechanisms, in-

cluding immune surveillance of the CSF,6,7 microorganisms have evolved 

a number of virulence factors that contribute to the development of 
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BOX 114.1 Causes of Acute and Subacute 
Central Nervous System Infection Syndromes

Acute Meningitis Syndrome

Rapid onset (,24–48 h) of fever, headache, or meningismus, with early cogni-

tive impairment

Common

Pyogenic meningitis (pneumococcal, meningococcal, Listeria, other)

Uncommon

Viral encephalitis (especially herpes simplex), subarachnoid bleed, brain  

abscess (with rupture)

Rare

Viral meningitis, granulomatous meningitis (cryptococcal, mycobacterial),  

carcinomatous meningitis, brain tumor

Subacute Central Nervous System Infection Syndrome

Subacute onset (.24–48 h) of fever, headache, or meningismus, with no 

or gradual cognitive impairment

Common

Viral meningitis, viral encephalitis, rickettsial infection

Uncommon

Brain abscess, brain tumor, granulomatous meningitis

Rare

Cerebrovascular accident, carcinomatous meningitis
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Fig. 114.1 Anatomic Considerations in the Pathophysiology of Bacterial Meningitis. (From van de Beek 

D, Brouwer M, Hasbun R, et al. Community-acquired bacterial meningitis. Nat Rev Dis Primers. 2016;2:16074.)

bacterial meningitis. Meningeal inflammation causes vasospasm or vas-

culitis with occlusion of cerebral arteries/arterioles, cerebral venous 

thrombosis, damage to nerve roots that traverse the subarachnoid space, 

and impaired CSF flow (see Fig. 114.1). The activation of leukocytes 

leads to an inflammatory cascade, with the release of cytokines, oxidants, 

and proteolytic enzymes, which contribute to the damage caused by the 

infection. This can lead to increased intracranial pressure and a risk of 

herniation, especially when there is focal parenchymal edema.8

Epidemiology
The epidemiology of bacterial meningitis in the United States has 

changed in the past 20 years because of the widespread use of vaccines 

active against Haemophilus influenzae type B, Neisseria meningitidis, 

and Streptococcus pneumoniae.9 Simultaneously, the incidence of noso-

comial bacterial meningitis caused by increasingly resistant strains of 

Enterobacteriaceae, Pseudomonas aeruginosa, and Staphylococcus au-

reus is increasing.10

Meningococcal meningitis presents unique public health and infec-

tion control challenges. This diagnosis is suggested by the presence of a 

petechial or purpuric rash; however, this finding is neither sensitive nor 

specific.11 To prevent secondary cases among healthcare workers, all 

patients with presumed bacterial meningitis should initially be placed 

on droplet precautions to prevent the spread of infection by inhalation. 

This can be discontinued after an alternative pathogen is identified or 

after 24 hours of antibiotics effective against this organism.

Before the availability of antibiotics, bacterial meningitis was univer-

sally fatal. However, even with administration of effective antimicrobial 
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therapy, the case fatality of bacterial meningitis remains significant, with 

a high incidence of neurologic sequelae among survivors. The fatality 

rate of pneumococcal meningitis ranges from 16% to 37% in developed 

countries. Neurologic sequelae, including hearing loss, epilepsy, focal 

neurologic deficits, and cognitive dysfunction, develop in 30%–52% of 

survivors.7,12

Clinical Manifestations
Bacterial Meningitis

Bacterial meningitis is a medical emergency, and patients with compli-

cations such as seizures or decreased level of consciousness are best 

managed in the intensive care setting.13 The initial manifestations may 

be subtle, with a low-grade headache, nausea, and fever. However, once 

meningeal signs and symptoms (vomiting, severe headache, and stiff 

neck) develop, clinical decompensation is often rapid. The classic clini-

cal triad associated with bacterial meningitis (fever, neck stiffness, and 

altered mental status) is present in only 44% of cases.14 Signs of menin-

geal inflammation, including nuchal rigidity, Kernig sign, or Brudzinski 

sign, are neither sensitive nor specific for bacterial meningitis.15 How-

ever, 95% of patients present with at least two of four of the most com-

mon symptoms of meningitis: i.e., headache, fever, neck stiffness, and 

altered mental status.14 A petechial or purpuric skin eruption suggests 

meningococcal or pneumococcal meningitis, but skin lesions may be 

absent at the time of presentation, and other infections such as Rocky 

Mountain spotted fever encephalitis can also produce a rash.11,16 Bacte-

rial meningitis may present atypically in the elderly or immunocom-

promised patients, with minimal focal findings.17–19 In addition, these 

populations have a higher incidence of noninfectious conditions that 

may mimic acute meningitis (e.g., subarachnoid bleeding and malig-

nancies involving the CNS), complicating the initial evaluation.

The diagnosis of meningitis is confirmed through the evaluation of 

CSF, assuming there is no contraindication to lumbar puncture (see 

later). Prompt transportation and processing of CSF are important to 

maximize specimen integrity, as concentrations of neutrophils degrade 

by up to 50% after an hour post lumbar puncture.20 Opening pressure 

is often elevated to the range of 20–50 cm H2O. Other CSF findings in 

bacterial meningitis include moderate to high pleocytosis (hundreds 

to thousands of cells/uL) with a neutrophil predominance, hypogly-

corrhachia (low glucose), and elevated protein levels (often .100 mg/

dL). The CSF lactate level is a useful adjunct for differentiating bacte-

rial meningitis from viral meningitis, but may be elevated in other 

CNS diseases that cause meningeal inflammation.21,22 A positive Gram 

stain is diagnostic of bacterial meningitis, with a specificity of more 

than 99%, although the sensitivity varies based on concentration of 

bacteria in the CSF and the antecedent use of antibiotics.23,24

Molecular microarray panels for the diagnosis of meningoencepha-

litis are increasingly available and offer the advantage of rapid diagno-

sis and directed antibiotic therapy. Currently, the only commercially 

available product tests for 14 common CNS pathogens, including Esch-

erichia coli K1, H. influenzae, Listeria monocytogenes, N. meningitidis, S. 

pneumoniae, and Streptococcus agalactiae (group B streptococcus) 

(Table 114.1). In a large retrospective multicenter trial, molecular test-

ing performed comparably to conventional culture for detection of 

bacterial meningitis.25 However, questions remain about the sensitivity 

of this assay after antibiotic treatment, and false positives may be seen 

because of the potential for contamination.

Management
Delay in antibiotic therapy increases the risk of an adverse outcome or 

death, particularly when progressive neurologic impairment occurs before 

receiving therapy.26,27 For this reason, guidelines recommend the expe-

dited administration of empiric antibiotics to patients with a presumptive 

diagnosis of bacterial meningitis.28,29 Even in patients with profoundly 

abnormal Glasgow Coma Scale scores at presentation, complete recovery 

may be seen with directed therapy and intensive supportive care.30

Coupled with the need for emergent treatment is the need for mi-

crobial diagnosis. Identification of a pathogen allows a clinician to 

narrow the antibiotic regimen based on susceptibility patterns and has 

prognostic and therapeutic implications. However, in some cases, lum-

bar puncture is unavoidably delayed. When this is the case, antibiotics 

should be given immediately after peripheral blood cultures are ob-

tained. The yield of CSF culture decreases within as little as 15 minutes 

after the administration of antibiotics.31 Despite the inhibitory effect 

of prior antibiotics on bacterial culture and Gram stain, the absolute 

neutrophil count and differential are not initially affected by antibiot-

ics and remain suggestive of bacterial meningitis.32,33 A full course of 

empiric therapy should be completed if CSF parameters and the clini-

cal presentation are consistent with this diagnosis.

Bacteria Viruses Fungi

Escherichia coli K1 Cytomegalovirus (CMV) Cryptococcus  

neoformans/gattii

Haemophilus influenzae Enteroviruses

Listeria monocytogenes Herpes simplex virus 1 and 

2 (HSV-1 and HSV-2)

Neisseria meningitidis Human herpesvirus  

6 (HHV-6)

Streptococcus  

agalactiae

Human parechovirus

Streptococcus  

pneumoniae

Varicella-zoster virus (VZV)

TABLE 114.1 Pathogens Included in the 
BioFire FilmArray Meningoencephalitis Panel

BOX 114.2 Routes by Which Bacteria May 
Enter the Subarachnoid Space

Vascular (Blood-Brain Barrier)

• Mostly likely pathogens: pneumococci, meningococci, Listeria, Escherichia 

coli (neonates), group B streptococci (neonates), Haemophilus influenzae

• Choroid plexus: may be common site of invasion for H. influenzae

• Meningeal blood vessels: throughout the subarachnoid space; may be usual 

route for pneumococci

• Arachnoid villi: possible route of invasion, located between the sagittal 

sinus and subarachnoid space

Transdural

• Most likely pathogens: pneumococci, gram-negative enteric bacilli, staphy-

lococci (including coagulase-negative), H. influenzae

• Surgery: including ventriculoatrial or ventriculoperitoneal shunts

• Trauma: especially when cribriform plate or petrous bone is fractured

• Parameningeal infective focus: including sinusitis, mastoiditis, otitis, or 

osteomyelitis; emissary veins may serve as conduit

• Congenital defects: including myelomeningocele and spinal dermal sinus

Transparenchymal

• Mostly likely pathogens: anaerobic bacteria, enteric gram-negative bacilli

• Occurs when brain abscess ruptures directly into ventricles or subarachnoid 

space
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Site of Acquisition Predisposition Organisms Antimicrobial Agents

Community Age 16–50 years Streptococcus pneumoniae Vancomycin plus third-generation cephalosporin*

Neisseria meningitidis

T-cell deficiency S. pneumoniae, N. meningitidis Vancomycin plus third-generation cephalosporin*

Listeria monocytogenes plus ampicillin

Age .50 years S. pneumoniae, N. meningitidis Vancomycin plus third-generation cephalosporin*

L. monocytogenes plus ampicillin

Nosocomial Staphylococcal species Vancomycin plus fourth-generation cephalosporin†

Gram-negative bacilli (including Pseudomonas 

aeruginosa)

or meropenem

TABLE 114.2 Empiric Antimicrobial Therapy for Adult Patients With Presumed Bacterial 
Meningitis

*Ceftriaxone or cefotaxime.

†Cefepime, ceftazidime.

Historically, neuroimaging has been recommended before lumbar 

puncture to exclude the presence of a mass lesion or any other risk 

factor for brain herniation. Studies have challenged this practice, cit-

ing the potential deleterious effect of computed tomography (CT) 

scan–related delays in the initiation of therapy or the sterilizing effect 

of antecedent antibiotics on CSF cultures.26,27,31,34 Even among pa-

tients with an abnormal CT scan, only a minority of patients have 

radiographic findings precluding lumbar puncture.35 For this reason, 

neuroimaging before lumbar puncture should be reserved for pa-

tients with compromised immune systems (e.g., HIV infection, use 

of immunosuppressive medications, or organ transplantation), new-

onset seizures, severely altered mental status (defined as Glasgow 

Coma Scale of ,10), or focal neurologic deficits/optic disc edema.36 

Signs of impending herniation such as deteriorating level of con-

sciousness (particularly with Glasgow Coma Scale #11), brainstem 

signs, or very recent seizure are also important to identify.37 In the 

absence of these features, it is generally safe to proceed directly to 

lumbar puncture, followed by immediate administration of empiric 

antibiotics.28

Antibiotics

The choice of empiric antibiotics is based on the assessment of the 

most likely causative agents. Recommendations for empiric therapy 

are listed in Table 114.2, with dosages commonly used for the treat-

ment of CNS infections listed in Table 114.3.28,29,38

Empiric therapy should be directed against the most common 

causes of bacterial meningitis. In immunocompetent adults younger 

than 50 years,10,39 S. pneumoniae and N. meningitidis are the most com-

mon causes of community-acquired bacterial meningitis, and there-

fore initial therapy should include a third-generation cephalosporin 

such as cefotaxime or ceftriaxone in combination with vancomycin. 

Strains of S. pneumoniae that are increasingly resistant to penicillin 

have emerged as important pathogens; however, most isolates remain 

sensitive to third-generation cephalosporins, and all are susceptible to 

vancomycin.40

Empiric therapy for L. monocytogenes should be included for adults 

aged 50 years or older, patients with T-cell immunocompromise (e.g., 

on chronic steroid therapy), pregnant women, or patients with signifi-

cant use of alcohol.28,39 If the CSF Gram stain shows gram-positive 

rods suggestive of Listeria, high-dose ampicillin plus intravenous 

(IV) gentamicin should be given. For patients with immediate sensitivity 

reaction to penicillin, meropenem or parenteral trimethoprim-sulfa-

methoxazole are acceptable alternatives.

In contrast to community-acquired meningitis, organisms causing 

nosocomial meningitis reflect the highly resistant strains endemic to 

the hospital.29 Empiric therapy for patients suspected to have health-

care–associated meningitis should be directed against staphylococcal 

species (both coagulase-positive and -negative strains) and multidrug-

resistant strains of gram-negative bacilli, including P. aeruginosa and 

Acinetobacter baumannii. Empiric therapy in this population includes 

vancomycin in addition to an antipseudomonal cephalosporin (ceftazi-

dime or cefepime) or an antipseudomonal carbapenem. Imipenem is 

active against Pseudomonas and achieves therapeutic levels in the CSF; 

however, because this agent lowers the seizure threshold, it is relatively 

contraindicated for meningitis. Meropenem, a related carbapenem, is 

less epileptogenic and is therefore preferred for this indication.38

Initial antibiotic choices can be refined when sensitivity patterns 

become available, typically in 2–3 days. The duration of therapy varies 

based on the pathogen and clinical response. Although there have been 

few randomized studies evaluating the optimal duration of therapy, 7 

days of treatment for H. influenzae and N. meningitidis meningitis is 

typically sufficient,41 whereas S. pneumoniae requires 10–14 days of 

therapy.28,42 Adults with pneumococcal meningitis may have predispos-

ing infections, including pneumonia, sinusitis, otitis, or rarely, endocar-

ditis, in which case prolonged therapy with bactericidal antibiotics is 

indicated.

Abnormalities of the CSF (e.g., pleocytosis and elevated protein) 

may persist for days to weeks after the eradication of infection. The 

resolution of infectious signs and symptoms (e.g., fever, meningismus, 

and leukocytosis) should serve as adequate evidence of successful 

therapy. In a patient who fails to respond to 48–72 hours of empiric 

therapy, lumbar puncture may be repeated, and head imaging, prefer-

ably magnetic resonance imaging (MRI) with and without contrast, is 

indicated. A repeat lumbar puncture is particularly important for de-

tecting clearance of bacteria from the CSF in patients with cephalospo-

rin-resistant pneumococcal meningitis who demonstrate a slow clini-

cal response.43 Patients with culture-negative pyogenic meningitis and 

suboptimal clinical response should also have repeat lumbar puncture 

to ensure response to empiric antibiotics. Worsening CSF parameters 

suggest infection with resistant bacteria, with a pathogen more typi-

cally associated with a subacute meningitis syndrome, or a noninfec-

tious condition (see Box 114.1).
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Other Causes of Meningitis

Other organisms, including viruses, fastidious bacteria (e.g., Rickettsia 

rickettsii, Treponema pallidum), fungi (e.g., Cryptococcus), or mycobac-

teria may also infect the meninges (see Box 114.1). These organisms 

are often classified as causes of aseptic meningitis to differentiate them 

from the more fulminant syndrome of bacterial meningitis. In contrast 

to acute bacterial meningitis, patients with aseptic meningitis are less 

likely to require admission to the intensive care unit (ICU), and in the 

case of viral meningitis, usually improve spontaneously without anti-

microbial therapy.

Differentiating bacterial and nonbacterial etiologies of meningitis 

may be challenging at the time of presentation, and laboratory data 

play an important role in making this distinction. Peripheral blood 

leukocytosis (.10,000/mm3), CSF white blood cell counts over 1000/mm3, 

CSF protein concentration over 100 mg/dL, and CSF glucose concen-

trations below 40 mg/dL favor a bacterial cause. Patients with these 

findings should be given empiric antibiotics until a specific diagnosis 

is made or bacterial cultures return negative. A lymphocytic predomi-

nance in the CSF, particularly in the absence of prior antibiotic ther-

apy, argues against a bacterial etiology. Several models incorporating 

these variables have been developed to predict the likelihood of bacte-

rial meningitis, although these have been best studied in pediatric pa-

tients.15 The measurement of CSF lactate levels has been shown to 

discriminate bacterial and aseptic meningitis; however, the sensitivity 

is decreased with prior receipt of antibiotics.21,22,45 Clinical judgment 

supersedes results from prediction models or biomarkers, particularly 

given the possibility of a fatal outcome when antibiotic therapy is de-

ferred.

Drug

Dosage (by Total 

Body Weight)

Usual Dosage 

(for 70-kg Adult)

Acyclovir 10 mg/kg IV q8h 700 mg IV q8h

Ampicillin 30 mg/kg IV q4h 2 g IV q4h

Ceftazidime 30 mg/kg IV q8h 2 g IV q8h

Cefepime 30 mg/kg IV q8h 2 g IV q8h

Ceftriaxone 30 mg/kg IV q12h 2 g IV q12h

Meropenem 40 mg/kg IV q8h* 2 g IV q8h

Metronidazole 7.5 mg/kg IV/po q6h 500 mg IV q6h

Nafcillin 30 mg/kg IV q4h 2 g IV q4h

Penicillin G 60,000–70,000 units/

kg IV q4h

4 million units IV q4h

Tobramycin or  

gentamicin

2-mg/kg IV load, then 

1.7 mg/kg q8h‡

140 mg IV load, then 

120 mg IV q8h‡

Intraventricular 4–8 mg/day

Trimethoprim-sulfa-

methoxazole

5 mg/kg IV q6h 350 mg IV q6h§

Vancomycin 15 mg/kg IV q6h 500 mg IV q6h‡ or 1 g 

IV q12h

Intraventricular dosing 

of vancomycin

5-20 mg/day

TABLE 114.3 Antimicrobial Dosages for 
Central Nervous System Infections*

*These doses are for patients with normal renal function and modifications 

may be necessary for patients with reduced creatinine clearance.
‡Adjust dosage based on serum levels, with goal trough 15–20. For both 

gentamicin and tobramycin, the target peak is 8-10 mcg/mL and target 

trough <1-2 mcg/mL
§Dosage indicates trimethoprim component.
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B

Fig. 114.2 Extremities—hands (A) and foot (B)—of a 14-year-old boy 

observed by two physicians as his petechial rash progressed to 

“bruises” (purpura fulminans). Purpura were not recognized as the 

hallmarks of Neisseria meningitides–induced sepsis. In addition to the 

loss of extremities from the necrotizing vasculitis of meningococcemia, 

the patient rapidly developed signs and symptoms characteristic of the 

acute meningitis syndrome.

Corticosteroids

Much of the morbidity from bacterial meningitis is caused by the host 

inflammatory response. Corticosteroids decrease inflammation, and 

animal studies have shown an improvement in outcome when cortico-

steroids are given as adjuvant therapy with antibiotics. A Cochrane 

Database review from 2013 evaluated 25 randomized controlled clini-

cal studies on the effect of adjuvant corticosteroids for bacterial men-

ingitis.44 There was no reduction in overall mortality; however, there 

was a significant decrease in mortality among the subgroup of patients 

infected with S. pneumoniae meningitis. Administration of steroids 

was associated with a lower incidence of hearing loss and neurologic 

sequelae as well. US treatment guidelines recommend adjuvant dexa-

methasone (0.15 mg/kg IV every 6 hours for 2–4 days) given con-

comitantly with the first dose of antibiotics for adult patients with 

suspected or proven pneumococcal meningitis.28 More recent guide-

lines by the European Society of Clinical Microbiology and Infectious 

Diseases suggests that adjuvant corticosteroids be started within  

4 hours of antibiotic initiation for all patients with presumed bacterial 

meningitis beyond the neonatal age.36

Complications
Complications specific to meningococcal meningitis include purpura 

fulminans and necrotizing vasculitis leading to skin necrosis and digital 

gangrene (Fig. 114.2). Nonspecific complications associated with me-

ningococcal and other forms of meningitis include adrenal insufficiency 

caused by infarction (Waterhouse-Friderichsen syndrome), renal failure 

(caused by acute tubular necrosis in the setting of hypotension), deaf-

ness, hydrocephalus, seizures, and cognitive impairment.
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Viruses are the most common cause of aseptic meningitis, with 

enteroviruses predominating.42,46 Other viral causes of meningitis in-

clude arboviruses (including West Nile virus), herpesviruses (espe-

cially herpes simplex virus [HSV] type 2, which when recurrent is of-

ten referred to as Mollaret meningitis), acute HIV infection, and 

lymphocytic choriomeningitis virus. Viral meningitis is typically a self-

limited syndrome and does not require treatment. Laboratory testing 

may be useful if there is diagnostic uncertainty or to aid in epidemio-

logic evaluations. Commercially available meningoencephalitis mo-

lecular array panels include testing for a number of viral pathogens, 

allowing rapid, point-of-care diagnosis.

Other causes of culture-negative meningitis may be more aggressive 

or require directed therapy. These include tickborne infections (such as 

with Borrelia, Ehrlichia, or Rickettsia), secondary syphilis, mycobacterial 

or fungal infections, irritation from a parameningeal focus (such as an 

epidural abscess), or partially treated bacterial infections. In these cases, 

additional diagnostic studies are indicated but should be individualized 

based on epidemiologic risk factors and clinical findings. Despite inten-

sive diagnostic testing, a pathogen is identified in only two-thirds of 

patients with subacute meningitis syndrome.42

BRAIN ABSCESS

A pyogenic brain abscess is a localized suppurative infection of the brain 

parenchymal tissue and may be caused by infection with bacteria, fungi, 

mycobacteria, or parasites. In immunocompetent adults, 95% of brain 

abscesses are the result of bacterial pathogens.47 Differentiating a brain 

abscess from other CNS infections or brain tumors may be challenging, 

as there is significant overlap in the clinical and radiologic presentations 

(Table 114.4). Optimal treatment often requires biopsy to identify the 

causative organism and obtain susceptibility testing. Even with a com-

bined medical and surgical approach, mortality is significant. Rapid 

progression of symptoms and impaired mental status at presentation are 

predictors of an adverse outcome, with rupture of the abscess into the 

ventricles associated with significant mortality.48

Pathophysiology
A brain abscess begins as a localized area of parenchymal infection 

(cerebritis) that evolves to necrosis and frank suppuration. As cerebritis 

progresses, a capsule-like hyperemic zone surrounding the area of in-

flammation develops. In time, liquefactive necrosis leads to abscess 

formation, with the capsule typically appearing as a ring-enhancing 

lesion on contrast MRI. In relatively avascular areas such as the cerebral 

white matter of the brain, capsule formation is delayed, and these sites 

have higher rates of spontaneous rupture.

Brain abscesses arise thorough several different mechanisms. The 

most frequent cause is the extension of infection from a contiguous 

focus (middle ear, mastoids, or sinuses). In approximately one-third of 

cases, seeding arises through hematogenous spread, and microab-

scesses typically develop in the distribution of the middle cerebral ar-

tery.49 Filtration of bacteria by the pulmonary vasculature provides 

some protection for the brain from hematogenous seeding. Therefore 

when cardiac shunts or pulmonary arteriovenous fistulae are present, 

as is the case with hereditary hemorrhagic telangiectasia, the risk of 

brain abscess is increased. Finally, direct inoculation may occur after 

neurosurgery or intracranial trauma.50 In approximately 20% of pa-

tients, no obvious source of infection is identified.51,52

The pathogens causing brain abscesses differ according to the route 

of infection. Abscesses that arise from contiguous sites are frequently 

polymicrobial. In contrast, brain abscesses associated with hematoge-

nous spread are usually caused by a single pathogen. Infections after 

neurosurgery reflect nosocomial flora and often include multidrug-

resistant organisms such as methicillin-resistant S. aureus (MRSA), 

enteric bacteria, or Acinetobacter. The bacteria most often isolated 

from brain abscesses include Enterobacteriaceae, streptococci, staphy-

lococci, and pneumococci.49 Fastidious bacteria such as Nocardia, 

fungi such as Aspergillus, and even protozoa such as Toxoplasma can 

also be etiologic agents, particularly in immunosuppressed patients.

Clinical Manifestations
The signs and symptoms of a brain abscess relate to the anatomic loca-

tion, size, and rapidity of development. At one extreme, the course may 

span weeks, with few constitutional symptoms. In this setting, signs and 

symptoms of a space-occupying lesion predominate. In contrast, a pre-

viously asymptomatic brain abscess may rupture into the subarachnoid 

space, causing death within hours. The differential diagnosis in this set-

ting includes an acute cerebrovascular event and pyogenic meningitis. 

However, brain abscesses usually progress subacutely over 7–14 days, 

 Brain Abscess Bacterial Meningitis Herpetic Encephalitis Brain Tumor

HISTORY

Headache Severe, often focal Severe, generalized Mild to severe Absent to severe

Focal defect Often Occasional Occasional Often

Progression Days to weeks Hours to days Days Days to months

PHYSICAL EXAMINATION

Fever Variable .90% .90% Rare

Early focal signs Often Occasional Occasional Often

Pressure signs Often Rare Occasional Often

Extra-CNS infection Often Often No No

CT OR MRI SCAN
Focal Always* No Often Always

Ring effect/onset Often/late† No No Often/early

TABLE 114.4 Differential Diagnosis of CNS Infection and Tumor

CNS, Central nervous system; CT, computed tomography; MRI, magnetic resonance imaging.
*May be negative or nonspecific during first 48 hours of illness.

†Development of abscess wall may be delayed by steroid therapy.
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which is temporally atypical for malignancy and inconsistent with 

stroke. The most common symptom is headache, present in approxi-

mately 70% of cases. Other signs and symptoms include fever (53%), 

focal neurologic deficits (48%), nausea or vomiting (47%), altered 

mentation (43%), papilledema (35%), nuchal rigidity (32%) and sei-

zures (25%), and focal neurologic signs (48%).51,52 The classic clinical 

triad of fever, headache, and focal neurologic deficit is present in only 

20% of patients.47 CSF findings are often nonspecific and may be nor-

mal in approximately 15% of cases. Lumbar puncture is contraindi-

cated if there is clinical or radiographic evidence of increased intracra-

nial pressure, given the risk of herniation.

Imaging
Neuroimaging plays an important role in diagnosis and in monitoring 

response to therapy. Maturation of a brain abscess is associated with 

encapsulation, and this is visualized as ring enhancement on CT or 

MRI.53 MRI is superior to CT in assessing brain abscesses, as the latter 

may miss small lesions or those localized to the brainstem or cerebel-

lum. Misinterpretation can occur, particularly when the abscess is in 

the white matter, where decreased vascularity may result in delayed 

encapsulation with minimal ring enhancement. Similarly, steroid ther-

apy may decrease local inflammation, resulting in resolution of the 

ring enhancement. Ring enhancement is not specific for bacterial ab-

scesses and may be seen with other infections or brain tumors. Diffu-

sion-weighted imaging is useful for differentiation of a brain abscess 

from other cystic brain lesions.54 Ring-enhancing neoplasms often 

exhibit facilitated diffusion in the central, nonenhancing area, whereas 

abscesses typically demonstrate diffusion restriction.53 When differen-

tiating abscess from other pathologies, diffusion-weighted imaging has 

a sensitivity of 72%–95% and a reported specificity of 96%–100%.55,56

Management
In general, a combination approach of antimicrobials coupled with sur-

gical drainage remains the standard approach for the management of 

pyogenic brain abscesses. The choice of antimicrobials should be guided 

by culture results, given the diversity of potential pathogens and the need 

for prolonged therapy (e.g., 6–8 weeks). Because of the difficulty in 

achieving therapeutic concentrations of antibiotics across the blood-

brain barrier, CNS penetration should be considered when selecting an 

agent. Empiric therapy should be guided by the most likely microbiology 

based on origin of the infection. In cases in which the source is unknown 

or a metastatic spread from a distant focus is likely, empiric therapy with 

vancomycin, metronidazole, and a third-generation cephalosporin is 

suggested.52 An antipseudomonal cephalosporin should be substituted 

for postneurosurgical infections or for an abscess arising from an oto-

genic site. Meropenem may be substituted for cephalosporins and met-

ronidazole when there is a contraindication to one of these agents.

Neurosurgical aspiration is invaluable in identifying specific patho-

gens, and sensitivity testing is crucial for narrowing therapy. Use of 

stereotactic biopsy allows minimally invasive drainage for both diag-

nostic and therapeutic purposes. Bacterial, fungal, and mycobacterial 

cultures should be obtained on all aspirates. Positive cultures from 

blood or extra-CNS suppurative foci can occasionally establish a pre-

sumptive etiologic agent. Ancillary testing for a culture-negative  

brain abscess includes HIV serology, serum cryptococcal antigen, and 

Toxoplasma titers.

Medical management without drainage may be necessary when the 

lesion is inaccessible or surgical intervention poses unacceptable risks. 

However, open or stereotactic drainage is indicated when deterioration 

from increased intracranial pressure occurs or there is no improve-

ment on medical therapy.52 Patients treated without drainage may re-

quire a longer duration (e.g., 12 weeks) of parenteral antibiotics and 

should be followed closely for clinical and radiographic improvement. 

Steroids should be reserved for cases in which significant edema is 

present.

ENCEPHALITIS

Encephalitis is inflammation of the brain parenchyma accompanied by 

neurologic dysfunction.57 Clinical findings include altered mental sta-

tus (such as disorientation, confusion, and behavioral/cognitive 

changes), seizures, fever, and focal neurologic dysfunction. The world-

wide incidence of encephalitis is estimated at 0.07–12.6 cases/100,000 

persons,58 with mortality in the range of 7%–18% and severe disability 

reported in approximately half of all survivors.59–61

Encephalitis presents a diagnostic challenge to the clinician, and a 

specific etiology is only identified in approximately 50% of all cases.62 

A myriad of noninfectious etiologies can cause or mimic encephalitis, 

including direct parenchymal infection, postinfectious autoimmune 

reactions including acute disseminated encephalomyelitis (ADEM), 

other immune-mediated etiologies such as autoimmune encephalitis 

related to neuronal cell surface/synaptic autoimmunity (most com-

monly anti-N-methyl-D-aspartate receptor [NMDAR] autoantibody 

encephalitis), multiple sclerosis, neuromyelitis optica spectrum disor-

ders, neuro-Behçet, neurosarcoidosis, and others.1,63

Infection is the most common cause of encephalitis and constitutes 

approximately 50% of identifiable etiologies.63 HSV-1 is the single most 

common cause of sporadic encephalitis worldwide; this pathogen is of 

particular importance, as specific treatment is available.64 Varicella-

zoster virus (VZV) is another important cause of encephalitis that is 

associated with high mortality and treated with parenteral acyclovir, 

similar to HSV. In the United States, West Nile virus neuroinvasive dis-

ease is the leading cause of epidemic encephalitis during the summer 

and early fall.

Recent epidemiologic studies suggest that the incidence and preva-

lence of autoimmune encephalitides are comparable with infectious 

encephalitis.65

Infectious Encephalitides
Pathophysiology

The blood-brain and brain-CSF barriers help protect the CNS from 

the free diffusion of potentially harmful biological and chemical 

agents.66 Most vascular endothelial cells in the CNS are sealed by tight 

junctions and are unfenestrated. These contribute to the protection 

afforded by the basement membrane, which functions as an acellular 

barrier to CNS penetration. Within the CNS, astrocytic foot processes 

form a dense basal lamina surrounding the brain and spinal cord that 

contributes to the blood-brain barrier.67 Juxtavascular microglial cells 

and perivascular macrophages within the brain parenchyma surveil 

the perivascular spaces. In the choroid plexus, endothelial cells are fe-

nestrated but supported by a second layer of epithelial cells.

Inhaled viruses such as VZV or measles and ingested viruses such 

as enteroviruses penetrate mucosal membranes and establish infection 

in the local lymphoid tissue. Viruses that are inoculated into subcuta-

neous tissue (e.g., arboviruses) are transported by Langerhans cells to 

the draining lymph nodes. From the secondary lymphoid tissues, the 

viruses are shed into the bloodstream and thereby disseminate. Many 

viruses (including West Nile virus, human T-lymphotropic virus 

type-1 [HTLV-1]), and some bacteria such as R. rickettsii, have been 

shown to directly infect microvascular endothelial cells in vitro.68,69 

Some viruses are capable of entering vascular endothelial cells by bind-

ing to endothelial cell-expressed molecules—for example, HTLV-1 can 

use glucose transporter 1 in order to enter the endothelial cell.68 Once 

within the endothelial cell, some agents can alter cellular physiology 
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(e.g., promoting chemokine expression and altering expression of ad-

hesion molecules), leading to increased vascular permeability and al-

lowing the agent to bypass the first layer of CNS protection.67

Although the brain is protected by both the blood-brain and 

brain-CSF barriers, many neurotropic infectious agents have devel-

oped mechanisms for gaining entry into the CNS.70 Infection of host 

leukocytes, which are capable of entering the CNS, can serve as a 

“Trojan horse” neuroinvasive mechanism for viruses such as HIV.71 

Another means of entry is direct neuronal invasion through periph-

eral nerves.72 Rabies virus and some enteroviruses, such as poliovirus, 

are examples of agents that reach the CNS through this mechanism. 

Poliovirus initially infects mucosal epithelial cells before gaining ac-

cess to the CNS via retrograde transport in motor neurons,73 and ra-

bies infects epithelial cells and myocytes at the site of inoculation 

before gaining access to the nervous system. Once in the motor neu-

rons, rabies virus is transported to the CNS by retrograde axonal 

transport and through synapses until it reaches the CNS.74 HSV-1 

infects keratinocytes before entering peripheral sensory nerves and 

may also gain access to the CNS through olfactory sensory neurons 

(as may several other viruses).75

Individual infectious agents demonstrate variable affinities for dif-

ferent anatomic areas of the CNS. Those with a tropism for the menin-

ges cause meningitis, whereas those capable of infecting the brain pa-

renchyma can cause meningoencephalitis or encephalitis. Many agents 

can affect the spinal cord, causing myelitis (discussed later) as well. In 

older children and adults, HSV-1 characteristically causes temporal 

lobe encephalitis, whereas HSV-2 more typically causes meningitis or a 

lumbosacral radiculomyelitis (Elsberg syndrome).76 A number of infec-

tious agents have a tropism for the brainstem and can cause a syndrome 

of brainstem encephalitis. Findings of brainstem encephalitis include 

cranial nerve palsies, crossed hemiparesis (ipsilesional face/contrale-

sional body from corticospinal tract lesions) or sensory changes (me-

dial lemniscus or spinothalamic tracts), ataxia (cerebellum/cerebellar 

peduncles), decreased alertness (ascending arousal system), and un-

usual symptoms such as recalcitrant nausea/vomiting and hiccoughs 

(area postrema). Infectious etiologies that have been associated with 

brainstem encephalitis include L. monocytogenes,77 tuberculosis, Whip-

ple disease,78 herpes group viruses,79,80 enteroviruses (particularly en-

terovirus 71), and flaviviruses (especially Japanese encephalitis virus 

and West Nile virus). There are a number of immune-mediated causes 

of brainstem encephalitis as well, such as multiple sclerosis, neuromy-

elitis optica spectrum disorders, neuro-Behçet, neurosarcoidosis, 

chronic lymphocytic inflammation with pontine perivascular enhance-

ment responsive to steroids (CLIPPERS), Fisher-Bickerstaff encephali-

tis, and others.1,81–83

Clinical Manifestations

In the approach to assessing a patient with possible encephalitis, it is 

important to first distinguish between encephalitis and encephalopa-

thy without brain inflammation. Encephalopathy without inflamma-

tion can result from metabolic derangements (hypoglycemia, hy-

poxia, electrolyte disturbances, renal or liver disease) or toxin 

exposure (alcohol, illicit drugs, prescription medications, and envi-

ronmental contaminants). A clinical case definition for encephalitis 

that has been proposed by an international working group57 includes 

a major criterion of altered mental status for longer than 24 hours 

and at least two of the following: fever, seizures not attributable to a 

previously identified seizure disorder, new focal neurologic findings, 

CSF white cell count more than 5/mm3, and abnormalities on neuro-

imaging or electroencephalogram (EEG) suggesting inflammation. 

This definition was designed for research and epidemiologic pur-

poses but also provides a standardized case definition for clinicians. 

Notably, this definition may fail to identify patients with focal en-

cephalitis, which may not produce altered mentation.

Management

The history and physical examination are critically important in the 

diagnostic evaluation of the patient with suspected encephalitis. Par-

ticular attention should be given to recent infectious symptoms, risk 

factors for tuberculosis or other infectious agents, unusual insect or 

toxin exposures, travel, rash, a history of autoimmunity, and neuropsy-

chiatric manifestations. Full neurologic and general examinations are 

important in guiding the diagnostic approach. Given the broad dif-

ferential diagnosis, a diagnostic algorithm has been proposed that 

emphasizes the most common causes, those that benefit from targeted 

therapies, and those that pose a particular public health threat.57,84 

Once a clinical diagnosis of encephalitis is suspected, empiric therapy 

with appropriate antimicrobial agents should be initiated while the 

diagnostic evaluation is under way.

Routine testing for adults with encephalitis includes complete 

blood count (CBC) with differential, measures of renal and liver func-

tion, blood cultures, HIV testing, and treponemal testing. In addition, 

Mycoplasma pneumoniae antibodies and Epstein-Barr virus (EBV) se-

rologies (VCA immunoglobulin G [IgG] and immunoglobulin M 

[IgM] and EBNA IgG) should be obtained in children with encephali-

tis. Serum should be reserved from presentation, and convalescent se-

rum collected 10–14 days later for paired antibody testing as indicated. 

CSF analysis should be pursued in all patients with encephalitis with 

routine testing, including opening pressure; cell count and differential; 

protein; glucose; oligoclonal bands; IgG index; Gram stain; bacterial 

cultures; HSV-1/2 polymerase chain reaction (PCR); VZV PCR; and if 

available, VZV IgG and IgM, enterovirus PCR, cryptococcal antigen, 

and Venereal Disease Research Laboratory (VDRL). In the last several 

years, molecular multiplex panels targeting the most common causes 

of community-acquired meningoencephalitis have become commer-

cially available, allowing targeted testing for multiple pathogens, with 

results available within hours. Autoimmune antibody panels from the 

serum and CSF should be considered depending on the presentation.

Neuroimaging, preferably MRI with and without contrast, should 

be obtained in all patients and may reveal meningeal and/or parenchy-

mal contrast enhancement, limbic edema, or other important diagnos-

tic clues. EEG should be obtained in all patients with encephalitis, and 

when available, continuous EEG monitoring should be considered, as 

nonconvulsive status epilepticus is a common mimic and complica-

tion of encephalitis.85

Patients with depressed consciousness, increased intracranial pres-

sure, or seizures are best managed in an intensive care setting. All pa-

tients with encephalitis should be treated with IV acyclovir pending 

CSF PCR result for HSV. Empiric antibiotics should be given if there is 

concern for meningoencephalitis or a bacterial etiology such as Listeria 

brainstem encephalitis. Anticonvulsant therapy should be initiated in 

patients with clinical or subclinical seizures but not prophylactically. 

With the exception of encephalitis caused by herpes group viruses and 

a few other agents (see later), the management of most viral encepha-

litides is focused on supportive care.86

Herpesvirus Encephalitis
Herpes Simplex Virus Encephalitis

HSV-1 and -2 are two of eight human herpesviruses (HHVs), 

which also include VZV (HHV-3), EBV (HHV-4), cytomegalovirus 

(CMV; HHV-5), HHV-6, HHV-7, and HHV-8. HSV-1 and -2 infec-

tions are common; HSV-1 seropositivity among adults is 80%–90% 

worldwide.87 HSV-1 is the most common cause of sporadic en-

cephalitis in the United States, responsible for approximately 90% 
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of HSV encephalitis in adults and children (with HSV-2 responsible 

for the remainder).64 The mortality caused by untreated HSV-1 

encephalitis is roughly 70%, and neurologic sequelae are almost 

universal in the absence of treatment.64 Recent epidemiologic stud-

ies indicate mortality in the range of 6.2%–18.7% (higher numbers 

are seen for those admitted to the ICU) in the United States, with 

significant health and economic impact among survivors.88,89 Early 

administration of acyclovir has been shown to significantly im-

prove survival and outcomes.90,91

HSV-1 encephalitis may be caused by reactivation of the dormant 

virus or may occur in the setting of primary infection.92 The virus has 

a tropism for the orbitofrontal and temporal lobes; however, no com-

bination of clinical, laboratory, or radiographic findings is sufficiently 

sensitive to confirm the diagnosis, and empiric acyclovir therapy 

should be given to all patients with possible HSV-1 encephalitis until 

all definitive diagnostic studies are completed.86

Signs and symptoms typical of HSV-1 encephalitis reflect viral 

replication and inflammation in the mesial temporal and orbitofrontal 

lobes and include personality change, confusion, memory loss, hallu-

cinations, aphasia, and seizures; fever is almost universally present.1,64 

Progressive temporal lobe edema can lead to uncal herniation with 

mydriasis (usually ipsilateral), which can progress to complete third 

nerve palsy, herniation, and death. When HSV-2 affects the CNS, it 

primarily causes meningitis, which may be recurrent (Mollaret menin-

gitis) but may rarely cause encephalitis as well. In addition, HSV-2 can 

cause a triad of brainstem encephalitis, myelitis, and radiculomyelitis 

(Elsberg syndrome).76

The MRI is abnormal in most cases of HSV-1 encephalitis and may 

disclose unilateral or bilateral abnormalities within the mesial tempo-

ral and orbitofrontal lobes, the two most commonly affected struc-

tures, and the insular cortex.93 Diffusion-weighted imaging may be 

more sensitive for HSV-1 encephalitis, particularly early in the course 

of the illness.93 EEG is significantly more likely to demonstrate peri-

odic discharges or focal slowing in frontotemporal leads in patients 

with HSV-1 encephalitis compared with those with encephalitis from 

other causes.94

The CSF exhibits lymphocytic pleocytosis in over 90% of patients 

but may appear normal early in the course and is nonspecific. The CSF 

protein is usually elevated, and glucose level is generally normal. CSF 

PCR for HSV-1 and -2 remains the diagnostic test of choice with a high 

sensitivity (96%) and specificity (99%).95,96 Empiric acyclovir therapy 

can usually be discontinued if the PCR result is negative, although 

there have been reports of false-negative results early in the course of 

the disease; therefore if the clinical suspicion for HSV encephalitis is 

high, repeat lumbar puncture and PCR for HSV should be performed 

.3 days after the initial negative test, with continuation of empiric 

acyclovir.97

IV acyclovir 10 mg/kg every 8 hours is the treatment of choice for 

HSV-1 and -2 encephalitis and should be continued for a minimum of 

14–21 days.98 Dose adjustment is necessary with renal impairment. 

The safety and efficacy of adjunctive corticosteroids have not been 

rigorously investigated, and these are typically reserved for use in pa-

tients with significant edema.99 Cognitive deficits and seizures are sig-

nificant sequelae among survivors. A recent trial of long-term valacy-

clovir after standard treatment for HSV encephalitis, although well 

tolerated, did not improve outcomes.100

Although HSV-1 encephalitis is typically monophasic, roughly 27% 

of patients will suffer a secondary autoimmune encephalitis days to 

months after the initial presentation that can mimic a relapse of the 

HSV encephalitis.101 Clinical features of the autoimmune relapse are 

age dependent. Children generally present with encephalopathy and 

movement disorders such as choreoathetosis, whereas adults typically 

present with neuropsychiatric manifestations.101–103 HSV has been as-

sociated with a number of autoantibodies, including those targeting 

the NMDA receptor, and a number of other antibodies targeting iden-

tified or unidentified neuronal antigens.101,104,105 Patients with clinical 

relapse after viral encephalitis should be evaluated for autoimmune 

antibodies and consideration given to empiric immunosuppression 

after infectious etiologies have been excluded.

Varicella-Zoster Virus Encephalitis

VZV is an important cause of encephalitis and was responsible for 5% 

of cases in one recent study, with a high case-fatality rate.59 VZV can 

also cause brainstem encephalitis, meningitis, myelitis, and vasculopa-

thy that may lead to multifocal ischemic strokes, which may be recur-

rent. The diagnosis is confirmed by demonstrating VZV PCR positivity 

or elevated VZV IgM or IgG in the CSF in the appropriate clinical 

context. Treatment is similar to that for HSV encephalitis and consists 

of IV acyclovir for 10–14 days. With VZV vasculopathy, concomitant 

steroid therapy may be indicated. Cutaneous zoster in the setting of 

encephalitis warrants empiric therapy while diagnostic evaluation is 

under way, although rash may not be present (zoster sine herpete).

Immune-Mediated Encephalitides
Although viral infections have historically been the most common 

identifiable etiologic category of encephalitis, a 2018 epidemiologic 

study from Olmstead County found that the incidence and prevalence 

of autoimmune encephalitis (AIE) were comparable to infectious en-

cephalitis,65 and it is increasingly recognized that immune-mediated 

encephalitis accounts for a substantial burden of disease.106,107 In one 

large-scale study, NMDAR encephalitis was the most commonly iden-

tified cause of encephalitis in patients who were 30 years or younger.108

In 2005 six patients with encephalitis were reported, all of whom 

had unidentified neural cell surface antibodies and improved with im-

munotherapy and/or tumor removal.109 Together with previous stud-

ies on paraneoplastic neurologic disorders, this small case series ush-

ered in the characterization of a number of autoimmune encephalitides, 

a growing area of interest that has had a significant impact in the fields 

of medicine, neurology, and psychiatry. Since the discovery of NM-

DAR encephalitis in 2007,110 roughly one to two novel autoantibody 

syndromes have been identified yearly. Among these, NMDAR en-

cephalitis is the most common, followed by LGI-1 encephalitis.106

Pathophysiology

The AIEs associated with neuronal antibodies can be divided roughly 

into two categories: those with antibodies targeting cell surface/synap-

tic antigens and those with antibodies targeting intracellular anti-

gens.106 Broadly speaking (and with some exceptions), AIE associated 

with antibodies targeting cell surface/synaptic antigens may or may not 

be paraneoplastic, generally develop in younger patients, and tend to 

respond to immunotherapy, whereas AIE with antibodies targeting 

intracellular antigens are more often paraneoplastic, more common in 

older adults, and are less likely to respond to immunotherapy. In addi-

tion, whereas IgG antibodies targeting cell surface/synaptic antigens 

are often directly pathogenic, those targeting intracellular antigens 

generally are not directly pathogenic and are considered a marker of 

autoimmunity primarily affected by T cells. This paradigm is useful 

and has implications for the treatment of AIE, as discussed later.

Binding of autoantibodies to their target extracellular epitopes on 

neural cell surface or synaptic proteins can lead to alteration of the struc-

ture or function of the target antigen.111 NMDAR encephalitis is the best 

studied of the autoimmune encephalitides. The NMDAR is localized to 

the postsynaptic membrane and clustered at the postsynaptic density. In 

cultured neurons, the binding of patient IgG antibodies to the GluN1 
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subunit of the NMDAR leads to selective cross-linking and internaliza-

tion of the NMDAR in a titer-dependent, reversible manner.112,113 GAB-

AbR and AMPAR antibodies have also been shown to cause selective 

internalization of their respective receptors in cultured neurons.114,115 

Planaguma and colleagues demonstrated in vivo pathogenicity of NM-

DAR antibodies by continuously infusing CSF from patients with NM-

DAR encephalitis into the ventricles of mice, which caused memory and 

behavioral deficits.116 Hippocampal analysis demonstrated accumula-

tion of bound antibodies over time with a decrease in the number of 

synaptic NMDARs. Both the clinical and pathologic consequences im-

proved with the cessation of antibody infusion.

Clinical Manifestations

The importance of the clinical history and examination cannot be 

overstated, and there has been a tendency to be overreliant on antibody 

testing in AIE. A 2016 position paper from experts in the field outlines 

a clinical approach to AIE.117 The criteria for possible AIE include 

subacute, progressive deficits in memory, altered mental status or psy-

chiatric symptoms with new focal CNS findings, unexplained seizures, 

CSF pleocytosis, or MRI suggesting encephalitis in patients in whom 

reasonable alternative causes have been excluded. Here we will briefly 

discuss NMDAR encephalitis, but interested readers are referred to 

several recently published reviews of immune-mediated encephalitides 

from several different institutions.106,107,118–120

NMDAR encephalitis most commonly occurs in young females, 

with a median age of 21 years (0.6–85 years) although all ages and both 

genders can be affected. The syndrome develops over stages, with ap-

proximately 70% experiencing a viral prodrome consisting of head-

aches, fevers, vomiting, diarrhea, and/or upper respiratory tract symp-

toms.121,122 Within 2 weeks, behavioral and neuropsychiatric 

manifestations develop and can easily be misinterpreted as evidence of 

a primary psychiatric condition. This is followed by a depressed level 

of consciousness that may alternate with episodes of agitation and 

catatonia. Dissociative responses such as passive resistance to eyelid 

opening and no reaction to noxious stimulation may be observed, 

similar to findings in pharmacologic NMDAR antagonism such as 

ketamine.123 In this stage, patients develop a variety of abnormal 

movements (dystonias, dyskinesias, etc.) and autonomic dysfunction 

that may lead to respiratory failure requiring mechanical ventilation.

Seizures are common throughout the illness, and EEG is abnormal 

in most patients. The extreme delta brush pattern, which consists of 

1- to 3-Hz delta activity with superimposed 20- to 30-Hz beta activity, 

may be observed in 33% of patients and is relatively unique to NM-

DAR encephalitis.124 Brain MRI is abnormal in only 23%–50% of pa-

tients and may reveal nonspecific T2 hyperintense lesions in the fron-

tal, parietal, medial temporal, or posterior fossa and occasionally the 

basal ganglia.125 A positron emission tomography (PET) scan may 

demonstrate frontotemporal hypermetabolism with occipital hypo-

metabolism.126 The detection of anti-NMDAR antibodies confirms the 

diagnosis, and autoantibodies should be sought in both the serum and 

CSF, as 6%–13% of patients will only have autoantibodies detectable 

in the CSF, depending on the method used for antibody detection.127 

There is also a risk of false-positive results if testing is limited to the 

serum.128 When AIE is suspected or confirmed, search for an underly-

ing malignancy should be aggressively pursued. Up to half of patients 

with NMDAR encephalitis have an underlying tumor; although neo-

plasia is less common in males and younger patients, appropriate diag-

nostic evaluation should still be pursued.129,130

Management

Management includes immunotherapy and the removal of any under-

lying tumor. With treatment, 70%–80% of patients with anti-NMDAR 

encephalitis will attain complete or near-complete recovery, and signs 

and symptoms of the disease generally abate in reverse order.131 Any 

tumor should be promptly removed, particularly ovarian or testicular 

masses. A retrospective analysis of 501 patients treated for anti- 

NMDAR encephalitis provides the most comprehensive data regarding 

outcomes.130 Treatment varied among patients and included first-line 

regimens consisting of tumor removal (when present), corticosteroids, 

IV immunoglobulin (IVIg), or plasmapheresis and second-line treat-

ment with rituximab (anti-CD20 monoclonal antibody) and/or cyclo-

phosphamide. For patients who received first-line therapy, 53%  

improved within 4 weeks. Among patients who did not respond to 

first-line therapy, 57% were given second-line therapy, which was as-

sociated with improved outcomes compared with those who were 

continued on first-line therapy alone. Patients may require hospitaliza-

tion for months while undergoing evaluation and treatment.

Although no data have demonstrated the superiority of one regi-

men over another, one approach is to combine 1g IV methylpredniso-

lone (IVMP) daily for 5–7 days with plasma exchange (1 volume every 

other day for five sessions) as first-line treatment. IVIg (0.4 g/kg/day 

for 5 days) can be used after plasma exchange if needed, but should not 

precede plasma exchange. IVIg antibodies are removed by plasma ex-

change, potentially decreasing the efficacy of this costly treatment. If 

improvement is not noted within 10 days, rituximab or cyclophospha-

mide can be considered. We prefer rituximab for patients with anti-

bodies targeting cell surface/synaptic antigens and generally reserve 

cyclophosphamide for patients with intracellularly targeted antibodies 

(wherein the antibody is generally a marker of autoimmunity but not 

directly pathogenic). Once substantial clinical improvement is noted, 

treatment can be discontinued in most patients; however, 20%–25% of 

patients (usually those without a teratoma) may relapse, and longer 

immunosuppression should be considered in these patients.

Acute Disseminated Encephalomyelitis

ADEM is an immune-mediated inflammatory demyelinating disease 

of the CNS that is generally monophasic and can be difficult to pro-

spectively distinguish from other causes of encephalitis. ADEM most 

often affects children, with an annual incidence of 0.07–0.6/100,000 

people.132–134 ADEM generally presents within 2–4 weeks of an infec-

tious illness or, occasionally, vaccination, but antecedent exposure may 

be absent in 26% of patients.135 This observation, combined with data 

from an animal model of demyelination (experimental AIE), suggests 

that the pathogenesis is related to molecular mimicry in which anti-

genic epitopes are shared between pathogens or vaccines and host 

myelin. Alternatively, CNS infection with the subsequent inflamma-

tory cascade may lead to disruption of the blood-brain barrier, expos-

ing CNS antigens to the host immune system, which may lead to 

breakdown of tolerance.

The syndrome clinically presents with fever, encephalopathy (42%–

83%), headache with or without vomiting (15%–37%), meningeal 

signs (13%–43%), seizures (4%–48%), focal weakness (17%–77%), 

ataxia (10%–52%), cranial nerve palsies (11%–48%), and/or visual 

impairment (7%–23%).136–138 CSF analysis may disclose a variable 

degree of lymphocytic pleocytosis with mildly to moderately elevated 

protein levels, normal glucose levels, normal Gram stain with sterile 

cultures, and transient oligoclonal bands in up to 29%.137

The MRI findings in ADEM typically include multiple large (.1–2 

cm) asymmetric T2 and fluid-attenuated inversion recovery (FLAIR) 

hyperintense lesions randomly distributed in the cerebral hemispheres, 

cerebellum, brainstem, and spinal cord.139–141 Lesions classically in-

volve the white matter but commonly develop in the deep gray matter 

as well, particularly the thalamus and basal ganglia, where they tend  

to be more symmetric.135 The frequency and patterns of gadolinium 
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enhancement are highly variable in ADEM (8%–100%), depending on 

the stage of inflammation, although all lesions tend to be at the same 

stage at the same time (in contrast to the lesions seen with multiple 

sclerosis). ADEM is classically a monophasic illness, and signs and 

symptoms generally resolve over time; however, “multiphasic ADEM” 

has been reported. There is no standard treatment for ADEM, and the 

current suggested therapy is based on level IV evidence. After infec-

tious and other causes of encephalitis have been excluded, most au-

thors suggest high-dose IVMP (20–30 mg/kg/day to maximum of 1 g/

day) for 3–5 days followed by oral prednisone tapered over 4–6 we

eks.137,140,142,143 For patients who are not responding to steroids, IVIg 

has been reported to be successful in several case studies and can be 

considered. A reasonable regimen is 2 g/kg IV divided into doses given 

daily over 2–5 days (e.g., 0.4 mg/kg given daily for 5 days). In cases  

of fulminant ADEM unresponsive to steroids, plasma exchange can  

be considered and has been shown to be effective in aggressive CNS 

demyelination.144

MYELITIS AND MYELOPATHY

Myelopathy refers to any pathology of the spinal cord with associated 

neurologic dysfunction and includes noninflammatory etiologies such as 

nutritional deficiency and malignancy. Myelitis is an inflammatory cause 

of myelopathy and may occur in isolation (e.g., poliovirus myelitis or 

herpesvirus myelitis) or coexist with encephalitis as an overlap syndrome 

(e.g., acute flaccid paralysis associated with West Nile virus [WNV] en-

cephalomyelitis, progressive encephalomyelitis with rigidity and myoclo-

nus, or ADEM). The differential diagnosis of myelitis includes infectious 

and immune-mediated etiologies in addition to noninflammatory causes 

of myelopathy such as vitamin or mineral deficiencies (e.g., vitamin B12, 

copper), vascular myelopathies, and neurodegenerative conditions.1

The differential diagnosis for myelitis is shown in Box 114.3. Some 

causes, such as ADEM and other postinfectious myelitides, are mono-

phasic, whereas others, such as multiple sclerosis, neuromyelitis optica, 

lupus myelitis (now recognized to be often associated with neuromyeli-

tis optica), and neurosarcoidosis, can be progressive and/or relapsing.

A thorough history and neurologic examination are critical for 

defining the temporal profile and localization. Back or neck pain (es-

pecially funicular pain), bowel or bladder dysfunction, saddle anesthe-

sia, and bilateral upper or lower extremity weakness are historic fea-

tures that suggest a spinal localization. The temporal profile is helpful 

in determining etiologic probabilities. For example, a hyperacute pre-

sentation is suggestive of a vascular or traumatic etiology, whereas an 

acute-subacute temporal profile suggests inflammatory or infectious 

etiologies, and a subacute-chronic course implies nutritional defi-

ciency or malignancy.

Identifying a spinal level is a key step in localizing a lesion to the 

spinal cord, and the pattern of localization may assist in determining 

the etiology (e.g., weakness and loss of pain/temperature with pre-

served vibration and proprioception in cases of anterior spinal artery 

occlusion or loss of vibration and proprioception with preserved pain/

temperature and motor function in tertiary syphilis). In the acute set-

ting, patients may present with hyporeflexia that can mimic Guillain-

Barré syndrome, a finding that can mislead the diagnostician to a pe-

ripheral localization. Although a localization can usually be identified, 

none of the features on the examination or history is sufficiently sensi-

tive or specific to differentiate between inflammatory, vascular, or 

compressive causes. Therefore all patients with myelitis should be 

managed as true emergencies using a standardized approach.

The first step in the diagnostic approach to possible myelitis is to ex-

clude extrinsic cord compression that might warrant surgical interven-

tion.145 Emergent imaging is indicated if cord compression is suspected, as 

early decompression dramatically improves functional outcomes. The 

preferred modality is spinal MRI with and without contrast, although CT 

myelography is a reasonable alternative if MRI is contraindicated. Once 

compression is excluded, lumbar puncture with cell count and differential, 

total protein, glucose, Gram stain/cultures, IgG index, and oligoclonal 

bands should be obtained, with an extra sample reserved for future stud-

ies. In addition, antiaquaporin-4 autoantibodies, Sjögren syndrome A 

antibodies/ Sjögren syndrome B antibodies (SSA/SSB), antinuclear anti-

bodies (ANA), anticardiolipin antibodies, copper, vitamin B12, treponemal 

antibody, CSF varicella-zoster PCR and IgG, and enterovirus PCR should 

be considered. Inflammation of the spinal cord is supported by contrast 

enhancement on MRI, CSF pleocytosis, or elevated CSF IgG index.

There are four key steps in the management of myelitis: (1) recognizing 

the syndrome, (2) extinguishing acute inflammation, (3) determining the 

etiology, and (4) providing long-term management. While the diagnostic 

evaluation is under way, high-dose steroids (typically with 1 g IVMP daily 

for 3–7 days) should be given in order to decrease the acute inflammation.146

BOX 114.3 Differential Diagnosis of 
Myelitis

Viral

• HIV

• HSV-1 and -2

• VZV

• CMV

• EBV

• WNV

• HTLV

Bacterial

• Mycoplasma pneumoniae

• Borrelia burgdorferi

• Treponema pallidum

• Pyogenic bacteria

• Mycobacterium tuberculosis

Fungal

• Coccidioides immitis

• Actinomyces

• Aspergillus

• Blastomyces dermatitidis

• Histoplasmosis

Immune-Mediated

• Multiple sclerosis

• Neuromyelitis optica

• Connective tissue disorders (neuro-lupus, neuro-Sjögren)

• Neurosarcoidosis

• Paraneoplastic

Noninflammatory Myelopathies

• Vitamin B12 deficiency

• Folic acid deficiency

• Copper deficiency

• Vitamin E deficiency

• Nitrous oxide toxicity

• Heroin

• Radiation myelopathy

• Traumatic/compressive myelopathy

• Vascular myelopathy
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When infectious etiologies are suspected or confirmed, appropriate 

antimicrobial agents should be given. Patients with longitudinally ex-

tensive myelitis associated with lupus may benefit from the addition of 

cyclophosphamide to corticosteroids and plasma exchange.147,148 

Those with myelitis as a result of neuromyelitis optica should be 

treated with steroids and plasma exchange, a regimen associated with 

improved outcomes.149,150 When neurosarcoidosis presents with myeli-

tis, corticosteroids are usually effective,151 and severe or refractory 

cases generally respond to tumor necrosis factor-alpha (TNF-a) an-

tagonism (such as with infliximab).152 No specific regimen for inflix-

imab in this setting has been validated, as only small case series exist, 

but doses range from 3 to 5 mg/kg, including induction with doses at 

0, 2, and 6 weeks and maintenance dosing every 4–6 weeks thereafter. 

Notably, TNF-a antagonism can worsen multiple sclerosis and is con-

traindicated in these patients.153 In managing patients with severe 

myelitis of unknown etiology, consideration should be given to con-

comitant steroids and plasma exchange, which were associated with 

improved outcomes in at least one retrospective review.148

Myelopathy from vitamin B12 deficiency should be treated with 

1000 mg intramuscular vitamin B12 daily for a week, weekly for a 

month, and then monthly thereafter. Depending on the cause of defi-

ciency, some patients can eventually be treated with oral vitamin B12.
154 

Hypocupremic myeloneuropathy should be treated with oral elemen-

tal copper 8 mg by mouth daily for a week, then 6 mg daily for a week, 

then 4 mg daily for a week, followed by 2 mg daily thereafter.150,155,156 

The underlying cause of deficiency should be identified (often associ-

ated with excessive zinc consumption, gastrointestinal surgeries, or 

malabsorption syndromes). Nitrous oxide toxicity may present with 

subacute-acute myelopathy and has been reported after a single expo-

sure.157 Nitrous oxide inactivates vitamin B12 by oxidizing the cobalt 

center of the molecule; therefore treatment is with vitamin B12. Heroin 

use may cause an acute myelopathy, the treatment of which is supportive.

Ischemic myelopathy secondary to spinal cord infarction is man-

aged with lumbar drainage and hemodynamic augmentation with va-

sopressors in order to increase perfusion of the spinal cord.158 Guide-

lines from the Congress of Neurological Surgeons in 2013 recommended 

against the use of steroids in acute spinal cord infarction,159 unless 

caused by vasculitis. Physical and occupational therapy are important 

interventions in the care of all patients with myelopathy. Long-term 

medical management is contingent upon the etiology of the myelitis.

CENTRAL NERVOUS SYSTEM INFECTION AND  
THE ACQUIRED IMMUNODEFICIENCY  
SYNDROME PATIENT

Patients with HIV/AIDS are susceptible to an array of opportunistic 

infections in addition to the more common causes of CNS infection. 

Differentiating neurocognitive dysfunction associated with HIV from 

neurologic dysfunction related to malignancy or opportunistic infec-

tions requires a thoughtful and systematic diagnostic approach to  

allow rapid and appropriate treatment of what are frequently life-

threatening infections.

Pathophysiology
Opportunistic infections of the CNS are common in patients with 

advanced HIV, including cryptococcus, toxoplasmosis, and progressive 

multifocal leukoencephalopathy (PML). Advanced HIV infection is 

associated with HIV-associated neurocognitive disorders (HANDs), 

which comprise a spectrum of disease, with HIV-associated dementia 

(HAD) reserved for the most severe cases of cognitive dysfunction.160 

Before the availability of highly active antiretroviral therapy (HAART), 

it was estimated that 20%–30% of patients with uncontrolled HIV suf-

fered from HAD.161 The prevalence of HAD has decreased to 2%–8% 

in patients treated with HAART.162 Over 40% of patients with HIV will 

present with neurologic manifestations, either related to the direct in-

volvement of HIV itself or related to opportunistic infections over the 

course of their lives.163 The neuropathogenesis of HIV has recently 

been reviewed, to which interested readers are referred.164 Here we 

focus on opportunistic infections associated with HIV.

Clinical Manifestations
The most important factor in assessing a patient with HIV and neu-

rocognitive changes is the degree of immunosuppression.165 This 

framework can be used to establish the most likely etiologies in the 

differential diagnosis. Patients with CD4 counts higher than 500/mL 

are more likely to present with noninfectious conditions or infections 

common to immunocompetent patients. The exception is tubercu-

lous meningitis, which can occur at any CD4 count. Those with CD4 

counts between 200 and 500/mL are more likely to present with HIV-

associated cognitive and motor disorders, whereas patients with CD4 

counts lower than 200/mL are more likely to have CNS mass lesions, 

HIV-associated malignancy (such as CNS lymphoma), and opportu-

nistic infections.

Management
In the evaluation of the patient with HIV and neurologic manifesta-

tions, a systematic approach is important. Imaging should be  

performed before lumbar puncture, given the increased risk of mass 

lesion such as toxoplasmosis or lymphoma in this population. A brain 

MRI with and without gadolinium contrast is the preferred method 

and can assist in securing the diagnosis.166 In addition to the standard 

diagnostic studies, CSF analysis in HIV/AIDS patients should include 

cytology, cryptococcal antigen testing, VDRL (for syphilis), and, when 

indicated, PCR for herpesviruses, JC virus, and Mycobacterium tuber-

culosis.167 The clinical manifestations and management of several of 

the most common CNS infections in patients with HIV are briefly re-

viewed next.

Toxoplasmosis
An obligate intracellular protozoan, Toxoplasma gondii is the most com-

mon HIV-associated opportunistic infection of the CNS.168 It is found 

in cat feces and undercooked meat, and in immunocompetent patients, 

results in an acute but self-limited, nonspecific febrile illness. Sero-

prevalence studies suggest infection rates in the United States between 

15% and 25%.169 In patients with CD4 counts lower than 100/mL, CNS 

reactivation of prior toxoplasmosis infection may occur, and patients 

present with acute to subacute encephalitis.170 Brain MRI with and 

without gadolinium contrast is more sensitive than CT.166,171 MRI find-

ings suggestive of Toxoplasma encephalitis include multiple nodular or 

ring-enhancing lesions, usually with extensive surrounding vasogenic 

edema, with a predilection for the basal ganglia and corticomedullary 

junction.172 On noncontrast images, the appearance of lesions is highly 

variable; they may be isointense or hypointense on T1-weighted images 

and hypointense, isointense, or hyperintense on T2-weighted sequences. 

The “eccentric target sign” is an infrequent, but highly specific (95%), 

finding.173 Most patients with Toxoplasma encephalitis have positive 

serologies for toxoplasmosis, but their absence does not exclude the 

infection. PCR of the CSF for toxoplasmosis is highly specific but insen-

sitive and is not universally available. Treatment consists of sulfadiazine, 

pyrimethamine, and leucovorin (given to prevent pyrimethamine-in-

duced hematologic toxicity). Patients who are unable to take sulfadia-

zine can substitute clindamycin. Maintenance therapy should be given 

to prevent further episodes of infectious reactivation. Corticosteroids 
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should be reserved for patients with a significant mass effect. Surgical 

intervention is typically reserved for patients with signs of impending 

herniation or lack of radiographic response after 2 weeks of empiric 

therapy for toxoplasmosis, in which case a biopsy to exclude an alterna-

tive cause, such as CNS lymphoma, is indicated.

Cryptococcus
Cryptococcus neoformans, an encapsulated budding yeast, is commonly 

found in soil contaminated by bird feces. Cryptococcal meningitis is 

the second most common CNS infection in patients with HIV. Cryp-

tococcus typically presents as subacute (1–2 weeks) meningitis, but can 

rarely present with fulminant disease progressing to death over several 

days. A high index of suspicion is warranted in patients with low CD4 

counts (especially ,100/mL). Neuroimaging findings are highly vari-

able and are often normal. Involvement of the basal ganglia may be 

present. Some features that suggest cryptococcal meningoencephalitis 

include dilated Virchow-Robin spaces, pseudocystic and cystic masses, 

meningitis, or hydrocephalus.166 Many patients present with evidence 

of elevated intracranial pressure (.20 cm H2O) that is characterized 

by decreased consciousness, papilledema, and sixth nerve palsy. The 

CSF classically reveals a low white blood cell count (,50/mL), with a 

mononuclear predominance, elevated protein, and low glucose levels 

but is normal in up to 30% of infected patients.174,175 The CSF should 

be tested for the presence of cryptococcal antigen.176 Commercially 

available molecular diagnostic panels include testing for Cryptococcus, 

but importantly, the sensitivity of PCR is only 52%.177

Opening pressure should be checked in all patients undergoing 

lumbar puncture, as elevated pressure is a poor prognostic sign. Pa-

tients with elevated intracranial pressure should be treated with re-

peated lumbar puncture or lumbar drain placement for decompres-

sion.178 Patients with moderately elevated intracranial pressure present 

with an opening pressure of less than 20 cm H2O. When symptomatic 

patients have an extremely high pressure, the pressure target should 

generally be 50% of the initial value. Daily lumbar puncture may be 

necessary until normalization/stabilization of pressures. Antifungal 

therapy includes an induction phase with liposomal amphotericin B 

(amphotericin B deoxycholate is an alternative if the liposomal form is 

unavailable) and flucytosine for at least 2 weeks, followed by prolonged 

consolidation therapy with fluconazole.179,180

Herpesviruses
Immunocompromised patients with herpetic infections of the CNS 

present a diagnostic challenge, and the index of suspicion should be 

high in order to avoid missing the diagnosis. Immunocompromised 

patients with herpes encephalitis are less likely to present with prodro-

mal symptoms or focal neurologic deficits, have more extensive radio-

graphic involvement (often distributed outside the temporal lobes), 

and have CSF pleocytosis.181 Even with modern treatment and sup-

portive care, mortality among the immunocompromised is signifi-

cantly higher than among the immunocompetent, with reported 

mortalities of 35.7% and 6.7%, respectively. As in immunocompetent 

patients, acyclovir is the preferred agent.

CMV is another herpesvirus that is latent in the majority of the 

population but may reactivate in immunocompromised persons. 

CMV can cause encephalitis, retinitis, myelitis, polyradiculopathy, and 

peripheral neuropathy and is most likely to manifest when the CD4 

count is less than 50/mL. Findings on MRI are neither sensitive nor 

specific. MRI may reveal diffuse or focal T2 hyperintense lesions pre-

dominantly involving the periventricular white matter and possibly 

evidence of ventriculoencephalitis, characterized by T2 hyperintense 

lesions along the ependymal lining of the lateral ventricles that may 

enhance with the administration of gadolinium.182 Analysis of the CSF 

may reveal neutrophilic pleocytosis (unusual for viral infection) and 

elevated protein and low glucose levels, though these findings are vari-

ably present.182 CMV PCR should be obtained from the CSF, and high 

levels of viral DNA in the proper clinical context confirm the diagno-

sis, although low levels may be difficult to interpret. Several treatment 

regimens are in use for neurologic infections with CMV. Most clini-

cians use a combination of ganciclovir and foscarnet for patients with 

CNS infection, but patients who are unable to tolerate combination 

therapy can be treated with either agent alone.

Progressive Multifocal Leukoencephalopathy
PML is a life-threatening demyelinating disease of the CNS that results 

from reactivation of JC virus.183 Primary infection usually occurs in 

childhood, with up to 86% of adults seropositive for the virus.184 In 

most patients, the virus remains latent in the kidneys and the lym-

phoid organs, but in an immunocompromised individual, reactivation 

may occur with secondary spread to the CNS, where it causes a lytic 

infection of oligodendrocytes. PML usually manifests with subacute, 

progressive neurologic deficits, including personality change, altered 

mental status, and focal neurologic deficits referable to the localization 

of the infection. Seizures may occur in up to 18% of patients and are 

likely related to cortical or juxtacortical involvement.185 Most patients 

with HIV who present with PML have CD4 counts of less than 100 mL, 

but PML has been associated with immunosuppression related to a 

number of medications, including mycophenolate mofetil,186 ritux-

imab,187,188 and natalizumab.189,190 PML classically affects the white 

matter, manifesting on MRI as symmetric or asymmetric T1-hypoin-

tense/T2-hyperintense lesions that may become confluent.166 In pa-

tients with a profound immunocompromised status,191 there may be 

minimal or no enhancement with gadolinium, but in the setting of 

PML-immune reconstitution inflammatory syndrome or with medi-

cations such as natalizumab, contrast enhancement is more com-

mon.192 JC virus PCR from the CSF should be obtained when PML is 

suspected and is highly specific. However, the sensitivity may be de-

creased because of low viral burden with HAART.177,193 Consequently, 

in rare cases, brain biopsy may be required to establish the diagnosis. 

There remains no specific treatment for PML; therefore therapy is 

aimed at restoring immune function. In patients with HIV, initiation 

or optimization of antiretroviral therapy is the best option and can 

prolong survival.194,195 As the serotonin receptor 5HT2A can serve as a 

receptor for the virus, the addition of mirtazapine may be beneficial, 

but evidence is limited to case reports.196–198 PML is associated with a 

bleak prognosis and is almost uniformly fatal in patients with 

AIDS.199,200

Central Nervous System Lymphoma
Patients infected with HIV are predisposed to several malignancies, 

including primary CNS lymphoma (PCL),201 which are strongly linked 

to EBV infection.202 PCL can mimic an opportunistic infection, and 

MRI may be helpful in differentiating the etiology of mass lesions in 

patients with AIDS. AIDS-related PCL is often associated with a high 

degree of contrast enhancement, which is typically irregular and inho-

mogeneous.203,204 Lesions that involve the corpus callosum and peri-

ventricular or periependymal areas are more likely to represent PCL, 

whereas PCL involves the posterior fossa in less than 10% of cases in 

this population.203,205 Among the conditions discussed here, PCL and 

toxoplasmosis are most likely to cause a mass effect.206 As there is 

clinical and radiologic overlap with opportunistic infections, these 

should be thoroughly evaluated as outlined earlier with the inclusion 

of CSF EBV PCR, cytology, and flow cytometry. In the absence of a 

pathologic diagnosis, empiric corticosteroids should be used with cau-

tion, as these may decrease the diagnostic yield for CNS lymphoma.
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EXTRACRANIAL INFECTIONS

Paradural Abscess
The epidural space is between the dura and the bony structures of the 

skull and vertebral column; the subdural space is between the sub-

arachnoid membrane and the dura (see Fig. 114.1). Unlike the sub-

arachnoid space, the paradural tissues are only potential spaces, with 

the arachnoid membrane and the dura limiting the spread of infection 

across their surfaces. Although subdural abscesses are more common 

within the cranium and epidural abscesses are more common within 

the vertebral column, the microbiology, pathophysiology, and treat-

ment are similar. These abscesses usually develop from a contiguous 

infection, surgery, or trauma.

Cranial Paradural Abscess
In the skull, the epidural tissues are dense and abscess formation is 

unusual. The subarachnoid membrane is less adherent to the dura, 

making the subdural space the more likely site of infection. Intracra-

nial paradural abscesses tend to evolve rapidly, often producing irre-

versible damage to underlying intracranial tissue. Antibiotics alone are 

inadequate, and neurosurgical drainage remains the mainstay of ther-

apy. MRI has greatly aided in the rapid identification and management 

of intracranial paradural abscesses.

Cranial epidural abscesses most commonly occur adjacent to 

the frontal sinus, but if left untreated, infection can spread into the 

subdural space or even brain parenchyma. Infection may be the 

result of trauma or surgery, but, most commonly, is a complication 

of sinusitis, which is reflected in the microbiology of cranial epi-

dural abscesses.207 Treatment requires emergent surgical drainage 

followed by antibiotics tailored against the bacteria cultured intra-

operatively.

Cranial subdural empyema may be clinically indistinguishable 

from meningitis or a brain abscess, with the triad of fever, headache, 

and altered consciousness seen at presentation in approximately 50% 

of patients.208 A subdural abscess is most commonly a complication 

of a prior neurosurgical procedure but can also occur after infection 

of the paranasal sinuses and, less commonly, the ears or mastoids.209 

Rarely, spontaneous development of a subdural abscess after bactere-

mia has been reported. The microbiology of these infections reflects 

the pathophysiology. Infections after a neurosurgical procedure are 

typically caused by either skin flora such as Staphylococcus, or health-

care–associated organisms such as Pseudomonas or Enterobacteria-

ceae. Infections that occur as a complication of upper respiratory 

tract infections are usually caused by streptococci, pneumococci, 

Haemophilus, anaerobes, and staphylococci. Gram-negative enteric 

bacilli or P. aeruginosa may be associated with middle ear and mas-

toid infections. As with cranial epidural abscess, surgical drainage is 

crucial for treatment, followed by prolonged administration of anti-

biotics.207

Spinal Paradural Abscess
The incidence of spinal epidural abscess has increased in the past two 

decades, which is likely related to improved diagnostics with MRI and 

increases in comorbidities predisposing to infection. Risk factors for 

spinal epidural abscess include prior spinal surgery or trauma, injec-

tion drug use, diabetes, and end-stage renal dysfunction.210 Patients 

typically present with localized spinal pain, with fever present in less 

than 50% of cases.211,212 In the absence of treatment, symptoms usually 

progress through four clinical phases: spinal ache, nerve root pain, 

radicular weakness, and paralysis. The triad of back pain, fever,  

and progressive neurologic deficits strongly suggests this syndrome; 

however, the presence of any of these signs or symptoms should raise 

concern for the diagnosis.

Diagnosis hinges on visualization of a collection in the epidural 

space (Fig. 114.3). The diagnostic study of choice is MRI with contrast, 

which defines cord compression and the presence and extent of ab-

scess, identifies drainable paraspinal fluid collections, and detects 

concomitant vertebral osteomyelitis. Other procedures such as my-

elography and CT scan may be used if MRI cannot be performed.

S. aureus accounts for more than two-thirds of cases of epidural 

abscess.211,213 Although most cases are community acquired, an in-

creasing number are caused by spinal instrumentation (surgery or 

nerve block), and nosocomial flora, including Pseudomonas, may be 

causative in this population. Other risk factors for spinal epidural ab-

scess include IV drug use, diabetes mellitus, trauma, and comorbid 

conditions such as malignancy or alcohol use.211 Candida infections 

are increasingly reported as causes of spinal epidural abscess.214 Em-

piric therapy is directed against the most likely organisms and typically 

includes vancomycin and an antipseudomonal agent such as cefepime, 

but when possible, should be delayed until surgical cultures are ob-

tained. Therapy should be refined once cultures confirm a causative 

pathogen.

Emergency neurosurgical intervention is considered mandatory for 

a spinal paradural abscess when there is neurologic compromise. A 

retrospective study found that 41% of patients with a spinal epidural 

abscess failed medical therapy and that neurologic outcomes were 

improved for patients with immediate rather than delayed neurosurgi-

cal decompression.215 Progressive weakness mandates the need for 

immediate MRI and neurosurgical consultation because decompres-

sion within 24 hours offers the best chance of neurologic recovery.213

SEPSIS SYNDROME WITH CENTRAL NERVOUS 
SYSTEM INVOLVEMENT

In sepsis syndrome, an acutely ill patient develops CNS dysfunction, 

often associated with multiorgan system failure. Altered mental status, 

attributable to hypotension and hypoperfusion, ranges from confusion 

to obtundation. Seizures may occur as a result of metabolic abnor-

malities, ischemia, or hemorrhage. In treating such patients, general 

supportive measures take precedence over CNS concerns. After a brief 

assessment, general life support measures should correct hypotension, 

hypoxia, and anuria. After blood culture, broad-spectrum antimicro-

bials should be administered. A careful history and physical examina-

tion may identify a primary source for infection. When findings sug-

gest a focal infection of the CNS, directed evaluation through 

neuroimaging and lumbar puncture is warranted.

CONCLUSION

Acute infection of the CNS requires rapid therapeutic intervention. 

The major syndromes of CNS infection (acute meningitis syndrome, 

subacute CNS infection syndrome that includes brain abscess, viral 

meningitis and encephalitis, and spinal epidural abscess) differ with 

respect to signs and symptoms and in the approach to definitive diag-

nosis and therapy. Moreover, diverse infectious and noninfectious 

causes may produce similar CNS syndromes. For therapy to be maxi-

mally effective, it must be instituted rapidly after the initial evaluation. 

Thus in the practice of critical care medicine involving CNS disease, 

the goal remains the rapid institution of empiric therapy for treatable 

infectious syndromes while efficiently working to identify the specific 

disease process.
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Fig. 114.3 Algorithm for the Management of Patients with Spinal Epidural Abscess Syndrome. If mag-
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addition to antibiotics. There was no significant difference in mortality, hear-

ing loss, or neurologic sequelae in patients treated with steroids. On subgroup 

analysis, adjuvant use of corticosteroids reduced mortality associated with S. 

pneumoniae meningitis and hearing loss in children with H. influenzae 

meningitis. When the study was stratified by site, coadministration of cortico-

steroids in high-income (developed) countries was associated with statistically 

significant reduction in hearing loss and neurologic morbidity. There was no 

beneficial effect of corticosteroids in patients with bacterial meningitis in low-

income countries.

Brouwer MC, Tunkel AR, McKhann II GM, et al. Brain abscess. N Engl J Med. 

2014;371(5):447–456.

This comprehensive review provides updated information regarding the patho-

genesis, epidemiology, clinical presentation, microbiology, and optimal treatment 

of brain abscesses. The authors emphasize the role of surgical management and 

highlight the increasing use of stereotactic biopsy as a less invasive means of 

identifying the causative organisms and providing therapeutic drainage.

Graus F, Titulaer MJ, Balu R, et al. A clinical approach to diagnosis of autoim-

mune encephalitis. Lancet Neurol. 2016;15(4):391–404.

In the past decade autoimmune disorders have been increasingly recognized 

as leading causes of encephalitis. These inflammatory etiologies may mimic 

infectious causes, but the treatment involves immunosuppressive medications 

rather than antimicrobial agents. This consensus statement by experts in the 

field of neuroimmunology provides an evidence-based strategy to guide diag-

nostic testing and identify a subset of patients most likely to benefit from em-

piric immunotherapy.

Kim SD, Melikian R, Ju KL, et al. Independent predictors of failure of nonopera-

tive management of spinal epidural abscesses. Spine J. 2014;14(8):1673–1679.

This retrospective, case-control study compared outcomes among adult pa-

tients with nonsurgical spinal epidural abscess treated medically compared 

with those who underwent surgical decompression in addition to antibiotic 

therapy. Patients with neurologic compromise, age more than 65 years, diabe-

tes mellitus, or infection caused by methicillin-resistant Staphylococcus aureus 

had significantly higher rates of failure with solely medical management, and 

consideration of early surgical intervention in these populations is warranted.

Thigpen MC, Whitney CG, Messonnier NE, et al. Bacterial meningitis in the 

United States, 1998-2007. N Engl J Med. 2011;364(21):2016–2025.

This paper summarized the results of a large population-based laboratory 

surveillance program for bacterial meningitis performed in selected areas in 

the United States between 1998 and 2007. During this period, there was a 

31% overall decrease in the incidence of bacterial meningitis caused by de-

clining rates of pediatric meningitis from S. pneumoniae and H. influenzae 

as a result of vaccination. The median age of patients increased from 30.3 

years to 41.9 years, with an aggregate case fatality rate of 14.8%. S. pneu-

moniae remained the leading cause of bacterial meningitis, accounting for 

58% of cases.

Venkatesan A, Tunkel AR, Bloch KC, et al. Case definitions, diagnostic algo-

rithms, and priorities in encephalitis: Consensus statement of the interna-

tional encephalitis consortium. Clin Infect Dis. 2013;57(8):1114–1128.

The authors provide expert consensus recommendations on a working case 

definition for encephalitis and outline diagnostic algorithms for both pediat-

ric and adult patients with encephalitis. These protocols were developed to  

include the most prevalent pathogens and to optimize empiric therapy of 

treatment etiologies. Clinicians are encouraged to pursue additional  

diagnostic testing based on local epidemiology, seasonality, specific exposures, 

or clinical characteristics.

KEY POINTS

Bacterial Meningitis

• For patients with bacterial meningitis, neuroimaging before lumbar punc-

ture is associated with treatment delays and decreased yield of cultures 

and should be limited to patients with focal findings on neurologic examina-

tion, immunocompromise (HIV infection, malignancy, or transplant), new-

onset seizures in the week prior to presentation, or coma.

• Empiric antibiotic therapy for bacterial meningitis includes vancomycin; a 

third-generation cephalosporin; and for patients at risk for Listeria, ampicil-

lin and should begin as soon as possible after appropriate cultures have 

been obtained; these can be modified later based on results of CSF Gram 

stain and culture.

• Patients with negative microbiologic evaluation and limited clinical response 

after 48 hours of empiric therapy should undergo repeat lumbar puncture MRI 

scan.

• Adjuvant dexamethasone given within 4 hours of initiating antibiotics 

should be given to all non-neonatal patients with presumed bacterial men-

ingitis and should be continued for patients with pneumococcal meningitis.

Brain Abscess

• Microbiology of brain abscesses is dependent on the route of infection; 

abscesses spreading from a contiguous focus (sinusitis, otitis) are fre-

quently polymicrobial, and empiric therapy includes vancomycin, a third- or 

fourth-generation cephalosporin, and metronidazole.

• Treatment of brain abscesses typically requires neurosurgical drainage and 

prolonged administration of parenteral antibiotics tailored to culture results.

Encephalitis

• Although an infectious cause of encephalitis is found in less than 50% of 

cases, diagnostic evaluation to include HSV as either a stand-alone PCR or 

as part of a molecular diagnostic panel should be performed; other diagnos-

tic testing should be guided by epidemiologic and clinical features.

• Autoimmune syndromes such as NMDAR encephalitis may mimic infectious 

etiologies but are treated with removal of the antigenic stimulus (i.e., surgi-

cal excision of a teratoma) and immunotherapy.

Central Nervous System Infection in HIV-Infected Patients

• HIV-infected patients may develop neurocognitive deficits related to HIV or 

from secondary infections, with the risk for opportunistic infections increas-

ing inversely with declines in the CD4 count.

• Ring-enhancing lesions seen on neuroimaging are most frequently caused 

by either toxoplasmosis or lymphoma. In patients with positive Toxoplasma 

serology, empiric therapy for 2 weeks is indicated; brain biopsy should be 

performed in patients with lack of radiographic improvement.

Epidural Abscess

• Surgical drainage is imperative in patients with spinal epidural abscess and 

impaired neurologic function; there is little chance of recovery if symptoms 

have been present for more than 24 hours before decompression.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Brouwer MC, McIntyre P, Prasad K, et al. Corticosteroids for acute bacterial 

meningitis. Cochrane Database Syst Rev. 2013;6:CD004405.

This meta-analysis of 25 studies involving more than 4000 patients examined 

outcomes in patients with bacterial meningitis treated with corticosteroids in 
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115
Infections of Skin, Muscle, and  
Necrotizing Soft Tissue Infections

Rebecca Maine and Eileen M. Bulger

Infections are a leading cause of admission to intensive care units 

(ICUs). Skin and soft tissue infections (SSTIs) are both the primary 

cause of admission to the ICU and a complication that develops for 

patients with other critical illnesses.1 A large database review in the 

United Kingdom found that skin infections comprised less than 1% of 

all ICU admissions.2 Prompt recognition, diagnosis, and treatment of 

SSTIs are lifesaving, especially for patients with necrotizing soft tissue 

infections (NSTIs).3,4 Appropriate care for SSTIs in the critically ill 

often requires intensivists to collaborate with surgeons and/or inter-

ventional radiologists to achieve source control for the infection. The 

most common types of SSTIs routinely treated by intensivists include 

cellulitis, NSTIs, infected wounds including burn wounds and decubi-

tus ulcers, and, more rarely, myositis. Severe infections of the head and 

neck are also common in critically ill patients but are discussed in 

greater depth in Chapter 116. This chapter reviews the epidemiology 

and diagnostic and management recommendations for these infec-

tions commonly encountered in the ICU.

CELLULITIS

Cellulitis, a common bacterial infection, occurs at a rate of more than  

4 per 100 people per year in the United States.3 Many episodes of cel-

lulitis are minor, caused by Staphylococcus or Streptococcus spp., 

and arise from breakdown of the skin barrier in the interdigit space or 

after trauma.5,6 Cellulitis accounts for up to 10% of hospital admis-

sions,6 but many fewer ICU admissions.1 Cellulitis was the primary 

source of sepsis in ,1% of patients in a Dutch study of ICU admissions 

for sepsis, and only 2.5% of all patients hospitalized for cellulitis typi-

cally require ICU admission.1 Skin was the source of approximately 

4% of infections that developed 48 hours after ICU admission; how-

ever, 0.07% of the patients who remained in the ICU for more than  

48 hours developed a skin infection.7 Predisposing factors for the devel-

opment of cellulitis include obesity, diabetes mellitus, alcoholism, im-

munosuppression, and venous insufficiency.6 Poor hygiene and fragile 

skin barrier can increase the risk of introducing bacterial pathogens.6

Diagnosis
Cellulitis is primarily a clinical diagnosis. Inflammation of the reticular 

dermis and hypodermis results in the typical findings: heat, pain, swell-

ing, and redness in the affected region.6 The lower extremities are most 

commonly affected: 70%–80% of cases.6 Additional clinical markers in-

clude leukocytosis and elevated erythrocyte sedimentation rate (ESR) 

and C-reactive protein (CRP), though the absence of inflammatory 

markers does not exclude a diagnosis of cellulitis.6 Cellulitis can be associ-

ated with abscesses.6 When possible, purulent material should be cultured 

to guide antibiotic therapy, but initiation of antimicrobials targeted at 

common gram-positive organisms or broad-spectrum antibiotics if the 

patient is in a high-risk group (see later) need not be delayed for culture 

results. Imaging is not necessary for all patients with cellulitis. However, 

ultrasonography, computed tomography (CT), and/or magnetic reso-

nance imaging (MRI) may identify organized collections that require 

surgical intervention. In 606 episodes of cellulitis, just under half had 

imaging (46%), and of those 60 (22%) had purulent collection that was 

not detected on physical examination.8 Blood cultures are not recom-

mended for all patients with cellulitis, but are indicated for those with 

signs of systemic inflammation, sepsis, and for neutropenic and immu-

nocompromised patients.5

Microbiology
The most common organisms responsible for cellulitis include Strep-

tococcus pyogenes and Staphylococcus aureus, which cause approxi-

mately three-quarters of the infections in which a causative organism 

is identified.8 Different causative organisms can be seen, however, in 

different patient populations (Table 115.1). Purulent cellulitis is most 

commonly associated with staphylococcal infections, with high rates of 

rates of methicillin-resistant S. aureus (MRSA), even in community-

acquired infections in many areas.6

Treatment
The cornerstone to cellulitis treatment includes early and appropriate 

initiation of antibiotic therapy and identification and surgical drainage 

of any purulent collections. Although some studies suggest that simple 

cellulitis is cured in over 90% of patients without MRSA coverage, 

even in areas with high MRSA prevalence,5 patients with severe cellu-

litis with associated signs of systemic infection should have empiric 

antibiotic coverage for MRSA. This is especially true for patients with 

evidence of prior MRSA colonization or positive nasal swab, purulent 

drainage, a history of injection drug use, or recent penetrating trauma.5 

If the patient is in a high-risk group, as outlined in Table 115.1, broad-

spectrum antibiotic therapy is appropriate while awaiting culture re-

sults.5 Local community and hospital resistance profiles are also im-

portant in guiding initial therapy selection. The addition of empiric 

gram-negative and/or anaerobic therapy is appropriate in certain pa-

tient populations, including patients with severe infections, neutrope-

nia, on chemotherapy, cell-mediated immunodeficiency, immersion 

injuries and/or animal bites, diabetes, and pelvic lymph node dissec-

tions, patients who are immunocompromised, or in children.5,6

The duration of antibiotics depends on patient factors and the se-

verity of systemic infection. For the patients treated by intensivists, 

intravenous antibiotic therapy for at least 5 days is appropriate; how-

ever, patients whose symptoms fail to resolve should receive a longer 

duration, with up to 14 days of treatment reported in several studies.5,8 

Failure of initial antibiotic therapy or relapse of cellulitis occurs in up 

to 8%–20% of lower extremity infections.5

932

  

 



933CHAPTER 115 Infections of Skin, Muscle, and Necrotizing Soft Tissue Infections

Surgical incision and drainage of purulent collections and/or aspi-

ration and placement of drains into large fluid collections is necessary 

for purulent cellulitis.5 Although the majority of collections are noted 

on examination (65%), some deeper collections may require imaging. 

If a patient does not respond to initial therapy, the intensivist should 

consider the presence of a deeper abscess and proceed with imaging. 

Aspiration and/or serial evaluation may be appropriate for abscesses 

that are small (,1.5 cm) or associated with high morbidity with open 

surgical drainage. However, in a study of cutaneous abscesses without 

surrounding cellulitis, aspiration alone only resolved 25% of a patient’s 

symptoms, regardless of size.5,9

Outcome
Mortality and outcomes after cellulitis vary greatly and are driven by 

the severity of infection and the patient’s comorbidities. In a large se-

ries of patients admitted to Spanish hospitals with cellulitis, 3% of 

patients died, but only 28% of the deaths were related to cellulitis.8 A 

recent meta-analysis of hospitalized patients with cellulitis estimated 

the overall in-hospital mortality rate to be 1%.10 In patients with severe 

cellulitis without a necrotizing component, however, mortality rates 

approach 20%–40%.1 Recurrence of infections occurs in up to one in 

five patients with lower extremity cellulitis.5

NECROTIZING SOFT TISSUE INFECTIONS

Though rare, the incidence of NSTIs appears to be increasing.11,12 Previ-

ous estimates in the United States suggested the rate to be 4 per 100,000 

persons/year; however, a study published in 2020 reported 8.7–10 per 

100,000/year.3,13,14 This is much higher than the rates reported in France 

at 3.6 per 100,000/year15 and in New Zealand at 0.3 per 100,000/person/

year.16 Given the lack of consistent data collection, information regard-

ing trends in national incidence rates is not available in most countries. 

In some studies, the rates of infection and mortality are higher among 

certain ethnic groups,16–18 though this has not been extensively evalu-

ated. Whereas historical mortality was as high as 70% in some series, 

modern mortality approaches 10%–20%, likely because of an emphasis 

on early surgical débridement, broad-spectrum antibiotic therapy, and 

advances in critical care.17,19–21 Especially for patients with systemic 

symptoms, a high index of suspicion for NSTI is needed to facilitate 

early surgical consultation and débridement and potential transfer to a 

tertiary care facility.

NSTIs are most frequently classified by their causative organisms. 

Type I are polymicrobial, which included anaerobes in up to one-third 

of patients.22 Type II infections are monomicrobial, typically caused by 

group A streptococcus (GAS) (30%),22 Clostridia spp., or MRSA.4,19,23–25 

Different definitions of type III are in the literature. Most commonly, 

type III infections refer to gram-negative infections associated with 

aquatic organisms such as Aeromonas or Vibrio spp.13,19,26; however, 

some authors use this term to include monomicrobial gram-negative 

infections11 and clostridial gas-forming infections.27 Type IV infections 

are rare and caused by yeast, typically Candida spp.19,27

Diagnosis
Early diagnosis of NSTI is essential, as initial débridement is required 

within hours of seeking care to decrease the risk of mortality.3,25,27–29 

Distinguishing severe cellulitis from NSTI is challenging.13 Misdiagnoses 

occur in up to 75% of NSTIs,30 and in some large series diagnoses were 

delayed in 100% of patients.31 Patients presenting early in their disease 

process may have skin findings that are consistent with simple cellulitis 

because the cutaneous manifestations of the underlying fascial necrosis 

have not yet manifested or may be very subtle (Fig. 115.1).27,32 In patients 

with chronic wounds, distinguishing the progression of NSTI is even 

more challenging.27,33 Although NSTI usually presents in one anatomic 

location, there have been reports of multifocal NSTI.34,35

Given the challenge in diagnosis, several studies have tried to deter-

mine which clinical features can distinguish severe cellulitis from 

NSTI. Crepitus from gas-producing organisms is a concerning finding 

for NSTI, but it will be present in only 10% of NSTI patients.22 The 

most common signs of NSTI in a 2014 systematic review of 1463 pa-

tients were swelling (81%) and pain (79%).30 In other studies, however, 

swelling was only 70% sensitive and 5% specific to distinguish NSTI 

from cellulitis.3 Additional skin findings that should raise concern for 

NSTI include woody induration of the skin, skin sloughing or blister-

ing, and cutaneous gangrene (Fig. 115.2). Pain out of proportion to 

examination should also be a very concerning sign for necrotizing in-

fection.3,31,36 Laboratory values have also been evaluated to distinguish 

patients with a necrotizing component. An ICU-based sepsis study 

found no difference in admission CRP, white blood cell (WBC) count, 

creatinine, or lactate between 23 patients with severe cellulitis and 31 

NSTI patients, though the NSTI group had higher rates of organ dys-

function and sepsis.1 Other groups have found erythrocyte counts, fi-

brinogen levels, pain on examination, and clinical evidence of renal 

failure helped to distinguish between cellulitis and NSTI.31

Several authors have developed scoring systems to distinguish 

cellulitis from an NSTI by combining different symptoms, signs, and 

laboratory values. Wong and colleagues’ Laboratory Risk Indicator 

for Necrotizing Fasciitis (LRINEC) score based on WBC, creatinine, 

sodium, hemoglobin, glucose and CRP,37 has been the most studied, 

with the predictive values of scores of $6 (high risk) or $8 (very 

high risk) that range in sensitivity (42%–92%) and specificity (63%–

78%).32,37–41 Given this range of performance, other scores have been 

developed. Cribb and colleagues developed the SIARI score.  This 

score combines six data derived variables: (1) site other than lower 

limb (2) immunosuppression, (3) age ≤ 60 years, (4) renal impair-

ment and (5/6) inflammatory markers (i.e. WBC, CRP).39 In their 

recent 300-patient cohort, their SIARI score outperformed the 

LRINEC score in both sensitivity (81% vs. 59%) and specificity (73% 

vs. 64%).39 Alayed and colleagues considered several factors, includ-

ing clinical findings (hemorrhagic bullae, pain out of proportion, 

necrotic skin, progressive erythema, and fluctuance), markers of 

Patient Population Organism

Diabetics with chronic ulcers1 Anaerobes; gram negatives

Post–pelvic lymph node  

dissection1

Streptococcus agalactiae

Immunocompromised*1 Gram negatives, including Vibrio vulnificus2 in 

endemic areas, Streptococcus pneumoniae, 

and Cryptococcus neoformans
Chronic liver disease1

Nephrotic syndrome1

Rheumatologic disease1

After dog/cat bite1 Capnocytophaga canimorsus, Pasteurella 

multocida

After human bite1 Eikenella corrodens

Tropical region with exposure 

to shellfish1

Vibrio vulnificus

Fresh water or contact with 

leeches1

Aeromonas spp.

Exposure to raw meat or fish1 Erysipelothrix rhusiopathiae

TABLE 115.1 Common Infectious 
Organisms in Specific Patient Populations
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sepsis (hypotension and altered sensorium), history of surgery in the 

prior 90 days, and recent diarrhea. They found that patients with at 

least three of these findings were virtually guaranteed to have an 

NSTI.3 Although scoring systems may be helpful to raise the index of 

suspicion, there should be a low threshold for surgical evaluation of 

underlying tissue if NSTI is considered possible.

Imaging
The role of imaging (e.g., ultrasound, MRI, CT, and plain x-ray) in 

diagnosing NSTIs has been evaluated in many studies.30,42–45 MRI is 

likely the most precise,22 and MRI findings combined with LRINEC 

have improved the ability to predict an NSTI.41 However, when there is 

a concern for NSTI, MRI and other imaging modalities should not 

delay early surgical exploration and débridement, especially for pa-

tients with symptoms of sepsis.3,5,13,46

Imaging showing gas in the soft tissues (see Fig. 115.1), much like 

crepitus on examination, conveys a high likelihood of NSTI, but its 

absence does not rule out NSTI.3,42 Other CT scan findings associated 

with NSTI are lack of contrast enhancement of tissue, multiple fluid 

collections, and subfascial inflammation.28 Fluid collections deeper 

than 2–4 mm have had an increased association with NSTI.43 Other 

ultrasound findings can include thickening of the fascia and emphy-

sema in the tissues.43 Imaging may also be considered in truncal NSTI 

to evaluate for an underlying source of intraabdominal infection pre-

senting as an NSTI.

Operative Exploration
Those evaluating severe SSTIs should maintain a high index of suspi-

cion for NSTI, especially when the severity of illness is not consistent 

with the physical examination findings, and ensure early surgical con-

sultation. Early surgical consultation facilitates wound exploration to 

confirm the diagnosis and to debride affected tissue as quickly as pos-

sible.3,4,19,30 At the time of exploration, clinical findings that are associ-

ated with an NSTI include thin, foul-smelling dishwasher fluid; fascial 

sliding; purulence; thrombosed vessels; failure of the muscle to re-

spond to electric stimulation; and necrotic tissue at any layer, including 

skin, subcutaneous, fascia, or muscle.13,19,30,47 Tissue cultures and 

samples of any purulent collections should be sent at the time of initial 

débridement to guide subsequent narrowing of antimicrobial therapy, 

but sampling error can lead to false negatives on pathologic evaluation 

and should not be the only diagnostic consideration.13

Bacteriology
Both monomicrobial (type II) and polymicrobial (type I) infections 

are seen in NSTI. Classically, type II NSTI infections are Clostridium 

and Streptococcus, causing gas gangrene and toxic shock syndrome, 

Fig. 115.1  A 45-year-old woman with a history of diabetes presents with diabetic ketoacidosis, pain in the 

right flank, and mild discoloration of the skin. She developed worsening septic shock over the next 24 hours, 

and an abdominal computed tomography (CT) scan showed gas in the deep tissues of the abdominal wall. 

The patient went on to extensive débridement for necrotizing soft tissue infection. This case illustrates the 

subtle nature of the early skin findings that often result in delays in diagnosis.

Fig. 115.2  Images from two patients with NSTI showing skin manifestations, including skin sloughing/blister-

ing and cutaneous gangrene.
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respectively.22 Toxic shock syndrome is reported in up to half of GAS-

related NSTIs, but can also be seen in NSTI caused by S. aureus infec-

tions.13,19 In certain regions, MRSA and marine organisms, like Vibrio 

spp., Aeromonas spp., and Shewanella spp., contribute to monomicro-

bial NSTI as well.19,30 However, several different organisms have been 

associated with NSTI, especially in type I infections.19,30,48 Bacteremia 

occurs in up to 27% of patients,48 and in some studies was associated 

with increased mortality.23 Failure of cultures to identify an organism 

is also common in NSTI; in some studies no organisms are identified 

on cultures in up to one-third of patients.30,36,49 These negative cultures 

are likely the result of both initiation of antibiotics before débridement 

and difficulty in culturing anaerobic organisms.

Treatment
There are two cornerstones to treatment of NSTIs: early, appropriate 

antibiotic therapy and early complete surgical débridement,5,13,19,30,48,50 

in addition to supportive care for physiologic derangements from 

shock.19,29,48 For NSTI, intravenous broad-spectrum antibiotic therapy 

should be initiated as quickly as possible to cover the range of causative 

organisms, which includes gram-positive cocci, gram-negative rods, 

and anaerobes.19,48 An empiric drug regimen should include penicillin 

for GAS, clindamycin to cover both GAS and Clostridium spp., 

MRSA coverage, and gram-negative coverage (Table 115.2).48 In the 

United States, both clindamycin and penicillin are recommended to 

address local resistance patterns in GAS and for the beneficial effect of 

clindamycin on reducing toxin production.13,31,34 Therapy should be 

narrowed based on the results of intraoperative cultures once the pa-

tient is improving (Table 115.3),13,31,48 though these may not be posi-

tive for up to one-third of patients,30,48 especially if only culture swab 

material is processed, rather than tissue samples.19 Empiric coverage 

with antifungal agents is not generally indicated, though it should be 

added if fungal elements are present in tissue or blood cultures.13 Al-

though erythromycin resistance in GAS has been described for de-

cades, recent clindamycin resistance has emerged as well in up to 35% 

of isolates in some settings.25 Clindamycin resistance is also emerging 

in clostridial species.25 Studies in mouse models support the use of 

oxazolidinones (linezolid and tedizolid) as first-line treatment of se-

vere GAS infections in the setting of increased resistance, as they pro-

vide similar RNA inhibition to reduce toxin production as clindamy-

cin.51 The optimal duration of antibiotic therapy has not been defined, 

and courses of antibiotic therapy in different studies range from 5 to 

16 days or more.19,20,34,48 Antimicrobial therapy should continue until 

there is no further need for surgical débridement, systemic symptoms 

have resolved, and infectious markers are improving.19

Operative Débridement and the Skin-Sparing Approach
Early débridement has been recognized as a key factor in the treatment 

of NSTI and has been associated with decreased rates of mortality 

from NSTI in modern times.4,15,20,48 Initial débridement of all necrotic 

tissue should occur as soon as possible; guidelines recommend within 

6–12 hours of presentation.4,52 Although débridement as quickly as 

possible is essential, studies conflict about whether or not débridement 

must occur before transfer from the presenting facility.53 Study results 

vary regarding whether débridement before transfer improves sur-

vival15,36 and likely depends on the rapidity of transfer and available 

resources within the transferring and receiving hospitals. Physicians 

referring patients to tertiary centers should communicate directly with 

the receiving surgeon and intensivist to determine the optimal location 

of débridement, with pretransfer débridement strongly recommended 

for patients with severe sepsis and/or prolonged transport time.

The initial approach to débridement, wherever it occurs, must re-

move all infected and necrotic tissue, and the traditional wide débride-

ment included the skin overlying deeper infected tissue, even if the 

skin was not necrotic.52,54 This can result in large soft tissue defects. 

However, for many patients with NSTI, the skin is not as extensively 

involved as the deeper tissues and does not need to be completely re-

sected to clear infected tissues.52,54 Recent studies have described suc-

cess treating patients with skin-sparing approaches that employ perfo-

rator-sparing incisions and the elevation of skin flaps, with complete 

débridement of underlying infected tissues.54–57 This approach was 

found to decrease the need for wound grafting without increasing 

mortality at one high-volume center.57 Although healthy flaps should 

be preserved if possible, all necrotic skin should be debrided, and sur-

geons should also not hesitate to perform amputations as necessary to 

achieve source control in patients with severe physiologic derange-

ments and/or rapidly progressive extremity infections. Amputation 

rates range from 10% to 30%.15,17,20,35,58,59

Postoperative Care
The complex care needs of patients with NSTIs often involves postop-

erative critical care, extensive wound care, multiple reoperations, re-

construction, and rehabilitation. Thus transfer to tertiary facilities is 

frequently appropriate and comprises up to 81% of NSTI patients in 

some centers.20,36,60 Treatment at a high-volume center, especially those 

with capacity for rapid surgical débridement and ongoing complex 

wound care, has been associated with improved survival in some  

studies.15 Given a high frequency of systemic symptoms (76%),31 sep-

sis (21.1%–69%),30,31 and septic shock (32.9%)49 in patients with 

NSTI, intensive care is frequently needed.29,47,49 The percentage of pa-

tients who require intensive care varies globally, with rates at some 

centers as low as 43% and others as high as 98%.3,12,15,17,49,59,61 Endothe-

lial damage, intravascular hemolysis, and cardiomyopathy can develop 

as a result of both toxins from infectious bacterial like Streptococcus 

and Clostridium and the host inflammatory response to infection.25 

NSTI Type Antibiotics

Unspecified NSTI Penicillin, clindamycin*, vancomycin, and 

levofloxacin

Fournier gangrene or  

diabetic foot

Piperacillin/tazobactam, clindamycin, and 

vancomycin

NSTI with penicillin allergy Aztreonam, clindamycin, ciprofloxacin,  

and vancomycin

Suspected Vibrio vulnificus 

or Aeromonas spp.

Add doxycycline

TABLE 115.2 Empiric Antibiotic Regimens 
for NSTI Before Culture Results

GAS, Group A streptococcus; NSTI, necrotizing soft tissue infection.

*If high rates of clindamycin resistance are observed with GAS,  

consider linezolid.

Streptococcus pyogenes Penicillin and clindamycin*

Clostridial species Penicillin and clindamycin

Vibrio vulnificus Doxycycline and ceftazidime

Aeromonas hydrophila Doxycycline and ciprofloxacin

Methicillin-resistant  

Staphylococcus aureus

Vancomycin

Polymicrobial Vancomycin and piperacillin/tazobactam

TABLE 115.3 Antibiotic Regimen for NSTI 
Based on Culture Results

NSTI, Necrotizing soft tissue infection.

*If high rates of clindamycin resistance are observed with GAS, con-

sider linezolid.
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Comorbidities are common in NSTI patients and occur in up to 92% 

of patients.20 Type 1 and 2 diabetes is common in NSTI, with preva-

lence in studies ranging from 24% to 55%.12,15,20,22,29,30,32,35,48–50,59,62–65 

Alcohol and drug abuse, tobacco use, obesity, cardiovascular disease, 

liver disease, and respiratory diseases are also common.12,17,20,22,48–50,65 

Intensivists must be aware of the high rates of comorbidities and their 

increased risk for mortality to adjust management and counsel pa-

tients and families.

Most NSTI patients will require wound care, often for extensive soft 

tissue defects, in addition to critical care, both areas of expertise for 

burn centers. Regionalization of care, especially for large-area débride-

ment, to burn centers has been associated with successful reconstruc-

tions and rehabilitation and reduced costs.66 An analysis of adminis-

trative data regarding NSTI treatment at burn versus nonburn centers 

demonstrated a higher rate of mortality at burn centers, but likely be-

cause sicker patients are transferred to these centers for care.67 More 

work is needed to define the optimal definitive treatment location for 

NSTI patients.

Initial postoperative dressings should facilitate frequent bedside 

wound assessments to determine if early re-débridement is needed. 

Gauze soaked in either saline or quarter-strength Dakin’s solution is 

preferred to early wound vac therapy, which can hinder frequent 

wound assessments and may increase the risk of undetected progres-

sion of necrosis. At a minimum, early planned re-exploration after 

initial débridement within 12–24 hours is recommended.58 Once no 

significant débridement is required at serial exploration, wound vac 

therapy can be initiated to decrease the frequency of dressing changes, 

and therefore reduced pain for patients, while helping prepare the 

wound bed for closure by stimulating granulation tissue.

Adjuvant Therapies
Several adjuvant therapies have been evaluated especially for patients 

with severe systemic illness or a failure to respond to initial therapy. 

These include hyperbaric oxygen therapy, intravenous immunoglobin 

G (IVIg), and a novel peptide that mediates CD28 receptor activation 

by superantigens (Reltecimod, aka AB103).13,47,64 Few randomized 

controlled trials have evaluated these therapies, limited in part by the 

rarity of NSTI.34

Hyperbaric oxygen therapy is proposed to be beneficial by increas-

ing tissue oxygen levels to kill anaerobic organisms, which are respon-

sible for 7%–18% of NSTIs.34 A recent discharge database study found 

hyperbaric oxygen was used in less than 1% of patients with NSTI.68 

Although in some small case series and retrospective analyses hyper-

baric oxygen therapy was associated with decreased mortality,61,68,69 

others have found no difference in mortality.70,71 Currently, no ran-

domized controlled trials have evaluated the impact of hyperbaric 

oxygen therapy on NSTI outcomes, and hyperbaric oxygen therapy is 

not recommended as an essential intervention in current guidelines.52

Pooled IVIg infusions have been suggested for patients with severe 

systemic symptoms or persistent inflammatory response, as they could 

potentially bind toxins associated with severe GAS and Staphylococcus 

infections.19,72–74 Although observational trials suggested benefit, ran-

domized controlled trials and propensity-adjusted analysis did not 

confirm a mortality benefit.34,72–74 However, for patients with toxic 

shock syndrome, IVIg infusions for 3 days did shorten the duration of 

organ failure.74 Consideration of IVIg for patients with GAS infections 

causing NSTI is included in recent guidelines, which note that there is 

no clear mortality benefit.52

In 2014 investigators published the results of a phase IIa safety trial 

of a novel peptide (AB103) that targets the superantigen binding site, 

CD28, on T cells. They found the drug decreased Modified Sequential 

Organ Failure Assessment (mSOFA) scores at 2 weeks compared with 

placebo and was associated with lower levels of most tested cytokines.64 

In the recently completed phase III multicenter randomized controlled 

trial, the composite outcome (alive at 28 days, no amputation after first 

operation, ,3 débridements by day 14, mSOFA #1 at day 14, mSOFA 

with reduction of $3 points) was achieved by 54.3% of patients who 

received the medication compared with 40.3% of patients in the pla-

cebo in the per protocol analysis, and patients receiving reltecimod had 

significant reductions in prolonged organ dysfunction and a more fa-

vorable discharge disposition.75 This experimental drug is currently 

under review by the US Food and Drug Administration.

Outcomes
Although historical mortality in a series of patients with NSTI was as 

high as 70%,65 in most recent series, the mortality rate for hospitalized 

patients with NSTI is 10%–20%,20,23,48,67 though in critically ill patients 

mortality may be as high as 50%.15

Several authors have evaluated predictors of mortality in NSTI 

patients.15,48,50,58,62,65,76,77 Although a primary driver of mortality ap-

pears to be related to underlying physiology, patient factors, manage-

ment factors, and infection characteristics have been studied. Several 

measures of physiologic derangement have been associated with mor-

tality after NSTI, including APACHE scores, SOFA scores, sepsis or 

septic shock, or need for ICU admission.15,47,49,61,62,78 Patient factors 

associated with mortality include older age15,50,58,65,76,77; increasing 

number of comorbidities,65 including poor renal function or underly-

ing renal disease,47,58,76,77 liver disease, cardiovascular diseases like heart 

failure or peripheral vascular disease,78 cancer or other immunosup-

pression; and intravenous drug use21,30,35,58–60 A mortality calculator 

recently developed using an NSTI cohort in the National Surgical 

Quality Improvement Program (NSQIP) includes age, prehospital 

functional status, need for dialysis, high American Society of Anesthe-

siologists (ASA) class, thrombocytopenia, emergency operation, and 

septic shock, with an area under the curve (AUC) of 0.83.21 Infection 

characteristics associated with NSTI mortality include bacteremia,48 

gram-negative infections including Vibrio spp.,26,49 elevated lactate 

levels,48,59 and clostridial infection.77 Delays in débridement have also 

been associated with increased mortality. Patients treated for NSTI 

remain at increased risk of mortality from all causes, including infec-

tious causes, for several years after their NSTI treatment.65

Morbidity after NSTI can be quite high.15 Initial mSOFA scores $2 

were associated with several worse clinical outcomes in one prospec-

tive, multicenter trial, including fewer ventilator-free and ICU-free 

days and more débridements.47 Given the need for significant soft tis-

sue débridement, including amputation, these factors can have a sig-

nificant impact on daily function, including sexual function.15,78–80 

Quality-of-life measures are often decreased after NSTI as well.78,80–82 

When compared with a reference population, German patients after 

NSTI had significantly decreased physical function and health and 

high rates of sexual dysfunction (65%), and many required ongoing 

pain treatment and assistive devices.80 Studies of long-term outcomes 

after NSTI are limited, and more work is needed to develop strategies 

to improve recovery.

PYOMYOSITIS

Pyomyositis can present as a severe progression of cellulitis or as a 

component of NSTI; however, some patients present with severe 

chronic infections associated with the muscle without evidence of ne-

crosis and rapid progression.83,84 Infectious myositis caused by infec-

tion with fungus, bacteria, or parasites can be acute, subacute, or 

chronic.84 It is a disease more frequently described in the tropics and in 

children.84 It can have a multifocal appearance, especially when caused 

by bacteria.84 By definition, in pyomyositis, the muscle infection arises 

from hematogenous spread of the organism. Myositis is rare because 
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muscles are resistant to infection, with ,0.5% of cases of bacteremia 

developing myositis. Risk factors include trauma, ischemia, or other 

immunosuppressive condition that increase host susceptibility.84 Intra-

muscular hematomas and tissue damage from trauma can create a 

substrate for the development of bacterial myositis.84 It is postulated 

that to develop myositis, muscle injury, whether from trauma or over-

use, must be paired with an integumentary break to allow transient 

bacteremia.84

Diagnosis
Infectious myositis typically presents with a leukocytosis and left shift 

and without an elevation in creatine kinase, except for the approxi-

mately one-fifth of patients with pyomyositis who are immunosup-

pressed from human im munodeficiency virus (HIV).84 The most 

common location is in the large muscles of the lower extremities; 

however, in 10%–20% of cases there is diffuse rather than isolated 

muscle involvement.84 Blood cultures are positive in only 5%–35% of 

patients.84

Imaging plays an important role in pyomyositis. Although plain 

x-rays may suggest muscle edema, CT, ultrasound, and MRI are more 

sensitive, with MRI being the most precise and thus recommended 

modality for diagnosis.5,84 The Infectious Diseases Society of America 

(IDSA) recommends MRI to establish the diagnosis of pyomyositis.5 If 

the muscle infection is diagnosed before developing a purulent collec-

tion, antibiotic therapy alone will suffice. Once a collection has devel-

oped, open or closed surgical drainage is needed in addition to antimi-

crobial therapy.5 Blood and tissue cultures to identify causative 

organisms should be sent in patients with pyomyositis to narrow anti-

biotic therapy.5,84

Bacteriology
The primary mechanism underlying pyomyositis is the hematoge-

nous spread of bacteria, often from transient bacteremia, to an area 

at risk in a muscle.83 Hematogenous spread usually arises from 

staphylococcal infections, whereas pyomyositis after puncture 

wounds is typically polymicrobial in nature.83,84 Typical bacteria in 

myositis include S. aureus, Streptococcus (A, B, C, and G), Enterobac-

teriaceae, Yersinia enterocolitica, Pseudomonas, Aeromonas, Clostrid-

ium, Peptostreptococcus, and Bacteroides spp.85 In tropical areas, 

S. aureus causes approximately 95% of pyomyositis infections, 

whereas it causes about 70% of cases of myositis in high-income 

countries.83,84 Immunosuppressed patients are at increased risk of 

infection with gram-negative organisms and/or polymicrobial infec-

tions. In some regions, amoebic infections, with associated eosino-

philia, are also common.83

Treatment
Intravenous antibiotics are used initially, often for the first week, with 

a course of 2–6 additional weeks of oral antibiotics after adequate 

drainage and fever resolution.5,83,84 Antimicrobial therapy should be 

accompanied by early surgical evacuation of purulent material.5 Van-

comycin is recommended for empiric coverage, with the addition of 

gram-negative coverage for patients who are immunocompromised or 

have had recent trauma that resulted in the pyomyositis.5 When 

methicillin-sensitive S. aureus (MSSA) infection is confirmed from 

cultures, cefazolin or anti-staphylococcus penicillins (i.e., oxacillin or 

nafcillin) are the most appropriate antibiotic choice.5 For patients with 

associated muscle necrosis, the addition of clindamycin is appropriate 

(see earlier for a discussion of NSTIs).

The identification of fluid collections on imaging should prompt 

surgical consultation to determine whether open or closed drainage of 

the fluid collections is most appropriate. Loculated fluid collections 

and deep multifocal collections can pose particular challenges.84 When 

there is minimal systemic illness, a conservative and serial approach to 

drainage may be appropriate.

BURN WOUNDS

Epidemiology and Diagnosis
Given the severity of illness and inflammatory response that can ac-

company a large body surface area burn, the management of burn 

patients is frequently led by intensivists. With large areas of disrupted 

skin and local ischemia, burn patients are at high risk for infections 

and colonization of their wounds.86 Distinguishing between active in-

fection and colonization and determining when additional antibiotic 

therapy may be appropriate is a challenge for the burn physician. In-

fection and sepsis are the leading causes of mortality (~55%) for pa-

tients with burn injuries, with sepsis affecting 3%–30% of patients 

with a burn that affects $20% of their total body surface area 

(TBSA).86 In a comparison of guidelines to diagnose sepsis in the back-

ground of an inflammatory response, the Sepsis-3 criteria outper-

formed burn-specific guidelines from the American Burn Association 

and markers proposed by Mann-Salinas in 2013.86

Burn wounds and eschar are frequently colonized with bacteria, 

making the discrimination between colonization and infection chal-

lenging. Wound biopsies, especially in the setting of wound purulence 

and loss of graft material, with bacterial counts 105 are consistent with 

burn wound infections, and systemic antimicrobial therapy is appro-

priate.87 Systemic therapy must be accompanied by aggressive débride-

ment and excision.87

Bacteria
Gram-positive bacteria colonize burn wounds early after injury, with 

gram-negative organisms becoming more common over time.86

Treatment
Although wound cultures should be used to guide the ultimate antibi-

otic selection, coverage of Streptococcus and Staphylococcus for early 

infections after burns, with the addition of third-generation cephalo-

sporins for gram-negative coverage, including coverage of resistant 

Staphylococcus and Pseudomonas, should start 5 days after injury.86 

Although many topical agents used for initial burn wound care have 

antimicrobial properties, including silver sulfadine and silver nitrate 

dressings, there is no role for systemic antibiotics in burn care in the 

absence of a wound infection.86 Controversy exists over the role of se-

lective gut decontamination for thermally injured patients.86 Whereas 

some studies reported decreased mortality in patients with .20% 

TBSA, others have shown no benefit in decreasing inflammatory  

response.86

PRESSURE ULCERS

Pressure ulcers are a frequent complication of ICU care, especially for 

elderly, malnourished patients whose mobility is restricted in the set-

ting of chronic and/or critical illness. Hospital prevalence rates range 

from 3% to 11%.88 Although infections and the presence of necrotic 

tissue in these wounds are not uncommon, severe infections are rare.89 

A large prospective observational study identified only 1.7 episodes of 

pressure ulcer–associated bacteremia per 10,000 hospital discharges.88

As in burn wounds, the diagnosis of serious infection such as sepsis 

or NSTI is challenging.89 Studies that have evaluated different signs 

and symptoms have not identified characteristics with high sensitivity 

and/or specificity for infections in pressure ulcers. Pain and tenderness 

in the wound increases the likelihood of active infection.33 Many 
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KEY POINTS

• The diagnosis of NSTI is challenging. Any patient for whom the clinician has 

a high index of suspicion from a combination of physiology, laboratory in-

vestigations, and clinical examination should have rapid surgical consulta-

tion and operative exploration.

• Severe SSTIs can be complicated by organ dysfunction, requiring rapid re-

suscitation and initiation of appropriate antibiotics. The intensivist must be 

aware that growing resistance in common organisms causes SSTI and 

prescribe initial broad-spectrum antibiotics accordingly,

• The physiologic response to burn injury can mimic signs of sepsis, and burn 

wounds are frequently colonized with bacteria. Sepsis-3 criteria are the 

most sensitive to identifying sepsis in burn patients. There is no role for 

prophylactic systemic antibiotics—only topical—in the burned patient.

 References for this chapter can be found at expertconsult.com.

patients who develop NSTI in their pressure ulcers do not have an el-

evated LRINEC score.89

Bacteria
The most common pathogens associated with pressure ulcer infections 

include mixed gram-positive and gram-negative bacteria.88,89 Both 

aerobic and anaerobic species are common. S. aureus, Enterococcus 

faecalis, Corynebacterium, group B streptococcus, Bacteroides, and 

Peptostreptococcus were the most commonly recovered organisms from 

deep tissue cultures in one series.89 In a series of patients who devel-

oped bacteremia associated with pressure ulcers, S. aureus, Proteus 

spp., Bacteroides, and Escherichia coli were the most common organ-

isms present in both the blood and wound cultures, with Pseudomonas 

spp. and Enterococcus also frequently cultured from wounds.88 For 

patients who develop pressure ulcer–associated bacteremia, one-quar-

ter of all blood cultures are positive for multiple organisms,88 whereas 

wound cultures are polymicrobial in 73.2% of patients. S. aureus grows 

from 35.7% of wound cultures (30.4% of blood cultures that were 

positive), and Proteus is isolated from 46.4% of wounds.88

Treatment
As with other soft tissue infections described, effective therapy com-

bines appropriate antimicrobials with surgical débridement to achieve 

source control. Broad-spectrum polymicrobial coverage should be 

initiated, with therapy directed toward organisms isolated on wound 

cultures, if infection is suspected. Given the depth of many pressure 

ulcers, treatment for osteomyelitis with longer antibiotic courses may 

be warranted.88 In the setting of deep wounds, progressive infections 

that track along deeper tissue planes that are not visible on the wound 

surface should be suspected and either visually assessed in operative 

exploration or at least imaged to look for concerning signs of deep 

infection.89 Overall, the diagnosis of severe infection related to pres-

sures ulcers is challenging, but prompt recognition is key to appropri-

ate treatment, especially given that the patients who typically get pres-

sure ulcers have poor physiologic reserve and malnutrition.

CONCLUSION

SSTIs are frequently encountered by the intensivist, but the diagnosis 

is not always straightforward. Early surgical consultation to facilitate 

débridement and drainage for source control is essential for many se-

vere SSTIs. Broad-spectrum antibiotics should be initiated and subse-

quently tailored to cultured organisms. Prompt initiation of treatment 

can help reduce mortality and improve functional outcomes.

ANNOTATED REFERENCES

Audureau E, Hua C, de Prost N, et al. Mortality of necrotizing fasciitis: relative 

influence of individual and hospital-level factors, a nationwide multilevel 

study, France, 2007-12. Br J Dermatol. 2017;177(6):1575–1582.

This study reviewed all admissions in France for necrotizing fasciitis from 

2007 to 2012 (n 5 1537) and identified some patient factors (older age, fe-

male sex, and ICU admission) that increased 28-day mortality, whereas cer-

tain hospital factors (public, teaching hospitals and larger NSTI volumes) 

were associated with lower 28-day mortality.

Cranendonk DR, van Vught LA, Wiewel MA, et al. Clinical characteristics and 

outcomes of patients with cellulitis requiring intensive care. JAMA Dermatol. 

2017;153(6):578–582.

This prospective study compared outcomes and features of 54 patients with 

sepsis from severe cellulitis admitted to one of two ICUs with patients with 

NSTIs. Patients with severe cellulitis had more cormorbidities and lower ill-

ness severity on ICU admission; however, mortality was similar for patients 

with severe cellulitis and NSTI.

Crum-Cianflone NF. Bacterial, fungal, parasitic, and viral myositis. Clin Mi-

crobiol Rev. 2008;21(3):473–494.

This article provides a comprehensive review of infectious myositis and its 

underlying causes and management strategies. Although rare, the incidence 

in nontropical climates has been increasing, with myositis developing in pa-

tients who have a break in skin integrity often coupled with immunosuppres-

sion or preceding trauma.

Gelbard RB, Ferrada P, Yeh DD, et al. Optimal timing of initial debridement 

for necrotizing soft tissue infection: A Practice Management Guideline 

from the Eastern Association for the Surgery of Trauma. J Trauma Acute 

Care Surg. 2018;85(1):208–214.

This article presents guidelines for the timing of débridement for necrotizing 

soft tissue infections from the Eastern Association for the Surgery of Trauma. 

They recommend initial débridement within 12 hours of diagnosis.

Goh T, Goh LG, Ang CH, et al. Early diagnosis of necrotizing fasciitis. Br J 

Surg. 2014;101(1):e119–e125.

A systematic review of nine studies that included 1463 patients to identify 

clinical features and other investigations to aid in the early diagnosis of nec-

rotizing fasciitis. Although high white blood cell count (.5); diabetes; and a 

physical examination with erythema, edema, and pain out of proportion to 
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Infectious Diseases Society of America. Clin Infect Dis. 2014;59(2):e10–e52
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Infections of the head and neck range in severity from minor to life 

threatening. A scoring system reflecting the need for hospitalization of 

such patients has been proposed.1 The intensivist is called upon to 

manage such patients either when they are critically ill or when airway 

compromise has occurred or is imminent. Besides airway management 

and control of sepsis, the intensivist must also be aware of the local 

anatomy and relevant microbiology. This knowledge will help guide 

the choice of antimicrobial agents and allow the clinician to anticipate 

the potential for spread of infection to related anatomic spaces and 

subsequent complications.

NORMAL HEAD AND NECK FLORA

Huge numbers of bacteria reside in the oral cavity in health, with the 

bacterial load exceeding 1011/mL in the gingival crevices of patients 

with teeth.2 The main bacterial species are anaerobes, including Bacte-

roides, Fusobacterium, Prevotella, and Peptostreptococcus. Other com-

mon oral inhabitants include Streptococcus mutans, Staphylococcus 

aureus, Actinomyces spp., and Eikenella corrodens. Pharyngeal coloniza-

tion and subsequent infection with organisms such as Streptococcus 

pneumoniae, Neisseria meningitidis, and Streptococcus pyogenes may 

also occur.

In acute illness, an additional modifying factor is the decreased 

production of oral mucosal fibronectin. This is of relevance to the 

clinician because fibronectin in normal physiologic amounts will pref-

erentially bind gram-positive bacteria (such as S. mutans); however, 

when the production of fibronectin is decreased, there is rapid coloni-

zation of the oral cavity with gram-negative organisms, including spe-

cies such as Pseudomonas aeruginosa.2 These gram-negative organisms 

may then participate in head and neck infections of oral or odonto-

genic origin, necessitating broad nosocomial-type, gram-negative an-

tibiotic coverage when the patient has been recently hospitalized or 

acquired the infection in the intensive care unit (ICU).

SITES OF DEEP HEAD AND NECK INFECTION

Knowledge of the local anatomy is critical to the understanding and 

management of these infections. This has recently been reviewed.3 

Serious infection of the head and neck can involve the following gen-

eral anatomic areas:

• Sinus
• Pharynx
• Epiglottis
• Retropharyngealspace
• Submandibularspace(Ludwigangina)
• Lateralpharyngealspace(anteriorandposterior)
• Internaljugularvein(Lemierresyndrome)

Some of these anatomic areas are connected via actual (e.g., retro-

pharyngeal) or potential (e.g., danger) spaces. Thus infection begin-

ning in one space may spread rapidly to involve others, with potential 

resultant damage or destruction of vital structures. Such connections 

are discussed in the following sections, and differentiating features are 

highlighted in Table 116.1.

Predisposing factors for the development of deep neck infection 

include uncontrolled dental infection, spread of infection from other 

local structures (tonsils, vertebrae), local intravenous (IV) catheter 

placementorinjectiondruguse,diabetes,humanimmunodeficiency
virus (HIV) infection, and local trauma (e.g., the use of laryngeal mask 

anesthesia).4,5 The use of cetuximab in combination with either radia-

tion or chemotherapy for locally advanced head and neck cancer is 

associated with increased risk of local infection, as is the use of ritux-

imab.6 A poor level of education and living far from a tertiary care 

center have also been shown to increase the risk of development of 

severe deep neck space infection.7

CLINICAL SYNDROMES

Sinusitis
Acute bacterial sinusitis accounts for a high proportion of physician 

visits in the primary care setting.8 In the ICU, patients who are criti-

cally ill with nasogastric, endotracheal, or nasotracheal tubes in place, 

may develop acute sinusitis caused by resistant nosocomial organisms 

(e.g., methicillin-resistant S. aureus[MRSA],P. aeruginosa) and anaer-

obes.9 Treatment involves the use of broad-spectrum antimicrobial 

agents (Table 116.2) and close collaboration with an otolaryngologist 

to determine if drainage is needed. In addition, application of topical 

vasoconstrictors and inhaled topical steroids to the nasal mucosa is 

often recommended to help the sinus secretions drain.

Complications of nosocomial sinusitis are related to the local 

anatomy. Spread via the diploic veins can result in meningitis, brain 

abscess, contiguous osteomyelitis, or cavernous sinus thrombosis. 

Spread from the ethmoid sinuses can result in frontal lobe brain ab-

scesses, whereas sphenoid sinus infection can spread to involve the 

surrounding pituitary gland, optic chiasm, internal carotid artery, 

cavernous sinus, or temporal lobe of the brain.3

In patients with diabetic ketoacidosis, high-dose steroid treatment, 

severe neutropenia, or history of desferrioxamine treatment, rhinocerebral 

mucormycosis (most commonly Rhizopus spp.) or aspergillosis can de-

velop. This infection can be rapidly fatal if the underlying problem cannot 

be corrected. The general teaching has been that high-dose antifungal 

therapy (see Table 116.2) plus extensive surgery are always required for any 

hopeofsurvival.However,theneedformajorsurgeryinallcaseshascome
into question recently.10 Close collaboration with appropriate surgeons 

and infectious disease colleagues is required in such cases.
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Pharyngeal Infections
Life-threatening pharyngeal infections include acute anaerobic phar-

yngitis (Vincent angina) caused by a combination of oral anaerobes 

and spirochetes. The clinical manifestations of this entity in the criti-

cally ill host include acute ulcerations and necrosis of the oral mucosa 

and gums. Secondary bacteremia with sepsis can complicate matters. 

Treatment involves adequate oral debridement and administration of 

antibiotics with both aerobic and anaerobic activity (see Table 116.2).

Quinsy (peritonsillar abscess) can complicate previous tonsillitis 

and is most common among young adults. In a recent case series from 

India, quinsy accounted for 12% of deep head and neck infections.11 

Presenting symptoms include fever, pharyngeal pain, and unilateral 

pharyngeal swelling. If not adequately drained, the infection can 

spread into the lateral pharyngeal space, which was the most common 

cause of quinsy-related mortality in preantibiotic days. Infection with 

anaerobes can result in a higher rate of recurrence of quinsy.8 Fusobac-

terium necrophorum is currently the most commonly encountered or-

ganism in peritonsillar abscesses in Denmark.12

Recurrentboutsoftonsillitis(fiveormore)inpatientsagedunder
30 years have been noted to be a risk factor for the development of 

peritonsillar abscess.13

Diphtheria is now rare thanks to mass vaccination. It presents as a 

sharply demarcated, adherent, dark gray nasal or pharyngeal mem-

brane. Clinical illness is caused by the release of a bacterial toxin that 

inhibits translocase (via inhibition of elongation factor 2). Myocardial 

dysfunction and central nervous system toxin-mediated injury may
occur late, but fulminant infections can be complicated by death from 

acute respiratory obstruction or circulatory failure (bull-neck diphthe-

ria). Culture of the organism (Corynebacterium diphtheriae) requires 

the use of a specific Loeffler medium.

Epiglottitis
Acute epiglottitis is primarily a disease of children who have not received 

the Haemophilus influenzae type b (Hib) vaccine and is thus rare at pres-

ent.14 Acute epiglottitis presents as an acute febrile illness usually of less 

than 12 hours’ duration, with the child characteristically sitting forward, 

drooling saliva, and taking shallow and apprehensive breaths (deeper 

breathing draws the epiglottis over the airway and produces obstruction). 

The diagnosis is made clinically, although lateral neck radiography (if the 

child is stable enough to go for x-ray) characteristically shows enlarge-

ment of the epiglottis 30%–57% of the time. Attempts to visualize the 

classically described edematous cherry-red epiglottis directly may pre-

cipitate acute airway obstruction and should not be attempted unless the 

ability to secure an airway immediately is certain. Blood and epiglottis 

Space Clinical Features*

Submandibular space  

(Ludwig angina)

Woody submental induration, protruding swollen/

necrotic tongue, no trismus, rotted lower  

molars commonly present

Lateral pharyngeal  

space (anterior)

Fever, toxicity, trismus, neck swelling

Lateral pharyngeal  

space (posterior)

No trismus, no swelling (unless ipsilateral parotid 

is involved), cranial nerve IX–XII palsies, Horner 

syndrome, carotid artery erosion

Retropharyngeal space  

(retropharynx)

Neck stiffness, decreased neck range of motion, 

soft tissue bulging of posterior pharyngeal wall, 

sore throat, dysphagia, dyspnea

Retropharyngeal space  

(“danger space”)

Mediastinal or pleural involvement

Retropharyngeal space  

(prevertebral)

Neck stiffness, decreased neck range of motion, 

cervical instability, possible spread along length 

of vertebral column

Jugular vein septic  

thrombophlebitis  

(Lemierre syndrome)

Sore throat, swollen tender neck, dyspnea, chest 

pain, septic arthritis

TABLE 116.1 Differentiating Features of 
Deep Neck Infections

*Fever and signs of systemic toxicity are common to all.

Syndrome Likely Flora Antibiotic Options*

Sinusitis (community  

acquired)

Haemophilus influenzae, Streptococcus pneumoniae, 

Staphylococcus aureus

Ampicillin-sulbactam (3 g IV q6h)

Ceftriaxone (1–2 g IV q24h)

Levofloxacin (500 mg IV q24h) plus clindamycin (300–900 mg IV q8h) or moxifloxacin 

(400 mg IV q24h)

Sinusitis (ICU acquired) Pseudomonas aeruginosa, Escherichia coli and related 

coliforms, methicillin-resistant S. aureus (MRSA)

Ceftazidime (2 g IV q8h) or piperacillin-tazobactam (3.375 g IV q4h) plus an 

aminoglycoside, plus vancomycin (1 g IV q12h)

Sinusitis (fungal) Aspergillus spp.

Mucorales spp.

Amphotericin B (1–1.5 mg/kg/day IV)

Liposomal amphotericin B (5–10 mg/kg/day IV)

Voriconazole (6 mg/kg q12h 3 2 doses, then 4 mg/kg q12h)

Itraconazole (200 mg IV q12h 3 4 doses, then 200 mg/day IV)

Pharyngitis Corynebacterium diphtheriae IV penicillin or erythromycin plus diphtheria antitoxin

Epstein-Barr virus (with airway compromise) No antiviral therapy effective

IV steroids

Epiglottitis H. influenzae type b Ceftriaxone (1–2 g IV q24h)

Streptococcus pyogenes (group A strep) Ampicillin-sulbactam (3 g IV q6h)

Rifampin prophylaxis (600 mg orally q24h) for close contacts for 4 days

TABLE 116.2 Therapeutic Options for Sinusitis, Pharyngitis, and Epiglottitis

*Antibiotic choices listed are examples, because for most infections, multiple different antibiotics are effective; individual choice will be influenced

 

by patient factors (e.g., allergies), local hospital bacterial resistance rates, and microbiologic culture results.
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cultures usually grow H. influenzae type b. However, since the introduc-

tion of mass vaccination against H. influenzae type b, the incidence of 

infection with non–type b strains is increasing.14

Antibiotic options for epiglottitis are outlined in Table 116.2. There 

is no clear consensus on the role of exogenous corticosteroids to decrease 

epiglottic edema. Rifampin prophylaxis should be administered for 4
days to close household and hospital contacts of patients (especially 

those younger than 4 years) with invasive H. influenzae type b disease.

Retropharyngeal Infections
The area situated between the pharynx anteriorly and the vertebrae 

posteriorly constitutes the retropharyngeal space, which begins behind 

thepharynxandendsatthejunctionofthecervicalandT1–T2tho-

racic vertebrae (see Table 116.1). The space is subdivided into several 

distinct anatomic spaces (retropharyngeal, prevertebral, “danger 

space”), some of which may provide the means of spread of infection 

from the initial retropharyngeal area to distant sites.15

Located between the prevertebral space posteriorly and the retro-

pharyngeal space anteriorly is a potential space called the “danger 

space,” which connects the base of the skull with the posterior medias-

tinum and diaphragm. Infection may spread unimpeded within this 

space. In addition, infection occurring between the vertebrae and the 

prevertebral fascia may spread along the length of the vertebral column.

Infections of the retropharynx occur as:

• Primaryinfections
• Secondarytoextensionposteriorlyfromthepharynxoranteriorly

from infected cervical vertebrae

• Viahematogenousspread
Clinically, retropharyngeal infections present with acute fever, sys-

temic toxicity, sore throat, neck stiffness, dysphagia, and dyspnea. 

Airway obstruction may occur as a consequence of anterior bulging of 

the pharyngeal wall with supraglottic compression.

Prevertebral infections usually involve the cervical vertebrae and 

present with neck pain and stiffness and prevertebral soft tissue swell-

ing. Rarely, instability or destruction of the cervical vertebrae may
develop, with death the result of acute spinal cord compression.

Danger-space infection is suspected when pleural or mediastinal in-

fection or pain complicates a retropharyngeal infection.15 Mediastinitis 

secondary to danger-space infection is generally fulminant, with pleural 

extensionandahighmortalityrate.Rarely,mediastinalinfections,such
as may occur after coronary artery bypass graft surgery, may spread up-

ward through the danger space and present in the retropharynx.

The bacteriology of retropharyngeal infections is that of mixed 

aerobic/anaerobic oral bacteria. In the critically ill host with nosoco-

mial infection, colonization of the oropharynx with resistant patho-

gens will necessitate modification of antimicrobial coverage. The im-

aging techniques needed include plain lateral neck x-rays that will 

show loss of normal cervical lordosis in addition to thickening of the 

retrotracheal area (usually ,22 mm) or of the prevertebral fascia (usu-

ally ,7 mm). Bedside ultrasonography may provide information re-

garding the presence or absence of drainable collections, but if the 

patient is stable enough to go to the radiology suite, computed tomog-

raphy(CT)ormagneticresonanceimaging(MRI)scansprovidethe
best definition studies.16 The presence of a hypodense mass with rim 

irregularity on a contrast-enhanced CT scan is highly suggestive. Close 

collaboration with appropriate surgical colleagues is necessary for suc-

cessful management.15 Therapy is outlined in Table 116.3. On occa-

sion, nonbacterial processes such as Kawasaki disease can mimic retro-

pharyngeal abscesses.

It should be noted that involvement of multiple deep neck spaces 

can occur simultaneously.17

Submandibular Space Infection (Ludwig Angina)
The submandibular space is contained between the mucous mem-

branes of the floor of the mouth superiorly and the muscle and fascia 

attachments of the hyoid bone inferiorly. The most common route of 

infection into this space is via infected lower molar teeth, and infection 

is more common in persons with underlying diabetes, neutropenia, or 

systemic lupus erythematosus. In a recent case series, 37% of deep in-

fections were caused by submandibular space infection.11

Clinical presentation of submandibular space infection is that of an 

acutely ill patient with mouth pain, dysphagia, drooling of saliva, stiff 

Syndrome Likely Flora Therapeutic Options*

Submandibular space infection  

(community acquired)

Anaerobes, streptococci, Staphylococcus aureus Ampicillin-sulbactam (3 g IV q6h)

Ceftriaxone (1–2 g IV q24h) plus clindamycin (300–900 mg IV q8h) or 

metronidazole (500 mg IV q8h)

Ertapenem (1 g IV q day)

Submandibular space infection  

(hospital/ICU acquired)

Pseudomonas aeruginosa, methicillin-resistant 

S. aureus (MRSA), anaerobes

Imipenem (500 mg IV q6h) or piperacillin-tazobactam (3.375–4.5 g IV 

q6–8h by continuous infusion) plus vancomycin (1 g IV q12h)18

Retropharyngeal space infection Anaerobes, streptococci, S. aureus Ampicillin-sulbactam (3 g IV q6h)

Ceftriaxone (1–2 g IV q24h) plus clindamycin (300–900 mg IV q8h) or 

metronidazole (500 mg IV q8h)

Ertapenem (1 g IV q day)

Lateral pharyngeal space infection Anaerobes, streptococci, S. aureus Ampicillin-sulbactam (3 g IV q6h)

Ceftriaxone (1–2 g IV q24h) plus clindamycin (300–900 mg IV q8h) or 

metronidazole (500 mg IV q8h)

Ertapenem (1 g IV q day)

Internal jugular vein septic  

thrombophlebitis

Fusobacterium necrophorum Metronidazole (500 mg IV q8h)

Clindamycin (300–900 mg IV q8h)

Ampicillin-sulbactam (3 g IV q6h)

TABLE 116.3 Therapeutic Options for Deep Neck Infections

*Antibiotic choices listed are examples, because for most infections, multiple different antibiotics are effective; individual choice will be influenced

 

by patient factors (e.g., allergies, concurrent medications), local hospital bacterial resistance rates, and microbiologic culture results.
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neck, and fever. The submandibular tissues are “woody,” not fluctuant, 

and true drainable collections are uncommon. The tongue may be 

swollen and displaced upward against the palate and also protrude out 

of the mouth. Trismus is not present; however, if the infection spreads 

to the lateral pharyngeal space, trismus may occur. Unrecognized lat-

eral pharyngeal space involvement may be complicated by subsequent 

spread to the retropharyngeal space. Late complications of Ludwig 

angina include death from airway obstruction, aspiration pneumonia, 

carotid artery erosion, and tongue necrosis.18

Lateral neck x-rays will demonstrate edema of the submandibular 

soft tissues. Pockets of gas may be seen if gas-forming organisms are 

involved. CT scanning is most helpful diagnostically. However, atten-

tion must be paid to having qualified staff accompany the patient to the 

CT scanner in case acute airway obstruction develops. Should airway 

protection be needed, tracheotomy or cricothyroidotomy is advocated 

because of the risk of inducing acute airway obstruction with routine 

“blind” nasal or oral intubation. The infection is commonly polymicro-

bial, and appropriate antibiotic therapy options are described in Table 

116.3. In approximately 50% of cases, surgical drainage is required. In 

addition, causative rotted molar teeth (if present) should be removed.19

Lateral Pharyngeal Space Infections
Infection of the lateral pharyngeal space is one of the most common 

deep neck infections encountered. In a review of 110 deep neck infec-

tions in adults seen at an academic medical center over a 10-year pe-

riod, infections of the lateral pharyngeal space accounted for 55%.19 In 

contrast, such infections are rare in children, with peritonsillar infec-

tion (quinsy) being the most common deep neck infection.

The lateral pharyngeal space is cone shaped, extending from the 

sphenoid bone down to the hyoid bone. Posteriorly, it is bound by the 

prevertebral fascia (which separates it from the retropharyngeal space) 

and anteriorly by the buccinator and superior constrictor muscles. The 

parotid gland communicates with this space. The styloid process di-

vides the space into an anterior compartment (containing fat, lymph 

nodes, and muscle) and a posterior compartment (containing the ca-

rotid artery, cranial nerves IX–XII, and the cervical sympathetic trunk).

Common precipitating causes of lateral pharyngeal space infection 

include dental disease (33%), injection drug use (inserting needles
directly into the space) (20%), local trauma (9%), and tonsillitis (4%). 

Patients frequently have underlying diabetes or HIV infection.

Clinically, anterior lateral pharyngeal space infections present with 

fever, pain, trismus, and systemic toxicity. Turning the head to the op-

posite side causes increased pain because of stretching of the ipsilateral 

sternocleidomastoid muscle.

Infection of the posterior lateral pharyngeal space presents differ-

ently from infections involving the anterior pharyngeal space. Com-

mon symptoms include fever, systemic toxicity, and parotid swelling. 

Trismus and external swelling do not occur. Involvement of local vital 

structures can occur, including carotid artery erosion or clot, septic 

thrombophlebitis of the internal jugular vein, cranial nerve IX–XII
palsies, or Horner syndrome.

Therapy involves urgent surgical intervention to drain purulent 

material and prevent spread of infection to the retropharyngeal space 

or erosion of the carotid artery. The choice of antibiotics for this fre-

quently polymicrobial infection is shown in Table 116.3.

Descending Necrotizing Mediastinitis
Rapiddownwardspreadofdeepneckinfectionscanresultinthede-

velopment of necrotizing soft tissue infections of the chest wall and 

mediastinum. A recent study of 45 such cases collected over a 12-year 

period demonstrated that they tended to develop as a complication of 

dental or deep neck polymicrobial infections, affecting persons aged 

40–60 years most commonly. Mixed aerobic/anaerobic flora was the 

rule, and risk factors included neutropenia, alcoholism, and diabetes 

mellitus. Mortality was around 15%–20%. Death may be sudden be-

cause of medical complications of the infectious process.20

Internal Jugular Vein Septic Thrombophlebitis (Lemierre 
Syndrome)
Septic thrombophlebitis of the internal jugular vein is known as
Lemierre syndrome. This relatively rare entity is usually caused by in-

fection with the anaerobe F. necrophorum, a normal inhabitant of the 

human gingival crevice. Latest theories on the pathogenesis of this 

infection indicate that the first stage of infection is pharyngitis in ap-

proximately 87% of cases. Recent data suggest that F. necrophorum 

causes pharyngitis in young adults aged 15–24 years as frequently as S. 

pyogenes.12 This infection is then followed by invasion of the lateral 

pharyngeal space, with development of septic thrombophlebitis of the 

internaljugularvein.21,22 Subsequently, bloodborne infection develops, 

with the classic findings of septic pulmonary emboli or cavitating 

pneumonia and septic arthritis. Other precipitating factors include 

mastoiditis, lateral pharyngeal space infection, and trauma to the in-

ternaljugularvein.Lemierresyndromeisthemostcommonidentified
source of F. necrophorum bacteremia.

Clinically, Lemierre syndrome begins with fever and sore throat. 

When internal jugularvein involvementdevelops,patients complain
of a swollen and/or tender neck, which is thus a warning sign of danger 

in a patient with recent pharyngitis. Dyspnea and pleuritic chest pain 

indicate pulmonary involvement.

Earlydiagnosisiscriticaltominimizetheriskofinfectiousmeta-

static complications requiring surgical intervention or drainage. Blood 

cultures should be promptly obtained and empirical antianaerobic 

bacterialcoveragebegun.Radiologicdiagnosis ismademostreliably
by CT scanning, although bedside ultrasound examination of the in-

ternaljugularveincanbeusefulinthecriticallyillpatientwhocannot
leave the ICU. If the infection occurs secondary to mastoiditis, it is 

necessarytoruleoutintracerebralveinthrombosisbyMRIscanning.
The patient may also develop secondary complications such as carotid 

artery thrombosis or parotid gland infection with abscess formation.23

Antibiotic choices are outlined in Table 116.3. There are no firm data 

to support or refute the use of anticoagulants in Lemierre syndrome.22 

Inaddition,surgicalligationorexcisionoftheinternaljugularveinfor
uncontrollable sepsis was necessary in approximately 8% of cases in a 

recently published series of cases.23 MRSA has been shown to cause
Lemierresyndrome,especiallyininjectiondrugusersorpatients,with
the infection developing as a complication of venous cannulation.24

CONCLUSION

The intensivist will frequently be asked to assist in the care of patients 

with serious deep neck infections. Critical issues encountered include 

protection of the airway, sepsis management, and the potential for ero-

sion of the infection into surrounding vital structures in the neck. Such 

infections are frequently polymicrobial in nature; thus broad-spectrum 

antibiotics with both aerobic and anaerobic coverage should be chosen.

Common issues to be decided for each patient individually include 

the following:

• Thesafetyofperforminganintraoralexamination,giventherisk
of precipitating acute airway obstruction.

• ThesafetyofsendingapatientoutoftheICUforstudiessuchas
CT scanning. Although patients may appear stable initially, they are 

at risk for sudden development of acute airway obstruction and 

thus should always be accompanied by a team capable of securing 

an airway when they travel out of the ICU for tests or procedures.
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• The need for and timing of possible surgical intervention. Early
close collaboration with otolaryngologists, head and neck surgeons, 

neurosurgeons, or vascular surgeons is critical for successful man-

agement of these complex and frequently critically ill patients.

KEY POINTS

• Deep infections of the head and neck are frequently polymicrobial, including 

both aerobic and anaerobic bacteria.

• Deep infection can threaten the airway, deep vascular structures, and me-

diastinum by means of local spread along complex deep anatomic planes.

• Intraoral inspection or attempts to palpate the posterior pharynx in such 

patients can precipitate acute airway occlusion. They should only be under-

taken if an emergency airway can be immediately secured.

• Septic internal jugular vein thrombophlebitis is frequently anaerobic in eti-

ology (F. necrophorum) and can be associated with metastatic spread of 

infection to the lungs, joints, and other organs.
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Infectious Endocarditis

Anastasia Antoniadou and Helen Giamarellou

INFECTIOUS ENDOCARDITIS:  

GENERAL INFORMATION

Infectious endocarditis (IE) is a rare disease with a yearly crude inci-

dence of 1.5–11.6 episodes per 100,000 persons (3–9/100,00 in devel-

oped countries), increasing dramatically with advanced age and male 

sex and with varying epidemiology between high- and low-income 

countries.1,2 Despite advances in early diagnosis and treatment, mor-

tality of IE at 1 year has not improved over the last decades, being 

;30%. In low-income countries rheumatic heart disease remains the 

main risk factor for IE, but in high-income countries the epidemio-

logic profile has changed. Patients with IE are old, frail, with comor-

bidities and risk factors including diabetes, cancer, immunosuppres-

sion (including human im munodeficiency virus [HIV]), hemodialysis, 

prosthetic valve replacement, presence of cardiac implantable elec-

tronic devices, central venous catheters, intravenous drug use, and 

degenerative or congenital heart disease.2–5

IE is presently classified by the setting and source of infection into 

healthcare-associated infectious endocarditis (HAIE) and community-

acquired infectious endocarditis (CAIE) and as native valve endocardi-

tis (NVE) and prosthetic valve endocarditis (PVE). HAIE includes 

patients hospitalized for more than 48 hours before the symptoms  

of IE develop or patients with extensive healthcare contact defined as 

(1) home-based nursing or intravenous (IV) therapy, hemodialysis,  

or IV chemotherapy less than 30 days before onset of IE symptoms;  

(2) hospitalization less than 90 days before onset of IE; (3) residency in 

a nursing home or a long-term care facility; or (4) history of any inter-

ventional procedure during the previous 4–8 weeks.3,6 The definition 

of HAIE applies both to NVE and PVE. Early PVE (now defined as 

presenting ,1 year postsurgery) has a portion included in the HAIE 

definition (those presenting 60 days postsurgery).2,3 IE in high-income 

countries is .25% healthcare associated, carrying a significant in-

hospital mortality rate of 15%–20%, with a 1-year mortality rate ap-

proaching 40%.7

Gram-positive cocci (staphylococci, streptococci, and entero-

cocci) comprise 80%–90% of the microbial etiology of IE, whereas 

rare (,5%) causes include HACEK species (Haemophilus spp., Ag-

gregatibacter [formerly Actinobacillus] spp., Cardiobacterium spp., 

Eikenella corrodens, and Kingella spp.); aerobic gram-negative bacilli; 

fungi (Candida spp. and Aspergillus spp.); Bartonella spp.; Brucella 

spp.; Coxiella burnettii; and Tropheryma whipplei. In 10% of cases, IE 

is culture negative, and serology or polymerase chain reaction (PCR) 

assays in blood or on surgically removed heart valves/vegetations 

may contribute to the diagnosis. Staphylococcus aureus is responsible 

for 35%–40% of NVE and 50% of HAIE, replacing streptococci as 

the most common pathogen in developed countries, and streptococci 

are the cause of 30%–40% of CAIE (both NVE and PVE). Group D 

streptococci (e.g., Streptococcus gallolyticus, formerly Streptococcus 

bovis) are isolated in 15% and should be notable for causing IE as-

sociated with an underlying colonic tumor (usually undiagnosed). 

Enterococci (mostly faecalis) are implicated in 10% of IE, being more 

common in HAIE and transcatheter aortic valve replacement (TAVR) 

IE. Coagulase-negative staphylococci predominate (.60%) in IE in 

the presence of prosthetic valves, cardiac implanted electronic device 

(CIED), or venous catheters except for Staphylococcus lugdunensis, 

which can also be the cause of community-acquired NVE.2–5

Rapid and accurate diagnosis of IE remains a challenge and affects 

disease outcome. Fever is present up to 90%, a heart murmur up to 

85%, and an embolic event up to 25% at the time of diagnosis. Other 

signs are less common: hematuria, splenomegaly, splinter hemor-

rhages, Janeway lesions, Roth spots, conjunctival hemorrhage, sepsis, 

meningitis, unexplained heart failure, septic pulmonary emboli, stroke, 

acute peripheral arterial occlusion, and renal failure.2–5 Cerebral com-

plications are severe and frequent in IE, occurring symptomatically in 

15%–30% of patients, and there is evidence that additional clinically 

silent cerebral embolism may occur in 35%–60%.2,5 Diagnosis of IE 

relies on clinical, microbiologic (blood cultures), and imaging findings 

(the first-line modality is transthoracic echocardiography [TTE] and 

transesophageal echocardiography [TEE]), incorporated in the modi-

fied Duke diagnostic criteria, which have an overall 80% sensitivity 

and specificity, which decrease in PVE and cardiac device–related IE. A 

definite diagnosis requires two major, one major with three minor, or 

five minor criteria2,3 (Table 117.1 and Fig. 117.1).

Treatment of IE aiming at microbial eradication necessitates the 

use of bactericidal combination regimens for prolonged periods. In the 

2015 guidelines (1) aminoglycosides are no longer indicated in staphy-

lococcal NVE; (2) when used in streptococcal, enterococcal IE, or 

staphylococcal PVE, they should be given in a single daily dose to re-

duce nephrotoxicity; (3) rifampin should be used in IE with foreign 

material in place (PVE) after 3–5 days of effective antibiotic therapy 

(to prevent an antagonistic effect against planktonic/replicating bacte-

ria) and after bacteremia has been cleared; (4) daptomycin used in 

methicillin-resistant S. aureus (MRSA) IE should be used in high doses 

($10 mg/kg per day) and in combination with a second antibiotic to 

increase activity and prevent emergence of resistance; (5) in methicil-

lin-sensitive S. aureus (MSSA) IE treatment with beta-lactams is pre-

ferred (vancomycin is inferior to beta-lactams); and (6) treatment 

duration is evaluated from day 1 of effective treatment (i.e., negative 

blood cultures in case of previously positive ones). In the case of new 

prosthetic valve implantation in the course of IE, if the removed valve 

is culture positive, a new full treatment course starts postsurgery.2,3 

Indications for cardiac surgery during the course of IE are heart failure 

(severe regurgitation or obstruction of the affected valve), evidence of 

uncontrolled infection (persisting bacteremia despite treatment and 
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control of metastatic foci, abscess or fistula formation, infection by 

fungi or multiresistant organisms), and prevention of embolism (veg-

etation size, mobility, and embolic events).2 A summary of antibiotic 

treatment recommendations is shown in Table 117.2.

HEALTHCARE–ASSOCIATED NATIVE VALVE 

ENDOCARDITIS

Data emerging from the International Collaboration on Endocarditis 

Prospective Cohort Study (ICE-PCS) recognize that 34% of NVE is 

healthcare–associated (HANVE), consistent with the contemporary 

high incidence of healthcare–associated infection.8,9 Almost 50% 

were acquired outside of the hospital, and compared with CAIE, pa-

tients with HANVE more often have comorbid conditions (e.g., dia-

betes mellitus, cancer, or long-term immunosuppressive therapy). 

Fever is the most common presenting feature, but physical signs of 

IE present more rarely in HANVE, suggesting a more acute course. 

Non-nosocomial acquisition of HANVE is most often dependent on 

hemodialysis or an intravascular catheter (54%), whereas patients 

with nosocomial acquisition more often have a preexisting valvular 

disease or undergo a nondental invasive medical procedure. The 

mitral valve is most frequently involved, followed by the tricuspid 

and aortic valve.8 Staphylococci represent the major pathogens in 

HAIE. S. aureus is responsible in .50% of cases, 91% in the presence 

of an intravascular device.6 In the ICE-PCS study, S. aureus was 

methicillin-resistant (MRSA) in 47%.8 The second most common 

bacteria were enterococci (15%), followed by coagulase-negative 

strains of staphylococci (13%). MRSA is more prevalent in infections 

acquired during hospitalization (57% vs. 41%).8 Among coagulase-

negative strains, S. lugdunensis deserves attention because it behaves 

like S. aureus with high virulence, has a 50% probability of compli-

cated infection when isolated in blood, and has an aggressive course 

when it is the cause of IE.10

Gram-negative bacilli are rare causes of HANVE despite the fact 

that they cause lethal bacteremias in hospitals, probably as a result of 

their decreased ability to adhere to heart valves and susceptibility to 

bactericidal action of serum.6,11 Recently, cases of IE caused by multi-

drug-resistant MDR and extensively drug-resistant (XDR) gram-nega-

tives (e.g., Pseudomonas, Acinetobacter, Escherichia coli, and Burkholde-

ria cepacia) have been published with poor outcomes despite aggressive 

management because of a lack of effective treatment options.12

Fungal IE is a rare infection, comprising ,2% of IE cases, with a 

mortality rate exceeding 30%. An increasing frequency of fungal endo-

carditis has been observed in recent years, attributed to the extensive use 

of vascular lines, noncardiac surgery, and increased numbers of immu-

nocompromised patients.13,14 Fungi most commonly associated with IE 

are Candida (albicans and non-albicans, 50%–80%) and Aspergillus spp. 

(20%–25%). In contradistinction to Candida spp., in which blood cul-

tures in cases of IE are positive in 83%–95% of cases, blood cultures are 

positive in only 11% or less of patients with Aspergillus spp. In cases of 

fungal endocarditis, prolonged symptoms before hospitalization and the 

embolization of major arteries are classic findings. However, the diagno-

sis is delayed or missed in 82% of patients. For early diagnosis of fungal 

endocarditis, it should be considered in the differential diagnosis and 

echocardiography performed, which demonstrates large, bulky vegeta-

tions. Peripheral blood cultures should be obtained and accessible em-

bolic specimens subjected to histologic examination.13,14

HANVE has higher mortality compared with community-acquired 

NVIE (25% versus 13%), and factors independently associated with 

increased risk of death are increased age (.60 years old), diabetes, 

Major Criteria Minor Criteria

 1. Blood Cultures Positive for IE

 a. Typical microorganisms consistent with IE from two separate blood cultures:

• Viridans streptococci, Streptococcus gallolyticus (Streptococcus bovis), 

HACEK group, Staphylococcus aureus; or

• Community-acquired enterococci, in the absence of a primary focus; or

 b. Microorganisms consistent with IE from persistently positive blood cultures:

• $2 positive blood cultures of blood samples drawn .12 h apart; or

• All of 3 or a majority of $4 separate cultures of blood (with and last 

samples drawn $1 h apart); or

 c. Single positive blood culture for Coxiella burnetii or phase I IgG antibody 

titer .1:800

 1. Predisposition such as predisposing heart condition or injection drug use.

 2. Fever as temperature .38°C.

 3. Vascular phenomena (including those detected by imaging only): major 

arterial emboli, septic pulmonary infarcts, infectious (mycotic) aneurysm, 

intracranial hemorrhage, conjunctival hemorrhages, and Janeway lesions.

 4. Immunologic phenomena: glomerulonephritis, Osler nodes, Roth spots, and 

rheumatoid factor.

 5. Microbiologic evidence: positive blood culture but does not meet a major 

criterion as noted earlier or serologic evidence of active infection with an 

organism consistent with IE.

Definite IE

• Two major criteria; or

• One major criterion and three minor criteria; or

• Five minor criteria

Possible IE

• One major criterion and one minor criterion; or

• Three minor criteria

Rejected IE

• Firm alternative diagnosis; or

• Resolution of symptoms suggesting IE with antibiotic therapy for #4 days; or

• No pathologic evidence of IE at surgery or autopsy, with antibiotic therapy 

for #4 days; or

• Does not meet criteria for possible IE, as noted earlier

 2. Imaging Positive for IE

 a. Echocardiogram positive for IE:

• Vegetation

• Abscess, pseudoaneurysm, intracardiac

• Valvular perforation or aneurysm

• New partial dehiscence of prosthetic valve

 b. Abnormal activity around the site of prosthetic valve implantation detected 

by 18F-FDG-PET/CT (only if the prosthesis was implanted for .3 months) or 

radiolabeled leukocytes SPECT/CT.

 c. Definite paravalvular lesions by cardiac CT.

TABLE 117.1 Modified Duke Criteria for the Clinical Diagnosis of Infectious Endocarditis

From Task Force for the Management of Infective Endocarditis of the European Society of Cardiology (ESC): 2015 ESC Guidelines for the manage-

ment of infective endocarditis. Eur Heart J. 2015;36(44):3075–3128.

CT, Computed tomography: 18F-FDG-PET/CT, 18F-Fluorodeoxyglucose-positron emission tomography/computed tomography; IE, infective endocar-

ditis; SPECT, single-photon emission computed tomography.
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S. aureus infection, paravalvular abscess, stroke, heart failure, and new 

conduction abnormality. Cardiac surgery during the IE episode is 

found to be associated with a lower mortality,8 and therefore early 

surgical intervention is often mandatory. In fungal endocarditis, the 

removal of the infected valve is indicated, and postsurgery suppressive 

therapy for 2 or more years along with close follow-up are required to 

detect relapses.13,14

Special consideration should be given to chronic hemodialysis 

(HD) patients, in whom IE is significantly more common (16–18 

times) and causes greater morbidity and mortality. In this group of 

patients, IE is the second leading cause of death after cardiovascular 

disease, and it has been proposed to be added as a special category in 

classification by acquisition.15,16 In the ICE-PCS study, 63% of HANVE 

cases were HD patients.8 S. aureus was the pathogen in 75%–80% of 

cases, half of which were MRSA. Fever may not be present, and blood 

cultures may less often be positive, complicating a diagnosis by the 

Duke criteria. Mortality remains high: 30% during the first month, 

about 65% during the first year, and reaching more than 70% if cardiac 

surgery is indicated. Age older than 65, diabetes as the cause of renal 

failure, mitral involvement, large vegetations, septic emboli, and infec-

tions caused by MRSA or vancomycin-resistant enterococci (VRE) 

have been identified as risk factors for mortality.15

For MSSA, anti-staphylococcal penicillins should be the treat-

ment of choice, whereas in cases of MRSA with minimum inhibitory 

TTE
First-line diagnostic

modality

Prosthetic valve (+TAVI)
Intracardiac device

Nondiagnostic TTE Negative TTEPositive TTE

Clinical suspicion
of IE

LowHigh

Stop
TEE

If initial TEE is negative but high suspicion for IE remains, repeat TTE and/or TEE
within 5–7 days

Further diagnostic modalities may be used

Native valve

1. Imaging for embolic
 events (cerebral MRI,
 whole body CT, and/or
 PET/CT)
2. Cardiac CT

Prosthetic valve
Cardiac device

1. 18F-FDG-PET/CT or
 leukocyte labeled SPECT/CT
2. Cardiac CT
3. Imaging for embolic events
 (cerebral MRI, whole body
 CT, and/or PET/CT) 

TEE is not mandatory in isolated
right-sided native valve IE with
good-quality TTE examination and
unequivocal echocardiographic
findings

In all cases with
suspected IE

TEE is repeated for
follow-up of treatment
and complications. It is
also done intraoperatively
if surgery is required

Clinical suspicion of infective endocarditis
(persisting fever, predisposing conditions, positive

blood cultures, S.aureus bacteremia

Fig. 117.1  Algorithm of Diagnostic Imaging Modalities in Suspected Infective Endocarditis. CT, Com-

puted tomography: 18F-FDG-PET/CT, 18F-Fluorodeoxyglucose-positron emission tomography/computed tomog-

raphy; IE, Infective endo carditis; MRI, magnetic resonance imaging; SPECT, single photon emission computed 

tomography; TAVI, transcatheter valve implantation. TEE, transesophageal echocardiography; TTE, transthoracic 

echocardiography. (Adapted from Habib G, Lancellotti P, Antunes MJ, et al. 2015 ESC Guidelines for the manage-

ment of infective endocarditis: the Task Force for the Management of Infective Endocarditis of the European 

Society of Cardiology [ESC]. Endorsed by: European Association for Cardio-Thoracic Surgery [EACTS], the Eu-

ropean Association of Nuclear Medicine [EANM]. Eur Heart J. 2015;36[44]:3075–3128, Figure 1.) 
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Microorganism Treatment Regimen Duration Comments

Penicillin-susceptible streptococci 

(MIC #0.125 mg/L)

Penicillin G 12–18 million U/day IV in 4–6 doses or continu-

ously or

Amoxycillin or ampicillin 100–200 mg/kg/day IV in 4–6 doses or

2 weeks Short-duration treatment only in normal 

renal function and with monitoring of 

aminoglycoside levels

Ceftriaxone 2 g/day IV or IM in 1 dose In PVE 6-week duration is recommended

plus

Gentamicin 3 mg/kg/day IV or IM in 1 dose or netilmicin  

4–5 mg/kg/day IV in 1 dose

Penicillin G 12–18 million U/day IV in 4–6 doses or  

continuously or

4 weeks

Amoxycillin or ampicillin 100–200 mg/kg/day IV in 4–6 doses or

Ceftriaxone 2 g/day IV or IM in 1 dose

If beta-lactam allergy present:

Vancomycin 30 mg/kg/day IV in 2 doses

4 weeks Vancomycin levels should be monitored

Relatively resistant to penicillin 

streptococci (MIC 0.250–2.0 mg/L)

Penicillin G 24 million U/day IV in 4–6 doses or continuously or 4 weeks In PVE 6-week duration is recommended

Amoxycillin or ampicillin 200 mg/kg/day IV in 4–6 doses or

Ceftriaxone 2 g/day IV or IM in 1 dose

If beta-lactam allergy, change beta-lactam 

to vancomycin

Plus 2 weeks

Gentamicin 3 mg/kg/day IV or IM in 1 dose

Enterococci and streptococci with 

penicillin MIC.2 mg/L

Amoxycillin or ampicillin 200 mg/kg/day IV in 4–6 doses

Plus

6 weeks

2–6 weeks

Gentamicin 3 mg/kg/day IV or IM in 1 dose 6 weeks

If high-level resistance to  

gentamicin

Ampicillin 200 mg/kg/day IV in 4–6 doses plus ceftriaxone  

4 g/day IV or IM in 2 doses

6 weeks

If allergy or resistance to beta- 

lactams (Enterococcus faecium)

Vancomycin 30 mg/kg/day IV in 2 doses plus gentamicin  

3 mg/kg/day IV or IM in 1 dose

6 weeks Consultation with ID physician  

recommended

If resistance to beta-lactams,  

vancomycin and gentamicin

Daptomycin 10 mg/kg/day IV plus ampicillin 200 mg/kg/day  

IV in 4–6 doses or ertapenem

8 weeks

linezolid 600 mg BID IV

MSSA

NVE

PVE

Flucloxacillin or oxacillin 12 g/day IV in 4–6 doses

Flucloxacillin or oxacillin 12 g/day IV in 4–6 doses with ri-

fampin 900–1200 mg/day IV or PO in 2–3 doses plus

4–6 weeks

$6 weeks Rifampin has been suggested to start  

3–5 later

Gentamicin 3 mg/kg/day IV or IM in 1 dose 2 weeks

MRSA or beta-lactam allergy

NVE

PVE

Vancomycin 30–60 mg/kg/day IV in 2–3 doses or

Daptomycin 10 mg/kg/day IV once daily

Vancomycin 30–60 mg/kg/day IV in 2–3 doses with rifampin  

900–1200 mg/day IV or PO in 2–3 doses

plus

Gentamicin 3 mg/kg/day IV or IM in 1 dose

4–6 weeks

4–6 weeks

$6 weeks

2 weeks

Daptomycin is superior to vancomycin  

for MSSA and MRSA bacteremia with  

vancomycin MIC .1 mg/L. Some experts 

recommend combination of daptomycin 

with fosfomycin or cloxacillin.

HACEK Ceftriaxone 2 g/day IV in 1 dose NVE: 4 weeks

or ampicillin plus gentamicin if beta-lactamases are not  

produced

PVE: 6 weeks Ciprofloxacin is a not well-validated  

alternative

TABLE 117.2 Summary of Treatment Recommendations for IE and the Most Common Pathogens

1For MSSA and MRSA NVE, an alternative regimen is also the combination of sulfamethoxazole 4800 mg/day and trimethoprim 960 mg/day IV in 

4–6 doses plus clindamycin 1800 mg/day IV in 3 doses.
2For multiresistant or fungal pathogens, ID consultation is recommended.
3When vancomycin or aminoglycosides are used, monitoring of drug levels is recommended. Target levels for gentamicin 1 mg/L for trough and 

10–12 mg/L 1-hour post-dose levels. For vancomycin trough levels of 15–20 mg/L and 35–40 mg/L 1-hour postinfusion.

IE, Infective endocarditis; MIC, minimal inhibitory concentration; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive 

S. aureus; NVE, native valve endocarditis; PVE, prosthetic valve endocarditis.

Adapted from 2015 ESC Guidelines for the management of infective endocarditis. Eur Heart J. 2015;36:3075–3128.
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concentration (MIC) .1 mg/L to vancomycin, antimicrobial choices 

include high-dose daptomycin in combination with another antibi-

otic.2 If vancomycin is indicated, drug levels should be followed, with 

trough levels of 25–30 mg/L required for efficacy.17

HEALTHCARE–ASSOCIATED PROSTHETIC  

VALVE ENDOCARDITIS

PVE accounts for 10%–30% of all cases of IE,18 with mortality rates 

ranging between 25% and 60%.19 It occurs in 3%–4% of patients 

within 5 years after surgery (0.3–1.2 per patient-year). More than one-

third is healthcare acquired. Contamination of prosthetic valves dur-

ing this early period occurs either directly at the time of implantation 

by a break in sterile surgical techniques or via transient episodes of 

bacteremia, emanating mostly from infected intravascular catheters 

and wound or skin infections during hospitalization, therefore repre-

senting a real nosocomial infection.19 Early PVE (,1 year) presents 

mostly during the first 2–3 months after surgery.

PVE may manifest as an indolent illness with low-grade fever and 

immune-mediated manifestations or as a fulminant acute febrile dis-

ease with hypotension. When early PVE is caused by S. aureus, the 

clinical picture is accompanied in more than 40% of cases by central 

nervous system (CNS) and intracardiac complications, with a subse-

quent mortality ranging from 42% to 85%. Staphylococci prevail in 

the microbiology of PVE. In the ICE-PCS study, 36.5% of PVE were 

healthcare associated and 70% were acquired in the hospital.19 Of PVE 

cases, 71% were early, the majority diagnosed on day 60 (median on 

day 84). In 43% of HAPVE, an intravascular device was in place.  

S. aureus was the most common pathogen, with a higher MRSA inci-

dence in cases with healthcare–acquired PVE (HAPVE) (34% and 

13.3% ), followed by coagulase-negative staphylococci.19

Recent progress in TEE, applying a high-resolution biplane or mul-

tiplane transducer, has enhanced the diagnostic approach to PVE. 

Sensitivity and specificity of TEE in the diagnosis of PVE exceeds 90% 

versus a sensitivity of 40%–70% with transthoracic echocardiography 

(TTE).20 New diagnostic modalities are currently used and recom-

mended for the diagnosis of PVE, including multislice cardiac com-

puted tomography (CT), 18F-Fluorodeoxyglucose (FDG) positron 

emission tomography (PET), and radiolabeled leukocyte single- 

photon emission computed tomography (SPECT), when suspicion  

for the presence of PVE is high and the TEE is not diagnostic (see  

Fig. 117.1). These new methods have been incorporated in the modi-

fied Duke criteria (see Table 117.1) in the last update of the European 

guidelines of IE, which are effectively used to confirm the diagnosis of 

PVE.20,21 Mortality in PVE is still substantial, being higher in early PVE 

(77% vs. 42% in late PVE). Leading causes of death in early PVE are 

septic shock (36%), congestive heart failure (29%), and renal failure 

(21%).6,22,23 In the ICE-PCS study, overall mortality for PVE was 

22.8% (for HAPVE it was 30.5%). Other factors related to increased 

risk of death are older age; diabetes; early PVE; S. aureus or fungi as the 

pathogen; and complications such as heart failure, stroke, intracardiac 

abscess, and persistent bacteremia.21 The survival rate with medical 

therapy alone in cases of moderate to severe chronic cardiac failure 

caused by prosthesis dysfunction is almost nil. However, valve replace-

ment in this group plus antimicrobial therapy will achieve a survival 

rate of 44%–64%.24 It is noteworthy that PVE recurs in only 6%–15% 

of patients who are operated on with active bacterial invasive infection. 

Treatment duration for PVE is longer, at least 6 weeks.2

Transcatheter valve replacement or implantation (TAVI or TAVR) 

has transformed the management of severe aortic stenosis in pa-

tients with prohibitive or high operative risk and an otherwise grave 

prognosis. IE after TAVI shares clinical, diagnostic, and management 

characteristics with PVE and similar incidence (0.3–2.1 per 100 

person-years). It occurs early postprocedure, with .75% during the 

first year, and 18%–60% are healthcare associated. Enterococcus is 

frequently isolated (19%–34%), a pathogen frequently neglected in 

periprocedural prophylaxis (in 48%, the isolated pathogen was not 

covered by prophylaxis, which should be tailored according to local 

epidemiology of resistance). Complications are common (65%–

87% rendering indication for surgical care), and mortality is ex-

tremely high (in-hospital 11%–64%, 1-year 22%–75%).25

CIEDs include permanent pacemakers, implantable cardioverter 

defibrillators, and cardiac resynchronization therapy devices, and the 

incidence of infection is overall 1–10/1000 device-years, with staphylo-

cocci implicated in the etiology in 60%–80%. CIED-related IE may in-

volve the leads, the endocardium surface, or a valve (most often the 

tricuspid) and arise either from pocket infection or bacteremia. In 

CIED-related IE, complete removal of the system is indicated because 

of increased risk of recurrence and mortality, along with prolonged 

(4–6 weeks) antibiotic treatment. If a new device is essential, implanta-

tion is performed after 72 hours with sterile cultures. If there is evidence 

for remnant valvular infection, implantation is delayed for 14 days.2,26

INFECTIVE ENDOCARDITIS IN THE ICU

Five studies have focused on patients with IE admitted to the intensive 

care unit (ICU) in the past decade.27–31 Patients with IE are admitted 

because of complications (e.g., severe sepsis or septic shock, heart fail-

ure with hemodynamic instability, embolic phenomena especially 

from the CNS, multiorgan failure, or after acute surgery for IE). They 

usually need prolonged hospitalization, and more than 50% undergo 

cardiac surgery, which is a protective factor for mortality. A total of 

15%–20% of IE patients admitted to the ICU are healthcare associated, 

15%–36% involve a prosthetic valve, and one-third are accompanied 

by embolic phenomena most commonly from the CNS. Pathogens 

recorded are usually S. aureus and streptococci. Mortality rates are 

30%–45% among studies for the first 30 days, with risk factors for 

mortality in recent years being high values of severity scores at admis-

sion (SAPS II, SOFA) and multiorgan failure. Long-term mortality has 

been recently studied by Mirabel and colleagues,31 and it was found to 

be 69% for the subsequent 5 years, with risk factors for mortality being 

a high Sequential Organ Failure Assessment (SOFA) score at admis-

sion, the presence of a prosthetic valve, and the size of the vegetation 

(.15 mm). IE may also be acquired in the ICU, usually as a result of 

bacteremia related to a medical procedure, and S. aureus is the most 

common pathogen.32 The expected classic clinical features of IE are 

often absent in ICU patients. For instance, CNS signs resulting from 

sedation may be blunted, and manifestations of renal failure are usu-

ally attributed to septic multiple organ dysfunction syndrome.

Because the risk of HAIE is proportionally increased with the dura-

tion of hospitalization, the diagnosis of IE should always be suspected in 

the presence of a fever of unknown origin with positive blood cultures 

after a prolonged stay in the ICU. The latter suspicion is strengthened in 

patients with prosthetic valves or CIEDs, in those undergoing proce-

dures that may damage the right side of the heart, and whenever bacte-

remia lasts for more than 72 hours after catheter removal and/or positive 

blood cultures that persist 3 days after starting appropriate antimicrobi-

als, especially if the microorganism isolated in blood is S. aureus.33

The diagnostic value of echocardiography in the diagnosis of IE 

and particularly of the transesophageal view has been established. In a 

patient with S. aureus bacteremia, a TTE should always be performed. 

If bacteremia persists beyond 48–72 hours and/or the patient has an 

implantable cardiac device or a prosthetic valve, then a TEE should 

also be performed because the risk of IE is high.34,35 In the case of a 

negative TEE, if clinical suspicion continues to be high, a second ex-

amination should be advocated (a multislice CT for native valves and 
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18F-FDG PET/CT, in addition to radiolabeled leukocyte SPECT/CT for 

prosthetic valves or CIED).2 HAIE in the ICU requires the prompt 

initiation of antimicrobial therapy and cardiosurgical evaluation, 

keeping in mind that mortality increases sharply with S. aureus as a 

pathogen, with age, and with the origin of the infection (i.e., ICU ac-

quired vs. community acquired). Of note, the treatment duration of 

catheter-related staphylococcal (S. aureus) bacteremia aiming to treat 

successfully any seeded valve (as occurs in 23% of the cases) should 

never be shorter than 2 weeks, and echocardiography should be per-

formed before treatment discontinuation. Otherwise, a treatment du-

ration of 4 weeks is recommended.36

Prophylaxis of HAIE, especially in ICU patients, mandates (1) in-

travenous (IV) access and intravascular procedures to be performed 

with aseptic care; (2) IV and intraarterial catheters to remain in place 

for as brief a duration as possible; and (3) tunnelization, although a 

controversial issue, to be considered either as an immediate approach 

for temporary dialysis catheters or as a systemic procedure if the  
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KEY POINTS

• IE remains a rare disease with high morbidity and mortality and a changing 

epidemiologic profile in developed countries.

• IE currently is affecting aging populations with comorbidities and is often 

healthcare associated or related to intracardiac devices or foreign material 

(prosthetic valves, catheters, CIED).

• Major pathogens (90%) include gram-positive cocci, with S. aureus (with in-

creasing rates of MRSA) being the most common pathogen and Enterococcus 

spp. increasing in incidence, both reflecting the extended healthcare–associ-

ated profile of IE in the new era.

• Mortality of HAIE is higher in the elderly, in patients with S. aureus and fungal 

endocarditis, and in patients with complications (e.g., heart failure, stroke, 

intracardiac abscess, persistent bacteremia). Early surgical intervention is 

mandatory and may improve the in-hospital outcome.

• TEE has enhanced our diagnostic approach in HAIE (NVE or PVE), especially 

when the Duke diagnostic clinical criteria are effectively used, and it must 

always be performed in patients with persisting S. aureus bacteremia and 

prosthetic valves or CIED.

• New diagnostic imaging modalities (18FDG-PET/CT, radiolabeled leukocyte 

SPECT/CT, cardiac CT, MRI) are supporting the still challenging early diagno-

sis of IE, especially in the presence of cardiac devices or intracardiac foreign 

material.

• ICU-IE shares overlapping characteristics with HAIE and is either acquired in 

the ICU or is an emergency necessitating critical care, involving native or 

prosthetic valves.

• A multidisciplinary approach for the management of IE is recommended by 

the “endocarditis team” consisting of many specialties in reference centers.

 References for this chapter can be found at expertconsult.com.

catheter has been or will be in place for more than 4 days.37,38 Antimi-

crobial prophylaxis is not justified before performing TEE.2
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when complications or an indication for cardiac surgery is present. A 

multidisciplinary approach can substantially reduce the still unaccept-

ably high morbidity and mortality in patients with IE, as it allows early 

diagnosis and appropriate comprehensive management and follow-up 

during hospitalization and postdischarge. Decision making within the 

endocarditis team must follow a standard protocol that is based on 

current clinical guidelines, and if surgery is indicated, it is best to be 

performed early.
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Fungal Infections
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Medical advances continue to improve the prognosis of patients with 

cancer and other immunodeficiencies. In the past 50 years, the field of 

transplantation has greatly affected the management of patients with 

cancer and renal, cardiac, and liver diseases. Moreover, advances in 

neonatology continue to increase the survival of premature infants. 

These advances have benefited society greatly, but they have also fueled 

the emergence of invasive fungal infections. Candida species first ap-

peared as significant nosocomial pathogens approximately 40 years 

ago.1 For two decades, infections caused by these pathogens increased 

dramatically.

Fungal infections among critically ill patients are primarily caused 

by Candida spp. However, infections caused by other opportunistic 

fungal pathogens, including Aspergillus, Fusarium, Mucorales, and 

Cryptococcus neoformans, also occur in critically ill populations (e.g., 

solid-organ transplant [SOT], hematopoietic stem cell recipients, in-

fluenza, and acquired immunodeficiency syndrome [AIDS] patients). 

Moreover, primary or endemic mycosis caused by Blastomyces derma-

titidis, Coccidioides immitis, and Histoplasma capsulatum can cause 

severe disseminated infection in immunocompetent or compromised 

hosts.

Fungal infections are generally more prevalent in intensive care 

units (ICUs) than on the general medical wards.2 The importance of 

effective preventive measures against invasive fungal infection is 

widely appreciated in leukemia or hematopoietic stem cell transplant 

(HSCT) recipients. As our understanding of these infections contin-

ues to improve, so too does the ability to institute appropriate pre-

ventive measures. In the past decade, the development of agents 

possessing either a different mode or broader spectrum of activity, 

less toxicity, or a reduced propensity to interact with other drugs has 

increased the number of available systematically active antifungal 

agents. Consequently, clinicians can now tailor antifungal therapy to 

specific patients. Moreover, our understanding of antifungal phar-

macodynamics is developing, and methods to measure antifungal 

susceptibility are improving.

FUNGAL INFECTIONS IN THE CRITICALLY ILL

Candida Infections in the ICU
Epidemiology
Candida spp. remain among the 10 most common pathogens of 

healthcare–associated infections, but are the most common cause of 

nosocomial bloodstream infections (BSIs).3 Candida spp. have consis-

tently caused a substantial disease burden for more than a decade.4–7 

However, over the past decade, population-based studies have noted a 

decline in overall incidence, which likely reflects improvements in 

healthcare delivery.8 Worldwide, Candida spp. are the third most fre-

quent cause of infection in ICUs.9 Traditionally, ICUs have a higher 

incidence of Candida BSIs than medical and surgical wards, although 

recent data suggest an increasing prevalence of such infections in non-

ICU patients.2,10–12 Although prior data had suggested the frequency of 

Candida BSIs among ICU patients had declined, estimates from na-

tional secondary databases and population-based studies suggest the 

disease burden may be shifting from the ICU to the general hospital 

population.1,11

Globally, C. albicans remains the most common invasive Candida 

spp.13 However, decreasing trends in the isolation of this species over 

time have been observed in the ICU and non-ICU setting.11,13,14 The 

isolation of C. albicans and C. parapsilosis among neonatal ICU patients 

and the prevalence of C. glabrata infections among adults have been 

widely appreciated.1,13–16 C. albicans is responsible for approximately 

45% of episodes of candidemia.11,17 The incidence of infection caused 

by a particular Candida spp. varies considerably by the clinical service 

on which the patient is hospitalized. However, in general,  

C. albicans is the primary fungal pathogen in the ICU setting and is 

followed by C. glabrata, C. parapsilosis, C. tropicalis, C. krusei, and other 

Candida spp. (i.e., C. guilliermondii, C. lusitaniae).11,17 This rank order 

varies little across infection site, but it may vary with age, underlying 

disease, or local epidemiology.1,13,14,17 Surveillance data have noted that 

candidemia in neonatal ICUs is predominantly the result of C. albicans 

and C. parapsilosis and rarely the result of C. glabrata or other Candida 

spp.1,13,14,17 Surveillance studies have demonstrated that BSI caused by 

C. albicans occurs less frequently with increasing age.1,13,14,17 In contrast, 

C. glabrata is rarely isolated among infants and children but is more 

frequently found with increasing patient age.1,13,14,17

In 2009 a new multidrug-resistant species, Candida auris, first 

emerged and subsequently, infections caused by this species have 

spread across the globe.18–20 Compared with other known non-albicans 

species, the emergence of C. auris has fostered significant concern be-

cause of its rapid global spread and its multidrug-resistance profile. 

Genomic sequencing has identified at least four major phylogenetically 

distinct populations (clades), each of which geographically cluster. 

Widespread genetic variation exists between each clade, but within 

each population, there is minimal genetic diversity.21 Interclade genetic 

variation leads to differences in pathogenicity, biochemical character-

istics, and antifungal susceptibility. For example, strains comprising 

the East Asian clade are associated with noninvasive infections and 

appear to be more susceptible to antifungal therapy than isolates of the 

other three clades.22 C. auris is phenotypically similar to other Candida 

spp., but phylogenetically it is most closely related to Candida haemu-

lonii.23 Historically, C. auris has often been misidentified by commer-

cial assays, so prevalence estimates for this pathogen and the frequency 

with which it causes infections in the ICU are difficult to ascertain.24 

Nonetheless, before its emergence in 2009, it appears the prevalence of 

C. auris was exceedingly rare.21,25 C. auris infections occur in ICUs 
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among critically ill patients of all ages, those undergoing invasive pro-

cedures, or those with serious underlying conditions that affect their 

host defenses.26,27

C. albicans is part of one’s microbiota. Infections, including BSIs 

caused by most Candida spp., particularly C. albicans, arise endoge-

nously from the gastrointestinal mucosa, skin, and urinary tract.28 

Invasive Candida infections occur when alteration of the patient’s mi-

crobiota leads to overgrowth of yeast which, in the presence compro-

mised skin or gastrointestinal mucosa integrity, translocates from its 

commensal environment to the bloodstream.28 Candida spp., including 

C. albicans, may also be transmitted exogenously in ICU settings.29,30 

Exogenous transmission of non-albicans Candida spp. through indirect 

contact with the ICU environment occurs commonly.29 For example, 

C. parapsilosis is known for its ability to form biofilms on catheters and 

inert devices, which enables it to persist in the nosocomial environ-

ment.31 Moreover, it is spread throughout the hospital through hand 

carriage by healthcare workers.31 Infections caused by C. auris can arise 

from colonization, travel to endemic regions, and making contact with 

the hospital environment. C. auris frequently colonizes the axilla and 

groin, but it can also be isolated from a variety of body sites.32 Some 

C. auris isolates demonstrate the capacity to form biofilms and can 

survive on inert surfaces. Estimates suggest that acquisition from a 

contaminated environment or colonized patient can occur in as little as 

4 hours, and invasive infections can reportedly develop within a couple 

days to weeks of admission to an ICU.21,33,34

Detection and Isolation

Candida BSIs are often difficult to detect. Symptomatically, BSIs 

caused by Candida spp. are indistinguishable from BSIs of bacterial 

etiology. Isolating Candida spp. from blood is challenging because they 

are cleared rapidly from the circulation by several organs, particularly 

the liver. Blood and deep-seated tissue cultures yield positive results 

approximately 50% of the time, have slow turnaround, and may not 

manifest until late in the disease course.35–37 Deep-seated tissue 

cultures also must often be collected by invasive techniques, which 

depending on comorbidities, may not be possible.37 Despite these 

limitations, these culture-based methods remain the “gold standard” in 

the diagnosis of candidemia and other forms of invasive candidiasis. 

Moreover, the ability of automated blood culture systems to recover 

Candida spp. has continued to improve, and nonculture methods are 

available that, when used in with culture-based methods, can identify 

more infected patients earlier.38

The biochemical characteristics associated with C. auris are diffi-

cult to distinguish from other species and can vary across clades.  

Consequently, routinely used, commercially available identification 

methods based on phenotypic assimilation/fermentation tests often 

misidentified C. auris as a variety of other Candida spp. Much of the 

problem has been related to the lack of representative isolates, or clade 

diversity, in the databases of most commercially available biochemical 

identification systems. This gap should close over time, with system 

database updates as information and experience with this emerging 

pathogen continue to grow. Molecular methods have some advantages 

over biochemical methods, but such systems are still reliant upon ac-

curate and up-to-date databases for comparison to the analyzed sam-

ple. Still, molecular diagnostic methods developed to enable accurate 

and timely diagnosis should be employed as needed to complement 

biochemical methods.

Mortality

Estimating the mortality caused by Candida infections is challenging, 

particularly in critically ill patients, and is dependent on the underlying 

conditions and specific patient population. Nonetheless, earlier studies 

continually demonstrated Candida BSIs carry a relatively poor progno-

sis. Candida spp. isolated from the blood have been identified as an in-

dependent predictor of mortality.39–41 Whether expressed as part of 

all-cause mortality or as crude mortality estimates, Candida BSIs are 

associated with high rates of death. Estimates for mortality rates associ-

ated with Candida BSIs hospital-wide and in the ICU range from 30% 

to 40%, with rates as high as 72% in certain countries.7,41–46 Reported 

mortality rates associated with the emerging pathogen C. auris have 

varied substantially; whether species-related differences in mortality 

rates exist is difficult to quantify. With more reporting, it is likely that 

mortality rates associated with invasive infections caused by C. auris 

will be similar to that reported with other Candida spp.

Mortality rates associated with candidemia and other forms of in-

vasive candidiasis hospital-wide and in the ICU, though variable, re-

main quite high despite the advent of potent and safer anti-Candida 

antifungal therapy.43,45,47,48 Inadequate treatment may be a reason why 

mortality has not improved despite the availability of potent and safe 

antifungal therapy. Inadequate therapy resulting from delays in ad-

ministration, treatment with an agent to which the organism is resis-

tant, inadequate dosing or treatment duration, or failure to recognize 

and treat candidemia all contribute to the mortality associated with 

Candida BSI.49–55 Delaying initiation of adequate antifungal therapy 

even 12–48 hours is independently associated with mortality in candi-

demia patients.50,51,53,56–58

Candidemia produces significant morbidity and increases the length 

of hospital stay.1,28 Given the severity of illness associated with this 

infection, the added length of stay uses significant healthcare resources.4–6

Risk Factors

Among critically ill patients, risk factors for Candida infections are 

well known.10,59–63 Broad-spectrum antimicrobial use, colonization, 

indwelling vascular catheters, extremes of age, and hemodialysis have 

been consistently identified as independent risk factors for Candida 

BSIs.10,41 Many of these diverse risk factors are commonly present and 

unavoidable in ICUs. The ICU itself provides an ideal environment for 

transmission of Candida spp., including C. auris, among patients; thus 

it is not surprising that prolonged ICU stay has been identified as an 

independent risk factor.33,64 For these reasons, combined with the high 

mortality rates associated with candidemia and invasive candidiasis, a 

variety of predictive models to identify patients most at risk for infec-

tion have been developed using clinical and/or microbiologic vari-

ables. Early efforts using only microbiologic data gained through sur-

veillance cultures focused on the relationship between colonization 

and infection and sought to quantify it through a so-called “coloniza-

tion index.” The use of resource-intensive surveillance cultures and a 

lack robust validation studies limit the usefulness of such approaches.65 

Predictive models based solely on clinical variables generally demon-

strate poor positive predictive values, and consequently have high 

negative predictive values (i.e., they are better at identifying those who 

are unlikely to benefit from antifungal therapy).65 A model designed 

using microbiologic data and clinical variables in non-neutropenic 

patients colonized with Candida spp. with a minimum length of ICU 

stay of 7 days. Performed slightly better at identifying at-risk patients 

and may be useful for recognizing the need for prompt initiation of 

antifungal therapy.66 Although these models may have some utility in 

curbing inappropriate antifungal therapy, they are somewhat compli-

cated to apply, and certain components of individual prediction rules 

may be impractical to collect or determine.60,67 Given the diversity of 

risks associated with developing infection, caution should be used 

when employing predictive models for candidemia and invasive candi-
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diasis in critically ill patients. Clinicians should also be aware of the 

patient population and the clinical conditions used to derive a given 

predictive model and understand it may not be generalizable to their 

patient.65

Opportunistic Fungal Infections in Immunocompromised 
Critically Ill Patients

Invasive Aspergillosis in Critically Ill Patients With 
Hematologic Malignancies

In contrast to Candida spp., the burden of infection caused by Asper-

gillus spp. is small.1,28 Aspergillus spp. cause infection in critically ill 

populations immunocompromised by burns, cytotoxic chemotherapy, 

prolonged corticosteroid therapy, malignancy, leukemia, SOT or 

HSCT, and other congenital or acquired immunodeficiencies. Aspergil-

lus spp. are ubiquitous environmental molds. Although several hun-

dred species of Aspergillus have been described, relatively few are 

known to cause disease in humans. Most Aspergillus infections are ac-

quired exogenously via inhalation. In the absence of an effective im-

mune response, airborne conidia invade sinus or lung vasculature. 

Although the lung is the most common site of invasive aspergillosis, 

Aspergillus spp. also demonstrate tropism for cutaneous, central ner-

vous system (CNS), bone, and cardiac vasculature.68

The incidence of invasive aspergillosis in immunocompromised 

patients varies among specific populations. Among patients with he-

matologic malignancies, those with acute myelogenous leukemia have 

the highest incidence of invasive aspergillosis.69–72 Patients in ICUs are 

at increased risk, and susceptibility in general depends on the use of 

immunosuppressants, structural lung damage, and genetic predisposi-

tion.73–80 Like patients with leukemia, patients undergoing HSCT are at 

high risk for invasive aspergillosis. The incidence of invasive aspergil-

losis varies depending on transplant type but not the type of condi-

tioning regimen (myeloablative vs. nonmyeloablative). The incidence 

is higher among allogeneic HSCT recipients than among autologous 

HSCT recipients. In the HSCT population, whether the incidence of 

invasive aspergillosis is truly increasing or decreasing is difficult to as-

certain, because the rate of autopsy continues to decline. The incidence 

of invasive aspergillosis among SOT is highest among lung transplant 

recipients and lowest among renal transplant recipients. Patients re-

ceiving HSCT or SOT can develop invasive aspergillosis shortly (within 

40 days) after transplantation, but typically it occurs late post-HSCT 

(.40–100 days) or SOT (.90 days).81–86

In patients with acute leukemia or in HSCT recipients, prolonged 

neutropenia after cytotoxic chemotherapy or HSCT is the primary risk 

for early invasive aspergillosis. Risk factors associated with invasive 

aspergillosis in HSCT and SOT recipients vary with time after the 

transplant. However, in general, risks early in the transplant process are 

associated with transplant-related factors (underlying disease, neutro-

penia, type of transplant), biologic factors (hyperglycemia, iron over-

load), and extrinsic factors (excluding spores from the environment, 

air filtration). In contrast, risks for invasive aspergillosis occurring later 

in the transplant process include transplant complications (acute 

graft-versus-host disease [GVHD] [grade $3] and high-dose cortico-

steroid therapy).85

Lesions associated with invasive pulmonary aspergillosis evolve 

over a period of weeks. Computed tomography (CT) findings, espe-

cially nodular infiltrates with “halo sign,” are strongly suggestive of 

invasive aspergillosis and infection from other angioinvasive fungi in 

immunocompromised patients. Moreover, this finding is associated 

with significantly improved response and survival if antifungal therapy 

is initiated shortly upon detection of this sign of infection.87

Recent diagnostic efforts have focused on detecting non–culture-

based serum markers (e.g., galactomannan test, 1,3-b-d-glucan, poly-

merase chain reaction [PCR]). Galactomannan is a cell wall constitu-

ent of Aspergillus spp. that can be detected in the serum during invasive 

infection. The test is specific for invasive aspergillosis and is commer-

cially available as a sandwich enzyme immunoassay (enzyme-linked 

immunosorbent assay [ELISA]) that detects circulating galactoman-

nan. The values from this test have been shown to strongly correlate 

with the clinical outcome of patients with invasive aspergillosis.88–90 

Because 1,3-b-d-glucan is a cell wall component of many fungal 

pathogens, it can be detected by colorimetric detection assays. Al-

though the test is highly sensitive, the presence of 1,3-b-d-glucan in 

the serum is not specific for any fungi. Using both of these non– 

culture-based serum markers may improve the ability to diagnose in-

vasive aspergillosis in high-risk populations and could lead to earlier 

diagnosis or improved monitoring of the success of antifungal ther-

apy.91,92 CT-guided biopsy has a high diagnostic yield, and samples 

should undergo both histopathologic and cultural evaluation.93 The 

combination of radiologic, serologic, cultural, histopathologic, and 

clinical data may ultimately improve the diagnosis of invasive aspergil-

losis and speed up initiation of appropriate antifungal therapy.94

Miscellaneous Pathogens in Critically Ill Patients With 
Hematologic Malignancies

Candida and Aspergillus spp. are the primary fungal pathogens in 

critically ill patients with hematologic malignancies. However, other 

pathogens such as Mucorales, Fusarium, Lomentospora, Scedosporium, 

and other orphan but emerging mold diseases are increasing in fre-

quency.28 Each of these less common organisms has clinical character-

istics or tissue tropism. In addition, they are often less susceptible than 

Aspergillus spp. to systemic antifungal agents. Consequently, infections 

caused by these pathogens are associated with high mortality. Of these, 

the Mucorales are the most common among critically ill patients. 

These angioinvasive pathogens are acquired through inhalation and 

produce a necrotic infection with the highest morbidity and mortal-

ity.95 Rhinocerebral, paranasal, pulmonary with or without transdia-

phragmatic extension, cutaneous, and gastrointestinal infections are 

common manifestations of mucormycosis.96 Common risks are dia-

betic ketoacidosis, immunosuppression, organ transplantation, trau-

matic skin damage, and a prolonged ICU stay.95,97 Pulmonary and 

disseminated infection mostly affects patients with hematologic malig-

nancy; rhinocerebral and paranasal mucormycosis is predominant in 

patients with uncontrolled diabetes.98,99 The “reversed halo” sign in CT 

is indicative of pulmonary mucormycosis; however, diagnosis should 

be enforced by cultural and histopathologic work-up of biopsies.100–102 

Management of mucormycosis, including the important role of surgi-

cal debridement, is detailed in the global guideline for the diagnosis 

and management of mucormycosis.103

Influenza-Associated Pulmonary Aspergillosis
Within the last years, increasing numbers of influenza-associated pul-

monary aspergillosis (IAPA), especially in critically ill patients, were 

described. Most importantly is that immunocompetent patients also 

are at risk to develop invasive aspergillosis after influenza infec-

tion.104–106

Patients with lower respiratory symptoms and respiratory insuffi-

ciency need a thorough clinical work-up in addition to bronchoalveo-

lar lavage with lower respiratory tract samples for galactomannan as-

say; direct microscopy; culture; and bacterial, fungal, and viral PCR. If 

Aspergillus species are recovered either by culture or via PCR testing, 

chest CT should be performed.
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Cryptococcosis, Histoplasmosis, Blastomycosis, and 
Coccidioidomycosis in Critically Ill Patients
Cryptococcus neoformans, Cryptococcus deneoformans, Histoplasma cap-

sulatum var. capsulatum, Blastomyces dermatitidis, and Coccidioides 

immitis are not common pathogens in the ICU setting. These organ-

isms can cause infection in patients with intact immune function. 

However, with the exception of B. dermatitidis, severe infections caused 

by these pathogens are more common among critically ill immuno-

compromised populations, particularly those with AIDS and SOT  

recipients. Cryptococcosis is the third most common invasive fungal 

infection among SOT recipients.28,107

C. neoformans is a ubiquitous encapsulated yeast isolated from di-

verse environmental sources (i.e., soil, trees and plant material, and 

droppings from pigeons). This pathogen is primarily acquired by inha-

lation.108 In the lung, the organism elicits a cell-mediated response 

involving neutrophils, monocytes, and macrophages. The cryptococcal 

polysaccharide capsule, an important virulence factor, facilitates labo-

ratory identification and recognition by host cell-mediated immune 

response and possesses immunosuppressive properties. The advent of 

AIDS significantly altered the incidence of cryptococcosis. Before the 

AIDS epidemic, cryptococcosis was an uncommon disease in the 

United States, but since then, the majority of cases have been associ-

ated with human immunodeficiency virus (HIV) infection.109,110 The 

prevalence of cryptococcosis in HIV in the United States has declined 

with the widespread use of fluconazole and highly active antiretroviral 

therapy to treat HIV infection. Cryptococcosis still produces signifi-

cant acute mortality, but overall long-term outcomes have improved 

dramatically in the past two decades.111 Mortality among HIV-infected 

patients and SOT recipients is similar and is estimated to be approxi-

mately 15%–20%.111–113

Among critically ill immunosuppressed populations, cryptococcal 

infections typically involve the CNS.107 However, HIV-negative patients 

may have only extra-CNS (i.e., skin, soft tissue, or osteoarticular) 

manifestations. The onset of this infection may be acute or gradual, and 

patients often present with nonspecific complaints.114 When the disease 

manifests as subacute meningitis or meningoencephalitis, classic men-

ingeal findings such as photophobia or nuchal rigidity may be absent.

In cases of cryptococcal meningitis, characteristic cerebrospinal 

fluid (CSF) findings may be present; however, CSF leukocyte count can 

be low, and CSF protein and glucose values may be normal. Therefore 

CSF analysis for cryptococcal antigen and culture of the organism  

are required to diagnose cryptococcal meningitis. Detection of the or-

ganism by India ink stain is highly specific but associated with low 

sensitivity. Determination of serum cryptococcal antigen using latex 

agglutination is a highly sensitive and specific test, and therefore it is an 

important component of the diagnosis of cryptococcal disease. In pa-

tients with cryptococcal meningitis, particularly those with AIDS, the 

serum cryptococcal antigen is usually positive, and usually titers are 

very high. Detection of antigen in the CSF strongly suggests infection, 

but in HIV-infected patients, false-negative results can occur in up to 

10%, even in the presence of positive cultures. The definitive diagnosis 

of cryptococcal infection requires a positive culture for C. neoformans.

Histoplasmosis (caused by H. capsulatum var. capsulatum), blasto-

mycosis (B. dermatitidis), and coccidioidomycosis (C. immitis) are the 

major endemic mycoses found in North America. Infections by these 

pathogens are reported primarily in distinct geographic areas, but 

owing to population mobility, they can be reported throughout the 

United States. Diagnosis is established via antigen and antibody detec-

tion from urine or serum, respectively.115,116 H. capsulatum is en-

demically distributed primarily in the Mississippi and Ohio River 

valleys; B. dermatitidis is found primarily in the south central United 

States, the Mississippi and Ohio River valleys, and in certain regions 

of Illinois and Wisconsin. C. immitis is found primarily in the arid 

southwest regions of the United States. Infection with all these patho-

gens is acquired via inhalation. Overall, hospitalization is required in 

an estimated 4.6 and 28.7 cases per million children and adults, re-

spectively.117 Nationwide, endemic mycoses require substantial 

healthcare resources to manage and produce significant crude mortal-

ity rates in children and adults (5% and 7%, respectively).117 The 

severity of histoplasmosis depends on host immune function and the 

extent of exposure, particularly in the immunocompetent host.  

Hematogenous dissemination from the lungs occurs in all infected 

patients, but in immunocompetent hosts, it is controlled by the re-

ticular endothelial system. However, among elderly hosts or those 

with cell-mediated immune disorders (e.g., HIV infection), progres-

sive disseminated infection readily occurs. After inhalation, B. derma-

titidis can disseminate from the lungs to other organs as the yeast 

form. The primary pneumonia is often undetected and resolves with-

out sequelae. Endogenous reactivation in the lungs, skin, or bones is 

often the first sign of infection.

C. immitis requires the inhalation of only a few arthroconidia to 

produce primary coccidioidomycosis. Like the other endemic mycoses, 

in the majority of patients, primary coccidioidomycosis typically 

manifests as an asymptomatic pulmonary disease.118 However, it can 

also manifest as an acute respiratory illness, chronic progressive pneu-

monia, pulmonary nodules and cavities, extrapulmonary nonmenin-

geal disease, and meningitis.119,120

Among critically ill patients, histoplasmosis manifests as either 

chronic pulmonary histoplasmosis or progressive disseminated (extra-

pulmonary) histoplasmosis. Chronic or cavitary pulmonary histoplas-

mosis occurs in middle-aged and elderly patients with underlying lung 

disease that compromises the ability of nonspecific host defenses to 

effectively clear the organism.

Progressive disseminated histoplasmosis occurs in healthy or criti-

cally ill immunocompromised hosts, but it is more common and se-

vere in the latter population (i.e., patients with malignancies or HIV 

infection). The infection can disseminate to a variety of organs, includ-

ing the reticuloendothelial system, oropharyngeal and gastrointestinal 

mucosa, skin, adrenal glands, and kidneys.118

Clinical manifestations of blastomycosis can mimic many other 

diseases, such as tuberculosis (TB) and cancer, but typically occurs as 

an asymptomatic infection, acute or chronic pneumonia, or dissemi-

nated (extrapulmonary) disease.121 Extrapulmonary blastomycosis 

typically afflicts the skin, bones, and genitourinary system.121 Cutane-

ous lesions are the most common skin manifestations of this disease.121 

Extrapulmonary (disseminated) coccidioidomycosis afflicts 1%–5% of 

all patients infected with C. immitis and is deadly if not treated prop-

erly. Even with appropriate treatment, chronic infection is common.119

SYSTEMIC ANTIFUNGAL AGENTS

Amphotericin B Formulations

Amphotericin B Deoxycholate
Amphotericin B deoxycholate (AmB-d), a polyene antifungal agent, 

disrupts biologic membranes, thereby increasing their permeability. 

AmB-d also stimulates the release of cytokines, which causes arteriolar 

vasoconstriction in the renal vasculature.121,122

Pharmacology and pharmacokinetics. The majority (70%) of an 

administered AmB-d dose is recovered from the urine and feces over a 

7-day period; approximately 30% of the administered dose remains in 

the body a week after dosing.123

Overview of toxicity. AmB-d infusion-related reactions, including 

hypotension, fever, rigors, and chills, occur in approximately 70% of 

patients.124–128 These reactions occur early in therapy and often subside 
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with time. Pretreatment regimens consisting of diphenhydramine, ac-

etaminophen, meperidine, and hydrocortisone may be used to prevent 

infusion-related reactions. The efficacy of these regimens is unclear, so 

their routine use is discouraged until the reactions occur, after which 

pretreatment regimens should be employed with subsequent dosing.124 

Although common and noxious, infusion-related reactions rarely 

cause early termination of AmB-d therapy or interfere with the use of 

other medications.

AmB-d also produces dose-related toxicities, including nephrotox-

icity, azotemia, renal tubular acidosis, electrolyte imbalance, cardiac 

arrhythmias, and anemia.122,125 AmB-d–induced nephrotoxicity is the 

most common dose-related toxicity.129 In the ICU this toxicity often 

limits the use of AmB-d or interferes with the ability to use other 

medicines. Saline hydration before dosing can reduce the incidence of 

AmB-d–induced nephrotoxicity, but in the ICU setting, the utility of 

saline hydration may be limited by fluid restriction employed to man-

age the fluid status of critically ill patients. Use of the deoxycholate 

formulation of amphotericin B is discouraged in most, if not all, indi-

cations.130

Lipid Amphotericin B Formulations

Amphotericin B lipid complex (ABLC) and liposomal amphotericin B 

(LAmB) are lipid AmB formulations that in many centers have sup-

planted the use of AmB-d. They retain the activity of AmB-d but have 

significantly less associated nephrotoxicity than the parent drug.129,130

Pharmacokinetic comparisons of lipid amphotericin B formula-

tions. The lipid AmB formulations differ in physicochemical proper-

ties and composition. These differences produce subtle differences in 

their pharmacokinetic behavior that may ultimately prove to be clini-

cally significant. The disposition and activity of these formulations in 

human tissue is poorly characterized. However, animal data indicate 

that high serum concentrations may influence the delivery of lipid 

AmB formulations to certain infection sites such as the CNS and 

lungs.131

Toxicity comparisons of lipid amphotericin B formulations. Com-

pared with AmB-d, the lipid formulations have significantly less asso-

ciated nephrotoxicity.129 The formulations differ in the incidence of 

infusion-related reactions and other adverse events associated with 

AmB-d infusion.127,132 These reactions typically do not result in early 

termination of therapy.132,133 Observational safety comparisons be-

tween ABLC and LAmB suggest the two formulations have a similar 

nephrotoxicity profile, but prospective comparative data suggest 

LAmB is less nephrotoxic than ABLC.129,134 There are few data compar-

ing the safety of lipid AmB formulations to the triazole antifungal 

agents in critically ill patients.

Azole Antifungal Agents
Fluconazole, Itraconazole, Isavuconazole,  

Posaconazole, and Voriconazole
The systemic azoles exert a fungistatic effect by dose-dependent inhibi-

tion of cytochrome P-450 (CYP)–dependent 14a-demethylase, the 

enzyme necessary for the conversion of lanosterol to ergosterol, lead-

ing to the depletion of ergosterol, the essential sterol of the fungal cell 

wall, an event that ultimately compromises cell wall integrity. The de-

gree of inhibition varies among the different azole agents, which ac-

counts for differences in the spectrum of activity.

Pharmacology and pharmacokinetics. The triazoles differ in 

chemical properties, which form the basis of the pharmacokinetic dif-

ferences between the agents and the propensity of this class to interact 

with other medications.

Fluconazole pharmacokinetics in critically ill patients are well estab-

lished.135–137 In surgical ICU patients, fluconazole clearance correlates 

with creatinine clearance (CrCl), and its volume of distribution corre-

lates with body weight.135 In addition, fluconazole volume of distribu-

tion is greater in this population than in healthy volunteers.135 The 

fluconazole half-life is markedly prolonged in surgical ICU patients.135 

In patients with severe renal dysfunction (CrCl ,30 mL/min), some 

recommend dosage reductions of 50%, but such reductions should be 

made cautiously and take into account the infecting pathogen in pa-

tients receiving fluconazole via enteral feeding tubes.135,137 Data suggest 

that the systemic availability of fluconazole is relatively unaffected by 

administration via enteral feeding tubes.137 However, serum concentra-

tions obtained with standard doses administered via an enteral feeding 

tube may not be adequate to treat C. glabrata infections, for example.136 

Moreover, in critically ill abdominal trauma patients with and without 

abdominal wall closure, intravenous (IV) fluconazole may be war-

ranted because the bioavailability of enterally dosed fluconazole in 

these patients is highly variable.135

Itraconazole is a highly lipophilic weak base and practically insolu-

ble in water. It is available as a capsule and as an oral solution formu-

lated in hydroxypropyl-b-cyclodextrin (HP-bCD). The IV solution 

was removed from the US market in 2008; however, this dosage form 

may be available in other countries. Slow and erratic absorption of the 

capsule formulation precludes its use in critically ill ICU patients. HP-

bCD enhances itraconazole solubility and improves its oral systemic 

availability. HP-bCD is poorly absorbed from the gastrointestinal 

tract, stimulates gastrointestinal secretion and propulsion, and causes 

diarrhea.

Under fasting conditions in healthy adults, itraconazole is rapidly 

absorbed from the oral solution, and compared with the capsule, there 

is less interpatient and intrapatient variability in serum concentra-

tions.138 After IV administration, renal elimination of itraconazole is 

negligible, but HP-bCD is renally eliminated (80%–90%). IV itracon-

azole was contraindicated in cases of significant renal impairment 

(CrCl #30 mL/min) because of concerns over the renal accumulation 

of HP-bCD. Itraconazole is extensively metabolized by CYP3A4 to 

produce several metabolites, including one that is bioactive.139 Rare 

cases of congestive heart failure are documented in the literature.140

Isavuconazole has been available as an IV formulation and capsules 

since March 2015. It shows a prolonged half-life of 100–130 hours, 

long persisting tissue levels enabling once-daily dosing after a 1-day 

loading dose, and independence of oral food intake.141–143 Isavucon-

azole clearance is dependent on hepatic CYP3A4/5 metabolism and 

subsequently modification by uridine diphosphate glucuronosyltrans-

ferase (UGT) to be secreted in the feces and bile.144,145

Posaconazole is available as an oral suspension, delayed-release tab-

let, and IV formulation. It exhibits linear pharmacokinetics with dos-

ages between 50 and 800 mg/day.146 However, absorption of the oral 

suspension is saturated at doses exceeding 800 mg/day.146 Posaconazole 

oral suspension absorption is influenced by gastric pH and is optimal 

under acidic conditions. Posaconazole absorption and exposure are 

maximized by dividing the total daily dose four times daily rather than 

administering it as a single dose for the liquid solution.147,148 Posacon-

azole absorption and exposure are also enhanced by administration 

with or shortly after a meal.147 In the ICU, it is often impractical to give 

posaconazole with or shortly after a meal, but absorption and exposure 

are also enhanced by administering the drug with a liquid nutritional 

supplement. With the introduction of posaconazole tablet formulation, 

the issue of pH- and meal-dependent absorption is overcome.149 In 

critically ill patients (e.g., because of severe mucositis or mechanical 

ventilation), the IV formulation is preferred.150 Although posaconazole 

binds extensively (.95%) to plasma proteins, its large estimated vol-

ume of distribution suggests that it distributes widely throughout the 

body, but there are few data describing its penetration into the CSF. 
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Posaconazole is primarily eliminated in feces and urine as unchanged 

drug. Less than 20% of a dose is metabolized, most of which occurs by 

UGT pathways and very little by CYP3A4.151,152

Voriconazole is a derivative of fluconazole with limited aqueous solu-

bility and improved antifungal activity. It is available in IV and oral 

formulations. IV voriconazole contains sulfobutyl ether b-cyclodextrin 

(SBECD) as a solubilizing agent. There are few data on how critically ill 

patients handle voriconazole. In healthy volunteers, voriconazole exhib-

its good oral availability and wide tissue distribution, with hepatic me-

tabolism and renal excretion of metabolites. In patients with moderate 

to severe renal function, SBECD accumulates, and it is recommended 

that oral dosing be used in patients with a CrCl less than 50 mL/min.153 

Oral dosing in critically ill patients is often not possible; therefore how 

SBECD is handled in critically patients on dialysis has been examined. A 

small study observed accumulation of SBECD in three patients during 

hemodialysis. No toxicity resulting from accumulation of SBECD was 

observed, and the accumulated dose values were lower but comparable 

with those used in previous toxicity studies with animals. Nonetheless, if 

possible, use of IV voriconazole in patients on hemodialysis should be 

avoided. Data demonstrate that voriconazole achieves adequate CSF 

concentrations.153,154

For all azoles therapeutic drug monitoring is generally indicated,  

as pharmacokinetic variability is extensive and levels may be unpre-

dictable.155

Overview of toxicity. The azoles are a relatively safe class of drugs 

and are associated with few serious adverse effects. The advent of flu-

conazole and subsequent agents greatly improved the safety of this 

class. All the azoles are associated with gastrointestinal intolerance, 

transient transaminitis, hepatic toxicity, rashes, and dizziness. Nausea, 

vomiting, and diarrhea commonly occur with all agents in this class, 

particularly with oral itraconazole solution. These effects are usually 

observed with high doses of the azoles, but rarely are they severe 

enough to warrant discontinuation of therapy. All azoles may produce 

significant elevations in transaminases. Patients experiencing azole-

associated transaminase abnormalities are asymptomatic, but these 

increases, on rare occasions, can evolve into fatal drug-induced hepa-

titis. The azoles can also produce allergic skin rashes that are generally 

mild and subside with discontinuation of the drug.

Fluconazole is perhaps the safest azole, and doses four to five times 

in excess of the recommended daily dose have been well tolerated. For 

isavuconazole, reported adverse effects are gastrointestinal distur-

bances, transaminase abnormalities, and hypersensitivity reac-

tions.143,145 Whether isavuconazole leads to QTc prolongation or de-

crease of QTc time is not yet understood.143,156,157 The common 

adverse effects associated with posaconazole use have been similar to 

those observed with the other agents in the class (i.e., gastrointestinal, 

transient transaminase abnormalities); however, the tolerability in 

comparison to previous azoles has improved.158 During the phase II 

and III clinical trials, a QTc prolongation was described in 4% of pa-

tients.159 In addition to the adverse effects seen with other azoles, 

voriconazole produces transient visual disturbances in approximately 

30% of patients, which rarely lead to discontinuation of therapy. These 

visual disturbances are acute and include changes in color discrimina-

tion, blurred vision, photophobia, and the appearance of bright spots.

Azole drug interactions. Drug interactions occur primarily in the in-

testine, liver, and kidneys by a variety of mechanisms. In the intestine they 

can occur as a result of changes in pH, complex formation with ions, or 

interference with transport and enzymatic processes involved in gut wall 

(i.e., presystemic) drug metabolism. In the liver, drug interactions can  

occur because of interference with transport proteins and drug-metabo-

lizing enzymes. Drug interactions in the kidney can occur through inter-

ference with glomerular filtration, through active tubular excretion, or by 

other mechanisms. The azoles are one of the few drug classes that can 

cause or be involved in drug interactions at all of these anatomic sites by 

one or more of the mentioned mechanisms. Drug interactions involving 

the azoles have been extensively reviewed.160–162 Several of the drug–drug 

interactions involving the azoles occur class-wide. Therefore when using 

the azoles, the clinician must be aware of the many drug–drug interac-

tions, both real and potential, associated with this class.

Interactions involving the azoles result because of their physico-

chemical properties. All azoles are somewhat lipophilic and thus un-

dergo CYP-mediated metabolism.163 The azoles all inhibit one or more 

CYP enzymes. Itraconazole, posaconazole, and isavuconazole also in-

hibit ABC transporters such as P-glycoprotein (P-gp), which is a trans-

port protein involved in drug distribution.164 Fluconazole is not affected 

by agents that increase gastric pH, but its potential to cause CYP-medi-

ated interactions is more than that suggested by in vitro studies. CYP-

mediated interactions involving fluconazole are often dose dependent 

and can involve drugs metabolized by CYP3A4 (e.g., midazolam, ri-

fampin, phenytoin) and CYP2C9 (e.g., warfarin).160–162 Because of its 

linear and predictable pharmacokinetic properties, these interactions 

may sometimes be avoided or managed by using the lowest effective 

fluconazole dose. In patients with SOT or bone marrow transplantation, 

cyclophosphamide, tacrolimus, and sirolimus levels are increased if flu-

conazole treatment is concomitantly administered.165–168

Itraconazole is subject to pH-based interactions and interactions in-

volving CYP3A4 and P-gp. Drugs that can interact with itraconazole in-

clude agents that increase gastric pH (e.g., protonics) and lipophilic 

CYP3A4 (e.g., HMG-CoA reductase inhibitors, benzodiazepines, immu-

nosuppressive agents), and/or P-gp substrates (e.g., digoxin) with poor 

oral availability.160–162 Agents that increase gastric pH do not affect the 

absorption of voriconazole. However, CYP-mediated interactions involv-

ing voriconazole can involve drugs metabolized by CYP3A4/5 (e.g., 

midazolam, rifampin, phenytoin, tacrolimus), CYP2C9 (e.g., warfarin), 

or CYP2C19 (e.g., omeprazole).160–162,169 Significant pharmacogenomics 

considerations exist for drug–drug interactions with voriconazole be-

cause it interacts with several polymorphic CYP enzymes, most notably 

CYP3A4/5, CYP2C9, and CYP2C19. Such considerations are most rele-

vant in interactions involving tacrolimus, midazolam, and warfarin.162 

Although posaconazole is minimally metabolized by CYP, it inhibits he-

patic CYP3A4.160,161 Like the other azoles, the most clinically significant 

interactions associated with posaconazole involve benzodiazepines (oral 

midazolam), calcineurin inhibitors (cyclosporine, tacrolimus), other im-

munosuppressive agents (sirolimus), and phenytoin.160,161

Isavuconazole acts as a CYP3A4 inhibitor, and its clearance is 

highly dependent on CYP3A4/5 metabolism.145

Drug interactions involving the azoles that are relevant to the ICU 

setting are summarized in Table 118.1.

Emergence of resistance and the selective pressure of azoles. 

Azole resistance in Candida has been widely observed for fluconazole 

and C. albicans; however, resistance to other azoles among other Can-

dida spp. has been reported and studied. Aspergillus fumigatus–resistant 

isolates were detected with a substitution of leucine with histidine in 

the cyp51A gene in combination with a 34 base-pair tandem sequence 

in the promotor gene (TR/L98H) in patients and environmental iso-

lates.170–172 Both, resistant Candida and Aspergillus raised concerns 

about frequency and clinical relevance for patients at high risk of inva-

sive fungal infection.

Echinocandin Antifungal Agents

Caspofungin, Micafungin, and Anidulafungin
Pharmacology and pharmacokinetics. The echinocandins are gener-

ally fungicidal and disrupt cell wall synthesis by inhibiting 1,3-b-d-glucan 

synthase. The echinocandins are active against Aspergillus and Candida 
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 Fluconazole Itraconazole Voriconazole Posaconazole Isavuconazole Comments

CYP Inducers

Carbamazepine X 1 X X X Avoid combination – significantly  
gs azole concentration

Phenobarbital X 1 X X X Avoid combination – significantly  
gs azole concentration

Phenytoin 1 1 1 1 X Avoid combination – significantly  
gs azole concentration

Rifampin 1 1 1 1 X Avoid combination – significantly  
gs azole concentration

CYP Inhibitors

Amiodarone X X X X X Decreases the metabolism of CYP3A4 

substrates

Aprepitant X X X X X Avoid combination

Clarithromycin X X X X X Avoid combination – may h azole 

concentration

Diltiazem X X X X X Monitor therapy

Dronedarone X X X X X Monitor therapy

HAART X X X X X Avoid combination – may h azole 

concentration

Idelalisib X X X X X Avoid combination – may h azole 

concentration

Nilotinib X X X X X Monitor therapy

Verapamil X X X X X Monitor therapy

Benzodiazepines and Anxiolytics

Diazepam 1 1 1 X X Effect of midazolam h’d by triazoles

Midazolam 1 1 1 1 X Effect of midazolam h’d by triazoles

Triazolam 1 1 X X X Effect of midazolam h’d by triazoles

Immunosuppressants

Cyclosporine 1 1 1 1 X Triazoles h calcineurin exposure, troughs

Sirolimus 1 1 1 1 X Triazoles hcalcineurin exposure, troughs

Tacrolimus 1 1 1 1 1 Triazoles h calcineurin exposure, troughs

Gastric pH Modifiers

Antacids X 1 X 2 X Significantly gs itraconazole 

concentration

H2 antagonists 2 1 X X X Significantly gs itraconazole 

concentration

PPIs X 1 X 1 X Significantly gs itraconazole and 

posaconazole concentration

TABLE 118.1 Drug Interactions Involving Azoles in the ICU Setting

1, Interaction documented by clinical study or case series; 2, no interaction documented by clinical study; X, no published data. PPIs, Proton 

pump inhibitors.

Updated from http://www.uptodate.com/crlsql/interact/frameset.jsp on January 15, 2020

spp. In addition, their spectrum of activity extends to Pneumocystis carinii. 

These agents have little or no activity against H. capsulatum, B. dermatiti-

dis, or C. neoformans. The echinocandins are large, poorly absorbed lipo-

peptide compounds and thus are not formulated for oral dosing. The in-

dividual echinocandins all demonstrate linear pharmacokinetic behavior. 

However, each agent differs slightly in how it distributes throughout the 

body and how it is metabolized or degraded. These differences, though, are 

not clinically significant. The echinocandins are not appreciably metabo-

lized by the cytochrome P-450 enzyme system, but their interactions with 

drug transport proteins remain to be elucidated.

Caspofungin binds extensively to plasma proteins (primarily albu-

min). Caspofungin distribution is multiphasic; initially it distributes to 

plasma and extracellular fluid before being actively transported slowly 

into the liver and other tissues via organic anion transport pro-

teins.173,174 The prolonged elimination half-life (8–13 hours) of caspo-

fungin is caused in part by this slow multiphasic distribution.173,174 

  

 

http://www.uptodate.com/crlsql/interact/frameset.jsp
http://www.uptodate.com/crlsql/interact/frameset.jsp


957CHAPTER 118 Fungal Infections

Caspofungin is slowly metabolized in the liver via N-acetylation and 

peptide hydrolysis to inactive metabolites, which are then excreted in 

bile and feces.175 Compared with healthy subjects, caspofungin average 

serum concentrations 24 hours after administration vary greatly and 

are elevated in surgical ICU patients.176,177 Body weight and hypoalbu-

minemia were found to be prognostic factors responsible for these in-

creased caspofungin concentrations.176 The clinical significance of such 

findings is unclear. Dosage adjustment is not required in patients with 

impaired renal function, but the dose should be reduced by 50% in 

patients with significant hepatic impairment.178,179 Micafungin distri-

bution and metabolism are not fully understood. After IV administra-

tion, micafungin binds extensively to albumin and, to a lesser extent, 

alpha-1-acid glycoprotein.180,181 In addition, the hepatic uptake of mi-

cafungin involves transport proteins.180,181 Micafungin is hepatically 

metabolized to several metabolites, and it is predominately eliminated 

as parent drug and metabolites in feces, and the pharmacokinetics are 

unaltered in a state of renal dysfunction.182 Micafungin is a weak CYP 

3A4 inhibitor.183

Of all the other echinocandins, anidulafungin binds the least to 

plasma proteins, has a larger volume of distribution, and achieves 

lower peak (Cmax) serum concentrations.184–186 Anidulafungin is not 

hepatically metabolized, but rather in the plasma, it undergoes slow 

nonenzymatic chemical degradation to an inactive peptide breakdown 

product, which likely undergoes further enzymatic degradation and is 

excreted in feces and bile.185,186 The majority of an anidulafungin dose 

is excreted in feces or urine as unchanged drug.185,186

Toxicity and drug interactions. In general, echinocandins are well 

tolerated but are associated with nonspecific (i.e., fever, headache, 

nausea, phlebitis, rash, elevated hepatic enzymes) adverse effects, 

which are generally mild and rarely cause early discontinuation of 

therapy. Similarly, echinocandins have low potential to interact with 

other drugs.

Pyrimidine Antifungal Agents
5-Fluorocytosine (5-FU; flucytosine)
Pharmacokinetics and toxicity. 5-Fluorocytosine (5-FC) is a fluori-

nated pyrimidine related to 5-fluorouracil, and it is the only agent in 

this therapeutic class. This antimycotic possesses a narrow spectrum of 

activity and is often associated with significant toxicity. Moreover, 

when used as monotherapy, resistance develops rapidly. Orally, 5-FC is 

nearly completely absorbed and distributes to total body water. He-

patic metabolism and protein binding of 5-FC are negligible. Nearly all 

of a dose is renally excreted as unchanged drug, and renal clearance is 

highly correlated with CrCl. Reductions in CrCl prolong the half-life 

of 5-FC.

Myelosuppression is the primary toxicity associated with 5-FC. In 

addition, 5-FC can cause significant rash, nausea, vomiting, diarrhea, 

and liver dysfunction. Flucytosine toxicity is associated with elevated 

drug concentrations and often occurs in the presence of renal dysfunc-

tion. Because 5-FC is primarily used in combination with AmB, the 

effects of renal dysfunction on 5-FC pharmacokinetics and the subse-

quent risk of toxicity cannot be ignored.

Dosing and Therapeutic Drug Monitoring

Therapeutic drug monitoring for 5-FC is beneficial. Ideally, 5-FC serum 

concentrations should be maintained between 25 and 100 mg/mL to 

minimize toxicity and avoid the emergence of resistance. There are several 

nomograms for dosing 5-FC based on CrCl in patients with renal dysfunc-

tion. However, the nomograms are based on serum creatinine measure-

ments; thus they should be used only with chronic renal dysfunction. In 

addition, the nomographs should be used cautiously in elderly patients. 

During therapy, any necessary dosage adjustments should be made on the 

basis of plasma concentrations. Use of lower 5-FC doses (75–100 mg/kg/

day) to minimize toxicity has been advocated. In vitro data suggest anti-

fungal efficacy would not be compromised by such dosing.

IN VITRO SUSCEPTIBILITY TESTING OF  
SYSTEMIC ANTIFUNGAL AGENTS

In vitro susceptibility testing of Candida spp. is widely accepted. Stan-

dardized broth microdilution and disk diffusion methods developed 

by the Clinical and Laboratory Standards Institute (CLSI) and Euro-

pean Committee on Antimicrobial Susceptibility Testing (EUCAST) 

for in vitro susceptibility testing of Candida spp. are reproducible and 

accurate. Interpretative breakpoints for Candida spp. exist for flucon-

azole, itraconazole, voriconazole, 5-FC, echinocandins, and posacon-

azole. For antifungal breakpoints, either CLSI or EUCAST provide 

data categorizing isolates into susceptible, resistant, and intermediate 

isolates.187–193 In contrast to Candida spp., in vitro susceptibility testing 

of C. neoformans is not routinely performed because primary resis-

tance to first-line antifungal drugs (5-FC, AmB, fluconazole) is not 

currently a significant clinical problem, and the susceptibility testing 

methods and interpretive breakpoints for Cryptococcus spp. against any 

antifungal are not validated.194 Validated broth microdilution methods 

for in vitro susceptibility testing methods of Aspergillus spp. for the 

azoles and AmB have been developed, but interpretive breakpoints for 

these agents have not been established.195 Validated agar-based disk 

diffusion methods and commercial kits (Etest) are available and may 

be reliable methods for determining susceptibilities for Aspergillus 

spp.195 Although broth microdilution methods for susceptibility test-

ing for Aspergillus spp. for the echinocandins exist, the minimum in-

hibitory concentration (MIC) is not the ideal measure of drug activity 

for this class of agents.195 The European Committee on Antimicrobial 

Susceptibility Testing Subcommittee on Antifungal Susceptibility Test-

ing (EUCAST-AFST) determined breakpoints based on pharmacoki-

netic and pharmacodynamic data, epidemiologic cutoff values, and 

clinical experience.188

TREATMENT OF FUNGAL INFECTIONS IN THE 
CRITICALLY ILL

Candidiasis in the ICU
There are many options for empirical therapy of fungal infections in 

the ICU. For many years, the poor prognosis associated with invasive 

candidiasis has fueled widespread use of antifungal agents, particularly 

fluconazole, in ICU patients with or without an established source of 

fungal infection.

The paradigms of preventive antimycotic therapy are prophylaxis 

and empirical or “preemptive therapy.” Prophylaxis is generally initi-

ated in a population in anticipation of certain risk factors, regardless 

of whether they ever manifest. There are few data to justify the use of 

this paradigm in the ICU setting,196,197 where concerns regarding selec-

tion of resistant fungal pathogens with indiscriminate antifungal use 

persist.198 Moreover, the risk for invasive candidiasis is not the same for 

all ICU patients, and some risk factors evolve during an ICU stay. 

Therefore universal institution of antifungal prophylaxis in the general 

ICU population is generally discouraged in favor of a more targeted 

approach selectively directed toward those patients at the highest 

risk.196,198 Empiric treatment, or fever-driven approach, describes the 

situation of a patient at risk for invasive candidiasis with persistent 

fever but no other symptom or microbiologic evidence present.

Preemptive therapy is the administration of antifungal treatment be-

fore the occurrence of a septic syndrome in patients with several risk 

factors for infection and evidence of significant Candida colonization.198 
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Historically, AmB-d was the sole option for prevention or treatment of 

candidiasis in the ICU setting. However, the risk of nephrotoxicity and 

the advent of safe and effective alternatives such as the echinocandins 

have diminished its use in the ICU.

Prophylaxis

Most studies of prophylactic antifungal use in the ICU setting have 

evaluated fluconazole. A placebo-controlled study for the prevention of 

intraabdominal Candida infections in a selected group of high-risk 

abdominal surgical patients showed that daily fluconazole (400 mg) 

significantly reduced the incidence of invasive candidiasis.199 This study 

included patients who had recurrent gastrointestinal perforations or 

anastomotic leakages; therefore they were at very high risk of develop-

ing intraabdominal candidiasis. The patients in this study had moder-

ate acuity (APACHE II score 13), but prophylactic fluconazole pre-

vented Candida colonization and dissemination of Candida spp. Similar 

to experiences with HSCT recipients, this study illustrates that when the 

prophylactic paradigm is selectively applied, it may benefit specific pa-

tient populations. This has also been shown in the HSCT popula-

tion.199,200 Similar results were obtained in critically ill surgical patients 

staying in the ICU longer than 3 days.136,137 However, these results 

should be interpreted cautiously. This was a single-center study, and 

true to the paradigm, patient selection was somewhat subjective and 

based on an anticipated ICU stay of 3 or more days and the clinician’s 

experience. Therefore the results may not be widely generalizable. Oth-

ers have also prospectively studied prophylactic fluconazole and shown 

an advantage for low-dose IV fluconazole (100 mg/day) in reducing 

Candida colonization and candidemia, with no effect on either invasive 

candidiasis or overall mortality.201 In this double-blind, randomized, 

placebo-controlled study, all patients received selective digestive decon-

tamination. The incidence of Candida infections, particularly candi-

demia, was significantly less in the fluconazole-treated patients.

Using these three studies and others that included ketoconazole or 

nonabsorbable antifungal agents, three meta-analyses have attempted 

to provide further insight into the role of antifungal prophylaxis in 

critically ill patients, but with disparate results. One analysis concluded 

that prophylactic fluconazole administration to prevent mycoses in 

surgical ICU patients successfully decreased the rate of fungal infec-

tions, but it did not improve survival.202 Conversely, a second analysis 

demonstrated that antifungal prophylaxis indeed reduced the risk of 

candidemia and resulted in a reduction of overall mortality and at-

tributable mortality (31% and 79%, respectively).203 The third and 

perhaps most rigorous meta-analysis demonstrated that antifungal 

prophylaxis in non-neutropenic critically ill patients reduces proven 

invasive fungal infections by approximately half and total mortality by 

approximately one-quarter.196 Although the analyses had slightly dif-

fering results, all concluded that if antifungal prophylaxis is employed, 

it should be done selectively and targeted toward those patients at high 

risk of developing infection.196,202,203 Thus what the prophylactic stud-

ies have highlighted is the need to identify high-risk patients for em-

piric or preemptive therapy.

Empiric Therapy

Empiric therapy is defined as a fever-driven approach in a persistently 

febrile patient at risk for invasive candidiasis without microbiologic 

proof of infection. Early treatment of presumed candidemia is favor-

able, as it is associated with higher survival rates. However, current 

clinical trials could not show statistically significant prevention of in-

vasive candidiasis.36,204,205 The optimal time to start empiric antifungal 

therapy remains unclear. The choice of the antifungal administered 

should be based on local epidemiology and currently administered 

drugs (interactions).

Preemptive Therapy (Diagnosis-Driven Approach)

There are few randomized prospective data addressing preemptive 

therapy. Nonetheless, in the absence of mechanisms to identify pa-

tients who would most benefit by preemptive antifungal therapies, this 

strategy shares similar drawbacks to the prophylactic strategy. How-

ever, a growing body of data clearly demonstrates the importance of 

early institution of antifungal therapy in the adult ICU.50,52,53,56,57,206 

There are a number of predictive rules of varying complexity described 

in the literature. All of the studies have produced different predictive 

algorithms; few have been prospectively validated.67 Although the 

methods are improving, published methods have yet to be widely ap-

plied in ICU patients as part of routine practice. Moreover, there are 

few data describing the outcomes associated with preemptive therapy 

instituted based on a predictive rule. One small study assessed the use 

of a scoring system to identify high-risk patients and demonstrated 

that fluconazole significantly decreased the incidence of invasive can-

didiasis in patients with a corrected colonization index (CCI) of 

$0.5.207 Another prospective study to assess whether preemptive anti-

fungal therapy in high-risk ICU patients (CCI $0.4) would reduce 

invasive candidiasis demonstrated a significant decrease in the inci-

dence of surgical ICU–acquired invasive candidiasis with preemptive 

therapy compared with historical controls.208 However, to generate the 

CCI, required weekly surveillance cultures at multiple anatomic sites 

in all ICU patients is necessary. This method is not practical for most 

ICUs, and it is doubtful that the CCI could be used with similar success 

without routine surveillance cultures.60 The serologic detection of 

1,3-b-d-glucan, which is not specific for Candida spp., is a useful tool 

for ruling out invasive fungal infection.35

With the exception of fluconazole, there are few prospective data 

assessing the efficacy of other antifungal agents as preemptive therapy 

in the ICU. Administering itraconazole capsules through feeding and 

nasogastric tubes, as used in ICU patients, is difficult. Although the 

oral solution solves this problem, there are few data assessing its ef-

fectiveness in preventing or treating invasive candidiasis. Furthermore, 

the use of itraconazole in critically ill patients is also limited by a sig-

nificant drug–drug interaction profile with agents commonly used in 

the ICU.

In case of invasive candidiasis caused by multiresistant C. auris, 

expert consultation at national or international reference centers with 

regard to susceptibility testing and tailored treatment should be 

sought. The newly developed EQUAL Candida Score (a European 

Confederation of Medical Mycology [ECMM] score derived from cur-

rent guidelines to measure the QUAlity of Clinical Candidaemia Man-

agement) aids in guideline-conforming diagnosis and treatment.209,210

The recommended antifungal therapy for candidiasis in the ICU 

setting is summarized in Table 118.2.

Invasive Aspergillosis, Mucormycosis, and Other 
Opportunistic Mycoses in Bone Marrow Transplantation
Fever and neutropenia are common among critically ill immunocom-

promised individuals with hematologic malignancies. Although fever 

can be the result of many causes, these patients, and particularly leuke-

mia and HSCT recipients, are at risk of developing invasive fungal in-

fections caused by Candida, Aspergillus spp., or Mucorales. Owing to 

the difficulty in diagnosing infections caused by these pathogens, anti-

fungal prophylaxis is standard in HSCT patients. Fluconazole has been 

shown to decrease the incidence of invasive infections with Candida 

spp. and is widely used in the prophylactic paradigm.199 As stated pre-

viously, invasive aspergillosis occurs relatively late after transplanta-

tion. Therefore persistently febrile HSCT recipients should be treated 

empirically with antifungal agents with activity against molds, particu-

larly Aspergillus spp.
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Infection Recommended Treatment Alternative Treatment

Invasive Aspergillosis

Targeted therapy VCZ, 6 mg/kg IV q12h for 1 day, followed by 4 mg/kg q12h; oral dose  

is 200 mg q12h if already administered IV; if not, loading is needed or 

ISA, 200 mg TID IV for 2 days, followed by 200 mg/d IV thereafter. Oral 

dose is 200 mg/d if already administered IV; if not, loading is needed.

Consider if prior azole exposure, L-AmB, 3 mg/kg/d IV

Caspofungin 70 mg IV on day 1 and 50 mg/d IV thereafter. 

If body weight .80 kg, consider continuation with 

70 mg/d IV.

Empirical therapy  

(fever-driven approach)

Caspofungin 70 mg IV on day 1 and 50 mg/d IV thereafter. If body weight 

.80 kg, consider continuation with 70 mg/d IV.

Prophylaxis invasive  

aspergillosis

PCZ tablet 300 mg BID PO on day 1 and 300 mg/d PO thereafter.

PCZ 300 mg BID IV on day 1 and 300 mg/d IV thereafter in patients  

unable to swallow.

Invasive Candidiasis (Candidemia)*

Treatment  

(non-neutropenic)

Alphabetic order

Echinocandin – Anidulafungin 200 mg IV on day 1 and 100 mg/d IV thereafter 

or caspofungin 70 mg IV on day 1 and 50 mg/d IV thereafter (if body weight 

.80 kg, consider continuation with 70 mg/d IV) or micafungin 100 mg/d IV 

– Consider local epidemiology (C. parapsilosis, C. krusei) and 

susceptibility testing – if C. parapsilosis switch to FCZ 400 mg/d IV.

L-AmB 3 mg/kg/d or VCZ 6 mg/kg IV q12h for 1 day, 

followed by 4 mg/kg q12h; oral dose is 200 mg q12h.

Treatment (neutropenic) Caspofungin 70 mg IV on day 1 and 50 mg/d IV thereafter (if body  

weight .80 kg, consider continuation with 70 mg/d IV) or micafungin 

100 mg/d IV.

Anidulafungin 200 mg IV on day 1 and 100 mg/d IV  

thereafter or L-AmB 3 mg/kg/d. FCZ 400 mg/d IV 

should be used as step-down only.

Suspected candidiasis 

treated with empirical 

antifungal therapy 

(non-neutropenic  

patients)

Early treatment for suspected candidiasis is associated with higher  

survival. However, because of lack of data, no specific drug can be  

recommended. Choose according to local epidemiology, administered 

drugs (interactions) from antifungals recommended for candidemia. 

Suspected candidiasis 

treated with empiric 

antifungal therapy 

(neutropenic patients)

L-AmB 3 mg/kg/d or caspofungin 70 mg IV on day 1 and 50 mg/d 

IV thereafter (if body weight .80 kg, consider continuation with 

70 mg/d IV).

Micafungin 100 mg/d IV or VCZ 6 mg/kg IV q12h for 

1 day, followed by 4 mg/kg q12h; oral dose is 200 mg 

q12h.

Prophylaxis FCZ 400 mg/d while patients are at high risk. Micafungin 50 mg/d IV, caspofungin 70 mg IV on day  

1 and 50 mg/d IV thereafter (if body weight .80 kg, 

consider continuation with 70 mg/d IV).

Mucormycosis

Targeted therapy L-AmB 5–10 mg/kg/d IV. ISA 200 mg TID IV for 2 days, followed by 200 mg/d IV 

thereafter.

PCZ 300 mg BID IV on day 1 and 300 mg/d IV thereafter.

Prophylaxis PCZ tablet 300 mg BID PO on day 1 and 300 mg/d PO thereafter.

TABLE 118.2 Summary of Recommended Antifungal Therapy for Aspergillosis, Candidiasis, 
and Mucormycosis in the ICU Setting

Adapted from Mora-Duarte J, Betts R, Rotstein C, et al. Comparison of caspofungin and amphotericin B for invasive candidiasis. N Engl J Med. 

2002;347:2020–2029; Pappas PG, Kaufman CA, Andes D, et al. Clinical practice guidelines for the management of candidiasis: 2009 update by the 

Infectious Diseases Society of America. Clin Infect Dis. 2009;48:503–535; Walsh TJ, Anaissie EJ, Denning DW, et al. Treatment of aspergillosis: 

Clinical practice guidelines of the Infectious Diseases Society of America. Clin Infect Dis. 2008;46:327–360; Ullmann AJ, Aguado JM, Arikan-Akda-

gli S, et al. Diagnosis and management of Aspergillus diseases: Executive summary of the 2017 ESCMID-ECMM-ERS guideline. Clin Microbiol In-

fect. 2018;24(Suppl 1):e1–e38; Cornely OA, Alastruey-Izquierdo A, Arenz D, et al. Global guideline for the diagnosis and management of mucormy-

cosis: An initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research 

Consortium. Lancet Infect Dis. 2019;19(12):PE405–E421; Cornely OA, Bassetti M, Calandra T, et al. ESCMID guideline for the diagnosis and man-

agement of Candida diseases 2012: Non-neutropenic adult patients. Clin Microbiol Infect. 2012;18(Suppl 7):19–37; Ullmann AJ, Akova M, Herbre-

cht R, et al. ESCMID guideline for the diagnosis and management of Candida diseases 2012: Adults with haematological malignancies and after 

haematopoietic stem cell transplantation (HCT). Clin Microbiol Infect. 2012;18(Suppl 7):53–67; and Koehler P, Cornely OA. Contemporary strategies 

in the prevention and management of fungal infections. Infect Dis Clin North Am. 2016;30(1):265–275.

*In case of invasive candidiasis caused by multiresistant C. auris, expert consultation at national or international reference centers with regard to 

susceptibility testing and tailored treatment should be sought. First-line therapy remains an echinocandin, provided that specific susceptibility test-

ing follows as soon as possible.

BID, Twice daily; FCZ, fluconazole; ISA, isavuconazole; ITZ, itraconazole; IV, intravenous; L-AmB, liposomal amphotericin B; PCZ, posaconazole; 

PO, per os; TID, three times a day; VCZ, voriconazole.
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For many years “high-dose” AmB-d was employed as standard 

empirical therapy of invasive aspergillosis, but within the last decade, 

based upon data from a randomized trial that compared voricon-

azole with AmB and suggested superiority with the azole, voricon-

azole has been considered the gold-standard therapy of documented 

and suspected aspergillosis.211 Although voriconazole is considered 

an initial option for prophylactic therapy, the choice of therapy may 

vary based upon the individual’s organ function. Voriconazole may 

not be ideal in cases where liver disease is present or if the patient is 

being treated with concomitant medicines that interact with this 

azole. Similarly, the presence of reduced renal function may preclude 

the use of lipid AmB formulations. Fluconazole lacks activity against 

molds. Itraconazole has activity against Aspergillus spp., but as dis-

cussed previously, the capsule dosage form is not suitable for many 

critically ill patients and produces erratic blood levels. The oral solu-

tion of itraconazole is not well tolerated and is commonly associated 

with diarrhea. If available, IV itraconazole solution suffers the same 

drawback as lipid AmB formulations in patients with diminished 

renal function. With the new tablet and IV formulations, posacon-

azole can be administered to critically ill patients independent of 

food intake or oral application.

The latest development and clinical data on isavuconazole show 

noninferiority in comparison with voriconazole for the treatment of 

invasive aspergillosis, but improved tolerability.156 With their lack of 

toxicity and low propensity for drug–drug interactions, the echinocan-

dins are promising agents for empirical therapy of invasive aspergil-

losis in critically ill patients.

For influenza-associated pulmonary aspergillosis pneumonia, 

neuraminidase inhibitors are first-line therapy. Antifungals are com-

bined as described earlier (mainly voriconazole or isavuconazole). 

Vaccination is most important to decrease influenza-related illness, 

especially in patients with comorbidities.104 The newly developed 

EQUAL Aspergillosis Score aids in guideline-conforming diagnosis 

and treatment.212

Patients with profound immunosuppression are at risk for mucor-

mycosis, and targeted treatment differs considerably from therapy of 

Invasive Aspergillosis (IA). With surgery being an integral part of 

therapy, as it decreases mortality, initiation of high-dosage liposomal 

amphotericin B or isavuconazole appears warranted.101,103,156,157,213 A 

combination of isavuconazole or posaconazole with high-dose L-

AmB may be needed in patients with extensive disease.101,103 The 

newly developed EQUAL Mucormycosis Score aids in guideline-con-

forming diagnosis and treatment.214

Recommended antifungal therapy for the treatment of invasive 

aspergillosis and mucormycosis in the ICU setting is summarized in 

Table 118.2.

Cryptococcosis, Histoplasmosis, and Blastomycosis
Although cryptococcosis, histoplasmosis, blastomycosis, and coccidioi-

domycosis are not considered nosocomial mycoses, patients with severe 

infections may require intensive care. The treatment of cryptococcosis, 

and particularly that in the CNS, evolved from a series of classic clinical 

trials. Current guidelines base their recommendations on the best data 

available to address unresolved questions surrounding treatment of this 

infection.215 Recommended antifungal therapy for treatment of crypto-

coccosis in the ICU setting is summarized in Table 118.3.

Management of Increased ICP in CNS Cryptococcosis

Elevations in intracranial pressure (ICP) occur in more than half of 

patients with cryptococcal meningitis and contribute significantly to 

the morbidity and mortality associated with this infection.215 There are 

much less data on treatment of HIV-negative patients with acute ele-

vated ICP with regard to recommendations of pressure control. There-

fore ICP management may be underused in the management of non–

HIV-infected patients with CNS cryptococcosis. Persistent elevations 

in ICP should be managed by sequential lumbar punctures.215 If neces-

sary, more invasive procedures, including insertion of a lumbar drain 

or placement of a ventriculoperitoneal shunt, should be performed.215 

The frequency with which sequential lumbar punctures are performed 

depends on the initial opening pressure and symptoms. For patients 

with elevated baseline opening pressure, lumbar puncture should be 

done to reduce the pressure 50% and performed daily to maintain the 

ICP in the normal range.215

Serum and CSF antigen titers are important in establishing the 

presumptive diagnosis and assessing the prognosis of CNS infection. 

The test measures cryptococcal polysaccharide capsule antigens but 

does not differentiate viable from nonviable organisms. Therefore 

once therapy is started, treatment decisions should not be based on 

antigen test results.215 A reduction in antigen titers during therapy is 

desired, but treatment decisions should be based on culture results. 

The newly developed EQUAL Cryptococcosis Score aids in guideline-

conforming diagnosis and treatment.216

Treatment of Histoplasmosis in Critically Ill Patients

Although there are no comparative studies, the efficacy of individual 

antimycotics for therapy of chronic and disseminated histoplasmosis 

has been well documented. AmB-d and itraconazole have proven effi-

cacy. The efficacy of 6 weeks to 4 months of AmB-d therapy for 

chronic infection is approximately 75%; however, relapse is common. 

The efficacy of itraconazole ranges from 75% to 85%, but, as is the case 

for AmB-d, relapse may be common. In vitro susceptibility of H. cap-

sulatum to fluconazole is poor, and generally it is not used to treat this 

infection. Voriconazole and posaconazole are likely effective in the 

treatment of histoplasmosis, but data assessing their safety or efficacy 

as treatment for this infection are lacking.

The efficacy of AmB-d for therapy for disseminated histoplas-

mosis among immunocompetent patients is 70% to 90%. Therefore 

AmB-d is recommended initially in severely ill patients. In a small 

study, all patients responded to itraconazole 200 to 400 mg daily.217 

Once an adequate response is noted to AmB-d, therapy can be 

switched to itraconazole.217 Few data exist concerning the efficacy 

of the lipid AmB formulations as therapy for disseminated histo-

plasmosis in immunocompetent patients. Recommended antifun-

gal therapy for treatment of histoplasmosis in the ICU setting is 

summarized in Table 118.3.

Treatment of Disseminated (Extrapulmonary)  
Blastomycosis in the Critically Ill

Disseminated blastomycosis and diffuse pulmonary infection are 

both associated with significant mortality. Treatment of these infec-

tions produces cure rates ranging from 85% to 90%, and the effec-

tive agents cause little associated toxicity.119 The optimal duration of 

therapy for the treatment of blastomycosis with existing antifungal 

agents is unknown and has been empirically derived from noncom-

parative studies and clinical experience. In cases of life-threatening 

infections or extrapulmonary disease and in patients who are se-

verely immunocompromised or have already failed therapy with an 

azole, the risk of relapse is high.119 Therefore the duration of therapy 

is lengthy to prevent relapse. Patients can be switched to safer azole 

therapy when significant improvement is observed.119 Pharmaco-

logic treatment of blastomycosis in the ICU setting is summarized 

in Table 118.3.
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Infection Recommended Treatment(s) Alternative Treatment

Cryptococcosis

CNS infection (HIV infected) –  

Antiretroviral therapy should  

be delayed to avoid immune  

reconstitution syndrome

Induction: AmB-d 0.7–1 mg/kg/d IV 1 5-FC 100 mg/kg/d PO or L-AmB 3–6 mg/kg/d 

IV or ABLC 5 mg/kg/d IV 1 5–FC 100 mg/kg/d PO for 4–6 wk, Consolidation: FCZ 

or ITZ 400 mg/d PO for 8 wk, followed by maintenance with FCZ 200 mg/d PO if 

disease free and CD4 count .200 m/L

AmB-d 0.7–1 mg/kg/d IV 1 FCZ 

800 mg/d PO

FCZ $800–1200 mg/d PO favorable 

1 5-FC 100 mg/kg/d PO

CNS infection (transplant  

recipient)

Induction therapy: L-AmB 3–6 mg/kg/d IV or ABLC 5 mg/kg/d IV 1 5-FC 100 mg/kg/d 

PO for at least 2 wk

Consolidation therapy: FCZ 400–800 mg/d PO for 8 wk

Maintenance therapy: FCZ 200–400 mg/d PO for 6 mo to 1 yr

L-AmB 6 mg/kg/d or ABLC 5 mg/kg/d for 

4–6 wk

CNS infection (non-HIV,  

nontransplant recipient)

Induction: AmB-d 0.7–1 mg/kg/d IV 1 5-FC 100 mg/kg/d PO for at least 4 wk or 

AmB-d 0.7–1 mg/kg/d IV for $6 wk or L-AmB 3–6 mg/kg/d IV or ABLC 5 mg/kg/d 

IV 1 5-FC 100 mg/kg/d PO, if possible $4 wk or AmB-d 0.7 mg/kg/d IV 1 5-FC, 

100 mg/kg/d PO for 2 wk

Consolidation therapy: FCZ 400–800 mg/d PO for 8 wk

Maintenance therapy: FCZ 200 mg/d PO for 6 mo to 1 yr

Histoplasmosis

Acute pulmonary (moderately 

severe to severe)

L-AmB 3–5 mg/kg/d IV; or AmB 0.7–1 mg/kg/d IV for 1–2 wk  corticosteroids, then 

ITZ 200 mg PO BID for 12 wk

Progressive disseminated  

histoplasmosis (moderately  

severe to severe)

L-AmB 3–5 mg/kg/d IV or ABLC 5 mg/kg/d IV; or AmB-d 0.7–1 mg/kg/d IV for 

1–2 wk; followed by ITZ 200 mg PO BID for at least 1 yr

Blastomycosis

Pulmonary (moderately severe 

to severe)

L-AmB 3–5 mg/kg/d IV; or AmB-d 0.7–1 mg/kg/d IV until clinical improvement; 

followed by ITZ 200 mg PO BID for 6–12 mo

Extrapulmonary (Disseminated)

CNS L-AmB 5 mg/kg/d IV until clinical improvement; followed by an oral azole for at least 

1 yr (e.g., FCZ 400–800 mg/d PO or ITZ 200 mg PO BID)

Non-CNS (moderately severe  

to severe)

L-AmB 3–5 mg/kg/d IV; or AmB-d 0.7–1 mg/kg/d IV for 1–2 wk; followed by ITZ 200 

mg PO BID for 12 mo

TABLE 118.3 Summary of Recommended Antifungal Therapy for Cryptococcosis and Endemic 
Mycoses in the ICU Setting

Adapted from Perfect JR, Dismukes WE, Dromer F, et al. Clinical practice guidelines for the management of cryptococcal disease: 2010 update by 

the Infectious Diseases Society of America. Clin Infect Dis. 2010;50:291–322; Wheat LJ, Freifield AG, Kleiman MB, et al. Clinical practice guidelines 

for the management of patients with histoplasmosis: 2007 update by the Infectious Diseases Society of America. Clin Infect Dis. 2007;45:807–825; 

Limper AH, Knox KS, Sarosi GA, et al. An official American Thoracic Society statement: Treatment of fungal infections in adult pulmonary and critical 

care patients. Am J Respir Crit Care Med. 2011;183(1):96–128; and Chapman SW, Dismukes WE, Proia LA, et al. Clinical practice guidelines for the 

management of blastomycosis: 2008 update by the Infectious Diseases Society of America. Clin Infect Dis. 2008;46:1801–1812.

CONCLUSIONS

Invasive fungal infections are widespread in critically ill patients. Spe-

cifically in the ICU setting, Candida spp. are a common cause of noso-

comial BSIs. Many risks are associated with the ICU environment or 

the patients’ underlying disease states that predispose them to infec-

tions with these pathogens. In addition, historically, because of the 

high mortality associated with BSIs caused by C. albicans, this species 

has been the primary fungal pathogen of concern. Although the epide-

miology of Candida isolates in the ICU continues to shift, whether the 

changing epidemiology is a consequence of injudicious antifungal use 

is a matter of speculation and debate. Nonetheless, the steady increase 

in BSIs caused by C. glabrata, a species with reduced susceptibility to 

antifungal therapy, is concerning. Furthermore, select populations of 

critically ill patients are at risk of developing life-threatening infections 

resulting from Aspergillus spp., Fusarium spp., and the Mucorales. 

These pathogens are angioinvasive and often respond poorly to anti-

fungal therapy. The endemic mycoses (e.g., histoplasmosis, blastomy-

cosis, and coccidioidomycosis) are not typically a concern in the ICU 

setting, but patients with severe infections caused by B. dermatitidis, 

H. capsulatum, or C. immitis will often require intensive care.

Methods to perform antifungal susceptibility tests on a variety of 

pathogens, particularly Candida spp., are becoming routine in clinical 

practice. There is improved understanding of antifungal resistance and 

the pharmacodynamic actions of antifungal drugs. This understanding 

may ultimately lead to more rational use of antifungal agents and im-

proved outcomes in infected patients. The advent of additional safer 

agents means that the available drugs differ sufficiently in terms of toxic-

ity and potential for drug–drug interactions and that clinicians have the 

luxury of choice when tailoring antifungal therapy to a specific patient.

5-FU, 5-Fluorouracil; ABLC, amphotericin B lipid complex; BID, Twice daily; CNS, central nervous system; FCZ, fluconazole; HIV, human immuno-

deficiency virus; ITZ, itraconazole; IV, intravenous; L-AmB, liposomal amphotericin B; PO, per os; VCZ, voriconazole.
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Overview

• Generally, fungal infections are more prevalent in ICUs than on the general 

medical wards. Although Candida spp. are the most commonly isolated fungi 

in critically ill patients, infections caused by other opportunistic fungal patho-

gens (i.e., Aspergillus, Cryptococcus neoformans, Fusarium, and Mucorales) 

are also a concern in selected critically ill populations.

• New antifungal agents differ in mode and spectrum of activity, toxicity, and 

propensity to interact with other drugs. Antifungal therapy has to be tailored 

to the specific fungal pathogen and the needs of the patient.

Fungal Infections in the Critically Ill

• Candida albicans is the primary fungal pathogen in the ICU setting, but the prevalence 

of a given species may vary with age. For example, candidemia among neonates is 

predominantly the result of C. albicans and C. parapsilosis and rarely because of 

C. glabrata or other Candida spp. In adults, C. glabrata and C. albicans predominate.

• Age differences in the isolation of specific species may have important reper-

cussions for infection control, dosing, and selection of antifungal agents in 

older critically ill patients.

• BSIs caused by C. glabrata have continually become more prevalent.

• In the ICU, Candida BSIs are common and difficult to detect, and consequently 

they carry a relatively poor prognosis. Although isolation techniques have 

improved, the attributable mortality rate associated with Candida BSIs is 

35%, and Candida spp. are the only BSI pathogens that are an independent 

predictor of mortality. In surviving patients, candidemia adds approximately  

1 month to the length of hospital stay.

• Critically ill patients with hematologic malignancies are at high risk for infections 

caused by Candida, Aspergillus spp., and Mucorales. Infections resulting from these 

pathogens are associated with high mortality. Influenza-associated pulmonary  

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Garey KW, Rege M, Pai MP, et al. Time to initiation of fluconazole therapy 

impacts mortality in patients with candidemia: a multi-institutional study. 

Clin Infect Dis. 2006;43:25–31.

Inadequate antimicrobial treatment is an independent determinant of hospi-

tal mortality, and in companion publications, this group demonstrated the 

most common causes of inappropriate therapy for fungal BSIs are omission of 

initial empirical therapy and incorrect dosing of fluconazole. In this work, the 

authors link inadequate therapy to mortality. They demonstrate that delays 

in initiation of therapy of more than 24 hours were independently associated 

with mortality in candidemia patients. The rate of development of newer and 

more potent antifungal agents is tailing off. Thus this work, which has been 

subsequently corroborated, illustrated that current antifungal agents, if used 

properly, can perhaps help reduce mortality more than realized to date. In 

addition, it calls attention to the need to focus on early appropriate therapy 

as a strategy to reduce the significant mortality associated with candidemia.

Golan Y, Wolf MP, Pauker SG, et al. Empirical anti-Candida therapy among 

selected patients in the intensive care unit: a cost-effectiveness analysis. 

Ann Intern Med. 2005;143:857–869.

Few studies have prospectively evaluated antifungal prophylaxis, and meta-

analyses of these studies all produce slightly different conclusions. However, the 

meta-analyses all agree that in the ICU, targeted empirical therapy directed at 

targeted high-risk ICU patients is probably a better strategy than general prophy-

laxis. However, even fewer studies have prospectively evaluated empirical therapy 

directed at targeted high-risk ICU patients. This study provides a decision ana-

lytic model to evaluate the cost-effectiveness of empirical anti-Candida therapy 

given to high-risk patients in the ICU, defined as those with altered temperature 

(fever or hypothermia) or unexplained hypotension despite 3 days of antibacterial 

therapy in the ICU. In doing so, they identify that although empirical caspofungin 

aspergillosis does not need underlying hematologic malignancy or immunosuppres-

sion as a prerequisite and shows high morbidity in critically ill patients.

Systemic Antifungal Agents

• AmB-d possesses a broad spectrum of activity and a long history of use with 

little acquired resistance, but its toxicity is significant, and it is potentially 

costly. In low doses for short courses, this agent is tolerable.

• Lipid AmB formulations are safer than AmB-d, but their cost may limit their use.

• Triazoles (azoles) possess a broad spectrum of activity and are relatively safe, but 

they interact with a vast array of drugs that are commonly used in ICU populations.

• Echinocandins are safe and interact with few drugs, but their spectrum of 

activity is limited to primarily Candida and Aspergillus spp.

Treatment of Fungal Infections in the Critically Ill

• The paradigms of preventive antifungal therapy are prophylaxis, empirical, 

and preemptive therapy. There are few data to support these three ap-

proaches. Empirical therapy is the administration of antifungals to patients 

with persistent fever as the only symptom of a potential fungal infection. 

Preemptive therapy is the administration of antifungal treatment before the 

appearance of sepsis syndrome in patients with risk factors for infection and 

evidence of significant Candida colonization.

• The treatment of CNS cryptococcosis evolved from a series of classic clinical 

trials. Elevations in ICP occur in more than 50% of patients and contribute 

significantly to the morbidity and mortality of this infection. Therefore in addi-

tion to antifungal therapy, elevations in ICP should be managed by sequential 

lumbar punctures. Serum and CSF antigen titers aid in the presumptive diagno-

sis and assessing the prognosis of infection. A reduction in antigen titers during 

therapy is desired, but treatment decisions should be based on culture results.

KEY POINTS

is the most effective strategy, it does not reduce mortality at an acceptable cost. On 

the other hand, empirical amphotericin B, regardless of formulation, was the least 

effective strategy, owing to drug toxicity. Thus the most effective strategy was em-

pirical fluconazole, because it reduced mortality at an acceptable cost.

Maertens JA, Raad II, Marr KA, et al. Isavuconazole versus voriconazole for 

primary treatment of invasive mould disease caused by Aspergillus and 

other filamentous fungi (SECURE): a phase 3, randomised-controlled, 

non-inferiority trial. Lancet. 2016;387(10020):760–769.

This was a phase 3, double-blind, multicenter, comparative-group study. Pa-

tients with suspected invasive mold disease were randomized in a 1:1 ratio to 

receive isavuconazonium sulfate or voriconazole. Isavuconazole was noninfe-

rior to voriconazole for the primary treatment of suspected invasive mold  

disease and was well tolerated, with fewer study drug-related adverse events.

Pittet D, Li N, Woolson RF, et al. Microbiological factors influencing the  

outcome of nosocomial bloodstream infections: a 6-year validated,  

population-based model. Clin Infect Dis. 1997;24:1068–1078.

This article provides compelling data concerning the importance of Candida 

spp. as bloodstream pathogens, in addition to data regarding the crude and 

attributable mortality rates of Candida BSIs in the hospital. The study dem-

onstrates that of all the microbial causes of BSIs, only Candida spp. are an 

independent predictor of mortality resulting from BSI.

Schauwvlieghe A, Rijnders BJA, Philips N, et al. Invasive aspergillosis in pa-

tients admitted to the intensive care unit with severe influenza: a retro-

spective cohort study. Lancet Respir Med. 2018;6(10):782–792.

This is the first major study reporting the incidence of invasive pulmonary as-

pergillosis over several seasons in patients with influenza pneumonia in the 

ICU. Influenza was identified as an independent risk factor for invasive pul-

monary aspergillosis showing high mortality.

Wey SB, Mori M, Pfaller MA, et al. Risk factors for hospital-acquired candi-

demia: a matched case-control study. Arch Intern Med. 1989;149:2349–2353.

This study was one of the first rigorous epidemiologic assessments of the risk 

factors that predispose patients to candidemia. Established risk factors have 

been borne out on subsequent analyses.
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Acute viral infections can produce a variety of clinical manifestations 

and differing degrees of severity. The vast majority of viral infections 

range from asymptomatic to mild, occur in the community, and are 

self-limited. Rarely, acute viral infections cause severe disease, which 

necessitates critical care management. Common viral upper respira-

tory tract infections can cause serious acute exacerbations of underly-

ing lung disease. Certain viral agents can become life-threatening when 

they infect vulnerable hosts or if novel pathogens emerge with an ab-

sence of immunologic experience in humans. Systemic viral infections, 

particularly seasonal and pandemic influenza, will be covered in this 

chapter. However, the increasing availability of rapid genomic diagnos-

tics, immunotherapies, and antiviral chemotherapies now necessitates 

that intensive care unit (ICU) clinicians maintain some working famil-

iarity with other viral pathogens that can cause serious illness. A sum-

mary of clinical presentations, major pathologies, mechanisms of 

spread, and treatment strategies for a variety of human viral pathogens 

will be reviewed.

INFLUENZA

Influenza is an acute febrile respiratory illness of varying severity caus-

ing seasonal epidemics during the winter months in temperate cli-

mates and year-round endemic infections in tropical climates. This 

viral zoonosis is indigenous to migratory wild birds, with periodic in-

troduction into domesticated poultry, swine, marine mammals, and 

humans. The consequences of viral pathogen transfer from the avian 

reservoir or animal vectors to humans can be devastating, with sub-

stantial mortality rates, rapid transmission, and potential for global 

pandemics. The fate of influenza virus infection in human populations 

depends on the viral virulence properties, antigenic differences from 

previous influenza outbreaks, fitness of viral replication, dissemina-

tion within humans, and status of the host immune defenses.1

For seasonal cases, severe disease may occur in individuals with 

vulnerabilities in host defenses, including the very young, the very  

old, and those with immunodeficiency or chronic cardiopulmonary 

disease. However, healthy and young individuals can be seriously  

affected, particularly in pandemic years when novel viruses emerge. 

The incidence rates of epidemics depend on yearly variation in viral 

transmissibility, infectivity, and host susceptibility. Influenza pandem-

ics typically have much higher incidence rates as the virus circulates 

throughout the entire susceptible global population. In 2009 the H1N1 

pandemic swept through a huge number of patients susceptible to the 

novel swine influenza A (H1N1)pdm09.2 Other historic pandemics 

included the Spanish flu of 1918 (H1N1), the Asian flu of 1957 

(H2N2), and the Hong Kong flu of 1968 (H3N2). The Spanish flu was 

particularly catastrophic, infecting a third of the world’s population 

and killing an estimated 50–100 million people.3

Even in a typical nonpandemic year, influenza accounts for hun-

dreds of thousands of deaths worldwide and exacts billions of dollars 

in terms of morbidity and lost productivity. Estimates from the United 

States indicate that each year, at least 610,660 life-years are lost, with 

between 9 and 45 million illnesses, up to 31.4 million outpatient visits, 

12,000–61,000 deaths, and ,$10.4 billion in direct medical costs from 

influenza alone.4,5 The staggering amount expended for influenza care 

is $16.3 billion in projected lost earnings and an estimated total cost 

burden (including lost life-years) amounting to $87.1 billion.4 The 

estimated global mortality varies from 291,000 to 645,000 deaths per 

year,6 and global costs during a pandemic year such as 2009 have been 

estimated to be upwards of 374 billion dollars.7 The costs of intensive 

care services required for managing the most severely ill influenza 

victims alone are enormous.2

Pathogenicity of Influenza Viruses

Influenza viruses are single-stranded RNA viruses of the family Ortho-

myxoviridae that are classified by their matrix protein composition.1,8 

Three influenza types can infect humans: influenza A, influenza B, and 

influenza C. The influenza A virus is divided into specific subtypes 

based upon two major antigenic proteins on its surface: hemagglutinin 

(HA) and neuraminidase (NA). Influenza A can replicate in the gastro-

intestinal (GI) tract of some avian species without causing symptoms, 

but infection and symptoms may occur in other bird species, mam-

mals, and humans. It is the only subtype with pandemic potential. 

Influenza B almost exclusively infects humans. The lack of animal 

reservoir leads to less genetic variability, making pandemics with influ-

enza B not possible. However smaller-scale mutations cause seasonal 

epidemics with potential serious repercussions. Influenza C affects 

humans, dogs, and pigs but seldom causes severe illness or epidemics 

in humans.9

Influenza virus has a particular predilection for respiratory epithe-

lial cells. Infected cells undergo abrupt cessation of protein synthesis 

and subsequent apoptosis. Viral particles are released infecting nearby 

cells. Local immune cells are also infected, causing measurable defi-

ciencies in immune function, increasing the likelihood of secondary 

complications. Lung histopathology of fatally infected patients reveals 

a diffuse alveolar filling process, with early hyaline membrane forma-

tion, and occasionally focal areas of hemorrhage.10 The alveolar lining 

is thickened, with lymphocytic infiltrates and, occasionally, early fibro-

sis. A typical lung tissue section is seen in Fig. 119.1.

Influenza A Epidemics and Pandemic Potential

The genome of influenza A viruses consists of eight separate single-

stranded RNA segments, each encoding a major viral protein. RNA 

replication provides a high background mutation rate resulting in 

antigenic “drift”—point mutations that change the major surface 
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Viral Trait Mechanism of Virulence Comments

HA and NA – epitope 

variations

Immune escape from recognition by preexisting antibodies within 

the population from previous virus exposure

Antigenic drift (point mutations) leads to epidemics; antigenic shift 

(reassorted genomes) leads to pandemics

HA – cleavability HA undergoes proteolysis by host-derived proteases before  

receptor binding

Readily cleaved HA is associated with avid binding and disease severity

HA – binding  

preference 

a2,3-linked sialic acid receptor in alveoli; a2,6 linkage in upper 

airways

Viruses that bind to the a2,3 linkage or both a2,3 and a2,6 are more 

virulent; cause lower tract disease and increased transmissibility

HA:NA ratio NA cleaves sialic acid glycopeptides on host epithelium (binding 

site for HA)

Optimal ratio of NA and HA activity needed for high replication and  

viral shedding

NS-1 This viral nonstructural protein inhibits host innate and adaptive  

immune response; inhibits IFN expression; blocks T-cell activation

Some subtypes have truncated variants of NS-1, associated with 

lower virulence

PB1-F2 This viral peptide targets host mitochondria, induces apoptosis  

in CD8 T cells and alveolar macrophages, increases severity of 

viral pneumonia, increases risk of secondary bacterial infection

Many subtypes do not encode full-length PB1-F2; truncated forms of  

PB1-F2 are associated with lower virulence; absence of full-length  

PB1-F2 in 2009 H1N1 pandemic strain led to lower pathogenicity

NA inhibitor  

resistance

H275Y mutation in the viral NA gene, alters NA inhibitor binding 

site, leads to oseltamivir resistance

Previously common mutation in seasonal H1N1, but rarely seen in the 

2009 H1N1 pandemic strain and in circulating subtypes since then

M2 inhibitor  

resistance

S31N mutation in viral M2 gene, alters M2 inhibitor binding site, 

leads to amantadine and rimantadine resistance

Common in both H3N2 and H1N1 circulating subtypes

PB2 temperature 

range

Viral polymerase preferentially replicates at lower temperatures 

in mammalian respiratory tract and at higher temperatures in 

avian GI tract

Mutant polymerases can effectively replicate at broad temperature 

range, aiding transfer from birds to humans

TABLE 119.1 Pathogenicity Traits and Virulence Factors of Influenza Viruses

GI, Gastrointestinal; H275Y, histidine substitution for tyrosine at amino acid at position 275; HA, hemagglutinin; IFN, interferon; M, matrix protein; NA, 

neuraminidase; NS-1, nonstructural protein; PB, polymerase basic; Pol, polymerase; S31N, serine substitution for asparagine at amino position 31.

antigens. The resulting variation is sufficient to evade host immune 

responses and cause seasonal epidemics. However, influenza pandem-

ics typically occur after an antigenic “shift”—when animal vectors are 

coinfected simultaneously by more than one influenza A subtype, 

large-scale reassortment of viral genome segments can occur, result-

ing in entirely new hybrid viruses with new antigenic constituents. As 

an example, the swine-origin influenza A/Mexico City/4/2009 (H1N1) 

pandemic strain was a quadruple-reassorted virus derived from gene 

segments originating from ducks, Eurasian swine, North American 

swine, and human-adapted influenza viruses.11

Avian-origin influenza viruses can occasionally be transmitted to 

mammals, causing outbreaks in animals and potentially giving rise to 

human pandemics. Swine are important “mixing vessels” in shuttling 

avian influenza viruses to humans.1 Their mucous membranes express 

a diversity of sialic acid–coated glycopeptides in a favorable conforma-

tion to bind both avian and human viruses via the HA glycoprotein. 

Avian species primarily express a2,3-linked sialic acids, human upper 

airways primarily express a2,6-linked sialic acids, and swine express 

both receptors. This biochemical arrangement in swine facilitates si-

multaneous dual infections with avian- and human-adapted viruses 

and the attendant risk of hybrid viruses.1,11,12

Seasonal influenza strains in humans bind readily to a2,6 linkages 

found in the upper airways. This usually leads to high transmission 

frequency by airborne droplets deposited upon the upper airways, but 

a relatively low risk of primary influenza pneumonia.13 However, the 

lower airways and alveolar pneumocytes of humans express a2,3-

linked sialic acids, and avian viruses that bind efficiently to a2,3 link-

ages can cause severe lower tract disease if deposited into the distal 

airways. The avian strain of H5N1 preferentially binds to a2,3 linkages 

in the distal airways, and therefore is poorly transmissible but can 

cause severe pneumonia. Poultry workers, particularly those in close 

proximity to infected livestock, can receive large enough inoculums 

into the distal airways to cause severe pneumonia, with mortality rates 

ranging from 50%–70%.13,14

Notably, the Spanish flu of 1918 (subtype of H1N1) expressed an 

HA that could bind with high affinity to both a2,6- and a2,3-linked 

sialic acids.15,16 This resulted in high transmissibility and spread within 

the upper airways in addition to severe pneumonia. Disturbingly, the 

recent 2009 pandemic subtype of H1N1 also bound with high affinity 

to both a2,6- and a2,3- linkages, resulting in potential for high trans-

missibility and severe devastation. However, much lower case-fatality 

rates were seen (,0.1%), likely attributed to fewer viral virulence fac-

tors (Table 119.1). Other mitigating factors included infection control 

strategies, large-scale vaccination, improved supportive care, and effec-

tive antivirals. Additionally, populations born before the early 1950s 

Fig. 119.1 Lung pathology of fatal case of primary influenza pneumonia 

in a previously healthy 20-year-old woman. Note diffuse alveolar filling, 

squamous metaplasia, lymphocytic infiltrates, and focal hemorrhage. 

 (Figure courtesy of David Horn, MD.)
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had a degree of clinical protection from preexisting immunity induced 

by historical circulation of other H1N1 viruses that evolved from the 

1918 H1N1 pandemic virus.17

The major subtypes of influenza A currently circulating in humans 

include several distinct clades of H1N1 and H3N2.18 The avian flu 

(H5N1) continues to cause sporadic disease in humans and circulate 

in birds. Although this is often cited as the most recent pandemic 

threat, it has yet to demonstrate sustained person-to-person or com-

munity-level transmission.19 Other avian influenza subtypes (H7N2, 

H7N3, H7N7) cause sporadic outbreaks of mild severity, but more 

alarming was a novel avian flu (H7N9) that emerged in China in 2013, 

causing severe pneumonia. Thankfully, inefficient person-to-person 

transmission has limited spread of this serious subtype.20 Several other 

influenza A subtypes are circulating sporadically in humans and ani-

mals, but of the 198 possible subtype combinations, only 131 have 

been detected in nature.21 The rapid and dramatic evolution of influ-

enza viruses in animals and humans continues to impose a threat to 

our global population of potential catastrophic proportions. For cur-

rent updated information on local influenza activity and subtype  

distribution, the reader is directed to http://www.cdc.gov/flu.

Clinical Manifestations and Pulmonary Complications of 
Influenza

Classical seasonal influenza in adults is typified by a 4- to 5-day period 

of sudden-onset fever, chills, upper respiratory tract symptoms, head-

ache, muscle pain, and weakness. High fever is characteristic and cor-

relates with severity of initial symptoms. Fevers typically last for 3 days 

but may persist for up to 8 days. Diarrhea is more common with influ-

enza than with most other viral upper respiratory tract infections. 

Other distinguishing features include the predominance of systemic 

symptoms, often overshadowing the respiratory symptoms (dry cough, 

pharyngeal pain, nasal discharge and obstruction).

Primary influenza pneumonia is the most common serious com-

plication and occurs in up to 29% of patients hospitalized for influ-

enza.22 Early symptoms are indistinguishable from typical influenza 

aside from a rapid and fulminant progression of hypoxemia and 

widespread bilateral interstitial pneumonitis on chest radiograph 

(Fig. 119.2). These patients generally present to the hospital within 

4 days of symptom onset with shortness of breath and require ICU 

admission within ,1 day of hospital presentation. Influenza pneu-

monitis frequently progresses to hypoxemic respiratory failure, with 

over 80% of patients requiring mechanical ventilation. Very few patients 

can successfully be managed with noninvasive ventilation strategies 

alone.22 The mean admission PaO2/FiO2 in the ICU is ,150 mm Hg, 

and advanced ventilatory/oxygenation strategies are often needed for 

refractory cases.23–27

Secondary bacterial pneumonia and influenza-bacterial coinfec-

tion are frequently severe, and also common, affecting between 11% 

and 35% of hospitalized cases.28–30 Secondary bacterial pneumonia is 

generally attributable to damaged airways and poor mucociliary clear-

ance after severe influenza pneumonia.31 Patients frequently experi-

ence a period of improvement after the classical influenza illness be-

fore recrudescence of fever, cough, purulent sputum, and consolidation 

on chest radiograph. Influenza-bacterial coinfection is more complex, 

with bacterial and viral synergism. Viral PB1-F2 proteins induce pneu-

mocyte apoptosis, which facilitates Streptococcus pneumoniae growth 

in lung tissue.32 Sialic acids that have been cleaved by NA allow more 

efficient S. pneumoniae binding to epithelial surfaces and increase 

lethality in experimental models.33,34

The most common pathogens involved in secondary bacterial 

pneumonia and influenza-bacterial coinfection include S. pneumoniae 

(up to 35%) and Staphylococcus aureus (up to 28%),30 but others may 

be implicated, including Streptococcus pyogenes, Haemophilus influen-

zae, Moraxella catarrhalis, and gram-negative bacilli.25,35–37 Given the 

frequency of secondary bacterial infection, clinicians should have a low 

threshold for considering antibacterial agents against these commonly 

observed pathogens.

In children with severe influenza infection, the median age of hos-

pitalized patients is 5.0 years (range 1 month to 17 years).25,28,29,38 One 

or more chronic comorbid illnesses are typically observed (70.2%): 

lung disease (44%), neurologic diseases (19%), immune suppression or 

immunodeficiency (16%), history of prematurity (9%), and congenital 

Fig. 119.2 A, Chest radiograph of a 70-year-old male with B-cell lymphoma and hypogammaglobulinemia in 

the ICU with primary influenza pneumonia. Note Port-a-Cath in right anterior chest wall and diffuse pulmonary 

infiltrates, most prominently seen in both lower lung fields. B, Chest radiograph of same patient 3 days later; 

note diffuse alveolar filling process associated with profound hypoxemia. The patient expired secondary to 

severe hypotension and acute kidney injury despite oseltamivir and intensive supportive care.

A B
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heart disease (7%). Mechanical ventilation is used in approximately 

68% of children admitted to the ICU, and the median duration of  

ventilation is 6 days (range 0–67).25

Extrapulmonary Complications of Influenza

Influenza may cause serious or life-threatening complications in other 

organ systems, including cardiac, renal, hepatic, and neurologic dis-

ease.8,29 Myocarditis is a common complication of influenza illness and 

may occur in up to 10% of hospitalized patients.39 The diagnosis is 

made on the basis of presenting symptoms, elevated cardiac enzymes, 

and echocardiographic findings. Importantly, myocarditis may be 

present with or without serious pulmonary involvement. Occasionally, 

myocarditis leads to serious complications in the ICU, including atrial 

and ventricular arrythmias, atrioventricular (AV) conduction block, 

pericardial effusions with or without tamponade, acute myocardial 

infarctions, and reduced ejection fraction with heart failure.39,40 Re-

duced ejection fraction may occur in up to 80% of patients with influ-

enza myocarditis, leading to serious repercussions in patients with 

critical illness and shock.40

Septic shock may occur in up to 15%–30% of critically ill patients 

with influenza and is more common in the setting of bacterial coin-

fection.41 In addition to the effects of myocarditis, a severe surge of 

cytokines and capillary leak causes reduced systemic vascular resis-

tance, reduced perfusion pressure, microcirculatory coagulopathy, 

reduced end-organ perfusion, and cellular toxicity. The presence of 

shock is associated with approximately 30% mortality, and studies 

have shown that S. aureus coinfection is an independent predictor for 

mortality.41 Acute kidney injury (AKI) may ensue as a result of pre-

renal and tubular injury secondary to sepsis and/or rhabdomyolysis. 

Many patients also receive nonsteroidal antiinflammatory drugs 

(NSAIDs) because of myalgias and other systemic symptoms, adding 

potential nephrotoxicity.

Neurologic complications often accompany severe influenza infec-

tion, including encephalitis, encephalopathy, and seizures. Computed 

tomography (CT) and magnetic resonance imaging (MRI) studies of 

the brain are often abnormal, but findings are nonspecific. Guillain-

Barré syndrome (GBS) incidence increases in the months during and 

after seasonal influenza. It has been suggested that influenza may trigger 

this serious neurologic complication.42

Risk Factors and Prognosis With Influenza Critical Illness

Patients at highest risk for severe infection and influenza complica-

tions requiring ICU care are those with a history of chronic lung dis-

ease and/or severe immunosuppression. Underlying lung disease oc-

curs in approximately 20% of patients with influenza in the ICU, most 

commonly asthma and chronic obstructive pulmonary disease 

(COPD). Other special populations at increased risk of severe disease 

and mortality are elderly patients (.65 years of age), women who are 

pregnant or recently postpartum, residents of long-term care facilities, 

those with obesity, and Indigenous populations.25,43 Additional risk 

factors include patients with other chronic medical conditions, includ-

ing neurologic diseases (12%), hematologic or oncologic conditions 

(9.9%), and cardiac conditions (4.6%).38 However, approximately half 

of hospitalized patients during pandemic years might otherwise be  

healthy.28,29,38

Whereas most patients with influenza do not develop critical ill-

ness, 11%–19% of patients hospitalized with laboratory-confirmed 

influenza require treatment in the ICU.29,44 Those who develop critical 

illness often deteriorate rapidly, and severe illness may be protracted. 

For patients requiring mechanical ventilation, the mean duration is 

approximately 5–12 days. Many patients are difficult to oxygenate, and 

patients often require ancillary therapies such as extracorporeal  

membrane oxygenation (ECMO) and nitric oxide therapy, leading to 

increased length of ICU stay and excess mortality.28,38,45

Similar to prior pandemics, the primary cause of death remains 

complications from secondary bacterial infection, including multisys-

tem organ failure and cardiovascular collapse.31,46 However, mortality 

rates have significantly improved in recent years (,17%)47 as a result 

of better oxygen delivery, supportive ICU care, vaccination, antibacte-

rial agents, and antiviral medications. Unfortunately, sophisticated 

ICU care remains out of reach for many patients in developing coun-

tries, and case-fatality rates remain regrettably high.48

Clinical and Laboratory Diagnosis of Influenza

Clinicians should suspect and test for influenza in all patients who 

present to the hospital during influenza season with an acute respira-

tory illness, acute decompensation of chronic medical conditions, or 

any immunocompromised patients.49 Importantly, a history of cur-

rent-season influenza vaccination does not exclude the diagnosis of 

influenza because of variable vaccine effectiveness from year to year. 

Uncomplicated disease does not typically result in significant respira-

tory compromise, but shortness of breath should raise concern for 

severe disease. Other clinical signs indicating severe infection include 

hemoptysis, frothy pink sputum, and purulent sputum with diffuse 

lung crackles. Percutaneous oximetric assessment of oxygenation or 

arterial blood gas evaluation of PO2 should be performed when assess-

ing a patient with suspected severe influenza. Relative hypoxia should 

trigger further assessment, including a chest radiograph. Laboratory 

findings commonly found at presentation with severe disease typically 

include normal to low leukocyte count and elevated creatine  

kinase.25,47,50 A leukocyte shift to immature forms is unusual in the 

absence of bacterial coinfection. An approach to the diagnosis and 

treatment of influenza is presented in Fig. 119.3.

Early laboratory diagnosis of influenza infection is greatly facili-

tated by the use of rapid reverse transcriptase–polymerase chain reac-

tion (RT-PCR) testing.51 Clinicians should collect nasopharyngeal 

specimens using flocked swabs.49 In patients who require mechanical 

ventilation, endotracheal aspirates should be collected in addition to 

the nasopharyngeal specimens in order to maximize diagnostic 

yield.49,52,53 Virus may only be detected in lower tract samples in 

patients with severe pneumonitis. For critically ill patients, the use of 

multiplex nucleic acid amplification tests to detect a panel of other 

respiratory viruses is recommended. The use of immunofluorescent 

techniques, enzyme-linked immunoassays, and other rapid diagnostic 

tests is discouraged because of lack of diagnostic sensitivity.49,51,54–57 

Viral cultures require up to 1 week for processing and should only be 

considered to provide isolates for further characterization.

Lessons From the 2009 Influenza A H1N1 Pandemic

Starting March 2009, a novel strain of a human-adapted influenza 

virus, influenza A(H1N1)pdm09, spread from an initial large outbreak 

in Mexico to virtually all countries of the world. By September 27, 

2009, there were over 340,000 cases with 4100 deaths worldwide.11,58 

Over the period of June to September 2009, there were dramatic spikes 

in Australia, New Zealand, and South America that breached the  

capacity for ICU care in some regions.47 Ultimately, 18,500 lab-

confirmed influenza deaths occurred worldwide, but modelling data 

estimate that .300,000 respiratory or cardiovascular deaths attributed 

to influenza occurred globally, predominantly in patients under  

65 years of age and in low- to middle-income countries.59 This led to 

lessons that have advanced our current understanding of influenza and 

control of other emerging global pandemics. Public health officials 
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Low probability case

D/c oseltamivir

D/c antibacterial

(if low suspicion

for bacterial CAP)

Tailor antibacterials

to pathogen and

continue for 5 days* Continue antibiotics

for 5 days* if CAP

confirmed/suspected

Shorter course

oseltamivir

based on clinical

improvement

(up to 5 days)

Continue oseltamivir

(5–10 days)**

Consider continuing

oseltamivir***

High probability case

Ensure lower tract tracheal aspirate sent

for influenza NAAT

• Tailor antibacterials to

 pathogen and continue

 for 5 days if indicated*

 OR

• D/c antibacterials

 (if low suspicion for

 bacterial CAP)

Initiate work up

• NP swab + tracheal aspirate:

  - Influenza NAAT

• Respiratory secretions:

 - Gram stain and bacterial culture

 - Consider multiplex NAAT for other viruses

• Blood:

 - Bacterial culture

Initiate treatment (do not wait for results)

• Oseltamivir:

  - 75 mg po/ng bid

  - Consider 150 mg po/ng bid for severely ill and/or

   immunocompromised host

• Antibacterial:

 - Treat for CAP +/– secondary infection

• Implement droplet and contact isolation

NAAT (+)

NAAT (+) NAAT (–)

NAAT (–)

NAAT (+)NAAT (–)

ntibacterialsReassess a

lture/clinicalbased on cu

Alternative

etiology

recovered

Bacterial CAP

confirmed/suspected

Other virus

recovered
rnativeeNo alt

ecoveredretiology

Clinician suspects influenza

• ILI with/without fever

• Exacerbation of chronic illness

• Immunocompromised host

• Respiratory failure and/or pneumonitis

Fig. 119.3 Approach to the workup and management of a patient with suspected influenza pneumonia in the 

ICU. * A longer course may be needed if CAP) is complicated by meningitis, endocarditis, or other deep-

seated infection; suspected or proven MRSA or P. aeruginosa pneumonia may require a 7-day treatment 

course; less common specific pneumonia pathogens may require longer courses (e.g., Mycobacterium tuber-

culosis, Burkholderia pseudomallei). ** Because of prolonged viral shedding with primary influenza pneumo-

nia, treatment durations longer than 5 days may be warranted, particularly for ARDS, immunocompromised, 

and/or severely ill patients, to a maximum of 10 days. *** Results of most NAAT testing are highly sensitive 

and very highly specific. If influenza is highly suspected clinically during times of high influenza activity and 

NAAT results are negative, the NPV remains low, and a negative NAAT may reflect a false-negative result. If 

symptoms present .4 days, diagnostic yield is lower and may also result in a false-negative result. CAP, 

Community-acquired pneumonia; d/c; discontinue; ILI, influenza-like illness; NAAT, nucleic acid amplification 

test; NP, nasopharyngeal.
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were not prepared to quickly assess the transmissibility, severity, and 

impact of disease. Implementation of risk management plans and 

global communications were delayed. Despite blunting of the North 

American spread by widespread deployment of an effective, inactivated, 

monovalent vaccine program,60 as many as 61 million Americans were 

infected, with 274,000 hospitalizations and approximately 12,500 deaths 

between April 2009 and April 2010.61

The events that transpired in Canada were illustrative of the influ-

enza situation in much of the Northern Hemisphere. Among critically 

ill Canadian patients with influenza A(H1N1)pdm09, the mean age 

was 32 years, with a possible predilection for more severe disease in 

women (67% of patients).25 Pregnant women, obese patients, and In-

digenous Canadians were overrepresented and suffered from a dispro-

portionate high level of disease severity, but only 30% suffered from 

serious comorbid illness.25,43,62,63 Similar clinical findings were re-

ported in other regions of the world.47,50,58,64 Nosocomial transmission 

occurred in approximately 10% of patients. Transmission to healthcare 

workers occurred early in the outbreak, but this was minimized once 

the pandemic was recognized and appropriate infection-control safe-

guards were instituted. A summary of clinical risk factors, comorbidi-

ties, and severe complications associated with the latest influenza 

pandemic is found in Table 119.2.

The most common specific symptoms with influenza A(H1N1)

pdm09 included high fever and respiratory symptoms in greater than 

90% of patients. Weakness and myalgias were less common. A variety 

of severe clinical syndromes necessitating ICU care were observed, 

including:

 1. Rapidly progressive, diffuse pneumonitis associated with severe, 

refractory hypoxemia in relatively healthy teens or adults

 2. Secondary bacterial pneumonia, or influenza-bacterial coinfection, 

frequently with gram-positive pathogens including S. pneumoniae 

and S. aureus

 3. Acute and prolonged exacerbation of asthma or COPD in those 

with preexisting disease

 4. Life-threatening decompensation of chronic underlying disease in 

those patients with serious comorbidities, including congestive 

heart failure, chronic renal failure, end-stage liver disease, poorly 

controlled diabetes, or immune compromise

 5. Bronchiolitis and croup in infants and young children, which  

frequently required hospitalization, but not ICU care

During pandemic periods, relatively young patients with few seri-

ous comorbidities can be affected because of widespread lack of im-

munity to novel circulating viruses and vigorous intrinsic inflamma-

tory responses.31 Additionally, vulnerable populations with usual risk 

factors can be greatly affected, similar to nonpandemic years. The im-

pact on hospital care and costs can be dramatic and necessitates 

thoughtful critical care resource management in modern ICUs that 

have limited surge capacity to meet sudden demand for a future pande

mic.25–27,31,47 Establishing a pandemic preparedness plan is imperative 

to ensure institutions have the capacity to respond to emerging pan-

demics and mitigate health impact.65

Supportive Care Considerations With Influenza

Almost all patients with severe influenza in the ICU will have deficits 

in oxygenation, leading to acute respiratory distress syndrome (ARDS) 

and requiring ventilatory support.25,47 Shock and renal failure are also 

common, often exacerbated by efforts to optimize oxygenation 

through diuresis, coupled with high intrathoracic pressures and  

limited venous return.25,50,66

Despite ARDS standard treatment with lung-protective low tidal 

volume ventilation and open lung strategy with high positive end- 

expiratory pressure (PEEP),67 primary influenza pneumonia often 

results in a relative insensitivity to usual measures of oxygenation and 

markedly abnormal lung compliance. Control mode ventilation with 

appropriate sedation and use of neuromuscular blockade to avoid 

ventilatory dysynchrony and high airway pressures are often needed. 

Avoidance of volume overload (and judicious diuresis) may also re-

duce duration of ventilation and length of stay in the ICU for most 

patients with ARDS.27,68 Because some patients worsen despite these 

standard measures, early consideration of transfer to a referral center 

with experience in rescue therapies should be considered, particularly 

if severe hypoxemia is encountered.

Risk Factors and Comorbidities Comments

**Age ,5 years Especially children ,2 years; those with chronic cardiopulmonary disease; ,6 months of age associated with 

higher hospitalization and mortality

Age .65 years Poor vaccine response; reduced host response to influenza infection

**Chronic cardiopulmonary diseases Chronic pulmonary disease at highest risk; includes COPD, asthma, cystic fibrosis; cardiac disease includes conges-

tive heart failure, coronary artery disease

Metabolic disease and chronic liver disease Diabetes mellitus; cirrhosis

Chronic neurologic illness Includes disorders of the brain, spinal cord, and peripheral nerves; seizures, epilepsy; stroke; developmental delay 

and institutionalization

Pregnancy Includes all stages of pregnancy, up to 2 weeks postpartum; women in the third trimester at particular increased risk

Obesity Particularly with extreme obesity; BMI .35 kg/m2

Hemoglobinopathy Sickle cell disease

**Immunosuppression Glucocorticoids, chemotherapy, malignancy, HIV, organ transplant recipients; lung transplant and advanced HIV at 

highest risk

Indigenous populations Increased prevalence of some chronic health conditions; social determinants of health; healthcare access

Access to healthcare services Nursing home and long-term care residents; hospitalized patients

Secondary bacterial pneumonia Longer ICU and hospital stays; more nosocomial complications; greater mortality rate

TABLE 119.2 Prognostic Indicators and Risk Factors for Severe Influenza Complications

**Comorbidities associated with highest risk of influenza complications, including hospitalization and mortality.
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Ancillary strategies may be required to improve refractory hypox-

emia, minimize ventilator-induced lung injury, and improve cardio-

thoracic dynamics. Strategies include prone ventilation, lung recruit-

ment maneuvers, inhaled nitric oxide, and ECMO. These strategies 

require considerable resources and expertise and offer variable impacts 

on clinical outcomes.

Early prone ventilation has been demonstrated to be an effective 

strategy to improve oxygenation and mortality for most causes of 

ARDS.69,70 Although little is known about influenza-specific outcomes 

with prone ventilation, it is recommended for those with severe ARDS 

in the appropriate experienced facility and in the absence of contrain-

dications. Lung recruitment maneuvers may be used to recruit col-

lapsed alveoli, but because of a lack of convincing benefit, it should not 

be done routinely.71 Use of inhaled nitric oxide has demonstrated im-

provements in oxygenation; however, studies have failed to show im-

provement in morbidity or mortality, and some studies suggest there 

may be an increased risk of renal injury.72–76 Inhaled nitric oxide 

should not be considered standard therapy. Since the 2009 pandemic, 

there has been a considerable rise in the use of venovenous ECMO in 

patients with refractory ARDS from influenza. Although data are lim-

ited, pooled analyses suggest that this modality may reduce mortality 

and should be considered for severe influenza where other options do 

not exist.24,27,77–80

Septic shock is common in critically ill patients with influenza and 

typically results in refractory hypotension and need for moderate to high 

doses of vasopressors.41 Optimal fluid resuscitation strategies remain 

unknown in this setting and must be balanced with fluid-restrictive 

strategies that aim to improve oxygenation. It is recommended that all 

patients with severe influenza, ARDS, and septic shock be treated in ac-

cordance with international guidelines and receive at least 30 mL/kg of 

crystalloid via bolus dosing.81 The development of AKI often necessitates 

renal replacement therapy to correct bicarbonate deficiencies to allow 

for increased tolerability of hypercapnia when poor lung compliance 

prohibits effective ventilation.

For patients with influenza-associated critical illness, clinical im-

provement is slow and ICU length of stay is typically prolonged.82 

Clinicians should focus on minimizing the complications of critical 

illness, including ICU-acquired weakness, delirium, and psychosocial 

disturbances. Long-term ventilation weaning is often needed, and 

tracheostomy may be required.

Antiinfluenza Therapy

In severely ill patients with suspected influenza, early initiation of  

antiviral therapy is predicated on clinical presenting features and epi-

demiologic data. Therapy must not be delayed pending laboratory 

confirmation, as initiation within the first 48 hours of illness is most 

likely to provide benefit.25,83 For critically ill individuals, early initia-

tion of antiviral therapy may improve survival,83–88 but antivirals 

should be administered for all those with severe illness, regardless  

of the duration of symptoms before hospitalization.49 The choice of 

antiviral therapy is dependent on circulating influenza subtypes and 

local surveillance data examining the risk of oseltamivir resistance.

The NA inhibitor oseltamivir is the preferred agent for severe influ-

enza. Oseltamivir works by selectively binding to the influenza enve-

lope protein NA, inhibiting its enzymatic activity and preventing 

spread to other uninfected cells. It reduces the duration and severity of 

symptoms and reduces viral shedding.83,88–90 It may also reduce the risk 

of secondary bacterial infection91–93 and reduce mortality in critically 

ill patients, though data are limited to pooled analyses of studies that 

included less severe cases.44,84–86 The typical dosing for oseltamivir is 

75 mg orally twice daily, which must be adjusted for renal dysfunction. 

Doubling or tripling the dose (150–225 mg orally twice daily) is typi-

cally well tolerated, but unnecessary in hospitalized patients without 

severe illness94,95; however, this strategy may benefit severely ill pa-

tients, particularly with immunocompromise or patients infected with 

H5N1 avian influenza.95–97 In patients with primary influenza pneu-

monia, viral shedding is often prolonged, with viral clearance occur-

ring after a median of 11 days while on oseltamivir.52 In these severely 

ill patients, an extended duration beyond 5 days may be warranted, 

particularly for those with ARDS or immunocompromise. Current 

recommendations suggest continued use until adequate clinical re-

sponse or infection resolution, but formal studies on optimal duration 

are lacking.49 Oseltamivir is very well tolerated, but occasionally asso-

ciated with nausea and vomiting, which rarely requires discontinua-

tion of therapy.

Rare oseltamivir-resistant viruses were isolated during the 2009 

H1N1 pandemic but remain very uncommon in current circulating 

subtypes. The majority of influenza B and influenza A (H3N2) remain 

susceptible to NA inhibitors. The resistance mutation H275Y, which 

renders oseltamivir and peramivir ineffective, has rarely been detected 

(,1.0%) in influenza A (H1N1), but sensitivity to zanamivir is 

preserved.98,99 This is in contrast to the seasonal H1N1 subtypes circu-

lating before the 2009 pandemic year, which were often resistant to 

oseltamivir.100–102

Alternative NA inhibitors may be available, including peramivir 

and zanamivir. These agents are not currently recommended because 

of limited data in patients with severe lower respiratory tract disease. 

Peramivir is given by intravenous (IV) route at a typical single adult 

dose of 600 mg, but duration may be extended to once daily for 5 days 

in critically ill patients.103 In studies of ambulatory patients with 

lab-confirmed influenza, peramivir was shown to reduce time to 

symptom resolution compared with placebo and to be noninferior to 

oseltamivir.104,105 In one study of critically ill patients, similar mortality 

and ICU length of stay were observed when peramivir was compared 

with oseltamivir; therefore IV peramivir may be a reasonable alterna-

tive to oseltamivir in patients who are unable to tolerate enteral 

agents.106,107 Although GI absorption of oseltamivir among critically ill 

patients had been questioned, comparable blood concentrations have 

clearly been demonstrated in critically ill influenza patients compared 

with healthy volunteers.108,109 Zanamivir by inhalation is not recom-

mended in critically ill patients because of the risk of bronchospasm, 

lack of efficacy data, and lack of systemic absorption; however, it may 

be an alternative option for ambulatory patients without asthma or 

COPD to reduce the duration of symptoms.110–112

Baloxavir marboxil is a newer antiviral that selectively inhibits cap-

dependent endonuclease, preventing initiation of influenza messenger 

RNA (mRNA) synthesis and blocking viral proliferation. It is effective 

in reducing duration of symptoms in acute uncomplicated influ-

enza,113 but its role in severe infection, in critically ill patients, or in 

combination therapy with oseltamivir has not been studied. The ada-

mantane family of antivirals, including amantadine and rimantadine, 

are no longer routinely recommended because of their limited spec-

trum of activity (only effective against influenza A) and high levels of 

circulating resistance.99

Adjunctive Pharmacologic Therapy for Severe Influenza

The most important adjunctive pharmacologic treatment in critically 

ill patients with influenza is empiric broad-spectrum antibiotics to 

cover possible secondary bacterial pneumonia or influenza-bacterial 

coinfection.49 Antibiotics should be selected according to local anti-

biograms to cover the most common pathogens involved, namely  

S. pneumoniae, S. aureus (including methicillin-resistant S. aureus 
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[MRSA]), S. pyogenes, and occasionally, gram-negative bacteria. 

De-escalation of antibiotics is appropriate as lower tract respiratory 

cultures are finalized. If secondary decompensation occurs after a 

period of initial clinical improvement, additional antibiotic treatment 

may be warranted while investigating for newly acquired bacterial or 

fungal nosocomial infections, examining for empyema, lung abscess, 

sepsis, or other causes of deterioration.

Many other potential adjunctive therapies for the treatment of  

severe influenza have been studied. Use of IV immunoglobulins, con-

valescent serum or plasma, and hyperimmune globulin derived from 

donors who have recovered from influenza have demonstrated mixed 

results.114–116 Meta-analyses suggest that early administration of such 

products may be associated with improved outcomes, but the effect on 

survival remains uncertain.117,118 In addition, case series suggest that 

similar therapies may be of use in severe influenza A (H5N1) infec-

tion,119,120 but more data are needed before recommending these 

therapies.

Glucocorticoids have been used to reduce inflammatory responses 

in influenza, septic shock, and a variety of other infectious condi-

tions.121–127 Although few randomized trials have been performed, 

meta-analyses of largely observational studies demonstrated pro-

longed viral replication, more frequent superinfections with bacterial 

and fungal pathogens, and increased mortality.128–133 Because of the 

very low quality of evidence, potential benefits of glucocorticoid treat-

ment remain uncertain. But extreme caution is needed, and their use 

in primary influenza pneumonia should be avoided in the absence of 

a clear alternative indication.

The effect of statins in reducing inflammation and improving ill-

ness severity with influenza has been studied in small observational 

studies. Although there is a suggestion that these may improve out-

comes, further trials are needed to assess the risks and benefits before 

recommending their use.134 One small open-label trial examined the 

role of clarithromycin and naproxen in combination with oseltamivir 

for the treatment of hospitalized patients with influenza. Although this 

trial demonstrated a reduction in mortality, patients who were already 

critically ill were not included.135 This combination merits further 

investigation.

Infection Control in the ICU to Mitigate the Spread  
of Influenza

Influenza is transmitted from person-to-person primarily through 

large-particle respiratory droplets; thus patients with suspected influ-

enza should be instructed to use appropriate hand hygiene, cough eti-

quette, and be given a face mask to wear upon entry into healthcare 

facilities. Patients with suspected influenza should be in single-patient 

rooms, if available, during the initial phase of hospital admission. If 

clinical demand exceeds the availability of single rooms, cohorting 

patients with influenza into common rooms may be necessary. Patients 

who must be transported outside of the room should wear a mask if 

tolerated, or when necessary, an oxygen delivery system that limits the 

spread of aerosols. Influenza vaccination is the best way to prevent or 

mitigate the severity of influenza illness, and in the absence of contra-

indications, is recommended annually for the entire population, par-

ticularly those with risks for severe disease.49 Vaccination and postex-

posure chemoprophylaxis are recommended for close contacts who are 

at very high risk of influenza complications.49

Healthcare personnel (HCP) should apply droplet precautions by 

wearing standard surgical tie masks and use appropriate hand hygiene. 

Studies have found N95 masks offer no additional protection com-

pared with surgical masks, yet many still advocate their use during 

cough-inducing procedures.136 HCPs should also consider contact 

precautions with gloves when anticipating contact with bodily fluids 

or touch with contaminated surfaces. Protective eyewear is recom-

mended when providing direct care in close proximity to the patient.49 

The annual influenza vaccine should be mandatory for all HCPs unless 

specific contraindications exist. Ill HCPs with fever and respiratory 

symptoms should be instructed not to work until fever has dissipated 

for .24 hours. For additional information regarding infection preven-

tion strategies in healthcare settings, the reader is directed to updated 

recommendations from the Centers for Disease Control and Preven-

tion (CDC) at https://www.cdc.gov/flu/professionals/infectioncontrol/

healthcaresettings.htm.

OTHER CRITICAL RESPIRATORY VIRAL INFECTIONS

Coronaviruses: SARS, MERS, COVID-19
Coronaviruses are ubiquitous around the world and frequently cause 

mild to moderate upper respiratory tract infections in humans. These 

infections seldom cause critical illness; however, three notable severe 

syndromes were noted with coronaviruses emerging in the twenty-first 

century: severe acute respiratory syndrome (SARS), Middle East respi-

ratory syndrome (MERS), and coronavirus disease-19 (COVID-19). 

SARS is caused by the SARS-associated coronavirus (SARS-CoV), 

which emerged in November 2002. The first cases were discovered in 

China, with subsequent clusters occurring in countries around the 

world. Its somewhat unusual lengthy prodrome of fever and constitu-

tional symptoms typically lasted 3–7 days without respiratory symp-

toms. Subsequently, dry cough would ensue with potential progression 

to ARDS and case fatality rates of 9.6%. Ultimately, SARS occurred in 

localized epidemics in several countries, infecting approximately 8000 

people and 774 deaths globally.137 Because of intensive infection-con-

trol strategies, it disappeared as quickly as it emerged by July 2003.138

MERS has become an endemic viral pathogen in the Middle East, 

first appearing in June 2012. Over 2400 lab-confirmed cases have been 

reported, predominantly from the Arabian Peninsula.139 Although 

transmission specifics are not fully understood, person-to-person 

transmission has occurred, and contact with camels appears to be an 

important risk factor. MERS predominantly causes a severe, acute,  

febrile, respiratory syndrome that frequently is accompanied by shock 

and AKI.140 The vast majority of patients require ICU care and me-

chanical ventilation.141 Hospital mortality appears to be the highest of 

the coronaviruses, approaching 25% in hospitalized patients and 50% 

in those who require ICU care.142

In December 2019, a novel coronavirus emerged, causing a cluster 

of pneumonia cases in Wuhan, China. This novel coronavirus, named 

severe acute respiratory coronavirus 2 (SARS-CoV-2), is genetically 

similar to that of SARS-CoV.143 At the time of this writing, the emerg-

ing epidemic is rapidly spreading throughout Southeast Asia, and 

emerging in many other countries, threatening a global pandemic.144 

Genetic sequencing indicates that the virus probably “jumped” animal 

species from snakes to bats and then to human hosts. Person-to-person 

spread of SARS-CoV-2 has been demonstrated from epidemiologic 

studies, and healthcare workers have been disproportionately affected, 

similar to prior outbreaks of serious viral respiratory illnesses.

The incubation period of SARS-CoV-2 is thought to last up to  

14 days, but most symptoms appear within 5 days of exposure. Clinical 

manifestations of COVID-19 vary from asymptomatic to severe respi-

ratory compromise. Most patients experience an abrupt onset of fever 

and respiratory symptoms. Approximately 15% develop severe disease 

with lower respiratory tract involvement, 5% develop critical illness, 

and 2.3% of patients die. Mortality rates are much higher in elderly 

adults and approach 50% for patients in the ICU.145 Strict isolation 

precautions and extreme infection control measures have been im-

portant in attempts to limit the spread of this outbreak.146 Work on 
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vaccines, immunotherapy, and antiviral chemotherapies are underway, 

but currently treatment is simply supportive.144

Paramyxoviruses: Morbillivirus (Measles)
Although a highly effective vaccine has dramatically reduced the inci-

dence of measles in the past decades, recent social and political factors 

have contributed to low vaccination rates and resurgence of disease in 

some areas.147 The World Health Organization (WHO) recently an-

nounced a staggering statistic that measles accounted for more than 

140,000 deaths worldwide in 2018.148 The mortality rates are particu-

larly high in children under 5 years of age. Measles typically causes a 

relatively mild childhood exanthem in otherwise healthy children. This 

highly contagious virus causes rapid spread of fever, rash, cough, con-

junctivitis, and coryza. Regrettably, unvaccinated, malnourished chil-

dren in developing countries, often with other concomitant respira-

tory illnesses, fare much worse and can die from measles-induced 

pneumonia or encephalitis or suffer from permanent blindness and/or 

deafness.

Pneumonia is the most common life-threatening complication of 

severe measles infection, often resulting in death, particularly in pa-

tients ,5 years or .20 years of age. Additionally, measles may cause 

persistent morbidity and mortality after naturally acquired infection 

secondary to immunosuppression and risk for secondary infection.149 

Rarely, measles can be complicated by encephalitis, acute demyelinat-

ing encephalomyelitis, or, years later, with subacute sclerosing panen-

cephalitis (SSPE). Treatment is largely supportive; however, vitamin A 

may reduce morbidity and mortality, and ribavirin may be given for 

life-threatening infection.

CRITICAL VIRAL INFECTIONS CAUSING VESICULAR 
SKIN LESIONS

Herpesviruses: HSV, VZV, Herpes B Virus
Herpes simplex virus (HSV), varicella-zoster virus (VZV), and herpes 

B virus are large, enveloped DNA viruses that exhibit lifelong latent 

infection.150,151 They all cause vesicular skin lesions but may cause 

other systemic manifestations. In the ICU, these viruses may be en-

countered as part of a life-threatening clinical syndrome with primary 

infection or as a result of secondary reactivation of latent infection, 

typically causing mild breakouts of skin lesions.

Herpes Simplex Virus

HSV infections are common, with an estimated two-thirds of the 

world’s population latently infected. Characteristically, HSV-1 is asso-

ciated with orolabial disease, and HSV-2 is associated with genital in-

fection, although this is not a rigid distinction. Primary infections are 

usually associated with mucosal lesions and systemic signs and symp-

toms.152 Localized reactivation of HSV is common in critically ill pa-

tients and may require episodic treatment. The diagnosis is usually 

suspected clinically with clusters of vesicular lesions on an erythema-

tous base, usually in the orolabial or anogenital areas. A precise diag-

nosis can be established easily by PCR on scrapings from the lesions. 

Patients with atopic eczema or severe burns may develop extensive 

infections.

Primary infection with HSV-2 is commonly accompanied by  

aseptic meningitis and may recur with secondary flares (Mollaret men-

ingitis). Meningeal symptoms usually start 3–12 days after the onset of 

genital lesions. Transverse myelitis and autonomic nervous system 

dysfunction may also occur.153

Reactivation of latent HSV-1 infection, potentially from the tri-

geminal or autonomic nerve roots, may cause extension of the virus 

into the central nervous system (CNS) and cause encephalitis in adults. 

HSV-1 encephalitis is frequently seen in the ICU. Patients typically 

present with acute neurologic change and fever, including altered men-

tal status, focal deficits, and/or seizures. There is a notable absence of 

vesicular lesions or rash. The cerebrospinal fluid (CSF) is typically 

lymphocytic and can be tested by PCR for HSV-1. MRI of the brain 

characteristically demonstrates temporal lobe enhancement.154 Other 

potential serious complications of primary HSV infection include 

hepatitis, pneumonia, or thrombocytopenia. In immunocompromised 

hosts, reactivation of HSV-1 or HSV-2 may be associated with dis-

seminated infection or severe local esophagitis, hepatitis, or pneumo-

nia. Neonatal herpes, occurring in infants of mothers with primary  

or reactivated infection at the time of delivery, carries a high risk of 

disseminated fatal infection.

Varicella Zoster Virus

Primary VZV infection causes chickenpox, whereas reactivation of 

VZV causes shingles (herpes zoster). Chickenpox is typically a mild 

pediatric disease, but primary infection by VZV in adults or immuno-

compromised patients may lead to severe, life-threatening infection. 

The typical primary illness is usually associated with fever, constitu-

tional symptoms, and a vesicular skin rash. Most skin lesions are small 

vesicular lesions with an erythematous base. Successive crops of lesions 

occur over 2–4 days, leading to clusters of lesions at all stages of devel-

opment (from fresh vesicles to crusted lesions).155 Secondary bacterial 

infections of vesicular lesions are relatively common, usually involving 

S. aureus and S. pyogenes.156 This should be suspected with recrudes-

cence of fever after an initial period of improvement after the systemic 

manifestations of chickenpox. Clinicians should monitor for signs of 

severe infection as a result of toxic shock syndrome.157

Chickenpox is associated with pneumonia in 1 in 400 cases of in-

fection.150 A larger proportion of people may have some pulmonary 

involvement, but it is typically asymptomatic. Pregnant women and 

immunocompromised patients are at high risk of severe pneumonia. 

Chickenpox pneumonia is generally manifested by cough and short-

ness of breath 3–5 days after the onset of the rash. Chest radiography 

typically shows a reticulonodular infiltrate, and respiratory failure may 

occur. Neurologic complications of chickenpox include encephalitis, 

acute cerebellar ataxia (1 in about 4000 cases), and cerebral angiitis. 

Encephalitis resulting from VZV is less common than pneumonia. The 

typical manifestations occur within 2 weeks of the chickenpox rash, 

and CNS symptoms are indistinguishable from HSV encephalitis. 

Typical features include small to large vessel vasculopathy, ischemic or 

hemorrhagic strokes, demyelinating lesions, and/or ventriculitis.158

Shingles is caused by reactivation of latent VZV and is character-

ized by a unilateral vesicular eruption that follows a distinct dermato-

mal distribution. Rash is frequently accompanied by neuritis, but sys-

temic manifestations are uncommon. Diagnosis is made by clinical 

assessment and/or confirmation by PCR of vesicular scrapings. Im-

munocompromised patients with shingles may develop disseminated 

cutaneous infection resembling chickenpox and spreading to other 

organ systems.

Herpes B Virus (Cercopithecine Herpesvirus 1)

Herpes B virus (Macacine herpesvirus 1) infection is a relatively  

benign disease in macaque monkeys that resembles HSV-1 in humans. 

Rarely, herpes B virus may infect humans, causing a life-threatening 

encephalitis. Those at risk of herpes B virus are typically immunocom-

petent laboratory workers in close contact with macaque monkeys that 

are exposed via monkey bites, scratches, or mucous membrane expo-

sure to monkey secretions. Monkeys of the Macaca genus (rhesus and 

cynomolgus monkeys) are considered to be at the highest risk.159 An 

incubation period of 2–14 days is usually observed after the bite or 
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scratch. Initial symptoms are nonspecific but include fever, malaise, 

and headache. A cluster of small vesicles may occur at the bite site. 

Severe encephalomyelitis may ensue, with death occurring in days. In 

the United States, only one reference laboratory is equipped to identify 

the virus. Prompt and exhaustive cleaning of wounds, followed by 

early initiation of postexposure acyclovir or valacyclovir, may prevent 

the occurrence of severe disease.160

Poxviruses: Smallpox and Monkeypox
The global effort to eliminate the scourge of Variola virus (smallpox) 

from the earth in 1979 remains one of the greatest medical accom-

plishments of humankind.161 This double-stranded DNA virus is still 

relevant today only because of concerns regarding its potential in bio-

terrorism.162,163 Jenner’s vaccination strategy using a closely related 

cowpox virus to provide cross-species protective immunity to small-

pox eventually eradicated the last human cases of smallpox. A recent 

added level of protection to smallpox is now available as a novel,  

oral, antiviral agent called tecovirimat. The drug inhibits final cell 

membrane assembly and release of viral particles.164

The classic smallpox eruption starts in the oropharynx and spreads 

to the face, palms, soles, and centrifugally. Initially macules evolve to 

papules, and ultimately vesicles and pustules over a 1-week period. All 

lesions are typically at the same stage of development, and fever and 

systemic symptoms predate the onset of rash. In contrast, the lesions 

of chickenpox are present at different stages of development, and fever 

occurs with the onset of the rash. The rash of smallpox could also be 

confused with monkeypox, generalized vaccinia, eczema vaccinatum, 

coxsackievirus infection, HSV infection (especially eczema herpeti-

cum), rickettsialpox, insect bites, drug eruptions, and acne. The poxvi-

ruses and their major clinical manifestations are listed in Table 119.3.

Monkeypox

Monkeypox was first recognized in 1958 as a disease of primates  

and subsequently recognized in rodents. Beginning in 1970, cases in 

humans were reported in Central Africa. In 2003 cases occurred in  

the United States in residents of the Midwest who had contact with 

imported prairie dogs.165 Patients developed vesicular skin lesions and 

fever with diaphoresis. Although case fatality rates of 4%–22% have 

been observed in outbreaks of the infection in Africa, none of the  

11 patients in an American outbreak died.165 There is no clear evidence 

as yet that tecovirimat is an effective treatment for monkeypox.

CRITICAL NEUROTROPIC VIRUSES

Flaviviruses: WNE, Zika, Japanese Encephalitis,  
St. Louis Encephalitis, Tickborne Encephalitis

West Nile Encephalitis Virus
West Nile encephalitis (WNE) virus is a neurotropic flavivirus that has 

circulated for several decades but re-emerged in North America in the 

1990s.166,167 Currently, the virus and its complications are found 

around the world. The majority of cases are transmitted by mosquitos, 

particularly in the presence of crows and/or blue jays, but transmission 

by blood transfusion or organ allograft have been reported.168,169 

Symptoms are nonspecific, but infected patients may experience high 

fevers, influenza-like illness, retroorbital pain, headaches, and confu-

sion. Conjunctivitis, rash, and lymphadenopathy may be present. Al-

though severe neurologic symptoms occur in ,1% of infections, they 

can be serious, including acute flaccid paralysis (myelitis), a diversity 

of neuropathies, and meningoencephalitis. Case fatalities are highest in 

elderly patients.170

Zika Virus

Zika virus is a flavivirus first isolated in the 1950s, but it has come to 

significant attention after epidemics in the Americas, Caribbean, and 

Pacific in 2015 and 2016. The virus is endemic in tropical climates and 

transmitted by the Aedes aegypti mosquito. The vast majority of symp-

toms in adults are mild and self-resolving, including fever, maculo-

papular rash, and arthralgias. Zika virus is neurotropic to the develop-

ing fetus, and in utero transmission may result in microcephaly and 

significant developmental problems. Rarely, adult patients may suffer 

serious complications necessitating ICU care, including GBS, myelitis, 

and meningoencephalitis.171

Other Flaviviruses

Many other flaviviruses have neurotropic clinical manifestations, pre-

dominantly causing encephalitis that might cause serious complica-

tions. These viruses are distributed throughout diverse geographic lo-

cations around the world. The Japanese encephalitis (JE) virus is 

endemic in Southeast Asia and transmitted via the Culex mosquito, 

particularly in rural areas near rice paddies and pigs. St. Louis en-

cephalitis (STE) has been found in virtually all U.S. states, Canada, and 

Mexico. Transmission also occurs via the Culex mosquito. Tickborne 

encephalitis (TBE) virus is found throughout Western Europe, Russia, 

China, and Japan. Unique to the flavivirus family, this disease is the 

only one transmitted by ticks (Ixodes). Vaccinations are available for JE 

and TBE and are only recommended for those with potential for sig-

nificant exposure and at serious risk of complications. Like WNE, the 

majority of infections with these agents are subclinical; however, severe 

systemic and neurologic manifestations can occur, particularly in older 

patients. Diagnosis is predominantly confirmed by clinical, serologic, 

and molecular methods. Treatment is supportive without approved 

specific antiviral therapy.

Paramyxoviruses: Hendra and Nipah Virus
Hendra and Nipah viruses have been associated with high mortality as 

a result of encephalitis or an acute pulmonary syndrome in Australia 

(Hendra virus) and Malaysia, Singapore, India, and Bangladesh (Nipah 

virus). The reservoir for these closely related viruses appears to be fruit 

bats. Viral transmission appears to occur from bats to horses (Hendra 

virus) or pigs (Nipah virus). Humans exposed to ill horses or pigs have 

TABLE 119.3 Common Clinical 
Manifestations of Poxviruses

Virus Clinical Manifestations

Variola (smallpox) Diffuse vesicular rash; systemic disease; eliminated 

from the world by vaccination, but still a possible 

agent of bioterrorism

Monkeypox Vesicular rash; lymphadenopathy may help differenti-

ate from smallpox; increased risk after African  

monkey and rodent exposures

Vaccinia (cowpox) Vesicular, sometimes hemorrhagic rash; may leave 

black eschar; postinfectious encephalitis may occur; 

historic use in smallpox vaccination; increased risk 

after exposure to infected cats

Parapoxvirus Orf (localized vesicular lesion); increased risk after  

exposure to infected goats or sheep

Molluscipoxvirus Molluscum contagiosum; may cause chronic genital 

lesions and other vesicular skin lesions

Tanapox virus Vesicular rash; often a presenting as a single pox  

lesion; endemic to regions in sub-Saharan Africa
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developed this potentially fatal infection. In Bangladesh, nosocomial 

transmission of Nipah virus may have occurred.

VIRAL HEMORRHAGIC FEVERS

Hemorrhagic fevers are caused by Filoviridae, Bunyaviridae, Arena-

viridae, or Flaviviridae. Dengue hemorrhagic fever and yellow fever are 

reviewed in Chapter 123. Other less common, but life-threatening 

hemorrhagic fevers are reviewed here.

Filoviruses: Marburg and Ebola
Marburg and Ebola viruses are distinct genera in the Filoviridae family 

and are among the world’s most virulent pathogens. Marburg virus 

appears to have originated in Uganda and Western Kenya, where it 

infected monkeys and subsequently humans. Marburg refers to a town 

in Germany where monkeys from Uganda infected medical research-

ers, who subsequently infected hospital staff.

The major subtypes of Ebola virus (Zaire, Sudan, Bundibugyo, Tai 

Forest) have occurred in Central Africa. Recent large epidemics have 

occurred and threatened global spread. The West African epidemic 

with the Zaire species in 2014 infected nearly 29,000 individuals with 

case-fatality rates of approximately 40%. Cases predominantly oc-

curred in Guinea, Liberia, and Sierra Leone; however, imported cases 

occurred in the United States, United Kingdom, Italy, Spain, Mali,  

Nigeria, and Senegal. Additional secondary infections occurred in 

these countries, mainly nosocomial spread to healthcare workers.172 

The most recent epidemic continues in the North Kivu province of 

Democratic Republic of the Congo (DRC) (2018), where military con-

flict has presented significant challenges for treatment and prevention. 

An additional subtype (Reston) was discovered in Reston, Virginia, 

among infected monkeys imported from the Philippines but does not 

cause disease in humans.173

Marburg and Ebola virus infections have a typical incubation pe-

riod of 5–10 days (range 2–21 days) and begin with the abrupt onset 

of fever, myalgia, and headache. Somnolence and delirium usually fol-

low. Most patients have abdominal pain and diarrhea. Many have a 

maculopapular rash on the trunk. Hemorrhagic manifestations such 

as bleeding around needle puncture sites and from the mucous mem-

branes become prominent. Most patients have significant thrombocy-

topenia, leukopenia, and elevated transaminase levels. Viral culture, 

serology, and PCR have all been used to establish the diagnosis. At 

present, management is purely supportive and predominantly geared 

to fluid replenishment from GI loses and use of broad-spectrum anti-

biotics in late and severe cases to treat secondary bacterial infection 

from mucosal translocation. Several investigational therapies are under 

development, including monoclonal antibodies (mAb114, REGN-EB3, 

ZMapp), nucleotide analogues (remdesivir), and immunizations.  

Additionally, strict contact isolation precautions are necessary.

Bunyaviruses: Hantavirus and Nairovirus  
(Crimean-Congo Hemorrhagic Fever)
Hantavirus and Crimean-Congo hemorrhagic fever (CCHF) virus are 

from the Bunyaviridae family of viruses. Hantaviruses cause hemor-

rhagic fever with renal syndrome (HFRS) and hantavirus pulmonary 

syndrome (HPS). There are over a dozen human pathogenic strains of 

hantavirus. The subtypes Hantaan, Dobrava, and Seoul cause moder-

ate to severe HFRS in Asia and Europe, whereas Puumala causes a mild 

form of HFRS.174 Unlike other Bunyaviridae, hantaviruses do not ap-

pear to have an arthropod vector and are usually transmitted via aero-

sols of virus-contaminated rodent urine or feces. The incubation pe-

riod is typically 2 weeks. Initially, patients develop fever, headache, 

dizziness, blurred vision, abdominal pain, and back pain. Petechiae 

may be evident on the palate and the trunk; most patients have sig-

nificant thrombocytopenia. After 4–7 days, significant shock can occur. 

In patients who survive, oliguria and mucosal hemorrhage occur, fol-

lowed by polyuria. Sin Nombre virus and Andes virus cause HPS in 

North America and South America, respectively.174 HPS is character-

ized by fever and severe vascular permeability with capillary leak, lead-

ing to shock and pulmonary edema.

CCHF is a severe hemorrhagic fever with a mortality rate ranging 

from 3% to 30%; it has been described in parts of Africa, Asia, Eastern 

Europe, and the Middle East.175 It has the most extensive geographic 

distribution of medically important tickborne viral diseases. CCHF 

occurs through tick bites, by contact with blood or tissues from vire-

mic livestock, and after contact with patients with CCHF during the 

acute phase of infection.175 Patients have severe thrombocytopenia, 

disseminated intravascular coagulation, and extensive bleeding, with 

hepatitis and rhabdomyolysis. Diagnosis is made by enzyme-linked 

immunoassay (ELISA) and/or PCR. The clinical course of CCHF in-

cludes an incubation period (3–7 days), a pre-hemorrhagic period 

(3–7 days) with flulike symptoms, a hemorrhagic period (2–3 days), 

and a convalescence period. Supportive therapy is the most essential 

part of the management of CCHF. Ribavirin (30 mg/kg as an initial 

dose, then 15 mg/kg 6-hourly for 4 days, then 7.5 mg/kg 8-hourly for 

6 days) is the recommended antiviral agent for severe CCHF, although 

its mechanism of action is unknown.175

Arenaviruses: Lassa Fever and South American 
Hemorrhagic Fevers
Lassa fever and South American hemorrhagic fevers are caused by 

Arenaviridae. Lassa fever occurs in West Africa. South American 

hemorrhagic fevers occur in Argentina, Bolivia, and Venezuela. Lassa 

fever is transmitted via rodents, but subsequent nosocomial trans-

mission has been extensive. Many cases of Lassa fever are only mildly 

symptomatic. Some patients develop high fever, pharyngitis, and 

retrosternal chest pain accompanied by significant mucosal bleeding. 

Hypotension, renal failure, and pulmonary edema may follow. Serol-

ogy can be used to establish the diagnosis, but the virus is also easily 

isolated from blood during the first week of illness, when viremia is 

often striking. Use of ribavirin has been associated with a decrease in 

mortality.176

South American hemorrhagic fevers (Argentine, Bolivian, and Ven-

ezuelan) usually present with unremitting fever accompanied by a va-

riety of nonspecific symptoms. Petechiae are often present on the pal-

ate and the skin, especially the axilla; mucosal bleeding may result. 

Pulmonary edema may occur. Management is extremely difficult ow-

ing to the combination of hypotension and refractory pulmonary 

edema. The diagnosis can be established by serologic tests. No specific 

therapy is available.

OTHER SYSTEMIC CRITICAL VIRAL INFECTIONS

Herpes Viruses: CMV, EBV, HHV 6, HHV 8
Aside from the vesicular herpes viruses (HSV-1, HSV-2, VZV, and her-

pes B virus), five other herpes viruses may cause life-threatening infec-

tion, by primary or latent reactivation, particularly in immunocompro-

mised hosts. These include cytomegalovirus (CMV); Epstein-Barr virus 

(EBV); and the human herpesviruses (HHV) types 6, 7, and 8.

Cytomegalovirus

CMV infection is a classic cause of severe infection in immunocom-

promised hosts, especially transplant recipients and patients with  

human immunodeficiency virus (HIV) infection.177–179 Infection can 

be primary or the result of reactivation. The risk of end-organ CMV 
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infection depends on the degree of immunosuppression and whether 

the infection is primary or reactivated. For solid organ transplant re-

cipients, there is a significant risk of primary infection in patients who 

were seronegative for CMV before transplantation and received an 

organ from a seropositive donor.177 The organs commonly affected 

by CMV infection include the esophagus, colon, retina, and lungs. 

Virtually any organ can be infected, including the CNS. Some patients 

present with fever, malaise, and hematologic abnormalities (cytopenias), 

without specific end-organ abnormalities.

Given the high risk of CMV infections in transplant recipients, 

strategies should be employed to prevent CMV infections.177,180,181 Two 

options are prophylaxis or preemptive therapy. Prophylaxis implies the 

administration of preventive therapy to all persons at risk.177 In con-

trast, preemptive therapy is the administration of antiviral therapy only 

to persons at highest risk, as determined by a positive result on a regu-

larly monitored serum PCR to detect CMV viremia.177 Such therapy is 

given even if the patient is asymptomatic.

Epstein-Barr Virus

Primary EBV infection may be associated with fever, malaise, and he-

matologic abnormalities in immunocompromised patients (and also 

in some immunocompetent individuals). EBV infection may be asso-

ciated with the development of malignancies such as posttransplant 

lymphoproliferative disorder.182–184 In some transplant populations, 

regular quantitative monitoring of EBV in peripheral blood by PCR is 

performed to determine the risk of significant EBV infection.185

Human Herpes Virus-6

HHV-6 is a ubiquitous viral infection that usually occurs in infancy. 

Primary HHV-6 infection and possibly reactivation of infection in im-

munocompromised patients can be associated with serious disease.186,187 

HHV-6 seems to have neurotropism—in addition to fever, HHV-6 in-

fection may be associated with confusion, coma, and seizures.188,189 

Occasionally, CSF examination is normal except for increased protein 

and the finding of HHV-6 by PCR.

Human Herpes Virus-8

HHV-8 is associated with Kaposi sarcoma, primary effusion lym-

phoma, and Castleman syndrome.190,191 It may be transmitted via 

organ allograft in solid organ transplantation. Primary infection in 

immunosuppressed patients may be associated with high fever, 

thrombocytopenia, other severe cytopenias, and mental state abnor-

malities.192 Detection of HHV-8 by PCR in whole blood can establish 

the diagnosis.

Other Systemic Viruses
Adenoviruses
Adenoviruses have a myriad of presentations in immunocompetent 

and immunocompromised hosts. Adenovirus infection in immuno-

competent individuals is rarely associated with severe disease.193 Al-

though adenovirus infection in immunocompromised hosts may 

have trivial manifestations, severe diseases may certainly occur. In 

recipients of hematologic stem cell transplantation, adenoviruses may 

cause interstitial pneumonitis, hepatitis (including ascending cholan-

gio-hepatitis), hemorrhagic cystitis, nephritis, hemorrhagic colitis, 

CNS disease, and disseminated infection.193 In solid organ transplant 

recipients, the primary site of adenovirus disease is usually related to 

the transplanted organ. Clinical manifestations of adenovirus infec-

tions described in solid organ transplantations include pneumonia, 

hepatitis, nephritis, hemorrhagic cystitis, enteritis, and disseminated 

disease.193 Adenovirus infection in patients with HIV may cause 

pneumonia, hepatitis, meningoencephalitis, nephritis, and GI and 

disseminated disease.193

Polyomaviruses: JC and BK Virus

The most commonly encountered polyomaviruses are JC virus and BK 

virus. JC virus may be associated with progressive multifocal leukoen-

cephalopathy, a progressive and ultimately fatal neurologic disease 

occurring in profoundly immunosuppressed individuals, such as  

patients with advanced HIV infection. BK virus is associated most 

commonly with renal infection in renal transplant recipients.194 This 

infection is usually not accompanied by systemic manifestations such 

as fever but is frequently associated with nephropathy and rising serum 

creatinine. The mainstay of therapy is to reduce immunosuppressive 

medications. Without resolution of infection, patients are at higher 

risk of allograft dysfunction and loss.195 Patients with hematopoietic 

stem cell transplants and BK virus infection are at risk of hemorrhagic 

cystitis after engraftment.

Other Acute Viral Syndromes

Many other viruses can cause life-threatening complications such as 

aseptic meningitis, encephalitis, pneumonia, or hepatitis. Because they 

are less common than those described in this text, they are not discussed 

in detail but are summarized in Tables 119.4 and 119.5 and elsewhere in 

this text. Viruses are continually evolving and because of their genetic 

plasticity, modified or entirely new pathogens may emerge. In the right 

setting, viruses may become more contagious and transmissible and/or 

develop increased virulence with serious health repercussions.

ANTIVIRAL DRUGS

Because of the increasing recognition of viruses in the ICU and the 

potential for some of the viruses to cause life-threatening infection, it is 

imperative that ICU clinicians maintain an understanding of antiviral 

drug regimens and their indications. This section reviews commonly 

used antivirals in the ICU, with the exception of HIV and viral hepatitis 

therapies. Antivirals for influenza are reviewed earlier in the text.

Acyclovir
Acyclovir is a deoxyguanosine analog that inhibits viral DNA polymerase. 

When incorporated into viral DNA, it acts as a chain terminator. Acyclo-

vir has its greatest clinical utility against HSV-1, HSV-2, and VZV. It has 

only minor activity against CMV; therefore ganciclovir is preferred. There 

are rare strains of acyclovir-resistant HSV, whereas acyclovir-resistant 

VZV is very uncommon. Acyclovir is available in oral and IV formula-

tions. It penetrates the CSF reasonably well, and CSF levels are about 50% 

of plasma levels.196 Acute mucosal HSV is typically treated with 200 mg 

orally five times per day; however, valacyclovir may be preferred because 

of its higher oral absorption and lower dosing intervals. VZV infections 

can be treated with 800 mg orally five times per day. In HSV encephalitis, 

acyclovir is usually given by IV at 10 mg/kg every 8 hours. Dose reduction 

is required in the presence of renal dysfunction. Patients should be 

monitored for neurotoxicity, usually manifesting as confusion, halluci-

nations, and tremors. As acyclovir can cause crystalline nephropathy,  

patients receiving the drug should be well hydrated.

Valacyclovir
Because the bioavailability of orally administered acyclovir is low,  

valacyclovir (the l-valyl ester prodrug of acyclovir) was developed.  

It is usually administered twice daily for non–life-threatening HSV 

infections and three times daily for VZV infections.

Famciclovir
Famciclovir is a prodrug of penciclovir, which is active against HSV and 

VZV. Similar to acyclovir, penciclovir is an inhibitor of viral DNA syn-

thesis. In general, acyclovir-resistant strains are also resistant to penci-

clovir. Dose adjustment of famciclovir is needed in renal insufficiency.
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Virus Clinical Manifestations

Enteroviruses Common cause of aseptic meningitis; rapid diagnosis available via PCR of CSF

HSV-1/2 In adults usually the result of reactivation; rapid diagnosis available via PCR of CSF; HSV-1 commonly causes herpes encephalitis; 

HSV-2 often causes aseptic meningitis

VZV May cause encephalitis after chickenpox or in immunocompromised hosts; relatively uncommon; diagnosis made via PCR of CSF

HHV-6 Uncommon cause of encephalitis in immunocompromised hosts, particularly in solid organ transplant recipients

JC virus May cause progressive multifocal leukoencephalopathy in immunocompromised hosts, particularly HIV-infected patients

Japanese encephalitis Endemic cause of encephalitis in Southeast Asia, particularly after exposure to rural rice paddies, near farms with pigs

St. Louis encephalitis Outbreaks have occurred throughout the United States; spread by Culex mosquito; spectrum of disease including headache, aseptic 

meningitis, and encephalitis

West Nile virus Endemic globally, most common cause of encephalitis in United States and Canada; spread by mosquitos; most cases asymptomatic; 

causes ILI, and some may develop encephalitis

Tickborne encephalitis Occurs mostly in Europe, Siberia, and the Far East; related North American TBE caused by Powassan virus; causes acute febrile illness, 

aseptic meningitis, meningoencephalitis, and acute flaccid paralysis

Nipah virus Occurs in Southeast Asia; severe and often fatal meningoencephalitis; increased risk after zoonotic exposure

Hendra virus Occurs in Australia; causes ILI leading to fatal respiratory illness or encephalitis; increased risk after zoonotic exposure

Rabies virus Global zoonosis transmitted after bite from rabid animals (racoons, dogs, bats, etc.); postexposure with active and passive immuno-

therapy is important

California encephalitis Caused by La Crosse, Jamestown Canyon, and other related viruses; second most common cause of encephalitis in the United States 

and Canada

Human immunodeficiency 

virus

Can cause encephalitis during the early/acute phase of HIV infection

TABLE 119.4 Viruses That Cause Aseptic Meningitis or Encephalitis

CSF, Cerebrospinal fluid; HHV-6, human herpesvirus 6; HSV, herpes simplex virus; ILI, influenza-like illness; PCR, polymerase chain reaction; TBE, 

tickborne encephalitis; VZV, varicella-zoster virus.

Virus Clinical Manifestations

Respiratory syncytial 

virus

Common cause of lower respiratory tract infection in infants; circulates seasonally with influenza; can cause ARDS and other systemic 

manifestations in adults

Influenza Well-known cause of endemic and epidemic upper and lower respiratory tract infection

Parainfluenza virus Among most common URTI globally; causes croup in children; may cause severe pneumonia or exacerbation of chronic pulmonary disease

Measles virus Common cause of pneumonia in children in developing nations; re-emerging in areas with low vaccine uptake

Coronaviruses Severe acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS), coronavirus disease 2019 (COVID-19); emerging in 

epidemics

CMV Cause of pneumonia only in immunocompromised hosts

VZV Pneumonia can complicate chickenpox

Adenovirus Ubiquitous virus; may cause severe pneumonia in immunosuppressed hosts

Hantavirus Most severe form related to Sin Nombre virus (SNV); febrile illness with severe capillary leak and pulmonary edema; increased risk after 

exposure to rodents

Hendra virus Occurs in Australia; may cause fatal pneumonia; increased risk after zoonotic exposure

TABLE 119.5 Viruses That Can Cause Severe Pneumonia

CMV, Cytomegalovirus; URTI, upper respiratory tract infection; VZV, varicella-zoster virus.

Ganciclovir
Similar to acyclovir, ganciclovir is a deoxyguanosine analog that inhibits 

viral DNA polymerases. Its primarily used in the treatment of CMV 

infections but also has activity against HSV and VZV. Patients with 

tissue-invasive CMV are treated initially with induction ganciclovir,  

5 mg/kg IV every 12 hours. Alterations in dose and frequency are  

required in patients with renal dysfunction. Typically, maintenance 

therapy is given at a reduced frequency in patients who have received 

2–3 weeks of induction therapy. Myelosuppression is the major toxicity 

of ganciclovir. Neutropenia typically begins to occur in the second week 

of ganciclovir therapy. Regular monitoring of hematologic parameters 

is mandatory for patients receiving ganciclovir. CNS abnormalities such 

as headaches and confusion have been well described in patients receiv-

ing ganciclovir. Ganciclovir also can be administered into the eyes via 

an ocular implant.197,198 Resistance of CMV to ganciclovir can occur 

after mutations in the UL97 phosphotransferase gene.199 Risk factors 

for ganciclovir resistance include prolonged exposure to ganciclovir 

(usually several months), ongoing active viral replication because of 

severe immunosuppression, lack of prior CMV immunity, and inade-

quate antiviral drug delivery with oral ganciclovir.199
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• Influenza has exacted an enormous cost to civilization since antiquity and 

continues to cause annual epidemics and excess deaths to the present day.

• Influenza A is responsible for periodic pandemics when influenza viruses 

from birds reassort with human-adapted viruses to generate novel, hybrid 

viruses to which the entire human population is susceptible.

• Secondary bacterial pneumonia is common with or after influenza infection, 

usually caused by S. pneumoniae or S. aureus.

• The mainstay of treatment for severe influenza includes supportive ICU 

care, neuraminidase inhibitors (oseltamivir), and often ancillary treatments 

for refractory hypoxemia.

• Annual influenza vaccination is the best way to prevent and/or minimize 

illness severity and is recommended for patients at risk and all healthcare 

workers.

• Coronaviruses have a propensity to emerge into highly transmissible patho-

gens causing potentially severe pneumonia, including SARS, MERS, and 

COVID-19; treatment is supportive, and prevention with appropriate infec-

tion control strategies is imperative to limit spread.

• Measles is re-emerging because of lack of herd immunity and low vaccina-

tion rates; the typical manifestations include fever, rash, coryza, and con-

junctivitis and can be associated with severe pneumonia in otherwise 

healthy adults.

• Flares of latent herpesvirus infection are common in the ICU, vesicular 

rashes in the oropharynx or genital region should be swabbed and treated for 

HSV; dermatomal vesicular rashes should be checked for herpes zoster (VZV).

Valganciclovir
The oral bioavailability of ganciclovir is poor. Valganciclovir, a prodrug 

of ganciclovir, can be used to enhance bioavailability. Valganciclovir may 

be used as a prophylaxis against CMV infections in those undergoing 

solid or hematopoietic transplantation180 or as a reasonable step-down 

alternative to ganciclovir in maintenance therapy for CMV disease.

Foscarnet
Foscarnet is an alternative anti-CMV antiviral, typically reserved for 

CMV-resistant infections (or for those intolerant of ganciclovir). 

Foscarnet also has activity against HSV and VZV, including acyclo-

vir-resistant and ganciclovir-resistant strains. Although foscarnet 

and ganciclovir may have synergistic activity against CMV, there is 

greater toxicity and no proven benefit to using them in combina-

tion.200 Foscarnet is available in an IV formulation only. Toxicity is 

common with foscarnet. Nephrotoxicity is a major dose-limiting side 

effect. Electrolyte abnormalities are also common, especially hypo-

calcemia, hypophosphatemia, hypomagnesemia, and hypokalemia, 

which may be symptomatic. Foscarnet may produce painful genital 

ulcerations; saline loading may diminish the likelihood of nephro-

toxicity or ulceration.

Cidofovir
Cidofovir is a broad-spectrum nucleotide analog that is active against 

many DNA viruses, including herpesviruses, polyomaviruses, poxvi-

ruses, and adenoviruses. It is active against acyclovir-resistant and 

ganciclovir-resistant HSV and CMV. Cidofovir is administered via IV 

once a week or once every 2 weeks. Its use is accompanied by high rates 

of nephrotoxicity. Neutropenia occurs in 20% of patients receiving this 

drug.

Ribavirin
Ribavirin was widely used in combination therapy for hepatitis C virus 

infection before the advent of direct-acting antivirals, but it is dis-

cussed here in the context of its use against other viruses. In vitro, 

ribavirin has activity against a wide range of DNA and RNA viruses. 

Ribavirin (aerosolized) is approved by the U.S. Food and Drug Admin-

istration for the treatment of bronchiolitis and pneumonia caused by 

respiratory syncytial virus (RSV). It has been used systemically in the 

treatment of some hemorrhagic fevers. Systemic ribavirin administra-

tion is associated with hemolytic anemia and is highly teratogenic. Use 

of aerosolized ribavirin in patients with mechanical ventilation or 

aerosolizing procedures is controversial because of potential exposure 

to healthcare workers; thus use of aerosol containment systems is  

recommended.

 References for this chapter can be found at expertconsult.com.

KEY POINTS

ANNOTATED REFERENCES

Davies A, Jones D, Bailey M, et al. Extracorporeal membrane oxygenation for 

2009 influenza A(H1N1) acute respiratory distress syndrome. JAMA. 2009;

302(17):1888–1895.

Largest observational study of patients with H1N1 influenza–associated ARDS 

treated with ECMO. Although the duration of ECMO support was long (median 

10 days), outcomes were favorable, with .70% survival out of the ICU.

Kumar A, Zarychanski R, Pinto R, et al. Critically ill patients with 2009 influ-

enza A(H1N1) infection in Canada. JAMA. 2009;302(17):1872–1879.

Detailed and valuable review of the impact of influenza upon critical care services 

and the relative values of various support measures in managing critically ill 

patients during an outbreak of pandemic influenza A (H1N1) in 2009.

Lansbury L, Rodrigo C, Leonardi-Bee J, et al. Corticosteroids as adjunctive 

therapy in the treatment of influenza. Cochrane Database Syst Rev. 

2019;2:CD010406.

A meta-analysis examining the role of adjunctive corticosteroids in the  

tratment of influenza (30 studies [29 observational studies], 99,224 patients). 

Corticosteroids were associated with increased mortality (odds ratio [OR] 

3.90) and an increased risk hospital-acquired infection (OR 2.74).

Muscedere J, Ofner M, Kumar A, et al. The occurrence and impact of bacterial 

organisms complicating critical care illness associated with 2009 influenza 

A(H1N1) infection. Chest. 2013;144(1):39–47.

Prospective study describing the clinical course of patients with H1N1  

influenza and bacterial coinfection in the ICU. Detailed clinical features, in-

cluding types of microorganisms, clinical syndromes, treatments, risk factors, 

and outcomes, are described.

Uyeki TM, Bernstein HH, Bradley JS, et al. Clinical practice guidelines by the 

Infectious Diseases Society of America: 2018 update on diagnosis, treat-

ment, chemoprophylaxis, and institutional outbreak management of seasonal 

influenza. Clin Infect Dis. 2019;68(6):895–902.

These recent guidelines from the IDSA help guide the diagnosis and manage-

ment of patients with influenza.

Wu Z, McGoogan JM. Characteristics of and important lessons from the coro-

navirus disease 2019 (COVID-19) outbreak in China: Summary of a report 

of 72314 cases from the Chinese Center for Disease Control and Preven-

tion. JAMA. 2020;323(13):1239–1242.

Largest case series detailing the epidemiologic and outcome characteristics of 

the COVID-19 outbreak in China.

  

 

http://expertconsult.com
http://expertconsult.com


e1

REFERENCES

 1. Zimmer, S. M., & Burke, D. S. (2009). Historical perspective-Emergence of in-

fluenza A (H1N1) viruses. New England Journal of Medicine, 361(3), 279–285.

 2. Opal, S. M. (2009). Coming soon to an ICU near you: severe pandemic  

influenza in ICU patients in Spain. Critical Care, 13(5), 196–196.

 3. Cantan, B., Luyt, C. E., & Martin-Loeches, I. (2019). Influenza Infections 

and Emergent Viral Infections in Intensive Care Unit. Seminars in 

Respiratory and Critical Care Medicine, 40(4), 488–497.

 4. Molinari, N. A., Ortega-Sanchez, I. R., Messonnier, M. L., Thompson, W. W., 

Wortley, P. M., Weintraub, E., et al. (2007). The annual impact of seasonal 

influenza in the US: measuring disease burden and costs. Vaccine, 25(27), 

5086–5096.

 5. Centers for Disease Control and Prevention. (2020). Disease burden of 

influenza. Retrieved from https://www.cdc.gov/flu/about/burden/index.

html. Accessed February 2, 2020.

 6. Iuliano, A. D., Roguski, K. M., Chang, H. H., Muscatello, D. J., Palekar, R., 

Tempia, S., et al. (2018). Estimates of global seasonal influenza-associated  

respiratory mortality: a modelling study. Lancet, 391(10127), 1285–1300.

 7. Pike, J., Bogich, T., Elwood, S., Finnoff, D. C., & Daszak, P. (2014). Eco-

nomic optimization of a global strategy to address the pandemic threat. 

Proceedings of the National Academy of Sciences of the United States of 

America, 111(52), 18519–18523.

 8. Fraser, C., Donnelly, C. A., Cauchemez, S., Hanage, W. P., Van Kerkhove, 

M. D., Hollingsworth, T. D., et al. (2009). Pandemic potential of a strain of 

influenza A (H1N1): early findings. Science, 324(5934), 1557–1561.

 9. Peltola, V., Ziegler, T., & Ruuskanen, O. (2003). Influenza A and B virus 

infections in children. Clinical Infectious Diseases, 36(3), 299–305.

 10. Mauad, T., Hajjar, L. A., Callegari, G. D., da Silva, L. F., Schout, D.,  

Galas, F. R., et al. (2010). Lung pathology in fatal novel human influenza 

A (H1N1) infection. American Journal of Respiratory and Critical Care 

Medicine, 181(1), 72–79.

 11. Dawood, F. S., Jain, S., Finelli, L., Shaw, M. W., Lindstrom, S., Garten, R. J., 

et al. (2009). Emergence of a novel swine-origin influenza A (H1N1) virus 

in humans. New England Journal of Medicine, 360(25), 2605–2615.

 12. Dubar, G., Azria, E., Tesniere, A., Dupont, H., Le Ray, C., Baugnon, T.,  

et al. (2010). French experience of 2009 A/H1N1v influenza in pregnant 

women. PLoS One, 5(10), e13112.

 13. Wang, H., Feng, Z., Shu, Y., Yu, H., Zhou, L., Zu, R., et al. (2008). Probable 

limited person-to-person transmission of highly pathogenic avian influenza 

A (H5N1) virus in China. Lancet, 371(9622), 1427–1434.

 14. Cheung, C. Y., Poon, L. L., Lau, A. S., Luk, W., Lau, Y. L., Shortridge, K. F., 

et al. (2002). Induction of proinflammatory cytokines in human macro-

phages by influenza A (H5N1) viruses: a mechanism for the unusual  

severity of human disease? Lancet, 360(9348), 1831–1837.

 15. Kobasa, D., Takada, A., Shinya, K., Hatta, M., Halfmann, P., Theriault, S., 

et al. (2004). Enhanced virulence of influenza A viruses with the haemag-

glutinin of the 1918 pandemic virus. Nature, 431(7009), 703–707.

 16. Gamblin, S. J., Haire, L. F., Russell, R. J., Stevens, D. J., Xiao, B., Ha, Y.,  

et al. (2004). The structure and receptor binding properties of the 1918 

influenza hemagglutinin. Science, 303(5665), 1838–1842.

 17. Garten, R. J., Davis, C. T., Russell, C. A., Shu, B., Lindstrom, S., Balish, A., 

et al. (2009). Antigenic and genetic characteristics of swine-origin 2009 

A(H1N1) influenza viruses circulating in humans. Science, 325(5937), 

197–201.

 18. Centers for Disease Control and Prevention. Weekly US influenza surveil-

lance report. Retrieved from https://www.cdc.gov/flu/weekly/index.htm. 

Accessed February 11, 2020.

 19. World Health Organization. Current WHO phase of pandemic alert (avian 

influenza H5N1). Retrieved from https://www.who.int/influenza/human_

animal_interface/h5n1phase/en/. Accessed February 11, 2020.

 20. World Health Organization. Frequently Asked Questions on human infec-

tion caused by the avian influenza A(H7N9) virus. Retrieved from https://

www.who.int/influenza/human_animal_interface/faq_H7N9/en/. Accessed 

February 11, 2020.

 21. Centers for Disease Control and Prevention. Types of influenza viruses. Re-

trieved from https://www.cdc.gov/flu/about/viruses/types.htm. Accessed 

February 2, 2020.

 22. Garg, S., Jain, S., Dawood, F. S., Jhung, M., Pérez, A., D’Mello, T., et al. 

(2015). Pneumonia among adults hospitalized with laboratory-confirmed 

seasonal influenza virus infection-United States, 2005-2008. BMC Infec-

tious Diseases, 15, 369.

 23. Funk, D. J., & Kumar, A. (2013). Inhaled nitric oxide in patients with the 

acute respiratory distress syndrome secondary to the 2009 influenza A 

(H1N1) infection in Canada. Canadian Journal of Anaesthesia, 60(2), 

212–213.

 24. Davies, A., Jones, D., Bailey, M., Beca, J., Bellomo, R., Blackwell, N., et al. 

(2009). Extracorporeal Membrane Oxygenation for 2009 Influenza 

A(H1N1) Acute Respiratory Distress Syndrome. JAMA, 302(17), 1888–1895.

 25. Kumar, A., Zarychanski, R., Pinto, R., Cook, D. J., Marshall, J., Lacroix, J., 

et al. (2009). Critically ill patients with 2009 influenza A(H1N1) infection 

in Canada. JAMA, 302(17), 1872–1879.

 26. Ramsey, C. D., Funk, D., Miller, R. R., III., & Kumar, A. (2010). Ventilator 

management for hypoxemic respiratory failure attributable to H1N1 

novel swine origin influenza virus. Critical Care Medicine, 38(Suppl. 4), 

e58–e65.

 27. Funk, D. J., Siddiqui, F., Wiebe, K., Miller, R. R., Bautista, E., Jimenez, E.,  

et al. (2010). Practical lessons from the first outbreaks: clinical presenta-

tion, obstacles, and management strategies for severe pandemic (pH1N1) 

2009 influenza pneumonitis. Critical Care Medicine, 38(Suppl. 4), e30–e37.

 28. Poehling, K. A., Edwards, K. M., Weinberg, G. A., Szilagyi, P., Staat, M. A., 

Iwane, M. K., et al. (2006). The underrecognized burden of influenza in 

young children. New England Journal of Medicine, 355(1), 31–40.

 29. Bhat, N., Wright, J. G., Broder, K. R., Murray, E. L., Greenberg, M. E., 

Glover, M. J., et al. (2005). Influenza-associated deaths among children in 

the United States, 2003-2004. New England Journal of Medicine, 353(24), 

2559–2567.

 30. Walter, N. D., Taylor, T. H., Shay, D. K., Thompson, W. W., Brammer, L., 

Dowell, S. F., et al. (2010). Influenza circulation and the burden of inva-

sive pneumococcal pneumonia during a non-pandemic period in the 

United States. Clinical Infectious Diseases, 50(2), 175–183.

 31. Morens, D. M., & Fauci, A. S. (2007). The 1918 influenza pandemic:  

insights for the 21st century. Journal of Infectious Diseases, 195(7), 

1018–1028.

 32. McAuley, J. L., Hornung, F., Boyd, K. L., Smith, A. M., McKeon, R.,  

Bennink, J., et al. (2007). Expression of the 1918 influenza A virus PB1-F2 

enhances the pathogenesis of viral and secondary bacterial pneumonia. 

Cell Host & Microbe, 2(4), 240–249.

 33. van der Poll, T., & Opal, S. M. (2009). Pathogenesis, treatment, and pre-

vention of pneumococcal pneumonia. Lancet, 374(9700), 1543–1556.

 34. Peltola, V. T., Murti, K. G., & McCullers, J. A. (2005). Influenza virus  

neuraminidase contributes to secondary bacterial pneumonia. Journal of 

Infectious Diseases, 192(2), 249–257.

 35. Klein, E. Y., Monteforte, B., Gupta, A., Jiang, W., May, L., Hsieh, Y. H.,  

et al. (2016). The frequency of influenza and bacterial coinfection: a sys-

tematic review and meta-analysis. Influenza and Other Respiratory Viruses, 

10(5), 394–403.

 36. Muscedere, J., Ofner, M., Kumar, A., Long, J., Lamontagne, F., Cook, D.,  

et al. (2013). The occurrence and impact of bacterial organisms compli-

cating critical care illness associated with 2009 influenza A(H1N1)  

infection. Chest, 144(1), 39–47.

 37. Centers for Disease Control and Prevention. (2009). Bacterial coinfections 

in lung tissue specimens from fatal cases of 2009 pandemic influenza A 

(H1N1) - United States, May-August 2009. MMWR. Morbidity and 

Mortality Weekly Report, 58(38), 1071–1074.

 38. Coffin, S. E., Zaoutis, T. E., Rosenquist, A. B., Heydon, K., Herrera, G., 

Bridges, C. B., et al. (2007). Incidence, complications, and risk factors  

for prolonged stay in children hospitalized with community-acquired  

influenza. Pediatrics, 119(4), 740–748.

 39. Estabragh, Z. R., & Mamas, M. A. (2013). The cardiovascular manifesta-

tions of influenza: a systematic review. International Journal of Cardiology, 

167(6), 2397–2403.

 40. Sellers, S. A., Hagan, R. S., Hayden, F. G., Fischer, & W. A., II. (2017). The 

hidden burden of influenza: A review of the extra-pulmonary complica-

tions of influenza infection. Influenza and Other Respiratory Viruses, 11(5), 

372–393.

  

 

https://www.cdc.gov/flu/about/burden/index.html
https://www.cdc.gov/flu/weekly/index.htm
https://www.who.int/influenza/human_animal_interface/h5n1phase/en/
https://www.who.int/influenza/human_animal_interface/faq_H7N9/en/
https://www.cdc.gov/flu/about/viruses/types.htm
https://www.cdc.gov/flu/about/burden/index.html
https://www.cdc.gov/flu/weekly/index.htm
https://www.who.int/influenza/human_animal_interface/h5n1phase/en/
https://www.who.int/influenza/human_animal_interface/faq_H7N9/en/
https://www.cdc.gov/flu/about/viruses/types.htm


e2

 41. Rice, T. W., Rubinson, L., Uyeki, T. M., Vaughn, F. L., John, B. B., Miller, R. R., 

et al. (2012). Critical illness from 2009 pandemic influenza A virus and 

bacterial coinfection in the United States. Critical Care Medicine, 40(5), 

1487–1498.

 42. Stowe, J., Andrews, N., Wise, L., & Miller, E. (2009). Investigation of the 

temporal association of Guillain-Barre syndrome with influenza vaccine 

and influenzalike illness using the United Kingdom General Practice  

Research Database. American Journal of Epidemiology, 169(3), 382–388.

 43. Oluyomi-Obi, T., Avery, L., Schneider, C., Kumar, A., Lapinsky, S., Menti-

coglou, S., et al. (2010). Perinatal and maternal outcomes in critically ill 

obstetrics patients with pandemic H1N1 Influenza A. Journal of Obstetrics 

and Gynaecology Canada, 32(5), 443–447.

 44. McGeer, A., Green, K. A., Plevneshi, A., Shigayeva, A., Siddiqi, N., Raboud, J., 

et al. (2007). Antiviral therapy and outcomes of influenza requiring  

hospitalization in Ontario, Canada. Clinical Infectious Diseases, 45(12), 

1568–1575.

 45. Rothberg, M. B., Haessler, S. D., & Brown, R. B. (2008). Complications of 

viral influenza. American Journal of Medicine, 121(4), 258–264.

 46. Chien, Y. W., Klugman, K. P., & Morens, D. M. (2009). Bacterial pathogens 

and death during the 1918 influenza pandemic. New England Journal of 

Medicine, 361(26), 2582–2583.

 47. Webb, S. A., & Seppelt, I. M. (2009). Pandemic (H1N1) 2009 influenza 

(“swine flu”) in Australian and New Zealand intensive care. Critical Care 

and Resuscitation, 11(3), 170–172.

 48. Fedson, D. S. (2009). Meeting the challenge of influenza pandemic prepared-

ness in developing countries. Emerging Infectious Diseases, 15(3), 365–371.

 49. Uyeki, T. M., Bernstein, H. H., Bradley, J. S., Englund, J. A., File, T. M.,  

Fry, A. M., et al. (2019). Clinical Practice Guidelines by the Infectious  

Diseases Society of America: 2018 Update on Diagnosis, Treatment,  

Chemoprophylaxis, and Institutional Outbreak Management of Seasonal 

Influenzaa. Clinical Infectious Diseases, 68(6), 895–902.

 50. Rello, J., Rodriguez, A., Ibanez, P., Socias, L., Cebrian, J., Marques, A., et al. 

(2009). Intensive care adult patients with severe respiratory failure caused 

by Influenza A (H1N1)v in Spain. Critical Care, 13(5), R148.

 51. Ellis, J., Iturriza, M., Allen, R., Bermingham, A., Brown, K., Gray, J., et al. 

(2009). Evaluation of four real-time PCR assays for detection of influenza 

A(H1N1)v viruses. Euro Surveillance, 14(22), 19230.

 52. Lee, N., Chan, P. K., Wong, C. K., Wong, K. T., Choi, K. W., Joynt, G. M.,  

et al. (2011). Viral clearance and inflammatory response patterns in adults 

hospitalized for pandemic 2009 influenza A(H1N1) virus pneumonia.  

Antiviral Therapy, 16(2), 237–247.

 53. Blyth, C. C., Iredell, J. R., & Dwyer, D. E. (2009). Rapid-test sensitivity for 

novel swine-origin influenza A (H1N1) virus in humans. New England 

Journal of Medicine, 361(25), 2493.

 54. Hurt, A. C., Alexander, R., Hibbert, J., Deed, N., & Barr, I. G. (2007). Per-

formance of six influenza rapid tests in detecting human influenza in  

clinical specimens. Journal of Clinical Virology, 39(2), 132–135.

 55. Hurt, A. C., Baas, C., Deng, Y. M., Roberts, S., Kelso, A., & Barr, I. G. 

(2009). Performance of influenza rapid point-of-care tests in the detection 

of swine lineage A(H1N1) influenza viruses. Influenza and Other Respira-

tory Viruses, 3(4), 171–176.

 56. Drexler, J. F., Helmer, A., Kirberg, H., Reber, U., Panning, M., Müller, M., 

et al. (2009). Poor clinical sensitivity of rapid antigen test for influenza  

A pandemic (H1N1) 2009 virus. Emerging Infectious Diseases, 15(10), 

1662–1664.

 57. Faix, D. J., Sherman, S. S., & Waterman, S. H. (2009). Rapid-test sensitivity 

for novel swine-origin influenza A (H1N1) virus in humans. New England 

Journal of Medicine, 361(7), 728–729.

 58. Dominguez-Cherit, G., Lapinsky, S. E., Macias, A. E., Pinto, R., Espinosa-

Perez, L., de la Torre, A., et al. (2009). Critically Ill patients with 2009 in-

fluenza A(H1N1) in Mexico. JAMA, 302(17), 1880–1887.

 59. Dawood, F. S., Iuliano, A. D., Reed, C., Meltzer, M. I., Shay, D. K., Cheng, P. Y., 

et al. (2012). Estimated global mortality associated with the first 12 months 

of 2009 pandemic influenza A H1N1 virus circulation: a modelling study. 

Lancet Infectious Diseases, 12(9), 687–695.

 60. Nolan, T., McVernon, J., Skeljo, M., Richmond, P., Wadia, U., Lambert, S., 

et al. (2010). Immunogenicity of a monovalent 2009 influenza A(H1N1) 

vaccine in infants and children: a randomized trial. JAMA, 303(1), 37–46.

 61. Shrestha, S. S., Swerdlow, D. L., Borse, R. H., Prabhu, V. S., Finelli, L.,  

Atkins, C. Y., et al. (2011). Estimating the burden of 2009 pandemic  

influenza A (H1N1) in the United States (April 2009-April 2010). Clinical 

Infectious Diseases, 52(Suppl. 1), S75–S82.

 62. Bautista, E., Chotpitayasunondh, T., Gao, Z., Harper, S. A., Shaw, M., 

Uyeki, T. M., et al. (2010). Clinical aspects of pandemic 2009 influenza  

A (H1N1) virus infection. New England Journal of Medicine, 362(18), 

1708–1719.

 63. Louie, J. K., Acosta, M., Jamieson, D. J., & Honein, M. A. (2010). Severe 

2009 H1N1 influenza in pregnant and postpartum women in California. 

New England Journal of Medicine, 362(1), 27–35.

 64. Louie, J. K., Acosta, M., Winter, K., Jean, C., Gavali, S., Schechter, R.,  

et al. (2009). Factors associated with death or hospitalization due to pan-

demic 2009 influenza A(H1N1) infection in California. JAMA, 302(17), 

1896–1902.

 65. World Health Organization. Essential steps for developing or updating a 

national pandemic influenza preparedness plan. Retrieved from https://

apps.who.int/iris/bitstream/handle/10665/272253/WHO-WHE-IHM- 

GIP-2018.1-eng.pdf?ua51. Accessed February 11, 2020.

 66. Sood, M. M., Rigatto, C., Zarychanski, R., Komenda, P., Sood, A. R., Bueti, J., 

et al. (2010). Acute kidney injury in critically ill patients infected with 

2009 pandemic influenza A(H1N1): report from a Canadian Province. 

American Journal of Kidney Diseases, 55(5), 848–855.

 67. Brower, R. G., Matthay, M. A., Morris, A., Schoenfeld, D., Thompson, B. T., 

& Wheeler, A. (2000). Ventilation with lower tidal volumes as compared 

with traditional tidal volumes for acute lung injury and the acute respi-

ratory distress syndrome. New England Journal of Medicine, 342(18), 

1301–1308.

 68. Wiedemann, H. P., Wheeler, A. P., Bernard, G. R., Thompson, B. T., 

Hayden, D., deBoisblanc, B., et al. (2006). Comparison of two fluid- 

management strategies in acute lung injury. New England Journal of 

Medicine, 354(24), 2564–2575.

 69. Sud, S., Friedrich, J. O., Taccone, P., Polli, F., Adhikari, N. K., Latini, R.,  

et al. (2010). Prone ventilation reduces mortality in patients with acute  

respiratory failure and severe hypoxemia: systematic review and meta-

analysis. Intensive Care Medicine, 36(4), 585–599.

 70. Guerin, C., Reignier, J., Richard, J. C., Beuret, P., Gacouin, A., Boulain, T., 

et al. (2013). Prone positioning in severe acute respiratory distress syn-

drome. New England Journal of Medicine, 368(23), 2159–2168.

 71. Goligher, E. C., Hodgson, C. L., Adhikari, N. K. J., Meade, M. O., Wunsch, H., 

Uleryk, E., et al. (2017). Lung Recruitment Maneuvers for Adult Patients 

with Acute Respiratory Distress Syndrome. A Systematic Review and 

Meta-Analysis. Annals of the American Thoracic Society, 14(Suppl. 4), 

S304–S311.

 72. Taylor, R. W., Zimmerman, J. L., Dellinger, R. P., Straube, R. C., Criner, G. J., 

Davis, K., et al. (2004). Low-dose inhaled nitric oxide in patients with acute 

lung injury: a randomized controlled trial. JAMA, 291(13), 1603–1609.

 73. Adhikari, N. K., Burns, K. E., Friedrich, J. O., Granton, J. T., Cook, D. J., & 

Meade, M. O. (2007). Effect of nitric oxide on oxygenation and mortality 

in acute lung injury: systematic review and meta-analysis. BMJ, 

334(7597), 779.

 74. Afshari, A., Brok, J., Moller, A. M., & Wetterslev, J. (2011). Inhaled nitric 

oxide for acute respiratory distress syndrome and acute lung injury in 

adults and children: a systematic review with meta-analysis and trial  

sequential analysis. Anesthesia and Analgesia, 112(6), 1411–1421.

 75. Adhikari, N. K., Dellinger, R. P., Lundin, S., Payen, D., Vallet, B., Gerlach, H., 

et al. (2014). Inhaled nitric oxide does not reduce mortality in patients 

with acute respiratory distress syndrome regardless of severity: systematic 

review and meta-analysis. Critical Care Medicine, 42(2), 404–412.

 76. Gebistorf, F., Karam, O., Wetterslev, J., & Afshari, A. (2016). Inhaled nitric 

oxide for acute respiratory distress syndrome (ARDS) in children and 

adults. Cochrane Database of Systematic Reviews, 2016(6), Cd002787.

 77. Sukhal, S., Sethi, J., Ganesh, M., Villablanca, P. A., Malhotra, A. K., &  

Ramakrishna, H. (2017). Extracorporeal membrane oxygenation in severe 

influenza infection with respiratory failure: A systematic review and meta-

analysis. Annals of Cardiac Anaesthesia, 20(1), 14–21.

 78. Peek, G. J., Clemens, F., Elbourne, D., Firmin, R., Hardy, P., Hibbert, C.,  

et al. (2006). CESAR: conventional ventilatory support vs extracorporeal 

  

 

https://apps.who.int/iris/bitstream/handle/10665/272253/WHO-WHE-IHM-GIP-2018.1-eng.pdf?ua
https://apps.who.int/iris/bitstream/handle/10665/272253/WHO-WHE-IHM-GIP-2018.1-eng.pdf?ua


e3

membrane oxygenation for severe adult respiratory failure. BMC Health 

Services Research, 6, 163.

 79. Combes, A., Hajage, D., Capellier, G., Demoule, A., Lavoué, S., Guervilly, C., 

et al. (2018). Extracorporeal Membrane Oxygenation for Severe Acute  

Respiratory Distress Syndrome. New England Journal of Medicine, 378(21), 

1965–1975.

 80. Freed, D. H., Henzler, D., White, C. W., Fowler, R., Zarychanski, R., 

Hutchison, J., et al. (2010). Extracorporeal lung support for patients who 

had severe respiratory failure secondary to influenza A (H1N1) 2009 in-

fection in Canada. Canadian Journal of Anaesthesia, 57(3), 240–247.

 81. Rhodes, A., Evans, L. E., Alhazzani, W., Levy, M. M., Antonelli, M.,  

Ferrer, R., et al. (2017). Surviving Sepsis Campaign: International  

Guidelines for Management of Sepsis and Septic Shock: 2016. Intensive 

Care Medicine, 43(3), 304–377.

 82. Napolitano, L. M., Angus, D. C., & Uyeki, T. M. (2014). Critically ill  

patients with influenza A(H1N1)pdm09 virus infection in 2014. JAMA, 

311(13), 1289–1290.

 83. Kumar, A. (2011). Early versus late oseltamivir treatment in severely ill  

patients with 2009 pandemic influenza A (H1N1): speed is life. Journal of 

Antimicrobial Chemotherapy, 66(5), 959–963.

 84. Lytras, T., Mouratidou, E., Andreopoulou, A., Bonovas, S., & Tsiodras, S. 

(2019). Effect of Early Oseltamivir Treatment on Mortality in Critically Ill 

Patients With Different Types of Influenza: A Multiseason Cohort Study. 

Clinical Infectious Diseases, 69(11), 1896–1902.

 85. Muthuri, S. G., Venkatesan, S., Myles, P. R., Leonardi-Bee, J., Al Khuwaitir, T. S., 

Al Mamun, A., et al. (2014). Effectiveness of neuraminidase inhibitors in 

reducing mortality in patients admitted to hospital with influenza A 

H1N1pdm09 virus infection: a meta-analysis of individual participant 

data. Lancet Respiratory Medicine, 2(5), 395–404.

 86. Hsu, J., Santesso, N., Mustafa, R., Brozek, J., Chen, Y. L., Hopkins, J. P.,  

et al. (2012). Antivirals for treatment of influenza: a systematic review and 

meta-analysis of observational studies. Annals of Internal Medicine, 156(7), 

512–524.

 87. Doll, M. K., Winters, N., Boikos, C., Kraicer-Melamed, H., Gore, G., & 

Quach, C. (2017). Safety and effectiveness of neuraminidase inhibitors  

for influenza treatment, prophylaxis, and outbreak control: a systematic 

review of systematic reviews and/or meta-analyses. Journal of Antimicro-

bial Chemotherapy, 72(11), 2990–3007.

 88. Rodriguez, A., Diaz, E., Martin-Loeches, I., Sandiumenge, A., Canadell, L., 

Díaz, J. J., et al. (2011). Impact of early oseltamivir treatment on outcome 

in critically ill patients with 2009 pandemic influenza A. Journal of Anti-

microbial Chemotherapy, 66(5), 1140–1149.

 89. Aoki, F. Y., & Boivin, G. (2009). Influenza virus shedding: excretion pat-

terns and effects of antiviral treatment. Journal of Clinical Virology, 44(4), 

255–261.

 90. Louie, J. K., Yang, S., Acosta, M., Yen, C., Samuel, M. C., Schechter, R.,  

et al. (2012). Treatment with neuraminidase inhibitors for critically ill  

patients with influenza A (H1N1)pdm09. Clinical Infectious Diseases, 

55(9), 1198–1204.

 91. Hernan, M. A., & Lipsitch, M. (2011). Oseltamivir and risk of lower respi-

ratory tract complications in patients with flu symptoms: a meta-analysis 

of eleven randomized clinical trials. Clinical Infectious Diseases, 53(3), 

277–279.

 92. Dobson, J., Whitley, R. J., Pocock, S., & Monto, A. S. (2015). Oseltamivir 

treatment for influenza in adults: a meta-analysis of randomised con-

trolled trials. Lancet, 385(9979), 1729–1737.

 93. Kaiser, L., Wat, C., Mills, T., Mahoney, P., Ward, P., & Hayden, F. (2003). 

Impact of oseltamivir treatment on influenza-related lower respiratory 

tract complications and hospitalizations. Archives of Internal Medicine, 

163(14), 1667–1672.

 94. Network SEAIDCR. (2013). Effect of double dose oseltamivir on clinical 

and virological outcomes in children and adults admitted to hospital with 

severe influenza: double blind randomised controlled trial. BMJ, 346, f3039.

 95. Kumar, A., & ROSII Study Investigators. (2013). Viral clearance with stan-

dard or triple dose oseltamivir therapy in critically ill patients with pandemic 

(H1N1) 2009 influenza. Paper presented at: 53rd Interscience Conference 

on Antimicrobial Agents and Chemotherapy; September 10-13, 2013; 

Denver, CO.

 96. Kumar, D., Morris, M. I., Kotton, C. N., Fischer, S. A., Michaels, M. G., 

Allen, U., et al. (2010). Guidance on novel influenza A/H1N1 in solid 

organ transplant recipients. American Journal of Transplantation, 10(1), 

18–25.

 97. World Health Organization. Clinical management of human infection 

with avian influenza A (H5N1) virus. Retrieved from https://www.who.

int/influenza/resources/documents/ClinicalManagement07.pdf. Accessed 

February 10, 2020.

 98. Okomo-Adhiambo, M., Fry, A. M., Su, S., Nguyen, H. T., Elal, A. A.,  

Negron, E., et al. (2015). Oseltamivir-resistant influenza A(H1N1)pdm09 

viruses, United States, 2013-14. Emerging Infectious Diseases, 21(1), 136–141.

 99. Centers for Disease Control and Prevention. Influenza antiviral drug resis-

tance. Retrieved from https://www.cdc.gov/flu/treatment/antiviralresistance.

htm. Accessed February 10, 2020.

 100. Beigel, J., & Bray, M. (2008). Current and future antiviral therapy of  

severe seasonal and avian influenza. Antiviral Research, 78(1), 91–102.

 101. Cheng, P. K., To, A. P., Leung, T. W., Leung, P. C., Lee, C. W., & Lim, W. W. 

(2010). Oseltamivir- and amantadine-resistant influenza virus A 

(H1N1). Emerging Infectious Diseases, 16(1), 155–156.

 102. Moscona, A. (2009). Global transmission of oseltamivir-resistant influ-

enza. New England Journal of Medicine, 360(10), 953–956.

 103. Birnkrant, D., & Cox, E. (2009). The Emergency Use Authorization of 

peramivir for treatment of 2009 H1N1 influenza. New England Journal of 

Medicine, 361(23), 2204–2207.

 104. Kohno, S., Yen, M. Y., Cheong, H. J., Hirotsu, N., Ishida, T., Kadota, J.,  

et al. (2011). Phase III randomized, double-blind study comparing sin-

gle-dose intravenous peramivir with oral oseltamivir in patients with 

seasonal influenza virus infection. Antimicrobial Agents and Chemother-

apy, 55(11), 5267–5276.

 105. Kohno, S., Kida, H., Mizuguchi, M., & Shimada, J. (2010). Efficacy and 

safety of intravenous peramivir for treatment of seasonal influenza virus 

infection. Antimicrobial Agents and Chemotherapy, 54(11), 4568–4574.

 106. Yoo, J. W., Choi, S. H., Huh, J. W., Lim, C. M., Koh, Y., & Hong, S. B. 

(2015). Peramivir is as effective as oral oseltamivir in the treatment of  

severe seasonal influenza. Journal of Medical Virology, 87(10), 1649–1655.

 107. de Jong, M. D., Ison, M. G., Monto, A. S., Metev, H., Clark, C., O’Neil, B.,  

et al. (2014). Evaluation of intravenous peramivir for treatment of influenza 

in hospitalized patients. Clinical Infectious Diseases, 59(12), e172–e185.

 108. Taylor, W. R., Thinh, B. N., Anh, G. T., Horby, P., Wertheim, H.,  

Lindegardh, N., et al. (2008). Oseltamivir is adequately absorbed fol-

lowing nasogastric administration to adult patients with severe H5N1 

influenza. PLoS One, 3(10), e3410.

 109. Ariano, R. E., Sitar, D. S., Zelenitsky, S. A., Zarychanski, R., Pisipati, A., 

Ahern, S., et al. (2010). Enteric absorption and pharmacokinetics of osel-

tamivir in critically ill patients with pandemic (H1N1) influenza. CMAJ, 

182(4), 357–363.

 110. Jefferson, T., Jones, M., Doshi, P., & Del Mar, C. (2009). Neuraminidase 

inhibitors for preventing and treating influenza in healthy adults: sys-

tematic review and meta-analysis. BMJ, 339, b5106.

 111. Burch, J., Corbett, M., Stock, C., Nicholson, K., Elliot, A. J., Duffy, S., et al. 

(2009). Prescription of anti-influenza drugs for healthy adults: a system-

atic review and meta-analysis. Lancet Infectious Diseases, 9(9), 537–545.

 112. Cooper, N. J., Sutton, A. J., Abrams, K. R., Wailoo, A., Turner, D., &  

Nicholson, K. G. (2003). Effectiveness of neuraminidase inhibitors in 

treatment and prevention of influenza A and B: systematic review and 

meta-analyses of randomised controlled trials. BMJ, 326(7401), 1235.

 113. Hayden, F. G., Sugaya, N., Hirotsu, N., Lee, N., de Jong, M. D., Hurt, A. C., 

et al. (2018). Baloxavir Marboxil for Uncomplicated Influenza in Adults 

and Adolescents. New England Journal of Medicine, 379(10), 913–923.

 114. Davey, R. T., Jr., Fernandez-Cruz, E., Markowitz, N., Pett, S., Babiker, A. G., 

Wentworth, D., et al. (2019). Anti-influenza hyperimmune intravenous 

immunoglobulin for adults with influenza A or B infection (FLU-IVIG):  

a double-blind, randomised, placebo-controlled trial. Lancet Respiratory 

Medicine, 7(11), 951–963.

 115. Beigel, J. H., Tebas, P., Elie-Turenne, M. C., Bajwa, E., Bell, T. E., Cairns, C. B., 

et al. (2017). Immune plasma for the treatment of severe influenza: an 

open-label, multicentre, phase 2 randomised study. Lancet Respiratory 

Medicine, 5(6), 500–511.

  

 

https://www.who.int/influenza/resources/documents/ClinicalManagement07.pdf
https://www.cdc.gov/flu/treatment/antiviralresistance.htm
https://www.who.int/influenza/resources/documents/ClinicalManagement07.pdf
https://www.cdc.gov/flu/treatment/antiviralresistance.htm


e4

 116. Hung, I. F. N., To, K. K. W., Lee, C. K., Lee, K. L., Yan, W. W., Chan, K.,  

et al. (2013). Hyperimmune IV immunoglobulin treatment: a multi-

center double-blind randomized controlled trial for patients with severe 

2009 influenza A(H1N1) infection. Chest, 144(2), 464–473.

 117. Luke, T. C., Kilbane, E. M., Jackson, J. L., & Hoffman, S. L. (2006). Meta-

analysis: convalescent blood products for Spanish influenza pneumonia: 

a future H5N1 treatment? Annals of Internal Medicine, 145(8), 599–609.

 118. Lim, V. W., Tudor Car, L., Leo, Y. S., Chen, M. I., & Young, B. (2020).  

Passive immune therapy and other immunomodulatory agents for the 

treatment of severe influenza: Systematic review and meta-analysis.  

Influenza and Other Respiratory Viruses, 14(2), 226–236.

 119. Zhou, B., Zhong, N., & Guan, Y. (2007). Treatment with convalescent 

plasma for influenza A (H5N1) infection. New England Journal of 

Medicine, 357(14), 1450–1451.

 120. Kong, L. K., & Zhou, B. P. (2006). Successful treatment of avian influenza 

with convalescent plasma. Hong Kong Medical Journal, 12(6), 489.

 121. Steinberg, K. P., Hudson, L. D., Goodman, R. B., Hough, C. L., Lanken, P. N., 

Hyzy, R., et al. (2006). Efficacy and safety of corticosteroids for persistent 

acute respiratory distress syndrome. New England Journal of Medicine, 

354(16), 1671–1684.

 122. Pastores, S. M., Annane, D., & Rochwerg, B. (2018). Guidelines for the 

diagnosis and management of critical illness-related corticosteroid insuf-

ficiency (CIRCI) in critically ill patients (Part II): Society of Critical Care 

Medicine (SCCM) and European Society of Intensive Care Medicine 

(ESICM) 2017. Intensive Care Medicine, 44(4), 474–477.

 123. Rygard, S. L., Butler, E., Granholm, A., Møller, M. H., Cohen, J., Finfer, S., 

et al. (2018). Low-dose corticosteroids for adult patients with septic 

shock: a systematic review with meta-analysis and trial sequential analy-

sis. Intensive Care Medicine, 44(7), 1003–1016.

 124. Rochwerg, B., Oczkowski, S. J., Siemieniuk, R. A. C., Agoritsas, T., Belley-

Cote, E., D’Aragon, F., et al. (2018). Corticosteroids in Sepsis: An Up-

dated Systematic Review and Meta-Analysis. Critical Care Medicine, 

46(9), 1411–1420.

 125. Annane, D., Sebille, V., Charpentier, C., Bollaert, P. E., François, B.,  

Korach, J. M., et al. (2002). Effect of treatment with low doses of hydro-

cortisone and fludrocortisone on mortality in patients with septic shock. 

JAMA, 288(7), 862–871.

 126. Annane, D., Renault, A., Brun-Buisson, C., Megarbane, B., Quenot, J. P., 

Siami, S., et al. (2018). Hydrocortisone plus Fludrocortisone for Adults 

with Septic Shock. New England Journal of Medicine, 378(9), 809–818.

 127. Venkatesh, B., Finfer, S., Cohen, J., Rajbhandari, D., Arabi, Y., Bellomo, R., 

et al. (2018). Adjunctive Glucocorticoid Therapy in Patients with  

Septic Shock. New England Journal of Medicine, 378(9), 797–808.

 128. Lansbury, L., Rodrigo, C., Leonardi-Bee, J., Nguyen-Van-Tam, J., &  

Lim, W. S. (2019). Corticosteroids as adjunctive therapy in the treatment 

of influenza. Cochrane Database of Systematic Reviews, 2, Cd010406.

 129. Zhang, Y., Sun, W., Svendsen, E. R., Tang, S., MacIntyre, R. C., Yang, P.,  

et al. (2015). Do corticosteroids reduce the mortality of influenza A 

(H1N1) infection? A meta-analysis. Critical Care, 19, 46.

 130. Yang, J. W., Fan, L. C., Miao, X. Y., Mao, B., Li, M. H., Lu, H. W., et al. 

(2015). Corticosteroids for the treatment of human infection with influ-

enza virus: a systematic review and meta-analysis. Clinical Microbiology 

and Infection, 21(10), 956–963.

 131. Rodrigo, C., Leonardi-Bee, J., Nguyen-Van-Tam, J. S., & Lim, W. S. (2015). 

Effect of corticosteroid therapy on influenza-related mortality: a systematic 

review and meta-analysis. Journal of Infectious Diseases, 212(2), 183–194.

 132. Martin-Loeches, I., Lisboa, T., Rhodes, A., Moreno, R. P., Silva, E., 

Sprung, C., et al. (2011). Use of early corticosteroid therapy on ICU  

admission in patients affected by severe pandemic (H1N1)v influenza  

A infection. Intensive Care Medicine, 37(2), 272–283.

 133. Lee, N., Chan, P. K., Hui, D. S., Rainer, T. H., Wong, E., Choi, K. W., et al. 

(2009). Viral loads and duration of viral shedding in adult patients hos-

pitalized with influenza. Journal of Infectious Diseases, 200(4), 492–500.

 134. Vandermeer, M. L., Thomas, A. R., Kamimoto, L., Reingold, A.,  

Gershman, K., Meek, J., et al. (2012). Association between use of statins 

and mortality among patients hospitalized with laboratory-confirmed 

influenza virus infections: a multistate study. Journal of Infectious 

Diseases, 205(1), 13–19.

 135. Hung, I. F. N., To, K. K. W., Chan, J. F. W., Cheng, V. C. C., Liu, K. S. H., 

Tam, A., et al. (2017). Efficacy of Clarithromycin-Naproxen-Oseltamivir 

Combination in the Treatment of Patients Hospitalized for Influenza 

A(H3N2) Infection: An Open-label Randomized, Controlled, Phase IIb/III 

Trial. Chest, 151(5), 1069–1080.

 136. Loeb, M., Dafoe, N., Mahony, J., John, M., Sarabia, A., Glavin, V.,  

et al. (2009). Surgical mask vs N95 respirator for preventing influenza 

among health care workers: a randomized trial. JAMA, 302(17), 

1865–1871.

 137. World Health Organization. Summary of probable SARS cases with onset 

of illness from 1 November 2002 to 31 July 2003. Retrieved from https://

www.who.int/csr/sars/country/table2004_04_21/en/. Accessed February 13, 

2020.

 138. Zhong, N. S., Zheng, B. J., Li, Y. M., Poon, Xie, Z. H., Chan, K. H., et al. 

(2003). Epidemiology and cause of severe acute respiratory syndrome 

(SARS) in Guangdong, People’s Republic of China, in February, 2003. 

Lancet, 362(9393), 1353–1358.

 139. Cauchemez, S., Fraser, C., Van Kerkhove, M. D., Donnelly, C. A., Riley, S., 

Rambaut, A., et al. (2014). Middle East respiratory syndrome coronavi-

rus: quantification of the extent of the epidemic, surveillance biases, and 

transmissibility. Lancet Infectious Diseases, 14(1), 50–56.

 140. Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D., & 

Fouchier, R. A. (2012). Isolation of a novel coronavirus from a man with 

pneumonia in Saudi Arabia. New England Journal of Medicine, 367(19), 

1814–1820.

 141. Arabi, Y. M., Al-Omari, A., Mandourah, Y., Al-Hameed, F., Sindi, A. A., 

Alraddadi, B., et al. (2017). Critically Ill Patients With the Middle East 

Respiratory Syndrome: A Multicenter Retrospective Cohort Study.  

Critical Care Medicine, 45(10), 1683–1695.

 142. Habib, A. M. G., Ali, M. A. E., Zouaoui, B. R., Taha, M. A. H.,  

Mohammed, B. S., & Saquib, N. (2019). Clinical outcomes among  

hospital patients with Middle East respiratory syndrome coronavirus 

(MERS-CoV) infection. BMC Infectious Diseases, 19(1), 870.

 143. Gorbalenya, A. E., Baker, S. C., Baric, R. S., de Groot, R. J., Drosten, C., 

Gulyaeva, A. A., et al. (2020). Severe acute respiratory syndrome-related 

coronavirus: The species and its viruses – a statement of the Coronavirus 

Study Group. bioRxiv 02.07.937862; doi: https://doi.

org/10.1101/2020.02.07.937862.

 144. Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., et al. (2020). A 

Novel Coronavirus from Patients with Pneumonia in China, 2019. New 

England Journal of Medicine, 382(8), 727–733.

 145. Wu, Z., & McGoogan, J. M. (2020). Characteristics of and Important 

Lessons From the Coronavirus Disease 2019 (COVID-19) Outbreak in 

China: Summary of a Report of 72314 Cases From the Chinese Center 

for Disease Control and Prevention. JAMA, 323(13), 1239–1242.

 146. Science Speaks. COVID-19: WHO mission chief says China’s measures 

likely averted hundreds of thousands of coronavirus cases. Retrieved 

from https://sciencespeaksblog.org/2020/02/24/covid-19-who-mission-

chief-says-chinas-measures-probably-averted-hundreds-of-thousands-

of-coronavirus-cases/. Accessed February 25, 2020.

 147. World Health Organization. Measles and Rubella surveillance data. Re-

trieved from https://www.who.int/immunization/monitoring_surveil-

lance/burden/vpd/surveillance_type/active/measles_monthlydata/en/. 

Accessed February 13, 2020.

 148. World Health Organization. More than 140,000 die from measles as cases 

surge worldwide. Retrieved from https://www.who.int/news-room/

detail/05-12-2019-more-than-140-000-die-from-measles-as-cases-surge-

worldwide. Accessed February 15, 2020.

 149. Mina, M. J., Kula, T., Leng, Y., Li, M., de Vries, R. D., Knip, M., et al. 

(2019). Measles virus infection diminishes preexisting antibodies that  

offer protection from other pathogens. Science, 366(6465), 599–606.

 150. dos Santos, M. C., & Alecrim, M. G. (2010). Images in clinical medicine. 

Varicella pneumonia in an adult. New England Journal of Medicine, 

362(13), 1227.

 151. Krugman, S., Goodrich, C. H., & Ward, R. (1957). Primary varicella 

pneumonia. New England Journal of Medicine, 257(18), 843–848.

 152. Corey, L., & Spear, P. G. (1986). Infections with herpes simplex viruses 

(1). New England Journal of Medicine, 314(11), 686–691.

  

 

https://www.who.int/csr/sars/country/table2004_04_21/en/
https://doi.org/10.1101/2020.02.07.937862
https://sciencespeaksblog.org/2020/02/24/covid-19-who-mission-chief-says-chinas-measures-probably-averted-hundreds-of-thousands-of-coronavirus-cases/
https://www.who.int/immunization/monitoring_surveillance/burden/vpd/surveillance_type/active/measles_monthlydata/en/
https://www.who.int/news-room/detail/05-12-2019-more-than-140-000-die-from-measles-as-cases-surge-worldwide
https://www.who.int/csr/sars/country/table2004_04_21/en/
https://doi.org/10.1101/2020.02.07.937862
https://sciencespeaksblog.org/2020/02/24/covid-19-who-mission-chief-says-chinas-measures-probably-averted-hundreds-of-thousands-of-coronavirus-cases/
https://www.who.int/immunization/monitoring_surveillance/burden/vpd/surveillance_type/active/measles_monthlydata/en/
https://www.who.int/news-room/detail/05-12-2019-more-than-140-000-die-from-measles-as-cases-surge-worldwide


e5

 153. Centers for Disease Control and Prevention. Genital herpes treatment 

and care. Retrieved from https://www.cdc.gov/std/herpes/treatment.htm. 

Accessed February 15, 2020.

 154. Tunkel, A. R., Glaser, C. A., Bloch, K. C., Sejvar, J. J., Marra, C. M.,  

Roos, K. L., et al. (2008). The management of encephalitis: clinical  

practice guidelines by the Infectious Diseases Society of America. Clinical 

Infectious Diseases, 47(3), 303–327.

 155. Heininger, U., & Seward, J. F. (2006). Varicella. Lancet, 368(9544), 

1365–1376.

 156. Laupland, K. B., Davies, H. D., Low, D. E., Schwartz, B., Green, K., &  

McGeer, A. (2000). Invasive group A streptococcal disease in children 

and association with varicella-zoster virus infection. Ontario Group A 

Streptococcal Study Group. Pediatrics, 105(5), E60.

 157. Bradley, J. S., Schlievert, P. M., & Sample, T. G., Jr. (1991). Streptococcal 

toxic shock-like syndrome as a complication of varicella. Pediatric Infectious 

Disease Journal, 10(1), 77–79.

 158. Johnson, R., & Milbourn, P. E. (1970). Central nervous system  

manifestations of chickenpox. Canadian Medical Association Journal, 

102(8), 831–834.

 159. Huff, J. L., & Barry, P. A. (2003). B-virus (Cercopithecine herpesvirus 1) 

infection in humans and macaques: potential for zoonotic disease. 

Emerging Infectious Diseases, 9(2), 246–250.

 160. Cohen, J. I., Davenport, D. S., Stewart, J. A., Deitchman, S., Hilliard, J. K., 

& Chapman, L. E. (2002). Recommendations for prevention of and ther-

apy for exposure to B virus (cercopithecine herpesvirus 1). Clinical Infec-

tious Diseases, 35(10), 1191–1203.

 161. World Health Organization. (1979). The global eradication of smallpox: 

final report of the Global Commission for the Certification of Smallpox 

Eradication. Geneva. Retrieved from https://apps.who.int/iris/handle/

10665/39253. Accessed February 13, 2020.

 162. Breman, J. G., & Henderson, D. A. (1998). Poxvirus dilemmas—monkey-

pox, smallpox, and biologic terrorism. New England Journal of Medicine, 

339(8), 556–559.

 163. Relman, D. A. (2006). Bioterrorism—preparing to fight the next war. 

New England Journal of Medicine, 354(2), 113–115.

 164. Grosenbach, D. W., Honeychurch, K., Rose, E. A., Chinsangaram, J., 

Frimm, A., Maiti, B., et al. (2018). Oral Tecovirimat for the Treatment of 

Smallpox. New England Journal of Medicine, 379(1), 44–53.

 165. Hutin, Y. J., Williams, R. J., Malfait, P., Pebody, R., Loparev, V. N., Ropp, S. L., 

et al. (2001). Outbreak of human monkeypox, Democratic Republic of 

Congo, 1996 to 1997. Emerging Infectious Diseases, 7(3), 434–438.

 166. Morse, D. L. (2003). West Nile virus—not a passing phenomenon. New 

England Journal of Medicine, 348(22), 2173–2174.

 167. Nash, D., Mostashari, F., Fine, A., Miller, J., O’Leary, D., Murray, K., et al. 

(2001). The outbreak of West Nile virus infection in the New York City 

area in 1999. New England Journal of Medicine, 344(24), 1807–1814.

 168. Pealer, L. N., Marfin, A. A., Petersen, L. R., Lanciotti, R. S., Page, P. L.,  

Stramer, S. L., et al. (2003). Transmission of West Nile virus through 

blood transfusion in the United States in 2002. New England Journal of 

Medicine, 349(13), 1236–1245.

 169. Iwamoto, M., Jernigan, D. B., Guasch, A., Trepka, M. J., Blackmore, C. G., 

Hellinger, W. C., et al. (2003). Transmission of West Nile virus from an 

organ donor to four transplant recipients. New England Journal of Medi-

cine, 348(22), 2196–2203.

 170. Tyler, K. L. (2001). West Nile virus encephalitis in America. New England 

Journal of Medicine, 344(24), 1858–1859.

 171. Cao-Lormeau, V. M., Blake, A., Mons, S., Lastère, S., Roche, C.,  

Vanhomwegen, J., et al. (2016). Guillain-Barre Syndrome outbreak  

associated with Zika virus infection in French Polynesia: a case-control 

study. Lancet, 387(10027), 1531–1539.

 172. Centers for Disease Control and Prevention. 2014-2016 Ebola Outbreak 

in West Africa. Retrieved from https://www.cdc.gov/vhf/ebola/

history/2014-2016-outbreak/index.html. Accessed February 18, 2020.

 173. Rollin, P. E., Williams, R. J., Bressler, D. S., Pearson, S., Cottingham, M., 

Pucak, G., et al. (1999). Ebola (subtype Reston) virus among quaran-

tined nonhuman primates recently imported from the Philippines  

to the United States. Journal of Infectious Diseases, 179(Suppl. 1), 

S108–S114.

 174. Tai, P. W., Chen, L. C., & Huang, C. H. (2005). Hanta hemorrhagic fever 

with renal syndrome: a case report and review. Journal of Microbiology, 

Immunology, and Infection, 38(3), 221–223.

 175. Ergonul, O. (2006). Crimean-Congo haemorrhagic fever. Lancet Infec-

tious Diseases, 6(4), 203–214.

 176. McCormick, J. B., King, I. J., Webb, P. A., Scribner, C. L., Craven, R. B., 

Johnson, K. M., et al. (1986). Lassa fever. Effective therapy with ribavirin. 

New England Journal of Medicine, 314(1), 20–26.

 177. Kotton, C. N., Kumar, D., Caliendo, A. M., Huprikar, S., Chou, S.,  

Danziger-Isakov, L., et al. (2018). The Third International Consensus 

Guidelines on the Management of Cytomegalovirus in Solid-organ 

Transplantation. Transplantation, 102(6), 900–931.

 178. Steininger, C., Puchhammer-Stockl, E., & Popow-Kraupp, T. (2006).  

Cytomegalovirus disease in the era of highly active antiretroviral therapy 

(HAART). Journal of Clinical Virology, 37(1), 1–9.

 179. Fishman, J. A., Emery, V., Freeman, R., Pascual, M., Rostaing, L., Schlitt, H. J., 

et al. (2007). Cytomegalovirus in transplantation - challenging the status 

quo. Clinical Transplantation, 21(2), 149–158.

 180. Hodson, E. M., Ladhani, M., Webster, A. C., Strippoli, G. F., & Craig, J. C. 

(2013). Antiviral medications for preventing cytomegalovirus disease in 

solid organ transplant recipients. Cochrane Database of Systematic Re-

views, (2), CD003774.

 181. Kalil, A. C., Levitsky, J., Lyden, E., Stoner, J., & Freifeld, A. G. (2005). 

Meta-analysis: the efficacy of strategies to prevent organ disease by  

cytomegalovirus in solid organ transplant recipients. Annals of Internal 

Medicine, 143(12), 870–880.

 182. Bakker, N. A., van Imhoff, G. W., Verschuuren, E. A., & van Son, W. J. 

(2007). Presentation and early detection of post-transplant lymphopro-

liferative disorder after solid organ transplantation. Transplant Interna-

tional, 20(3), 207–218.

 183. Styczynski, J., Einsele, H., Gil, L., & Ljungman, P. (2009). Outcome of 

treatment of Epstein-Barr virus-related post-transplant lymphoprolifera-

tive disorder in hematopoietic stem cell recipients: a comprehensive re-

view of reported cases. Transplant Infectious Disease, 11(5), 383–392.

 184. Snow, A. L., & Martinez, O. M. (2007). Epstein-Barr virus: evasive ma-

neuvers in the development of PTLD. American Journal of Transplanta-

tion, 7(2), 271–277.

 185. Lim, W. H., Russ, G. R., & Coates, P. T. (2006). Review of Epstein-Barr 

virus and post-transplant lymphoproliferative disorder post-solid organ 

transplantation. Nephrology (Carlton), 11(4), 355–366.

 186. Zerr, D. M. (2006). Human herpesvirus 6 and central nervous system 

disease in hematopoietic cell transplantation. Journal of Clinical Virology, 

37(Suppl. 1), S52–S56.

 187. De Bolle, L., Naesens, L., & De Clercq, E. (2005). Update on human  

herpesvirus 6 biology, clinical features, and therapy. Clinical Microbiology 

Reviews, 18(1), 217–245.

 188. Paterson, D. L., Singh, N., Gayowski, T., Carrigan, D. R., & Marino, I. R. 

(1999). Encephalopathy associated with human herpesvirus 6 in a liver 

transplant recipient. Liver Transplantation and Surgery, 5(5), 454–455.

 189. Singh, N., & Paterson, D. L. (2000). Encephalitis caused by human her-

pesvirus-6 in transplant recipients: relevance of a novel neurotropic 

virus. Transplantation, 69(12), 2474–2479.

 190. Sullivan, R. J., Pantanowitz, L., Casper, C., Stebbing, J., & Dezube, B. J. 

(2008). HIV/AIDS: epidemiology, pathophysiology, and treatment of  

Kaposi sarcoma-associated herpesvirus disease: Kaposi sarcoma, primary 

effusion lymphoma, and multicentric Castleman disease. Clinical Infec-

tious Diseases, 47(9), 1209–1215.

 191. Casper, C. (2008). New approaches to the treatment of human herpesvi-

rus 8-associated disease. Reviews in Medical Virology, 18(5), 321–329.

 192. Luppi, M., Barozzi, P., Schulz, T. F., Setti, G., Staskus, K., Trovato, R., et al. 

(2000). Bone marrow failure associated with human herpesvirus 8 infec-

tion after transplantation. New England Journal of Medicine, 343(19), 

1378–1385.

 193. Echavarria, M. (2008). Adenoviruses in immunocompromised hosts. 

Clinical Microbiology Reviews, 21(4), 704–715.

 194. Boothpur, R., & Brennan, D. C. (2010). Human polyoma viruses and dis-

ease with emphasis on clinical BK and JC. Journal of Clinical Virology, 

47(4), 306–312.

  

 

https://www.cdc.gov/std/herpes/treatment.htm
https://apps.who.int/iris/handle/10665/39253
https://www.cdc.gov/vhf/ebola/history/2014-2016-outbreak/index.html
https://www.cdc.gov/std/herpes/treatment.htm
https://apps.who.int/iris/handle/10665/39253
https://www.cdc.gov/vhf/ebola/history/2014-2016-outbreak/index.html


e6

 195. Nankivell, B. J., Renthawa, J., Sharma, R. N., Kable, K., O’Connell, P. J.,  

& Chapman, J. R. (2017). BK Virus Nephropathy: Histological Evolution 

by Sequential Pathology. American Journal of Transplantation, 17(8), 

2065–2077.

 196. Pouplin, T., Pouplin, J. N., Van Toi, P., Lindegardh, N., Rogier van Doorn, H., 

Hien, T. T., et al. (2011). Valacyclovir for herpes simplex encephalitis.  

Antimicrobial Agents and Chemotherapy, 55(7), 3624–3626.

 197. Chang, M., & Dunn, J. P. (2005). Ganciclovir implant in the treatment  

of cytomegalovirus retinitis. Expert Review of Medical Devices, 2(4), 

421–427.

 198. Kappel, P. J., Charonis, A. C., Holland, G. N., Narayanan, R.,  

Kulkarni, A. D., Yu, F., et al. (2006). Outcomes associated with  

ganciclovir implants in patients with AIDS-related cytomegalovirus  

retinitis. Ophthalmology, 113(4), 683.e681–688.

 199. Avery, R. K. (2008). Update in management of ganciclovir-resistant  

cytomegalovirus infection. Current Opinion in Infectious Diseases, 21(4), 

433–437.

 200. Mattes, F. M., Hainsworth, E. G., Geretti, A. M., Nebbia, G., Prentice, G., 

Potter, M., et al. (2004). A randomized, controlled trial comparing ganci-

clovir to ganciclovir plus foscarnet (each at half dose) for preemptive 

therapy of cytomegalovirus infection in transplant recipients. Journal of 

Infectious Diseases, 189(8), 1355–1361.

  

 



Human Immunodeficiency Virus Infection

Piotr Szychowiak, Élie Azoulay, and François Barbier

120

INTRODUCTION

The burden of human immunodeficiency virus (HIV) infection re-

mains a global public health issue, with an estimated 1.8 million new 

infections and almost 800,000 acquired immunodeficiency syndrome 

(AIDS)–related deaths in 2018.1 Around 38 million people are cur-

rently living with HIV worldwide (including 8 million patients not 

aware of their seropositive status), corresponding to a ,50% in-

crease over the past two decades that reflects both the continuous 

dissemination of the virus and a striking improvement of life expec-

tancy in patients with sustained viral replication under combination 

antiretroviral therapies (cARTs). Indeed, since their advent in 1996, 

dramatic progresses in the efficacy and safety of cART schemes have 

converted HIV infection from a rapidly fatal disease to a chronic 

condition requiring long-term care. Though access to cART remains 

a major challenge in low-income countries and certain sociologic 

clusters in middle- and high-income regions,2 roughly two-thirds of 

the global seropositive population are now receiving these drugs.1 

This proportion is growing steadily, which translates into a continu-

ous decrease in the incidence of opportunistic infections (OIs) and 

other AIDS-related events compared with the early years of the HIV 

pandemic.3,4 Meanwhile, lifelong residual viral replication and/or 

cART-related toxicities may result in HIV-associated non-AIDS 

(HANA) conditions, especially chronic obstructive pulmonary dis-

ease (COPD), atherosclerosis, renal dysfunction, certain neoplasms, 

and liver diseases.4

HIV-infected patients are at high risk for critical illness because of 

the occurrence of severe OI in those with advanced immunosuppres-

sion, a marked susceptibility to bacterial sepsis and tuberculosis at 

every stage of HIV infection, and a rising prevalence of HANA condi-

tions in patients aging under cART. Along with a steady decline in 

AIDS-related admissions and an opposite trend in those for exacer-

bated comorbidities, several patterns of intensive care have changed in 

this population over the late cART era, notably the emergence of new 

mechanisms of immunosuppression not directly resulting from AIDS 

(e.g., antineoplastic chemotherapy or solid organ transplantation 

[SOT]), the management of cART at the acute phase of critical illness, 

and a dramatic enhancement in short-term survival that mainly en-

sues from general advances in ICU practices.5,6

Here, we seek to provide a comprehensive overview of intensive 

care in HIV-infected patients, including current epidemiologic fea-

tures, reasons for intensive care unit (ICU) admission, use of life-

sustaining therapies, and determinants of short-term outcome. We 

also summarize the available evidence regarding the management of 

cART in the ICU, with a focus on severe adverse events, administra-

tion issues, and timing of initiation in patients admitted for AIDS-

related OI.

THE CONTINUUM OF HIV INFECTION: IMPACT ON 
CLINICAL PRESENTATION AT ICU ADMISSION

Acute HIV Infection
Acute HIV infection is characterized by a rapid rise in plasma HIV 

RNA levels and may trigger a myriad of nonspecific clinical signs such 

as fever, myalgia, disseminated lymphadenopathy, and rash that mimic 

mononucleosis syndrome.7 Yet severe forms with acute encephalitis, 

myocarditis, or multiple organ failure caused by hemophagocytic lym-

phohistiocytosis (HLH) have been reported occasionally and may  

require ICU admission.8–11

Progression to AIDS
After 3–4 weeks, the viremia level plateaus because of the appearance 

of HIV-specific antibodies. The disease then becomes chronic, with a 

gradual decline in CD41 T lymphocytes (hereafter referred to as CD4 

cells) resulting in the occurrence of AIDS-defining conditions within 

2–20 years after seroconversion. Of note, both innate and humoral im-

mune alterations occur upon early HIV infection, explaining the high 

risk of bacterial infection and tuberculosis at this stage. Without cART, 

HIV infection nearly always progresses to end-stage AIDS with wast-

ing, recurrent OIs, and other ultimately fatal complications (e.g., HIV 

encephalitis).

Late-stage HIV infection remains a common reason for ICU ad-

mission in settings or sociologic clusters with limited access to diagno-

sis, cART, and specialized aftercare—migrants, homeless people, and 

other individuals without adequate health insurance coverage are par-

ticularly affected in high-income countries. These patients primarily 

present with severe AIDS-related OIs against a background of poor 

nutritional status and advanced immunosuppression, similarly to the 

early years of the HIV pandemic (1980–1995). Pneumocystis jirovecii 

pneumonia (PCP), cerebral toxoplasmosis, and tuberculosis are the 

leading diagnoses, especially for inaugural admissions.5,6 Such patients 

account for 10%–30% of all ICU admissions of HIV-infected indi-

viduals (Table 120.1), though this proportion appears to be dwindling 

over the past decade.12–18 Of note, severely immunosuppressed hosts—

that is, those with CD4 cells ,100/mL—may have two or more con-

current OIs accounting for clinical presentation at ICU admission.

Severe AIDS-defining conditions may also occur in patients with 

uncontrolled viral replication despite cART. However, the contempo-

rary therapeutic armamentarium enables achieving viral suppression 

and immunologic restoration within 6 months in more than 90% of 

cases—even those involving resistant strains—with maintenance of OI 

prophylaxis (e.g., sulfamethoxazole plus trimethoprim [SXT] for PCP) 

until a protective CD4 cell threshold is achieved.4,28 Beside compliance 

flaws, virologic failure in 2020 is mainly linked with procurement issues 
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(i.e., stock-outs, defective supply, or lack of financial resources) in low- 

and middle-income countries, as in other environments with restricted 

access to cART.

Immune Recovery and Aging Under cART
cART initiation is mandatory in patients with acute infection or estab-

lished AIDS; however, these drugs are beneficial and now recommended 

upon the early stage of asymptomatic HIV infection.28 In patients with 

sustained treatment adherence, cART rapidly controls HIV replication, 

thereby elevating the CD4 cell count (ideally above 500/mL), although 

substantial interindividual variations exist regarding the pace and mag-

nitude of recovery. Table 120.2 indicates the expected rise in CD4 cells 

after treatment introduction in cART-naïve patients.

Importantly, compared with age- and gender-matched seronegative 

individuals, cART-treated patients aging with sustained viral control 

are at increased risk for a broad spectrum of chronic HANA conditions 

that predispose to life-threatening complications,12 including COPD, 

atherosclerosis (e.g., coronary heart disease or cerebrovascular disease), 

non–AIDS-defining cancers (especially lung, liver, and anal carcinoma), 

and renal or liver impairment.29–34 Lifetime low-level inflammation 

caused by silent HIV replication in sanctuary sites, coinfections (e.g., 

cytomegalovirus [CMV], Epstein-Barr virus [EBV] or hepatitis B and 

hepatitis C virus [HBV/HCV]), habitus (e.g., tobacco or intravenous 

drug use), sequelae of past infectious processes, and long-term toxicity 

of certain antiretroviral medications may be implicated to varying 

degrees in the pathogenesis of these conditions.4,35 A role for intestinal 

dysbiosis has also been suggested by recent metagenomics-based 

studies in cART-treated patients.36 Overall, chronic HANA diseases 

now account for over 75% of deaths in HIV-positive patients living in 

high-income countries.37

Up to 70% of HIV-infected patients nowadays managed in the ICU 

are receiving long-term cART (see Table 120.1).13,15,17,18,24–26 This epi-

demiologic shift translates into a continuous rise in non–AIDS-related 

ICU admissions—mostly for bacterial sepsis or exacerbated HANA 

conditions—which broadly exceeded those for severe OIs in the most 

recent cohorts. Furthermore, on the basis of encouraging outcomes, 

HIV infection is no longer a definite contraindication for SOT in pa-

tients with chronic kidney, liver, or heart failure, thereby enlarging the 

scope of critical illnesses in this population.38–41

CONVERGENCE OF CLINICAL PRESENTATION AND 
OUTCOMES IN CRITICALLY ILL HIV-INFECTED AND 
SERONEGATIVE PATIENTS

As a result of easier access to cART and sequential improvements in 

intensive care practices, critically ill HIV-infected individuals now 

share several similarities with the general population of ICU  

Setting and Period  

(reference)

Patients, 

Number Age, ya

Prior 

cART

Inaugural 

Admission OIb IMV RRT Vasopressors Mortality

Spain, single ICU, 1997–200319 49 40 (33–47) 31% 31% 81% NA NA NA 54% (hospital)

USA, single ICU, 2000–200420 306 44 (24–72) 33% NA 21% 68% NA NA 21% (hospital)

UK, single ICU, 1999–200521 102 39 (32–44) 37% 30% 67% 62% 19% NA 24% (ICU) 34% (hospital)

France, single ICU, 1999–200614 284 42 (36–49) 53% 20% 25% 44% 11% 23% 14% (ICU)

Mexico, single ICU, 1996–200622 53 38 ± 10 28% 26% 77% 83% NA 26% 43% (ICU)

Brazil, single ICU, 1996–200623 278 40 ± 10 45% 38% 81% 55% NA NA 55% (ICU) 69% (6 months)

UK, single ICU, 2001–200624 43 44 (40–60) 56% 0 (0%) 44% 62% 27% 56% 32% (ICU)

The Netherlands, single ICU,  

1996–200825

80 43 (23–76) 36% 11% 50% 76% NA NA 31% (ICU) 45% (hospital) 

53% (1 year) 68% (5 years)

France, single ICU, 1997–200826 98 43 ± 11 44% 8% 25% 59% 15% 51% 37% (ICU) 53% (hospital) 

55% (1 year)

Brazil, single ICU, 2006–200815 88 40 (31–47) 45% 28% 70% 60% 18% 24% 49% (hospital)

Taiwan, single ICU, 2001–201016 135 39 (31–50) 36% 44% NA 78% 8% 36% 37% (ICU) 49% (ICU)

USA, 8 ICUs, 2002–201013 539 54 (48–59) 71% NA 13% 17% NA NA 19% (day 30)

France, 41 ICUs, 2005–201027 2884 46 (40–52) NA NA 25% 52% 15% 27% 16% (ICU) 25% (H)

China, single ICU, 2009–201317 122 43 (20–76) 39% 64% 48% 80% 8% 30% 64% (ICU) 66% (ICU)

Uganda, single ICU, 2009–201418 101 38 ± 16 55% 10% 72% 57% NA 27% 57% (ICU) 

TABLE 120.1 Critically Ill HIV-Positive Patients in the cART Era: Selected Recent Cohort 
Studies

cART, Combination antiretroviral therapy; IMV, invasive mechanical ventilation; NA, not available; OI, opportunistic infection; RRT, renal 

replacement therapy; VP, vasopressors.
a Median (interquartile range) or mean ± standard deviation, as reported in the original publications.
b Main or secondary reason for ICU admission.

TABLE 120.2 Expected Rise in CD4 Cell 
Count After cART Initiation

Time Frame CD4 Cell Count

First month Increase by 50–75 cells/mL after initiation of cART

Each ensuing year 50–100 cells/mL per year

After several years .500 cells/mL provided HIV replication remains 

suppressed (undetectable viral load)

cART, Combination antiretroviral therapy.
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patients. First, the reasons for ICU admission are evenly distributed 

between seropositive and HIV-uninfected patients, with acute respi-

ratory failure (ARF, 40%–60% of all admissions), bacterial sepsis 

(10%–20%, mostly resulting from respiratory, intraabdominal, and 

bloodstream infections), and impaired consciousness (10%–20%) 

being the main clinical vignettes in both subgroups.13,14,21,25 Admis-

sions for acute kidney injury (AKI), gastrointestinal bleeding, acute-

on-chronic liver failure, or scheduled postoperative management be-

come more regular over time,27 which merely reflects the increasing 

prevalence of at-risk comorbidities in HIV-infected individuals— 

for instance, HIV/HCV-coinfected patients are more prone to devel-

oping AKI.5

More than two-thirds of current admissions are not directly related 

to AIDS,13,27 a proportion that is expected to amplify in the years to 

come. For a given reason of ICU admission, the etiologic spectrum is 

increasingly analogous to what is observed in HIV-uninfected subjects. 

Indeed, bacterial pneumonia, COPD exacerbation, complicated lung 

cancer, and pulmonary edema caused by congestive heart failure have 

become major causes of ARF, and stroke or Streptococcus pneumoniae 

meningitis are overtaking classic OIs of the central nervous system 

(CNS) in patients admitted for life-threatening neurologic disorders.5,6 

Again, chronic HIV infection stands out as an independent risk factor 

for most of these AIDS-unrelated conditions.

Notwithstanding a manifest propensity to these diseases, the clini-

cal presentation of common community-acquired infections does not 

differ between HIV-infected patients with mild-to-moderate immu-

nosuppression and their seronegative counterparts. This is notably 

shown for pneumonia caused by S. pneumoniae and Legionella pneu-

mophila,42,43 severe COVID-19,44,45 or bacterial meningitis.46 Except-

ing those with profound immune deficiency,15,47 HIV-infected pa-

tients with sepsis exhibit no discrepancies in terms of plasma levels of 

host response biomarkers, disease severity, and survival when com-

pared with HIV-uninfected controls.48,49 Therefore the diagnostic 

workflow and initial management of HIV-infected patients with a 

protective CD4 cell count for usual OIs (i.e., above 200–250/mL) has 

no relevant particularities and should follow standard procedures and 

guidelines.50

The spectacular improvement of life expectancy in cART-treated 

patients offers long-term perspectives that justify maximizing the 

level of supportive care when indicated. Invasive mechanical ventila-

tion (MV, 40%–50% of all admissions), vasopressors (15%–30%), 

and renal replacement therapy for AKI (8%–15%) are now used as 

frequently in seropositive individuals as in the general ICU popula-

tion (see Table 120.1),13,14,16,27,51,52 with comparable prognoses, in-

cluding in patients at high risk of death, such as those admitted after 

cardiac arrest or with acute respiratory distress syndrome (ARDS).53,54 

Last-resort venovenous or venoarterial extracorporeal membrane 

oxygenation can be discussed in selected patients, with promising re-

sults in available reports.55,56

Strikingly, overall in-hospital mortality rates have fallen from 

more than 80% in the early 1980s to 20%–40% in the most recent 

Western cohorts, a shift that likely reflects general improvement in 

intensive care such as direct admission from the emergency depart-

ment, prompt antibiotic initiation and hemodynamic interventions 

in patients with sepsis, or protective MV settings for ARDS.13,24–27,51 

Short-term outcomes of critically ill HIV-infected patients tend to 

equal those of seronegative subjects with similar demographics, 

chronic health status, and underlying diseases (e.g., HCV or malig-

nancy), reason for admission, and extent of organ dysfunction.21 CD4 

cell count, HIV viral load, prior cART use, and an admission for an 

AIDS-related event (versus other diagnoses) are no longer associated 

with hospital survival.14,15,57–59

DIAGNOSTIC WORKFLOW AND THERAPEUTIC 
APPROACHES IN CRITICALLY ILL HIV-INFECTED 
PATIENTS

In HIV-positive patients, the CD4 cell count, which is the most readily 

available surrogate marker of immune deficiency, is essential to guide 

the etiologic work-up, notably in patients with ARF or neurologic 

disorders (Fig. 120.1).5,6,60 Except tuberculosis, severe OIs occur almost 

exclusively in patients with CD4 cells below 200/mL. Some rare condi-

tions, such as severe CMV infection or invasive aspergillosis, may oc-

cur at counts below 50/mL. Because a transient drop in CD4 cells is 

usual at the acute phase of sepsis, diagnostic algorithms should be 

based on a recent steady-state count, when available, rather than on the 

count measured at admission. Other baseline features to consider in-

clude a prior history of OI at risk for recurrence (e.g., tuberculosis), a 

geographic origin that predisposes to specific imported OIs (e.g., his-

toplasmosis), adherence to cART and anti-PCP prophylaxis when 

prescribed, and comorbidities.

Admission for Acute Respiratory Failure
In HIV-positive patients, community-acquired bacterial pneumonia 

(CAP) accounts for 35%–50% of all cases of ARF and is the main rea-

son for ICU admission. The risk of CAP is markedly higher at all stages 

of HIV infection, but is greatest in patients with profound CD4 cell 

depletion and decreases with long-term cART use.61,62 S. pneumoniae 

is the causative agent in 20%–40% of cases.58,62 As previously men-

tioned, the clinical presentation and outcomes of S. pneumoniae CAP 

are the same in HIV-positive patients and in their HIV-negative coun-

terparts matched on demographics and comorbidities.43 Bacteremia is 

more common in HIV-positive patients, probably because of impaired 

alveolar macrophage and neutrophil functions.61 Haemophilus influen-

zae, Staphylococcus aureus, and Enterobacteriaceae are involved in less 

than 10% of cases.58,63 L. pneumophila, a major pulmonary pathogen 

in other immunocompromised patients, is uncommonly responsible 

for severe CAP in HIV-positive individuals.58 Of note, Pseudomonas 

aeruginosa may cause CAP in patients with very low CD4 cell counts or 

underlying structural lung damage and should be considered when 

selecting empirical antibiotics in patients with these predisposing fac-

tors.15,58,64 Lastly, lower respiratory tract infections caused by respira-

tory viruses (e.g., influenza, rhinovirus, adenovirus, human meta-

pneumovirus, or respiratory syncytial virus) are now commonly 

diagnosed through multiplex molecular assays in HIV-infected pa-

tients, including those admitted to the ICU for ARF, whatever the ex-

tent of CD4 cell deficiency.65,66 The incidence, clinical presentation, 

and outcomes of severe COVID-19 in cART-treated HIV-infected in-

dividuals appear similar to those reported in seronegative patients.44,45

PCP continues to decline in frequency but still accounts for  

10%–20% of ARF cases and remains the most common AIDS-related OI 

encountered in the ICU, especially in patients without a previous diag-

nosis of HIV infection.13,17,27,67 In HIV-positive patients, PCP manifests 

as fever, dry cough, and worsening dyspnea culminating in ARF within 

2 or 3 weeks. Overall, about a third of all patients with AIDS-related  

PCP require initial ICU management.68,69 Extrarespiratory failures (e.g., 

shock) suggest bacterial coinfection or another concurrent OI. The ra-

diologic presentation evolves from reticular infiltrates to diffuse or 

patchy bilateral ground-glass opacities with alveolar consolidations (Fig. 

120.2). By computed tomography (CT), parenchymal cysts and sparing 

of subpleural regions are usual at advanced stages of the disease, whereas 

lymph node enlargement and pleural effusion are not attributable to 

PCP and should trigger a search for a concurrent OI. The diagnosis of 

AIDS-related PCP is far easier than in other immunocompromised pa-

tients and relies on the visualization of P. jirovecii trophozoites or cysts 
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Acute HIV infection

Recent cART initiation

All stages of HIV infection

CD4 >200–250/μL

(cART-treated patients
aging with comorbidities)

CD4 <200–250/μL

(inaugural admission,
cART-naïve patients,

cART procurement issues)

IRIS

Bacterial pneumonia, tuberculosis1

COPD, bronchiectasis, lung cancer,
pulmonary hypertension, lung fibrosis

heart failure, non-HIV-related diseases2

Common pulmonary OI: PCP

Rare pulmonary OI: KS, CMV, toxoplasmosis,
MAC, nocardiosis, aspergillosis, rhodococcosis,

histoplasmosis, cryptococcosis

Admission for neurologic disorders

Acute HIV encephalitis (highly uncommon)

IRIS

Bacterial meningitis (S. pneumoniae)

Stroke, epilepsy, noninfectious
encephalitis, bacterial brain abscess,

systemic diseases with CNS involvement3

Common CNS OI: toxoplasmosis,
tuberculosis, cryptococcosis

Rare CNS OI: CMV, nocardiosis, aspergillosis,
PML, HIV encephalitis, NHL, neurosyphilis

Admission for ARF

Fig. 120.1  Admission of HIV-Infected Patients for Acute Respiratory Failure or Acute Neurologic Im-

pairment: Etiologic Panel According to Immune Status. ARF, Acute respiratory failure; cART, combination 

antiretroviral therapy; CNS, central nervous system; COPD, chronic obstructive pulmonary disease; IRIS, im-

mune reconstitution inflammatory syndrome; KS, Kaposi sarcoma; MAC, Mycobacterium avium complex; 

NHL, non-Hodgkin lymphoma; OI, opportunistic infection; PJP, Pneumocystis jirovecii pneumonia; PML, 

progressive multifocal encephalopathy (JC virus encephalitis). 1Pulmonary tuberculosis is also a major cause 

of IRIS that may lead to ARF; 2Interstitial pneumonitis, drug toxicity, asthma, pulmonary embolism, others; 
3Sepsis, endocarditis, anoxia, metabolic disorders, drug toxicity or overdose, malignancies, thrombotic micro-

angiopathy, others. (From Barbier F, Mer M, Szychowiak P, et al. Management of HIV-infected patients in the 

intensive care unit. Intensive Care Med. 2020;46[2]:329–342, Fig. 1.)

in bronchoalveolar lavage (BAL) fluid stained with Gomori-Grocott or 

Giemsa and immunofluorescence, which has greater than 90% sensitiv-

ity.70 Induced sputum is only 50%–90% sensitive, may be challenging to 

perform in patients with ARF, and does not allow an exhaustive search 

for the bacterial or opportunistic coinfections seen in up to 20% of  

patients with pronounced immunosuppression.70 The qualitative poly-

merase chain reaction (PCR) assay is valuable for diagnosing non–

AIDS-related PCP,71 notably in patients on prophylactic therapy, but 

lacks specificity in HIV-positive patients because of their 14%–69% 

prevalence of colonization. PCR may, however, be occasionally useful in 

ruling out PCP, given its greater than 95% negative predictive value.72 A 

high fungal load by quantitative PCR supports infection as opposed to 

colonization,73,74 but appears to be of limited added value, given the high 

performance of staining and immunofluorescence. Last, blood 1,3 b-D-

glucan elevation (.80 pg/mL) is highly sensitive (92%–95%) but lacks 

specificity (78%–82%) because this component of the P. jirovecii cell 

wall increases in several other AIDS-related fungal infections (e.g., 

esophageal candidiasis).75,76 SXT remains the first-line treatment (Table 

120.3). Whether dihydropteroate synthase gene mutations hamper the 

clinical efficacy of sulfamethoxazole remains controversial,77 and stan-

dard SXT dosages are still recommended in patients with PCP despite 

prophylaxis.70 Adjunctive corticosteroid therapy reduces the risk of 

invasive mechanical ventilation (IMV) and in-hospital death and should 

be started within 72 hours in all patients with suspected or definite se-

vere PCP (arterial partial pressure of oxygen [PO2] ,70 mm Hg while 

breathing room air).70,78,79

Pulmonary tuberculosis is responsible for up to 10% of ARF cases 

in Western cohorts of HIV-positive patients and remains a common 

inaugural AIDS-defining condition, notably in immigrants from en-

demic areas.58,80 The presentation is usually typical at the early stages 

of HIV infection, whereas patients with CD4 cells below 200/mL more 

often have atypical radiologic patterns (miliary or diffuse alveolar in-

filtrates without upper lobe cavitation), extrapulmonary localizations, 

and no acid-fast bacilli (AFB) visible in sputum smears (see Fig. 120.2). 

Nucleic acid amplification tests (NAATs) should be performed on at 

least one respiratory sample in all HIV-positive patients with suspected 

tuberculosis, both to distinguish Mycobacterium tuberculosis from 

other mycobacteria in patients with AFB-positive sputum smears and 

to allow earlier identification of M. tuberculosis in AFB-negative spu-

tum smears—in this last situation, NAATs are positive in 50%–80% of 

patients with culture-proven tuberculosis.70 Some NAATs, such as 

Xpert MTB/RIF, also detect rpoB mutations conferring rifampicin re-

sistance several weeks before the availability of conventional suscepti-

bility test results.81,82 Of note, interferon-gamma release assays may be 

negative in up to 30% of patients with active tuberculosis and should 

therefore not be used as a pivotal decision-making tool.70 The first-line 

regimen for suspected or definite pulmonary tuberculosis in HIV-

positive patients is a four-drug combination of isoniazid, rifampin, 

ethambutol, and pyrazinamide for 2 months (see Table 120.3). A grow-

ing amount of evidence supports benefits from corticosteroids in ARF 

caused by tuberculosis83,84; however, data from HIV-positive patients 

are lacking, and this adjunctive treatment is currently recommended 

only in patients with involvement of the CNS or pericardium.

A vast array of other pulmonary AIDS-related diseases may cause 

ARF in patients with fewer than 50–100/mL CD4 cells, albeit only very 

rarely. Examples include nontuberculosis mycobacterial diseases (e.g., 
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Mycobacterium avium complex), pneumonia caused by opportunistic 

bacteria (e.g., Rhodococcus equi or Nocardia spp.) or fungi (e.g., Asper-

gillus spp., Cryptococcus neoformans, Histoplasma capsulatum, coccidi-

oidomycosis, and mucormycosis), disseminated toxoplasmosis, and 

Kaposi sarcoma (see Fig. 120.2). Also, CMV has been detected by mo-

lecular assays in 5%–10% of patients with PCP or another OI, al-

though CMV pneumonitis appears rare and should be diagnosed only 

in patients with nuclear inclusions in BAL fluid or lung biopsies or 

with diffuse interstitial infiltrates or other suggestive patterns by chest 

CT (e.g., ground-glass opacities, focal consolidation, or parenchymal 

micronodules).70

At last, the prevalence of ARF caused by exacerbated HANA condi-

tions (especially COPD, lung cancer, and, to a lesser extent, pulmonary 

hypertension) will probably continue to rise in the near future in 

cART-treated patients aging with sustained viral control. In these pa-

tients, the diagnostic work-up does not differ from that in HIV-nega-

tive subjects (see Fig. 120.1).5,6

Admission for Neurologic Disorders
The incidence of AIDS-related diseases involving the CNS has dropped 

sharply in high-income countries since the introduction of cART.70 In 

a single-ICU study, AIDS-related diseases accounted for only 42% of 

admissions for altered consciousness, with the most common diagnoses 

being cerebral toxoplasmosis, tuberculous meningitis, and cryptococcal 

meningitis.57 Other OIs such as CMV encephalitis, progressive multifo-

cal leukoencephalitis caused by JC virus, neurosyphilis, cerebral asper-

gillosis, nocardiosis, and histoplasmosis are exceedingly rare causes of 

neurologic failure in HIV-positive patients.27,57 Contrast-enhanced 

CNS imaging—preferentially magnetic resonance imaging (MRI)—is a 

key component of the diagnostic work-up in patients with deep CD4-

cell depletion and must be performed before lumbar puncture to rule 

out a mass effect responsible for a high risk of cerebral herniation.

AIDS-related cerebral toxoplasmosis is nearly always the result of 

reactivation of latent intraparenchymal Toxoplasma gondii cysts rather 

than to primary infection. In a multi-ICU study, altered consciousness, 

focal deficits, and seizures were observed in 67%, 59%, and 22% of 

patients, respectively, and fever was absent in almost half the cases.85 

Brain MRI shows multifocal, ring-enhanced, and sometimes hemor-

rhagic lesions in the cortex and/or basal ganglia region with a mass 

effect from peripheral edema that may require corticosteroid therapy.86 

Solitary lesions and diffuse encephalitis are far less common. The PCR 

assay for T. gondii in cerebrospinal fluid (CSF) is highly specific 

(.95%) but is no more than 50% sensitive after a few days of ther-

apy.86 T. gondii PCR in blood is even less sensitive but may provide 

A

C D

B

Fig. 120.2 AIDS-related opportunistic infections in the ICU: typical imaging features. A, Pneumocystis jirove-

cii pneumonia (chest CT scan showing diffuse ground-glass opacities with focal alveolar consolidations, thickened 

septal lines, relative sparing of the subpleural regions, and absence of pleural effusion). B, Lung involvement 

secondary to miliary tuberculosis (chest CT scan showing bilateral disseminated nodules without typical excava-

tion in a patient with CD4 cell count ,100/mL). C, Cerebral toxoplasmosis (T1-weighted cerebral magnetic reso-

nance imaging showing gadolinium-enhanced lesions of the hemispheric grain matter with peripheral edema and 

mass effect). D, Multicentric Castelman disease (positron emission tomography showing enlarged liver, spleen, 

and axillary/cervical lymph nodes with hypermetabolic patterns). (From Barbier F, Mer M, Szychowiak P, et al. 

Management of HIV-infected patients in the intensive care unit. Intensive Care Med. 2020;46[2]:329–342, Fig. 2.)
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Opportunistic  

Infection

First-Line Regimen for  

Severe Cases Main Alternatives Adjunctive Therapies

Timing of cART 

Introduction

PCP pneumonia TMP (15–20 mg/kg/d) and SMX 

(75–100 mg/kg/d) IV q6h or q8h

Switch to PO after clinical improvement

Total treatment duration: 3 weeks (then 

switch to secondary prophylaxis 

dosinga)

No leucovorin supplementationb

Pentamidine 4 mg/kg IV 

once daily (patients with 

TMP or SMX adverse 

events such as allergy or 

hemolysis because of 

glucose-6-phosphate 

dehydrogenase deficiency)

Corticosteroids if PaO2 

,70 mm Hg (room air)

Prednisone PO:

Days 1–5: 40 mg BID

Days 6–10: 40 mg daily

Days 11–21: 20 mg daily

Alternative: 

methylprednisolone IV (75% of 

prednisone dose)

Within 2 weeks

Tuberculosis  

(drug-susceptible 

M. tuberculosis)

• Intensive phase (2 months): 

isoniazid 1 rifampin or rifabutin 1 

pyrazinamide 1 ethambutol

• Continuation phase: isoniazid 1 

rifampin or rifabutin

• Total treatment duration:

Pulmonary TB: 6–9 months

Extrapulmonary TB with CNS 

involvement: 9–12 months

Extrapulmonary TB with bone or 

joint involvement: 6–9 months

Extrapulmonary TB at other sites:  

6 months

Consult an ID specialist • CNS disease: dexamethasone 

0.3–0.4 mg/kg/d for 2–4 

weeks, then taper by 0.1 mg/

kg per week until 0.1 mg/kg, 

then 4 mg/d and taper by  

1 mg/wk; total duration of  

12 weeks

• Pericardial disease: 

prednisone or prednisolone 

(e.g., 60 mg PO daily with 

weekly tapering over  

6 weeks)

• Active TB without CNS 

involvement:

• Within 2 weeks for 

patients with CD4 cells 

,50/mL

• Within 8 weeks for 

patients with CD4 cells 

$50/mL

• Active TB with CNS 

involvement: deferred 

initiation (high risk of 

severe IRIS)

• Close collaboration with 

ID specialists

Toxoplasmosis • Pyrimethamine 200 mg PO once, 

then pyrimethamine 50–75 mg PO 

daily 1 sulfadiazine 1000–1500 mg 

PO q6h 1 leucovorin 10–25 mg 

PO daily

• Total treatment duration: at least 6 

weeks (then switch to chronic 

maintenance therapya)

• Pyrimethamine (with 

leucovorin) plus 

clindamycin 600 mg IV or 

PO q6h

• TMP 5 mg/kg and SMX 

25 mg/kg IV or PO BID

• Corticosteroids if cerebral 

lesions with mass effect

• Anticonvulsants only if 

seizures (no primary 

prevention)

• No recommendation, 

because of insufficient 

data (usually within 2–3 

weeks)

Cryptococcus 

infections

• Induction therapy (at least 2 weeks): 

liposomal amphotericin B 3–4 mg/kg 

IV daily plus flucytosine 25 mg/kg QID

• Consolidation therapy (at least 8 

weeks) after clinical improvement 

and sterilization of CSF cultures: 

fluconazole 400 mg PO or IV once 

daily

• Maintenance therapy (at least 

1 year): fluconazole 200 mg PO

Induction therapy: 

fluconazole (400–800 

mg/d) may replace either 

liposomal amphotericin B 

or flucytosine

Corticosteroids may be 

deleterious in patients with 

CNS disease and are not 

recommended.

CNS involvement: 2–10 

weeks after initiation of 

specific therapy (longer 

delay if high intracranial 

pressure)

Other localizations: 2–4 

weeks after initiation of 

specific therapy

Histoplasmosis Induction therapy (at least 2 weeks):

liposomal amphotericin B 3 mg/

kg/d IV – If confirmed meningitis: 

increase dosage to 5 mg/kg/d 

and extend induction to 4–6 

weeks

Maintenance therapy: itraconazole 200 

mg PO TID for 3 days, then BID for at 

least 12 months

Fluconazole (400 md/d PO) 

may replace itraconazole 

for long-term suppressive 

therapy

– As soon as possible

TABLE 120.3 Treatments for the Most Common Opportunistic Infections in Critically Ill 
HIV-Positive Patients
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Opportunistic  

Infection

First-Line Regimen for  

Severe Cases Main Alternatives Adjunctive Therapies

Timing of cART 

Introduction

Disseminated MAC  

disease

Clarithromycin 500 mg PO twice daily 1 

ethambutol 15 mg/kg PO daily or 

azithromycin 500–600 mg 1 

ethambutol 15 mg/kg PO daily

Addition of a third or fourth drug 

(rifabutin, amikacin, fluoroquinolone) 

should be considered for patients with 

CD41 T cells ,50/mL, high 

mycobacterial loads (.2 log CFU/mL 

of blood), or in the absence of  

effective cART

Consult an infectious disease 

specialist

– After completion of  

the second week of  

MAC-directed therapy

CMV infection Ganciclovir 5 mg/kg IV q12h

Role of oral valganciclovir: not established

Optimal treatment duration: not  

established

Foscarnet 60 mg/kg IV q8h or  

90 mg/kg IV q12h

– No recommendation, 

because of insufficient 

data (usually within  

2 weeks)

PML cART – – As soon as possible

TABLE 120.3 Treatments for the Most Common Opportunistic Infections in Critically Ill 
HIV-Positive Patients—cont'd

valuable information if positive in a patient with contraindications to 

lumbar puncture. The first-line regimen for suspected cerebral toxo-

plasmosis is combined pyrimethamine, sulfadiazine, and leucovorin 

(see Table 120.3). The diagnosis must be confirmed by a clinical and 

radiologic response to empirical toxoplasmosis therapy within 10–14 

days. A brain biopsy should be considered promptly in patients who 

fail to respond, have negative immunoglobulin G (IgG) serology or 

PCR results, or have imaging study findings suggesting another etiol-

ogy (notably CNS lymphoma).70 Of note, disseminated disease with 

septic shock, multiorgan failure, myocarditis, and HLH appears less 

common in patients with AIDS compared with other causes of im-

munodeficiency.87

Tuberculous meningitis is present in up to 20% of HIV-positive 

patients admitted to the ICU with active tuberculosis.88 The clinical 

presentation is usually subacute and may include fever, headache, 

focal abnormalities, consciousness impairments, and seizures. Men-

ingeal inflammation in a predominantly basal location, tuberculo-

mas, hydrocephalus, and vasculitis are common MRI patterns, 

whereas CSF analysis usually shows lymphocytic pleocytosis with 

variable cell counts (10–500/mL), low glucose levels, and elevated 

protein levels (0.5 to .3 g/L).89 The low mycobacterial inoculum 

translates into poor sensitivities of CSF staining (10%–20%), cul-

tures (,70%), and NAATs (,50%). However, NAATs are highly 

specific (.95%) and may remain positive for days after the empirical 

initiation of tuberculosis treatment, thus documenting the diagnosis 

in patients without initial CSF sampling.86,90 A large volume of CSF 

(i.e., .4–5 mL) should be sampled to improve culture sensitivity.91 

The first-line regimen combines rifampicin, isoniazid, ethambutol, 

and pyrazinamide. No convincing evidence exists that intensified 

therapies, including fluoroquinolone or high-dose rifampicin, are 

clinically beneficial.92 Adjunctive corticosteroid therapy (dexametha-

sone 0.3–0.4 mg/kg/day for 2–to 4 weeks, followed by tapering, for a 

total of 12 weeks) should be considered routinely, given the evidence 

of lower short-term mortality rates in patients with tuberculous 

meningitis,70 with no decrease, however, in the prevalence of residual 

neurologic impairments in survivors.93

Most cases of cryptococcal meningitis and meningoencephalitis are 

caused by the ubiquitous species Cryptococcus neoformans, although 

Cryptococcus gattii infections also occur in subtropical regions. Pa-

tients present with fever, headaches, and impaired mental status caused 

by intracranial hypertension. Moderate lymphocytic pleocytosis, mild 

protein elevation, low-to-normal glucose levels, and encapsulated 

yeasts by Gram or Indian ink staining are the most common CSF find-

ings. CSF cultures are positive in over 90% of patients.86 Cryptococcal 

antigen testing on CSF and serum is both sensitive and specific and 

allows earlier confirmation of the diagnosis, including in cases of dis-

seminated disease. An initial combination of amphotericin B and 

5-fluorocytosine is recommended for at least 2 weeks,94 followed by an 

azole-based consolidation regimen after clinical improvement and 

CSF culture sterilization (see Table 120.3).70 Adjunctive corticosteroid 

therapy does not appear beneficial and may even be deleterious in this 

indication.95 CSF depletion by repeated lumbar punctures is an essen-

tial component of care in patients with intractable intracranial hyper-

tension caused by severe forms of the disease.

The diagnostic work-up for neurologic failure is similar in cART-

treated patients with CD4 cells above 200/mL and in HIV-negative 

patients (see Fig. 120.1). Nonetheless, intensivists should keep in mind 

the high risk of bacterial meningitis (notably caused by S. pneumoniae) 

in HIV-positive patients.46 Also, stroke may become an increasingly 

common reason for ICU admission, as an independent association has 

Adapted from the guidelines of the Centers for Disease Control and Prevention, the National Institutes of Health, and the Infectious Diseases 

BID, Twice a day; cART, Combination antiretroviral therapy; CFU, colony-forming unit; CMV, cytomegalovirus; CNS, central nervous system; 

CSF, cerebrospinal fluid; HIV, human im munodeficiency virus; IRIS, immune reconstitution inflammatory syndrome; IV, intravenous;  IV, intrave-

nously; MAC, Mycobacterium avium complex; PaO2, arterial partial pressure of oxygen; PCP, Pneumocystis jirovecii; PML, progressive multifocal 

encephalopathy (caused by JC virus); PO, per os; SMX, sulfamethoxazole; TB, tuberculosis; TID, three times a day; TMP, trimethoprim.
a Consider discontinuation in patients with CD4 cells .200/mL under cART.
b Leucovorin supplementation does not efficiently prevent myelosuppression and may be associated with treatment failure.

Society of America for the management of opportunistic infections in adults with HIV.70
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been reported between long-term HIV infection and stroke resulting 

from accelerated vascular senescence.96

Admission for Sepsis
Sepsis remains a major reason for ICU admission in HIV-positive pa-

tients.14,16,47 HIV infection increases the risk not only of bacterial pneu-

monia and meningitis but also of skin and soft tissue infections, notably 

the result of community-acquired methicillin-resistant S. aureus in 

endemic areas (e.g., USA300 strain in North America), because of a 

combination of both immune impairments and social risk factors.97 

HIV-positive patients are also at increased risk of primary bloodstream 

infection caused by nontyphi Salmonella species, S. aureus, and Escherichia 

coli, whose incidence correlates with the depth of immune deficiency.98 

Other severe bacterial infections, such as endocarditis or urinary tract 

infection, are also more common in patients with advanced HIV 

infection.99 Again, the management of sepsis in HIV-positive patients 

has no specific characteristics and should follow general guidelines.50 

However, the higher risk of infection by multidrug-resistant bacteria 

caused by repeated antibiotic exposure and frequent contacts with the 

healthcare system should be considered when selecting empirical anti-

microbials. Septic shock and multiorgan failure occur occasionally 

during the course of disseminated OIs, notably toxoplasmosis, tubercu-

losis, and histoplasmosis. These infections commonly trigger HLH, 

which may substantially worsen organ dysfunctions.100 Lastly, Clostridi-

oides difficile (formerly Clostridium difficile) infection is the leading 

cause of bacterial diarrhea in HIV-positive patients.101 However, it re-

mains unclear whether HIV infection is associated with an increased 

incidence of severe presentations or adverse outcomes.102

Other Clinical Situations
CMV Infection
CMV reactivation, detected by quantitative PCR in peripheral blood, 

is commonly observed in critically ill HIV-infected patients, especially 

in those with low CD4 cell counts and/or intercurrent OIs. Careful as-

sessment should be made for identification of rare end-organ diseases 

(e.g., retinitis, encephalitis, esophagitis, colitis, or pneumonitis) that 

require treatment with intravenous ganciclovir or foscarnet.70

Non–HHV8-Associated Lymphoma

Non-Hodgkin and Hodgkin lymphomas (NHL and HL, respectively) 

remain a major cause of mortality in the late cART era, with  

33%–76% of affected patients having undetectable HIV viral load at 

diagnosis.103,104 NHL is almost constantly aggressive and is often 

EBV-related.105 Diffuse large B-cell lymphoma (DLBCL) is still the 

most frequent type, but Burkitt lymphoma (BL) has gained an 

overgrowing place in recent years and now accounts for 40% of 

lymphoma-related ICU admissions in seropositive individuals.104 

Primary CNS EBV-induced lymphoma, a hallmark AIDS-defining 

disease until the early nineties, is now occasional.106

The reported prevalence of NHL and HL in HIV-infected patients 

admitted to the ICU may reach 8% and 1.5% Respectively in recent 

cohorts, with inaugural admission in up to 75% of cases.106 Patients 

may be admitted for lymphoma-induced HLH, tumor lysis syndrome, 

organ infiltration or compression, or chemotherapy-related complica-

tions such as sepsis in neutropenic patients.106,107 Preserving renal 

function is crucial to optimize subsequent chemotherapy schemes, 

notably in BL, that often require high-dose methotrexate. NHL at high 

risk for tumor lysis syndrome—notably DLBCL with large tumor vol-

ume and BL—may require preventive ICU admission at the time of 

induction chemotherapy for fluid management, rasburicase adminis-

tration, and prompt renal replacement therapy when necessary.108

In addition to supportive care, the cornerstones of management of 

HIV-associated lymphoma in the ICU include adequate tissue sam-

pling for diagnostic procedures, whole-body imaging (either CT scan 

or fluorodeoxyglucose [FDG] positron emission tomography) to ap-

praise tumor burden and localizations, biologic evaluation for HLH 

and tumor lysis syndrome, cardiac evaluation (as most chemotherapy 

regimens are anthracycline-based), prompt administration of etopo-

side in case of HLH, and timely chemotherapy induction with preven-

tion of tumor lysis syndrome in high-risk patients.109,110 Of note, 

rituximab should not be included in the chemotherapy regimen in 

patients with CD4 cells ,50/mL because of excess toxicities without 

survival benefit.111 The management of cART in this context requires 

a close collaboration between ICU, hematology, and infectious diseases 

physicians.112 Overall survival rates depend on tumor characteristics 

rather than on HIV infection, which does not affect the outcome of 

lymphoma managed in the ICU.113–115

HHV8-Related Diseases

The most frequent human herpesvirus-8 (HHV-8)–related disease is 

Kaposi sarcoma (KS), an endothelial cell–derived tumor that may af-

fect various organs and tissues, especially the skin, mucosa, lymph 

nodes, lungs, and intestinal tract.116,117 The severity of KS depends on 

the presence of life-threatening localizations (e.g., the lower respira-

tory tract), its extension, and the degree of immune deficiency.116 The 

treatment of AIDS-related KS rests on immune restoration through 

cART and, occasionally, chemotherapy for aggressive presentations. 

Steroids should be avoided in patients with KS, as they can exacerbate 

the course of the disease. Multicentric Castleman disease is an 

HHV-8–induced polyclonal B lymphoproliferative disorder charac-

terized by recurrent bouts of fever with lymphoid hyperplasia and 

severe systemic inflammatory symptoms linked to inappropriate  

release of interleukin (IL)-6, IL-10, and other cytokines, ultimately 

resulting in HLH and transformation to NHL.118,119 Etoposide is the 

first-line drug for severe associated HLH, whereas long-term out-

comes have markedly improved with the use of rituximab.120 Primary 

effusion lymphoma (as diagnosed through positive HHV-8 PCR and 

presence of large B cells in pleural or peritoneal fluid) and DLBCL 

may also complicate the course of HHV-8 infection in seropositive 

patients.

MANAGEMENT OF ANTIRETROVIRAL  
THERAPY IN THE ICU

Immune Reconstitution Inflammatory Syndrome
Immune recovery may induce paradoxical worsening of an already 

treated or previously undiagnosed OI within weeks or months after 

cART initiation. Relevant examples include the occurrence of ARF in 

patients with an initially mild to moderate pulmonary OI (e.g., PCP 

with no baseline indication for corticosteroids) or neurologic deteriora-

tion caused by the enlargement of cerebral tuberculomas, Toxoplasma 

abscesses, or cryptococcal lesions. Immune reconstitution inflamma-

tory syndrome (IRIS)–induced HLH has also been reported. IRIS has 

an estimated crude incidence of 16%, and the main risk factors are a 

high baseline viral load, low baseline CD4 cell count, and rapid CD4 cell 

count elevation after cART initiation.121,122

IRIS drives substantial morbidity and mortality, with a fatality rate 

of up to 20% in patients with cryptococcal meningitis.121 IRIS as the 

main reason for ICU admission was uncommon in recent cohorts of 

critically ill HIV-positive patients, suggesting better anticipation and 

management by infectious disease specialists.14,16,21 Nonsteroidal 
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antiinflammatory drugs and corticosteroids are the cornerstones of 

therapy for severe IRIS, without requirement for interrupting cART in 

most cases.70

ICU Admissions for Non-IRIS cART-Related Events
ART-related toxicity accounts for approximately 5% of ICU admis-

sions in this population.16,26,60 Old antiretrovirals are notably associ-

ated with lactic acidosis (e.g., azathioprine [AZT], didanosine) or 

pancreatitis (e.g., didanosine), whereas proximal tubulopathy with 

AKI and toxic epidermal necrolysis are well-described adverse 

events of tenofovir and nevirapine, respectively. New drugs may also 

cause critical complications such rhabdomyolysis from raltegravir 

(Table 120.4).

Starting cART in the ICU
Early cART initiation reduces all-cause mortality and the incidence of 

new AIDS-defining conditions in non–critically ill HIV-positive pa-

tients with an active OI, notably those with PCP or pulmonary tuber-

culosis and less than 50/mL CD4 cells.123–127 Accordingly, current US 

and European guidelines recommend cART initiation at 2 weeks after 

the start of specific OI treatment, except for those with cryptococcosis 

or CNS tuberculosis because of the risk of severe IRIS that may  

outweigh potential benefits from rapid immune recovery—in these 

situations, cART initiation must be deferred until at least 4 weeks and 

with proven disease control.28,127

In contrast, whether antiretroviral drugs should be introduced in 

cART-naive patients admitted to the ICU for an active OI remains  

Drug

Most Common Severe  

Toxicities

Main Drug–Drug Interactions  

to Consider in the ICU

Alternatives for  

Administration in the ICU

Dosage  

Adjustment  

If Renal Failure

Nucleoside/nucleotide reverse transcriptase inhibitors
Abacavir Hypersensitivity syndromes in  

patients with HLA-B*5701

– Liquid formulation No (avoid if end-

stage renal failure)

Emtricitabine Neutropenia – Liquid formulation, crushable pills Yes

Lamivudine Rash – Liquid formulation, crushable pills Yes

Zidovudine Lactic acidosis, myopathy, bone  

marrow toxicity, hepatitis

Rifamycins, valproic acid, fluconazole Liquid formulation, crushable pills, IV 

formulation

Yes

Tenofovir Nephrotoxicity (proximal tubular  

acidosis with Fanconi-like syndrome, 

acute renal failure), rash, hepatitis

– Crushable pills Yes

Nonnucleoside reverse transcriptase inhibitors
Efavirenz Hepatitis, rash Rifamycins, voriconazole, posaconazole, 

phenytoin, phenobarbital, carbamaze-

pine, calcium channel blockers, 

statins, warfarin, midazolam

Crushable pills No

Etravirine Bone marrow toxicity, hypersensitivity 

syndromes, hepatitis

Rifamycins, fluconazole, voriconazole, 

posaconazole, phenytoin, phenobarbi-

tal, carbamazepine, digoxin, amioda-

rone, warfarin, statins, clopidogrel, 

dexamethasone

Crushable pills No

Nevirapine Neutropenia, hypersensitivity syn-

dromes, hepatitis

Rifampicin (switch to rifabutin), flucon-

azole, warfarin

Liquid formulation Yes

Rilpivirine Bone marrow toxicity, hepatitis, rash Rifamycins, PPIs, anti-H2, phenytoin, 

phenobarbital, carbamazepine,  

dexamethasone

IV formulation No

Integrase inhibitors
Raltegravir Rash Rifampicin Liquid formulation, crushable pills No

Dolutegravir Rash, hepatitis Rifampicin, phenytoin, phenobarbital, 

carbamazepine, apixaban, metformin

Crushable pills No

Protease inhibitors (all ritonavir-boosted)
Atazanavir Hyperbilirubinemia, renal lithiasis,  

QT prolongation

Rifamycins, voriconazole, PPIs, pheny-

toin, phenobarbital, carbamazepine, 

fentanyl, midazolam, calcium channel 

blockers, amiodarone, warfarin, statins

– No

TABLE 120.4 cART Management in the ICU: Main Toxicities, Drug–Drug Interactions, 
and Administration Issues

  

 



986 PART VIII Infectious Diseases

unsettled. Indeed, there are no prospective evaluations of the safety, ef-

ficacy, and timing of cART initiation in the ICU. A few retrospective 

single-ICU studies suggest that early cART initiation may improve both 

short-term and long-term survival rates.23,26,51 A recent meta-analysis 

found that initiation or maintenance of cART in the ICU was associated 

with a lower short-term risk of death (random effects odds ratio 0.53, 

95% confidence interval 0.31–0.91, P 5 .02); however, heterogeneity 

was high (I2 77%), precluding firm conclusions.128 Given the declining 

incidence of ICU admissions for inaugural OIs, it is unlikely that a 

large-scale randomized controlled trial (RCT) could solve this issue in 

the near future. Therefore the appropriateness of starting cART in the 

ICU should be discussed on a case-by-case basis in a framework of close 

collaboration between intensivists and infectious disease specialists.5,6 

Fig. 120.3 shows the algorithm recently proposed by a panel of intensiv-

ists and infectious disease physicians for using cART in the ICU.60

Continuing cART in Previously Treated Patients
Stopping cART in virally suppressed patients has been shown to in-

crease the hazard of breakthrough OIs and all-cause death.129 The 

possible emergence of resistant HIV mutants (requiring new genotyp-

ing before cART reintroduction) should also be considered, although 

the risk is presumably limited after a short interruption. Hence, in 

patients treated before admission, cART should be continued in the 

ICU whenever possible (see Fig. 120.3). Factors that may complicate 

the continuation of cART in critically ill patients include adverse drug 

reactions; drug–drug interactions; impaired enteral absorption; the 

need to deliver drugs via a nasogastric tube; avoidance of proton pump 

inhibitors, H2 antagonists, and other antacids if cART contains com-

ponents such as atazanavir or rilpivirine (which require gastric acidity 

for absorption); avoidance of enteral nutrition products containing 

iron, calcium, magnesium, or aluminum to prevent malabsorption of 

integrase inhibitors; and dose adjustment because of renal and/or he-

patic impairment (see Table 120.4). Several solutions exist, such as 

switching to liquid drug formulations, dosing adjustment based on 

plasma-level monitoring, and occasionally, parenteral administration. 

Again, close cooperation with infectious disease specialists is funda-

mental when deciding to continue, modify, or interrupt cART during 

the ICU stay.60

Drug

Most Common Severe  

Toxicities

Main Drug–Drug Interactions  

to Consider in the ICU

Alternatives for  

Administration in the ICU

Dosage  

Adjustment  

If Renal Failure

Darunavir Rash, peripheral neuropathy Rifamycins, voriconazole, fluconazole, 

posaconazole, phenytoin, phenobar-

bital, fentanyl, midazolam, calcium 

channel blockers, beta-blockers, 

amiodarone, digoxin, warfarin,  

apixaban, rivaroxaban, dabigatran, 

ticagrelor, metformin, statins,  

salmeterol

Liquid formulation No

Fosamprenavir Rash Rifamycins, phenytoin, phenobarbital, 

fentanyl, midazolam, amiodarone, 

statins, warfarin

Liquid formulation No

Lopinavir QT prolongation, bone marrow  

toxicity, hypersensitivity syndromes, 

hepatitis

Rifamycins, voriconazole, phenytoin,  

phenobarbital, valproic acid, fentanyl, 

midazolam, calcium channel blockers, 

amiodarone, digoxin, warfarin, rivaroxa-

ban, statins, salmeterol

Liquid formulation No

Tipranavir Hepatitis, rash Rifamycins, voriconazole, phenytoin,  

phenobarbital, carbamazepine,  

fentanyl, midazolam, PPIs,  

amiodarone, digoxin, warfarin,  

statins 

Liquid formulation No

Fusion inhibitors
Enfuvirtide Myalgia, lung toxicity, peripheral  

neuropathy, pancreatitis, renal  

lithiasis

- Subcutaneous formulation No

CCR5 inhibitors
Maraviroc Anemia, rash Rifamycins, phenytoin, phenobarbital,  

carbamazepine

Liquid formulation Yes

TABLE 120.4 cART Management in the ICU: Main Toxicities, Drug–Drug Interactions, and 
Administration Issues—cont'd

CCR5, C-C motif chemokine receptor 5; HLA, human leukocyte antigen; ICU, intensive care unit; IV, intravenous; (HLA) complex; PPIs, proton 

pump inhibitors.

Constructed from FDA approval documents and the French CNS-ANRS guideline documents for the management of cART in HIV-infected patients 

(available at www.cns.sante.fr).
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CONCLUDING REMARKS AND POTENTIAL 
RESEARCH AXES

ICU admission for life-threatening OIs continues to occur in patients 

with previously undiagnosed HIV infection or with failure to respond 

to cART because of viral resistance or poor adherence. Yet HIV-positive 

patients with controlled viral replication and CD4 cell count above 200/

mL under cART account for a growing proportion of ICU admissions, 

of which the main reasons are bacterial pneumonia and exacerbation of 

chronic HANA conditions. Regardless of the depth of immune defi-

ciency, HIV-positive patients now tend to have similar hospital survival 

rates, as do HIV-negative ICU patients with the same comorbidities, 

reasons for admission, and severity of organ failures. Hence, the HIV 

status should no longer be viewed as a pivotal criterion for ICU admis-

sion decisions, which should instead be based on frailty, performance 

status, comorbidities, and other clinical features associated with mid- 

and long-term outcomes, as with all critically ill patients.

Several domains should be explored to further improve the man-

agement of critically ill HIV-positive patients. First, there is a crucial 

need for longitudinal studies of the long-term impact of critical illness 

on HIV-specific care, progression of HANA conditions, cognitive de-

cline, functional status, and quality of life. Second, the conversion of 

HIV infection to a chronic manageable disease has ethical implica-

tions. Although major interventions such as IMV, vasopressor therapy, 

and renal replacement therapy are now equally used in HIV-positive 

and HIV-negative ICU patients, the determinants of end-of-life deci-

sions in the specific setting of critical illness have not been reappraised 

in detail. Third, solid and hematologic malignancies act as new im-

munosuppression vectors in patients with controlled HIV replication. 

How the coexistence of malignancy may influence the management 

and post-ICU outcomes of HIV-positive patients deserves to be ad-

dressed specifically. Along this line, SOT is increasingly performed in 

selected HIV-positive patients with end-stage renal or heart failure: the 

reasons for and prognosis of ICU admission have not yet been investi-

gated in this emerging subpopulation.

Reason for ICU
admission

Severe acute HIV
infection, HIV

encephalitis, PML

Immediate cART
initiation

CNS tuberculosis or
cryptococcosis

Delayed cART
initiation1

Other Ols (e.g.,
PCP or extra-CNS

tuberculosis)
Adaptation of cART

scheme and/or dosing
(e.g., cART-related

toxicity, organ failures,
drug–drug interaction or

galenic issues)cART initiation
within 2 weeks2

Not HIV-related
+/– CD4 cells

>200/μL

cART initiation after
ICU discharge

cART continutation
whenever possible

cART at admissionNo Yes

HIV-infected patients
admitted to the ICU

Fig. 120.3  Proposed Algorithm for use of Combination Antiretroviral Therapy in the ICU. cART, Combi-

nation antiretroviral therapy; CNS, central nervous system; HIV, human im munodeficiency virus; ICU, inten-

sive care unit; OI, opportunistic infection; PCP Pneumocystis jirovecii pneumonia; PML, progressive multifo-

cal encephalopathy. 1 Delayed cART initiation because of the substantial risk of severe immune reconstitution 

inflammatory syndrome (e.g., up to 10 weeks in cryptococcal meningoencephalitis with elevated intracranial 

pressure and delayed clinical improvement or cerebrospinal fluid [CSF] culture sterilization); 2 cART initiation 

may be deferred for up to 8 weeks in patients with pulmonary tuberculosis and CD4 cells .50/mL. (From 

Barbier F, Mer M, Szychowiak P, et al. Management of HIV-infected patients in the intensive care unit. Inten-

sive Care Med. 2020;46[2]:329–342, Fig. 3 and based on the guidelines of the Centers for Disease Control 

and Prevention, the National Institutes of Health, and the Infectious Diseases Society of America for the use 

of antiretroviral agents in adults and adolescents with HIV. Note than no academic dedicated guidelines exist 

for the management of antiretroviral drugs in the specific context of critical illnesses. Close collaboration with 

an infectious disease physician is mandatory in every case.

 References for this chapter can be found at expertconsult.com.

• In recent Western cohorts, up to 70% of HIV-infected patients admitted to 

the ICU were receiving long-term cART.

• Bacterial sepsis and exacerbated comorbidities such as COPD, non–AIDS-

defining neoplasms, atherosclerosis, and chronic renal diseases have become 

the leading reasons for ICU admission.

• Admissions for severe AIDS-defining OIs continue to occur in patients with 

previously unknown HIV infection or restricted access to cART.

• PCP, tuberculosis, and cerebral toxoplasmosis are the most common OIs in 

the ICU.

• The management of cART in the ICU requires a close collaboration between 

intensivists and HIV specialists.

• In-hospital mortality mostly depends on age, underlying comorbidities, and ex-

tent of organ dysfunction rather than on HIV-related characteristics (i.e., CD4 cell 

count, viral load, admission for AIDS-related diagnoses, and prior cART use).

• Lymphomas, solid neoplasms, and SOT are emerging drivers of immunosup-

pression in cART-treated patients with otherwise controlled HIV replication.

• Ethical issues and long-term outcomes warrant dedicated investigations in 

this patient population.

KEY POINTS
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ANNOTED REFERENCES

Andrade HB, Shinotsuka CR, da Silva IRF, et al. Highly active antiretroviral 

therapy for critically ill HIV patients: A systematic review and meta- 

analysis. PLoS One. 2017;12(10):e0186968.

A systematic review analyzing the impact of antiretroviral therapy use on 

critically ill HIV-infected patients’ prognosis. The results suggest improved 

survival rates for HIV-positive patients who were treated with antiretroviral 

treatments during the ICU stay.

Barbier F, Roux A, Canet E, et al. Temporal trends in critical events complicat-

ing HIV infection: 1999-2010 multicentre cohort study in France. Intensive 

Care Med. 2014;40(12):1906–1915.

A large multicenter cohort study that showed that comorbidities and the  

extent of organ dysfunction are associated with hospital survival, and AIDS- 

defining opportunistic infections do not have an impact on short-term out-

come. The authors also described the characteristics of HIV-infected patients 

requiring ICU admission.

Elabbadi A, Pichon J, Visseaux B, et al. Respiratory virus-associated infections 

in HIV-infected adults admitted to the ICU for acute respiratory failure: a 

6-year bicenter retrospective study (HIV-VIR study) Ann Intensive Care. 

2020;10:123.

An interesting retrospective study on viral pulmonary infections in critically 

ill HIV-infected patients diagnosed with multiplex PCR. Viral pulmonary in-

fections are associated in two-thirds of cases with another nonviral pathogen. 

Among viruses, rhinovirus was the most prevalent, and notably in patients 

with a CD4 count ,200/mm3.

Fauchier T, Hasseine L, Gari-Toussaint M, et al. Detection of Pneumocystis 

jirovecii by quantitative PCR to differentiate colonization and pneumonia 

in immunocompromised HIV-positive and HIV-negative patients. J Clin 

Microbiol. 2016;54(6):1487–1495.

In this study, the authors evaluate the ability of quantitative PCR in bron-

choalveolar lavage to differentiate between Pneumocystis jirovecii coloniza-

tion and P. jirovecii infection. More precisely, the Ct value seems to permit 

the differentiation between these two situations, and cutoff Ct values are dif-

ferent in HIV-infected patients compared with non–HIV-infected patients.

Miro JM, Grossi PA, Durand CM. Challenges in solid organ transplantation in 

people living with HIV. Intensive Care Med. 2019;45(3):398–400.

This recent editorial provides an accurate summary of the recent data regard-

ing solid organ transplantation in HIV-infected patients and the specific 

challenges in these patients.
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Many immunocompromised patients are managed in intensive care 

units (ICUs) every year, with infection being a leading cause of ICU 

admission. Common examples of such infections include community-

acquired pneumonia, bacteremia, and central nervous system (CNS) 

infections. The incidence of infections acquired by immunocompro-

mised patients during ICU admissions is also significant.1 Mortality 

from certain infections in immunocompromised patients exceeds 

50%.2 Early diagnosis, initiation of appropriate antimicrobial and sup-

portive therapy, and reduction in immunosuppression where possible 

can improve outcomes significantly.

COMMONLY ENCOUNTERED 
IMMUNOCOMPROMISING CONDITIONS

Immunocompromise can be broadly defined as a state in which the 

response of the host to a foreign antigen is subnormal. It can be con-

genital (primary) or acquired. Congenital immunodeficiencies are 

now much less common than acquired immunodeficiencies. In gen-

eral, congenital immunodeficiency is observed more frequently in pa-

tients in pediatric ICUs than in those in adult ICUs. Patients with 

congenital immunodeficiencies usually have repeated infections, espe-

cially infections affecting the sinuses and lower respiratory tract. Con-

genital immunodeficiencies are usually “pure,” in that the defects in the 

host response to foreign antigens are usually specific and well defined. 

For example, Bruton X-linked agammaglobulinemia is associated with 

a defect in the normal maturation process of immunoglobulin- 

producing B cells. As a result, mature circulating B cells, plasma cells, 

and serum immunoglobulin are absent. The patient is susceptible to 

organisms, such as Streptococcus pneumoniae and Haemophilus influ-

enzae, normally dealt with by immunoglobulins. Other congenital 

immunodeficiency syndromes are listed in Table 121.1.

Most immunocompromised patients managed in adult ICUs have 

acquired immunocompromise. Although the response of host defenses 

in the elderly, people with diabetes, and people with alcohol use disor-

der is compromised, this chapter deals primarily with four categories 

of immunocompromised patients: (1) patients receiving therapy for 

hematologic malignancies and solid tumors; (2) patients receiving im-

munosuppressive therapy in the context of solid organ transplanta-

tion; (3) patients receiving corticosteroids, methotrexate, monoclonal 

antibodies to tumor necrosis factor, and other disease-modifying 

agents for rheumatoid arthritis, Crohn disease, and autoimmune dis-

orders; and (4) patients with human immunodeficiency virus (HIV) 

infection.

Hematologic Malignancies and Solid Tumors
Prolonged neutropenia from chemotherapy carries a significant risk of 

bacterial and fungal infection. Classically, gram-negative organisms 

such as Pseudomonas aeruginosa and fungal organisms such as Asper-

gillus species have been associated with severe neutropenia. It has long 

been known that the severity and duration of neutropenia influence 

the risk of infection.3 It has also been well established that aggressive 

chemotherapy and radiotherapy for Hodgkin disease coupled with 

splenectomy significantly impair humoral defense against encapsu-

lated organisms such as S. pneumoniae, H. influenzae, and Neisseria 

meningitidis.4 Stem cell transplantation (particularly allograft trans-

plantation) is associated with a substantial risk of graft-versus-host 

disease (GVHD). Prophylaxis and treatment for GVHD may involve 

use of drugs such as cyclosporine or tacrolimus plus corticosteroids. 

Cyclosporine and tacrolimus inhibit calcineurin, an enzyme important 

in the lymphocyte activation cascade. Corticosteroids also affect lym-

phocyte function and depress functions of activated macrophages. As 

a result, patients receiving therapy for GVHD may be prone to fungal, 

viral, and mycobacterial infections, in addition to bacterial infections 

associated with prolonged neutropenia. Chimeric antigen receptor 

(CAR) T-cell therapy is an additional treatment modality used to treat 

some blood cancers.5 Patient lymphocytes are engineered to produce 

CARs, which are directed towards tumor cells. Patients receiving CAR 

T-cell therapy experience multifactorial immune suppression related 

to their cancer and its prior treatment, pretreatment chemotherapy, 

depletion of B cells, and the effects of cytokine release syndrome. Ad-

ditionally, management of severe cytokine release syndrome often in-

volves administration of interleukin (IL)-6 inhibitors (e.g., tocili-

zumab) and high-dose corticosteroids, both of which themselves carry 

an additional risk of infection.6

Solid Organ Transplantation
Solid organ transplant recipients are uniquely susceptible to infection.7 

They undergo significant surgery, breaching the defenses provided by 

the skin. Furthermore, they can remain in ICUs for prolonged periods, 

requiring intravenous access and mechanical ventilation—here, cuta-

neous and pulmonary barriers to infection are breached. Finally, solid 

organ transplant recipients receive immunosuppressive therapy to 

prevent graft rejection. The commonly used immunosuppressive med-

ications are listed in Table 121.2. Immunosuppressive regimens are in 

a constant state of flux—more recent trends have been toward aggres-

sive “pretreatment” immediately before transplantation, coupled with 

decreased immunosuppression in the posttransplant period.8

In the early posttransplant period, transplant recipients are suscep-

tible to nosocomially acquired bacterial infections such as pneumonia, 

catheter-related bloodstream infection associated with usual ICU care, 

and wound and intraabdominal infections associated with surgical pro-

cedures. Opportunistic infections may be acquired from the organ graft; 

cytomegalovirus (CMV) is the most pertinent example,9 but a wide 

variety of infections (e.g., rabies, histoplasmosis, tuberculosis, and West 
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Condition (Immunodeficiency)

Organisms With Increased Tendency to Cause Infection in 

This Condition

T-Lymphocyte Deficiencies

DiGeorge syndrome (thymic aplasia with reduced CD4 and CD3 cells) Viruses (especially HSV and measles), sometimes Pneumocystis jirovecii, fungi, 

or gram-negative bacteria

Purine nucleoside phosphorylase deficiency (marked T-cell depletion) P. jirovecii and viruses

B-Lymphocyte Deficiencies

Bruton X-linked agammaglobulinemia (absence of B cells, plasma cells,  

and antibody)

Haemophilus influenzae, Streptococcus pneumoniae, Staphylococcus aureus, 

Pseudomonas aeruginosa, P. jirovecii (after the first 4–6 months of life when 

maternal antibody has been consumed)

Selective IgG subclass deficiencies Variable

Selective IgA deficiency S. pneumoniae, H. influenzae

Hyper-IgM immunodeficiency (elevated IgM but reduced IgG and IgA) S. pneumoniae, H. influenzae, P. jirovecii (rarely)

Mixed T- and B-Lymphocyte Deficiencies

Common variable immunodeficiency (leads to various B-cell activation or differ-

entiation defects and gradual deterioration of T-cell number and function)

S. pneumoniae, H. influenzae, CMV, VZV, P. jirovecii

Severe combined immunodeficiency (severe reduction in IgG and absence  

of T cells)

P. jirovecii, viruses, Legionella

Wiskott-Aldrich syndrome (decreased T-cell number and function, low IgM,  

occasionally low IgG)

S. pneumoniae, H. influenzae, HSV, P. jirovecii

Ataxia-telangiectasia (decreased T-cell number and function; IgA, IgE, IgG2, 

and IgG4 deficiency)

S. aureus, S. pneumoniae, H. influenzae

Disorders of Complement

C3 deficiency (congenital absence of C3 or consumption of C3 caused by  

deficiency of C3b inactivator)

S. pneumoniae, H. influenzae, enteric gram-negative bacilli

Phagocyte Defects

Chronic granulomatous disease (defect in NADPH oxidase in phagocytic cells) S. aureus, Escherichia coli, Klebsiella pneumoniae, Enterobacter cloacae,  

S. marcescens, P. aeruginosa, Aspergillus

Chédiak-Higashi syndrome (impaired microbicidal activity of phagocytes) S. aureus, H. influenzae, Aspergillus

Kostmann syndrome, Shwachman-Diamond syndrome, cyclic neutropenia  

(low neutrophil count)

S. aureus, enteric gram-negative bacilli, P. aeruginosa

TABLE 121.1 Congenital (Primary) Causes of Immunodeficiency

CMV, Cytomegalovirus; HSV, herpes simplex virus; Ig, immunoglobulin; NADPH, nicotinamide adenine dinucleotide phosphate; VZV, varicella-

zoster virus.

Immunosuppressive Mode of Action

Corticosteroids Negative regulation of cytokine gene expression

Azathioprine Inhibits DNA and RNA synthesis; inhibits T- and 

B-cell function

Cyclosporine Calcineurin inhibitor; inhibits cytokine expression

Tacrolimus Calcineurin inhibitor; inhibits cytokine expression

Sirolimus (rapamycin) Prevents translation of mRNAs encoding cell  

cycle regulators

Mycophenolate mofetil Blocks purine biosynthesis; inhibits T- and B-cell 

proliferation

Polyclonal antilymphocyte Lymphocyte depletion antibodies (e.g., Atgam, 

Thymoglobulin)

Muromonab-CD3 (OKT3) Anti-CD3 monoclonal antibody

Alemtuzumab (Campath) Anti-CD52 monoclonal antibody

Daclizumab, basiliximab Anti-CD25 monoclonal antibody

TABLE 121.2 Immunosuppressive Drugs 
Used in Solid Organ Transplantation and  
Their Mechanisms of Activity

Nile virus) have also been rarely acquired from grafts. Solid organ trans-

plant recipients, by virtue of their iatrogenic immunosuppression, are 

also susceptible to reactivation of latent infection (e.g., CMV infection, 

tuberculosis, or histoplasmosis) or to infections acquired through the 

hospital environment (e.g., aspergillosis, legionellosis, or tuberculosis).

Rheumatoid Arthritis and Autoimmune Disorders
Therapy for rheumatoid arthritis and other autoimmune disorders may 

be with simple analgesics or nonsteroidal antiinflammatory drugs. 

Drugs with the potential to cause significant immunocompromise are 

also frequently used. Classically, therapy has been with corticosteroids or 

disease-modifying antirheumatic drugs such as azathioprine, cyclospo-

rine, penicillamine, gold salts, hydroxychloroquine, leflunomide, metho-

trexate, or sulfasalazine. The effects of corticosteroids, azathioprine, and 

cyclosporine on host defenses have been noted previously (see Table 

121.2). Methotrexate reversibly inhibits dihydrofolate reductase and in-

terferes with DNA synthesis and repair and cellular replication. In addi-

tion to its use in rheumatoid arthritis, it can be used as an antineoplastic 

agent. Methotrexate, however, can cause significant neutropenia, and 

low-dose methotrexate is generally less likely to increase the infection 

risk in patients with rheumatoid arthritis.10,11
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A variety of “biologic” agents are now widely used for rheumatoid 

arthritis. These include tumor necrosis factor (TNF)-alpha inhibitors 

(for example, etanercept, infliximab, adalimumab, certolizumab, and 

golimumab), IL-6 inhibitors (for example, tocilizumab and sari-

lumab), IL-1 beta inhibitors (anakinra), CD80/86 inhibitors (abata-

cept), and an antibody against the CD20 protein (rituximab)  

(Table 121.3). The indications for the use of these biologic agents are 

also increasing—for example, they may also be used in treatment of 

Behçet disease, Crohn disease, GVHD, hairy cell leukemia, psoriasis, 

pyoderma gangrenosum, sarcoidosis, and ulcerative colitis. Consider-

able attention has been paid to the possibility of tuberculosis develop-

ing after treatment with such agents.12 The risk is sufficiently high that 

it is recommended that tuberculin skin testing or interferon gamma 

(IFN-g) release assays be performed to detect latent tuberculosis be-

fore the initiation of anticytokine agents. Invasive infections with 

Histoplasma, Candida, Pneumocystis jirovecii, Aspergillus, Cryptococcus, 

Nocardia, Salmonella, Listeria, Brucella, Bartonella, nontuberculous 

mycobacteria, Leishmania, and Toxoplasma have also been reported to 

be associated with the use of “biologics.”13–16 As is the case with trans-

plant-associated immunocompromise, these infections may represent 

reactivation of latent infection or new acquisition of organisms 

through environmental exposure.

Human Immunodeficiency Virus Infection
HIV infection remains a relatively common infection, but acquired im-

munodeficiency syndrome (AIDS) has become less frequently encoun-

tered in ICUs since the advent of highly active antiretroviral therapy.  

A decline in CD4 counts creates a predisposition to P. jirovecii pneumo-

nia, mycobacterial infection, fungal infection (e.g., cryptococcal menin-

gitis), and viral infection (e.g., CMV infection). Many patients with 

HIV infection are coinfected with hepatitis C virus, and as a result,  

liver failure is now a relatively common reason for ICU admission in 

HIV-infected patients. In some centers, liver transplantation is per-

formed in HIV-infected patients with hepatitis virus–induced liver 

diseases.17,18

GENERAL DIAGNOSTIC APPROACH TO 
IMMUNOCOMPROMISED PATIENTS WITH  
SEVERE INFECTIONS

Immunocompromised patients are a heterogeneous group. The infec-

tions commonly encountered by a patient with neutropenia as a 

consequence of chemotherapy may be different from infections  

observed in a patient with rheumatoid arthritis who is receiving inf-

liximab. Even within a particular category, different renal transplanta-

tion recipients, for example, may have a different degree of 

immunocompromise and a different susceptibility to infection. In 

solid organ transplant recipients, the “net state of immunosuppres-

sion” (i.e., the cumulative burden of immunosuppression with a spe-

cial weighting toward recent T-cell ablative therapy) influences the 

risk of infection. A renal transplant recipient who is receiving tacroli-

mus monotherapy twice per week would be less susceptible to oppor-

tunistic infection than a patient with recent acute cellular rejection 

who is receiving OKT3 or alemtuzumab. There have been attempts to 

quantify immune function in solid organ transplant recipients,19 al-

though it has not yet been definitively proved that such tests predict 

infection risk. In contrast, with HIV infection, CD4 lymphocyte count 

and HIV RNA quantification (“viral load”) predict risk of infection.20 

Patients with CD4 counts greater than 500 cells/mm3 are unlikely to 

be infected with an opportunistic pathogen, whereas those with CD4 

counts of 200–500 cells/mm3 may be infected with organisms such as 

Mycobacterium tuberculosis, but they are unlikely to be infected with 

opportunistic pathogens such as CMV or Mycobacterium avium com-

plex. Patients with CD4 counts less than 200 cells/mm3 have an in-

creased risk of a wide variety of opportunistic infections.

Specific environmental exposures may be potentially important 

for immunocompromised patients. A travel history to the deserts of 

the southwestern United States and northern Mexico, for example, 

may increase the likelihood that an immunocompromised patient has  

coccidioidomycosis21; histoplasmosis is endemic in the Ohio River 

Valley.22 Alternatively, there may be environmental risks within the 

ICU. Outbreaks of invasive pulmonary aspergillosis have been linked 

to construction activity within the hospital. Outbreaks of legionellosis 

may be waterborne via air conditioning cooling units, drinking water, 

or aerosolization from showers.23 Furthermore, it is possible that 

many fungal and bacterial infections are waterborne.24,25 Tuberculosis 

transmission has been well described in ICUs caring for transplant 

recipients or HIV-infected patients.26 In summary, the net state of 

immunosuppression must be considered in the context of recent en-

vironmental exposures.

Although elements of history taking and physical examination may 

narrow the differential diagnosis of the causative agent of infection in 

immunocompromised patients, some of the “rules” applied to diagno-

sis in immunocompetent patients do not apply. Caution must be exer-

cised in use of the diagnostic principle that follows Occam’s razor: 

“entities are not to be multiplied without necessity.” In an immuno-

competent patient, given all the patient’s symptoms, signs, and nonin-

vasive laboratory test results, one unifying diagnosis usually explains 

all. Importantly, in contrast, immunocompromised patients may have 

more than one infection at any given time. A neutropenic patient may 

have bacterial pneumonia and invasive pulmonary aspergillosis simul-

taneously, whereas an immunocompromised patient with HIV infec-

tion may have P. jirovecii pneumonia and pulmonary infiltrates be-

cause of human herpesvirus (HHV)-8 infection (Kaposi sarcoma).

Drug Mechanism of Action

FDA-Approved  

Indications

Adalimumab  

(Humira)

Recombinant, fully human 

anti-TNF monoclonal  

antibody

Ankylosing spondylitis

Crohn disease

Psoriatic arthritis

Rheumatoid arthritis

Anakinra  

(Kineret)

Recombinant human  

interleukin-1 receptor  

antagonist

Rheumatoid arthritis

Etanercept  

(Enbrel)

TNF receptor p75 Fc fusion 

protein

Ankylosing spondylitis

Juvenile rheumatoid arthritis

Plaque psoriasis

Psoriatic arthritis

Rheumatoid arthritis

Infliximab  

(Remicade)

Chimeric monoclonal  

antibody to TNF

Ankylosing spondylitis

Crohn disease

Psoriatic arthritis

Plaque psoriasis

Rheumatoid arthritis

Ulcerative colitis

Tocilizumab  

(Actemra)

IL-6 receptor–inhibiting 

monoclonal antibody

Rheumatoid arthritis

TABLE 121.3 Commonly Used Anticytokines 
for Management of Rheumatoid Arthritis

FDA, US Food and Drug Administration; IL-6, interleukin-6; TNF, tumor 

necrosis factor.
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The potential for multiple diagnoses underscores the need for early 

invasive testing in immunocompromised patients with severe infec-

tion. Patients with unexplained severe community-acquired pneumo-

nia may be best managed by early bronchoalveolar lavage performed 

before antimicrobial therapy has commenced. Bronchoalveolar lavage 

could be sent for Gram stain, Ziehl-Neelsen stain, modified acid-fast 

stain, calcofluor stain, direct fluorescent antibody tests, polymerase 

chain reaction (PCR), and cytologic analysis to enable rapid diagnosis 

of infection with bacteria, mycobacteria, Nocardia, fungi, Legionella, 

CMV, community-acquired respiratory viruses, and P. jirovecii. Close 

liaison with the microbiologic laboratory is vital to ensure that appro-

priate attempts are made to identify the causative pathogens as rapidly 

as possible. For example, newer microbiologic techniques such as mass 

spectrometry, matrix-assisted laser desorption/ionization (MALDI-

TOF) and DNA sequencing have been demonstrated to be useful in 

identifying fungal isolates rapidly.27 The bronchoalveolar lavage should 

be inoculated onto solid media, and molecular diagnostic testing 

should be used as appropriate. An outline of the diagnostic approach 

in immunocompromised patients is given in Box 121.1.

MAJOR MANIFESTATIONS OF INFECTION IN 
IMMUNOCOMPROMISED PATIENTS

The organism causing infection in an immunocompromised patient 

sometimes can be inferred by the specific host defect in the immunologic 

defense or the specific clinical manifestation. In most circumstances, the 

differential diagnosis is too broad, however, to make a definitive clinical 

diagnosis.

Pulmonary Infection
Pneumonia is a significant cause of morbidity and mortality in im-

munocompromised patients. In contrast to a normal host, the im-

paired responsiveness of the immune system means that the disease 

presents in unusual ways, which may lead to challenges in establishing 

a diagnosis.

Infectious microorganisms usually gain access to the respiratory 

tract through inhalation, although hematogenous spread sometimes 

may occur. Mechanical defenses remove the bulk of potentially harm-

ful agents from the lungs (Table 121.4); inhaled particles greater than 

10 mm in diameter usually become trapped in the upper airways or are 

removed by coughing or mucociliary clearance. Most bacteria range 

from 0.5 to 2 mm in size and are able to reach the terminal airways/

alveoli and potentially cause infection. In the alveoli, the alveolar mac-

rophages are the first line of defense. Subsequently, an inflammatory 

response consisting of polymorphonuclear neutrophils is important. 

Finally, specific T-cell and B-cell immune responses are essential for 

successful defense against many pathogens.

As noted earlier, although it may be possible to pinpoint a major 

immunologic deficiency, most immunocompromised individuals have 

an assortment of deficiencies in host defenses working together. An 

organ transplant recipient may be intubated, have multiple intrave-

nous lines, be diabetic, and be on corticosteroids and tacrolimus. All 

BOX 121.1 Diagnostic Approach for Severe Infections in Immunocompromised Patients

History Taking and Review of Prior Records

Likely degree of immunocompromise

Recent CD4 lymphocyte count and HIV viral load

Time since transplantation

Recent acute cellular rejection or GVHD and treatment thereof

Current or recent receipt of immunosuppressive medications

Current or recent receipt of antiretroviral medications

Prophylaxis against opportunistic infections

Receipt of antimicrobial prophylaxis against Pneumocystic jirovecii, HSV, or 

CMV

Vaccination status (pneumococcus, influenza, Neisseria meningitidis)

Family history

Personal or family history of tuberculosis or chickenpox

Potential environmental exposures

Travel history to southwestern United States

Exposure to hospital construction activity (aspergillosis)

Exposure to hospital water supply (legionellosis, aspergillosis)

Exposure to patients with tuberculosis or chickenpox

Donor and recipient serostatus for CMV or Toxoplasma gondii

Physical Examination

Skin

Presence of cutaneous nodules consistent with cryptococcosis or nocardiosis

Presence of cutaneous manifestations of GVHD

Kaposi sarcoma

Line insertion site erythema or pus

Peripheral embolic phenomena

Scars consistent with prior surgery

Mouth and other mucous membranes

Presence of candidiasis

Respiratory system

Presence of signs of focal versus multilobar pneumonia

Cardiovascular system

Murmurs, prosthetic heart sounds

Abdominal examination

Signs of peritonitis

Hepatomegaly or splenomegaly

Tenderness of renal allograft

Neurologic examination

Nuchal rigidity

Cranial nerve signs

Noninvasive Laboratory Tests

White blood cell count and differential

Blood and urine cultures

Serum cryptococcal antigen

Serum galactomannan antigen (aspergillosis)

Serum and urine Histoplasma antigen

Urinary Legionella antigen

Invasive Laboratory Tests

Bronchoalveolar lavage

Pleural fluid aspiration

Upper gastrointestinal endoscopy

Colonoscopy

Biopsy of liver, kidney, bone marrow

CMV, Cytomegalovirus; GVHD, graft-versus-host disease; HIV, human immunodeficiency virus; HSV, herpes simplex virus.

  

 



993CHAPTER 121 Infections in the Immunocompromised Patient

Location Host Defense Defect

Upper airway Filtration

Mucociliary apparatus

Cough

Endotracheal intubation

CF, cigarette smoking

Impaired consciousness

Lower airway 

(nonspecific)

Alveolar  

macrophages

Immunosuppressive medication, corti-

costeroids

Polymorphonuclear  

leukocytes

Corticosteroids, malnutrition,  

chemotherapy, malignancies

Lower airway 

(specific)

B lymphocytes

T lymphocytes

Hypogammaglobulinemia, CLL, MM

AIDS, malignancies, immunosup-

pressants

TABLE 121.4 Host Defenses Against 
Respiratory Infections and How They Are 
Affected in Immunocompromised Patients

AIDS, Acquired immunodeficiency syndrome; CF, cystic fibrosis; CLL, 

chronic lymphocytic leukemia; MM, multiple myeloma.

Time After  

Transplant (mo) Organism

,1 Nosocomial bacteria (e.g., MRSA, ESBL-producing  

Enterobacteriaceae, Pseudomonas aeruginosa, 

Acinetobacter baumannii)

Legionella spp.

Respiratory viruses (e.g., influenza virus,  

parainfluenza virus, RSV, adenovirus, rhinovirus,  

human metapneumovirus)

Aspergillus spp.

1–6 Nosocomial bacteria (if still mechanically  

ventilated)

Legionella spp.

Nocardia spp.†

Mycobacterium tuberculosis

Herpesviruses (e.g., HSV, VZV, CMV)‡

Respiratory viruses (e.g., influenza virus,  

parainfluenza virus, RSV, adenovirus, rhinovirus,  

human metapneumovirus)

Pneumocystis jirovecii†

Cryptococcus neoformans

Aspergillus spp.

Coccidioides spp.

Histoplasma spp.

.6 Bacteria associated with community-acquired  

pneumonia (e.g., Streptococcus pneumoniae, 

Haemophilus influenzae, Legionella spp., 

Mycoplasma pneumoniae)

Nocardia spp.*†

Rhodococcus equi*

Mycobacterium tuberculosis

Atypical mycobacterium

Aspergillus spp.*

Zygomycetes*

Cryptococcus neoformans*

TABLE 121.5 Occurrence of Pulmonary 
Infection After Solid Organ Transplantation 
Stratified by Time From Transplantation

*These organisms should be considered when immune suppression is 

still substantial.
†These organisms are less likely in patients on prophylactic cotrimoxazole.

‡These viruses are less likely in patients on prophylactic ganciclovir or 

valganciclovir.

CMV, Cytomegalovirus; ESBL, extended-spectrum beta-lactamase; 

HSV, herpes simplex virus; MRSA, methicillin-resistant Staphylococcus 

aureus; RSV, respiratory syncytial virus; VZV, varicella-zoster virus.

these factors contribute to the overall degree of immunity, each paving 

the way for its own peculiar array of susceptibilities to pulmonary in-

fection. In solid organ transplant recipients, specific causes of pulmo-

nary infection are most frequent at certain times posttransplantation 

(Table 121.5). In a similar manner, specific causes of pulmonary infec-

tion are more frequent at different CD4 lymphocyte counts for pa-

tients with HIV infection (Table 121.6).

A normal chest radiograph does not rule out pulmonary infection 

in immunocompromised patients. Additionally, although some dis-

eases have suggestive radiologic findings (e.g., apical cavitations in tu-

berculosis), most radiographic findings have to be interpreted in light 

of all other data available. Frequently, computed tomography (CT) is 

required (e.g., evaluation of pulmonary nodules). Pulmonary nodules 

have a broad differential diagnosis in immunocompromised patients, 

including infections caused by fungi (especially Cryptococcus neofor-

mans, Coccidioides immitis, and Aspergillus fumigatus), Nocardia, my-

cobacteria, Rhodococcus equi, and Bartonella. Additionally, carcinomas 

and posttransplant lymphoproliferative disorders may present with 

pulmonary nodules. The differential diagnosis of cavitary lesions in-

cludes mycobacteria, invasive pulmonary aspergillosis, legionellosis, 

and infection with R. equi. As noted earlier, the broad differential diag-

nosis of pulmonary infection in immunocompromised patients man-

dates early and aggressive diagnostic strategies such as bronchoscopy, 

with the bronchoalveolar lavage sent for a comprehensive battery of 

microbiologic investigations.

Central Nervous System Infections
Most infectious agents reach the CNS via hematogenous dissemina-

tion from an extraneural site. Exceptions include retrograde propaga-

tion of infected thrombi within emissary veins, spread along olfactory 

nerves, and spread from a contiguous focus of infection. The blood-

brain barrier presents a natural and an efficient barrier to hematoge-

nous infection. The function of the blood-brain barrier in immuno-

compromised patients has not been well studied. It is well known, 

however, that when a CNS infection is established, immune defenses 

(even in immunologically competent hosts) are inadequate to control 

the infection.28 Local opsonization is deficient within the brain. In 

animal models of bacterial brain abscess, corticosteroid administration 

led to a reduction in macrophage and glial response, with an increased 

number of viable bacteria in the abscess.29

Bacterial meningitis caused by N. meningitidis is relatively uncom-

mon in immunocompromised patients, except if they have undergone 

splenectomy. In contrast, pneumococcal meningitis seems to occur 

with increased frequency in patients who have undergone stem cell 

transplantation30–32 and in those with HIV infection.33,34 Meningitis 

caused by Listeria monocytogenes is classically associated with immu-

nocompromise, reflecting the need for adequate T-cell function and 

IFN-g production to kill this intercellular pathogen.35 In addition to 

meningitis, Listeria infection may be associated with a brain abscess, 

particularly that occurring in the brainstem.36,37 Enteric bacteria (e.g., 
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Etiologic Agent Special Considerations

Meningitis

Streptococcus pneumoniae

Listeria monocytogenes

Enteric bacteria

Especially in HIV-infected individuals

Predilection for brainstem

Associated with disseminated Strongyloides 

infection

Cryptococcus neoformans Rapid diagnosis by cryptococcal antigen or  

India ink stain

Mycobacterium tuberculosis Consider PCR for rapid diagnosis

Meningoencephalitis

HSV

HHV-6

Rare in immunocompromised patients

May be associated with lack of CSF  

pleocytosis

VZV Skin lesions yield diagnosis

West Nile virus Transmitted via transplanted organ or blood

Space-Occupying Lesions

Nocardia

Toxoplasma gondii

Fungi

Pulmonary lesions usually also present

Especially in HIV-infected individuals

Pulmonary lesions usually also present

TABLE 121.7 Central Nervous System 
Infections in the Immunocompromised Host

CSF, Cerebrospinal fluid; HHV-6, human herpesvirus-6; HIV, human 

immunodeficiency virus; HSV, herpes simplex virus; PCR, polymerase 

chain reaction; VZV, varicella-zoster virus.

Escherichia coli) are rare causes of bacterial meningitis in immuno-

compromised patients. A classic association exists, however, between 

meningitis with such organisms and disseminated infection with 

Strongyloides stercoralis.38,39 In the presence of immunosuppression 

(e.g., large doses of corticosteroids), Strongyloides can migrate from 

the gastrointestinal (GI) tract to the CNS, carrying enteric bacterial 

flora into the CNS. Mortality is high without prompt recognition and 

treatment. Nocardia and mycobacteria must also be considered in the 

differential diagnosis of CNS infections in immunocompromised pa-

tients; diagnostic samples should be sent for inoculation onto 

appropriate media for isolation of these organisms.40–42

Fungal infection of the CNS may cause meningitis or space- 

occupying lesions. Cryptococcal meningitis is associated with ad-

vanced HIV infection (CD4 lymphocyte count ,100 cells/mm3) but 

can also occur in transplanted patients.43 The presentation is usually 

subacute, although dangerous elevations in intracranial pressure are 

sometimes observed. Space-occupying lesions in the brain may occur 

with disseminated mold infections; these infections usually arise in the 

lung, but dissemination to the brain is part of multiorgan spread. 

Mortality is extremely high in these cases. Any of the pathogenic 

molds44,45 such as Aspergillus, zygomycetes,46,47 Scedosporium,48 or 

Fusarium49 can undergo dissemination to the brain. The dimorphic 

fungi (e.g., Histoplasma, Coccidioides) may also disseminate from the 

lung, causing infection of the CNS. Zygomycetes may also be associ-

ated with frequently fatal infection arising within the nose or sinuses 

(rhinocerebral mucormycosis).46,47

The most common protozoal pathogen to affect the CNS is Toxo-

plasma gondii. The classic association is between T. gondii infection 

and advanced HIV infection, although cases have shown associations 

with other forms of immunocompromise.50–52 Amebic encephalitis has 

been reported occasionally in conjunction with advanced HIV infec-

tion or organ transplantation.53

Additionally, a variety of viruses can cause CNS infections in im-

munocompromised patients. Perhaps as a result of the widespread use 

of anti-herpesvirus prophylaxis in many immunocompromised pop-

ulations, herpes simplex virus (HSV) encephalitis is rare.54 Some of 

the newer herpesviruses, such as HHV-6, have been associated with 

neurologic infection in transplant recipients.55–57 Lack of diagnostic 

capabilities for these viruses may partially explain their apparent in-

frequency. CMV meningoencephalitis is well described in patients 

with advanced HIV infection58 and occasionally has been reported in 

transplant recipients.59 Further, disseminated infections with vari-

cella-zoster virus (VZV) in immunocompromised patients may result 

in CNS infection; West Nile virus may also be acquired from trans-

planted organs or blood transfusions and is associated with a signifi-

cant meningoencephalitis in transplant recipients.60,61 Table 121.7 

summarizes the agents capable of causing CNS infections in an im-

munocompromised host.

The wide variety of organisms that could be responsible for CNS 

infection presents a need for a broadly based diagnostic work-up 

before empiric therapy is begun. If the cerebrospinal fluid (CSF) is 

collected, it should be sent for Gram stain and Ziehl-Neelsen stain 

for rapid diagnosis of bacterial and mycobacterial infections. PCR 

can be performed for the diagnosis of most viral infections such as 

HSV, CMV, and VZV. Cryptococcal antigens can be detected rapidly 

in the CSF, enabling a quick diagnosis of this form of meningitis, but 

for patients with space-occupying lesions of the brain, collection of 

the CSF may not be possible. Aspiration may be performed in some 

circumstances. Before invasive diagnostic testing of the brain is per-

formed, however, the patient’s skin is examined for lesions (such as 

that which may occur with cryptococcosis or nocardiosis) and the 

 

CD4 COUNT (cells/mm3)

.500 200–500 50–200 ,50

Organism Streptococcus pneumoniae

Haemophilus influenzae

S. pneumoniae

H. influenzae

M. tuberculosis

Pneumocystis jirovecii

Mycobacterium tuberculosis

Cryptococcus

P. jirovecii

Cryptococcus

CMV

MAC

Aspergillus

TABLE 121.6 Etiology of Pulmonary Infections in Patients Infected With 
Human Immuno deficiency Virus Stratified by CD4 Lymphocyte Count

CMV, Cytomegalovirus; MAC, Mycobacterium avium complex.
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unusual protozoa (e.g., Cryptosporidium and Microsporidium). Occa-

sionally, these pathogens are also seen in transplant recipients.67,68 

Such pathogens are not detected on routine microscopic examination 

for ova, cysts, and parasites. Special stains and microbiologic tech-

niques are needed. A routine examination usually detects Giardia 

lamblia, Entamoeba histolytica, and other more common pathogenic 

protozoa.

CMV can cause significant colitis in all immunocompromised 

populations. CMV colitis may occur in the absence of systemic evi-

dence of infection (i.e., PCR finding on peripheral blood may be nega-

tive69,70). An intestinal biopsy may be required to make the diagnosis. 

A CMV intestinal infection may present with diarrhea, but may have 

more profound presentations such as intestinal perforation.71,72

Finally, mycobacterial infections such as tuberculosis occasionally 

can be associated with colitis.73 M. avium complex can be grown 

readily from the feces of patients with HIV infection and CD4 counts 

less than 50 cells/mm3, but it is not always the cause of diarrhea in 

such patients.

SEPSIS WITHOUT A DEFINED SITE OF INFECTION

Immunocompromised patients may be referred for ICU admission 

because of signs of sepsis despite no localizing source of infection be-

ing found. Classically such patients have gram-negative bacteremia 

(including with Pseudomonas aeruginosa), and antipseudomonal ther-

apy needs to be commenced empirically. However, gram-positive cocci 

(for example, Staphylococcus aureus), gram-positive bacilli (for exam-

ple, Listeria monocytogenes), and gram-negative cocci (for example, 

N. meningitidis after splenectomy or use of eculizumab) may some-

times be responsible for presentations with sepsis.

CAR T-cell therapy may be associated with a syndrome resembling 

sepsis called cytokine release syndrome (CRS). CRS is caused by the 

production of inflammatory cytokines by the CAR T cells themselves 

and by other activated immune cells.74 It presents with high-grade fe-

ver, hypotension, hypoxia, and reduced cardiac function and usually 

manifests within 7 days after CAR T-cell infusion.75 CRS has been re-

ported in up to 93% of patients receiving CAR T-cell therapy and 

causes significant morbidity and poor outcomes and can be extremely 

difficult to distinguish from sepsis.

THERAPEUTIC DIFFICULTIES IN 
IMMUNOCOMPROMISED PATIENTS

Empiric Therapy
The choice of empiric antimicrobial therapy is often difficult in immu-

nocompromised patients because of the broad differential diagnosis 

involved and the substantial risk of antimicrobial resistance (stemming 

from prolonged hospitalization and frequent prior use of antibiotics). 

As emphasized earlier, management of infection in an immunocom-

promised patient can be simplified by narrowing the differential diag-

nosis by thorough history taking, review of prior medical records, and 

careful physical examination. Aggressive early diagnostic maneuvers 

before beginning empiric antimicrobial therapy can enable a definitive 

diagnosis to be made. Failure to collect specimens before beginning 

empiric therapy can lead to prolonged, expensive, and unnecessary 

therapy.

Empiric antibiotic therapy in suspected bacterial infections should be 

tailored to the individual to maximize the chance that the therapy is mi-

crobiologically adequate. There is a clear link between microbiologically 

adequate empiric therapy and successful outcomes from infections in  

the ICU.76 In settings such as severe pneumonia in an immunocompro-

mised patient, empiric regimens comprising vancomycin, ciprofloxacin, 

lungs are carefully reviewed by CT. Because most CNS lesions arise 

from infection in other parts of the body, a diagnosis may often be 

made more easily by microbiologic sampling of these body sites.

Gastrointestinal Infections
Severe GI infections in immunocompromised patients may occasionally 

warrant ICU admission because of dehydration or visceral perforation. 

As with respiratory and CNS infections, the differential diagnosis is usu-

ally broad, and a precise diagnosis rarely can be made based on clinical 

suspicion alone. Immunocompromised patients have an increased pre-

disposition to GI infections, depending on the type and degree of im-

munocompromise and exposure to certain pathogens.

The most commonly involved organisms in the etiology of infective 

esophagitis or gastritis are Candida, CMV, and HSV, although a variety 

of other organisms (e.g., mycobacteria and zygomycetes) occasionally 

are implicated. Candidal esophagitis is a common opportunistic infec-

tion in patients with AIDS. Approximately 13.3 events of candidal 

esophagitis per 100 person-years occur in HIV-infected patients with 

CD4 counts less than 300 cells/mm3.62 A study of renal transplant pa-

tients in the United States showed that esophageal candidiasis is the 

most common fungal infection in these patients, making up 22% of all 

fungal infections.63 Other predisposing factors for severe esophageal 

candidiasis include broad-spectrum antibiotic therapy, steroid therapy, 

cancer chemotherapy, diabetes mellitus, cutaneous burns, radiother-

apy, and hematologic stem cell transplant. Although C. albicans is the 

most frequently diagnosed organism, there is an increase of other spe-

cies, including C. krusei and C. glabrata—this is notable because of the 

increase in resistance to fluconazole in these species. Finally, as noted 

previously, immunocompromised patients may have a combination of 

pathogens causing infection at any one time. Upper GI endoscopy with 

biopsy is the gold standard for making the diagnosis.

Diarrhea is a common problem in immunocompromised patients 

with multifactorial etiologies. It may lead to the diagnosis of immuno-

suppression in a previously undiagnosed patient when an opportunistic 

pathogen is found and appropriately investigated. Severe complications 

such as malabsorption leading to malnutrition, dehydration, and wast-

ing can occur. Occasionally, intestinal perforation may result from a  

GI infection. In an immunosuppressed patient, it is important to dif-

ferentiate diarrhea caused by opportunistic infections from diarrhea 

caused by neoplasms, GVHD, drugs, and other therapeutic agents. 

GVHD accounts for more diarrhea in blood and bone marrow trans-

plant patients than infective organisms.64 In these patients, organisms 

that cause mild self-limiting disease in the normal host may cause se-

vere and life-threatening infections.64

Prolonged use of multiple antibiotics in high doses predisposes pa-

tients to colonization with Clostridium difficile and development of 

pseudomembranous colitis. Antibiotic prophylaxis to prevent P. jirovecii 

pneumonia or spontaneous bacterial peritonitis has been associated 

with C. difficile. In addition to the classic antibiotic risk factors of 

clindamycin or cephalosporin use, fluoroquinolones may predispose to 

epidemic strains of C. difficile (BI/NAP1/027 strain).65 Enteric bacterial 

pathogens such as Salmonella occur at increased frequency in immuno-

compromised patients, especially HIV-infected individuals. In some 

regions of Africa, nontyphoidal Salmonella infections are among the 

most common causes of bacteremia.66 Severe Salmonella infections may 

be associated with intestinal perforation. Shigella, Campylobacter jejuni, 

E. coli (enterotoxigenic, enteroadherent, and enteroaggregative), and 

Yersinia species are other bacterial causes of diarrhea, although they are 

less commonly associated with bacteremia.

Protozoal infections are seen more commonly in HIV-infected pa-

tients than in other immunocompromised groups. At CD4 counts less 

than 200 cells/mm3, patients with HIV infection may present with 
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meropenem, amphotericin (or voriconazole), ganciclovir, and trime-

thoprim/sulfamethoxazole may be necessary to cover potentially lethal 

infections with methicillin-resistant S. aureus, P. aeruginosa, Legionella, 

fungi, CMV, and P. jirovecii. However, increasing resistance to carbapen-

ems may necessitate consideration of newer antibiotics such as ceftazi-

dime-avibactam, cefiderocol, and ceftolozane-tazobactam. Nephrotoxic 

antibiotics such as colistin, polymyxin B, or amikacin may be problematic 

in immunocompromised patients with baseline renal impairment, de-

spite the activity of these antibiotics against many carbapenem-resistant 

organisms.

There is no established role of combination empiric therapy with 

antifungal agents. The decision to start empiric mycobacterial therapy 

is never an easy one. In general, it is only advised when there is a sub-

stantial risk of tuberculosis. Empiric therapy for disseminated Strongy-

loides infection may have a role in immunocompromised patients 

coming from an endemic area and with the classic presentation of dis-

seminated infection.

Immunocompromised patients presenting with acute meningitis 

should receive treatment that covers S. pneumoniae and L. monocyto-

genes. The combination of vancomycin, ampicillin, and ceftriaxone 

may be necessary (vancomycin and ceftriaxone for multidrug-resistant 

S. pneumoniae and ampicillin for Listeria). The combination of liposo-

mal amphotericin and 5-flucytosine is recommended empirically  

for meningitis in which antigen testing or India ink stain of the CSF 

reveals encapsulated fungi consistent with C. neoformans. Immuno-

compromised patients with space-occupying lesions of the brain can 

be treated empirically with an antifungal drug (amphotericin or vori-

conazole) if the suspicion of disseminated fungal infection is high, al-

though nocardiosis, toxoplasmosis, or mycobacterial infection would 

not be covered without specific therapy.

For immunocompromised patients with severe diarrhea requiring 

ICU admission, empiric therapy with metronidazole or oral vancomy-

cin (for C. difficile) and ganciclovir (for CMV) may be given after fecal 

samples have been collected. Colonic biopsy may be necessary if it can 

be safely performed. For immunocompromised patients with intesti-

nal perforation, antibiotic coverage against gut flora (i.e., treatment of 

peritonitis) plus treatment of the most likely causes of perforation 

(e.g., ganciclovir for CMV) may be chosen.

Pathogen-Directed Therapy
The importance of appropriate specimen collection is that empiric 

therapy can be streamlined (de-escalated) if cultures or other diag-

nostic tests reveal positive findings. With immunocompromised 

patients, antimicrobial therapy is often complicated by drug interac-

tions or adverse reactions. Transplant recipients taking calcineurin 

inhibitors (e.g., cyclosporine or tacrolimus) or HIV-infected pa-

tients taking protease inhibitors are most at risk because these drugs 

may be metabolized by the cytochrome P-450 system.77 Significant 

interactions may occur between rifampin, macrolide antibiotics, 

azole antifungal drugs, and calcineurin inhibitors.78 Aggressive 

treatment of infections in immunocompromised hosts (e.g., with 

amphotericin, pentamidine, or foscarnet) may be associated with 

renal dysfunction, compounding the nephrotoxic effects of calci-

neurin inhibitors. Antimicrobial agents such as linezolid or ganci-

clovir frequently cause neutropenia, potentially adding further host 

defense defects.

COVID in the Immunocompromised
The COVID-19 pandemic has had a disproportionate effect on im-

munocompromised patients. Recent studies suggest that immuno-

compromised patients have typical manifestations of COVID-19; 

however, they are at an increased risk of poor outcomes and prolonged 

viral replication. Hematopoietic cell transplant (HCT) recipients diag-

nosed with COVID-19 at a median time from transplant of 17 months 

had increased rates of mechanical ventilation and a 30-day postdiag-

nosis survival of only 68% for recipients of allogeneic transplants and 

67% for autologous recipients.79 A review in Sweden of solid organ 

transplant recipients demonstrated a 30-day all-cause mortality of 

9.6% in patients with COVID-19, which was higher than the general 

Swedish population over the same period (3.1%). Worse outcomes 

were demonstrated in those with older age, male, and a high body mass 

index (BMI).80 COVID-19 has also been demonstrated to lead to a 

poorer prognosis in patients living with a diagnosis of HIV, with in-

creased mortality and an increased rate of hospitalization, particularly 

among those without viral suppression and lower CD4 counts.81 Im-

portantly, prolonged COVID-19 symptoms and viral shedding have 

also been demonstrated in immunocompromised patients. Studies 

have demonstrated this in patients with HCT, CAR T-cell therapy, and 

hematologic neoplasms and solid tumors. However, the risk of trans-

mitting infection despite persistent viral shedding remains uncertain, 

and decisions to remove infection control precautions should be made 

in consultation with infection prevention experts and local guide-

lines.82

CONCLUSION

Infection is likely to be one of the most significant problems an im-

munocompromised patient faces. These patients may present with se-

vere infection or acquire infection while critically ill resulting from 

other causes. Prevention of infection in the ICU is of primary impor-

tance. Pneumonia can be readily prevented by many strategies. Venti-

lator-associated pneumonia may be prevented by a bundle of interven-

tions.83 Aspiration of subglottic secretions and selective digestive tract 

decontamination, although supported by some trials, are still contro-

versial. Opportunistic pneumonia with P. jirovecii can be prevented by 

use of prophylaxis with trimethoprim/sulfamethoxazole, dapsone, or 

nebulized pentamidine. Environmental exposure to Legionella and 

Aspergillus spp. can be prevented by ensuring water purification tech-

niques (e.g., copper-silver ionization) and by preventing exposure of 

patients to construction activity. Infections caused by pathogens trans-

mitted human to human, such as M. tuberculosis, can be prevented by 

isolation precautions.

Many extrapulmonary infections can also be prevented. CMV in-

fection can be prevented by universal prophylaxis with ganciclovir, 

valganciclovir, valacyclovir, or a preemptive approach using serial PCR 

of peripheral blood.84,85 A similar preemptive approach may be useful 

in preventing aspergillosis by monitoring peripheral blood for the ga-

lactomannan antigen, although this remains controversial.86,87 C. dif-

ficile infection is difficult to prevent because there is a clear need for 

antibiotic therapy for immunocompromised patients with infection. 

The increasing incidence, severity, and high rate of recurrence of  

C. difficile infection have become significant problems.88 A randomized 

controlled study demonstrated that the addition of monoclonal anti-

bodies against C. difficile toxins to antibiotic agents significantly re-

duced the recurrence of C. difficile infection, even among patients with 

the epidemic BI/NAP1/027 strain.89 Finally, attention to classic infec-

tion control practices such as appropriate immunizations,90–92 hand 

hygiene, and contact isolation is paramount in immunocompromised 

patients.
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• The degree of immunocompromise in a patient is a guide to the likelihood 

of particular opportunistic infections and may be indicated by the type and 

timing of immunosuppressive therapy and, in HIV-infected patients, by the 

CD4 lymphocyte count and viral load.

• Environmental exposures can be important predictors of infection type. 

Travel history and exposure to M. tuberculosis, Aspergillus, or Legionella 

are important considerations.

• The differential diagnosis of opportunistic lung infection in immunocompro-

mised hosts is so broad that bronchoscopy with bronchoalveolar lavage, 

before antimicrobial therapy, is highly desirable.

• CNS lesions in immunocompromised hosts are often the result of dissemi-

nated infection. Careful examination of the skin, with biopsy of suspicious 

lesions, and CT of the lungs may obviate the need for brain biopsy.

• Antimicrobial therapy in immunocompromised hosts is beset by difficulties 

with antimicrobial resistance (especially carbapenem resistance), drug in-

teractions, and adverse effects. Increased frequency of monitoring of im-

munosuppressive drug levels is essential.

 References for this chapter can be found at expertconsult.com.

KEY POINTS problems related to the use of solid organ transplants, potential drug interac-

tions with medications commonly used in the ICU, and controversies surround-

ing the use of antiretroviral therapy in the ICU.

Huang L, Quartin A, Jones D, et al. Intensive care of patients with HIV infec-

tion. N Engl J Med. 2006;355:173–181.

Antiretroviral therapy has changed the long-term prognosis and clinical spec-

trum of diseases in patients with HIV infection who are admitted to the ICU.

Keane J, Gershon S, Wise RP, et al. Tuberculosis associated with infliximab, a 

tumor necrosis factor-a neutralizing agent. N Engl J Med. 2001;345:

1098–1104.

Although patients with rheumatoid arthritis may become immunocompro-

mised by way of therapy with corticosteroids or methotrexate, the develop-

ment of anticytokine agents for this condition has opened the way for a new 

range of opportunistic infections in this patient population. This study 

showed that tuberculosis occurs with increased frequency in patients receiving 

infliximab.

Kotton CN, Kumar D, Caliendo AM, et al. International consensus guidelines 

on the management of CMV in solid organ transplantation. Transplanta-

tion. 2010;89:779–795.

CMV is one of the most common infections after solid organ transplantation, 

resulting in significant morbidity and mortality. However, management of 

CMV varies considerably among transplant centers. This evidence and expert 

opinion-based guidelines include topics on diagnostics, immunology, preven-

tion, treatment, resistance, and pediatrics.

Kowalski R, Post D, Schneider MC, et al. Immune cell function testing: an ad-

junct to therapeutic drug monitoring in transplant patient management. 

Clin Transplant. 2003;17:77–88.

The degree of immunocompromise and the subsequent risk of infection in 

transplant recipients have been difficult to quantify. This study examined the 

utility of an in vitro immune cell function assay as a means of quantifying 

global immune response in transplant recipients.

ANNOTATED REFERENCES

Fishman JA. Infection in solid-organ transplant recipients. N Engl J Med. 

2007;357:2601–2614.

This review article is suitable to comprehensively understand management of 

infections associated with solid organ transplantation. It describes clinical  
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EPIDEMIOLOGY

The World Health Organization (WHO) estimates that 1.7 billion 

people are latently infected with Mycobacterium tuberculosis world-

wide.1 Approximately 10 million active tuberculosis (TB) cases 

emerge annually, resulting in 1.2 million deaths and making TB the 

leading cause of death by an infectious agent worldwide.1–3 The 

majority of TB cases occurs in the developing world, with nearly 

90% of cases emerging from 30 countries with a high TB burden.1 

The global incidence rate is 132 cases per 100,000 persons; however, 

this rate is much higher in much of sub-Saharan Africa and South 

Asia, with many countries having rates of over 300 cases per 

100,000 persons, with some areas such as certain townships in 

South Africa with much higher incidences.2,4 Countries with the 

most cases per year include India (2.7 million cases per year), China 

(866,000 cases per year), and Indonesia (845,000 cases per year). 

Over the past two decades, global incidence and mortality from TB 

have declined, thanks to efforts for screening and prevention in 

countries with a high TB burden; however, because of the growing 

global population, the number of active TB cases has not gone 

down.

In the United States, the TB rate continues to decline, with 2.8 new 

cases per 100,000 reported in 2018, the lowest rate recorded since  

national reporting began in 1953.5 Foreign-born persons and racial/

ethnic minorities bear a disproportionate burden of TB in the United 

States. In 2018 more than 70% of new TB cases were in foreign-born 

persons, with non-Hispanic Asians and Hispanics representing most 

of this group.5,6

Four states (California, Florida, New York, and Texas) account for 

around half of all TB cases in the United States. Among US-born racial 

and ethnic groups, TB disproportionately affects racial and ethnic 

minorities, with blacks/African Americans, Native Americans/Alaska 

Natives, and Native Hawaiians/Pacific Islanders having TB incidence 

rates 6.5 times, 10 times, and 14 times higher than US-born whites, 

respectively.5 Other groups at increased risk of active TB include pris-

oners, homeless persons, residents of long-term care facilities, and 

human immunodeficiency virus (HIV)–positive individuals.5

The acquired immunodeficiency virus syndrome (AIDS) epidemic 

has contributed significantly to the rise in TB cases worldwide, with 

approximately 9% of new cases developing in people living with HIV, 

mostly in Africa.1 HIV increases the risk of developing TB by 21-fold 

in countries where the prevalence is more than 1% in the general 

population.7

The bacille Calmette-Guérin (BCG) vaccine has been widely used 

in TB-endemic areas for decades. Its efficacy against TB resides mainly 

in its excellent protection against disseminated and meningeal TB in 

children.8 Although its efficacy against pulmonary TB has an overall 

rate ratio of 0.50—translating to an efficacy of 0%–80% in different 

trials—its effectiveness varies widely depending on age at vaccination 

(better protection when given at school age and to neonates), tubercu-

lin skin test (TST) status (better protection when TST is negative), and 

distance from the equator (better protection the farther away the re-

cipient lives from the equator).8,9 BCG is given subcutaneously, but a 

recent report indicated that in macaques, BCG given intravenously 

provides much greater protection.10 Results from the trial of a TB vac-

cine (M72/AS01E) are promising and raise the hope for a reduction in 

the global incidence of active TB.11

DRUG-RESISTANT TUBERCULOSIS IS  
A FOREBODING PROBLEM

Drug-susceptible TB is readily curable, provided adherence to medi-

cations is followed. However, TB caused by M. tuberculosis strains 

with resistance to one or more first-line agents often requires a sig-

nificantly longer course of antibiotics; second-line agents have more 

difficult-to-tolerate side effects, and the treatment of drug-resistant 

TB is significantly more challenging. More important, multidrug- 

resistant TB (MDR-TB)—defined as resistance to at least both isonia-

zid (INH) and rifampin (RIF), two of the most powerful first-line 

anti-TB drugs—is associated with significant increase in morbidity 

and mortality.12–14

It is estimated that of the 10 million new cases of TB per year 

worldwide, approximately 500,000 are caused by MDR-TB.1 Most 

cases of drug-resistant TB are in India, China, and Russia.1,15 

Although cases of MDR-TB are well known to spawn from inap-

propriate treatment of drug-susceptible TB, the Baltic countries of 

the former Soviet Union have very high rates of MDR-TB among 

new, not previously treated TB cases. Additionally, new molecular 

epidemiologic techniques have demonstrated direct transmission 

as a significant contributor to new cases of drug-resistant TB.16 

Fortunately, the percentage of MDR-TB cases in the United States 

decreased between 1991 and 2006 from 3.5% to 1.1%.17,18 MDR-TB 

disproportionately affects foreign-born individuals, with 86% of 

cases coming from non–US-born persons.6

Extensively drug-resistant tuberculosis (XDR-TB) is defined as 

resistance to INH, RIF, any fluoroquinolone, and a second-line  

injectable (amikacin, kanamycin, or capreomycin). XDR-TB has 

emerged with a wide geographic distribution, including the United 

States, and is associated with poorer treatment outcomes than  

MDR-TB, especially in those coinfected with HIV.15,19–25 There are 

strains of TB with resistance beyond XDR; however, it is debated how 

to define and treat these strains.16,26 Fortunately, new drugs and 

treatment regimens for MDR-TB and XDR-TB have emerged in the 

past decade, including a change in the recommended treatment  

strategy put forth by the World Health Organization (WHO). New 

regimens raise the hope for shorter courses of treatment, better  

adherence, fewer adverse effects, and improved outcomes in treating 

drug-resistant TB.27–33
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TUBERCULOSIS IN THE INTENSIVE CARE UNIT

Tuberculosis patients requiring intensive care unit (ICU) care represent 

1%–3% of all patients hospitalized with active TB. Most studies of TB 

patients requiring ICU admission are retrospective and frequently in-

clude a disproportionate number of HIV-positive individuals. TB 

should be considered in the differential diagnosis of critically ill pa-

tients, particularly in foreign-born individuals who emigrated from 

countries with a high prevalence of TB. With the increased use of tumor 

necrosis factor-alpha (TNF-a) antagonists and other immunosuppres-

sive agents, ICU physicians are more likely to encounter patients with 

nonclassical features of TB. In this chapter, selected critical care issues 

in TB are discussed. Some disease forms, such as renal and peritoneal 

TB, are omitted because they are less likely to be seen in the ICU.

PULMONARY TUBERCULOSIS

Pulmonary disease is by far the most common manifestation of active 

TB and of TB requiring ICU admission. Lung disease from TB may be 

the result of progression of a primary infection or of reactivation disease.

Primary infection occurs after airborne implantation of tubercle 

bacilli into the lungs. M. tuberculosis is transported by infected den-

dritic cells from the lungs to hilar lymph nodes and then throughout 

the bloodstream, resulting in secondary occult infections at extrapul-

monary sites (Fig. 122.1). Although primary infection is usually asymp-

tomatic in adults, it can present with fever, hilar adenopathy, lung 

opacifications, pleural effusion, and even severe pulmonary disease that 

can mimic viral or bacterial pneumonia, potentially delaying the diag-

nosis of TB. In severely immunocompromised patients, primary TB 

may be aggressive and become disseminated. Pleural TB, which can 

present as pleuritis or empyema, is usually a manifestation of primary 

TB, although it may also occur with reactivation disease. Pleural biopsy 

specimens are more likely to yield positive cultures than pleural fluid.

In non–TB-endemic countries, most cases of active TB are caused by 

reactivation of latent TB infection (LTBI). Risk of reactivation from LTBI 

is about 5% within the first 18 months of the initial infection and about 

5% for the remaining lifetime for immunocompetent individuals.34 

Typically, reactivation TB is a subacute fibrocavitary pneumonia involv-

ing the upper lobes and/or superior segments of the lower lobes. How-

ever, reactivation TB can involve any organ system and can present in a 

fulminant fashion with respiratory failure.35

Both primary and reactivation TB can cause bilateral alveolar infil-

trates, hypoxic respiratory failure, and acute respiratory distress syn-

drome (ARDS).35,36 Consolidation is the most frequent radiographic 

pattern of patients with pulmonary TB who are admitted to the ICU.37,38

Because this radiographic pattern is highly nonspecific, chest x-rays 

are often not helpful in raising suspicion for TB. Nevertheless, in patients 

with active TB, consolidation on initial chest radiographs was found to 

be a stronger, independent predictor for in-hospital mortality than the 

presence of nodules, interstitial infiltrates, or cavities.38,39 One possible 

reason for this is a delay in diagnosis, as clinicians may be more prone to 

favor nontuberculous bacterial pneumonia in the absence of cavitation 

or a miliary pattern. Another reason is that consolidation may be an 

indication of a suboptimal immune response to the infection. Pulmo-

nary gangrene, which carries a mortality of up to 75%, can ensue when 

rapid progression of infiltrates causes vascular damage and death of lung 

tissue.40 Other life-threatening complications of pulmonary TB include 

hemoptysis, spontaneous pneumothorax, bronchopleural fistula, and 

empyema. Not unexpectedly, delayed recognition and treatment of 

nosocomial pneumonia complicating TB patients requiring mechanical 

ventilation have significant adverse effects on survival.41,42

Perhaps the best safeguard to prevent missing a diagnosis of pul-

monary or disseminated TB in critically ill patients is to maintain a 

high index of suspicion for it in at-risk individuals—for example, the 

foreign-born, immunosuppressed, and/or those known to have a his-

tory of untreated LTBI. Studies have shown that the presence of dif-

fuse infiltrates consistent with ARDS and/or acute respiratory failure 

may cause physicians to inappropriately dismiss the diagnosis of TB, 

especially as TB remains a rare cause of ARDS.43–46 Older individuals 

($65 years old) or patients with AIDS may also have a delayed diag-

nosis of TB resulting, in part, from atypical presentations.47,48

 In-hospital mortality among TB patients who require ICU admis-

sion is high, at 26%–73%, and may be higher among those requiring 

mechanical ventilation, at 48%–81%.39,41,42,49–56

Delayed initiation of anti-TB treatment has been shown to increase 

mortality.53 Other risk factors for death among TB patients in the ICU are 

less specific to TB, such as severity of illness; hypoalbuminemia; anemia; 

lymphopenia; alcoholism; advanced age; and organ failure requiring life 

support, including mechanical ventilation, renal replacement therapy, 

and use of vasopressors.39,41,42,49,50,57,58 Despite being a relatively rare cause 

of respiratory failure, pulmonary TB requiring ICU care carries a poor 

prognosis. Early recognition of the infection is essential in reducing mor-

tality and preventing the nosocomial spread of M. tuberculosis.45

DISSEMINATED TUBERCULOSIS

Disseminated, or “miliary,” TB is more likely to occur in the very 

young, the very old, and patients with underlying diseases such as 

AIDS. It may result from either primary or reactivation TB. Dissemi-

nated TB typically presents subacutely with symptoms present for days 

to months, but it can manifest fulminantly with ARDS, septic shock, 

and multiorgan failure.59,60 Typical presenting signs and symptoms 

include fever, malaise, weight loss, dyspnea, and hypoxia.

The chest radiograph (Fig. 122.2A) and computed tomography (CT) 

scan (see Fig. 122.2B) may show a typical miliary pattern manifested by 

Tubercle bacilli are
ingested by alveolar

macrophages
and proliferate in them

Alveolus

Bacilli spread
to hilar
nodes

Occult
dissemination

Fig. 122.1 Cartoon representation of a primary infection of TB and 

occult dissemination. Largely asymptomatic, dissemination of M. tuber-

culosis after primary infection occurs when infected mononuclear cells 

migrate throughout the body, particularly to the lung apices, kidneys, 

bone growth plates, and vertebrae, resulting in latent infection.
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a profusion of diffuse small (,2 mm) nodules that resemble the size and 

uniformity of millet seeds (see Fig. 122.2C). In some cases of dissemi-

nated disease, the chest x-ray may appear normal. Virtually any organ 

may be involved, including the adrenals, brain, meninges, spleen, liver, 

gallbladder, pancreas, eyes, kidneys, and skin. Bone marrow involvement 

by TB commonly manifests with anemia, leukemoid reaction, and 

thrombocytosis. The diagnosis of miliary TB can be difficult. If dissemi-

nated TB is suspected, sputum acid-fast smear and culture should be 

obtained even if lung disease is not apparent. Biopsy and culture of af-

fected tissues such as the bone marrow are often required. Culture of 

blood, urine, and/or stool may be positive, especially in AIDS patients.60,61

NEUROLOGIC TUBERCULOSIS

Tuberculous Meningitis
TB meningitis is rare, accounting for more than 1% of global TB cases 

and with only 107 cases reported in the United States in 2013.62 It oc-

curs via rupture of a subependymal tubercle that seeded and formed 

during primary infection or disseminated disease. Individuals at high 

risk of TB meningitis include very young children with primary TB 

and older patients with immunodeficiency disorders such as HIV. 

Most will have no known history of TB, but evidence of extramenin-

geal disease (e.g., pulmonary, urinary) can be found in about half of 

the patients.63,64

TB meningitis is typically a subacute disease. Symptoms can be pres-

ent for 1 day to 9 months, with a median of 10–14 days before diagno-

sis.63,65 A prodromal phase of low-grade fever, malaise, headache, dizzi-

ness, vomiting, and/or personality changes may be present for 2–3 weeks 

before patients seek medical care. Typical findings at presentation in-

clude worsening headache, altered mental status, stroke, hydrocephalus, 

and cranial neuropathies. These clinical features are the result of basilar 

meningeal fibrosis and vascular inflammation.66 Classic manifestations 

of bacterial meningitis, such as stiff neck and fever, may be absent. When 

allowed to progress, seizures and coma may ensue.67

The diagnosis of TB meningitis can be difficult and may be based 

only on clinical findings without definitive microbiologic proof. The 

TST is positive in only about 50% of patients with TB meningitis. 

Certain clinical characteristics such as longer duration of symptoms 

(.6 days), moderate cerebrospinal fluid (CSF) pleocytosis, and the 

presence of focal deficits increase the probability of TB meningitis.68,69 

Characteristic CSF findings of TB meningitis include the following:

• Leukocytosiswithpredominanceoflymphocytes.Whitebloodcell
counts are usually between 100 and 500 cells/mL. Lower white 

blood cell counts and neutrophil predominance may be seen very 

early in the course of the disease.

• Elevatedproteinlevels,usuallybetween100and500mg/dL.
• Lowglucoselevels,typicallylessthan45mg/dL.

CSF samples should be sent for acid-fast smears, but this has low 

sensitivity. Because TB meningitis is a paucibacillary disease, centri-

fuging larger quantities of CSF (10–15 mL) from several lumbar punc-

tures can increase the sensitivity. Culture is also associated with low 

sensitivity and can take weeks to become positive. A stereotactic biopsy 

can be performed if tissue samples are needed. Mycobacterial antigens 

by enzyme-linked immunosorbent assay (ELISA) or radioimmunoas-

say have been detected in the CSF of patients with TB meningitis.70 A 

large study cited sensitivities of 90% for interferon-gamma (IFN-g) 

release assay performed on whole blood, 82% for CSF in automated 

culture systems, 73% for CSF in Lowenstein-Jensen medium, 30% for 

CSF adenosine deaminase, and 27% for Ehrlich-Ziehl-Neelsen acid-

fast staining of the CSF.71

In recent years, the use of nucleic acid amplification assays (NAAs) 

has been shown to aid in the diagnosis of TB meningitis. These tests 

can detect M. tuberculosis in a few hours with a sensitivity of 56%–80% 

and a specificity of 95%–98%.72–75 The sensitivity of CSF microscopy 

and culture falls rapidly after the start of treatment, whereas mycobac-

terial DNA may remain detectable within the CSF up to a month after 

the start of treatment.76 Given the high morbidity and mortality as-

sociated with TB meningitis, the WHO recommends use of Xpert 

MTB/RIF, an NAA, to test CSF in preference to conventional micros-

copy and culture as the initial diagnostic test in patients with suspected 

TB meningitis.1 The novel loop-mediated isothermal amplification 

(TB-LAMP) assay, which is an NAA technique, has some advantages 

over polymerase chain reaction (PCR) in that it is performed at a con-

stant temperature and produces a high amount of DNA amplification. 

This technology has been used on CSF in some settings to diagnose TB 

meningitis.77 Regardless of which diagnostic test is used, a negative test 

neither excludes the diagnosis nor obviates the need for continued 

empiric treatment if the clinical suspicion is high.78

Magnetic resonance imaging (MRI) often reveals a basilar menin-

geal enhancement (Fig. 122.3) and/or hydrocephalus.64 Hypodensities 

indicating cerebral infarcts and ring- or nodular-enhancing lesions can 

also be seen. MRI is superior to CT for evaluating the brainstem and 

the extent of lesions.

The outcome of TB meningitis is improved by timely treatment. 

Thus empiric treatment is warranted when risk factors and clinical 

features are suggestive of TB meningitis, even before microbiologic 

confirmation. Chemotherapy for TB meningitis follows the model of 

short-course chemotherapy for pulmonary TB—an induction phase, 

followed by a continuation phase. However, unlike pulmonary TB, the 

optimal drug regimen and duration of each phase of treatment are not 

A

Right / supine

B C

Fig. 122.2 Miliary TB. A, Chest radiograph of a patient with miliary TB. B, The chest CT scan of the same 

patient. Both show the characteristically small nodules (less than 2 mm) that are supposed to resemble  

(C) millet seeds.
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clearly established. INH and RIF remain the most essential drugs. INH 

penetrates the CSF freely and has potent early bactericidal activity.79–81 

RIF penetrates the CSF less well (maximum concentrations around 

30% of plasma), but the high mortality from RIF-resistant TB menin-

gitis has confirmed its central role in the treatment of central nervous 

system (CNS) disease.82 One study compared standard oral doses of 

RIF (450 mg) with higher doses of RIF (600 mg) administered intrave-

nously. The higher-dose RIF group had three times higher CSF con-

centrations than the standard oral dose group and improved mortality 

(35% vs. 65%).83 Increased CSF concentrations of RIF have also been 

achieved with high oral doses (1350 mg, approximately 30 mg/kg) of 

RIF.84 INH, RIF, and pyrazinamide are considered mandatory at the 

beginning of TB meningitis treatment, and some centers use all three 

drugs for the duration of therapy.85 There are no data from controlled 

trials to guide the choice of the fourth drug. Most authorities recom-

mend either streptomycin or ethambutol, although neither penetrates 

the CSF well in the absence of inflammation, and both can produce 

significant adverse reactions. Although fluoroquinolones have good 

CNS penetration, their addition to a standard regimen did not im-

prove outcomes in treatment of drug-susceptible TB meningitis; fluo-

roquinolones are recommended for treatment of RIF-resistant and 

MDR-TB strains.86 Linezolid, which also has good CNS penetration, 

may be beneficial for severe TB meningitis, though data are few.86,87 

Therapy should be continued for 9–12 months.

Adjunctive glucocorticoid treatment of TB meningitis has been rec-

ommended for more than 50 years. There has been long-standing con-

cern that glucocorticoids may reduce the penetration of anti-TB drugs 

into the CNS; however, data increasingly point toward their benefit in 

TB meningitis.66 A Cochrane systematic review and meta-analysis of 

seven randomized controlled trials involving 1337 participants con-

cluded that glucocorticoids improved survival from TB meningitis by 

25%; however, this analysis included few HIV-infected individuals.88 

Currently, the WHO recommends initial adjuvant glucocorticoid ther-

apy in patients with TB meningitis.89

Because there are no controlled trials comparing different gluco-

corticoid regimens, the choice of regimen should be based on those 

found to be effective in published trials. One recommended regimen 

for adults is dexamethasone 12 mg a day for 3 weeks, followed by a 

gradual taper over the next 3 weeks.90 In a large study from Vietnam, 

patients with mild disease received intravenous dexamethasone  

0.3 mg/kg/day 3 1 week, 0.2 mg/kg/day 3 1 week, and then 4 weeks of 

tapering oral therapy.91 For patients with severe TB meningitis, intra-

venous dexamethasone was given for 4 weeks (1 week each of 0.4 mg/

kg/day, 0.3 mg/kg/day, 0.2 mg/kg/day, and 0.1 mg/kg/day), followed by 

4 weeks of tapering oral dexamethasone therapy.91

The prognosis of TB meningitis largely depends on the neurologic 

status at the time of presentation and time to treatment initiation. 

Various case series indicate a mortality rate between 7% and 65% in 

developed countries and up to 69% in underdeveloped areas.63,64,92 

Most patients will die in 5–8 weeks if not treated. Mortality risk is the 

highest in those who are elderly and with comorbidities, severe neuro-

logic involvement on admission, and rapid progression of disease. 

Neurologic sequelae occur in up to 50% of survivors.92

Other Central Nervous System Manifestations  
of Tuberculosis
Other CNS manifestations of TB include brain abscesses, intracranial 

tuberculomas, vasculitis, radiculomyelitis, and spinal arachnoiditis. 

These can occur in conjunction with TB meningitis but are less likely 

to be seen in the ICU when isolated. Intracranial tuberculomas are 

more common among pediatric patients, especially infants, and can 

occur in any region of the brain. They result from hematogenous 

spread of TB. Tuberculous radiculomyelitis is a paradoxical reaction to 

the treatment of TB meningitis and may respond to glucocorticoids. 

Signs and symptoms include subacute paraparesis, radicular pain, 

bladder disturbance, and paralysis.93

CARDIOVASCULAR TUBERCULOSIS

Tuberculous Pericarditis
Pericarditis is an uncommon, but important, manifestation of TB. In 

countries with a low incidence of TB, it is primarily a disease among 

the elderly and those with HIV, but it should be considered as a dif-

ferential diagnosis of any patient with pericarditis and/or pericardial 

effusion. Tuberculous pericarditis can result from local spread from 

the lungs, tracheobronchial tree, lymph nodes, or adjacent bones or by 

disseminated infection. The onset is usually insidious. Presenting signs 

and symptoms can be nonspecific (fever, dyspnea, and weight loss) 

and/or more specific to the pericardium, such as characteristic chest 

pain that is relieved with sitting up and leaning forward. Large hemor-

rhagic effusions may develop, resulting in cardiac tamponade. Pericar-

dial inflammation and thickening may eventually cause constrictive 

pericarditis. The presence of both pericardial effusion and constrictive 

pericarditis is physiologically characterized by the continued elevation 

of diastolic pressure after pericardiocentesis. Such a finding should 

raise suspicion for tuberculous pericarditis.

The diagnosis of tuberculous pericarditis can be difficult to prove. 

Culture of pericardial fluid is positive in only 30% of cases, and pericar-

dial biopsy has a yield of approximately 60%. Biopsy of the pericardium 

may reveal granulomatous changes consistent with TB or stain positive 

for acid-fast bacteria. The presence of elevated adenosine deaminase 

levels in the pericardial fluid has been shown to indicate tuberculous 

pericarditis, but confirmation is needed.94 PCR holds promise as a more 

sensitive test in the diagnosis of tuberculous pericarditis.95,96 Many 

individuals are treated empirically for tuberculous pericarditis based on 

clinical suspicion, positive TST results, imaging studies, and exudative 

pericardial fluid with high protein and mononuclear white count. 

Treatment involves standard four-drug regimens as for other manifes-

tations of TB. Glucocorticoids have been used as adjunctive treatment 

for TB pericarditis to reduce the need for operative intervention.97 

However, a more recent study of 1400 adults with TB pericarditis did 

not have a lower mortality or frequency of cardiac tamponade with 

corticosteroid treatment. Additionally, the steroid-treated group had a 

A B

Fig. 122.3 Tuberculous meningitis. T1-weighted (A) transverse MRI of 

the brain and (B) sagittal MRI of the base of the brain and the spinal cord 

in a patient with tuberculous meningitis. Note the enhanced meninges 

(arrows) in the basilar regions of the brain, brainstem, and spinal cord.
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in TB patients requiring ICU care between those who were HIV negative 

and those with advanced AIDS in a low-burden, resource-rich country 

where state-of-the-art intensive care is available, suggesting that the se-

verity of illness has a greater influence on mortality than the HIV status 

per se.41 Extrapulmonary TB is more common among HIV-positive 

patients, occurring in up to 70%. Disease involving the lymph nodes is 

especially common. Other extrapulmonary manifestations include mili-

ary disease, sepsis, and CNS disease.47,113 Empiric treatment may be 

necessary before the diagnosis is confirmed. If rapid diagnosis is needed, 

NAAs can be used, although they are more accurate in smear-positive 

cases.

After initiating antiretroviral therapy (ART) in severely immunosup-

pressed patients, those with subclinical or recently diagnosed TB may 

display a paradoxical reaction, where there is an apparent clinical  

worsening of TB while on appropriate anti-TB treatment.114–116 This 

phenomenon, also known by the more descriptive name of immune 

reconstitution inflammatory syndrome (IRIS), can manifest as early as 

7 days after starting ART. Signs and symptoms include fever, weight loss, 

and evidence of local inflammatory reactions such as lymphadenitis and 

worsening pulmonary disease such as increased pulmonary consolida-

tion, nodules, and effusions. Histologically, a vigorous suppurative and 

necrotizing granulomatous reaction occurs, with or without caseation; 

cultures of infected material are almost invariably positive.

TUBERCULOSIS AND IMMUNOMODULATORY 
THERAPIES

TNF-a plays a central role in the pathogenesis of various inflammatory 

disorders and in the pathophysiologic response to many infections. 

TNF-a is produced predominantly by macrophages and lymphocytes 

and is active both as a membrane-bound and soluble protein.117,118 In 

several animal models, TNF-a plays an essential part in the host re-

sponse to TB.119 One mechanism by which it potentiates the host 

defense is by its ability to induce apoptosis of M. tuberculosis–infected 

cells. Macrophage apoptosis helps contain M. tuberculosis by maintain-

ing granuloma integrity, increasing the efficiency of antigen presenta-

tion, and promoting the killing of intracellular M. tuberculosis.120 

Administration of antibodies neutralizing TNF-a resulted in the reac-

tivation of TB in a mouse model.121 Interruption of the normal TNF-

a–controlled response to TB reduces apoptosis, disrupts granuloma 

integrity, and predisposes to disseminated infection.

TNF-a antagonists are increasingly used for the treatment of vari-

ous chronic inflammatory disorders. Currently licensed TNF-a antag-

onists fall into two main types: monoclonal neutralizing anti–TNF-a 

antibodies and the soluble p75 subunit of the TNF-a receptor 

(TNF-a–R). The soluble TNF-a–R antagonizes TNF-a function by 

acting as decoys to bind TNF-a. Four monoclonal anti–TNF-a anti-

bodies (infliximab, adalimumab, certolizumab pegol, and golimumab) 

and one soluble TNF-a–R (etanercept) are in clinical use. Patients 

treated with TNF-a blockers have a TB incidence rate of 1.17 per 1000 

patient-years—12.2 times that of the general population122; almost all 

these cases are caused by reactivation of LTBI. A consensus statement 

reported that the relative risk for reactivation TB is increased 25-fold in 

individuals who use TNF-a antagonists compared with nonusers.123

Important differences have emerged among the TNF-a antagonists 

in regard to the risks of reactivation TB. Consistently, the excess risk is 

associated with infliximab and adalimumab rather than with etaner-

cept. For example, compared with etanercept, infliximab is associated 

with a twofold to sevenfold greater risk of TB, shorter time to TB onset 

(17 vs. 48 weeks), and higher proportion of TB cases with dissemi-

nated or extrapulmonary disease (25% vs. 10%).124,125 It is not entirely 

clear why the neutralizing antibodies to TNF-a put people at greater 

higher frequency of AIDS-related malignancy.98 Thus there is no con-

sensus on whether to administer adjunctive glucocorticoids for TB 

pericarditis patients with corticosteroids.89,99

Other Cardiovascular Manifestations of Tuberculosis
In addition to the pericardium, TB may affect the endocardium, myo-

cardium, and epicardium (coronary arteries). These disorders are very 

rare. Endocardial involvement may manifest as endocarditis or as mu-

ral thrombi with entrapped M. tuberculosis. Tuberculous myocarditis 

occurs via direct spread from pericardial or mediastinal lymph nodes 

or from disseminated disease.100 TB may also affect the coronary arter-

ies, resulting in coronary arteritis with granulomatous inflammation 

of the arterial wall and obliterative intimal fibrosis.101

The aorta can be affected by TB, causing aortitis, aortointestinal 

fistula formation, or rupture.102,103 The pathogenesis of aortitis in-

cludes septic embolization from endocarditis, seeding of a preexisting 

aneurysm from bacteremia, or extension from a contiguous site of 

infection. Signs and symptoms include fever, abdominal or back pain, 

and a palpable abdominal mass. Blood cultures are positive for  

M. tuberculosis in approximately 15% of cases. CT findings include 

air in the aortic wall, a periaortic nodularity, a saccular aneurysm in 

a noncalcified aorta, and a rapidly increasing aortic diameter. A pri-

mary mycotic aneurysm of the aorta may be a sequela of chronic 

tuberculous aortitis.104,105

TUBERCULOSIS IN HUMAN IMMUNODEFICIENCY 
VIRUS–POSITIVE PATIENTS

HIV is the most important host risk factor for active TB.106 In many 

developing countries, TB is the most common opportunistic infection 

associated with HIV. The estimated annual risk of active TB among 

persons with LTBI in the general population is 12.9 per 1000 person-

years. In contrast, rates of progression to active TB among HIV- 

infected persons with LTBI range from 35 to 162 per 1000 person-

years. More recent estimates for reactivation TB in HIV-positive 

individuals shows a rate ratio of 57 (95% confidence interval [CI], 

27–120) compared with HIV-negative individuals with LTBI.107 Be-

cause TB may be an initial manifestation of HIV infection, all patients 

with TB should be tested for HIV. The WHO estimates that globally, 

8.6% of TB patients in 2018 were coinfected with HIV and that HIV 

coinfected patients accounted for over 20% of deaths from TB.1

The mechanism of increased TB susceptibility in HIV-positive per-

sons is incompletely understood. Unlike other AIDS-related opportunis-

tic infections, the CD41 count is not always a reliable predictor of 

increased risk of TB disease, although CD41 lymphopenia does reduce 

IFN-g production, impairing macrophage and dendritic cell activation. 

Alveolar macrophages (AMs) are important components of an effective 

immune response to TB,108 and AM apoptosis represents a critical host 

defense mechanism that promotes M. tuberculosis elimination. In this 

context, another possible mechanism by which HIV increases suscepti-

bility to TB is that HIV-infected AMs have a reduced apoptotic response 

to M. tuberculosis compared with AMs from healthy individuals.109,110

When the CD41 count is above 350 cells/mL, pulmonary TB in 

AIDS patients is more likely to present with typical chest radiographic 

findings of upper lobe fibrocavitary disease.111 However, as the CD41 

count decreases, pulmonary TB tends to manifest with more atypical 

radiographic manifestations, such as mediastinal adenopathy, diffuse 

miliary or nodular infiltrates, focal lower zone opacifications, and lack 

of cavitation.111 Among HIV-positive persons, death from TB was sig-

nificantly associated with low CD41 counts.41,112

 Although coinfection with HIV is considered to contribute signifi-

cantly to TB-related mortality, a study showed no difference in mortality 
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risk of reactivation TB than soluble TNF-a receptors. Possible reasons 

include a longer duration of action of infliximab and adalimumab and 

their ability to bind to membrane-bound TNF-a with greater affinity 

than etanercept.117 As a result, infliximab can induce death in T cells 

that express the membrane-bound TNF-a, whereas etanercept cannot. 

In addition, anti–TNF-a antibodies can inhibit T-cell activation and 

IFN-g production, whereas etanercept cannot. Thus the pharmacoki-

netic and biologic differences between the two main types of TNF-a 

antagonists may account for the greater susceptibility to intracellular 

pathogens with the use of the anti–TNF-a antibodies.117,126 As might 

be anticipated, when anti–TNF-a antibodies are used in combination 

with other immunosuppressive medications such as methotrexate or 

azathioprine, the risk of TB reactivation is higher than that with the 

use of anti–TNF-a antibodies alone.127

DIAGNOSIS OF TUBERCULOSIS

When TB is suspected, the first diagnostic test should be a microscopic 

examination and culture for mycobacteria of relevant body fluids or 

tissues. Several specimens are often required, especially for CNS disease.

Patients with suspected pulmonary TB should be placed in respira-

tory isolation until two to three sputa, collected with at least 8 hours 

between samples, are negative for acid-fast bacteria. Because patients 

with extrapulmonary disease may also have occult pulmonary disease, 

it is generally recommended that sputum smears be sent for these  

patients regardless of chest radiographic findings.

Acid-fast smear does not differentiate between M. tuberculosis and 

nontuberculous mycobacteria, so culture is used to confirm species and 

determine drug susceptibility. Simultaneous culture on both liquid  

and solid media is recommended. Liquid medium such as the BACTEC 

systems allow growth of the organism in about 14 days, whereas growth 

takes 3–6 weeks on solid media (Lowenstein-Jensen or Middlebrook 

7H11). Once sufficient growth is obtained, species identification can be 

obtained via conventional biochemical tests or more rapid tests such as 

nucleic acid probes, high-performance liquid chromatography, the NAP 

test (p-nitro-a-acetylamino-b-hydroxypropiophenone), or molecular 

tests. Only experienced laboratories should complete susceptibility test-

ing on culture-positive specimens. Molecular fingerprinting by restric-

tion fragment-length polymorphism can be used to distinguish strain 

types when laboratory contamination is suspected.

Although rapid and inexpensive, acid-fast smear microscopy is lim-

ited by its poor sensitivity (approximately 50% sensitivity in culture-

confirmed pulmonary TB cases) and suboptimal specificity (50%–80%) 

in settings where nontuberculous mycobacteria are commonly iso-

lated.128–130 NAAs have become a routine procedure in many settings 

because they can reliably detect M. tuberculosis in specimens 1 or more 

weeks earlier than culture and can report the presence of genes that 

confer rifampin resistance.129 Because of the increasing use of NAAs and 

the potential impact on patient care and public health, the Centers for 

Disease Control and Prevention (CDC) and the Association of Public 

Health Laboratories made recommendations for using NAAs for labora-

tory confirmation of TB. The CDC recommends that NAAs be per-

formed on at least one respiratory specimen from each patient in whom 

a diagnosis of TB is being considered but has not yet been established 

and for whom the test result would alter case management or TB control 

activities.131,132 A newly available assay, TB-LAMP, has a sensitivity of 

98% in smear-positive and 53% in smear-negative/culture-positive pa-

tients. TB-LAMP can be used instead of or in addition to microscopy for 

the diagnosis of pulmonary TB, which can reduce the time to diagnosis 

to several hours. The sensitivity of TB-LAMP is close to that of NAAs, 

and the amount of laboratory infrastructure is much less, making it an 

appealing technology for more remote and resource-limited settings.133

TREATMENT OF TUBERCULOSIS

Standard treatment of adults with drug-susceptible TB is a three- or four-

drug regimen for at least 6 months.134,135 The typical course of therapy for 

drug-susceptible disease is 2 months of INH, RIF, pyrazinamide (PZA), 

and ethambutol (EMB) (initial phase), followed by 4 months of INH and 

RIF (continuation phase) (Tables 122.1 and 122.2). A 9- to 12-month 

regimen is suggested for TB meningitis; for pulmonary TB that is slow to 

respond to therapy, such as those with cavitary lesions and persistent 

sputum culture positivity even after 2 months of an appropriate four-

drug regimen; or when PZA is not used in the induction regimen. EMB 

can be discontinued when drug susceptibility studies show sensitivity to 

INH and RIF. Streptomycin can be used instead of EMB if resistance is 

unlikely or susceptibility is shown. The continuation phase can be daily 

therapy, twice-weekly therapy, or thrice-weekly therapy for drug- 

susceptible TB (see Table 122.1). Specific guidelines, including informa-

tion on first- and second-line agents, have been published by the CDC.136

Treatment of TB in patients with HIV is similar to that in HIV-

negative patients but is often complicated by drug interactions be-

tween TB medications and antiretrovirals.139 Protease inhibitors and 

nonnucleoside reverse transcriptase inhibitors can either induce or 

inhibit activity of the P-450-3A (CYP3A) system. RIF can increase the 

activity of CYP3A, leading to decreased levels of several antiretrovirals. 

Rifabutin is a less potent inducer of the CYP3A system and is associ-

ated with fewer drug–drug interactions, but dose adjustments may be 

needed. Despite these potential drug interactions, a RIF-based regimen 

should be used whenever possible. Patients with liver disease caused by 

hepatitis C virus may be at increased risk of drug-induced hepatotox-

icity. Another treatment issue in HIV-TB coinfection is that patients 

may fail to properly absorb the anti-TB drugs, which may increase the 

risk of treatment failure, relapses, and acquired drug resistance.140

Because of the increased risk of RIF resistance, patients with HIV 

should not receive once-weekly INH-rifapentine in the continuation 

phase of treatment. Twice-weekly INH-RIF or INH-rifabutin should be 

avoided when the CD41 cell count is less than 100 cells/mL. Treating 

drug-susceptible pulmonary TB in HIV-positive individuals for 9 months 

TABLE 122.1 Current Regimens for 
Treatment of Drug-Susceptible TB

Regimen Initial Phase Continuation Phase

Daily or  

5 days 

per week

8 weeks of INH, RIF, PZA,  

EMB

18 weeks of INH and RIF

Intermittent  (a) 2 weeks of daily INH, RIF, 

PZA, and EMB (or SM), 

then 6 weeks of INH, RIF, 

PZA, EMB BIW or TIW

18 weeks of INH and RIF BIW

 (b) 8 weeks of thrice-weekly 

INH, RIF, PZA, and EMB  

(or SM)

18 weeks of INH and RIF TIW

BIW, Twice weekly; EMB, ethambutol; INH, isoniazid; PZA, pyrazin-

amide; RIF, rifampin; SM, streptomycin; TIW, thrice weekly.

The daily regimen is employed when patients self-administer their 

drugs. There is enough redundancy that if patients miss some of their 

doses, the outcome will remain acceptable.

The intermittent regimens are intended for directly-observed therapy 

(DOT) Regimen (a) entails a total of 62 doses and has yielded over 

95% success rates.137 Regimen (b) involves 78 doses and has also re-

sulted in success rates of approximately 95% in Hong Kong, where it 

is the standard regimen.138
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after the last negative sputum culture). Surgical resection after 2–3 

months of treatment may improve outcome.136

There is increasing evidence that regimens that contain some of the 

newer agents is highly efficacious against drug-resistant TB. A 6 month 

of treatment with bedaquiline, pretomanid, and linezolid resulted in a 

90% favorable clinical outcome in 109 South Africans with highly-

drug resistant TB, comprised of both multi-drug resistant TB (MDR-

TB) and extensively drug-resistant TB (XDR-TB).149a A multi-drug 

regimen that included bedaquiline (63%), delamanid (27%), or both 

(10%) resulted in an 85% sputum conversion rate within 6 months  

in a multi-national study of over 1,000 individuals with rifampin- 

resistant TB or MDR-TB.149b

Parenteral therapy may be required in ICU patients and is recom-

mended for patients with fulminant disease (Table 122.3). When delivered 

rather than the standard 6 months is associated with lower relapse rates 

and is recommended for patients who are not receiving ART treatment 

or who have delayed response to therapy.141,142 Recommendations regard-

ing the treatment of TB in HIV patients are frequently revised as new 

drugs and information become available. The following websites can as-

sist with treatment decisions and information on drug–drug interactions:

http://www.cdc.gov/tb/publications/guidelines/TB_HIV_Drugs/

default.htm

http://www.medscape.com/updates/quickguide

https://www.currytbcenter.ucsf.edu/

If a patient develops IRIS while on ART, it is generally recom-

mended that HIV therapy be continued during TB treatment whenever 

possible because IRIS is usually self-limited. However, more severe IRIS 

may require the addition of corticosteroids and/or temporary discon-

tinuation of ART. Patients with the lowest CD41 counts, less than 

50 cells/mL, are at highest risk of severe IRIS with the initiation of ART, 

though they also have the greatest mortality benefit with early ART 

initiation.143–145, Although there has been debate as to the safest time for 

the initiation of ART relative to starting TB treatment, mounting evi-

dence demonstrates that early initiation is associated with improved 

survival.143,146,147 The WHO currently recommends the initiation of 

ART, for those not already on it, within 8 weeks of TB treatment initia-

tion, and within 2 weeks for those with CD41 count89 ,50 cells/mL.

When MDR-TB is suspected or confirmed, a specialized treatment 

regimen should be used. Whenever possible, treatment for an MDR-TB 

strain should be guided by drug susceptibility testing to EMB, PZA, and 

the second-line anti-TB drugs.148 New drugs have been developed over 

the past few years that can now be used for the treatment of drug-resis-

tant TB. Typical regimens for MDR-TB will include a fluoroquinolone 

(levofloxacin or moxifloxacin), bedaquiline, and linezolid, in addition 

to other medications, including clofazimine and cycloserine or teriz-

idone. Other medications that may be used, depending on a resistance 

profile, may include EMB, delamanid, PZA, imipenem-cilastatin, me-

ropenem, amikacin, streptomycin, ethionamide, prothionamide, or 

para-aminosalicylic acid.16,27,30 Local public health departments should 

be contacted to meet reporting requirements and will usually be re-

sponsible for treatment monitoring, including for medication adverse 

events. Directly observed therapy should be implemented. Patients with 

MDR-TB require longer therapy (generally 18 months of treatment 

Drug Daily Dosage

Twice- or Thrice- 

Weekly Dosage Adverse Effects

Isoniazid 5 mg/kg oral  

(max: 300 mg)

900 mg BIW

600 mg TIW

Hepatitis, peripheral neuritis, drug-induced lupus, seizures, and hypersensitivity with rash and fever. 

Drug interactions with Dilantin and disulfiram. Pyridoxine can decrease neurotoxicity.

Rifampin 5 mg/kg oral  

(max: 300 mg)

10 mg/kg

600 mg BIW

600 mg TIW

Orange body secretions, flulike syndrome, hepatitis, pruritus, thrombocytopenia, nausea, anorexia,  

diarrhea, renal failure, and multiple drug interactions.

Rifabutin* 10 mg/kg oral  

(max: 300 mg)

5 mg/kg Neutropenia, uveitis, hepatotoxicity, orange discoloration of body fluids

Rifapentine** 10 mg/kg once weekly 

(max: 600 mg)

Similar to rifampin

Pyrazinamide 15–30 mg/kg oral  

(max: 2.0 g)

30–35 mg/kg Hyperuricemia, hepatitis, rash, nausea, and anorexia

Ethambutol 25 mg/kg initial 2 months,  

then 15 mg/kg oral

50 mg/kg BIW

30 mg/kg TIW

Optic neuritis and gastrointestinal discomfort

TABLE 122.2 Dosages of First-Line Antituberculosis Drugs in Adults and Major Adverse Effects

BIW, Twice weekly; TIW, thrice weekly.

*Rifabutin and rifapentine are considered first-line agents when intolerance to rifampin precludes its use or concerning drug interactions exist.

**Rifapentine is only used in a once-weekly dose in HIV-negative patients with noncavitary and uncomplicated disease. It is not approved for use 

in children.

Medication Preparation

Initial Dosage in Adults  

(maximum dosage)

Isoniazid PO, IV, IM 5 mg/kg/day (300 mg)

Rifampin PO, IV 10 mg/kg/day (600 mg)

Streptomycin IV, IM 10–15 mg/kg/day or 750–1000 mg/day

Amikacin IV, IM 10–15 mg/kg/day or 750–1000 mg/day

Kanamycin IV, IM 10–15 mg/kg/day or 750–1000 mg/day

Capreomycin IV, IM 10–15 mg/kg/day or 750–1000 mg/day

p-Aminosalicylic 

acid

PO, IV 8–12 g/day in 2 or 3 doses

Levofloxacin PO, IV 500–1000 mg/day

Moxifloxacin PO, IV 400 mg/day

Linezolid PO, IV 600 mg/day

TABLE 122.3 Selected Parenteral 
Medications Used in Treating Tuberculosis136

IM, Intramuscular; IV, intravenous; PO, oral.

Table shows routine daily dosing (taken from https://www.

currytbcenter.ucsf.edu/sites/default/files/tb_sg3_chap5_medications.

pdf). Dosages may differ in children and in patients in intermittent 

therapy. Persons over age 59 should receive the lower dose for 

aminoglycosides (750 mg).
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enterally, half of the ICU patients have subtherapeutic levels of RIF.149 INH 

and RIF are available in parenteral forms; EMB and PZA are not. Other 

active medications available for intravenous use include aminoglycosides, 

fluoroquinolones, capreomycin, and linezolid. In patients with renal fail-

ure, dose adjustments are required for those taking EMB, PZA, cycloserine, 

an aminoglycoside, capreomycin, or a fluoroquinolone. INH and PZA 

should probably be withheld in the setting of severe liver failure. An expert 

in the treatment of TB should be consulted when treating complicated 

ICU patients or those with MDR-TB.

Glucocorticoids are generally recommended in the adjunctive treat-

ment of TB meningitis and possibly pericarditis, as discussed earlier.150 

There is some evidence that use of glucocorticoids in patients with acute 

respiratory failure from pulmonary TB may be beneficial; however, data 

regarding HIV-infected patients are lacking.151,152 Typical therapy in-

cludes prednisone at 40–80 mg per day, tapered over a few weeks.

RISK TO HEALTHCARE WORKERS

The awareness that caring for TB patients poses a risk to healthcare 

workers (HCWs) did not emerge until the 1950s and 1960s, when 

studies established that M. tuberculosis infection was transmitted by 

the airborne route.153 However, occupational transmission received 

little attention until numerous outbreaks of TB and MDR-TB oc-

curred in US and European hospitals in the late 1980s and early 

 References for this chapter can be found at expertconsult.com.

KEY POINTS

• Although pulmonary TB classically develops cavitary lung disease, it can present 

in many ways, including ARDS and respiratory failure.

• Tuberculous meningitis typically has a subacute presentation and has a high 

mortality rate, which is improved with prompt treatment.

• Tuberculous pericarditis is rare but can result in constrictive pericarditis or 

cardiac tamponade from a hemorrhagic effusion.

• Disseminated TB can affect nearly any organ and is most common in very 

young or old patients and those who are immunocompromised.

• Patients with HIV and those on anti-TNF therapies are at increased risk of 

developing active TB.

1990s.154 At that time, more than 20 HCWs became ill with MDR-TB 

and at least 10 died.155 Hundreds of HCWs may be latently infected 

with MDR-TB and thus represent a relatively large reservoir of indi-

viduals at risk of future reactivation MDR-TB.

Pulmonologists are at higher risk of occupational exposure to TB 

than other medical specialists. Atypical presentations of TB can put 

providers at increased risk when TB is not suspected and proper pre-

cautions are not taken.156 Bronchoscopy requires close contact with 

patients and provokes coughing, which likely contributes to the TST 

conversion rate of 11% among pulmonary fellows.156 DMF-HEPA 

respirators should be used when performing bronchoscopy on patients 

with known or suspected TB.156

In HCWs with negative TST reactions who undergo repeat testing, 

an increase in reaction size of more than 10 mm within a period of  

2 years should be considered a skin-test conversion indicative of recent 

infection with M. tuberculosis. Because TST conversion typically occurs 

3–8 weeks after primary infection, skin testing should be performed at 

3 weeks after exposure.

HCWs with potential exposure should be monitored for symp-

toms, and unless they are known to have a positive TST at baseline, 

skin testing or an IFN-g release assay should be performed as soon as 

possible after the exposure to establish a baseline. If initial screening is 

negative, testing should be repeated 8–10 weeks after exposure, and if 

found to be positive, treatment for LTBI is recommended.

• Culture remains the cornerstone of diagnosis of TB and is important for drug 

resistance testing. However, NAA assays can provide a much more rapid diag-

nosis and are especially recommended for use with CSF and other fluids where 

culture positivity is classically low, such as pericardial and pleural fluid.

• Treatment of TB requires several drugs given over many months, though the 

exact regimen will vary depending on the site of disease and the susceptibil-

ity of the cultured organism.

• Treating with a course of glucocorticoids is recommended to reduce morbidity 

and mortality from TB meningitis and possibly TB pericarditis.

ANNOTATED REFERENCES

Chan ED, Strand MJ, Iseman MD. Treatment outcomes in extensively resistant 

tuberculosis. N Engl J Med. 2008;359:657–659.

This study compared the outcomes of MDR-TB vs. XDR-TB patients at a 

referral hospital in the United States. Odds ratios for long-term treatment 

success was 21.1 (MDR-TB vs. XDR-TB). The hazard ratio of death from  

TB was 7.9 (XDR-TB vs. MDR-TB). Despite aggressive treatment, XDR-TB 

was associated with significantly poorer long-term outcome and survival than 

MDR-TB.

Erbes R, Oettel K, Raffenberg M, et al. Characteristics and outcome of patients 

with active pulmonary tuberculosis requiring intensive care. Eur Respir J. 

2006;27:1223–1228.

Retrospective study from Germany looking at 58 TB patients admitted to the 

ICU. The in-hospital mortality was 15 of 58 (25.9%); 13 (22.4%) patients 

died in the ICU. The factors independently associated with mortality were 

acute renal failure, need for mechanical ventilation, chronic pancreatitis,  

sepsis, acute respiratory distress syndrome, and nosocomial pneumonia.

Nahid P, Gonzalez LC, Rudoy I, et al. Treatment outcomes of patients with 

HIV and tuberculosis. Am J Respir Crit Care Med. 2007;175:1199–1206.

The optimal length of tuberculosis treatment in patients coinfected with HIV 

is unknown. HIV-infected patients who received a 6-month rifamycin-based 

course of tuberculosis treatment or who received intermittent therapy had a 

higher relapse rate than HIV-infected subjects who received longer therapy or 

daily therapy, respectively. Standard 6-month therapy may be insufficient to 

prevent relapse in patients with HIV.

Thwaites GE, Nguyen DB, Nguyen HD, et al. Dexamethasone for the treat-

ment of tuberculous meningitis in adolescents and adults. N Engl J Med. 

2004;351:1741–1751.

This is a prospective, randomized, placebo-controlled trial of adjunctive dexa-

methasone in 545 patients over 14 years of age with tuberculous meningitis in 

two hospitals in Vietnam. The results showed that adjunctive treatment with 

dexamethasone reduced mortality, but there was no demonstrable improve-

ment in the combined endpoint of death or severe disability after 9 months.

Tubach F, Salmon D, Ravaud P, et al. Risk of tuberculosis is higher with anti-

tumor necrosis factor monoclonal antibody therapy than with soluble tu-

mor necrosis factor receptor therapy: the three-year prospective French 

Research Axed on Tolerance of Biotherapies registry. Arthritis Rheum. 

2009;60:1884–1894.

This is a case-control study investigating the risk of newly diagnosed TB associ-

ated with the use of anti-TNF agents. The authors identified 69 cases of TB in 

patients treated for various inflammatory diseases with infliximab (n 5 36), 

adalimumab (n 5 28), and etanercept (n 5 5). In the case-control analysis, 

exposure to infliximab or adalimumab versus etanercept was an independent 

risk factor for TB (odds ratio [OR] 13.3 [95% CI, 2.6–69.0] and OR 17.1 

[95% CI, 3.6–80.6], respectively).
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Malaria and Other Tropical Infections  
in the Intensive Care Unit

Taylor Kain, Andrea K. Boggild, Frederique A. Jacquerioz, and Daniel G. Bausch

Malaria infections are classified broadly into three clinical categories: 
(1) asymptomatic parasitemia, which generally does not require treat-
ment for those living in endemic areas; (2) uncomplicated malaria, 
defined as parasitemia (typically low, though perhaps elevated in those 
who are semi-immune or immune) and fever without evidence of end-
organ damage or other signs of severe disease (these patients may often 
be treated as outpatients with oral antimalarials); and (3) severe and 

complicated malaria, defined as parasitemia of any value in conjunc-
tion with vital organ damage or other signs of severe disease. Patients 
with severe and complicated malaria require hospitalization, often in 
an intensive care unit (ICU), and parenteral antimalarials. This third 
category is the focus of this chapter.

Although the spectrum of possible “tropical” infections (i.e., infec-
tions that are prevalent in tropical and subtropical regions, especially 
those that are resource-poor) in a patient with exposures in tropical 
areas may initially seem daunting, a detailed history of the travel itin-
erary, activities, and exposures can often significantly narrow the dif-
ferential diagnosis (Table 123.1). This must include more than simply 
recording the countries to which the patient traveled; exposures of a 
traveler staying at upscale hotels and dining in fine restaurants may 
differ drastically from those of someone backpacking through rural 
areas of the same country. General knowledge of the diseases endemic 
to a given area and their incubation periods and drug resistance pat-
terns is vital (Fig. 123.1 and Table 123.2). In addition, most routine 
“nontropical” infections common in industrialized countries are also 
common in low-resource settings, and thus must be considered in the 
differential diagnosis.

Of all tropical diseases potentially manifesting as acute, life-threat-
ening illness, malaria is the most prevalent globally and should be 
considered in any patient reporting travel in malaria-endemic areas or 
with exposure to unscreened blood products (“transfusion malaria”) 
or blood-contaminated needles. Increased travel and migration over 
the past several decades have resulted in increases in imported malaria 
in most industrialized countries.18–23

Patients at risk of malaria can be divided into three groups: (1) 
nonimmune persons, either because they have no history of exposure 
to malaria—primarily nonexpatriate travelers—or because immunity 
has waned, such as in young children, regardless of geographic origin, 
after the waning of maternal antibodies (around age 6 months). Preg-
nant women, who are transiently relatively immune-suppressed, are 
also included in this category. (2) Immune or semi-immune persons 
residing in malarious areas who are repeatedly exposed. (3) Those 
originally from malaria-endemic countries but now residing elsewhere 
who, in the absence of continued exposure, have waning immunity. 
The degree of immunity may exert profound effects on the clinical 
presentation and severity of illness. For example, a returning traveler 
may develop severe malaria at a relatively low parasitemia, whereas a 

resident of an endemic area in sub-Saharan Africa who has had re-
peated infection may have the same degree of parasitemia but be as-
ymptomatic. Various human genetic traits relate to mutations in red 
blood cells (RBCs) and confer resistance to malaria, such as reduced 
susceptibility to Plasmodium vivax in populations across Africa be-
cause of genetic absence of the Duffy antigen, which serves as a key  
P. vivax receptor, or the relative protection from severe malaria of any 
species afforded to those carrying the sickle cell trait or with thalasse-
mia.24–29 Parasite strain differences may also play a role in the ultimate 
course of any given malaria infection.

In returning travelers, knowledge of pretravel vaccinations and 
both prescribed and taken chemoprophylaxis (which often turn out 
not to be the same) is imperative. Both physicians and patients fre-
quently err in the prescribing of and adherence to appropriate prophy-
lactic regimens.30,31 Furthermore, these preventive measures do not 
confer 100% protection and should not be used to discard a given 
entity from the differential diagnosis. There is also increasing evidence 
that failure of prophylaxis may occur because of malabsorption of oral 
medications rather than resistance.32 Chemotherapy, complete or par-
tial, may prolong the incubation period or alter the presentation of the 
illness. Those initially from tropical countries are often less likely to 
seek pretravel medical advice before making a visit home and also of-
ten have considerably more exposures to tropical pathogens during 
their visit than do short-term travelers from industrialized coun-
tries.33–35

People living in resource-constrained tropical countries may be 
more likely to have complicating health problems but less likely to have 
them previously diagnosed or controlled. Underlying diabetes, hyper-
tension, malnutrition, chronic anemia, intestinal parasites, tuberculo-
sis, human immunodeficiency virus (HIV), or hepatitis virus infection 
may be discovered at the time of the acute illness.36,37 Infection with 
multiple tropical pathogens is common in those living in endemic ar-
eas. Thus the finding of a given pathogen cannot automatically be as-
sumed to be causally related to the patient’s current illness.

EPIDEMIOLOGY

Malaria parasites are spread to humans by the bite of anopheline mos-
quitoes. Five species of Plasmodia commonly cause malaria in humans: 
Plasmodium falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi 
(see Table 123.2).38–41 Furthermore, recent evidence suggests that there 
may be distinct species of P. ovale. vivax. Simultaneous infections with 
multiple strains of P. falciparum are common in some areas of sub-
Saharan Africa and also occur with P. vivax in Southeast Asia and Latin 
America.42–44

The most prevalent and dangerous form of malaria is that due to  
P. falciparum. The risk of acquiring P. falciparum is highest in sub-Saharan 
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TABLE 123.1 Selected Tropical Diseases That May Merit Management in an Intensive Care 
Unit*

Disease and  

Organism

Distinguishing Clinical  

Features

Incubation  

Period Geographic Distribution

Mode of Transmission  

and Typical Risk Factors

Nonspecific Febrile Syndromes

African trypanosomiasis,  

hemolymphatic stage  

(Trypanosoma brucei 

gambiense and T. b. 

rhodesiense)

Lymphadenopathy, HSM, edema, 

rash, 30% have history of chan-

cre, rarely DIC and thrombocyto-

penia

3–21 days Sub-Saharan Africa Tsetse fly bite; camping, safari

Babesiosis (Babesia spp.) Hemolytic anemia, HSM 3–28 days North America, Europe, spo-

radic cases worldwide

Tick bite, blood transfusion (rare);  

especially severe in asplenic persons

Brucellosis (Brucella spp.) Subacute presentation over 

weeks/months, HSM, weight 

loss, may involve large bones, 

joints, spine

2–8 weeks Worldwide, especially Mediter-

ranean, Middle East, and 

Latin America

Ingestion of contaminated dairy prod-

ucts; respiratory, skin, or conjunctival 

inoculation from contact with farm  

animals; abattoir workers, butchers, 

farmers

Candidiasis, disseminated 

(Candida spp.)

May involved any organ; skin or mu-

cosal lesions not always present

1–4 weeks Worldwide Usually in IH or after administration of 

long-term antibiotics or maintenance 

of indwelling catheters

Cat scratch disease  

(Bartonella henselae)

Papule or eschar at site of inocula-

tion, regional lymphadenopathy, 

fever may be mild, may progress 

to CNS involvement or endocar-

ditis

1–2 weeks Worldwide Cat scratch or bite, severe disease 

most often seen in IH

Coccidioidomycosis  

(Coccidioides immitis)

May see pneumonia with cavities, 

meningeal, skin, and bone in-

volvement, eosinophilia

1–4 weeks,  

often RD† in IH

Desert areas of the Americas Inhalation of spores from soil; dissemi-

nated disease more common in black 

persons and those of Filipino or His-

panic descent, IH, and in pregnancy

Echinococcal cyst, leak, or 

rupture (Echinococcus 

granulosus)

Allergic symptoms: urticaria, pruri-

tus, anaphylaxis

Years Worldwide Ingestion of eggs in feces of infected 

carnivores such as dogs and wolves; 

raising of domestic livestock

Ehrlichiosis (Ehrlichia spp.) Rash (,50%), leukopenia, throm-

bocytopenia, HSM; may progress 

to GI, renal, pulmonary, or CNS 

involvement

7–21 days Sporadic foci worldwide Tick bite; camping, safari

Histoplasmosis, disseminated 

(Histoplasma capsulatum)

Mucocutaneous lesions, lymph-

adenopathy, HSM, DIC; any 

organ may be involved

1–4 weeks,  

usually RD

Tropics worldwide Inhalation of spores from soil; severe 

disease usually IH

Leptospirosis (Leptospira spp.) Icterus, jaundice, conjunctival suffu-

sion, rash, HSM; may be biphasic; 

may develop hepatorenal syn-

drome (“Weil disease”), CNS in-

volvement, or pulmonary disease 

with hemorrhage

2–20 days Worldwide Contaminated urine of many types of 

small mammals, either directly or 

through soil or standing water;  

hunting, military exercises

Malaria (Plasmodium falci-

parum, P. vivax, P. ovale, P. 

malariae, and P. knowlesi)

See text Table 123.2 See Fig. 123.1 and Table 123.2 Mosquito bite, transfusion

Measles Conjunctivitis, coryza, cough,  

rash, Koplik spots

5–14 days Worldwide Person-to-person via aerosol

Melioidosis (Burkholderia 

pseudomallei)

May develop pneumonia or local 

suppurative infection, shock  

(especially if IH)

2–21 days Southeast Asia (especially  

Thailand), Australia, sporadic 

foci in tropics worldwide

Exposure to contaminated soil or  

infected animals, person-to-person 

(rare), often IH

Monkeypox (monkeypox 

virus)

Diffuse vesicular rash resembling 

chickenpox but involving palms 

and soles, lymphadenopathy

3–21 days Central and West Africa Person-to-person and from exposure to 

infected small mammals and mon-

keys; exotic pets; rule out smallpox/

bioterrorism

Continued
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Disease and  

Organism

Distinguishing Clinical  

Features

Incubation  

Period Geographic Distribution

Mode of Transmission  

and Typical Risk Factors

Mycobacterium avium-intra-

cellulare, disseminated

Usually subacute, HSM, weight 

loss

Months to years Worldwide Environmental organism causing  

opportunistic infection in IH

Oroya fever (Bartonella 

bacilliformis)

Acute anemia, jaundice, HSM, 

lymphadenopathy

2–3 weeks Peru, Ecuador, and Colombia Sandfly bite; hiking, camping

Paracoccidioidomycosis 

(Paracoccidioides 

brasiliensis)

May involve lungs, bones, skin, 

lymph nodes, adrenal glands, or 

mucous membranes

1–4 weeks, often 

RD

Tropical America Inhalation of spores from soil; more  

severe in IH

Talaromycosis (Talaromyces 

marneffei)

Mucocutaneous lesions, HSM, 

lymphadenopathy, may have 

skeletal or pulmonary involve-

ment

Unknown, proba-

bly .1 week

Southeast Asia Reservoir unknown, most often IH

Plague (Yersinia pestis) Localized tender lymphadenitis 

(“bubo”), pneumonia, shock

2–8 days Worldwide Flea bite or person-to-person; areas of 

heavy rat infestations, R/O bioterrorism

Q fever (Coxiella burnetii) HSM; may develop pneumonia, en-

docarditis, hepatitis, osteomyeli-

tis, or neurologic abnormalities

2–29 days Worldwide Inhalation of organism from products of 

infected livestock or pets, especially 

birth products but also milk, urine, 

and feces; farmers, ranchers

Rat bite fever (Spirillum 

minor or Streptobacillus 

moniliformis)

Peripheral rash, sometimes with 

desquamation, polyarthritis in S. 

moniliformis, eschar or ulcer at 

site of bite in S. minor

2–28 days Worldwide, especially Asia and 

North America

Bite of rat or other animal that preys on 

rats; ingestion of food contaminated 

by rat

Relapsing fever  

(Borrelia spp.)

Recrudescent fever pattern, HSM, 

petechiae, epistaxis, neurologic 

abnormalities

4–18 days Worldwide (especially East Af-

rica)

Body louse (B. recurrentis) or tick bite 

(various Borrelia species); conditions 

of poor hygiene, outdoor exposures, 

refugee camps, camping, safari

Rickettsiosis, spotted fever 

group (Rickettsia rickettsii, 

R. conorii, R. africae, R. aus-

tralis, R. sibirica, R. japonica, 

R. honei, and R. akari)

Peripheral skin rash, eschar at site 

of tick bite may be seen (“tache 

noire”), may progress to GI, renal, 

pulmonary, or CNS involvement

7–14 days Worldwide (with circumscribed 

distributions of each specific 

organism)

Tick bite (mite for R. akari); camping, 

safari

Rickettsiosis, typhus group 

(Rickettsia prowazekii, R. 

typhi, and R. felis)

Centripetal rash (~50%), no eschar 7–14 days Worldwide, especially cold  

climates

Feces from infected louse (R. prowazekii) 

or flea (R. typhi and R. felis) rubbed 

into broken skin; crowding, poor hy-

giene, abundant rodents, refugee 

camps, flea-infested cats

Scarlet fever (group A Strep-

tococcus pyogenes)

Pharyngitis, “sandpaper” rash, cer-

vical adenopathy

1–4 days Worldwide Person-to-person via aerosolization/

droplets

Schistosomiasis, Katayama 

fever (Schistosoma spp., 

especially S. japonicum)

Lymphadenopathy, HSM, eosino-

philia

1–2 months Africa, Asia, Caribbean, Middle 

East, South America, Caribbean

Skin penetration of cercaria; swimming 

or bathing in contaminated water

Scrub typhus (Orientia tsu-

tsugamushi)

Centripetal rash, conjunctival suffu-

sion, lymphadenopathy, eschar at 

site of chigger bite (~50%), hear-

ing loss in one-third of cases

6–18 days Asia, Australia, Pacific Islands Chigger bite; outdoor rural or suburban 

exposures

Strongyloidiasis, dissemi-

nated (Strongyloides 

stercoralis)

Abdominal pain and distension, 

shock, pulmonary and CNS in-

volvement common

2–3 weeks; may 

be maintained 

via autoinfec-

tion for decades

Tropics worldwide Skin contact with contaminated soil; 

miliary exercises; dissemination may 

occur in IH (AIDS, steroid treatment)

Toxic shock syndrome 

(Staphylococcus aureus, 

group A S. pyogenes)

Rash, extremity or abdominal pain, 

skin desquamation, soft tissue 

infection (70%)

2–10 days Worldwide Wound or vaginal colonization with 

toxin-producing bacteria; history of 

minor trauma (often without break in 

skin), previous surgery, or varicella  

infection; staphylococcal syndrome  

often associated with menses

TABLE 123.1 Selected Tropical Diseases That May Merit Management in an Intensive Care 
Unit—cont’d
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Disease and  

Organism

Distinguishing Clinical  

Features

Incubation  

Period Geographic Distribution

Mode of Transmission  

and Typical Risk Factors

Trench fever (Bartonella 

quintana)

Rash, HSM, shin pain, may  

develop endocarditis and  

angioma-like lesions

1–2 weeks Worldwide Body louse bite; areas of crowding or 

poor sanitation, more severe in IH

Trichinellosis  

(Trichinella spp.)

Diarrhea followed by myalgias, 

periorbital edema, eosinophilia, 

may involve heart or CNS

7–30 days Worldwide Ingestion of contaminated meat,  

including pork (T. spiralis), wild boar, 

horse, bear, and walrus

Tularemia, typhoidal form 

(Francisella tularensis)

Pulse-temperature dissociation,  

diarrhea (~40%); may develop 

pneumonia

1–21 days Sporadic foci worldwide,  

mostly Northern Hemisphere

Tick or fly bite or direct exposure to 

small mammals; hunting, camping, 

military exercises; R/O bioterrorism

Typhoid/paratyphoid fever 

(Salmonella enterica sero-

types typhi or paratyphi)

Pulse-temperature dissociation, 

abdominal pain, rash, intestinal 

perforation and bleeding, HSM, 

10% with extraintestinal mani-

festations

8–28 days Worldwide Fecal-oral

Vibrio infection, nonepidemic 

type (Vibrio vulnificus)

Bullous skin lesions, DIC, thrombo-

cytopenia, GI bleeding, shock

1–2 days Worldwide Contaminated saltwater or seafood;  

severe disease mostly in IH, history  

of alcoholism, liver disease

Viral hemorrhagic fever  

(dengue, yellow fever,  

Ebola, Marburg, Lassa, 

Junin, Machupo, and Rift 

Valley fever viruses, many 

others)

Capillary leak syndrome; may or 

may not exhibit frank hemor-

rhage, GI hemorrhage, shock

3–21 days,  

depending on 

specific virus

Select areas worldwide Depending on specific virus: exposure 

to rodent excreta, infected nonhu-

man primates, person-to-person, tick 

or mosquito bite, some unknown; 

R/O bioterrorism

Viral hepatitis (hepatitis A, 

B, C, D, and E; Epstein-Barr 

virus; cytomegalovirus; 

others)

HSM, light-colored stools, dark 

urine, jaundice

2 weeks to 5 

months,  

depending  

on specific  

organism

Worldwide Fecal-oral or ingestion of seafood from 

contaminated sea beds (hepatitis A, 

E); percutaneous (blood exposure), 

sexual, or mother-to-child transmis-

sion (hepatitis B, C, D); hepatitis D  

requires coinfection with hepatitis  

B virus

Visceral leishmaniasis 

(Leishmania spp.)

Weight loss, HSM, neutropenia Months to years Tropics worldwide, especially 

Indian subcontinent, Middle 

East, and North Africa

Sandfly bite; military exercises, out-

door exposures

Gastrointestinal Syndromes

Amebic dysentery  

(Entamoeba histolytica)

Abdominal pain and diarrhea, 

sometimes bloody, minority may 

develop ameboma, toxic mega-

colon, peritonitis, or abscesses 

in solid organs (usually liver)

2–4 weeks (usu-

ally longer for 

solid organ in-

volvement)

Worldwide Fecal-oral; may be transmitted through 

anal sex

Anthrax, gastrointestinal or 

oropharyngeal  

(Bacillus anthracis)

Abdominal pain and bloody diar-

rhea, neck swelling, pharyngitis, 

mucosal lesions, shock

2–10 days Worldwide Ingestion of spores; exposure to  

domestic animals or animal  

by-products; R/O bioterrorism

Ascending cholangitis  

(Clonorchis sinensis and 

Opisthorchis spp.)

May be recurrent and accompa-

nied by pancreatitis

Months to years Asia, former USSR Ingestion of raw infected freshwater 

fish; sushi consumption

Bacterial dysentery (Shigella 

spp., Campylobacter spp., 

invasive and hemorrhagic 

Escherichia coli, non-typhi 

Salmonella spp., Vibrio 

parahaemolyticus, others)

Abdominal pain and diarrhea, 

sometimes bloody

10 hours to 7 

days, depend-

ing on specific 

organism

Worldwide Fecal-oral

Cholera (Vibrio cholerae) Copious “rice water” diarrhea,  

abdominal pain, severe hypovo-

lemia, fever minimal or absent

1–3 days Tropics worldwide Contaminated water or food,  

especially seafood; ceviche  

consumption

TABLE 123.1 Selected Tropical Diseases That May Merit Management in an Intensive Care 
Unit—cont’d
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Disease and  

Organism

Distinguishing Clinical  

Features

Incubation  

Period Geographic Distribution

Mode of Transmission  

and Typical Risk Factors

Clostridial gastroenteritis 

(Clostridium difficile)

Abdominal pain and diarrhea, 

sometimes with mucus or blood, 

toxic megacolon

 1 week to 

months

Worldwide Alteration of GI flora through previous 

antibiotic administration and/or GI 

manipulation

Eosinophilic gastroenteritis 

(Angiostrongylus costari-

censis)

Mimics appendicitis or inflamed 

Meckel diverticulum, right lower 

quadrant abdominal pain and 

mass, eosinophilia

Estimated 3–4 

weeks

Latin America Ingestion of larvae in undercooked  

mollusks, crustaceans, or frogs

Hemolytic uremic syndrome 

(Escherichia coli O157:H7)

Bloody diarrhea followed by hemo-

lysis and renal failure

2–5 days Worldwide Ingestion of poorly cooked meat,  

fecal-oral

Neurologic Syndromes

African trypanosomiasis,  

meningoencephalitic stage 

(Trypanosoma brucei 

gambiense and 

T. b. rhodesiense)

Headache, HSM, cervical lymph-

adenopathy, somnolence, change 

in mental status, extrapyramidal 

and cerebellar signs

Months to years Sub-Saharan Africa Tsetse fly bite; camping, safari

Antiretroviral syndrome  

(human immunodeficiency 

virus-1)

Usually asymptomatic or mild flu-

like illness, meningoencephalitis 

occurs rarely

2–4 weeks Worldwide Sexual transmission or percutaneous 

blood exposure; unprotected sex, IV 

drug use

Arboviral encephalitides 

(eastern equine, Japanese 

encephalitis, West Nile, 

Murray Valley encephalitis, 

St. Louis encephalitis, and 

Venezuelan equine enceph-

alitis viruses, many others)

Encephalitis, focal neurologic defi-

cits, seizures, change in mental 

status

3–21 days Sporadic foci worldwide Mosquito bite, seasonal

Bacterial meningitis (Neisse-

ria meningitides, Strepto-

coccus pneumoniae, Hae-

mophilus influenza type B, 

Listeria monocytogenes, 

others)

Petechiae, ecchymoses, and bleed-

ing suggest N. meningitides

2–10 days,  

depending  

on specific  

organism

Worldwide; N. meningitides 

more frequent in African 

“meningitis belt”

Person-to-person, asymptomatic carrier 

states, seasonal fluctuations

Botulism (Clostridium 

botulinum)

Bilateral cranial nerve deficits  

with symmetric descending 

weakness, fever absent

1–3 days Worldwide Toxin ingestion or wound contamination; 

home-canned foods, soil contamination

Brain abscess (various bacte-

ria, fungi, and parasites)

Focal neurologic signs Days to months, 

depending  

on specific  

organism

Worldwide Varies with infecting organism

Cryptococcosis  

(Cryptococcus neoformans)

Mild meningitis with low-grade fe-

ver, nonfocal neurologic exami-

nation, sometimes seizures or 

pulmonary involvement

1–4 weeks Worldwide Inhalation of spores from soil and bird 

and bat excreta; usually IH

Eosinophilic meningitis  

(Angiostrongylus 

cantonensis)

Headache, meningitis, sometimes 

cranial nerve involvement, fever 

minimal

1–7 days Southeast Asia, South Pacific, 

sporadic foci worldwide

Ingestion of larvae in undercooked  

mollusks, crustaceans, or frogs

Gnathostomiasis  

(Gnathostoma spp.)

Migratory skin and subcutaneous 

swellings, epigastric pain and 

vomiting, eosinophilia, may in-

vade any organ, especially CNS

Weeks to years Southeast Asia, with sporadic 

cases from Central and South 

America

Consumption of raw freshwater fish, 

frogs, snakes, crustaceans, or poultry; 

sushi consumption

Herpes encephalitis  

(various herpesviruses)

Encephalitis, focal neurologic defi-

cits, seizures, change in mental 

status, may show vesicular  

eruption

2–20 days, de-

pending on 

specific virus

Worldwide; herpes B virus via 

monkey exposure in Asia and 

North Africa (wild monkeys) or 

captive monkeys worldwide

Person-to-person, often more severe in 

IH; herpes B virus via bite or other  

exposure to monkeys of the genus  

Macaca; person-to-person transmission 

reported; researchers, animal handlers

TABLE 123.1 Selected Tropical Diseases That May Merit Management in an Intensive Care 
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Disease and  

Organism

Distinguishing Clinical  

Features

Incubation  

Period Geographic Distribution

Mode of Transmission  

and Typical Risk Factors

Mucormycosis (various fungi 

from the order Mucorales)

CNS infiltration with loss of  

consciousness, black exudate 

around mucous membranes of 

face, pulmonary infiltrates

1–7 days Worldwide Inhalation of spores from soil,  

traumatic inoculation of wound;  

usually IH (diabetes mellitus or  

steroid use)

Neurocysticercosis  

(Taenia solium)

Seizures, headache, change in 

mental status, muscle pain

Years Worldwide, especially Latin 

America and India

Ingestion of cysticerci in contaminated 

pork; areas where pigs roam freely

Paragonimiasis, cerebral 

(Paragonimus spp.)

Meningoencephalitis, often ac-

companied by pulmonary disease

Years Sporadic foci worldwide, espe-

cially East Asia, Peru, Ecua-

dor, West Africa

Ingestion of raw infected crustaceans; 

sushi consumption

Poliomyelitis (poliovirus) Acute flaccid paralysis, meningeal 

signs, muscle pain

9–12 days Sporadic foci in Africa, Asia, 

and eastern Mediterranean

Fecal-oral

Primary amebic meningoen-

cephalitis (Naegleria 

fowleri)

Fulminant meningoencephalitis 3–7 days Sporadic foci worldwide Entry of trophozoite through the nose; 

swimming in contaminated fresh 

warm water; hot springs

Rabies (rabies virus) Change in mental status, auto-

nomic instability, photophobia, 

aerophobia, paralysis

20–90 days Worldwide Animal bite or bat exposure; spelunk-

ing, caring for injured animals

Schistosomiasis, CNS  

(Schistosoma spp.)

Encephalopathy, meningoencepha-

litis, transverse myelitis, seizures

Weeks to months Africa, Asia, Caribbean, Middle 

East, South America, Caribbean

Skin penetration of cercaria; swimming 

or bathing in contaminated water

Tetanus (Clostridium tetani) Diffuse muscle spasms,  

opisthotonos, trismus,  

autonomic dysfunction

3–21 days Worldwide Soil contamination of wound, commonly 

involves umbilical stump in neonates

Tickborne encephalitis  

(tickborne encephalitis virus)

Encephalitis, focal neurologic defi-

cits, seizures

7–14 days Central and East Asia, Europe, 

North Africa, North America

Tick bite

Toxoplasmosis, cerebral 

(Toxoplasma gondii)

Meningoencephalitis, HSM, focal 

neurologic deficits, seizures, 

change in mental status

Usually RD Worldwide Ingestion of cysts in undercooked meat 

or oocysts from exposure to cat fe-

ces; usually IH

Variant Creutzfeldt-Jacob 

disease (prion)

Change in mental status, myoclo-

nus, spasticity, rigidity, extrapy-

ramidal and cerebellar signs and 

symptoms, occasionally seizures

Months to years United Kingdom, with sporadic 

cases elsewhere in Europe, 

Canada, and United States

Recipients of cadaveric transplants or 

injections of biomedical products  

derived from infected patients,  

contaminated surgical apparatuses, 

person-to-person(?), ingestion of  

contaminated beef or lamb(?)

Visceral larva migrans  

(Toxocara canis)

Cough, wheezing, HSM, eosino-

philia; may develop CNS or other 

solid organ involvement

Weeks to years Worldwide Ingestion of eggs in puppy feces

Pulmonary Syndromes

Anthrax, inhalation (Bacillus 

anthracis)

Pulmonary infiltrates with widened 

mediastinum, shock, CNS in-

volvement

2–60 days Worldwide Inhalation of spores, exposure to do-

mestic animals or animal by-products; 

R/O bioterrorism

Aspergillosis (Aspergillus 

spp.)

Pulmonary “fungus ball,” (aspergil-

loma), transient infiltrates and 

allergic symptoms in allergic 

bronchopulmonary aspergillosis

1–4 weeks Worldwide Inhalation of spores from soil

Bacterial pneumonia  

(Streptococcus pneu-

moniae, Legionella  

pneumophila, Mycoplasma 

pneumoniae, Haemophilus 

influenza, Chlamydophila 

spp., others)

Extrapulmonary findings frequent 

in Legionnaires’ disease and 

psittacosis

2–21 days,  

depending  

on specific  

organism

Worldwide Person-to-person spread; Legionnaires’ 

disease associated with colonized 

air/water systems; psittacosis associ-

ated with bird exposure

Blastomycosis (Blastomyces 

dermatitidis)

Subacute pneumonia; bone, skin, 

and GU tract involvement

1–4 weeks,  

usually RD

Sporadic foci worldwide Inhalation of spores from soil

TABLE 123.1 Selected Tropical Diseases That May Merit Management in an Intensive Care 
Unit—cont’d

Continued
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Africa, in particular West Africa,45 and in New Guinea; moderate in India; 
and comparatively low in Southeast Asia and Latin America.46–48 There is 
increasing recognition that P. vivax, the second most common cause of 
malaria and previously considered to be benign, can also cause severe 
disease and death.49,50 P. vivax malaria is especially frequent in travelers 
returning from Oceania, although the parasite exists in all malaria- 
endemic regions except Haiti and the Dominican Republic.51,52 The dor-
mant liver stage parasites (hypnozoites) that characterize P. vivax sometimes 
result in primary disease or relapse even years after infection. P. knowlesi is 

found in rainforests of Southeast Asia, including parts of Cambodia, China, 
Indonesia, Laos, Malaysia, Myanmar, the Philippines, Singapore, Thailand, 
and Viet Nam.53,54 P. knowlesi is now the most common cause of malaria in 
Malaysia and parts of Indonesia. Although quite rare, deaths resulting from 
P. ovale or P. malariae infection have been reported.55,56

Although rare, malaria has been reported in persons without docu-
mented travel, usually resulting from the carriage of malaria-infected 
passengers (who may be asymptomatic) or anopheline mosquitoes on 
aircraft arriving from endemic areas.57–59 The parasite may then be 

Disease and  

Organism

Distinguishing Clinical  

Features

Incubation  

Period Geographic Distribution

Mode of Transmission  

and Typical Risk Factors

Diphtheria (Corynebacterium 

diphtheriae)

Low-grade fever, cough, pharyngi-

tis, oropharyngeal membrane, 

neck swelling, mucosal bleeding, 

myocarditis, polyneuritis

3–7 days Worldwide, especially temper-

ate areas

Person-to-person through respiratory 

route and breaks in the skin

Eosinophilic pneumonia  

(various parasites,  

helminthes and filaria)

Eosinophilia, asthma-like  

condition, elevated IgE

Days to weeks, 

depending  

on specific  

organism

Worldwide, depending on spe-

cific organism

Lung passage of larvae or adult  

helminthes, mosquito bite (filaria),  

filarial disease occurs primarily in 

those living in endemic areas with 

continued exposure

Hantavirus pulmonary  

syndrome (various  

hantaviruses)

ARDS, thrombocytopenia,  

leukocytosis, hemoconcentration,  

circulating immunoblasts

1–5 weeks Americas Contaminated rodent urine or feces; 

outdoor exposures

Pertussis (Bordetella 

pertussis)

Low-grade fever, coryza,  

rhinorrhea, paroxysmal dry cough

5–21 days Worldwide Person-to-person; adults vaccinated  

as children are susceptible to milder 

disease

Pneumocystosis (Pneumocys-

tis jiroveci)

Dyspnea, dry cough, hypoxemia, 

often only mild findings on pul-

monary auscultation and CXR

Usually RD Worldwide Inhalation; usually IH

Tuberculosis (Mycobacterium 

tuberculosis)

Upper lobes infiltrates and cavi-

ties; miliary TB, meningitis, and 

GU involvement all also common

Usually RD Worldwide Person-to-person via aerosol/droplet; 

increased frequency and likelihood of 

extrapulmonary involvement in IH

Tularemia, pneumonic form 

(Francisella tularensis)

Pulse-temperature dissociation,  

diarrhea (~40%)

1–21 days Sporadic foci worldwide, mostly 

Northern Hemisphere

Tick or fly bite, or direct exposure to 

small mammals; hunting, camping, 

military exercises, R/O bioterrorism

Viral pneumonia (influenza, 

parainfluenza, respiratory 

syncytial, and SARS coro-

navirus, many others)

May be complicated by bacterial 

suprainfection

Days to weeks, 

depending on 

specific organ-

ism

Worldwide, depending on spe-

cific organism

Person-to-person spread and zoonotic, 

depending on specific virus; contact 

with farms or live animal markets, 

birds, or pigs (zoonotic influenzas); 

civet cats suspected to be a reservoir 

of SARS coronavirus

Localized Infections

Mycetoma (various fungi and 

bacteria)

Chronic swollen limb with nodules, 

sinus tracts, drainage of pus and 

“grains”

Weeks to months Tropics worldwide Traumatic implantation of organism into 

skin; soil exposure

Necrotizing fasciitis (group A 

strep S. pyogenes, Clos-

tridia spp., S. aureus)

Rapid progression of edema, ery-

thema, tenderness, bullae, ne-

crosis, and gangrene

~24 hours Worldwide Posttraumatic or surgical

ARDS, Acute respiratory distress syndrome; CNS, central nervous system; CXR, chest x-ray; DIC, disseminated intravascular coagulopathy; GI, 

gastrointestinal; GU, genitourinary; HSM, hepatosplenomegaly; IH, immunocompromised host; IV, intravenous; RD, reactivation disease; R/O, rule 

out; TB, tuberculosis.

*Only diseases that typically have acute or subacute presentations and may cause severe disease are included. Diseases are classified by the 

most typical associated severe syndrome. In practice, significant variation may exist.
†Initial infection is usually asymptomatic or mild. Reactivation with severe disease may occur years later, usually in immunocompromised hosts.

TABLE 123.1 Selected Tropical Diseases That May Merit Management in an Intensive Care 
Unit—cont’d
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One or more indigenous cases

Zero cases in 2018–2019

Zero cases in 2019

Zero cases (≥3 years) in 2019

Certified malaria free after 2000

No malaria

Not applicable

Fig. 123.1 Population at risk in malaria-endemic countries in the Western and Eastern Hemispheres. The risk 

of malaria may vary within specific regions of each country. (From the World Health Organization [2020]. 

Available at https://www.who.int/teams/global-malaria-programme.)

TABLE 123.2 Features of the Five Species of Malaria Known to Cause Disease in Humans

Plasmodium  

falciparum

Plasmodium  

vivax

Plasmodium  

ovale

Plasmodium  

malariae

Plasmodium  

knowlesi

Incubation period (days) 6–25 8–27 8–27 16–40 12–13

Asexual cycle (hours) 48 (tertian) 48 (tertian) 48 (tertian) 72 (quartan) 24 (tertian)

Relapse No Yes* Yes* No† No

Chloroquine resistance Yes‡ Rare§ No No¶ No

Characteristic on thin  

blood film

Rings predominate,  

multiply infected RBCs, 

high parasitemia, rings 

with threadlike cytoplasm, 

double nuclei, banana-

shaped gametocytes

Enlarged RBCs,  

Schüffner dots,  

trophozoite cytoplasm 

ameboid, 12–24  

merozoites in mature 

schizont

Oval RBCs with fringed 

edges, Schüffner  

dots, trophozoites  

cytoplasm compact, 

6–16 merozoites in  

mature schizont

Trophozoite cytoplasm 

compact (band forms), 

6–12 merozoites in  

mature schizont,  

RBC unchanged

Similar to P. malariae, 

8–10 merozoites in  

mature schizont, often 

in rosette pattern with 

central clump of  

pigment

*Relapses may appear months to years after initial infection because of dormant hypnozoites in the liver.
†Although relapse does not occur, P. malariae can produce persistent infections that remain below detectable limits in the blood for 20–30 years 

or more.

‡P. falciparum resistance to sulfadoxine/pyrimethamine, mefloquine, halofantrine, and artemisinin has also been reported in some areas, along 

with partial resistance to quinine and quinidine.1–3

§P. vivax resistance to chloroquine now reported in some areas of Southeast Asia, Oceania (Ethiopia, Madagascar), and South America.4–16

¶Chloroquine-resistant P. malariae has also been reported in south Sumatra, Indonesia.17

secondarily transmitted by anopheline mosquitoes endemic in some 
industrialized countries, including the United States, Canada, and 
Southern Europe.

PATHOPHYSIOLOGY

P. falciparum accounts for the vast majority of severe malaria because of 
(1) its ability to infect RBCs of all ages, resulting in overwhelming para-
sitemia (up to 70% of RBCs); (2) its induction of adherence of parasit-
ized RBCs to the microvascular wall, with consequent obstruction;  
(3) its induction of severe metabolic derangements, both directly 

through glucose consumption and lactate production and indirectly 
through the induction of cytokines; and (4) the high prevalence of chlo-
roquine and multidrug resistance to P. falciparum in many parts of the 
world (see Table 123.2). Unlike the other species of malaria, P. falci-

parum causes decreased RBC deformability and the production of small 
protrusions, or “knobs,” on parasitized RBC membranes that mediate 
their adhesion to the venular endothelium (Fig. 123.2). These knobs are 
high-molecular-weight (.200 kD), strain-specific molecules displayed 
on the surface of infected RBCs. The best described of these is P. falci-

parum erythrocyte membrane protein 1 that plays a critical role in ma-
laria pathogenesis, including in evasion of the host immune system.60,61 
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The rupture of schizont-stage parasites exposes glycosylphosphati-
dylinositol anchors on the parasite and RBC surface that induce macro-
phages and other inflammatory cells to release a host of inflammatory 
mediators, including tumor necrosis factors, interleukin-1, and various 
kinins and reactive nitrogen intermediates.62–65 These cytokines play a 
role in up-regulation and activation of endothelial adhesion molecules 
such as ICAM-1 and E-selectin, enhancing cytoadherence of parasitized 
cells and mediating pathologic processes such as hypoglycemia, lactic 
acidemia, shock, gut mucosal damage, and increased permeability and 
neutrophil aggregation in the lung.

The sum total of this cascade is sequestration of parasitized RBCs in 
the microvasculature, where they are not only sheltered from removal 
but cause sluggish flow and obstruction, resulting in impaired oxygen 
delivery and organ dysfunction.62,65–67 The most profound effects are 
usually on the cerebral capillaries, although a host of tissues may be af-
fected, including the kidney, liver, spleen, placenta, intestine, lung, bone 
marrow, heart, and retina. Histopathologic changes are usually minimal, 
but ring hemorrhages and perivascular infiltrates sometimes develop at 
the sites of obstructed vessels, perhaps facilitated by thrombocytopenia 
because of splenic sequestration of platelets. Although subendocardial 
and epicardial hemorrhages have been noted at autopsy, myocarditis 
does not occur, and primary cardiac events are relatively rare in malaria.

In P. falciparum infection, acute pulmonary hypertension can be 
precipitated by nitric oxide consumption by free plasma hemoglobin 
released from intravascular hemolysis.68 Endothelial injury leading to 
increased alveolar permeability and noncardiogenic pulmonary 
edema also contributes. Autopsy studies have shown increased mark-
ers of endothelial activation (vWF and ANG-2) in patients with acute 
malaria-associated respiratory distress syndrome (MA-ARDS) com-
pared with infected and uninfected controls.69 Interstitial edema and 
inflammatory cell infiltrates are seen at autopsy, but sequestration of 
parasitized RBCs in the lung is not common.70 There is evidence, 

however, that P. falciparum erythrocyte membrane protein 1 interac-
tion with host endothelial cell receptors (e.g., ICAM-1 and endothe-
lial protein C receptor) plays a role in cytoadherence and pathogenesis 
of MA-ARDS.71

Parasitemia usually reaches a lower level in P. vivax infection be-
cause of a strong predilection for reticulocytes. Chronic exposure to  
P. vivax parasites may be sufficient to destroy the new reticulocytes 
and, over time, to reduce the population of mature RBCs, thereby 
contributing to severe anemia. This, combined with a lack of cytoad-
hesive properties of the infected cells, results in reduced microvascular 
obstruction and suggests different pathogenetic mechanisms to severe 
infection.72,73 The main pathogenesis of P. vivax is the result of higher 
cytokine production and endothelial activation caused by an increased 
guanine-cytosine DNA content in its genome and a higher associated 
content of Toll-like receptor 9-stimulating GpG motifs.74–76

The returned traveler exposed to P. vivax for a short period will rarely 
present with a severe or fatal infection unless there is an underlying con-
dition. However, in endemic regions, children with prolonged P. vivax 
infection resulting from frequent exposures and relapsing infections from 
the liver hypnozoites can present with profound anemia with subsequent 
high morbidity and mortality, particularly in the presence of malnutri-
tion and other causes of anemia.77 P. vivax anemia is exacerbated by 
splenic removal of uninfected RBCs, which occurs at a higher proportion 
compared with P. falciparum, although the removal mechanism is not 
well understood.50,78,79

In P. vivax infection, a cytokine-mediated inflammatory response 
in the pulmonary microvessels leads to increased alveolar permeability 
and fluid buildup. Because of a lower parasitic biomass, the effect of 
the hemolysis-associated nitric oxide depletion on pulmonary pres-
sures is minimal.72,76 There is greater inflammatory and endothelial 
activation per parasite in P. vivax compared with P. falciparum infec-
tions, and this likely contributes to MA-ARDS in the absence of other 

Ring
RBC invasion

Merozoite

Rupture 
schizont

Trophozoite

Physical effects 
of the parasite on

the host RBC

Metabolic effects
of the parasite

Knobs → cytoadherence
Loss of deformability

Glucose consumption
Hypoglycemia

Lactic acidemia

Microvascular
obstruction

Tissue hypoxia and
hypoglycemia
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Fig. 123.2 Pathogenesis of severe and complicated Plasmodium falciparum malaria. GPI, Glycosylphospha-

tidylinositol; RBC, red blood cell; TNF, tumor necrosis factor. (Modified from Krogstad D. Plasmodium species 

(malaria). In Mandell GL, Bennett JE, Dolin R, eds. Principles and Practice of Infectious Diseases, 5th ed. 

Philadelphia, PA: Churchill Livingstone; 2000.)
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risk factors specific to P. falciparum.80 In addition to the acute hemo-
lytic destruction of parasitized RBCs, the more chronic processes of 
removal of parasitized cells from circulation by the spleen and cyto-
kine inhibition of erythropoiesis may contribute.81

CLINICAL PRESENTATION

Malaria classically produces three stages of symptoms that progress 
over an 8- to 12-hour period, comprising a “paroxysm.” These corre-
spond and are attributable to the period of schizont rupture and ap-
pearance of ring forms (merozoites) in the blood, accompanied by the 
release of numerous host inflammatory mediators. The paroxysm clas-
sically begins suddenly with a “cold stage” in which the patient experi-
ences rigors and chills, often accompanied by headache, nausea, and 
vomiting. Intense peripheral vasoconstriction may result in pale, 
goosepimpled skin and cyanosis of the lips and nail beds. Within a few 
hours, the “hot stage” ensues, with high fever, flushed skin, throbbing 
headache, and palpitations. The paroxysm concludes with the “defer-
vescent stage,” consisting of a drenching sweat and resolution of the 
fever. The exhausted patient often then sleeps. Clinical deterioration 
with P. falciparum usually appears 3–7 days after onset of fever.

Although a classic periodicity is described for the different malaria 
species (see Table 123.2), this occurs only when the infection has per-
sisted untreated long enough to allow for synchronization of schizont 
rupture. Furthermore, schizont rupture tends to be asynchronous in P. 

falciparum and in most primary infections of any Plasmodium species. 
Therefore malaria may often result in persistently spiking fevers diffi-
cult to distinguish from fever produced by many other infections, and 
the absence of a classic paroxysm and periodicity should not be used 
to exclude the diagnosis. Paroxysms may be accompanied by cough, 
sore throat, myalgias, back pain, postural hypotension, abdominal pain, 
nausea, vomiting, diarrhea, and weakness. These flulike symptoms  

are more common in children and may lead to misdiagnoses. Rash  
and lymphadenopathy are not typical of malaria and suggest another 
diagnosis.

Severe and Complicated Malaria
Although all species of malaria may produce severe consequences in a 
debilitated patient, potentially fatal malarian which merits attention in 
an ICUn can be grouped into three categories: (1) severe complications 
of P. falciparum and, less commonly, P. vivax and P. knowlesi in nonim-
mune children and adults; (2) splenic rupture, which occurs most fre-
quently with P. vivax; and (3) chronic nephrotic syndrome caused by 
immune-complex nephritis associated with P. malariae, usually seen in 
children and often complicated by overwhelming bacterial infection. 
The first category is responsible for the vast majority of severe disease 
worldwide (Box 123.1). There is emerging evidence that P. knowlesi can 
also cause severe fatal malaria and should be treated in an ICU setting.33

Cerebral Malaria
Cerebral malaria is the most frequent severe complication of plasmo-
dium infection, accounting for most fatalities and chronic sequelae. It is 
most frequent in children of 3–5 years of age. Strictly defined, cerebral 
malaria implies unarousable coma caused by P. falciparum. Hyperpy-
rexia and febrile convulsions in young children may produce transiently 
altered mental status without true involvement of the cerebral microvas-
culature and do not constitute cerebral malaria. However, in clinical 
practice, seizures or persistent changes in sensorium that cannot be at-
tributed to other disease processes should be considered cerebral malaria 
until proven otherwise. Although cerebral malaria is classically attrib-
uted to cytoadhesion and microvascular obstruction in the brain, other 
ongoing processes, including hypoglycemia, metabolic acidosis, and 
impaired oxygenation caused by anemia and pulmonary edema, also 
contribute.

Box 123.1 Clinical and Laboratory Features That Classify a Patient as Suffering From Severe 
Plasmodium falciparum Malaria* According to the World Health Organization

Clinical Features

Impaired consciousness (including unarousable coma); Glasgow Coma Score ,11 in adults or a Blantyre coma score ,3 in children

Prostration: generalized weakness so that the patient is unable walk or sit up without assistance

Multiple convulsions (more than two episodes in 24 hours

Pulmonary edema: radiologic evidence or oxygen saturation ,92% on room air with a respiratory rate .30/min

Respiratory distress (severe acidosis): rapid, deep, labored breathing

Circulatory collapse or shock, systolic blood pressure ,80 mm Hg in adults and ,70 mm Hg in children, with evidence of impaired perfusion (cool peripheries or 

prolonged capillary refill)

Clinical jaundice plus evidence of other vital organ dysfunction

Abnormal spontaneous and significant bleeding

Laboratory Findings

Hypoglycemia (blood glucose ,2.2 mmol/L or ,40 mg/dL)

Metabolic acidosis; base deficit of .8 mEq/L, plasma bicarbonate ,15 mmol/L, or venous plasma lactate .5 mmol/L.

Severe normocytic anemia (hemoglobin #5 g/dL, hematocrit #15% in children ,12 years of age (,7 g/dL and ,20%, respectively, in adults) with a parasite count 

.10,000/mL;

Jaundice: plasma or serum bilirubin .50 mmol/L (3mg/dL) with a parasite count .100,000/mL

Hyperparasitemia: .10%

Renal impairment: serum creatinine .265 mmol/L (3mg/dL) or blood urea .20 mmol/L)

(From World Health Organization. (2012). Management of severe malaria: a practical handbook, 3rd ed.. World Health Organization. https://apps.

who.int/iris/handle/10665/79317

* For severe P. vivax malaria, the same criteria are used as for P. falciparum malaria but with no parasite density thresholds. Likewise, severe 

P. knowlesi malaria is defined as for falciparum malaria but with two differences: (1) P. knowlesi hyperparasitemia: parasite count .100,000/mL 

and (2) jaundice and parasite count .20,000/mL.
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The altered sensorium of cerebral malaria may develop gradually 
within a few days of onset of illness or manifest as persistent coma 
after a generalized convulsion. Compared with adults, children with 
cerebral malaria have a shorter history of fever before progressing to 
coma (average about 2 days). The most common neurologic picture is 
of a diffuse symmetric encephalopathy with hypertonia and hyperre-
flexia. Pupils are usually symmetric with intact pupillary, corneal, ocu-
locephalic, and oculovestibular reflexes. Gag reflex is usually intact. In 
severe cases, clonus, opisthotonos, disconjugate gaze, nystagmus, sixth 
nerve palsy extensor Babinski responses, occasional signs of frontal 
lobe release such as a pout reflex or bruxism, and decorticate or decer-
ebrate posturing can occur.82,83 Mild neck stiffness may occur, but 
meningismus, severe neck rigidity, photophobia, and papilledema are 
almost never seen.83

Seizures may occur in up to 50% of cases of cerebral malaria. 
Among children ages above 3–4 years, seizures are increasingly likely to 
represent cerebral malaria rather than febrile convulsions.84 Although 
generalized seizures are typical, partial motor seizures, with or without 
secondary generalization, may occur.85 Electroencephalogram (EEG) 
studies may sometimes reveal underlying status epilepticus even when 
it is not clinically evident.82

Pulmonary Edema and Malaraia-Associated Acute 
Respiratory Distress Syndrome
Pulmonary complications occur in up to 30% of patients with severe 
malaria, especially pregnant women, nonimmune persons, and pa-
tients already suffering from other complications.70 The onset may be 
any time during the course of illness, even if the patient appears to be 
improving and parasitemia has decreased. Symptoms include dyspnea 
and cough, with rapid progression to hypoxia and respiratory distress. 
Pulmonary edema, which may progress to MA-ARDS, is frequent and 
typically the most lethal of the complications of malaria globally. MA-
ARDS is most commonly associated with P. falciparum, P. vivax, and 
P. knowlesi, but has been seen with all malaria species.84,86 Pulmonary 
complications are seen in about 5% of hospitalized patients with  
P. vivax infection.87

Anemia and Hematologic Perturbations
Although some degree of anemia is common in all types of malaria, 
severe anemia (hemoglobin less than 5 g/100 mL) occurs mostly with 
P. falciparum and P. vivax. In P. falciparum infection, it is most com-
mon and often severe in pregnant women and young children (,1 
year), in whom it may be the presenting sign.88,89 In addition to the 
acute hemolytic destruction of parasitized RBCs, the more chronic 
processes of removal of parasitized cells from circulation by the spleen 
and cytokine inhibition of erythropoiesis may contribute.81 Nonim-
mune subjects may develop anemia within days after infection, but 
usually more slowly in those who are semi-immune.

In P. vivax infection, profound anemia is seen in young children 
from high-endemic areas and results from several pathogenic processes, 
including frequent hemolysis because of relapsing infection, increased 
fragility of infected and uninfected reticulocytes, high splenic removal 
rate of uninfected RBCs (four times higher than in P. falciparum), and 
recrudescence of chloroquine-resistant parasites.78

The degree of anemia generally correlates with bilirubin level and 
level of parasitemia. It may be exacerbated by underlying glucose- 
6-phosphate dehydrogenase deficiency in the setting of administration 
of oxidant antimalarial drugs (e.g., quinine, sulfadoxine) and iron-
deficiency anemia resulting from malnutrition or soil-transmitted 
helminthiases. Delayed hemolytic anemia can also occur in patients 
treated with parenteral artesunate.89 Significant jaundice and hemo-
globinuria may result. Thrombocytopenia, although frequent, is not 

usually associated with bleeding or correlated with disease severity. 
Disseminated intravascular coagulation (DIC) has been reported, but 
in less than 10% of severe cases.

Acute Kidney Injury
Acute kidney injury (AKI) is seen in about 30% of nonimmune adult 
patients with cerebral malaria and may result in electrolyte abnor-
malities such as hyponatremia, hypocalcemia (usually related to albu-
min loss), hypophosphatemia, and metabolic acidemia, in addition to 
fluid overload with pulmonary edema. For unclear reasons, AKI is rare 
in semi-immune persons. It is usually the result of acute tubular necro-
sis, is oliguric in nature (,400 mL urine/24 hr for adults), and is most 
often reversible. Renal ischemia caused by hypovolemia, renal vaso-
constriction, microvascular obstruction, and pigment nephropathy 
from hemolysis may all contribute. AKI occurs mainly with P. falci-

parum, but it is also described with P. vivax and P. malariae. It was 
previously thought to be uncommon in children, but this idea has 
been challenged by more recent studies showing almost two-thirds of 
children to have AKI on presentation or to develop AKI while hospital-
ized with severe malaria.90 Classically, AKI has been a sign of poor 
prognosis,84,91,92 but this may be the result of underrecognition and 
limited resources, because smaller studies have shown good renal re-
covery with limited excess mortality.93

Blackwater fever refers to a severe syndrome characterized by low or 
absent parasitemia, intravascular hemolysis, hemoglobinuria, and AKI. 
It is classically seen in people of Northern European descent chroni-
cally exposed to P. falciparum and irregularly taking the quinoline an-
timalarial drugs quinine or quinidine (see later), which together are 
known as the cinchona alkaloids. The syndrome virtually disappeared 
after 1950 when chloroquine superseded quinine. However, it is now 
said to be resurgent, albeit with lower mortality, in relation to mount-
ing chloroquine resistance and consequent increased use of quinine, 
and other newer antimalarials.94

Hypoglycemia, Lactic Acidosis, and Other Metabolic 
Perturbations
Severe metabolic derangements are frequent, especially in pregnant 
women and young children. Although sometimes asymptomatic in 
pregnancy, malaria-induced hypoglycemia (blood or plasma glucose 
,2.2 mmol/L) often causes convulsions and impaired consciousness 
and may be confused with cerebral malaria. The pathogenesis is not 
completely known and likely multifactorial, but direct glucose con-
sumption by the malaria parasite and cytokine inhibition of gluco-
neogenesis seem to be the main mechanisms. Decreased oral intake, 
depletion of liver glycogen, and insulin release stimulated by quinine 
or quinidine may also contribute.95,96 Hypoglycemia has been found 
to be less frequent with artesunate treatment compared with qui-
nine.97 Serum insulin levels are low, and lactate, alanine, and counter-
regulatory hormones are appropriately elevated. Although rarely 
clinically significant, mild hepatocellular damage may occur and be 
manifested by elevated hepatic transaminases and jaundice. At least 
theoretically, such hepatic dysfunction could result in impaired meta-
bolic clearance of antimalarial medications and lactate and deficits in 
the production of coagulation factors and albumin.

Shock and Bacterial and Other Suprainfection
So-called algid malaria, referring to hypotension and shock, may re-
semble and indeed sometimes be the result of gram-negative sepsis from 
impaired flow in intestinal capillaries, with resultant mucosal erosion. 
Algid malaria is often seen in the setting of hyperparasitemia, with con-
comitant hypoglycemia and lactic acidemia, and may progress to multi-
organ system failure and death. As with most malaria complications, 
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severe hemodynamic derangements are most often seen in nonimmune 
persons.98 Whether bacteria are isolated or not, a classic septic shock 
picture is typical, with elevated cardiac index and decreased systemic 
vascular resistance.99 Hypovolemic shock resulting from splenic rupture 
may mimic algid malaria.

A host of infectious complications, including sepsis, aspiration 
pneumonia, and parvovirus infection, may be related to P. falciparum 
malaria. Nontyphoidal Salmonella septicemia, exacerbated by the iron-
rich intravascular environment of hemolysis, is specifically associated 
with P. falciparum.100 Malaria occurs with increasing frequency and 
severity in those who are HIV-infected, especially during pregnancy, 
and can also transiently up-regulate HIV replication.101–107 An associa-
tion between severe malaria infection and hepatitis B virus carriage has 
also been noted.108 Other infections, such as dengue virus and bactere-
mia, or noninfectious processes may trigger relapses of P. vivax and 

P. malariae infections.

Tropical Splenomegaly and Splenic Rupture
Splenomegaly is common in infection with all species of malaria. The 
tropical splenomegaly syndrome, also sometimes termed hyperreactive 

malarial syndrome, refers to a condition of massive splenomegaly, high 
titers of total serum immunoglobulin M (IgM) and malaria-specific 
antibodies, and scant or absent parasitemia. It is seen in individuals with 
a history of residence in an endemic area and can be associated with any 
malaria species. Host genetic factors appear to play a role.109–111

Unlike virtually all the other complications of malaria that are most 
often associated with P. falciparum, acute splenic complications occur 
most commonly in P. vivax, especially with the first infection. Al-
though the term spontaneous splenic rupture has traditionally been 
used, in reality a range of hematomas or tears of varying severity may 
occur. The rupture or tear usually occurs 2–3 months after infection, 
presumably because of increased intrasplenic tension, often precipi-
tated by varying degrees of trauma or mechanical ventilation.112 Fever, 
tachycardia, vomiting, prostration, abdominal pain or guarding, ten-
der splenomegaly, hypovolemia, and rapidly worsening anemia are 
common presenting features. Abdominal pain may be localized or dif-
fuse, mild or severe. Shock may ensue. Diaphragmatic irritation after 
rupture may cause referred pain to the left shoulder, supraclavicular, or 
scapular regions, known as the Kehr sign. This is present in about one-
half of cases and is said to have good specificity for rupture.

Malaria in Pregnancy and Neonates
In addition to being more susceptible to infection, malaria is particu-
larly dangerous in pregnant women and their fetuses, with increased 
risk of pulmonary edema, hypoglycemia, severe anemia, premature 
delivery, low birth weight, and maternal and fetal death. Malaria para-
sites can often be found in the placenta and may impair oxygen and 
nutrient transport to the fetus. Placental thickening and decreased 
transplacental nutrient and hormone production occur, which can 
result in uterine and placental blood flow reduction and intrauterine 
growth restriction.113 Disease is most severe in primiparae, especially if 
nonimmune. In contrast, women from endemic areas are often asymp-
tomatic, with the exception of the effects of anemia, which are more 
severe in primiparae.

Congenital malaria is vertically transmitted when malaria para-
sites cross the placenta, or via direct contact at the time of delivery. 
Congenital malaria is not as rare as previously thought in endemic 
areas, with a recent meta-analysis showing a rate of 6.8%, but with 
significantly higher prevalence in areas of unstable malaria preva-
lence.114 Malaria may be symptomatic or asymptomatic in newborns 
with nonspecific signs requiring a high index of suspicion and ap-
propriate testing.115

DIAGNOSIS

Clinical
Malaria often presents with nonspecific signs and symptoms, so mak-
ing a clinical diagnosis may be difficult. Furthermore, although almost 
all patients have a history of fever, they may be afebrile at the time of 
examination.116–118 Physicians in industrialized countries who are un-
familiar with the disease may initially neglect to include malaria in the 
differential diagnosis, resulting in delayed diagnosis, which is associ-
ated with a poor outcome.33,119 Only slightly more than half of severe 
malaria cases in the United States receive appropriate treatment.120 
Most patients with P. falciparum malaria present within 1 month of 
exposure (see Table 123.2). Longer incubation periods may be seen in 
semi-immune persons or in those who have taken partial chemopro-
phylaxis. P. vivax and P. ovale infections can manifest later, months or 
even years after initial infection, because of reactivation of liver hypno-
zoites.121–124

The differential diagnosis includes most febrile illnesses found in 
the tropics (see Table 123.1). Babesiosis may present both clinically 
and microscopically similar to malaria in patients with travel to Lyme-
endemic areas. Cerebral malaria must be distinguished from bacterial 
meningitis, viral meningoencephalitides, metabolic coma, and intoxi-
cations, usually necessitating a lumbar puncture.125,126 Lumbar punc-
ture has been shown to be generally safe in comatose patients with 
suspected cerebral malaria, even if there are signs of raised intracranial 
pressure.127 In cerebral malaria, the cerebrospinal fluid (CSF) opening 
pressure is usually normal, although a few lymphocytes and moderate 
elevation of protein may be seen. High CSF lactate and low glucose 
indicate a poor prognosis.

Conventional Microscopy
Laboratory diagnosis has traditionally been via light microscopy of 
thick and thin Giemsa-stained smears. Thick smears are more sensi-
tive, whereas thin smears allow identification of the specific parasite 
and accurate staging of visible forms. Either smear can be used to 
quantify the level of parasitemia, but thick smears are theoretically 
more sensitive for this purpose.128,129 In addition to diagnosis, parasite 
quantification, and species identification, microscopy allows the clini-
cian to monitor the response to treatment via decreased parasitemia 
and evaluate parasitic markers of disease severity, such as the presence 
of schizonts in P. falciparum infection.130,131

Smears should be taken as soon as the diagnosis of malaria is con-
sidered, without waiting for manifestation of a classic paroxysm. Blood 
obtained by pricking a fingertip or earlobe is preferred because para-
site densities are higher in these capillary-rich areas, although blood 
obtained by venipuncture collected in heparin or ethylenediaminetet-
raacetic acid (EDTA) anticoagulant-coated tubes is acceptable if used 
shortly after being drawn before possible alteration in the morphology 
of white blood cells and malaria parasites.132,133

Parasitemia may be undetectable in the early stages of the illness in 
those with partial immunity and/or who have already taken antimalarials, 
a common practice in malaria-endemic areas.134 Levels of parasitemia 
may fluctuate over time, necessitating repeated smears for diagnosis. 
Furthermore, P. falciparum–parasitized RBCs may be sequestered in the 
deep capillaries of the spleen, liver, and bone marrow and thus not visible 
in peripheral blood. In these cases, a positive antigen test (see later) may 
yield the diagnosis.

Although a blood film is unlikely to be falsely negative in a patient 
with severe disease, negative smears should not prevent prompt admin-
istration of antimalarial therapy if the diagnosis is strongly suspected.48 
Nonimmune individuals may be symptomatic at low parasitemia, and 
so blood smears should be repeated every 12–24 hours for a total of 
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three sets before malaria can be excluded.135 Conversely, asymptomatic 
parasitemia is common in children from endemic areas, and thus a 
positive smear does not necessarily signify malaria as the cause of dis-
ease under these circumstances.

Considerable expertise at reading malaria smears may be necessary 
to detect and distinguish the parasites (see Table 123.2). An experi-
enced technician can detect parasitemia as low as 4–20 parasites/mL of 
blood (0.0001%–0.0005% parasitemia).136,137 P. knowlesi may often be 
misdiagnosed as P. falciparum or P. malariae because of similar mor-
phology.138 Superimposed platelets, particles of stain, pits in the slide, 
RBC inclusions such as Howell-Jolly bodies and those seen in sidero-
cytes, and other intracellular pathogens such as Bartonella and Babesia 
must also be distinguished from malaria parasites. Alterations in para-
site morphology may occur related to strain variation, drug pressure, 
and blood collection methods.

Rapid Diagnostic Tests and Other Newer Laboratory 
Methods
Various new diagnostic techniques for malaria have been developed in 
recent years, including dipstick antigen detection (i.e., rapid diagnostic 
test [RDT]), microscopy with fluorescent stains, DNA probes, poly-
merase chain reaction (PCR) assays, and automated blood cell analy-
sis.128,129,139–144 Use of one of these new diagnostic modalities should be 
considered when a high suspicion of malaria remains despite repeat-
edly negative blood smears, especially if the microscopist has limited 
experience with reading malaria smears. Each technique has unique 
advantages and disadvantages, but the sensitivity and specificity for  
P. falciparum are generally similar or better than conventional micros-
copy. Because of its greater sensitivity (as low as 5 parasites/mL), PCR 
may be a particularly valuable tool in nonimmune persons. PCR also 
allows evaluation for possible infection with multiple malaria strains 
and determination of drug resistance.

Although they have not completely replaced microscopy in low- 
resource settings, RDT use is increasingly common in many areas of  
the world.145 RDTs are fast (usually have a result in less than 30 minutes) 
and easy to perform, with sensitivities and specificities comparable  
to microscopy for P. falciparum, depending on the specific product and 
level of parasitemia. Sensitivity and specificity are lower for P. vivax 

and when the parasitemia is less than 100 parasites/mL, regardless of the 
species.

RDTs generally detect one or more of three malaria antigens:  
P. falciparum histidine-rich protein 2 (PfHRP2), Plasmodium lactate 
dehydrogenase (pLDH), and aldolase. PfHRP2 is specific for P. falci-

parum, whereas pLDH and aldolase are common to all Plasmodium 
species. RDTs that rely on lactate dehydrogenase or aldolase are not 
sufficiently sensitive for detecting P. vivax and may miss infections 
because of lower parasitemia.146 No RDT reliably detects P. knowlesi. 
RDT sensitivity for any Plasmodium parasite is diminished when para-
sitemia is less than 100 parasites/mL. RDTs based on pLDH detection 
can be used to determine the efficacy of drug therapy because this 
antigen disappears rapidly after parasite clearance relative to other 
antigens detected by RDTs. However, most licensed and available RDTs 
should not be used for patient monitoring, given the longevity of se-
rum antigenemia even with adequate treatment.147 False-negative 
malaria RDT results may occur because of a prozone-like effect in high 
parasitemia, or because of PFHRP2 mutations or deletions leading to 
reduced or absent production of this antigen by P. falciparum, the in-
cidence of which is rising and worrisome. There is currently no RDT 
specific for P. knowlesi detection, and cross-reaction with P. falciparum 
and P. vivax pLDH antibodies has been described. No RDT has suffi-
cient negative predictive value to justify withholding treatment in se-
vere illness.148–150

In the United States, both microscopy and RDTs are recommended. 
Although a large number of malaria RDTs have been approved for use 
globally in recent years, only one is currently approved in the United 
States: BinaxNOW Malaria (Inverness Medical, Princeton, NJ), which 
detects both PFHRP2 and aldolase, with a reported sensitivity of 94% 
for P. falciparum and 84% for non–P. falciparum malaria.151,152

Molecular testing (e.g., PCR) is generally limited to research and 
epidemiologic purposes, but it does have a role in select clinical situa-
tions.153 The U.S. Centers for Disease Control and Prevention offers 
PCR testing for species confirmation and identification of drug-resis-
tance mutations. It should be requested if P. knowlesi is suspected, 
given the challenges with diagnosis outlined earlier, in the case of mi-
croscopy-RDT discordance, and in situations where aberrant mor-
phologies are noted microscopically. PCR has a theoretical limit of 
detection of 0.02–1 parasite/mL, far better than conventional micros-
copy.154 It therefore can serve an important role in nonimmune pa-
tients with low parasitemia or in placental malaria, in which there is 
significant sequestration and sensitivity of light microscopy is low.155,156 
Research continues on a number of biomarkers that could help distin-
guish malaria from bacterial and viral diseases.

Imaging
Computed tomography (CT) or magnetic resonance imaging (MRI) 
scanning of the abdomen is the usual diagnostic modality when 
splenic rupture is considered, although ultrasonography, angiography, 
or exploratory laparotomy sometimes may be needed. Findings such as 
increased brain volume and occasionally brain swelling have been 
noted in CT and MRI studies in cerebral malaria, but these tests are 
generally unhelpful clinically and are indicated only to rule out sus-
pected mass lesions when the diagnosis of cerebral malaria is uncer-
tain.157 Chest imaging may be helpful for identification of MA-ARDS, 
but there are generally no specific features on imaging to help narrow 
the diagnosis.

CLINICAL MANAGEMENT

Indications for Admission to the Intensive Care Unit and 
General Management
Features that indicate severe disease meriting admission to an ICU and 
urgent intravenous (IV) therapy are noted in Box 123.1. Treatment 
should follow current septic shock guidelines in terms of fluid resusci-
tation and vasopressor use.158 For patients in profound shock, blood 
cultures should be drawn and broad-spectrum antibiotics begun un-
less the diagnosis of severe malaria has already been confirmed and 
bacterial coinfection ruled out.

Careful attention to fluid balance is imperative, especially consider-
ing the very poor prognosis once pulmonary edema or MA-ARDS 
develops. Monitoring of central venous pressure should be considered 
in critically ill patients. In patients with stable blood pressure and car-
diac output, careful fluid maintenance with regular assessment of tis-
sue perfusion as a therapeutic endpoint seems to be more beneficial 
than liberal fluid resuscitation to minimize the risk of acute pulmo-
nary edema.159,160

Hemofiltration or hemodialysis or peritoneal dialysis are indicated 
for severe AKI and may aid not only through improved fluid and elec-
trolyte balance and control of acidemia but also via removal of circu-
lating cytokine mediators of inflammation.161,162 Increasing evidence 
suggests peritoneal dialysis may be a safe and effective alternative to 
hemodialysis in resource-limited settings.163–165 Cautious transfusion 
of packed cells is usually indicated when the hematocrit falls below 
20% or Hb ,7 g/dL, as extrapolated from other large trials around the 
topic.166 In addition to improved oxygen transport, blood transfusion 
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may reduce the parasite load and cytokine mediators of inflamma-
tion.116,167 Concurrent administration of diuretics with blood products 
may be warranted to avoid fluid overload. Use of low-dose dopamine 
and epinephrine have not been associated with significant improve-
ment in renal oxygen metabolism or function, but these or other intra-
vascular vasoactive medications may be needed to support patients 
with hypotension and/or signs of shock.168

Increasing respiratory distress may indicate the onset of MA-
ARDS. Arterial blood gas or pulse oximetry measurements may reveal 
hypoxemia, and chest imaging (x-ray, ultrasound, CT) may reveal bi-
lateral infiltrates. Evidence of cardiogenic pulmonary edema suggests 
an alternative diagnosis. Supplemental oxygen and mechanical ventila-
tion may be required. Lung-protective ventilation, with tidal volume of 
6 mL/kg predicted body weight and plateau pressures less than 30 cm 
H2O, are indicated for improved survival.70,169 Extracorporeal oxygen-
ation has also been employed.170–173 Metabolic acidosis should be 
treated by improving pulmonary gas exchange, correcting hypovole-
mia and hypoglycemia, and treating associated septicemia. Careful 
monitoring of serum potassium with appropriate supplementation is 
warranted, especially when correcting acidosis. Blood glucose should 
be checked at least every 6 hours, especially in pregnant patients, and 
50% dextrose administered when needed. Results of studies on the ef-
ficacy of continuous IV infusion of 5% dextrose have been mixed.174,175 
If a quinoline is the selected antimalarial, it should be administered 
with dextrose to avoid quinine-induced hypoglycemia.176 Once hypo-
glycemia is ruled out as the etiology, acute seizures should be treated 
with IV benzodiazepines as preferred first-line therapy. Phenobarbital 
is an alternative if benzodiazepines are unavailable but has a slower 
administration time and potentially longer duration of action. Pro-
longed seizures can be treated with phenytoin, fosphenytoin, valproic 
acid, or levetiracetam, with phenobarbital as an alternative second-line 
agent if none of the other agents are available.82,177,178 Prophylactic 
anticonvulsants are not recommended and may be harmful.158 Al-
though the risk of bleeding is low, aspirin and nonsteroidal antiinflam-
matory drugs should be avoided in the presence of thrombocytopenia. 
Many patients with splenic rupture can be managed conservatively 
with supportive therapy, although splenectomy may be necessary.109,179

When malaria occurs during pregnancy, an ultrasound should be 
performed to assess amniotic fluid volume, fetal size, and fetal well-
being (i.e., biophysical profile). In late pregnancy, fetal monitoring 
should be initiated before treating with quinoline therapy so that the 
effects of the disease can be distinguished from those of drug toxic-
ity.180 Early obstetric intervention may be considered for the benefit of 
both mother and fetus at the discretion of the obstetrician. Although 
fetal distress is usually the result of placental insufficiency, it may 
sometimes be related to high maternal temperature and hypoglycemia. 
Thus these parameters should be carefully monitored and treated ac-
cordingly. Fluid balance is particularly crucial in pregnant patients 
because the sudden increase in peripheral vascular resistance postpar-
tum may precipitate pulmonary edema. In young children prone to 
febrile convulsions, extra efforts should be made to control fever by the 
use of acetaminophen, cooling blankets, and baths.

Antimalarial Chemotherapy
Because delay of therapy is associated with increased mortality, em-
pirical parental treatment should be implemented immediately in all 
suspected cases of severe malaria after obtaining appropriate blood 
specimens. Infection with chloroquine-resistant P. falciparum should 
be assumed unless specifically ruled out. Treatment regimens for se-
vere P. falciparum are also effective for the more infrequent cases of 
severe malaria caused by other species.

Two classes of medicines are indicated for parenteral treatment: the 
artemisinin derivatives (artesunate, artemether) and the cinchona al-
kaloids (quinine, quinidine) (Table 123.3). Large randomized trials 
and a Cochrane systematic review have shown that artesunate is supe-
rior to quinine for severe malaria in both adults and children.181,182 IV 
or intramuscular (IM) artesunate is the World Health Organization 
(WHO) first-line recommended drug for severe malaria and should be 
administered for at least 24 hours even if there is early improvement. 
If IV or IM artesunate is not available, IM artemether should be con-
sidered in preference to quinine for both adults and children with se-
vere malaria. After 24 hours, and if patients are able to tolerate oral 
therapy, they may be transitioned to one of three recommended oral 
artemisinin-based combination therapies (ACTs) to complete a total 
of 3 days (see Box 123.1). If not possible to treat with one of the three 
recommended ACT regimens, oral artesunate can be combined with 
either clindamycin or doxycycline, or oral quinine plus either clinda-
mycin or doxycycline can be used for a total of 7 days for both drugs. 
Doxycycline is preferred to other tetracyclines because it can be given 
once daily and does not accumulate in renal failure. Doxycycline is 
contraindicated, and thus clindamycin preferred, in children and preg-
nant women (see Box 123.1). The dosage of artemisinin compounds 
does not need to be adjusted for patients with AKI or hepatic dysfunc-
tion, and artemisinin compounds do not need dose adjustment with 
hemodialysis or hemofiltration. This is not true of quinine, which ac-
cumulates in renal failure and must be dose adjusted.

Despite its use throughout much of the world, artesunate has not 
been licensed in many industrialized countries. In the United States, 
artesunate was approved for use in 2020 but is not widely available.183 
The drug can be procured through the U.S. Centers for Disease Con-
trol and Prevention (770-488-7788).184,185 If artemisinin is unavailable, 
parenteral quinine or quinidine gluconate can be used as an alterna-
tive, although these drugs are no longer widely available in the United 
States.183,185,186

There is increasing artesunate resistance in the Greater Mekong area 
after first being described in Western Cambodia in 2008.187–190 Cin-
chona alkaloids may also be considered in patients infected from coun-
tries where resistance to artemisinin compounds has been documented. 
Currently, guidance is to administer both IV artesunate and IV quinine 
for severe malaria from the Greater Mekong region, although this is 
based on expert opinion rather than evidence.191 Combination therapy 
with dihydroartemisinin and piperaquine for resistant malaria has been 
used, with mixed results.192,193 Chloroquine and sulfadoxine/pyrimeth-
amine are not recommended for treatment of severe malaria.

Adverse Effects of Therapy

Artemisinin compounds are generally well tolerated. Infrequent ad-
verse effects include mild abdominal pain, diarrhea, contact dermati-
tis, decreases in reticulocyte and neutrophil counts, and elevated he-
patic transaminases.194,195 Severe allergic reactions and cerebellar 
dysfunction have been rarely reported.196 In nonimmune adult travel-
ers with high parasitemia, delayed hemolysis has been described after 
administration of parenteral artesunate, and thus patients treated with 
this compound should be monitored for anemia for 1 month post-
treatment.88,197–199

Adverse effects of quinine and quinidine, known as cinchonism, are 
common and typically include nausea, vomiting, headache, dysphoria, 
vasodilation, tinnitus, and changes in auditory and visual acuity. These 
alterations are dose related and reversible. Less common side effects 
include rash, urticaria, angioedema of the face, pruritus, agranulocyto-
sis, hepatitis, blackwater fever, and psychiatric disorders.200 Overdoses 
are associated with depressed respiration, circulatory collapse, and 
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TABLE 123.3 Treatment Guidelines for Severe Plasmodium falciparum Malaria

Drug Dose Comments

Artemisinin Compounds

Artesunate

Artemether

2.4 mg/kg IV bolus at 0, 12, 24 hr, then daily until patient is able to tran-

sition to the following oral regimen:

 1. Artemether 1 lumefantrine: tablets containing 20 1 120 mg, or 40 1 

240 mg of artemether and lumefantrine, respectively

• Adults: $35 kg: 80 1 480 mg twice daily for 3 days

• Children:

5 to ,15 kg: 20 1 120 mg twice daily for 3 days

15 to ,25 kg: 40 1 240 mg twice daily for 3 days

25 to ,35 kg: 60 1 360 mg twice daily for 3 days

 2. Artesunate 1 amodiaquine: A fixed dose of combination tablets con-

taining 25 1 67.5 mg, 50 1 135 mg, or 100 1 270 mg of artesunate 

and amodiaquine, respectively

• Adults $36 kg, 200 1 540 mg daily for 3 days

• Children:

4.5 to ,9 kg: 25 1 67.5 mg daily for 3 days

9 to ,18 kg: 50 1 135 mg daily for 3 days

18 to ,36 kg: 100 1 270 mg daily for 3 days

 3. Dihydroartemisinin (DHA) 1 piperaquine (PPQ): tablets containing 

20 1 160 mg, or 40 1 320 mg of DHA and PPQ, respectively

• Adults:

36 to ,75 kg: 120 1 960 mg daily for 3 days

$75 kg: 160 1 1280 mg daily for 3 days (no data on dose recom-

mendation above 100 kg)

• Children:

5 to ,7 kg:10 1 80 mg daily for 3 days

7 to ,13 kg: 20 1 160 mg daily for 3 days

13 to ,24 kg: 40 1 320 mg daily for 3 days

24 to ,36 kg: 80 1 640 mg daily for 3 days

 4. Artesunate or quinine PO to complete 7 days PLUS doxycycline, 100 mg 

PO BID 3 7 days

 5. Artesunate or quinine PO to complete 7 days PLUS clindamycin, 20 mg 

base/kg/d PO, TID 3 7 days

Initial dose: 3.2 mg/kg intramuscularly (IM) (anterior tight); maintenance 

dose: 1.6 mg/kg IM daily until patient is able to transition to oral regi-

men as describe earlier for artesunate

Artesunate has recently been approved by the FDA in the 

United States, but until widely stocked, it remains available 

from the CDC (770-488-7788) via expanded use investiga-

tional new drug protocol. Eligibility requirements include in-

ability to take oral medications, high levels of parasitemia, 

clinical evidence of severe malaria, intolerance of or contra-

indication to quinidine, failure of quinidine therapy, and lack 

of rapid access to quinidine.86 Where available, artesunate 

rectal suppositories (10 mg/kg) may be used in children ,5 

years of age if IV or IM administration is not possible. Dox-

ycycline is contraindicated in children ,8 years of age and 

in pregnancy. Atovaquone/proguanil is packaged in the 

United States in fixed-dose combination tablets of 250 mg 

atovaquone/100 mg proguanil for adults and 62.5 mg atova-

quone/25 mg proguanil for children. Safety of atovaquone/

proguanil in pregnancy has not been established.

Cinchona Alkaloid Regimens

Quinine dihydrochloride 20 mg salt/kg IV or IM on admission, then 10 mg/kg q8h. Can be given 

IM if IV administration is not possible. One of the following drugs 

should also be given concurrently:

 1. Artemisinin combination therapy as noted earlier

 2. Doxycycline as noted earlier. If patient unable to take PO, give 

100 mg IV q12h and switch to PO when possible. Avoid rapid IV  

administration.

 3. Clindamycin as noted earlier. If patient unable to take PO, give 

10 mg base/kg loading dose IV followed by 5 mg base/kg IV q8h 

and switch to PO when possible. Avoid rapid IV administration.

The infusion rate of IV quinine should be rate controlled and 

not exceed 5 mg salt/kg/hr. The drug is usually diluted in 

5% dextrose and infused over 4 hours. IV quinine is not 

available in the United States. When administering IM, the 

dose should be split and diluted to a concentration of 60–

100 mg/kg delivered to each thigh. Reduce the quinine dose 

by one-third (to 10 mg salt/kg every 12 hours) after 48 

hours in patients with severe renal and/or hepatic dysfunc-

tion. Doxycycline is contraindicated in children ,8 years 

old and in pregnancy.

Quinidine gluconate 6.25 mg base/kg (510 mg salt/kg) IV on admission over 1–2 hours, then 

0.0125 mg base/kg/min (50.02 mg salt/kg/min) continuous infusion. 

An alternative regimen is 15 mg base/kg (524 mg salt/kg) loading dose 

IV infused over 4 hours, followed by 7.5 mg base/kg (512 mg salt/kg) 

infused over 4 hours q8h, starting 8 hours after the loading dose. A sec-

ond drug should be given concurrently as listed earlier for quinine.

The loading dose should be omitted if the patient received 

.40 mg/kg quinine in the preceding 48 hours or mefloquine 

in the previous 12 hours. Reduce the dose by one-third  

after 48 hours in patients with severe renal and/or hepatic 

dysfunction.
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central nervous system (CNS) alterations, including seizures and 
coma, which may be difficult to distinguish from cerebral malaria.201 
Simultaneous use of two quinolines or retreatment with the same 
quinoline within a short period may predispose to severe side ef-
fects.202 The cinchona alkaloids are metabolized in the liver and ex-
creted in the urine. Monitoring blood levels is recommended for per-
sons with impaired renal or hepatic function, and dose reduction is 
necessary in those with severe renal impairment. Quinine metabolism 
appears to be decreased in children with kwashiorkor but increased in 
those with marasmus.203

Although often not clinically significant, prolongation of the elec-
trocardiographic QT interval with IV quinoline therapy is common.204 
Severe conduction abnormalities may occur along with hypotension, 
blindness, and deafness.204 Dysrhythmias and hypotension may also 
result from overly rapid infusion and can be fatal. Coma may result 
when serum quinoline levels exceed 20 mg/L. Cardiac monitoring 
should be performed with IV quinoline use, especially with quinidine, 
which although more potent against the malaria parasite is also gener-
ally more toxic.204 Infusion rates of quinidine should be decreased if 
the QT interval increases by more than 25% of its baseline level.

Quinoline-induced stimulation of insulin release may elicit signifi-
cant hypoglycemia, especially in pregnancy.175,205 Hypophosphatemia 
may also be precipitated by both quinoline and IV dextrose, causing 
CNS dysfunction.116 Levels of digoxin, mefloquine, neuromuscular 
blocking agents, and oral anticoagulants may all be increased with 
quinoline administration. Quinine can cause hemolysis in patients 
with glucose-6-phosphate dehydrogenase deficiency. Because of their 
curarelike effect on skeletal muscle, quinolines are contraindicated in 
patients with myasthenia gravis. An extensive list of drug interactions 
reported for recommended antimalarial drugs is available in the WHO 
guidelines for the treatment of malaria.158

Ancillary Therapies
Various ancillary therapies have been proposed for severe malaria,  
but in most cases controlled data are not available to determine their 
efficacy. Exchange transfusion and erythrocytapheresis have been em-
ployed in cases of severe malaria with high parasitemia with anecdotal 
benefit.206–211 However, multiple studies reviewing case series and con-
trolling for confounding have shown no benefit of exchange transfu-
sions on mortality, parasitemia, and ICU or hospital length of stay.212–214 
In an era of artemisinin-based therapy, which is characterized by rapid 
clearance of parasitemia, the biologic plausibility of benefit from con-
ventional exchange transfusion is becoming less relevant. However, there 
is ongoing research studying the role of exchanging malaria-resistant 
RBCs (T-REX) in cases of severe artesunate-resistant malaria.215,216 
Treatments such as heparin, prostacyclin, deferoxamine, pentoxifylline, 
low-molecular-mass dextran, urea, high-dose corticosteroids, aspirin, 
antitumor necrosis factor antibody, cyclosporine A, dichloroacetate, 
adrenaline, hyperimmune serum, N-acetylcysteine, inhaled nitric oxide, 
and bolus administration of albumin are not recommended because 
their effectiveness is not proven or they have shown to be detrimental in 
severe malaria.158,217

Laboratory Monitoring
Findings in severe malaria may include profound hemolytic anemia 
and thrombocytopenia, leukocytosis with a left shift (although milder 
cases may show leukopenia), prolonged coagulation times with in-
creased fibrin degradation products and low fibrinogen reflecting DIC, 
hyponatremia, hypoalbuminemia, hypophosphatemia, hypoglycemia, 
lactic acidemia, and elevated hepatic enzymes, LDH, bilirubin, blood 
urea nitrogen (BUN), and creatinine. Urinalysis may reveal protein-
uria, RBCs and RBC casts, and hemoglobinuria. Coagulation defects 

and thrombocytopenia often correlate with the degree of parasitemia. 
The level of parasitemia should be monitored via blood smear every 12 
hours after initiation of therapy. A decrease of 75% should be noted 
within 48 hours of starting artemisinin therapy. If this does not occur, 
drug resistance should be suspected, and the regimen should be 
changed accordingly (see Table 123.3).

PROGNOSIS AND SEQUELAE

Case fatality rates of severe malaria vary by geographic context and 
quality of care from 2% to 50%.82,85,218–220 Factors that correlate with a 
poor prognosis include the infecting species and resistance profile, 
choice of parenteral therapy, CNS involvement, pulmonary edema, 
shock, hypoglycemia, lactic acidosis, renal failure, severe anemia, 
younger age, pregnancy, and treatment in a rural health facility as op-
posed to an ICU.91,116,221–230 There is a semi-quantitative relationship 
between level of parasitemia and risk of death, especially in nonim-
mune patients.

Although less than 10% of adults with cerebral malaria have persis-
tent neurologic sequelae, this number may be as high as 40% in chil-
dren, especially if associated with hypoglycemia.174,218,231 Commonly 
seen sequelae include psychosis, hemiparesis, cerebellar ataxia, blind-
ness, and extrapyramidal rigidity.82,85,231 Children who survive without 
obvious neurologic sequelae often still have behavioural or cognitive 
impairments, in some studies in over 50%.232 A postmalarial neuro-
logic syndrome, usually associated with mefloquine use, of an acute 
confusional state, psychosis, convulsions, and tremors, has been de-
scribed but is usually self-limited.82
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KEY POINTS

• A detailed history of the patient’s travel itinerary, activities and exposures, 

and any pretravel prophylaxis, in addition to general knowledge of the 

prevalent diseases and their incubation periods and drug-resistance pat-

terns in the region of travel, are imperative when evaluating patients with 

exposures overseas.

• Most “nontropical” infections are also common in low- and middle-income 

countries and thus need to be considered.

• Assessing the patient’s immune status based on history of exposure to 

malaria is essential in directing the diagnostic workup and management.

• Infection with multiple tropical pathogens is common in those living in en-

demic areas, and malaria may not be the primary causative pathogen even 

if identified.

Risk of Infection and Uncomplicated Malaria

• Malaria is the most common serious infection in the majority of tropical 

countries and in returning travelers and therefore should be considered in 

any patient reporting travel in malaria-endemic areas or exposure to un-

screened blood products (“transfusion malaria”) or blood-contaminated 

needles.

• Malaria classically produces a three-stage “paroxysm” progressing over an 

8- to 12-hour period, consisting of rigors and chills (“cold stage”), followed 

by fever (“hot stage”), followed by sweating with resolution of all symptoms 
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(“defervescent stage”). In practice, neither the classic paroxysm nor the  

periodicity is invariably seen.

Severe and Complicated Malaria

• The overwhelming majority of severe and complicated malaria is caused 

by P. falciparum in nonimmune children, adults, and pregnant women, but 

P. vivax and P. knowlesi can also cause severe disease.

• The risk of acquiring P. falciparum is highest for those traveling to sub-

Saharan Africa (especially West Africa) and New Guinea; the risk is moder-

ate in India and comparatively low in Southeast Asia and Latin America. P. 

vivax is widely distributed, with the highest risk in Oceania. P. knowlesi is 

only found in Southeast Asia.

• The most frequent severe complication is cerebral malaria, mostly seen in 

children. It manifests as coma, convulsions, changes in sensorium, or focal 

neurologic signs. Other severe complications include severe anemia (espe-

cially in young children and pregnant women), hypoglycemia, lactic acido-

sis, AKI, pulmonary edema and ARDS, shock, and bacterial suprainfection.

• Other potentially severe complications caused by non–P. falciparum malaria 

include splenic rupture and severe anemia (P. vivax) and chronic nephrotic 

syndrome (P. malariae).

Diagnosis

• Malaria often presents with nonspecific signs and symptoms, and the dif-

ferential diagnosis is broad, so making a clinical diagnosis may be difficult.

• The vast majority of malaria cases will present within 1 month of exposure. 

P. vivax and P. ovale infections can present months or even years after infec-

tion because of the possibility of dormant forms (hypnozoites) in the liver.

• Laboratory diagnosis is traditionally made through microscopy of thick and 

thin Giemsa-stained smears. Low or fluctuating parasitemia or altered para-

site morphology may complicate diagnosis, especially with an inexperi-

enced microscopist. Asymptomatic parasitemia is common in children from 

endemic areas.

• Various new diagnostic techniques for malaria (e.g., dipstick antigen detec-

tion, PCR) have been developed in recent years, with sensitivities and 

specificities for P. falciparum generally superior to conventional microscopy. 

Use of one of these new modalities can be considered when the diagnosis 

of malaria is unclear if local resources are available.

• Radiographic imaging of the abdomen is indicated when splenic rupture is 

suspected.

Clinical Management

• Patients with evidence of severe or complicated malaria should be assumed 

to have chloroquine-resistant P. falciparum and admitted to the ICU for ag-

gressive supportive care and urgent antimalarial drug therapy. Therapy 

should consist of IV artesunate followed by oral ACT for 3 days. Parenteral 

artesunate should be given for at least 24 hours and until the patient is able 

to tolerate oral medication. Acceptable alternatives when parenteral arte-

sunate is unavailable include IM artemether, IV quinidine gluconate, or IV 

quinine (transitioned to oral artesunate or quinine according to the same 

criteria as noted earlier), given simultaneously with oral/IV doxycycline or 

clindamycin for 7 days.

• Artemisinin compounds are usually well tolerated. Side effects with cin-

chona alkaloid therapy are frequent, but are usually mild, dose related, and 

reversible. Cardiac toxicity and arrhythmias are common in the case of 

overadministration of cinchona alkaloids.

• Many patients with splenic rupture can be managed conservatively with 

supportive therapy, although splenectomy may be necessary.

• The hemoglobin/hematocrit, electrolytes, platelet count, glucose, lactate, ar-

terial blood gas, BUN/creatinine, liver function and coagulation enzymes, and 

the level of parasitemia in response to therapy should be monitored closely.

• The case fatality rates of severe malaria treated in an ICU vary by geo-

graphic context and quality of care and may be up to 50%.

ANNOTATED REFERENCES

Balikagala B, Fukuda N, Ikeda M, et al. Evidence of Artemisinin-resistant ma-
laria in Africa. New Engl J Med. 2021;385(13):1163–1171.
This is a longitudinal study in Uganda looking at in vivo and ex vivo suscep-

tibility of malaria strains to artemisinins. The authors found that from 2017 

to 2019, 14/240 (5.8%) of patients treated with IV artesunate had in vivo  

evidence of artemisinin resistance (parasite clearance half-life .5 hours); 

13/14 (93.6%) of these malaria parasites had mutations in the kelch13 gene. 

This is evidence of independent emergence of clinical artemisinin-resistant  

P. falciparum in Africa.

Blanshard A, Hine P. Atovaquone-proguanil for treating uncomplicated Plasmo-

dium falciparum malaria. Cochrane Database Syst Rev. 2021;1(1):CD004529.
This is a Cochrane review to assess the safety and efficacy of atovaquone-

proguanil compared with other antimalarials for treatment of uncompli-

cated P. falciparum malaria in both adults and children. The review showed 

that atovaquone-proguanil was effective for uncomplicate malaria, although 

failure rates were 5%–10% and could be decreased with the addition of 

artesunate to the regimen.

Conroy AL, Hawkes M, Elphinstone RE, et al. Acute kidney injury is common 
in pediatric severe malaria and is associated with increased mortality. 
Open Forum Infect Dis. 2016;3(2):ofw046.
This study looked at 180 children in rural Uganda with malaria. The investi-

gators found that 81 (45.5%) had AKI. There were higher rates of AKI than 

anticipated in children, and AKI was associated with increased rates of mor-

tality and neurodisability.

Khuu D, Eberhard ML, Bristow BN, et al. Malaria-related hospitalizations in 
the United States, 2000-2014. Am J Trop Med Hyg. 2017;97(1):213–221.
This review identifies all U.S. malaria cases from 2000 to 2014 from hospital 

discharge records. There were an estimated 22,029 malaria-related hospital-

izations (4.88 per 1 million population) in the United States, with 4823 severe 

cases and 182 in-hospital deaths. The rate of malaria-related hospitalizations 

did not change significantly over the study period. On average, malaria  

patients were hospitalized for 4.36 days with charges of $25,789. Enhanced 

primary and secondary prevention measures, including strategies to increase 

the use of pretravel consultations and prompt diagnosis and treatment, are 

needed.

van der Pluijm RW, Tripura R, Hoglund RM, et al. Triple Artemisinin-based 
combination therapies versus Artemisinin-based combination therapies 
for uncomplicated Plasmodium falciparum malaria: A multicentre, open-
label, randomised clinical trial. Lancet. 2020;395(10233):1345–1360.
Investigators compared treatment of uncomplicated P. falciparum malaria in 

18 hospitals across eight countries. They found that dihydroartemisinin-

piperaquine plus mefloquine and artemether-lumefantrine plus amodiaquine 

triple artemisinin-based combination therapies are efficacious, safe, and well-

tolerated treatments for uncomplicated P. falciparum malaria even in areas 

with developing artemisinin resistance.

 References for this chapter can be found at expertconsult.com.
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PATIENT FACTORS

Risk factors identified to date include age .65 years, comorbidity 

or underlying conditions, inflammatory bowel diseases, immuno-

deficiency (including human immunodeficiency virus (HIV) infec-

tion), malnutrition, obesity, female sex, and low serum albumin 

level.14

Exposure to Clostridium difficile Spores
Factors that increase risk of exposure to C. difficile spores, such as in-

creased duration of hospital stay, increase the risk of CDI. A length of 

stay .2 weeks has been shown to be a risk factor for CDI.14 During the 

first days of hospitalization, the incidence of C. difficile colonization 

ranges from 2% to 20%15–19 and increases with longer hospital 

stays.20–21 It must be noted that colonization does not necessarily mean 

symptomatic infection; it is suggested that only 25%–30% of asymp-

tomatic colonized patients develop diarrhea. C. difficile spores survive 

in the environment for several months.22

Normal Flora Disruption
The indigenous gut microbiota is a complex community of microor-

ganisms that populates the gastrointestinal tract in a healthy person. 

This micro-ecosystem plays a crucial role in protecting the gut by pro-

viding resistance to colonization and infection by pathogenic organ-

isms.23 Gut microbiota also has immeasurable effects on homeostasis 

of the host.24 Under normal conditions, the human gut microbiota 

impedes pathogen colonization through general mechanisms such as 

direct inhibition through bacteriocins, nutrient depletion (consuming 

growth-limiting nutrients), or stimulation of host immune defenses. 

However, the exact mechanism by which the microbiota protects 

against CDI is unknown.25 Disruption of the normal balance of co-

lonic microbiota as a consequence of antibiotic use or other stressors 

is of major importance.26

In 1974 Tedesco and colleagues published a prospective study of 

clindamycin-associated colitis, which had become endemic in many 

hospitals.27 In 200 consecutive patients, administration of clindamycin 

resulted in diarrhea in 21% and the incidence of endoscopy-diagnosed 

pseudomembranous colitis was 10%. The study led to a search for an 

infectious cause of colitis, and it identified C. difficile as the main caus-

ative agent.28 Nearly every antibiotic has been associated with the 

development of CDI, including the antibiotics used for treatment of 

CDI such as metronidazole and vancomycin. Broad-spectrum penicil-

lins and cephalosporins, clindamycin, and fluoroquinolones possess a 

higher risk for CDI induction than other antibiotics.14 The risk for 

development of CDI is eightfold to tenfold higher during antibiotic 

therapy and 4 weeks thereafter and threefold higher in the next  

2 months.29

INTRODUCTION

Clostridioides difficile is an anaerobic, spore-forming, gram-positive 

bacillus that may be part of the normal intestinal microbiota in healthy 

babies.1–4 It was officially renamed in 2016 to Clostridioides difficile. 

The new name reflects the taxonomic differences between this species 

and other members of the Clostridium genus.5 It is spread via the oral-

fecal route, and in hospitalized patients may be acquired through the 

ingestion of spores from other patients, healthcare personnel’s hands, 

or environmental surfaces.6,7 C. difficile is the main pathogen associ-

ated with nosocomial infections and is the most common cause of 

diarrhea in hospitalized patients.8 C. difficile infection (CDI) can pres-

ent as a spectrum of symptoms ranging from an asymptomatic  

carriage to fulminant disease with toxic megacolon. Extracolonic 

manifestations of CDI are rare and most commonly involve small in-

testine infiltration, reactive arthritis, and bacteremia.9 The mortality 

rate directly attributable to CDI is estimated at 5%, whereas mortality 

associated with CDI complications reaches 15%–25%, and up to 34% 

in intensive care units (ICUs). Mortality doubles in ICU patients with 

CDI as compared with ICU patients without CDI.9,10

PATHOGENESIS

CDI occurs via the fecal-oral route as a result of ingestion of spores 

that are resistant to their environment. During gastrointestinal pas-

sage, bile acids and other substances stimulate the germination of 

vegetative growth forms; these produce toxins, depending on the sur-

rounding microflora (microbiota) The primary toxins produced by 

this bacterium are toxins A and B.11 Toxins A and B act as glucosyl-

transferases, promoting the activation of Rho GTPases and leading to 

disorganization of the cytoskeleton of the colonocyte and eventual cell 

death.12 Because CDI is a toxin-mediated infection, nontoxigenic 

C. difficile strains are nonpathogenic. The increased incidence, severity, 

and mortality of CDI have been largely attributed to the epidemic 

strain ribotype 027 (formerly referred to as NAP1/BI/027). The C. dif-

ficile BI/NAP1/027 epidemic strain is characterized by two mutations 

in the toxin regulatory gene tcdC, an 18–base-pair (bp) deletion, and 

deletion at position 117, which leads to increased production of toxins 

A and B.9,13

RISK FACTORS

Risk factors for CDI may be divided into three general categories: host 

factors (immune status, comorbidities), exposure to C. difficile spores 

(hospitalizations, community sources, long-term care facilities), and 

factors that disrupt normal colonic microbiome (antibiotics, other 

medications, surgery).14
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DIAGNOSIS

CDI should be considered in patients who have diarrhea (3 loose 

stools in 24 hours) with or without abdominal pain, especially if they 

have a recognized risk factor (including recent antibiotic use, hospital-

ization, or advanced age) with no obvious alternative diagnosis  

(including laxative use in the past 48 hours). Nausea, vomiting, and 

fever are often, but not always, present.

Several diagnostic options are available; however, no single test is 

considered to be the best laboratory testing method. The most com-

mon diagnostic option for CDI is based on detection of C. difficile 

toxins directly in a stool sample, most commonly with an enzyme im-

munoassay (EIA), which provides rapid turnaround time (about  

1–2 hours), in addition to sensitivity of 75%–85% and specificity of 

95%–100%.9 Because of its low cost and ease of use, this is the most 

popular test in all laboratories. Tests detecting C. difficile antigens are 

based on the detection of glutamate dehydrogenase (GDH) and are 

characterized by ease of use and rapid turnaround time in addition to 

a specificity of almost 100%. However, they do not distinguish whether 

the strain is toxigenic (specificity of 59%).9 In 2009, nucleic acid am-

plification tests (NAATs) were introduced. NAAT has higher sensitivity 

(80%–100%) and specificity (87%–99%) compared with an EIA test. 

The specificity is especially high, reaching 95%, when a negative result 

is obtained. In this situation, another cause of diarrhea should be con-

sidered.9 The NAAT has also limitations: namely, high cost and some 

interpretation difficulties. NAAT detects the presence of a toxin- 

encoding gene and thus confirms the presence of a C. difficile toxin–

producing strain, but it does not necessarily mean that the strain  

produces any toxins at the moment. A multistep algorithm to diagnose 

CDI (GDH plus toxin EIA, GDH plus toxin EIA with NAAT confirma-

tion if results are discordant, or NAAT plus toxin EIA) is generally 

suggested in clinical practice.

In certain clinical settings, adjunct testing methods such as radio-

logic diagnostic imaging may be useful for diagnosing CDI. Diagnostic 

computed tomography (CT) imaging can assist with an early diagnosis 

and may help determine the severity of disease in patients with CDI.14 

Typical CT findings of CDI include colonic wall thickening, dilation, 

pericolonic stranding, “accordion sign” (high-attenuation oral contrast 

in the colonic lumen alternating with low-attenuation inflamed mu-

cosa), “double-halo sign, target sign” (intravenous contrast displaying 

varying degrees of attenuation caused by submucosal inflammation 

and hyperemia), and ascites.14 However, the most common finding, 

colonic wall thickening, is nonspecific and can be found in other forms 

of colitis, although it may be more pronounced with CDI.

TREATMENT

Treatment should only be started in patients with CDI symptoms; 

presence of the C. difficile toxin without symptoms of the infection 

is not an indication for treatment. When antibiotic therapy is indi-

cated for symptomatic cases with a positive C. difficile toxin result, 

options include metronidazole, oral or intraluminal vancomycin, 

and oral fidaxomicin. Although metronidazole may be associated 

with more frequent side effects and there has been a significant in-

crease in treatment failures (especially in patients infected with the 

emergent 027/BI/NAP1 strain), oral metronidazole 500 mg three 

times per day for 10 days has been used for treating mild to moder-

ate cases of CDI.30 Repeated or prolonged courses of metronidazole 

should be avoided because of the risk of cumulative and potentially 

irreversible neurotoxicity.31

In 2017 the Infectious Diseases Society of America (IDSA) and 

Society for Healthcare Epidemiology of America (SHEA) updated 

their guidelines, pointing out that vancomycin and fidaxomicin are 

the cornerstone of CDI treatment, suggesting metronidazole only for 

patients with an initial episode of nonsevere CDI in settings where 

access to vancomycin or fidaxomicin is limited.32 Vancomycin orally 

125 mg four times daily for 10 days is considered superior to metro-

nidazole in severe C. difficile disease.33–36 This may reflect the superior 

pharmacokinetic properties of vancomycin, which is concentrated in 

the gut lumen. Doses of up to 500 mg have been used in some patients 

with severe or fulminant disease, defined as hypotension or shock, 

ileus or megacolon,14 although there is little evidence for this in the 

literature. Unlike vancomycin delivered enterally, intravenous vanco-

mycin has no effect on CDI because the antibiotic is not excreted into 

the colon. Vancomycin enemas may be an effective therapy for pa-

tients who cannot tolerate the oral preparation or patients with ileus 

who have delayed passage of oral antibiotics from the stomach to the 

colon.37

Fidaxomicin orally 200 mg twice daily for 10 days is a valid alterna-

tive to vancomycin in patients with CDI.38,39 Fidaxomicin was nonin-

ferior to vancomycin for initial cure of CDI in two prospective  

trials.40,41 It may be useful for treating patients who are considered at 

high risk for recurrence (elderly patients with multiple comorbidities 

who are receiving concomitant antibiotics). However, it is important 

to note that no data on the efficacy of fidaxomicin in severe life-

threatening disease are available.14 The use of other antibiotics such as 

tigecycline,14 fusidic acid, teicoplanin, rifamixin,14 and nitazoxanide14 

has been described in the literature, but they are not currently recom-

mended for general use.

Patients with fulminant colitis who progress to systemic toxicity 

require surgical intervention.

These patients are likely to have serious comorbidities, and delaying 

surgery in these patients leads to increased likelihood of adverse out-

comes. Total colectomy is the surgical procedure of choice. However, 

diverting loop ileostomy with antegrade colonic lavage may be a colon-

preserving alternative to total colectomy.42,43 A prospective, nonran-

domized, historical control group study was performed at the University 

of Pittsburgh Medical Center and the Veterans’ Administration 

Healthcare System in Pittsburgh between June 2009 and January 2011.44 

Forty-two patients with fulminant colitis were managed by a loop ileos-

tomy, intraoperative colonic lavage with warmed polyethylene glycol 

3350/electrolyte solution via the ileostomy, and postoperative antegrade 

instillation of vancomycin flushes via the ileostomy. There was no sig-

nificant difference in age, sex, pharmacologic immunosuppression, and 

Acute Physiology and Chronic Health Evaluation-II (APACHE II) scores 

between the studied cohort and historical controls. The operation was 

accomplished laparoscopically in 35 patients (83%). This treatment 

strategy resulted in reduced mortality compared with their historical 

controls. Preservation of the colon was achieved in 39 of 42 patients 

(93%). Of note, vancomycin antegrade enemas were continued via the 

ileostomy every 6 hours for 10 days, and this likely augmented the effect 

of the defunctioning surgery.

A retrospective multicenter study conducted under the sponsor-

ship of the Eastern Association for the Surgery of Trauma to compare 

loop ileostomy with total colectomy as surgical treatment for CDI was 

published in 2017.44 Data from 10 centers of patients who presented 

with CDI requiring surgery between July 1, 2010, and July 30, 2014, 

were collected. When comparing colectomy with loop ileostomy, there 

was no statistical difference between these two operative strategies. 

Univariate preprocedure predictors of mortality were age, lactate,  

timing of operation, vasopressor use, and acute renal failure. There was 

no statistical difference between the APACHE score of patients under-

going either procedure (total colectomy, 22 vs. loop ileostomy, 16). 

Adjusted mortality (controlled for preprocedure confounders) was 
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significantly lower in the loop ileostomy group (17.2% vs. 39.7%; 

P5.002).

TREATMENT OF RECURRENT CDI

Recurrence is diagnosed when CDI recurs ,8 weeks after the resolu-

tion of a previous episode, provided the symptoms from the previous 

episode resolved after completion of the initial treatment and other 

causes have been excluded. Symptomatic recurrent C. difficile infection 

(RCDI) occurs in approximately 20% of patients and is challenging.14 

Therefore patients with RCDI should be treated by experienced clini-

cians. Antibiotics that may be used to treat the first recurrence of CDI 

include vancomycin (particularly if metronidazole was used for the 

first episode) or fidaxomicin. Antibiotic treatment options for patients 

with more than one recurrence of CDI include oral vancomycin ther-

apy using a tapered and pulsed regimen.14

Fecal microbiota transplantation (FMT) has been considered as an 

alternative therapy to treat RCDI.14 It involves infusing intestinal mi-

croorganisms (in a suspension of healthy donor stool) into the intes-

tine of patients to restore the intestinal microbiota. The rationale of 

FMT is that disruption of the normal balance of colonic flora allows  

C. difficile strains to grow and produce CDI. By reintroducing normal 

flora via donor feces, the imbalance may be corrected and normal 

bowel function re-established.42,43 Although FMT has high success 

rates with long-term durability,44 a few disadvantages still exist. In 

particular, the manipulation of feces and the classical enteral adminis-

tration methods are not only laborious but also tend to make the 

procedure rather unattractive for physicians and patients. FMT may be 

administered via enemas or as a slurry given via a nasogastric tube.

In 2016 the Food and Drug Administration (FDA) approved bezlo-

toxumab to reduce the recurrence of CDI in adult patients receiving 

antibiotic therapy for CDI who are at high risk of recurrence. Bezlo-

toxumab (MK-6072) is a human monoclonal antibody that reduces 

recurrent CDI by blocking the binding of C. difficile toxin B to host 

cells, thus limiting epithelial damage and facilitating recovery of the 

microbiome.14

Coadjuvant treatment with bezlotoxumab is generally suggested to 

prevent recurrences of CDI, particularly in patients with a history of 

CDI, caused by the 027 epidemic strain, in immunocompromised  

patients and in patients with severe CDI.14

INFECTION PREVENTION AND CONTROL

Prompt identification of patients with CDI is essential so that appro-

priate isolation precautions can be put into effect.45 This is particularly 

important in reducing environmental contamination, as spores can 

survive for months in the environment,46 despite regular use of envi-

ronmental cleaning agents. An infection control “bundle” strategy 

should be used to successfully control CDI outbreaks. The “bundle” 

approach should include multifaceted interventions, including hand 

hygiene, isolation measures, and environmental disinfection.14 In a 

healthcare setting, transmission of C. difficile spores occurs primarily 

via the contaminated hands of healthcare workers, but contact with a 

contaminated environment, utensils, or medical devices has also been 

implicated. Hand hygiene with soap and water and the use of contact 

precautions, along with good cleaning and disinfection of the environ-

ment and patient equipment, should be used by all healthcare workers 

in contact with any patient with known or suspected CDI. Hand  

hygiene is a cornerstone of prevention of nosocomial infections,  

including infection caused by C. difficile. Alcohol-based hand sanitiz-

ers are highly effective against non–spore-forming organisms, but they 

do not kill C. difficile spores. Though disposable glove use during care 

of a patient with CDI may be effective in preventing the transmission 

of C. difficile,14 these must be removed at the point of use and the 

hands thoroughly decontaminated afterwards through soap and water 

handwashing. Patients with known or suspected CDI should ideally be 

placed in a private room14 with en-suite handwashing and toilet facili-

ties. If a private room is not available, known CDI patients may  

be cohort nursed in the same area,14 though the theoretical risk of 

transfection with different strains exists.

CONCLUSIONS

In the last three decades the frequency and severity of C. difficile in-

fection have been increasing worldwide to become one of the most 

common hospital-acquired infections. Appropriate management of 

infection requires an understanding of the various diagnostic assays 

and therapeutic options in addition to measures relevant to infection 

prevention.

ANNOTATED REFERENCES

Kim PK, Zhao P, Teperman S. Evolving treatment strategies for severe Clos-

tridium difficile colitis: defining the therapeutic window. In M. Sartelli, 

M. Bassetti, I. Martin-Loeches, eds. Abdominal Sepsis. A Multidisciplinary 

Approach. Hot Topics in Acute Care Surgery and Trauma. Cham: Springer; 

2018:225–239.

An interesting chapter about the treatment of severe Clostridium difficile 

infection included in a book about abdominal sepsis.

McDonald LC, Gerding DN, Johnson S, et al. Clinical practice guidelines for 

Clostridium difficile infection in adults and children: 2017 update by the 

Infectious Diseases Society of America (IDSA) and Society for Healthcare 

Epidemiology of America (SHEA). Clin Infect Dis. 2018;66:e1–e48.

Very important guidelines for Clostridium difficile infection by the IDSA 

and SHEA.

Sartelli M, Di Bella S, McFarland LV, et al. 2019 update of the WSES guidelines 

for management of Clostridioides (Clostridium) difficile infection in surgi-

cal patients. World J Emerg Surg. 2019;14:8.

Very interesting guidelines about the management of Clostridioides difficile 

in surgical patients.

KEY POINTS

• Proper antibiotic stewardship in both selecting an appropriate antibiotic 

and optimizing its dose and duration to prevent and cure an infection may 

prevent the emergence of C. difficile.

• The diagnosis of CDI should be based on clinical signs and symptoms in 

combination with laboratory tests.

• When antibiotic therapy is indicated, options include metronidazole (only in 

mild cases), oral or intraluminal vancomycin, and oral fidaxomicin.

• Patients with severe CDI who progress to systemic toxicity should undergo 

early surgical consultation and should be evaluated for potential surgical 

intervention.

• Resection of the entire colon should be considered to treat patients with 

fulminant colitis. However, diverting loop ileostomy with colonic lavage may 

be a useful alternative to resection of the entire colon

 References for this chapter can be found at expertconsult.com.
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Anemia and RBC Transfusion

Erin L. Vanzant and Alicia M. Mohr

Anemia remains common in the critical care population, and its etiology 

is multifactorial, related to hemorrhage, hemodilution, diagnostic phle-

botomy, acute inflammation, and functional iron deficiency. These fac-

tors result in decreased red blood cell (RBC) production and reduced 

RBC survival. This chapter will explore the problem of anemia in the 

critically ill patient, its causes and effects, and the use and risk of RBC 

transfusions in the management of anemia, with a focus on evidence-

based studies. The physiologic effects of anemia are covered elsewhere.

EPIDEMIOLOGY

Anemia is defined as a hemoglobin (Hb) level of ,130 g/L in men and 

,120 g/L in nonpregnant women.1 In the intensive care unit (ICU) 

population, modest anemia is generally accepted to be a hemoglobin 

level of #100 g/L in both men and women. Large observational studies 

in all admitted ICU patients have demonstrated that the vast majority 

will experience an appreciable drop in hemoglobin. In a 2006 Euro-

pean study of over 1000 patients, anemia, as defined by a hemoglobin 

level of ,130 g/L in men or ,115 g/L in women, was observed in more 

than 80% of the patients, and by the time of discharge almost 25% had 

a hemoglobin level of ,90 g/L.2 Similar observations were made in a 

2003 North American critical care study that involved 4892 patients.3 

In this study, 70% of patients developed a hemoglobin level of  

,120 g/L within 2 days of ICU admission, and 50% had a hemoglobin 

level of ,100 g/L. By the end of the first week at least 97% of patients 

had a notable decrease in their hemoglobin levels.3

Anemia develops early within the first 2 days of ICU admission. In 

nonbleeding patients, an average hemoglobin drop of 5 g/L/day has 

been observed, with the largest decline seen in the first days after ad-

mission.4 Persistent anemia is common after ICU discharge, with 77% 

of patients anemic at hospital discharge and 50% remaining anemic 

for up to 6 months.3–5

ETIOLOGY

The cause of anemia in critical illness is complex and often multifacto-

rial. Primary mechanisms include problems with decreased RBC pro-

duction, hemodilution from large-volume resuscitation, and increased 

RBC losses. Production issues include a suppression of bone marrow 

secondary to a blunted erythropoietin response during critical illness, 

lack of substrate availability (including iron, vitamin B12, and folate), and 

the presence of renal failure, which leads to an absolute erythropoietin 

deficiency.5,6 The blunted erythropoietin response is in part secondary to 

the host inflammatory response. This can lead to dysregulation of iron 

metabolism homeostasis, impaired proliferation of erythroid progenitor 

cells, and increased inflammatory mediators (interleukin [IL]-1, tumor 

necrosis factor [TNF]-alpha, increased hepcidin concentrations) causing 

an iron-restricted anemia.7,8 The elevated hepcidin levels lead to iron 

sequestration in macrophages and reduce iron absorption from the gut, 

leading to an iron-restricted erythropoiesis.

Anemia caused by blood loss can be subdivided into disease-related 

and secondary causes. Disease-related causes of anemia include trau-

matic blood loss, coagulopathy, hemolysis, and gastrointestinal losses. 

Other secondary losses are primarily iatrogenic and include losses caused 

by diagnostic sampling, hemolysis, vascular cannulation, renal replace-

ment therapy, and surgical procedures. Daily diagnostic sampling can be 

an important contributor to anemia. The average volume of blood draws 

in the ICU results in an average of 40 mL of blood loss per day, and up to 

70 mL per day are lost as the patient’s illness progresses.6,8 Phlebotomy-

related blood loss has been decreased with the introduction of new con-

servative techniques, with pediatric tubes, reinfusion of the discarded 

sample from indwelling lines, and reducing the frequency of blood tests.

CONSEQUENCES OF ANEMIA

Anemia is associated with poor outcomes, especially in the elderly and 

those with chronic disease.9,10 The compensatory response of the body 

in acute or chronic anemia is an extra burden on critically ill patients. 

The supply/demand balance is particularly stressed in the critically ill 

anemic patient who has increased cardiac and peripheral oxygen con-

sumption. In patients with ischemic heart disease, coronary flow may 

be fixed, thereby creating a mismatch between blood supply and oxy-

gen demand. In a large retrospective administrative database study of 

over 75,000 patients over the age of 65 with myocardial infarction, 

lower hematocrit (Hct) levels were associated with significantly higher 

rates of shock and heart failure, in-hospital and 30-day mortality, and 

increased length of hospital stay.11

RED BLOOD CELL TRANSFUSION

Epidemiology
Anemia in critical care populations is common. The physiologic effects 

not only affect oxygen delivery to vital organs and tissues but also  
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increase cardiac workload as a consequence of natural compensatory 

mechanisms. These effects are further accentuated in certain high-risk 

populations. RBC transfusion is one of the most common therapies 

ordered in the ICU. It is estimated that the incidence of RBC transfu-

sion in the ICU varies between 20% and 50%.12 Although anemia ap-

pears to be a risk factor for both morbidity and mortality, the benefit 

of the augmentation of hemoglobin levels with RBC transfusion is less 

clear and is the focus of the discussion ahead.

PHYSIOLOGIC EFFECTS OF RBC TRANSFUSION

The negative effects of anemia on oxygen delivery are clear. Although 

the improved delivery of oxygen after RBC transfusions in these pa-

tients has been demonstrated in several studies, an increase in oxygen 

uptake and consumption by the end organs and tissue beds is less evi-

dent and is not a consistent finding. This can be explained by the various 

adverse factors of stored blood, like low levels of 2,3-diphosphoglycerate 

(2.3-DPG), with decreases in the ability of hemoglobin to unload oxy-

gen to the tissues, the structural changes in stored blood, and the accu-

mulation of proinflammatory cytokines. Therefore despite a strong 

physiologic rationale to treat anemia in critically ill patients, particularly 

those with evidence of end-organ ischemia, studies have failed to dem-

onstrate reliable benefits with respect to oxygen utilization.

TRANSFUSION-RELATED COMPLICATIONS

There are infectious and noninfectious risks from RBC transfusions 

(Table 125.1). RBCs are tested for an extensive number of pathogens, 

including syphilis, hepatitis B, human immunodeficiency virus 

(HIV), human T-cell lymphotropic virus, hepatitis C, West Nile 

virus, Chagas disease, and Zika virus. In addition, storage of blood in 

refrigerators makes bacterial infection rare. Because of significant 

enhancements in donor screening and blood testing, the direct trans-

mission of infection through a contaminated blood supply is exceed-

ingly rare (see Table 125.1).

Although changes in donor screening and blood testing have led to 

a significant decline in direct RBC transfusion-related infections over 

the past 30 years, indirect RBC transfusion-related infections have 

been the focus of many more recent studies. A systematic review and 

meta-analysis of 20 randomized trials with 7456 patients evaluated the 

risk of healthcare–associated infections linked to RBC transfusions 

and compared different liberal and restrictive transfusion strategies.13 

They found that although a restrictive transfusion strategy was not 

significantly associated with fewer overall healthcare–associated infec-

tions, there was a significant risk reduction in serious infection rates 

even when controlling for leukoreduction (number needed to treat 48, 

95% confidence interval [CI] 36–71).13 This significance was not ob-

served in a subgroup analysis of 1475 critically ill patients. Another 

systematic review of randomized trials by the British Medical Journal 

to study the effect of restrictive versus liberal transfusion strategies 

used a subgroup meta-analysis of eight trials deemed at lower risk of 

bias by the authors that included 5107 patients.14 The authors also 

showed a lower associated risk of infection with a restrictive transfu-

sion strategy (relative risk [RR] 0.73, 95% CI 0.55–0.98).14

Noninfectious complications of RBC transfusions are far more 

common (see Table 125.1). These represent a spectrum from relatively 

benign (fever) to more severe (acute lung injury) and imminently life-

threatening (hemolytic reactions).15 With increased surveillance and 

studies focused on complications of transfusions, it has been recog-

nized that transfusion-associated circulatory overload (TACO) is  

becoming one of the most common risks associated with RBC transfu-

sion.15 Patients at high risk of volume overload have the greatest danger 

for developing TACO. The leading cause of RBC transfusion-related 

morbidity is from transfusion-related acute lung injury (TRALI). This 

pathophysiologic process is characterized by noncardiogenic pulmo-

nary edema leading to hypoxia. TRALI is secondary to increased lung 

endothelial permeability and can be caused by immune-mediated and 

nonimmune-mediated mechanisms.16 Immune-mediated TRALI is 

caused by the presence of leukocyte antibodies in the plasma of donor 

blood that are directed against human leukocyte antigens and human 

neutrophil antigens.17,18 Nonimmune mediation is thought to be the 

result of biologically active substances such as lipids and cytokines. Any 

blood product can trigger TRALI, but it is most commonly associated 

with the transfusion of products containing high plasma content, and 

the risk increases with the number of products transfused. In the criti-

cally ill patient, the clinical picture of TRALI is difficult to distinguish 

from other causes of acute lung injury. Therefore there has been a pro-

posed update to define TRALI by an expert panel.18 The authors used 

the Delphi methodology to split TRALI into two types based on a  

patient’s risk factor for acute respiratory distress syndrome (ARDS) 

(Table 125.2).18 Type I includes those without risk factors for ARDS and 

is defined similarly to the traditional definition. Type II includes those 

who may have mild ARDS or risk factors for ARDS, but have had a 

stable respiratory status for at least 12 hours before their transfusion 

and otherwise meet the definition of type I.

The exact mechanisms by which these complications occur are not 

understood, but are likely at least in part attributable to host immune and 

inflammatory responses. Central to immune-mediated reactions are do-

nor ILs and the TNF, in addition to antibodies or activated neutrophils, 

fragments of cellular membranes, and soluble human leukocyte antigen, 

which play important roles in transfusion-induced immunomodulation 

 Complication

Risk per RBC  

Unit Transfused

Infectious  

complications

Symptomatic bacterial sepsis

Death from bacterial sepsis

Hepatitis:

A

B

C

HTLV

HIV/AIDS

West Nile virus

Parasitic infection

1:250,000

1:500,000

1:2 million

1:153,000

1:2.3 million

1:4.3 million

1:7.8 million

,1:1 million

1:4 million

Noninfectious  

complications

Urticarial reaction

Febrile nonhemolytic reaction

Transfusion-associated circulatory 

overload

Transfusion-related acute lung injury

Delayed hemolytic transfusion  

reaction

Acute hemolytic transfusion reaction

Anaphylactic reaction

Posttransfusion purpura

1:100

1:300

1:700 

1:10,000

1:7000 

1:40,000

1:40,000

Rare

TABLE 125.1 Complications Associated 
With Allogeneic RBC Transfusion

Data from Callum JL, Lin Y, Pinkerton PH, et al. Bloody Easy 3: Blood 

Transfusions, Blood Alternatives and Transfusion Reactions: A Guide 

to Transfusion Medicine. 3rd ed. Ontario: Ontario Regional Blood 

Coordinating Network; 2011.

AIDS, Acquired immunodeficiency syndrome; HTLV, human T-cell lympho-

tropic virus; HIV, human immunodeficiency virus; RBC, red blood cell.
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(TRIM). TRIM is purported to predispose patients to infections and 

cancer recurrence.19–21 Many Western countries across Europe and North 

America have adopted leukoreduction programs to reduce the effects of 

TRIM. TRIM may contribute to indirect infectious complications from 

RBC transfusions, like healthcare–associated infections that occur down-

stream from the point of transfusion.

Complications from massive transfusions, including coagulopathies, 

electrolyte disturbances, acid-base imbalances, temperature dysregulation, 

and citrate toxicity, are also of significant importance but are beyond the 

scope of this chapter.

RBC STORAGE

RBC storage encompasses the numerous physiologic and morphologic 

changes that occur in RBCs during storage that are a potential conse-

quence of the storage medium.22 Biochemical changes include deple-

tion of 2,3-DPG (causing a reduction in oxygen unloading) and ade-

nosine triphosphate (intracellular energy stores),  S-nitroso-hemoglobin, 

and calcium. Morphologic changes include membrane phospholipid 

loss and redistribution, protein oxidation and lipid peroxidation, re-

lease of free hemoglobin, and microvesicle formation, which lead to 

RBC membrane deformation, altering the biconcave shape to a de-

formed spheroechinocytes.23 Consequently, the rheologic properties of 

blood are altered, potentially affecting the normal passage of these de-

formed RBCs through the capillary microvasculature. Prolonged stor-

age significantly impairs the ability of stored RBCs to deliver to the 

tissues. The effect of the storage lesion on clinical outcome has been 

reported in several observational studies, but these findings were not 

validated in more rigorous study designs.

The Canadian-led Age of Blood Evaluation (ABLE) international 

randomized trial was conducted to study the effect of blood storage 

time on clinical outcome. ABLE included 2430 patients from 64 cen-

ters across Canada and Europe and tested the effect of transfusion of 

fresh (stored ,8 days) RBCs compared with standard-issue RBCs 

(oldest available compatible blood) on 90-day mortality and clinically 

important morbidity.24 The investigators found no significant differ-

ence in the primary outcome of 90-day mortality among those patients 

who received fresh RBCs (mean age 6.1 ± 4.9 days) compared with 

those who received the older units (mean age 22.0 ± 8.4 days).24 

Further, there were no appreciable differences between the two groups 

in all of the secondary outcomes, including major illnesses, duration of 

life supports (respiratory, hemodynamic, and renal), and length of 

hospital stay or transfusion reactions.

A secondary analysis of the INFORM trial, a multicenter randomized 

controlled trial (RCT) that looked at all-cause hospital mortality in those 

with RBC transfusions greater than 35 days to those less than 7 days again 

found no effect between the two groups.25 A similar study to the ABLE 

trial was conducted by an Australian group called the TRANSFUSE-RCT 

(standard issue transfusion versus fresher RBC use in intensive care). This 

large multicenter study included 59 centers in five countries with 4919 

patients undergoing randomization.26 The investigators compared the 

effect of transfusion of the freshest available versus the oldest available 

RBCs and the impact on 90-day mortality. They also evaluated 28-day 

mortality, persistent organ dysfunction, and new bloodstream infections 

over 180 days. The authors found no significant difference in those who 

received the freshest RBCs versus older blood.26

WHEN TO TRANSFUSE BLOOD  
IN THE CRITICALLY ILL

RBC transfusion remains the treatment of choice for anemia in the 

ICU. Various studies and trials have shown that restrictive blood trans-

fusion protocols that use a hemoglobin trigger of ,70 g/L for most 

critically ill patients have been found to beneficial in lowering total 

mortality, infections, and cardiac events. The evidence supporting a 

restrictive transfusion strategy for general critically ill patients is shown 

in Fig. 125.1. Published in 1999, the landmark Transfusion Require-

ments in Critical Care (TRICC) trial found no difference in 30-day 

mortality for critically ill patients with euvolemia, and patients should 

be managed with a restrictive (Hb ,70 g/L) transfusion threshold.27 

This RCT included 838 ICU patients with a hemoglobin concentration 

of #90 g/L within 3 days of admission who were randomized to either 

a restrictive or liberal (70 g/L vs. 100 g/L) transfusion threshold strategy. 

The investigators found no significant difference in 30-day mortality 

between the groups (18.7 vs. 23.3%, P 5 .11).27 Further, subgroup 

analyses showed that 30-day mortality was significantly lower in the less 

sick subpopulation (patients with an APACHE II score of ,20) and in 

those critically ill patients who were less than 55 years of age.

In the euvolemic critically ill patient, improving oxygen delivery is 

the most common reason for administering an RBC transfusion. Spe-

cifically, in the American CRIT study,3 a cohort of 4892 patients from 

284 ICUs in 213 hospitals were observed, and low hemoglobin, active 

bleeding, and hemodynamic instability/hypotension were the most 

common indicators for transfusion (90%, 24%, and 21%, respec-

tively). These observations were consistent with the findings of the 

European ABC study9 (3534 patients, RBC transfusion rate 37%), 

where active bleeding (56%), anemia with diminished physiologic re-

serves (28%), altered tissue perfusion (17%), and ischemic heart dis-

ease (8%) were the most common reasons for transfusion.

A 2008 systematic review of 45 observational studies demonstrated 

an association between RBC transfusions and poor outcomes, includ-

ing an increased risk of death, infection, organ dysfunction, and 

ARDS.28 More recently, a systematic review of large-scale observational 

studies of mixed medical, surgical, ICU, and trauma patient popula-

tions (minimum 1000 patients) published between 2006 and 2010 

demonstrated that RBC transfusions (as compared with no transfu-

sion) were associated with adverse events, including mortality.29 All of 

these studies, however, are subject to potential bias significantly limit-

ing the interpretation and generalization of the results.

TRALI type I Patients have no risk factors for ARDS and meet the  

following criteria:

 a. i. Acute onset

 ii. Hypoxemia (P/F ,300 or SpO2 ,90% on room air)

 iii. Clear evidence of bilateral pulmonary edema

 iv. No evidence or contribution of left atrial hypertension 

to hypoxemia

 b. Onset during or within 6 hours of transfusion

 c. No temporal relationship to an alternative risk factor for 

ARDS

TRALI type II Patients who have risk factors for ARDS (but have not been di-

agnosed with ARDS) or who have P/F of 200–300 but respi-

ratory status deteriorates because of transfusion based on:

 a. Findings as described in a and b of TRALI type I

 b. Stable respiratory status in the 12 hours before transfusion

TABLE 125.2 New Consensus TRALI 
Definition

Data from Vlaar APJ, Toy P, Fung M, et al. A consensus redefinition of 

transfusion-related acute lung injury. Transfusion. 2019;59(7):2465–2476.

ARDS, Acute respiratory distress syndrome; P/F, partial pressure of 

oxygen (PaO2)/fraction of inspired oxygen (FiO2); TRALI, transfusion-

related acute lung injury. 
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Several systematic reviews of randomized trials of RBC transfusion in 

critical care and other populations exist. A comprehensive 2012  

Cochrane systematic review of 19 RCTs by Carson and colleagues30 exam-

ined transfusion thresholds and other strategies to guide transfusion. A 

restrictive transfusion strategy significantly decreased the exposure risk for 

RBC transfusion. Although the authors found that a restrictive RBC trans-

fusion threshold was associated with reduced hospital mortality (5 studies, 

RR 0.77, 95% CI 0.62–0.95), no statistical significance was observed for 

30-day mortality (11 studies, RR 0.85, 95% CI 0.70–1.03).30 Furthermore, 

there was no statistically significant reduction in medical complications, 

including pneumonia (five studies), pulmonary edema (five studies), 

stroke (five studies), cardiac (seven studies), or venous thromboembolic 

events (three studies). The authors also noted the lack of literature to guide 

transfusion practices in certain patient populations, like those with acute 
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2.14.1 Trauma and acute blood loss

  Blair 198629

  Zygun 200943

Subtotal

Test for heterogeneity: τ2=2.22, χ2=1.99, df=1, P=0.16, I2=50%

Test for overall effect: z=0.11, P=0.91

2.14.2 Perioperative setting

  Almeida 201311

  Bush 199730

  Carson 199832

  Carson 201115

  Cholette 201133

  Foss 200928

  Grover 200636

  Hajjar 20107

  Parker 201312

  Shehata 201241

  So-Osman 2010–1345

  Villanueva 20136

  Wu 201142

Subtotal

Test for heterogeneity: τ2=0.11, χ2=20.18, df=12, P=0.06, I2=41%

Test for overall effect: z=0.35, P=0.73

2.14.3 Critical care

  Carson 20138

  Cooper 201171

  Hébert 199537

  Hébert 19994

  Holst 20149

  Lacroix 20075

  Robertson 201440

  Walsh 201310

Subtotal

Test for heterogeneity: τ2=0.00, χ2=7.74, df=7, P=0.36, I2=10%

Test for overall effect: z=1.18, P=0.24

Total (95% Cl)

Test for heterogeneity: τ2=0.03, χ2=29.98, df=22, P=0.12, I2=27%

Test for overall effect: z=0.64, P=0.527

Test for subgroup differences: χ2=0.59, df=2, P=0.74, I2=0%

Study or subgroup

No. of events/total

0/26

3/20

3/46

2/24

0/10

2/34

23/101

4/50

5/42

66/1001

0/30

5/60

0/109

15/249

26/100

4/25

1/299

23/444

3/112

175/2622

0.3

0.3

0.6

0.6

0.5

4.8

15.6

20.3

4.0

4.8

8.5

59.1

100.0

3.7

1.3

1.0

12.3

0.2

0.3

0.2

3.9

7.9

0.5

0.4

7.3

1.1

40.3

7/54

2/24

13/33

95/416

216/502

14/320

14/99

19/51

380/1499

1/55

1/21

11/36

111/419

223/496

14/317

17/101

27/49

405/1494

558/4167 586/4154

8/97

4/49

2/42

76/998

1/30

0/60

1/109

12/253

27/100

1/25

2/304

41/445

4/114

179/2626

Restrictive
transfusion

Liberal
transfusion

Risk ratio M-H to
random (95% Cl)

Risk ratio M-H to
random (95% Cl)

Risk of biasWeight
(%)

0.19 (0.01 to 3.67)

3.67 (0.21 to 64.80)

0.85 (0.05 to 15.82)

7.13 (0.91 to 56.02)

1.75 (0.17 to 17.95)

1.29 (0.67 to 2.47)

0.86 (0.68 to 1.09)

0.96 (0.83 to 1.10)

0.99 (0.48 to 2.04)

0.84 (0.44 to 1.61)

0.68 (0.44 to 1.05)

0.92 (0.80 to 1.06)

0.95 (0.81 to 1.11)

2.76 (1.30 to 5.87)

0.98 (0.26 to 3.70)

2.50 (0.51 to 12.17)

0.87 (0.63 to 1.19)

0.33 (0.01 to 7.87)

11.00 (0.62 to 194.63)

0.33 (0.01 to 8.09)

1.27 (0.61 to 2.66)

0.96 (0.61 to 1.53)

4.00 (0.48 to 33.33)

0.51 (0.05 to 5.58)

0.56 (0.34 to 0.92)

0.76 (0.17 to 3.33)

1.06 (0.76 to 1.49)

0.01

Favors
restrictive strategy

Favors
liberal strategy

1001010.1

Fig. 125.1 Forest plot of the effect of restrictive versus liberal transfusion strategy on mortality stratified by 

patient population, presented as risk ratios with 95% confidence intervals (CI) and presented with risk of bias 

assessment. The size of the square represents the weight of the trial in the pooled analysis. (From Holst L, 

Petersen M, Haase N, et al. Restrictive versus liberal transfusion strategy for red blood cell transfusion: Sys-

tematic review of randomised trials with meta-analysis and trial sequential analysis. BMJ. 2015;350:h1354.)
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cardiac ischemia. More recently, a systematic review of restrictive versus 

liberal transfusion strategies for RBC transfusion by Holst and colleagues 

included 31 trials from a number of different clinical settings.14 They con-

cluded that a restrictive strategy resulted in less RBC transfusion and was 

not associated with less risk of death, either overall or in any of the popu-

lation subgroups (see Fig. 125.1). Differences in overall mortality or fatal 

or nonfatal myocardial ischemia were also not observed.

A recent subanalysis of the Intensive Care Over Nations audit noted 

that transfusion rates in multiple regions across the world were notably 

lower than those reported in the ABC and CRIT studies.31 The authors 

proposed that this is the result of the adaptation of a more restrictive 

approach to transfusion, reflecting recent literature. It is still too early to 

see if this trend will continue, as additional studies are being performed.

In summary, a restrictive RBC transfusion strategy leads to fewer 

transfusions, decreased exposure risks, and appears to not be associated 

with worse clinical outcomes and may in fact result in better outcomes 

as compared with a liberal transfusion strategy. Consequently, evidence 

favoring restrictive transfusion strategies has been translated into clinical 

practice for nearly two decades. As a result, the 2018 Patient Blood Man-

agement International Consensus Conference recommended a hemo-

globin transfusion threshold of 70 g/L for stable critically ill patients.32

TRANSFUSION THRESHOLDS FOR SPECIFIC 
SUBPOPULATIONS

There are certain critical care subpopulations with distinct physiology 

or pathophysiologic processes that are underrepresented in the trials 

discussed earlier, limiting the generalization of the existing evidence to 

guide their anemia management with RBC transfusions.

Sepsis
A more liberal approach to RBC transfusion was previously suggested 

in septic shock patients with evidence of hypoperfusion/end-organ 

ischemia. A target hematocrit .30% was based on the significant effect 

on survival when introduced as part of an early goal-directed therapy 

bundle demonstrated by Rivers and colleagues.33 Since this study, two 

other RCTs of a goal-directed therapeutic approach to patients with 

severe sepsis/septic shock failed to demonstrate the same survival ben-

efit.34,35 Transfusion rates in both of these studies were under 15%.

The specific effect of transfusion strategies on outcome in septic 

shock has recently been tested (liberal vs. restrictive) in the TRISS 

RCT.36 In this multicenter RCT of 1005 ICU patients, the effect of a 

liberal (Hb trigger ,90 g/L) versus a restrictive (Hb trigger ,70 g/L) 

transfusion strategy in patients with septic shock on 90-day mortality 

was examined. There was no appreciable difference in the primary out-

come between the two groups (RR 0.94, 95% CI 0.78–1.09) and no 

significant difference in ischemic events.36 Similarly, no differences were 

found in subgroup analyses for age, chronic cardiovascular disease  

history, or illness severity. Therefore for patients with septic shock, a 

restrictive transfusion strategy imparts no increased risk of mortality or 

negative outcome and is associated with fewer RBC transfusions. The 

2016 Surviving Sepsis Guidelines suggest a hemoglobin transfusion 

trigger of ,70 g/L in the absence of extenuating circumstances, such as 

myocardial ischemia, severe hypoxemia, or acute hemorrhage.37

Acute Coronary Syndrome
Decreased myocardial oxygen delivery is the major concern in acute 

coronary syndrome caused by impaired coronary blood flow. In a 

subgroup analysis of patients with cardiovascular disease (n 5 357) 

enrolled in the TRICC trial,38 no significant difference in hospital and 

30-day mortality and length of stay were found between the restrictive 

(Hb trigger of 70 g/L) and liberal (Hb trigger of 100 g/L) transfusion 

strategies. An insignificant trend toward harm was seen in those pa-

tients with severe ischemic heart disease (n 5 257) in the restrictive 

strategy.38

The more recent FOCUS RCT of high-risk patients undergoing hip 

surgery (n 5 2016, patients $50 years of age with a history of or risk 

factors for cardiovascular disease) randomized participants to either a 

restrictive (Hb trigger of 80 g/L) or a liberal (Hb trigger of 100 g/L) 

transfusion strategy.39 The investigators found no difference between 

the groups for the primary outcome of death or inability to walk across 

the room without human assistance at 60 days. However, in a higher-

risk population of patients with acute coronary syndrome or stable 

angina undergoing angiography, in a small pilot RCT of a restrictive 

versus liberal transfusion strategy, a trend toward a decrease in the 

primary composite outcome of death, myocardial infarction, or un-

scheduled need for revascularization at 30 days was observed in the 

liberal strategy group (risk difference: 15.0%, 95% CI 0.7–29.3%,  

P 5 .054).40 Currently, the MINT trial (myocardial ischemia and trans-

fusion) (NCT02981407) is ongoing and will aim to enroll 3500 pa-

tients with myocardial infarction and evaluate the effect of a restrictive 

(,80 g/L) or liberal transfusion (,100 g/L) threshold on all-cause 

mortality or nonfatal myocardial reinfarction within 30 days.

Cardiac Surgery
Evidence in RBC transfusion strategies in the cardiovascular surgery 

population is more conflicting. In the TRACS noninferiority trial41 

involving patients who had undergone cardiac surgery, a restrictive 

(Hct trigger ,24%) compared with a liberal (Hct trigger ,30%) 

transfusion strategy was noninferior with respect to their primary 

composite outcome of 30-day all-cause mortality and severe morbidity 

(10% vs. 11%). More recently, the large multicenter TITRe2 trial en-

rolled 2007 patients undergoing nonemergency cardiac surgery and 

examined the effect of a liberal (Hb trigger ,90 g/L) versus restrictive 

(Hb trigger ,75 g/L) transfusion strategy on a composite of serious 

infections or ischemic events at 3 months.42 Although there was no 

significant difference in the primary outcome between the two groups, 

a significant increase in mortality was observed in the restrictive arm 

(hazard ratio 1.64, 95% CI 1.00–2.67, P 5 .045). The authors were 

careful not to overinterpret these secondary findings, but this strength-

ens the need for further trials in this higher-risk population in which 

a restrictive transfusion strategy may not be safe.

The subsequent Transfusion Requirements in Cardiac Surgery 

(TRICS)-III trial was the largest RCT of 5243 cardiac surgery patients 

and confirmed that a restrictive transfusion strategy was not inferior to 

a liberal strategy.43 The 2019 Patient Blood Management International 

Consensus Conference recommends a hemoglobin threshold of 75 g/L 

for patients undergoing cardiac surgery.32

Acute Neurologic Injury
The decreased oxygen delivery associated with anemia may have more 

significant effects in those patients with stroke, subarachnoid hemor-

rhage (SAH), and traumatic brain injury (TBI). Evidence to guide RBC 

transfusions in these populations is lacking because both anemia and 

transfusion have been associated with worse outcomes. In the TRICC 

trial, only 67 patients with a primary neurologic diagnosis were in-

cluded in the original trial.27 A subgroup analysis of these limited pa-

tients showed no difference in outcome between the liberal and restric-

tive transfusion strategies.44

A recent systematic review of six comparative studies of RBC trans-

fusion in a neurocritically ill population45 found only one additional 

small RCT in an adult population. This small RCT included 44 pa-

tients with SAH who were randomized to either a liberal (Hb trigger 

of ,115 g/L) or a restrictive (Hb trigger ,100 g/L) RBC transfusion 
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strategy.46 The study was underpowered to detect any clinically rele-

vant outcome and used triggers that are higher than those currently 

practiced, which resulted in the majority of the patients receiving at 

least one RBC transfusion in both arms. There are no RBC transfusion 

strategy trials specific to an ischemic stroke population.

A RCT of 200 patients with TBI compared a liberal (Hb trigger of 

,100 g/L) with a restrictive transfusion strategy (Hb trigger of 70 g/L) 

and erythropoietin versus placebo on outcome, as measured by the 

Glasgow Outcome Scale (GOS), at 6 months.47 There was no statisti-

cally significant difference between the two transfusion strategies  

(P 5 .28), but fewer thromboembolic events in the restrictive thresh-

old group were reported (odds ratio [OR] 0.32, 95% CI 0.12–0.79).47 

This study does not completely answer the clinical question of the util-

ity of liberal transfusion strategies in this patient population, as the 

study was underpowered to detect smaller yet clinically important 

outcome differences between the two transfusion groups. Although 

RBC transfusion rates differed in the two groups, the difference in 

median hemoglobin level was less than 20 g/L by day 9 and increas-

ingly smaller by days 16, 23, and 30.

Currently two multicenter RCTs are in process, looking at transfu-

sion thresholds in patients with TBI. The first is by a European 

group—the TRAIN trial (transfusion strategies in acute brain injured 

patients) will enroll 4610 patients with TBI, SAH, or intracranial hem-

orrhage to study the effect on a liberal (,90 g/L) versus restrictive 

(,70 g/L) transfusion trigger on neurologic outcomes (NCT02968654). 

A similar study is being conducted by a Canadian group—the HEMO-

TION trial (hemoglobin transfusion threshold)—where they plan to 

enroll 712 patients with moderate to severe TBI and evaluate the effect 

of hemoglobin thresholds (,100 g/L versus ,70 g/L) on neurologic 

functional outcomes (NCT03260478). Although current studies do 

not demonstrate harm from a restrictive transfusion strategy, it re-

mains unclear if any benefit results from a more liberal strategy in 

these unique patient populations.

Gastrointestinal Bleeding
In one large trial, patients with severe acute upper gastrointestinal 

bleeding were randomized to restrictive (Hb ,70 g/L) versus liberal 

(Hb ,90 g/L) transfusion strategies. The restrictive strategy had sig-

nificantly better 6-week survival, less rebleeding, no increase in portal-

pressure gradient, and reduced need for additional transfusion.48 The 

2012 American College Gastroenterology upper gastrointestinal bleed-

ing guidelines recommend a hemoglobin greater than or equal to  

70 g/L, with higher targets in patients with intravascular volume  

depletion or comorbidities.49

Alternatives to Transfusion
The knowledge of adverse effects of blood transfusion has focused cur-

rent research on finding alternatives to transfusion or methods to re-

duce transfusion.

Erythropoiesis-Stimulating Agents
In critically ill patients, the erythropoietin response to anemia is 

abnormal. The bone marrow has a decreased response to erythro-

poietin. Corwin and colleagues,50 in a prospective, randomized, 

placebo-controlled trial including 146 medical, surgical, and trauma 

patients, concluded that treatment with erythropoietin did not re-

duce the number of RBC transfusions. The use of erythropoietin 

was associated with a greater incidence of thrombotic events.50 This 

may be caused by the fact that erythropoiesis-stimulating agents  

require high dosages or have delayed effect. Currently, erythropoiesis-

stimulating agents are only indicated in patients with chronic kidney 

disease.

Iron Therapy
In critically ill patients there is an iron-restricted erythropoiesis caused 

by iron sequestration and decreased absorption from the gut. This sug-

gests a role for intravenous (IV) iron therapy, but this has been chal-

lenged because of the role of iron in the growth and virulence of mi-

crobes. In a meta-analysis of five RCTs of iron supplementation (four 

IV, one oral iron) in adult critical care with 665 patients, the researchers 

found no difference in RBC transfusions, hemoglobin level, mortality, 

in-hospital infection, or length of stay.51 Most recently, the IRONMAN 

study compared IV iron with placebo in 140 critically ill patients.52 This 

study was unable to demonstrate any reduction in RBC transfusion, but 

patients did have higher hemoglobin levels on discharge.52 Current evi-

dence suggests that iron supplementation does not increase infections 

or adverse events, but improved patient-focused outcomes are lacking.

Blood Substitutes
The quest for blood substitutes or artificial oxygen carrier solutions as 

alternatives to RBC transfusions has spanned decades. Blood substi-

tutes have not shown promising results. Cell-free hemoglobin-based 

oxygen carriers have various adverse effects, including nephrotoxicity, 

impaired perfusion, and increased rates of myocardial infarction and 

death.53 Other challenging product development issues relate to the 

safety and cost-effectiveness of these products.

CONCLUSION

The occurrence of anemia is nearly inevitable in critically ill patients 

and because of its multifactorial etiology, it has impact both on mor-

bidity and mortality. The primary etiologies include blood loss caused 

by bleeding and phlebotomy and defective erythropoiesis caused by 

systemic inflammation. The evidence supports the restrictive strategy 

of RBC transfusion (transfusion at Hb ,70 g/L) preferably over a 

liberal transfusion strategy (transfusion at Hb ,10 g/L) in the major-

ity of critically ill patients. Careful consideration to individual cases 

must be taken in specific populations, including patients with severe 

cardiovascular disease and brain injury, where there is a need for more 

evidence. Although alternatives to RBC transfusion are lacking in the 

critically ill, the avoidance of unnecessary diagnostic phlebotomy 

should be evaluated daily.

KEY POINTS

• Anemia is common and affects almost all critically ill patients and may 

negatively affect organ function and patient outcome.

• Persistent anemia is common after ICU discharge, and 50% of patients re-

main anemic for up to 6 months.

• The etiology of anemia is multifactorial, related to hemorrhage, hemodilution, 

diagnostic phlebotomy, acute inflammation, and functional iron deficiency.

• RBC transfusion, the most common treatment for anemia, comes with as-

sociated infectious risks and more common noninfectious risks, including 

TACO, TRALI, and TRIM.

• The best evidence suggests a practice of restrictive RBC transfusion (hemo-

globin trigger ,70 g/L) for the majority of critically ill patients.

• Certain subpopulations of critically ill patients, such as those with cardiac 

disease or neurologic injury, may benefit from a more liberal trigger, but 

further research is still needed.

• Alternatives to blood transfusion in critically ill patients with anemia are not 

proven, but careful consideration of the need for diagnostic phlebotomy can 

be implemented daily.

 References for this chapter can be found at

 

expertconsult.com.

 

http://expertconsult.com
http://expertconsult.com
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ANNOTATED REFERENCES

Cable CA, Razavi SA, Roback JD, et al. RBC transfusion strategies in the ICU: 

a concise review. Crit Care Med. 2019;47(11):1637–1644.

This is a critical review of high-level studies evaluating RBC transfusion 

strategies with a focus on hemoglobin thresholds in the ICU. Current litera-

ture supports the use of restrictive transfusion strategies in the majority of 

critically ill populations, but a slightly higher threshold is recommended in 

cardiac surgery and those with cardiovascular disease.

McIntyre L, Tinmouth AT, Fergusson DA. Blood component transfusion in 

critically ill patients. Curr Opin Crit Care. 2013;19(4):326–333.

A good review article.

Napolitano LM. Anemia and red blood cell transfusion: advances in critical 

care. Crit Care Clin. 2017;33(2):345–364.

This is a review of the etiology of anemia in the ICU and current transfusion 

practices. Significant advances have been made in understanding the patho-

physiology of anemia in the ICU. The anemia is related to high hepcidin con-

centration resulting in iron-restricted erythropoiesis and abnormal erythro-

poietin concentrations. Although a restrictive transfusion strategy is 

recommended to ICU patients in need of therapy for anemia, all strategies to 

reduce anemia and blood loss in the ICU should be implemented.
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Blood component therapy is generally supportive for the correction of 

one or more hematologic deficiencies until the basic disease process 

can be controlled or corrected. Anemia is pervasive in the intensive 

care unit (ICU), with over 30%–50% of critically ill patients receiving 

a transfusion during their ICU stay.1–3 Transfusions do not come with-

out risk, and thus the past decade has seen a drastic shift from a 

product-centered focus to one of patient blood management (PBM). 

Defined by the AABB (previously the American Association of Blood 

Banks) as “an evidence-based, multidisciplinary approach to optimiz-

ing the care of patients who might need transfusion,” PBM consists of 

a three-pillar approach: optimizing red cell mass, minimizing blood 

loss, and tolerating anemia. Accurate diagnosis of hematopoietic defi-

ciencies, minimizing blood loss and unnecessary laboratory draws, and 

tolerance of deficiencies within limits is important. Perioperatively, 

this can be achieved by identifying patients at high risk of bleeding, 

giving close attention to surgical and anesthetic techniques (e.g., per-

missive hypotension, normothermia, reduction of venous pressure at 

the operating site) and using pharmacologic agents to minimize blood 

loss (eFig. 126.1). Additionally, cell salvage and hemostatic agents such 

as fibrin glue can be employed to avoid transfusion.

RED BLOOD CELL CONCENTRATES

Transfusion of red blood cells (RBCs) is one of the most common 

medical interventions performed in the United States, with over 11 

million units of RBCs transfused annually.4 RBCs are typically 

packed (pRBCs) with a preservative solution that allows refrigerated 

storage for up to 42 days. Each unit has a hematocrit of approxi-

mately 60%, and transfusion of one unit of pRBCs is typically ex-

pected to result in a hemoglobin (Hgb) increase of 1 g/dL in an adult 

with stable blood volume. Despite previous published guidelines, 

there remains significant variation in the practice of transfusing pa-

tients.5–9 Whereas some clinicians base the decision to transfuse 

solely upon Hgb level, many guidelines maintain that transfusions 

should be given for overall clinical status, patient preference, and 

availability of alternative therapies.10,11

A recent systematic review and meta-analysis evaluating the effi-

cacy of RBC transfusion included 31 randomized clinical trials (RCTs) 

with over 12,000 patients who were randomized to a higher Hgb con-

centration as the threshold for transfusion (referred to as liberal trans-

fusion; Hgb ,10 g/dL) or to a lower Hgb concentration (referred to as 

restrictive transfusion; Hgb ,7–8 g/dL).12 Patients in the restrictive 

group were 43% less likely to receive an RBC transfusion than those in 

the liberal group. Overall, there was no difference in 30-day mortality 

between the two groups, and results were similar among trials with 

thresholds of 7 and 8 g/dL. Other outcomes did not differ significantly 

between restrictive and liberal transfusion groups, including infection 

(pneumonia, wound, bacteremia), myocardial infarction, and conges-

tive heart failure.

With these data in mind, the AABB recommends a restrictive RBC 

transfusion threshold in which transfusion is not indicated until the 

Hgb falls below 7 g/dL for the majority of hemodynamically stable 

patients, including those who are critically ill. For patients undergoing 

orthopedic or cardiac surgery and those with cardiovascular disease, 

the AABB recommends a restrictive transfusion threshold with an Hgb 

goal of 8 g/dL. Although they do comment that the restrictive thresh-

old of 7 g/dL is likely comparable with 8 g/dL, RCT evidence is not 

available for all patient categories. These recommendations do not ap-

ply to patients with acute coronary syndrome, severe thrombocytope-

nia, and chronic transfusion-dependent anemia, as the evidence is in-

sufficient in these disease processes.10

PLATELET CONCENTRATES

Platelet concentrates can be prepared by apheresis or from whole 

blood using either the buffy-coat or platelet-rich plasma methods. 

Whereas apheresis platelets are obtained from one donor, the buffy-

coat and platelet-rich plasma methods require pooling of platelets 

from several donors (usually four to six). Unlike other blood compo-

nents, platelets are stored at 22°C with continuous agitation and have 

a shelf-life of up to 5–7 days out of concern for possible bacterial 

growth during storage.

Thrombocytopenia is correlated with increasing illness severity, 

sepsis, and organ dysfunction; however, the effect of thrombocytope-

nia on clinically significant spontaneous hemorrhage remains unclear. 

Platelet transfusion strategies are driven by the need to stop (therapeu-

tic) or prevent (prophylactic) bleeding. Although an increased risk of 

bleeding has been demonstrated with a platelet count below 5 3 109/L 

and spontaneous hemorrhage rarely occurs above 10 3 109/L, there is 

a general lack of evidence to support specific platelet thresholds in 

most critical care and surgical settings.

In patients undergoing surgical or invasive procedures, relative fac-

tors that contribute to the decision to transfuse platelets periopera-

tively include the type of procedure, preoperative platelet counts, de-

gree of active or anticipated hemorrhage, and presence of antiplatelet 

medications or disorders that affect platelet function. For major sur-

geries or invasive procedures that carry an inherently elevated risk of 

bleeding, the platelet count should be maintained at greater than 50 3 

109/L. As a significant number of patients who undergo cardiac surgery 

experience platelet dysfunction related to cardiopulmonary bypass, 

hypothermia, hemodilution, and platelet activation, prophylactic 

platelet transfusion should not be performed unless the patient is on 

antiplatelet therapy. Postoperatively, platelets should be transfused in 

the setting of active bleeding with a platelet count less than 50 3 109/L 
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eFig. 126.1 Overview of Blood Management and Where Blood Component Therapy May be Appropriate.
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Blood Product Main Indications

Whole blood* Increasingly used for acute traumatic hemorrhage.

Red blood cell  

concentrates*

Hemorrhage and anemia.

Leukocyte-depleted 

blood*

In patients having febrile reactions, to avoid leukocyte 

immunization in selected patients (especially patients 

with hematologic malignancy). Universal prestorage 

leukodepletion is more widely used and has the 

added benefit of minimizing storage lesions.

Platelet 

concentrates*

Thrombocytopenia caused by marrow hypoplasia or 

platelet functional defect.

Granulocyte  

concentrates*

Occasionally in patients with sepsis associated with 

profound and prolonged neutropenia secondary to 

marrow suppression.

Fresh frozen  

plasma*

Specific or multiple plasma protein deficiencies  

(especially coagulation).

Cryoprecipitate* Hypofibrinogenemia and rarely in factor VIII and  

von Willebrand disease, when concentrates are  

unavailable.26

4% or 5% albumin  

solutions†

Plasma volume expansion. Use is controversial, and  

the role of albumin solutions in critically ill patients 

remains under debate.27

Concentrated  

albumin†

Severe hypoalbuminemic states with complicating  

hypovolemia.

Concentrate of  

coagulation  

factors II, VII,  

IX, and X†

Vitamin K–dependent factor II, IX, and X deficiency  

and reversal of oral vitamin K antagonists.

Specific factor  

concentrates†

Factor VIII and IX concentrates have an established  

role in the management of hemophilia, but others  

are in the process of establishing their clinical  

efficacy and indications.28–30

Fibrinogen concentrates for hypofibrinogenemia and 

dysfibrinogenemia.28

Antithrombin concentrates are available for thrombo-

philia caused by antithrombin deficiency and are in-

creasingly recommended in other disorders in which 

antithrombin may be depleted (e.g., DIC, MODS).31

Gamma globulin† Generally used intravenously for replacement in  

hypogammaglobulinemia or in high dosages as an 

immune-modulating therapy.32

Specific immune 

gamma globulins†

Rhesus prophylaxis, specific infection prophylaxis and 

treatment.33

TABLE 126.1 Blood Products

DIC, Disseminated intravascular coagulation; MODS, multiorgan 

dysfunction syndrome.

*Fresh products.
†Fractionated plasma products.

with no obvious source of hemorrhage.13 For minor surgeries and 

minimally invasive procedures (central line placement, angiography, 

endoscopy, lumbar puncture, paracentesis), the platelet count should 

be maintained above 20–30 3 109/L.14 For neurosurgical procedures 

and other procedures that occur within a closed, defined space  

(including ocular procedures), a platelet count above 100 3 109/L is 

recommended.15

Prophylactic platelet transfusions are recommended only for plate-

let counts below 10 3 109/L unless other factors that increase the risk 

of bleeding are present. In patients with qualitative defects in platelet 

function, platelet count is not a reliable indicator for transfusion, and 

transfusion decisions and monitoring of efficacy should be based on 

the setting and clinical features. In the setting of massive hemorrhage, 

the platelet count should be maintained above 50 3 109/L, and above 

75 3 109/L with any associated injury to the central nervous system.16 

The transfusion of platelet concentrates is not generally considered 

appropriate when thrombocytopenia is the result of immune-medi-

ated destruction or in patients with thrombotic thrombocytopenic 

purpura and hemolytic uremic syndrome.

FRESH FROZEN PLASMA

Fresh frozen plasma (FFP) has a shelf-life of up to a year at 218°C 

but requires 30 minutes or more to thaw, limiting immediate avail-

ability. Once thawed, it has a 5-day shelf-life before it must be dis-

carded. FFP is widely used, but there are limited specific indications 

for its use, and there is a dearth of evidence for its efficacy in many 

clinical settings. FFP is frequently used to correct an abnormal inter-

national normalized ratio (INR) in nonbleeding patients. In this 

setting, many patients have adequate coagulation function and trans-

fusion is unnecessary.17 FFP may be appropriate in patients with a 

known coagulopathy who are bleeding or at risk of bleeding when a 

specific therapy or factor concentrate is not appropriate or is unavail-

able. This includes patients with a vitamin K deficiency or who  

require reversal of warfarin therapy. Additionally, FFP is generally 

indicated in acutely hemorrhaging patients as part of a massive 

transfusion protocol.

The benefit of plasma transfusion extends beyond its hemostatic 

effects to include reduction of vascular permeability and mitigation 

of inflammation after hemorrhagic shock. Severe trauma, in addition 

to other inflammatory conditions such as ischemia-reperfusion in-

jury, diabetes, and sepsis, are known to result in vascular endothelial 

dysfunction. In vitro18–20 and in vivo21,22 models of hemorrhagic 

shock demonstrate that plasma restores microvascular integrity, in 

part by repair of the endothelial glycocalyx. The mechanisms of ac-

tion of FFP are the subject matter of current research, but may be 

attributed to soluble factors, of which over 1000 are found in plasma. 

Many of these soluble proteins are biologically active and have un-

known functions.23

CRYOPRECIPITATE

Cryoprecipitate is collected as the precipitate of plasma after a freeze-

thaw cycle and is enriched in factors VIII and XIII, von Willebrand 

factor, fibronectin, and fibrinogen. Administration of cryoprecipitate 

is principally indicated for fibrinogen deficiency or dysfibrinogenemia 

when there is clinical bleeding, trauma, acute disseminated intravascu-

lar coagulation, or before invasive procedures. Currently, the American 

College of Surgeons Committee on Trauma recommends transfusion 

of cryoprecipitate to maintain fibrinogen at 180 mg/dL or greater dur-

ing massive transfusion in bleeding patients.24

PLASMA-DERIVED PRODUCTS

Table 126.1 summarizes commonly used fresh and plasma-derived 

blood products. Prothrombin complex concentrate (PCC) contains 

concentrated vitamin K–dependent coagulation factors stored as a ly-

ophilized powder. PCC comes as three-factor (containing factors II,  

IX, and X) and four-factor products (containing factors II, VII, IX,  
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and X, in addition to the anticoagulant proteins—protein C, protein S, 

antithrombin, and heparin). Both three- and four-factor PCC have 

been shown to be superior to FFP for urgent reversal of acquired  

coagulation factor deficiency induced by vitamin K agonists and in 

correcting the coagulopathy of trauma, with four-factor PCC correct-

ing elevated INRs more rapidly than three-factor PCC.25 Currently, 

there is extensive and increased use of PCC for off-label applications, 

such as reversing direct oral anticoagulants.

In addition to FFP and cryoprecipitate, fibrinogen concentrate is 

increasingly used in the management of hypofibrinogenemic states, 

depending on local availability. However, because of the low quality of 

published clinical evidence,34 the beneficial effect of fibrinogen concen-

trate remains under debate.

RECOMBINANT BLOOD PRODUCTS

Recombinant growth factors such as erythropoietin and granulocyte 

stimulating factor have had a major impact on managing anemia and 

neutropenia. Recombinant hemostatic factors, such as recombinant 

activated factor VII (rFVIIa), have improved the management of ac-

quired hemophilias and other inherited bleeding diatheses. As rFVIIa 

tends to localize to areas of vascular injury once administered and may 

decrease the overall need for blood products in trauma patients, it has 

also been used off-label in the treatment of severe bleeding despite a 

lack of high-quality evidence for efficacy, as most experience has been 

observational and anecdotal.

BLOOD SUBSTITUTES

Significant efforts have long been ongoing to develop substitutes for 

RBCs and platelets. Unfortunately, neither hemoglobin-based oxygen 

carriers nor chemical-based products such as perfluorocarbons have 

yielded optimistic results, and safety concerns have plagued clinical 

development. However, new research does suggest that these artificial 

oxygen carriers may have beneficial application in other areas, such as 

organ preservation for transplant surgery,35 sickle cell crisis,36 and 

brain oxygenation during circulatory arrest.37

TRANSFUSION MANAGEMENT OF MASSIVE 
ACUTE TRAUMATIC HEMORRHAGE

Early definitive hemorrhage control and, when indicated, initiation of 

a massive transfusion protocol (MTP), have long been the tenets of 

treatment of severe hemorrhagic shock; however, the composition of 

an MTP has changed significantly in recent years. The recent conflicts 

in Iraq and Afghanistan led to the emergence of damage control resus-

citation. This is defined as early transfusion of a balanced ratio of 

blood products along with the prevention and correction of coagu-

lopathy and minimization of crystalloid fluids to prevent the known 

complications associated with massive crystalloid resuscitation, in-

cluding acute respiratory distress syndrome, abdominal compartment 

syndrome, multiple organ failure, and mortality.38 As shown by the 

PROMMTT study, patients transfused with plasma and platelet:RBC 

ratios more than 1:2 had significantly decreased 6-hour to 24-hour 

mortality.39 The ideal resuscitation ratio was further validated by the 

PROPPR trial, which demonstrated that early transfusion of plasma, 

platelets, and RBCs in a 1:1:1 ratio led to improved hemostasis and 

fewer deaths from exsanguination than a 1:1:2 ratio.40

Massive transfusion (MT) is usually defined as the transfusion of 

$10 units of pRBCs within a 24-hour period. Early identification of 

the trauma patient who will require MT is difficult, though necessary, 

as early activation of an MTP is associated with decreased blood waste 

and improved outcomes. Although several scoring systems exist to 

identify trauma patients who will require an MTP, early iterations rely 

on laboratory values that are not available until well after the resuscita-

tion process has begun. One scoring system that requires no laboratory 

data and thus can be determined almost immediately upon patient 

arrival is the Assessment of Blood Consumption (ABC) score, which 

gives 1 point for each of the following: penetrating mechanism, systolic 

blood pressure (SBP) ,90 mm Hg, heart rate (HR) .120 bpm, and 

positive Focused Assessment with Sonography for Trauma (FAST) 

exam. A score of 2 or more is predictive of MT, with a sensitivity of 

75%–90%, specificity of 67%–88%, and overall accuracy of 84%–87% 

for trauma patients.41

Although blood transfusion may be lifesaving for exsanguinating 

patients, it is increasingly recognized that transfusion may be an inde-

pendent risk factor for delayed morbidity and mortality. Transfusion 

can thus be minimized with tolerance of hypotension, termed permis-

sive hypotension, until hemorrhage is controlled.

Failure of hemostasis is common in acutely bleeding patients and 

may be complex and multifactorial. Trauma-induced coagulopathy 

(TIC) develops in approximately one-third of all trauma patients. 

Initially thought to be only the result of the iatrogenic secondary ef-

fects of hemodilution, hypothermia, and acidosis, TIC is now known 

to also result from multiple distinct but highly integrated pathways. 

Tissue hypoperfusion secondary to hypovolemic shock leads to acti-

vation of protein C, ultimately resulting in unopposed fibrinolysis 

and depletion of fibrinogen. Significant fibrinolysis heralds increased 

mortality. Conversely, fibrinolysis shutdown, or overinhibition of  

fibrinolysis, has also been demonstrated to be an independent pre-

dictor of adverse outcomes, including mortality, after trauma. The 

combination of tissue trauma and acidosis has been associated with 

disruption of the endothelial glycocalyx, the shedding of which  

appears capable of triggering systemic thrombin production and 

protein C activation.

NOVEL CONCEPTS FOR DAMAGE CONTROL 
RESUSCITATION IN TRAUMA

Never-Frozen Liquid Plasma
There is increasing interest in the use of never-frozen, or liquid, plasma 

to reduce waste and improve rapid availability of plasma in MTPs. 

Liquid plasma is approved for storage at 1°–6°C for up to 26 days with 

minimal degradation of clotting factor function. In vitro studies dem-

onstrate that liquid plasma has a better coagulation profile than 

thawed plasma.42 In high-volume centers, liquid plasma has the poten-

tial to replace FFP because of its superior coagulation profile, its im-

mediate availability for MT, and its potential to reduce waste. FFP that 

is thawed and never used over its 5-day shelf-life is a major source of 

waste in most large centers.

Freeze-Dried Plasma
Freeze-dried (or lyophilized) plasma (FDP) is stored at room tempera-

ture and can be reconstituted within minutes. It can be stored for at 

least 1 year in the powder form. Although used extensively during 

World War II, US production of FDP was halted in the 1960s because 

of concern for pathogen transmission. FDP may be single donor or it 

may be pathogen reduced and come from multiple donors. There is 

currently no approved FDP product in the United States, though FDP 

is used abroad and by the deployed US military. Products are currently 

undergoing phase II trials in the United States.
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Cold Storage Platelets
Cold storage platelets (CSPs) can be kept at 1°–6° C for up to 21 days and 

do not require agitation, thus reducing the burden of storage on blood 

banks. They undergo a spherical shape change when stored cold and are 

thus cleared from the circulatory system more rapidly than platelets 

stored at room temperature. CSPs have been shown to aggregate better 

and produce stronger clots than platelets stored at 20°–24°C.43,44 CSPs 

are approved for military use by the Food and Drug Administration 

(FDA) in deployed settings and have the potential to ease platelet short-

age scenarios and make platelets available in rural settings.

Whole Blood
As demonstrated by the PROPPR study, the ideal resuscitation for a 

trauma patient in hemorrhagic shock is a balanced 1:1:1 transfusion of 

plasma, platelets, and pRBCs. This “reconstituted whole blood” con-

tains a significant amount of preservative, creating an anemic, throm-

bocytopenic, and coagulopathic solution even without the addition of 

crystalloids or artificial colloids. Contrasting this, a single 500-mL unit 

of fresh whole blood (WB) is diluted with only 70 mL of preservative, 

yielding an Hgb concentration of 13–14 g/dL, 150,000–400,000 plate-

lets/mL, 1500 mg of fibrinogen, and nearly 100% activity of clotting 

factors.45 WB provides a balanced resuscitation that simultaneously ad-

dresses oxygen debt and coagulopathy while logistically simplifying the 

process of transfusion by requiring only one bag as opposed to three. 

The use of fresh WB has been associated with decreased mortality in the 

military setting, and transfusion with uncrossmatched, cold-stored, 

low-titer group O–positive or –negative WB is currently being investi-

gated as an alternative to component therapy in civilian trauma centers.

GOAL-DIRECTED CORRECTION OF COAGULOPATHY

There has been increased interest in viscoelastic coagulation assays 

such as thromboelastography (TEG) and rotational thromboelastom-

etry (ROTEM) for the monitoring of TIC and guidance of blood 

product resuscitation. These assays provide real-time information on 

various viscoelastic properties, including time to clot initiation, clot 

propagation, clot strength, and clot breakdown (fibrinolysis). Many 

studies have validated TEG and ROTEM against standard coagulation 

tests, including prothrombin time (PT), INR, and activated partial 

thromboplastin time (aPTT). Viscoelastic assays have been shown to 

reduce mortality and blood product utilization in MT compared with 

conventional coagulation tests.46

HAZARDS OF ALLOGENEIC TRANSFUSION

Noninfectious risks have become the leading concern of transfusion 

and include the following: transfusion-associated lung injury 

(TRALI), transfusion-associated circulatory overload (TACO), trans-

fusion reactions (including but not limited to allergic/anaphylactic, 

acute and delayed hemolytic, febrile, hypotensive, and septic transfu-

sion reactions), alloimmunization, immunomodulation, bacterial 

contamination (especially of platelets), and graft-versus-host disease 

(GVHD). Although more detailed discussion of the complications of 

allogeneic blood transfusions are discussed in other chapters, TRALI 

and TACO deserve special mention, as they are the leading causes of 

transfusion-associated morbidity and mortality. Characterized by 

acute pulmonary edema occurring within 6 hours of transfusion, 

TRALI consists of pulmonary permeability (noncardiogenic) edema, 

whereas TACO is defined by pulmonary hydrostatic edema (cardio-

genic) with signs of circulatory overload. Both syndromes are difficult 

to diagnose and underscored by complex and incompletely under-

stood physiologies.

The pathophysiology of transfusion reactions can be divided 

broadly into the following four categories:

 1. Reactions may occur because of immunologic differences between 

the donor and recipient, resulting in varying degrees of blood com-

ponent incompatibility. In general, for a reaction to occur, the re-

cipient needs to have been previously immunized to a cellular or 

plasma antigen.

 2. A wide range of infectious agents may be transmitted by allogeneic 

blood component therapy. With advances in donor screening and 

blood product testing, the risk of transmission of infections such as 

human immunodeficiency virus (HIV) and viral hepatitis have been 

reduced to less than 1 per 10 million units of blood in developed 

nations. Despite this, transmission of emerging pathogens is always 

a threat, with the most recent example being the Zika virus, as  

potential donors may be viremic at the time of donation—though 

asymptomatic and thus not detected by donor screening.

 3. Alterations in blood products caused by preservation and storage may 

result in quantitative or qualitative deficiencies in the blood com-

ponents that reduce transfusion efficacy and expose the patient to 

potentially adverse consequences from substances that accumulate 

during storage (Table 126.2).

 4. Clinical, technical, and clerical errors resulting from incorrect patient 

identification, failure of cold chain management, or administration 

errors may result in a range of hazards. Included in this group are 

patients who are at particular risk from lung injury and circulatory 

overload because of comorbidities such as cardiac compromise, 

poor clinical assessment of fluid and volume status, and sepsis.

A multitude of experimental and clinical studies have linked blood 

transfusions to a long list of unfavorable outcomes, including in-

creased ICU admission rates, increased hospital length of stay, sepsis 

and infection, multiorgan dysfunction, respiratory distress and failure, 

venous thromboembolism, cardiac complications, stroke, renal injury, 

and mortality. The implication of RBC transfusion as part of the prob-

lem rather than optimal therapy has challenged long-held views about 

the safety of allogeneic blood transfusion. For these reasons, a precau-

tionary approach should be adopted, with avoidance or minimization 

of allogeneic transfusion and the use of appropriate patient blood 

conservation techniques whenever possible.

BLOOD STORAGE LESIONS AND POTENTIAL 
CLINICAL CONSEQUENCES

In addition to the transfusion reactions and infectious risks discussed 

earlier, transfusion of large volumes of blood product may expose the 

patient to “storage lesions,” or the collection of biochemical and mor-

phologic changes that occur because of degradation of pRBCs and 

platelets while stored. This has been postulated to lead to deleterious 

effects on microvascular circulation and oxygen delivery. Storage lesions 

progress throughout the duration of storage, and the extent of these 

changes is determined by the specific blood component, preservative 

medium, container, storage time, and storage conditions (eFig. 126.2). 

RBCs stored for longer periods have alterations of the membrane result-

ing in increased rigidity and adherence to the endothelium, decreased 

levels of 2,3-bisphosphoglycerate, and decreased nitric oxide metabo-

lism.47,48 The storage medium itself may contain increased amounts of 

iron, potassium, free Hgb, and inflammatory mediators, all of which can 

have significant consequences.49

Although there is a growing literature confirming the presence of 

the storage lesion in vitro, the clinical significance of this continues to 

be debated. Previous data suggesting adverse outcomes with transfu-

sion of older RBCs were predominantly obtained via uncontrolled ob-

servational studies. Contrasting this, a recent meta-analysis of multiple 
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eFig. 126.2 Red Blood Cell Storage Lesions. ARDS, Acute respiratory distress syndrome; GIT, gastrointes-
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transfusion-related acute lung injury.
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large RCTs with over 5000 patients enrolled found that patients trans-

fused with fresher blood (,10 days old) had no difference in adverse 

events outcomes or mortality when compared with patients transfused 

with standard-issue blood.12 Interestingly, a trend toward increased risk 

of nosocomial infection was demonstrated with fresher blood (risk 

ratio [RR] 1.09; 95% confidence interval [CI] 1.00–1.18; P 5 .04).12 

Little data exist on transfusion of end-of-storage RBCs (older than  

28 days). Further information about the storage lesion and the possible 

clinical implications is summarized in Table 126.2.

HYPERBILIRUBINEMIA IN THE SETTING  
OF MASSIVE TRANSFUSION

Hyperbilirubinemia after massive transfusion is common and deserves 

special mention. A significant portion of the transfused RBCs may not 

survive, and the resulting bilirubin load causes varying degrees of hyper-

bilirubinemia. Hypovolemia and shock contribute to impairment in 

biliary transport functions, particularly in the presence of sepsis or mul-

tiple organ dysfunction. An important rate-limiting step in bilirubin 

transport is the energy-requiring process of transporting conjugated 

bilirubin from the hepatocyte to the biliary canaliculus. Delayed excre-

tion may lead to conjugated hyperbilirubinemia. A hemolytic transfu-

sion reaction and resorbing hematoma also must be considered as  

possible causes of hyperbilirubinemia. A later increase in bilirubin at  

5 days post shock may reflect ongoing injury to the liver as part of  

multiple organ failure.

BASIC IMMUNOHEMATOLOGY

RBC serology is a specialized area of knowledge, and with the Interna-

tional Society of Blood Transfusion (ISBT) now recognizing 36 human 

blood group systems and 346 antigens, it is not possible to expect clini-

cians to have more than a basic working knowledge essential for pa-

tient safety. The most well-known and important antigens for safe 

transfusion are ABO and D (Rh).

REGULAR AND IRREGULAR (ATYPICAL) 
ANTIBODIES

The four major ABO blood groups are defined by the presence or ab-

sence of the two carbohydrate antigens integral to the RBCs, A and/or 

B, and by the presence or absence of the naturally occurring antibodies 

(isoagglutinins) anti-A and/or anti-B. An individual with an antigen 

will lack the corresponding antibody (e.g., an individual with group A 

antigen will have anti-B antibodies). Of note, group A RBCs cause  

the most common and most dangerous ABO-incompatible hemolytic 

reactions.

The D antigen of the rhesus (Rh) blood group system is common 

and highly immunogenic, and is the second-most important antigen 

with regard to safe transfusion. When an Rh-negative (i.e., D-negative) 

patient is exposed to D-positive blood, there is a high likelihood of 

forming an anti-D antibody. D-negative females of childbearing age 

who receive D-positive blood may be at risk for hemolysis of the new-

born or fetus. For this reason, the D antigen is taken into account when 

providing blood for transfusion to young females. Beyond the A, B, 

and (Rh)D antigens, it is not practical or necessary to take notice of 

other blood group antigens unless an atypical antibody is detected 

during antibody screening procedures.

Atypical antibodies are not normally present in the plasma but may 

be found in some people as naturally occurring antibodies or immune 

antibodies. Immune antibodies result from previous exposure due to 

blood transfusion or pregnancy. Naturally occurring antibodies are 

generally of minimal clinical significance. In contrast, many of the im-

mune atypical antibodies are of major clinical significance and thus 

their recognition is imperative and drives pre-transfusion compatibil-

ity testing and antenatal antibody screening.

ANTIBODY SCREEN

On receipt of a blood sample by the transfusion service, the RBCs are 

ABO and Rh(D) typed while the serum is screened for atypical anti-

bodies. The antibody screen is performed by incubating the patient’s 

Storage Lesion Potential Clinical Consequences

Alterations in blood cell structure and function

ATP depletion Echinospherocyte formation, increased  

osmotic fragility, impaired RBC deform-

ability with adverse effects on oxygen 

transport and delivery

Microvesiculation and loss of  

membrane lipid, lipid  

peroxidation and hemolysis,  

and irreversibly damaged RBCs

Reduced RBC viability and cell death

Hyperbilirubinemia, LDH, increased  

serum iron, free radical generation,  

hyperkalemia

Reduced 2,3-DPG Increased hemoglobin affinity for oxygen 

and impaired unloading

Decreased CD47 antigen  

(integrin-associated protein)  

expression

Reduced posttransfusion survival  

caused by premature clearance post 

transfusion

RBC adhesion to endothelial  

cells

Adverse effects on microcirculatory  

hemodynamics

Storage temperature Hypothermia unless pretransfusion warming

Additives

Citrate Hypocalcemia, acid-base imbalance,  

initial acidosis alkalosis

Glucose Hyperglycemia

Sodium Hypernatremia

Cytokines: IL-1, IL-6, IL-8, TNF Fever, hypotension, flushing

Enzymes: Myeloperoxidase, 

elastase, arginase, secretory  

phospholipase A2

Transfusion-related immunomodulation, 

neutrophilia

Reactive proteins: Defensins, 

annexin, soluble HLA, Fas  

ligand, soluble endothelial  

cell growth factor, and others

Proinflammatory, potential “priming” for 

ARDS, TRALI, and MODS

Histamine and kinin  

accumulation

Hypotension, anxiety, flushing, pain syn-

dromes, proinflammatory

Microaggregates  

and procoagulants

Blockade of reticuloendothelial system

Risk factor for development of ARDS, 

MODS, TRALI

Activation of hemostasis . DIC (?), VTE 

(?), arterial thrombotic events (?)

TABLE 126.2 Red Blood Cell Storage 
Lesions and Possible Clinical Consequences

ARDS, Acute respiratory distress syndrome; ATP, adenosine triphosphate; 

DIC, disseminated intravascular coagulation; 2,3-DPG, 2,3-diphosphoglyc-

erate; HLA, human leukocyte antigen; IL, interleukin; LDH, lactate dehy-

drogenase; MODS, multiorgan dysfunction syndrome; RBC, red blood 

cell; TNF, tumor necrosis factor; TRALI, transfusion-related acute lung 

injury; VTE, venous thromboembolism.
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KEY POINTS

• In general, a restrictive RBC transfusion strategy is recommended (trans-

fuse when Hgb falls below 7 g/dL). For patients with acute coronary syn-

drome, RBC transfusion should be considered when Hgb is below 8 g/dL.

• The decision to transfuse RBC concentrates should be supported by the need 

to relieve clinical signs and symptoms of impaired oxygen transport and to 

prevent morbidity and mortality, with the aim of improving clinical outcomes.

• For the acutely hemorrhaging patient, resuscitation should consist of early 

transfusion of plasma, platelets, and RBCs in a balanced 1:1:1 ratio or liq-

uid, cold-stored, type O WB.

• In patients undergoing surgical or invasive procedures, the decision to trans-

fuse platelets should take into account the type of procedure, preoperative 

platelet counts, degree of active or anticipated hemorrhage, and presence of 

antiplatelet medications or disorders that affect platelet function.

• The benefit of plasma transfusion extends beyond its hemostatic effects to 

include reduction of vascular permeability and mitigation of inflammation 

after hemorrhagic shock.

• Prothrombin complex concentrate is superior to FFP in reversal of acquired 

coagulation factor deficiency induced by vitamin K agonists such as warfarin.

• Allogeneic transfusion can be associated with infectious and noninfectious 

risks, such as allergic, hemolytic, and febrile reactions, in addition to TRALI, 

TACO, transfusion-related immunomodulation, and GVHD.
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serum with group O screening cells, which are RBCs obtained from 

two- or three-group O donors and express combinations of commonly 

encountered and clinically significant RBC antigens. If an atypical an-

tibody is detected on the antibody screen, further serologic investiga-

tions are done to identify the specificity of the antibody.

CROSSMATCH (COMPATIBILITY TEST)

The crossmatch is the final compatibility test between the donor cells 

and the patient’s serum, acting as a last check for ABO compatibility and 

unexpected antibodies. It can be done electronically or serologically. For 

a patient with a negative antibody screen with no history of a clinically 

significant antibody and with at least two prior ABO types performed, 

an electronic crossmatch (EXM) can be performed. In EXM, a computer 

algorithm ensures the correct ABO/RhD type blood is issued.

If the patient does not meet these criteria or EXM is not available 

at the institution, immediate spin crossmatch (IS XM) is performed. In 

IS XM, the donor RBCs are suspended in a saline solution, which is 

then gently mixed with the patient’s serum and centrifuged before be-

ing resuspended. The presence of any hemolysis or RBC agglutination 

suggests possible ABO mismatch. If IS XM or antibody screen is posi-

tive, or if the patient has a history of clinically significant antibodies, 

an immunoglobulin G (IgG) crossmatch must be performed. In this 

indirect Coombs test, the donor RBCs are added to the patient’s serum 

and incubated to allow for any immunoglobulins to coat the donor 

RBCs. The RBCs are then washed and treated with an antibody to hu-

man IgG before being inspected for hemolysis or agglutination.

 Emergency uncrossmatched blood can be given in times of signifi-

cant exsanguination with concern for possible loss of life. Group O 

Rh(D)-negative donors are referred to as “universal” blood donors and 

are ABO compatible with all recipients. This emergency uncrossmatched 

blood is also screened for high-titer A or B hemolysins. Although group 

O Rh(D)-positive blood can be used in severe hemorrhage, if the recipi-

ent is a female of childbearing age, every attempt should be made to give 

Rh(D)-negative blood until the patient’s blood type is known.

References for this chapter can be found at

 

expertconsult.com.
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Venous Thromboembolism

Simone Langness, Caitlin Collins, and M. Margaret Knudson

INTRODUCTION

Venous thromboembolism (VTE), which includes both deep vein 

thrombosis (DVT) and pulmonary embolism (PE), is a source of sig-

nificant morbidity and mortality for the critically ill patient.1 The de-

velopment of DVT alone in the intensive care unit (ICU) is associated 

with a longer length of stay, more ventilator days, and an increased 

mortality rate compared with similar patients without DVT.2 The an-

nual costs for VTE in the United States is .$10 billion,3 with a total 

economic burden as high as $69 billion.4

DEEP VEIN THROMBOSIS

Incidence
It is estimated that approximately 10% of patients in medical or surgi-

cal ICUs will have a DVT on admission.5,6 The incidence of DVTs de-

veloping during ICU care is much harder to estimate but has been 

cited to be between 10% and 80%, depending on the patient popula-

tion, predisposing factors, diagnostic method used, and prophylactic 

choice.6–9 More recent studies place the estimates closer to 10%–

15%10,11 if appropriate prophylaxis is given.  

Risk Factors
Several factors predispose critically ill patients to DVT (Table 127.1). 

Some risk factors are caused by an underlying illness, whereas others 

are acquired during the stay in the ICU. Each risk factor, whether in-

trinsic or acquired, relates to Virchow’s triad of venous thrombosis: 

stasis, endothelial injury, and hypercoagulability.

Diagnosis
The diagnosis of DVT in critically ill and injured patients is challeng-

ing. Less than 15% of ICU patients diagnosed with DVT have associ-

ated clinical signs,26 and many are unable to communicate symptoms 

because of factors such as altered mental status, sedation, or mechani-

cal ventilation. Additionally, classically described signs such as unilat-

eral leg swelling, local calf tenderness, dilated superficial veins, and 

erythema may not be present in the critically ill patient or are con-

founded by accompanying diseases or traumatic injuries. As such, 

physical examination has been shown to have little utility in the diag-

nosis of DVT in the ICU patient.26

Compression Ultrasound

Compression ultrasound (US) is the most commonly employed modal-

ity in the diagnosis of DVT, with a sensitivity of 85% and specificity of 

96%27 (Fig. 127.1). Given that DVTs in the critical setting are often 

clinically silent, some have advocated for routine screening of patients 

with US.6 Although screening results in more DVTs diagnosed, it is also 

associated with increased costs and the potential for inaccurate results. 

Based on data from the Prophylaxis for Thromboembolism in Critical 

Care Trial (PROTECT), weekly screening US is not recommended.28

Prophylaxis

The incidence of DVT among medical-surgical ICU patients without any 

form of prophylaxis is estimated at around 30%.8,11 Mechanical prophy-

laxis with intermittent pneumatic compression devices (PCDs) has been 

shown to reduce the development of DVT by approximately 30% when 

used in isolation compared with no prophylaxis.29 However, when PCDs 

are combined with appropriate chemical prophylaxis, there appears to  

be no additional benefit.30 Currently, PCD is recommended for all ICU 

patients in whom chemical prophylaxis is contraindicated.31,32

In multiple prospective randomized controlled trials and meta-

analyses, chemical prophylaxis reduces the incidence of VTE in criti-

cally ill patients by approximately 50%.33,34 The number of patients 

needed to receive prophylaxis in order to prevent one DVT is 20 and 

to prevent one PE is 52.35 The American College of Chest Physicians 

(ACCP) gives a strong recommendation (Level I) for chemical throm-

boprophylaxis in all ICU patients.36

Medication Choice

Options for chemical prophylaxis for VTE prevention include unfrac-

tionated heparin (UFH), low-molecular-weight heparin (LMWH), 

and argatroban. For surgery and medically ill patients, LMWH and 

UFH have similar efficacy and safety for DVT prophylaxis,37,38 but 

LMWH is superior in the prevention of PE.35,39 Given these findings 

and the lower risk of heparin-induced thrombocytopenia (HIT), 

LMWH should be considered the first-line approach for chemical 

prophylaxis for all ICU patients with adequate renal function.

For trauma patients, LMWH shows better efficacy than UFH with 

a risk reduction of an additional 30%.40 LMWH administered twice 

daily (30 mg BID subcutaneously), typically in the abdominal fatty 

tissue, is the preferred medication for DVT prophylaxis for trauma 

patients from the ACCP and the Eastern Association for the Surgery of 

Trauma (EAST).41,42

Fondaparinux is an indirect factor Xa inhibitor. The advantage of 

fondaparinux is that it does not interact with platelets and therefore is 

a safe alternative in patients with HIT.43

Dosing

The optimal dosing of heparin for VTE prophylaxis in the ICU popu-

lation has received recent attention. Standard dosing for UFH is  

5000 U administered subcutaneously twice or three times daily. Meta-

analyses evaluating the effectiveness and safety of twice-daily regimens 

compared with three-times-daily regimens for hospitalized patients 

have been mixed. Two studies suggest equivalent rates of VTE and 
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major bleeding between the dosing regimens,44,45 and a third found 

three times daily to be more effective (relative risk [RR] 0.27) with no 

increase in the incidence of major bleeding.46

Anti-factor Xa (anti-XA) levels can be used to evaluate the degree 

of thromboprophylaxis after LMWH administration. The therapeutic 

target for VTE prophylaxis is 0.3–0.5 IU/mL.47 Several reports have 

demonstrated that approximately 50% of critically ill patients have 

inadequate anti-Xa levels with standard LMWH dosing (30–40 mg 

daily).48–50 This has led some to argue for twice-daily dosing51,52 or 

dosing based on weight,53 thromboelastogram,54 and/or goal anti-Xa.55

The etiology of subtherapeutic levels with standard LMWH in the 

ICU population is multifactorial but may include decreased absorption 

Risk Factor Pathophysiology Notes

Age Increased plasma concentration of specific clotting  

factors, impaired fibrinolytic activity.12

DVT risk doubles for every decade after 4013*

*Risk of DVT for 40–49 years old 5 2.5

Sepsis Marked proinflammatory state results in dysregulated  

cellular responses and deposition of platelet-fibrin 

thrombi within vessels.14

RR of VTE in sepsis: 3–10.15

*VTE incidence of 37% for patients with severe sepsis and septic shock 

despite .80% receiving appropriate prophylaxis.

Prolonged immobility/ 

neuromuscular blockade

Decreased venous blood flow from no/minimal  

extremity muscle contraction. 

Neuromuscular blockade independently associated with incidence of DVT 

in multivariate analysis (OR 8.8).16

Central venous catheter Direct damage to endothelium.

*Polyethylene catheters, increased number of lumens, 

catheter size, and location all increased risk of  

catheter-associated VTE.17

Rate of catheter-associated DVT (per 1000 CVC days).18

Internal jugular 5 61

Femoral 5 36

Peripheral 5 27

Subclavian 5 9

Genetic/acquired  

hypercoagulability

Reduced ability to degrade activated clotting factors.12 Antithrombin deficiency, proteins C and S deficiency, factor V Leiden,  

antiphospholipid syndrome

Obesity Mechanical impairment of deep vein valve system.

Metabolic syndrome can lead to decreased production  

of nitric oxide and prostacyclin, which can alter  

endothelial function.

RR DVT19 (versus nonobese): 2.5

RR PE (versus nonobese): 2.2

Surgery/trauma Direct injury to blood vessel n release of tissue 

factor n activation of clotting cascade.20

Hemorrhagic shock results in hypoperfusion and stasis. 

Trauma n increased production of thrombin.21

DVT OR22:

Femur or tibial fracture 5 4.8

Spinal cord injury 5 8.6

Surgery for trauma 5 2.3

VTE odds ratio23:

Lower extremity fracture with abbreviated injury score (AIS) $3 5 1.9

Head injury 1 AIS $3 5 1.24

Venous traumatic injury 5 3.56

Surgery for trauma 5 1.53

Malignancy Direct compression of or invasion into veins. Tumors can 

promote the release of tissue factors n activation of 

clotting cascade.24

Pregnancy Increased concentration of procoagulant factors.  

Impairment of fibrinolytic system.25

TABLE 127.1 Risk Factors Associated With VTE in Critically Ill Patients

CVC, Central venous catheter; DVT, deep vein thrombosis; OR, odds ratio; PE, pulmonary embolism; RR, relative risk; VTE, venous thromboembolism.

A B C

Fig. 127.1 Occlusive (A) and nonocclusive (B) deep vein thrombus (arrows) on compression ultrasound. Doppler 

ultrasound confirms nonocclusive nature of thrombus (C).
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caused by vasopressors, altered metabolism with organ dysfunction, vari-

able albumin binding, and differences in volume of distribution caused 

by edema.50,56 Obesity also plays a role in the bioavailability of heparin. 

There is a strong, and seemingly dose-dependent, relationship between 

body mass index (BMI) and failure of thromboprophylaxis. One study 

found a 60% increased risk of VTE for patients with BMI $30, suggesting 

that higher doses of prophylaxis may be necessary.57 In trauma patients 

with massive fluid shifts, clearance of heparin-based drugs may actually 

increase, thus providing a rationale for more frequent dosing.

Timing of Prophylaxis

VTE prophylaxis in the critically ill patient should be initiated as soon 

as feasible based on the risk of hemorrhage. For the majority of pa-

tients admitted to the ICU, administration should occur at the time of 

admission, as delayed initiation of VTE prophylaxis by as little as 24 

hours is associated with a threefold increase in VTE rates58 in addition 

to increased mortality.59 Trauma patients represent a particularly chal-

lenging population with respect to managing the risk of bleeding 

against the risk of VTE. The risk of VTE after injury ranges from 5% 

to 60% depending on injury type and patient risk.22,23,60 PCD should 

be initiated immediately unless otherwise contraindicated. In patients 

with polytrauma, chemical VTE prophylaxis is initiated as soon as 

bleeding is controlled and coagulopathy corrected, as the risk of VTE 

increases significantly with every day it is withheld. For patients with 

traumatic brain injury, it is safe to start chemical VTE prophylaxis 

within 72 hours of injury as long as there is no expansion of bleeding 

on repeat imaging.61,62 For patients with spinal cord injuries, new evi-

dence suggests that it may be safe to initiate anticoagulants within 

24–48 hours of the injury.63 Early chemical prophylaxis is also safely 

given at 24–48 hours after injury in patients with solid organ injuries 

being managed without operation.64,65

Inferior Vena Cava Filter

For those who have a relative or absolute contraindication to chemi-

cal DVT prophylaxis because of high-risk bleeding, a prophylactic 

inferior vena cava (IVC) filter may be indicated. Additional indica-

tions for IVC filter placement include failure of or poor compliance 

with anticoagulation or for patients with VTE and limited cardiopul-

monary reserve. Although IVC filters are highly effective at prevent-

ing PEs from lower extremity DVT, they also substantially increase 

the risk of DVT formation and are not effective against the forma-

tion of in situ PE or embolism from an upper extremity throm-

bus.66,67 There are conflicting recommendations on the use of IVC 

filters in patients without a current DVT/massive PE, with some ad-

vocating their use in “high risk” trauma patients who are unable to 

receive chemical prophylaxis.41

Treatment of DVT
Although anticoagulation is the mainstay of treatment of DVT, the 

type and duration of anticoagulation can vary significantly, depending 

on the status and compliance of the patient and the perceived risk for 

recurrent VTE. The purpose of anticoagulation is to prevent extension 

of the thrombosis, embolization to the pulmonary arterial system, and 

the complications from chronic venous outflow obstruction.

Lower Extremity DVT

Lower extremity DVT can be classified as proximal or distal. Proximal 

DVTs are located in the popliteal, femoral, or iliac veins, whereas distal 

DVTs are confined exclusively to the calf veins (peroneal, posterior 

tibial, and anterior tibial). Proximal DVTs, regardless of symptomatol-

ogy, are treated with anticoagulation, unless otherwise contraindicated, 

as they are associated with an increased rate of embolism and mortal-

ity.68 Distal DVTs have approximately half the risk of embolization,69 

and some will resolve without intervention.70 Management can range 

from observation alone to full anticoagulation, considering such factors 

as symptomatology, prior VTE episodes, and/or prolonged immobility. 

If observation is employed, routine surveillance to monitor for exten-

sion into proximal veins is recommended.71

Upper Extremity DVT/Catheter-Associated DVT

Upper extremity DVTs account for 5%–10% of all DVTs and include 

thrombus within the radial, ulnar, brachial, axillary, and subclavian 

veins. Thrombosis within the internal jugular vein is occasionally in-

cluded as an upper extremity DVT, although rigorous definition is 

lacking. The incidence of PE caused by upper extremity DVT embo-

lism is approximately 6%72 compared with 15%–30% for lower ex-

tremity DVT.73 Anticoagulation is recommended for upper extremity 

DVT in proximal vessels (axillary, subclavian, internal jugular) regard-

less of the etiology.

The majority of upper extremity DVTs are associated with intrave-

nous catheter use. The increased use of peripherally inserted central 

catheters (PICC lines) in the management of ICU patients is associated 

with a corresponding increase in the incidence of upper extremity 

DVT. DVTs can occur as early as 1 day after central venous catheter 

(CVC) placement and are frequently asymptomatic. Risk factors for 

the development of catheter-associated DVT include catheter type, 

anatomic site of placement, the presence of infection, and the duration 

of use.74 Data on the optimal management of CVC-related DVT are 

limited. Consensus opinion recommends systemic anticoagulation for 

a minimum of 3 months,17,75 although 6 weeks may be adequate if the 

clot is small and nonocclusive.75,76 The decision to remove the CVC 

should be based on whether or not the catheter is still required. Addi-

tional recommendations regarding catheter removal with associated 

DVT include poor positioning, infections, arm or neck swelling, and 

when anticoagulation is contraindicated.75,77

Anticoagulant Options

Initial anticoagulant therapy for DVT may include continuous heparin 

infusion, subcutaneous, fondaparinux, or oral factor Xa inhibitors 

such as rivaroxaban or apixaban. Warfarin cannot be used alone as the 

initial treatment of DVT because of the risk of warfarin-induced skin 

necrosis.78 The determination of which anticoagulant to initiate will be 

dictated by comorbidities and risk of bleeding.

Intravenous heparin is the preferred initial anticoagulant for patients 

with renal failure (creatinine clearance [CrCl] ,30), hemodynamic in-

stability, extensive clot burden, and those with a high risk of bleeding. 

Rivaroxaban and apixaban are the only direct oral anticoagulants ap-

proved for initial treatment of VTE. These agents do not require pre-

treatment with heparin and can be useful for lower-acuity patients with 

low bleeding risk profiles.

All VTE events, regardless of etiology, require anticoagulation 

treatment for at least 3 months.68 A transition from the initial antico-

agulation regimen to a maintenance therapy is often required. Mainte-

nance agents may include LMWH, warfarin, direct oral factor Xa in-

hibitors, or direct thrombin inhibitors. According to the 2016 CHEST 

guidelines, for patients with VTE in the absence of cancer, direct oral 

anticoagulants are preferred over warfarin (grade 2B), and warfarin is 

preferred over LMWH (grade 2C).68

Thrombolysis

Anticoagulation alone is sufficient treatment for the majority of pa-

tients who develop an acute DVT. However, a subpopulation of pa-

tients may benefit from reducing the venous clot burden through the 

administration of thrombolytic agents or with a mechanical throm-

bectomy. Patients who should be considered for thrombolytic therapy 

include those with phlegmasia cerulean dolens or massive iliofemoral 

  

 



1043CHAPTER 127 Venous Thromboembolism

DVT. Ideal candidates for thrombolysis/thrombectomy have symp-

toms for ,14 days, have good functional status, and have a low risk of 

bleeding.68 Thrombolysis can be systemic or catheter-directed, but 

catheter-directed therapy is associated with a lower risk of bleeding.79

PULMONARY EMBOLISM

Incidence
The prevalence of PE in critically ill patients remains largely unknown. 

A systematic review of ICU patients reported that PE was discovered 

in 7%–27% of patients upon postmortem examination.80 PE was be-

lieved to have contributed to the patient’s death in 0%–12% of the 

cases; however, clinical suspicion of PE was present in only 30% before 

death, highlighting the likelihood of significant inaccuracy in current 

prevalence estimates. Historical estimates of PE prevalence in critically 

ill patients range from 7% to 50% but are largely based on autopsy 

studies performed between the 1960s and early 1980s.7,81,82

Risk Factors
PE can be considered part of a VTE spectrum, with DVT representing 

the requisite precursor to PE.83 Kakkar and colleagues examined the 

natural history of postoperative DVT and found that approximately 

20%–30% of untreated calf DVTs will eventually propagate into the 

thigh, at which point they pose a 40%–50% risk for PE.84–86 Approxi-

mately 95% of pulmonary emboli arise from lower extremity DVTs.83

Predictive factors for the development of PE include acute medical 

illness, presence of meningeal hemorrhage, spine fracture, hypoxemia 

with partial pressure of oxygen (PaO2)/fraction of inspired oxygen 

(FiO2) ,300, and absence of pharmacologic VTE prophylaxis. Addi-

tionally, the use of epinephrine or norepinephrine is associated with a 

particularly poor prognosis among patients diagnosed with PE.87

Symptoms and Physiologic Derangements
Symptoms
Common symptoms of PE include pleuritic chest pain, acute-onset 

shortness of breath, palpitations, cough, and hemoptysis.88,89 However, 

these symptoms are nonspecific and are often entirely absent in se-

dated and mechanically ventilated patients. The relevant clinical signs 

(hypoxemia, tachypnea, and tachycardia) are similarly nonspecific and 

frequently explained by the preexisting conditions driving their critical 

illness.88 The atypical presentation in ICU patients necessitates that 

providers maintain a high degree of suspicion for PE with any relevant, 

acute changes in clinical status. More subtle clinical scenarios in which 

one should suspect PE include failure to wean from mechanical venti-

lation and persistent pyrexia without evidence of infection.90

Physiologic Derangements

Hypoxemia and hypocarbia are the most common signs of PE. PE 

causes an increase in dead space, as the corresponding lung paren-

chyma is ventilated but no longer perfused. Additionally, the remain-

ing lung receives a higher proportion of blood flow but does not re-

ceive a concomitant increase in ventilation.91 This ventilation-perfusion 

(V/Q) mismatch results in hypoxemia during the acute phase of PE.

Intrapulmonary shunting is a second driver of hypoxia after PE and 

occurs as a result of atelectasis and other causes of lung volume loss.92 

In patients with a patent foramen ovale, intracardiac shunting might 

also play a role. The application of positive end-expiratory pressure 

(PEEP) or continuous positive airway pressure can worsen the intra-

cardiac shunting by exacerbating right and left atrial pressure gradi-

ents. Importantly, hypoxemia secondary to shunt physiology will not 

correct with supplemental oxygen.91,93

PE can result in sudden cardiovascular collapse. Acute PE decreases 

the cross-sectional area of the pulmonary vascular bed, thereby  

increasing pulmonary vascular resistance (PVR) and right ventricular 

(RV) afterload.91 If severe, this can lead to RV enlargement followed by 

hypokinesis, ischemia, and subsequent RV failure.93,94 In patients with 

already restricted cardiopulmonary reserve, even small increases in 

PVR can result in RV dysfunction and hemodynamic compromise.95

Diagnosis
When diagnosing PE, reliance on clinical impression alone is profoundly 

unreliable. Studies demonstrate that the sensitivity and specificity of 

empiric diagnosis of PE based on clinical impression alone are only 85% 

and 51%, respectively.96 These data reiterate the importance of ancillary 

testing when PE is suspected, especially considering the potentially grave 

risks of therapeutic anticoagulation in a critically ill patient.

Chest X-Ray, Electrocardiogram, and D-Dimer

Chest x-ray (CXR) is most useful for quickly identifying (or ruling 

out) other possible conditions that mimic PE (e.g., pneumonia, atelec-

tasis, pulmonary edema, pleural effusion, pneumothorax) but pro-

vides no utility in the diagnosis of PE.89 Electrocardiogram (ECG) 

abnormalities, such as sinus tachycardia and nonspecific ST-segment 

and T-wave abnormalities, are frequently present in patients with acute 

PE.89,97 These findings, however, lack specificity, particularly in the 

critically ill patient. Additional irregularities, such as atrial arrhyth-

mias, right axis deviation, right bundle branch block, the S1Q3T3 

pattern, and p-wave pulmonale, more commonly accompany a large 

PE and are equally nonspecific.89,94,97 In the outpatient setting, D-dimer 

is routinely used as a screening test for PE, as it is associated with a 

negative predictive value of 99.6%.98 However, its effectiveness in the 

inpatient setting, and moreover the ICU, is diminished by the fact that 

most patients will have elevated D-dimers for unrelated reasons, espe-

cially those who have sustained major trauma.99

Echocardiography

The role of transthoracic echocardiography (TTE) in the diagnosis of 

PE has gained momentum in the last decade. Although unable to spe-

cifically assess clot formation within the pulmonary vasculature, TTE 

can evaluate the physiologic consequences of PE. PE should be consid-

ered when new RV dysfunction is identified on TTE as evidence by RV 

dilation, hypokinesis, tricuspid regurgitation, elevated systolic pulmo-

nary artery pressure, and paradoxical septal wall motion. Additionally, 

the degree of RV dysfunction documented on TTE with Doppler cor-

relates with mortality, allowing for risk stratification and informing 

decisions regarding the aggressiveness of treatment interventions.100

V/Q Scan

The PIOPED study prospectively analyzed the diagnostic perfor-

mance of V/Q scans in comparison with pulmonary angiography 

among hospitalized patients. Although almost all patients with PE 

had abnormal V/Q scans (sensitivity 98%), so did a large number of 

patients without PE, resulting in a specificity of only 10%.101 Given 

the prevalence of both chronic and acute respiratory issues within an 

ICU population, the vast majority of patients will have preexisting 

defects in both ventilation and perfusion.81 Attempting to identify 

superimposed abnormalities related to the PE would be a wasted ef-

fort. These challenges severely limit the utility of V/Q scans within an 

ICU setting.

Pulmonary Angiography and CT Angiogram

Although pulmonary angiography has historically been the gold stan-

dard for diagnosing PE, computed tomography pulmonary angiogra-

phy (CTPA) has largely taken its place as the preferred diagnostic tool 

in clinical practice, with a sensitivity of 83% and specificity  

of 96% (Fig. 127.2).102,103 CTPA is noninvasive, is faster, and has the 
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additional benefit of allowing assessment and quantification of RV 

dysfunction through evaluation of the LV:RV diameter ratio, inter-

ventricular septal bowing, contrast reflux into the superior and infe-

rior vena cava, and pulmonary artery diameter.102,104 Additionally, 

CTPA can detect other etiologies for the development of acute  

hypoxia such as pneumonia, lobar collapse, and pulmonary edema.

Treatment
The balance between the likelihood of an adverse outcome from PE 

and the anticoagulation/thrombolysis risk largely drives management 

decisions when treating ICU patients with PE. The degree of cardio-

vascular impact represents the best predictor of a poor outcome and is 

used to differentiate and treat the three main types of PE: massive PE, 

submassive PE with RV strain, and submassive PE without RV strain 

(also termed low-risk PE)105 (Fig. 127.3).

Massive PE

The American Heart Association (AHA) defines massive PE as an 

acute PE with sustained hypotension, pulselessness, or persistent pro-

found bradycardia (heart rate ,40 beats per minute with evidence of 

shock). Sustained hypotension is defined as a systolic blood pressure 

,90 mm Hg or the need for inotropic support and cannot be the re-

sult of a cause other than PE, such as an arrhythmia, hypovolemia, 

sepsis, or LV dysfunction.106

Based on the ICOPER study, the mortality rate for patients with 

massive PE was 58.3% compared with 15.3% in those with PE without 

cardiovascular collapse.107 In patients requiring cardiopulmonary re-

suscitation, the mortality rate may be as high as 65%.108 As hemody-

namic instability portends such a poor prognosis, more aggressive in-

terventions must be considered in this patient population.

Submassive Pulmonary Embolism with Right Ventricular Strain

Submassive PE with RV strain describes patients with acute PE who are 

normotensive but have some evidence of RV dysfunction or myocardial 

A

B

Fig. 127.2 A, Segmental pulmonary embolus (arrows) on computed 

tomography pulmonary angiogram (CTPA). B, Right ventricle to left 

ventricle ratio .1.0, suggestive of heart strain.
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Treatment Algorithm for Suspected Pulmonary Embolism (PE) in Critically Ill Patients.
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ischemia on ECG, echocardiogram, CTPA, or laboratory work such as 

elevated troponin or brain natriuretic peptide.106 This heterogeneous 

group spans the entire spectrum with respect to risk associated with 

their PE. Some patients with mild evidence of RV strain are likely to 

recover well with anticoagulation alone. However, others within this 

group behave more like patients with massive PE and thus might ben-

efit from more aggressive and higher-risk interventions.

Submassive PE without RV Strain (Low-Risk PE)

Patients with acute PE who are hemodynamically stable and have no 

evidence of RV dysfunction or myocardial injury fall within the submas-

sive PE without RV strain category and have the lowest risk of adverse 

outcome. In-hospital mortality for these patients is estimated at 8.1%.108

Anticoagulation

All patients diagnosed with PE, regardless of the severity, should re-

ceive prompt anticoagulation with UFH, LMWH, or fondaparinaux.106 

For patients with absolute contraindications to anticoagulation, an 

IVC filter should be placed without delay. Absolute contraindications 

to anticoagulation are rare but include (1) active intracranial hemor-

rhage and (2) uncontrolled bleeding related to conditions such as 

trauma, recent surgery, gastrointestinal or genitourinary pathology, or 

preexisting coagulopathy. Temporary contraindications should be reg-

ularly reassessed, and anticoagulation should be reconsidered as the 

initial contraindication abates.

Thrombolysis

Thrombolysis has been shown to more rapidly reverse RV dysfunction 

from PE than anticoagulation alone and confers a survival benefit in 

the setting of a massive PE.88,109 For patients with submassive PE and 

documented RV dysfunction, a strong trend towards benefit exists 

based on meta-analysis, but results have varied among major studies. 

Thrombolysis is not recommended for patients with low-risk PE, as 

the risk of major bleeding outweighs the therapeutic benefit.109

Thrombolysis can be performed via systemic administration or us-

ing a catheter-based approach. Recent studies have found lower rates 

of bleeding complications with improved outcomes using catheter-

based thrombolysis as opposed to systemic thrombolysis.110,111 Despite 

the utility of thrombolysis in the treatment of severe PE, approxi-

mately one-third of patients with massive PE have significant contra-

indications to thrombolysis.112 The prevalence of absolute contraindi-

cation is likely even higher in an ICU population. Mechanical 

thrombectomy and additional supportive interventions play an im-

portant role in patients who may benefit from thrombolysis but are 

not candidates for the therapy.

Supportive Care
Inhaled Nitric Oxide
Inhaled nitric oxide (iNO) acts as a selective pulmonary artery vasodilator, 

thus partially offloading RV pressure without negatively affecting systemic 

blood pressure.113 Although it has been shown to be effective in reducing 

mean pulmonary artery pressure in the acute setting, few studies exist 

evaluating its use in patients with PE, and none of them are adequately 

powered to assess whether its use confers a mortality benefit.113,114

Extracorporeal Membrane Oxygenation

Extracorporeal membrane oxygenation (ECMO) represents a poten-

tial supportive intervention for massive PE. ECMO has a number of 

beneficial characteristics that lend to its possibilities as an adjunctive 

treatment. ECMO allows for offloading of the RV and can provide a 

bridge to other therapeutic interventions (i.e., surgical embolectomy 

or catheter-directed therapy).115,116 An additional advantage of ECMO 

is that cannulation can be performed at the bedside. Evidence for the 

utility of ECMO for massive PE is primarily composed of case series, 

and most guidelines consider ECMO as an adjunct to thrombolysis or 

embolectomy.115–117

Future Directions
Although there are few large, prospective studies in VTE disease in ICU 

patients, the Consortium of Leaders in the study Of Traumatic Throm-

boembolism (CLOTT) group is committed to doing just that. The 

CLOTT group consists of 17 trauma surgeons from Level I trauma 

centers across the country who are funded by the Combat Casualty 

Care Research Program (Department of Defense) to study two impor-

tant areas related to VTE in seriously injured patients. The first area of 

investigation relates to some work initially published by Knudson and 

others suggesting that pulmonary clots visualized on CTPA may in fact 

be de novo clots and not embolic.118 These clots were most prevalent in 

patients who had sustained pulmonary injury and were not associated 

with lower extremity VTE.119,120 As many of these primary pulmonary 

clots are detected incidentally and are frequently subsegmental, the 

question arises as to whether or not they need to be treated at all. This 

would completely change practice in the care of critically injured pa-

tients and is the central hypothesis of the CLOTT Study Part 1.

CLOTT investigators are also examining thromboelastography data 

that suggest that certain critically injured patients are incapable of lys-

ing clots after injury.121 This syndrome is referred to as fibrinolytic 

shutdown, and the risk factors for and the incidence of this new diag-

nosis are the central goals of the CLOTT Study Part 2. Of particular 

importance is the association of fibrinolytic shutdown with the devel-

opment of VTE events.122 A better understanding of this pathology 

could change the focus of VTE prevention in at-risk trauma patients 

from preventing clots from forming to assisting in clot dissolution.

KEY POINTS

• VTE is common in the critically ill patient, and chemical prophylaxis must be 

provided as soon as possible for risk reduction.

• Compression US and CTPA are primary modes of diagnosing DVT and PE, 

respectively.

• Thrombolysis or mechanical thrombectomy should be considered for proxi-

mal DVT at risk for postthrombotic syndrome and for PE with evidence of 

right heart strain.
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Anticoagulation in the Intensive Care Unit

Jerrold H. Levy

INTRODUCTION

Patients in an intensive care unit (ICU) often have received or require 
anticoagulation for multiple reasons that include acute thrombotic 
issues, mechanical valves, venous thromboembolic prophylaxis, atrial 
fibrillation, ischemic cardiovascular disease, and/or extracorporeal life 
support. The types of anticoagulation and need for therapy vary de-
pending on whether patients have arterial or venous thromboembolic 
issues. These issues are important in critically ill patients and have 
critical perspectives for management. The concept of anticoagulation 
and the various therapeutic approaches have rapidly changed over re-
cent years, with the advent of many oral anticoagulation agents that 
will be considered. In addition, there are important links between co-
agulation and other critical physiologic responses including inflamma-
tion, that are beyond the scope of this review.1

ICU patients are anticoagulated for both thrombosis treatment and 
thromboprophylaxis. As initially mentioned, this includes a broad 
spectrum of potential indications. Although multiple therapeutic 
agents prevent or treat thrombosis in pathologic states, it is crucial to 
consider that all anticoagulation agents can cause bleeding. Thus 
causes of bleeding in an ICU setting often are the result of an acquired 
hemostatic defect caused by alterations in the physiologic equilibrium 
of procoagulant and anticoagulation balances. Under normal physio-
logic states in healthy patients, anticoagulation is favored because of a 
multitude of mediators and vascular endothelial cells. After vascular 
injury resulting from metabolic causes, surgery, or trauma, patients 
also develop procoagulant changes that alter this complex balance. As 
a result, hemostasis and coagulation are far more complex than the 
simplified coagulation cascades that most clinicians have learned or 
considered because of the complex equilibrium among blood cells, 
platelets, coagulation factors, natural inhibitors of coagulation, and the 
fibrinolytic system.2–5

In ICU settings, patients may receive anticoagulants for multiple 
indications that include venous thromboembolism (VTE), deep vein 
thrombosis (DVT), and pulmonary embolism (PE) for either preven-
tion or therapy. Patients may also have additional problems that include 
acute coronary syndromes, percutaneous coronary interventions 
(PCIs), or with an acute ischemic stroke that are arterial issues. Arterial 
thrombi are mediated by platelet responses, and important interactions 
exist in hemostasis and thrombus formation.6 With an arterial injury, 
injury or rupture of an atherosclerotic arterial plaque serves as a proco-
agulant focus for clot formation caused by platelet adhesion, activation, 
and aggregation, with the clinical end result of myocardial infarction 
(MI) or stroke.7 Platelets normally circulate in an inactivated state, but 
after activation as described, they express glycoprotein IIb/IIIa recep-
tors that allow fibrinogen to bind, cross-link platelets, aggregate, and 
form a thrombus.7 Vascular injury causes thrombin formation but also 
platelet activation and the formation of the platelet-fibrinogen plug. 

Because platelets have a pivotal role in the pathogenesis of thrombosis 
after plaque rupture, antiplatelet agents, including aspirin, thienopyri-
dines (clopidogrel, prasugrel, ticagrelor, cangrelor), and the glycopro-
tein IIb/IIIa inhibitors, reduce adverse events that are associated with 
arterial thrombotic events, including plaque rupture.7

Patients therefore commonly present in the ICU with underlying 
hemostatic disorders because of preexisting preoperative anticoagula-
tion or antiplatelet therapy. All therapies that prevent clots from form-
ing in pathologic states also interfere with normal hemostasis, an im-
portant mechanism to protect patients from exsanguination. Multiple 
anticoagulation agents are also administered in the ICU setting that 
include low-molecular-weight heparins (LMWHs), oral anticoagu-
lants (vitamin K antagonists [VKAs]/warfarin and the new direct 
non–vitamin K oral agents apixaban, dabigatran, edoxaban, or rivar-
oxaban), platelet inhibitors (the thienopyridines clopidogrel, prasug-
rel, or ticagrelor), or parenteral direct thrombin inhibitors (bivaliru-
din, argatroban).8,9 This chapter focuses on current pharmacologic 
anticoagulation therapies ICU patients may receive and the therapeu-
tic perioperative and prohemostatic pharmacologic approaches that 
are used to treat or prevent bleeding in this setting.

ANTICOAGULATION

The basis of anticoagulation is modulating clot formation by inhibit-
ing both thrombin activation and platelet activation.5 Thrombin is a 
critical component of hemostasis (stopping bleeding) and a critical 
procoagulant in coagulation. Thrombin catalyzes the formation of fi-
brin from soluble fibrinogen but also activates factors V and VIII and 
platelets. Activated platelets adhere to injured vascular endothelium 
through a von Willebrand factor bridge between the vasculature and 
the platelets. Platelets also, when activated, express IIb/IIIa receptors 
where fibrinogen binds, causing aggregation, but also facilitate the 
further generation of thrombin. There are also complex humoral am-
plification pathways that link both inflammatory and coagulation re-
sponses to generate thrombin and prothrombotic effects.5 Thus anti-
coagulation is based on inhibiting thrombin activation, platelet 
activation, and/or both. Current anticoagulants used to prevent clot 
formation will be considered. An overview of the specific targets of the 
different anticoagulants is shown in Fig. 128.1.

HEPARIN

Heparin, the most commonly used anticoagulant, especially in an ICU 
setting, is isolated from porcine intestine, where it is stored in the mast 
cell granules. Unfractionated heparin (UFH) is a combination of 3000- 
to 30,000-dalton (Da) fragments.10 Heparin binds to antithrombin III 
(also called antithrombin [AT]), increasing the rate of thrombin-AT 
complex formation, but also inhibits other steps in coagulation.11 
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Heparin anticoagulation has major advantages in an ICU setting, as it 
can be rapidly reversed with protamine, has a short half-life of  
~1 hour, and is one of the few anticoagulants that can be readily ad-
ministered in patients with renal dysfunction that may otherwise 
prolong the half-lives of most agents. One of the major side effects of 
UFH is heparin-induced thrombocytopenia (HIT) that can occur in 
~1%–5% of ICU patients, especially postoperatively and after cardiac 
surgery with cardiopulmonary bypass.12

Low-Molecular-Weight Heparins
LMWHs are purified from UFH, with an average molecular weight of 
~5000 Da. LMWHs have a longer half-life, are only partially reversible 
with protamine, and in patients with renal dysfunction, the effects can 
be greatly prolonged and should be avoided in this setting.9 Com-
monly used LMWHs include enoxaparin and dalteparin.

Heparin-Induced Thrombocytopenia
HIT is a serious, prothrombotic effect of heparin that develops in 1%–
3% of heparin-treated patients. HIT is an interesting paradigm where an 
anticoagulant produces an increased risk of thrombosis.13 The patho-
physiology of HIT is the result of a heparin–platelet factor 4 immuno-
globulin G (IgG) antibody that binds and activates platelets and is as-
sociated with increased thrombotic morbidity and mortality.13 HIT 
should be suspected whenever the platelet count drops .50% from 
baseline in 5–10 days after starting heparin (or sooner if there was prior 
heparin exposure) and/or new thrombosis occurring during, or soon 
after, heparin treatment, with other causes excluded. When HIT is 
strongly suspected, with or without complicating thrombosis, heparins 
should be discontinued, and a nonheparin alternative anticoagulant, 

such as a direct thrombin inhibitor (argatroban), should be initiated 
immediately.13 Bivalirudin is also commonly used off-label, especially in 
this setting, and for HIT-positive patients requiring extracorporeal 
membrane oxygenation (ECMO).14

SYNTHETIC Xa INHIBITORS

Fondaparinux
Fondaparinux, a synthetic pentasaccharide with specific anti-Xa activ-
ity, has a long half-life and requires renal clearance and should be 
avoided in patients with renal dysfunction. Because of this, it is not 
commonly used in an ICU setting.15

Danaparoid
Danaparoid is one of the first anticoagulants evaluated in randomized 
trials in patients with HIT, was previously approved in the United 
States, and is currently being restudied in this setting in a randomized 
clinical trial with argatroban (https://clinicaltrials.gov/ct2/show/NCT0
3809481?term5danaparoid&draw52&rank51).15

DIRECT THROMBIN INHIBITORS:  
PARENTERAL AGENTS

An important major class of anticoagulants used primarily for HIT or 
for suspected HIT are the direct thrombin inhibitors that include bi-
valirudin, argatroban, and desirudin. Lepirudin is no longer available 
clinically. All of these parenteral direct thrombin inhibitors also vary in 
their binding affinities for thrombin and immunogenicity. All of the 
agents, except argatroban, are polypeptides, so there is a potential, but 
rare, risk for antibody formation and hypersensitivity responses.15 Bi-
valirudin and argatroban are most often used in an ICU setting and 
will be considered separately.

Bivalirudin
Bivalirudin is a polypeptide with a molecular weight ~4000 Da and is 
approved as an anticoagulant for patients undergoing PCI with provi-
sional use of glycoprotein IIb/IIIa inhibitor, with or at risk of HIT or 
HIT and thrombosis syndrome undergoing PCI, and with unstable 
angina undergoing percutaneous transluminal coronary angioplasty 
(PTCA).15 It has also been used off-label as a replacement for heparin 
with ECMO. With normal renal function, the half-life is ~20 minutes 
but can be prolonged in patients with renal dysfunction.15

Argatroban
Argatroban is an injectable, synthetic, small-molecular-weight (~500 
Da) direct thrombin inhibitor approved for prophylaxis or treatment 
of thrombosis in adult patients with HIT or as an anticoagulant in 
adult patients with or at risk for HIT undergoing PCI. However, for 
PCI, bivalirudin is currently used in this setting. The half-life is 40–50 
minutes, and levels are not affected by renal dysfunction.15 Patients 
with HIT often also present with acute renal failure, and all of the other 
agents used for acute HIT therapy are proteins that are renally elimi-
nated. Argatroban is hepatically eliminated, so no dose adjustments 
are required in patients with renal dysfunction. Also, antigenicity is not 
an issue because of its low molecular weight.15 We reported a study of 
87 suspected HIT patients in the cardiothoracic ICU, of which 47 pa-
tients (54%) were treated with argatroban and 40 patients (46%) were 
not treated with argatroban. We concluded that clinical suspicion of 
HIT as detected by clinical probability score and thrombotic complica-
tions should prompt immediate cessation of heparin and initiation of 
an alternative anticoagulant such as argatroban.16

ParenteralOral

Apixaban

Edoxaban

Rivaroxaban

Dabigatran

Fondaparinux

LMWH

Danaparoid

Argatroban

Bivalirudin

Desirudin

UFH (with AT)
Fibrinogen Fibrin

IIa

II

Xa

Va

IXa
VIIIa

X IX

TF/VIIa
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Fig. 128.1 The Sites of Action of Oral and Parenteral Anticoagula-

tion Agents. The non–vitamin K oral anticoagulants, also called direct 

oral anticoagulants, include apixaban, edoxaban, and rivaroxaban. These 

drugs directly inhibit factor Xa, whereas dabigatran directly inhibits 

factor IIa (thrombin). The parenteral/intravenous anticoagulants that in-

hibit factor Xa include fondaparinux and low-molecular-weight heparin 

(LMWH) by antithrombin (AT)-cofactor dependent binding. Parenteral 

direct thrombin inhibitors include argatroban, bivalirudin, and desirudin 

that also directly inhibit thrombin, and unfractionated heparin (UFH) by 

antithrombin (AT)-cofactor dependent binding. Not shown in the figure 

is the mechanism of action of vitamin K antagonists (e.g., warfarin) that 

inhibit the posttranslational modification of coagulation factors II, VII, IX, 

and X to the active forms. Warfarin and its cogenders are anticoagulants 

because they decrease the circulating levels of critical hemostatic fac-

tors involved in coagulation.
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Desirudin
Desirudin (another recombinant hirudin) is approved in the United 
States for the prophylaxis of DVT, which may lead to PE in patients 
undergoing elective hip replacement surgery. Of note, desirudin has 
also been studied extensively in patients with stable angina undergoing 
PTCA. Because desirudin is primarily eliminated by the kidneys, pa-
tients with renal impairment require monitoring, and activated partial 
thromboplastin time (aPTT) can be used. However, this agent is sel-
dom used, especially with the availability of the non–vitamin K oral 
anticoagulation agents.17

ORAL ANTICOAGULANTS

Vitamin K Antagonists: Warfarin
Warfarin is the only oral VKA agent available in the United States.18 It 
is an effective anticoagulation agent by inhibiting vitamin K epoxide 
reductase that converts the vitamin K–dependent coagulation proteins 
(factors II [prothrombin], VII, IX, and X) to their active form as a 
posttranslational modification. One of the reasons that warfarin’s on-
set is so slow is that it takes several days to decrease coagulation factors 
to the ~20%–40% level that is required for a therapeutic international 
normalized ratio (INR) of 2–3.18

Managing warfarin in the ICU setting is complicated and often 
bridged initially. However, in the bleeding patient, vitamin K will not 
immediately reverse the anticoagulant effect, and additional therapies 
are needed, as detailed in the guidelines for perioperative management 
by Douketis and colleagues in the American College of Chest Physi-
cians (ACCP) guidelines and summarized in “ICU/Perioperative Man-
agement of Antithrombotic Therapy.”19 The ACCP guidelines also 
recommend the use of a four-component prothrombin complex con-
centrate (e.g., Kcentra/Beriplex, CSL Behring [King of Prussia, PA]; or 
Octaplex, Octapharma [Lachen, Switzerland]) for urgent warfarin re-
versal when required for bleeding or surgical interventions.18 Addi-
tional considerations for warfarin reversal are reviewed next.

New Oral Agents: Apixaban, Dabigatran, Edoxaban,  
and Rivaroxaban
The non–vitamin K direct oral anticoagulation agents (DOACs) have a 
rapid onset, with therapeutic anticoagulation within hours of adminis-
tration.20 Dabigatran is an oral direct thrombin inhibitor, and apixaban, 
edoxaban, and rivaroxaban are direct factor Xa inhibitors similar to 
LMWH but independent of antithrombin.17 Edoxaban has been recently 
approved and will not be further discussed. The new agents require dose 
adjustments for renal failure and will be considered separately.17

Apixaban

Apixaban is a factor Xa inhibitor anticoagulant approved for reducing 
the risk of stroke and systemic embolism in patients with nonvalvular 
atrial fibrillation and for the prophylaxis of DVT, which may lead to PE 
in patients who have undergone hip or knee replacement surgery, for 
the treatment of DVT and PE, and for the reduction in the risk of re-
current DVT and PE after initial therapy.20 If bleeding occurs and 
measurement of its effects is needed, then using a specific calibrated 
anti-Xa assay, similar to what is used for LMWH, is needed. However, 
measuring the effects of Xa inhibitors can be difficult.17 The formula-
tion can be crushed and given through a feeding tube if required in the 
ICU setting.

Dabigatran Etexilate

Dabigatran etexilate is an oral direct thrombin inhibitor currently ap-
proved to reduce the risk of stroke and systemic embolism in patients 

with nonvalvular atrial fibrillation, for the treatment of DVT and PE 
in patients who have been treated with a parenteral anticoagulant for 
5–10 days, and to reduce the risk of recurrence of DVT and PE in pa-
tients who have been previously treated.20 Dabigatran has a rapid onset 
of action and no requirement for routine coagulation monitoring.

Dabigatran’s effects can be measured best by tests similar to any 
direct thrombin inhibitor, including aPTT values, thrombin times, 
diluted thrombin times, or ecarin clotting times.17,20 A specialized 
assay that uses a diluted thrombin time is helpful for the specific mea-
surement of levels when needed and is sensitive to lower levels. How-
ever, the aPTT is still a good screening test and closely correlated with 
more sensitive assays in the larger clinical study. Dosing should also be 
adjusted for patients with renal dysfunction. The capsule is specially 
formulated and cannot be altered or crushed for administration in an 
ICU setting. A specific monoclonal antibody is in clinical trials for 
acute reversal of dabigatran and will be discussed later.

Rivaroxaban (Xarelto)

Rivaroxaban is a direct-acting factor Xa inhibitor, which, unlike hepa-
rins, does not require antithrombin.20 Rivaroxaban has the broadest 
indications that include reduction of the risk of stroke and systemic 
embolism in patients with nonvalvular atrial fibrillation; for the treat-
ment of DVT and PE and for the reduction in the risk of recurrence of 
DVT and of PE; for the prophylaxis of DVT for knee or hip replace-
ment surgery; and in combination with aspirin to reduce major cardio-
vascular events in patients with chronic coronary or peripheral artery 
disease. Rivaroxaban has also been recently approved for VTE prophy-
laxis in hospitalized acutely ill medical patients. If bleeding occurs and 
measurement of its effects are needed, then using a specific calibrated 
anti-Xa assay, similar to what is used for LMWH, is needed. The for-
mulation can be crushed and given through a feeding tube, if required, 
in the ICU setting.

Edoxaban (Savaysa)

Edoxaban, a direct-acting factor Xa inhibitor, is approved to reduce 
the risk of stroke and systemic embolism in patients with nonvalvu-
lar atrial fibrillation and for the treatment of DVT and PE in patients 
who have been treated with a parenteral anticoagulant for 5–10 
days.20

Other Agents

Citrate for Regional Anticoagulation

In patients with acute renal failure, citrate is increasingly used as an 
anticoagulant for continuous renal replacement therapy (CRRT) in 
ICU patients to maintain circuit and filter patency. Although heparin 
is often used, ICU patients are routinely coagulopathic, may have 
either an increased risk of bleeding or hypercoagulability, and are 
often at high risk for developing HIT. As a result, regional citrate is 
effective by locally chelating ionized calcium. The goal citrate level to 
inhibit clotting is 4–6 mmol/L which corresponds to a prefilter ion-
ized calcium of ,0.35 mmol/L.21 Most of the calcium–citrate com-
plex is removed during CRRT, and calcium is infused to maintain 
normocalcemia.21

ICU Management of the Oral Anticoagulants
In the ICU, oral therapy often is not feasible, and parenteral agents 
need to be considered. In renal failure, heparin and argatroban are 
most often used, and bivalirudin offers an alternative, but all of these 
agents require monitoring. The direct thrombin inhibitors are rou-
tinely monitored using partial thromboplastin times. However, for 
urgent reversal or management of the bleeding patients, significant 
concerns have been expressed about the new agents, but despite the 
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extensive use of LMWH in the ICU, there is no antidote available, and 
LMWH accumulates in renal failure, requiring dose adjustments. The 
Xa inhibitor agents apixaban and rivaroxaban can be used in ICU set-
tings and administered through a feeding tube, if needed, in patients 
who cannot take oral medications.

In the United States, warfarin is still a problem for clinicians be-
cause the balanced prothrombin complex concentrates (PCCs) that 
contain all four factors (II, VII, IX, and X), like KCENTRA for immedi-
ate INR reversal, are not readily used by clinicians but are recom-
mended in recent ACCP guidelines.18 Vitamin K takes days to work; ~4 
units of fresh frozen plasma (FFP) are required, with transfusion risk 
issues and volume overload; and FFP never restores the INR to base-
line but usually to ~1.4–1.6, which is the baseline INR for FFP.18

Managing Bleeding with the New Oral Anticoagulants
If patients are acutely bleeding, the new agents, as mentioned, can be 
evaluated with specialized tests that should be measured in such patients. 
For dabigatran, thrombin times (TTs) and a diluted TT and ecarin clot-
ting times (used in Europe) are the most sensitive. The aPTT can measure 
its effects, although it is not as sensitive as a TT.20 The aPTT potentially 
provides a qualitative assessment of anticoagulation. Although there cur-
rently is no specific antidote to antagonize the anticoagulant effect of all 
of the agents, with normal renal function, these agents have a relatively 
short duration of effect, are direct acting, and drugs should be discontin-
ued when risks of bleeding exceed risks of thrombosis.

With bleeding, patients should be hemodynamically and hemostati-
cally resuscitated, and therapy should be multimodal.20 Dabigatran can 
be immediately reversed with the antidote idarucizumab (Praxbind), 
which is widely available in most institutions and has been studied in a 
variety of medically ill, critically ill, and surgical patients.22,23 For reversal 
of factor Xa inhibitors, including apixaban and rivaroxaban, a specific 
antidote currently available is andexanet alfa.24 However, this agent has 
been studied primarily in patients with intracranial hemorrhage and 
gastrointestinal (GI) bleeding, but is approved for reversal of Xa inhibi-
tor anticoagulation when needed as a result of life-threatening or uncon-
trolled bleeding. In instances of life-threatening bleeding, the off-label 
use of other prohemostatic agents such as PCCs has been reported.20,25,26 
As noted, PCCs are increasingly considered in guidance documents as 
part of a multimodal approach for bleeding management. Guidance for 
the use of specific reversal agents has been reported.27

The major concerns in the ICU are emergency procedures or major 
bleeding. However, newer information is available to facilitate manag-
ing patients receiving DOACs. Important management of the DOACs 
is discontinuing use, but if reversal is required, specific therapeutic ap-
proaches should be considered and include the application of PCCs for 
reversal and/or bleeding. PCCs in the United States are available in four 
components (KCENTRA) or three components (Profilnine and Bebu-
lin).18 The three-component PCCs are deficient in factor VII. Multiple 
reports have noted the ability of PCCs to treat DOAC-associated bleed-
ing, and there are increasing reports on their off-label use in bleeding 
after surgery or traumatic injury.28,29

Despite concerns about NOACs and bleeding, most studies suggest 
patients fare better on NOACs compared with warfarin.30 In one study of 
27,419 patients treated up to 3 years, 1034 patients had 1121 major bleeds. 
The 30-day mortality after the first major bleed was 9.1% in the dabiga-
tran group compared with 13.0% in the warfarin group, and dabigatran-
treated patients required a shorter ICU stay compared with warfarin.30

PLATELET INHIBITORS

Patients with ischemic cardiovascular and atherosclerotic vascular 
disease are often receiving platelet inhibitors as anticoagulants—agents 

that also increase the risk for bleeding.31,32 Aspirin is an irreversible 
platelet cyclooxygenase and thromboxane A2 inhibitor but is also a 
relatively weak antiplatelet agent, and resistance can occur.31 More 
potent antiplatelet agents include the P2Y12 receptor antagonists clop-
idogrel, prasugrel, and ticagrelor that selectively bind to the P2Y12 re-
ceptor to inhibit the adenosine diphosphate–dependent mechanism of 
glycoprotein IIb/IIIa receptor expression and platelet activation.31,33 
Clopidogrel, now a generic drug, is the major agent used. Clopidogrel 
and prasugrel are both prodrugs, whereas ticagrelor is a direct-acting 
agent. One of the clinical issues regarding clopidogrel is the potential 
for altered responsiveness, often defined as resistance, compared with 
ticagrelor, which is a direct-acting agent.34 Dual antiplatelet therapy 
with aspirin and clopidogrel is standard care after revascularization by 
PCI with stent insertion, during acute coronary syndromes, and for 
percutaneous intervention.33 Intravenous agents include the IIb/IIIa 
receptor antagonists abciximab, tirofiban, and eptifibatide, but also a 
short-acting P2Y12 inhibitor cangrelor that is increasingly used for 
bridging in short-term therapy, especially in ICU settings when the 
patient may need intermittent procedural interventions.32

Glycoprotein IIb/IIIa inhibitors that include abciximab (a monoclo-
nal Fab fragment), eptifibatide (a polypeptide), and tirofiban (a syn-
thetic molecule) are still used as intravenous antiplatelet therapies that 
prevent platelet aggregation by competitive inhibition with fibrinogen 
and von Willebrand factor. Tirofiban and eptifibatide have relatively 
short half-lives of approximately 2–3 hours, compared with abciximab, 
a monoclonal antibody with an approximately 12-hour half-life.

 Cangrelor is the most recently approved intravenous agent that has 
a rapid onset with a 3- to 6-minute half-life and rapid recovery within 
30–60 minutes after stopping the infusion, with clearance independent 
of renal function. Cangrelor is often used for short-term use in ICU 
settings when antiplatelet effects are needed and was approved by the 
Food and Drug Administration as an adjunct to PCI to reduce the risk 
of MI, repeat coronary revascularization, and stent thrombosis in pa-
tients who have not been treated with a P2Y12 platelet inhibitor or a 
glycoprotein IIb/IIIa inhibitor. Beyond the PCI program, cangrelor has 
also been evaluated in the clinical bridging study in patients with acute 
coronary syndrome or coronary stent who had received a P2Y12 platelet 
inhibitor and were awaiting surgical coronary revascularization. Pa-
tients were randomized to cangrelor or placebo and reported no dif-
ferences in surgery-related bleeding, and there were no safety signals. 
In an ICU setting, cangrelor bridging using a 0.75 mcg/kg/min infu-
sion can be started for 3–4 days after prasugrel discontinuation and 
2–3 days after clopidogrel or ticagrelor discontinuation and provides 
an important method for management.35

ICU/PERIOPERATIVE MANAGEMENT  
OF ANTITHROMBOTIC THERAPY

The most recent guidelines from the ACCP in 2012 recommend stop-
ping VKAs 5 days before surgery instead of a shorter time before sur-
gery (Grade 1B).19

 In patients with a mechanical heart valve, atrial fibrillation, or 
VTE at high risk for thromboembolism, they suggest bridging anti-
coagulation instead of no bridging during VKA interruption (Grade 
2C); in patients at low risk, they suggest no bridging instead of bridg-
ing (Grade 2C). In patients who require a dental procedure, they 
suggest continuing VKAs with an oral prohemostatic agent or stop-
ping VKAs 2–3 days before the procedure instead of alternative strat-
egies (Grade 2C).19

In moderate- to high-risk patients who are receiving acetylsalicylic 
acid (ASA) and require noncardiac surgery, they suggest continuing 
ASA around the time of surgery instead of stopping ASA 7–10 days 
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before surgery (Grade 2C). In patients with a coronary stent who  
require surgery, they recommend deferring surgery .6 weeks after 
bare-metal stent placement and .6 months after drug-eluting stent 
placement instead of undertaking surgery within these periods (Grade 
1C); in patients requiring surgery within 6 weeks of bare-metal stent 
placement or within 6 months of drug-eluting stent placement, they 
suggest continuing antiplatelet therapy perioperatively instead of 
stopping therapy 7–10 days before surgery (Grade 2C).19 In all pa-
tients, relative risk versus benefit must be considered when managing 
patients.

For warfarin management, the BRIDGE study randomized warfa-
rin anticoagulation with LMWH using 100 U dalteparin/kg or placebo 
from 3 days before a procedure until 24 hours before, then for 5–10 
days after.36 Warfarin was stopped 5 days before the procedure and was 
resumed within 24 hours after. Of the 1884 patients studied, arterial 
thromboembolism was 0.4% in the without bridging group compared 
with 0.3% with bridging, and major bleeding was 1.3% in the without 
bridging group compared with 3.2% with LMWH bridging.36

For DOAC management, the Perioperative Anticoagulation Use for 
Surgery Evaluation (PAUSE) cohort study was a multinational study 
of‚Äâ3007 atrial fibrillation patients who were receiving apixaban, 
dabigatran etexilate, or rivaroxaban and scheduled for an elective sur-
gery or procedure.37 The study was designed based on pharmacokinet-
ics, procedure-associated bleeding risk, and renal function. In low-
bleeding-risk patients, DOACs were discontinued for 1 day before, and 
for high-risk bleeding 2 days before, and restarted 1 day or 2–3 days 
post procedure, respectively. Major bleeding and arterial thromboem-
bolic events and the number of undetectable or minimal residual anti-
coagulant level (,50 ng/mL) at the time of the procedure were deter-
mined. There was no difference in major bleeding that occurred in 
1.35% of the apixaban group, 0.90% in the dabigatran group, and 
1.85% of the rivaroxaban group. The rate of arterial thromboembo-
lism was 0.16%, 0.60%, and 0.37%, respectively, and major bleeding 
occurred in approximately 3% of patients.37

KEY POINTS

• Anticoagulation is a critical aspect of cardiovascular disease management, 

and patients are increasingly presenting or requiring anticoagulation in an 

ICU setting.

• Heparin continues to be the mainstay of therapy because of its short half-

life, the ability to use with renal dysfunction, and reversibility.

• Critically ill patients receiving heparin infusion should be monitored for 

thrombocytopenia and the potential risk for HIT.

• Patients may require other types of anticoagulants in ICU settings, includ-

ing intravenous bivalirudin and argatroban or alternative therapies.

• LMWH, although extensively used, is renally eliminated, with prolonga-

tions of the half-life in patients with renal dysfunction.

• Patients may be receiving the new non–vitamin K oral anticoagulants; cur-

rently, reversal strategies are available for emergent and urgent reversal.

• For emergent and urgent reversal of warfarin anticoagulation, PCC should 

be used based on guidelines and other supporting data.

• Bridging for procedural interventions in patients receiving warfarin and 

non–vitamin K oral anticoagulants may not be necessary based on new 

data and guidelines.

• New shorter-acting intravenous antiplatelet agents are available, including 

cangrelor, that can be used in ICU settings when patients may require fre-

quent procedural interventions.
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OVERVIEW OF EFFECTIVE COAGULATION

Components of Hemostasis
Fig. 129.1 depicts an overview of hemostasis. In a normal physiologic 

state, the body maintains a fine balance between hemorrhage and 

thrombosis through the regulation of various anticoagulant and pro-

thrombotic systems. Four primary factors contribute to normal hemo-

stasis. These factors are the vascular endothelium, platelets, coagulation 

factors, and fibrinolytic system.

The vascular endothelium is capable of evoking both antithrom-

botic and prothrombotic events. Under normal conditions, endothelial 

cells release prostacyclin and nitric oxide to inhibit platelet activation 

and promote vasodilation. After a tissue injury, vessel walls vasocon-

strict to slow blood flow. Collagen and tissue factor (TF) are exposed 

and come in contact with blood. The exposed collagen initiates the 

accumulation and activation of platelets at the site of injury, while the 

TF triggers activation of coagulation factors. Once hemostasis has been 

obtained, the endothelium releases tissue plasminogen activator (tPA), 

activating fibrinolysis.1,2

Platelets contribute their hemostatic capacity via adhesion, activa-

tion, and aggregation.3 Following the breach in the vessel wall, multiple 

signaling pathways are initiated that ultimately result in platelet activa-

tion. Once a platelet has been activated, additional platelets are re-

cruited from the circulating blood to form a platelet plug via platelet–

platelet cohesion. Thromboxane A2, an eicosanoid produced by 

activated platelets, functions in an autocrine or paracrine manner to 

stimulate for further platelet aggregation.4 The formation of the plate-

let plug is known as primary hemostasis.

After the nascent platelet plug is formed, it is stabilized by the for-

mation of a fibrin mesh. The process by which this occurs is known as 

the coagulation cascade and is initiated by the exposure of tissue factor 

on the endothelial surface. The coagulation cascade consists of multi-

ple factors that undergo a series of reactions that ultimately result in 

thrombin converting fibrinogen to fibrin.5 The fibrin meshwork stabi-

lizes the platelet plug, forming a clot. This stabilization phase is also 

known as secondary hemostasis.

The fourth factor in normal hemostasis is the fibrinolytic system. 

Once the vasculature has been repaired, plasmin breaks down the fi-

brin strands, resulting in clot degradation. Of note, there are anti-

thrombotic control mechanisms that prevent spontaneous intravascu-

lar coagulation and excessive clotting. These include thrombomodulin, 

tPA, antithrombin, proteins C and S, and prostaglandins.6

Cell-Based Model of Hemostasis
The pathway by which hemostasis is obtained has traditionally been 

described by the extrinsic, intrinsic, and common pathways of the 

coagulation cascade. This classical model has been largely replaced 

with a “cell-based” model that incorporates the central role that cell 

surfaces play in coagulation. The cell-based model suggests that the 

process of coagulation occurs on different cell surfaces and occurs in 

three overlapping stages, which are initiation, amplification, and 

propagation.7,8

The initiation phase of the cell-based model occurs on the surface 

of TF-bearing cells (including immunostimulated endothelial cells, fi-

broblasts, and monocytes). The TF interacts with and activates factor 

VII (FVII), forming the TF–FVIIa complex. This complex activates 

factor IX and factor X, which leads to the generation of a small amount 

of thrombin. This initial thrombin is essential for the activation of 

platelets and factors V and VIII.

The amplification and propagation phases occur on the surface of 

platelets. During amplification, the procoagulant signal is shifted from 

the TF-bearing cells to the activated platelets. This allows for diffusion 

of factor IXa, which activates the intrinsic pathway and subsequently 

leads to large-scale thrombin generation. In the propagation phase, 

factor VIIIa interacts with factor IXa forming the FVIIIa/FIXa com-

plex, which is a powerful activator of factor X. Factor Xa forms a com-

plex with factor Va, which catalyzes prothrombin to thrombin. This 

FXa/Va complex is 300,000-fold more active than factor Xa alone in 

catalyzing prothrombin activation.9

BASIC NECESSARY CONDITIONS FOR  
PROPER HEMOSTASIS

Maintaining physiologic homeostasis between prothrombotic and ex-

cessive bleeding states requires a number of regulatory processes. Each 

component of the process of hemostasis can be disturbed, resulting in 

coagulopathy. Conditions that have been shown to cause coagulopathy 

include hypothermia, acidosis, and hypocalcemia.

Hypothermia may be a deliberately induced therapeutic maneuver 

or a consequence associated with trauma, surgery, or exposure. This 

can be exacerbated in patients who have sustained blood loss and are 

undergoing physiologic compensation with vasoconstriction. At a core 

temperature of less than 33°C, the coagulation cascade is impaired, 

platelet physiology is altered, and microvascular hypoperfusion is ex-

acerbated.10 In turn, this worsens the degree of acidosis. Hypothermia 

decreases coagulation factor activity by 10% for each degree decrease 

in core temperature.11,12 Platelet adhesion is reduced by 33% at 33°C 

compared with 37°C and further reduced by 47% at 23°C.13 In the 

nontrauma population, isolated hypothermia of 32.2°C leads to a 23% 

mortality rate, whereas in the trauma population, mortality ap-

proaches 100% when the core temperature reaches 32°C.14,15

Acidosis has been shown to be one of the most important predic-

tors in coagulopathy.16 The optimal pH for proteolytic activity of co-

agulation enzymes is well above physiologic pH.17 When the pH drops 
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below 7.1, the ability of thrombin and fibrinogen to propagate a clot is 

severely diminished.18 The activity of FVII is reduced by 90%, which 

leads to more blood loss and furthers the cycle. Platelets lose their abil-

ity to change shape when a patient becomes acidotic, which in turn 

hinders their ability to form a clot.

Ionized calcium is a necessary cofactor in the coagulation cascade. 

Citrate anion is capable of binding (chelating) ionized calcium, and this 

is how the citrate component of acid citrate dextrose (ACD) buffer used 

in blood storage leads to anticoagulation. Patients who have received 

massive resuscitation with citrated blood products should receive ap-

propriate calcium replacement. Additionally, it has been hypothesized 

that hypocalcemia is associated with poor clot strength in critically ill 

patients, particularly for ionized calcium levels of ,1.0 mmol/L.19–21

LABORATORY ANALYSIS FOR COAGULATION

Measures of Coagulation
Traditionally, the most commonly used clotting assays include pro-

thrombin time (PT) or international normalized ratio (INR), activated 

partial thromboplastin time (aPTT), thrombin time (TT), and fibrino-

gen level. Each of these tests has limitations in that they are performed 

in plasma and do not reflect in vivo hemostasis. Therefore it is impor-

tant to consider the patient’s drug history, family history of coagula-

tion disorders, and personal history of coagulopathies.

PT and aPTT are measures taken from the acellular, platelet- 

depleted plasma component of a citrated blood sample that has been 

centrifuged. The PT measures the time taken for clot formation after 

thromboplastin and calcium have been added to the sample. Several 

different thromboplastin reagents are commercially available with 

varying sensitivities. Therefore to standardize the PT assay, individual 

reagents are compared with a World Health Organization standard 

reference and assigned an international standardized index (ISI) 

value.22 The ISI is then used to calculate the INR. The PT measures the 

extrinsic and common pathways and will be affected by the plasma 

concentrations of factors II, V, VII, and X and fibrinogen.

The aPTT measures the time taken for clot formation after the  

addition of calcium, phospholipid (partial thromboplastin), and a 

contact activator to the acellular plasma sample. aPTT evaluates the 

intrinsic pathway and will be prolonged with deficiencies of factors II, 

V, VIII, IX, X, XI, and XII or fibrinogen. Of note, the PT and aPTT are 

helpful in identifying factor deficiencies but cannot assess overall risk 

of hemorrhage.23

TT is measured by adding thrombin to platelet-depleted plasma 

and evaluating the conversion of fibrinogen to fibrin. TT may be used 

as a screening test for the detection of qualitative and quantitative fi-

brinogen abnormalities or fibrin formation disorders and is very sensi-

tive to the presence of heparin or direct thrombin inhibitors in the 

sample.24 Of the multitude of available coagulation assays, this is one 

of the most procedurally simple.

Fibrinogen levels can be helpful in the investigation of a prolonged 

PT or aPTT. Many methods have been used to measure plasma fibrino-

gen concentration, including gravimetric, immunologic (antigen-based), 

Major Components of Hemostasis
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Fig. 129.1 Overview of the components of hemostasis. Immediately after vascular injury, the endothelium 

vasoconstricts, collagen exposure leads to platelet activation, and exposed tissue factor initiates the coagula-

tion cascade. Activated platelets release factors, which ultimately result in the formation of a platelet plug, a 

process known as primary hemostasis. The coagulation cascade leads to the activation of thrombin, which 

promotes fibrin cross-linking. The fibrin stabilizes the platelet plug, resulting in the formation of a blood clot. 

This series of enzymatic reactions is known as secondary hemostasis. The clot will eventually undergo deg-

radation via plasmin and fibrinolysis. ADP, Adenosine diphosphate; tPA, tissue plasminogen activator; TXA2, 

thromboxane A2; vWF, von Willebrand factor.
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optical, and functional assays. The most commonly used are the Clauss 

and prothrombin time–derived methods. The Clauss assay is a quantita-

tive, clot-based, functional assay that measures the ability of fibrinogen 

to form a fibrin clot after being exposed to a high concentration of puri-

fied thrombin. This method does not measure fibrinogen directly, but 

determines the time until detectable clot formation.25 Similarly, the PT-

derived method is not a direct determination of plasma fibrinogen, but 

rather estimates fibrinogen based on absorbance changes during a pro-

thrombin time assay. Thromboelastogram (TEG) and rotational throm-

boelastometry (ROTEM) are newer technologies that can be used to 

provide a qualitative indication of the fibrinogen concentration. These 

are discussed in further detail later in the chapter.

Measures of Platelet Disorders
Platelet count does not provide a functional assessment of platelets, 

but a low platelet count is associated with increased risk of bleeding 

and mortality.26 Thrombocytopenia is defined as a platelet count be-

low the lower limit of normal (150,000/mL). Spontaneous bleeding can 

occur with a platelet count less than 10,000/mL, and it is recommended 

that patients with counts below this level should receive a prophylactic 

platelet transfusion.27 Guidelines often recommend a transfusion 

threshold of 50,000/mL before major surgery or if actively bleeding 

and 100,000/mL before surgery involving the brain or eyes.28 Of note, 

a normal platelet count does not preclude platelet dysfunction.

The differential diagnosis for platelet dysfunction is broad and in-

cludes inherited syndromes in addition to acquired causes such as 

uremia, myelodysplasia, and drug-induced. These patients may present 

with ongoing bleeding in the setting of a normal platelet count. Numer-

ous methodologies for assessment of platelet function are available. 

These include bleeding time, light transmission platelet aggregation 

(LTA), lumiaggregometry, impedance aggregometry on whole blood, 

platelet analysis based on flow cytometry, and platelet function meth-

ods combined with viscoelastic testing (TEG/ROTEM). The most  

commonly used tests rely on a platelet agonist (e.g., adenosine diphos-

phate [ADP], epinephrine, ristocetin, thrombin receptor agonist  

peptide [TRAP]), exposure to shear stress, or both to activate platelets. 

These tests monitor the rate of platelet aggregation through changes  

in light transmission, light scattering, electrical impedance, platelet  

aggregation on a plate, or occlusion of a tube.29,30

The platelet function analyzer (PFA-100) is a tool that analyzes 

primary hemostasis. A sample (,1 mL) of citrated blood is exposed to 

high shear stress within a capillary tube coated with collagen and ei-

ther ADP or epinephrine. The shear stress and agonists in the mem-

brane activate the platelets, leading to platelet aggregation. The flow 

rate is monitored and the time at which blood flow stops because of 

aperture occlusion of aggregated platelets, known as closure time, is 

reported.31 The closure time will be abnormal in patients with con-

genital platelet dysfunction, von Willebrand disease, or recent aspirin 

ingestion. Anemia and thrombocytopenia may prolong closure time 

and, in general, the test is not useful in patients with a platelet count 

less than 80,000/mL or hematocrit ,30%.32

The Multiplate multiple electrode aggregometry (MEA) analyzer 

(Roche Diagnostics, Mannheim, Germany) is a point-of-care test of 

platelet function that exposes platelets to platelet activators and moni-

tors aggregation using the principle of impedance. A 300-mL sample of 

whole blood is obtained and diluted with saline. After incubation for 

3 minutes, a platelet agonist is added and subsequent aggregation is 

recorded at 0.5-second intervals for 6 minutes. This test is commonly 

used to monitor treatment with antiplatelet agents such as aspirin and 

P2Y12 antagonists and has been evaluated as a potential predictor of 

bleeding risk in cardiac surgery and trauma patients.33,34 Of note, un-

like whole-blood clotting assays, the benefit of dedicated PFAs is their 

ability to reliably detect the effect of platelet antagonists.35

Viscoelastic Hemostatic Assays
Viscoelastic hemostatic assays (VHAs) are whole-blood tests that  

dynamically assess clotting time, clot strength, and clot lysis by con-

tinuously measuring the kinetics of all stages of clot formation. Two 

commercially available systems are available in the United States: TEG 

(Haemonetics, Braintree, MA) and ROTEM (Penthapharm, Basel, 

Switzerland). To perform these tests, a pin suspended by a torsion wire 

is lowered into a heated cup filled with whole blood. Either the cup 

(TEG) or the pin (ROTEM) is alternately rotated clockwise or coun-

terclockwise. As the blood clots, strands of fibrin form between the cup 

and the pin, transmitting the torque of the cup to the torsion wire. The 

torque is continuously recorded and displayed as a graph.36–38

Fig. 129.2 depicts a TEG waveform and its interpretation. The data 

obtained from TEG and ROTEM are similar, but not interchangeable, 

because of differences in the methods and nomenclature. The time it 

takes to start forming a clot (reaction [R] time in TEG, clotting time 

[CT] in ROTEM) is the time from sample placement until the tracing 

amplitude reaches 2 mm. The kinetic time (K-time) in TEG, or clot 

formation time (CFT) in ROTEM, represent the time it takes for the clot 

to reach a fixed strength. Graphically, this is the time elapsed between 

the R-time and the point where the tracing amplitude reaches 20 mm. 

The angle is the speed of fibrin accumulation and is created from the 

developing curve from the point of clot initiation. Maximal amplitude 

(MA) in TEG or maximal clot firmness (MCF) in ROTEM is a function 

of the fibrin and platelet bonding. This represents the strongest point in 

the clot formation and correlates with platelet function. Lastly, clot dis-

solution is measured to evaluate for fibrinolysis. In TEG, lysis is mea-

sured at 30 and 60 minutes after the MA is recorded. In ROTEM, the 

lysis index 30 represents the percent reduction from MCF 30 minutes 

after CT.39

An individual’s TEG/ROTEM results are compared with reference 

values. Deviation of these results from the reference values suggests 

specific disturbances of hemostasis. A prolonged R or clotting time 

represents a qualitative or quantitative deficiency in clotting factors, 

which may be corrected with the administration of fresh frozen plasma 

(FFP). A decreased alpha-angle or prolonged K-time/CFT indicates a 

fibrinogen deficiency that may be corrected with cryoprecipitate or 

lyophilized fibrinogen. A low MA/MCF suggests a functional or quan-

titative deficiency of platelets, which may be corrected with adminis-

tration of desmopressin or a platelet transfusion. Increased lysis values 

indicate active fibrinolysis, which may be treated with fibrinolysis in-

hibitors such as tranexamic acid.

The primary advantage to TEG/ROTEM is the ability to deliver 

immediate, point-of care data for a bleeding patient using less than 

half of a milliliter of blood. VHAs provide a global assessment of co-

agulation, including coagulation factors, platelet function, and fibrino-

lysis. This information can be used to guide transfusion therapy and 

potentially decrease the use of blood products.40,41 A 2016 Cochrane 

review determined that there is growing evidence that the use of TEG- 

or ROTEM-guided transfusion strategies may not only reduce the 

need for blood products but also may improve the morbidity in bleed-

ing patients.42

Disseminated Intravascular Coagulation Score
Disseminated intravascular coagulation (DIC) is characterized by sys-

temic overactivation of coagulation. Some inciting factor causes an 

overwhelming inflammatory response, which results in upregulation 

of tissue factor while simultaneously impairing physiologic anticoagu-

lation and fibrinolysis. As a result, there is widespread fibrin deposition 

and microvascular thromboses. The formation of all of these clots re-

sults in consumption of coagulation factors, platelets, and anticoagu-

lants. In laboratory studies, low platelet counts, prolonged PT/PTT, 

low fibrinogen levels, and elevated D-dimer can be seen.
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DIC is always secondary to an underlying condition such as severe 

infection, solid or hematologic malignancies, trauma, or obstetric is-

sues. Up to 35% of cases of severe sepsis may be complicated by DIC, 

and the severity of DIC has been shown to correlate with mortality in 

these patients.43–45 In major trauma, DIC has been shown to approxi-

mately double the mortality rate.46 A reliable diagnosis can be made 

using the International Society of Thrombosis and Hemostasis DIC 

Scoring Algorithm depicted in Table 129.1. Based on the platelet count, 

fibrinogen level, PT, and D-dimer, a DIC score can be calculated. A 

score of 5 or more has a sensitivity of 93% and specificity of 98% for 

diagnosing DIC.47 The cornerstone treatment for DIC is supportive 

care and management of the underlying condition.

MONITORING ANTICOAGULATION

Unfractionated Heparin, Low-Molecular-Weight 
Heparin, and Fondaparinux
Unfractionated heparin (UFH), low-molecular-weight heparin (LMWH), 

and fondaparinux all require antithrombin (AT) activation to express 

their anticoagulant effect. UFH binds to and potentiates the action of AT 

to inactivate factor Xa, preventing the conversion of prothrombin to 

thrombin and of fibrinogen to fibrin. LMWH similarly binds to and ac-

celerates the activity of AT, but with a preferential and longer-lasting effect 

on factor Xa. Fondaparinux is essentially a synthetic derivative of LMWH 

that enhances the anti-Xa activity of AT by greater than 300-fold and has 

no direct effect on thrombin.48 UFH can be monitored with aPTT until 

higher plasma concentrations are achieved, at which time an activated 

clotting time (ACT) is needed to accurately assess anticoagulation. 

R-time

NormalTEG value Description Problem Treatment
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53–72
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Fig. 129.2 Interpretation of thromboelastography waveform. Thromboelastography (TEG) is reported as 

a graph of the formation of a clot in a sample of whole blood. The tracing demonstrates the rate of clot forma-

tion, clot strength, fibrin cross-linking, platelet function, and the speed of clot degradation. Based on these 

data, the problematic components of the coagulation pathway can be identified and appropriately treated. 

DDAVP, Desmopressin; FFP, fresh frozen plasma; LY 30, lysis index 30; TXA, tranexamic acid.

TABLE 129.1 International Society of 
Thrombosis and Hemostasis DIC Scoring 
Algorithm

DIC, Disseminated intravascular coagulation; PT, prothrombin time. 

Courtesy International Society of Thrombosis and Hemostasis, 2001.

DIC SCORE

Parameter Value Score

PT #3 s 0

3–6 s 1

.6 s 2

Fibrinogen .100 mg/dL 0

,100 mg/dL 1

D-dimer ,400 ng/dL 0

400–4000 ng/mL 2

.4000 ng/mL 3

Platelets .100,000/mL 0

50,000–100,000/mL 1

,50,000/mL 2

Score Interpretation:

,5: Not suggestive of overt DIC, may be nonovert DIC; repeat within next 

1–2 days and manage clinically as appropriate

$5: Compatible with overt DIC; treat for DIC as appropriate and repeat 

scoring daily
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LMWH and fondaparinux do not uniformly affect the aPTT and anti-Xa 

assays calibrated to the particular agent are necessary for monitoring.49

Vitamin K Antagonists
Vitamin K is a fat-soluble vitamin that is an essential cofactor in the con-

version of clotting factors II, VII, IX, and X into their active form. Vitamin 

K antagonists (VKAs) have been the mainstay of long-term anticoagula-

tion therapy for more than 50 years. The most commonly used VKA is 

warfarin, sold under the brand name Coumadin. VKAs have a narrow 

therapeutic range and therefore require regular monitoring. The degree 

of anticoagulation is reliably measured with the INR of the PT.

Direct Oral Anticoagulants: Dabigatran,  
Apixaban, and Rivaroxaban
Direct oral anticoagulants (DOACs), also collectively known as non–

vitamin K oral anticoagulants (NOACs), are a relatively newer class of 

drugs shown to have equal, if not superior, efficacy while maintaining a 

better safety profile and requiring less monitoring than VKAs.50 Apixaban 

and rivaroxaban are direct factor Xa inhibitors. Both of these drugs can 

alter the PT and PTT, though this effect is not reliable, and normal values 

do not preclude clinically relevant drug concentrations. Anticoagulation 

can be measured with anti-Xa assays that are calibrated for the specific 

drug, though routine monitoring is not indicated. Dabigatran is a direct 

thrombin inhibitor (DTI) and is the only oral DTI available. Similar  

to the factor Xa inhibitors, dabigatran is generally given at a fixed dose 

 References for this chapter can be found at expertconsult.com.
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tional Society of Thrombosis and Haemostasis scoring system for dissemi-

nated intravascular coagulation. Crit Care Med. 2004;32(12):2416–2421.

A reliable diagnosis of disseminated intravascular coagulation (DIC) can be 

made using the International Society of Thrombosis and Hemostasis DIC 

Scoring Algorithm. A score of 5 or more has a sensitivity of 93% and specific-

ity of 98% for diagnosing DIC.

Hoffman M, Monroe III DM. A cell-based model of hemostasis. Thromb Hae-

most. 2001;85(6):958–965.

The cell-based model of hemostasis suggests that the process of coagulation 

occurs on different cell surfaces and in three overlapping stages, which are 

initiation, amplification, and propagation.

Wikkelsø A, Wetterslev J, Møller AM, et al. Thromboelastography (TEG) or 

thromboelastometry (ROTEM) to monitor haemostatic treatment versus 

usual care in adults or children with bleeding. Cochrane Database Syst Rev. 

2016;2016(8):CD007871.

Thromboelastography (TEG) and rotational thromboelastometry (ROTEM) 

are examples of viscoelastic homeostatic assays (VHAs), which are whole-blood 

without monitoring. If coagulation testing is needed, dilute thrombin time 

and ecarin clotting time can be used to quantify plasma drug levels.49,51

Parenteral Direct Thrombin Inhibitors:  
Argatroban and Bivalirudin
Argatroban and bivalirudin are synthetic peptide-based parenteral 

DTIs that are most commonly used in patients undergoing percuta-

neous coronary interventions (PCIs) and in those with heparin-in-

duced thrombocytopenia (HIT). DTIs prolong the aPTT, PT/INR, 

and ACT. Monitoring is performed using ACT or aPTT.52 Of note, as 

argatroban prolongs the INR, it should be discontinued while transi-

tioning to warfarin if the INR is greater than 4 with an aPTT within 

goal range.52

Antiplatelet Agents
Antiplatelet medications can be classified based on their mechanism of 

action. The most common are the platelet aggregation inhibitors, 

which include cyclooxygenase enzyme (COX) inhibitors (aspirin) and 

oral thienopyridines (clopidogrel, ticagrelor, prasugrel). Monitoring is 

generally not required for antiplatelet medications. If bleeding is pres-

ent, bleeding time may be used to determine if a platelet transfusion is 

needed or if the medication requires discontinuation. Studies previ-

ously discussed regarding platelet dysfunction may also be useful in the 

evaluation and management of a bleeding patient on antiplatelet 

therapy.26–28

• The cell-based model of hemostasis has largely replaced the classic cascade 

model as the current theory of how coagulation occurs in vivo. This model 

suggests that the process of coagulation occurs on different cell surfaces and 

occurs in three overlapping stages of initiation, amplification, and propagation.

• Hypothermia, acidosis, and hypocalcemia have been associated with coagu-

lopathy and should be corrected in bleeding patients.

• PT/INR, PTT, fibrinogen, and platelet count are routinely used in the work-up 

of coagulation but do not necessarily reflect in vivo hemostasis. When mea-

suring coagulation, it is important to consider a patient’s drug history, family 

history of coagulation disorders, and personal history of coagulopathies.

• Thrombocytopenia is associated with increased risk of bleeding and mortality. 

Platelets should be prophylactically transfused for platelet count ,10,000/

mL because of the risk of spontaneous hemorrhage. Platelet count does not 

provide a functional assessment of platelets.

• TEG/ROTEM provides a point-of-care assessment of coagulation, which can 

be used to guide transfusion therapy. The use of TEG/ROTEM may reduce the 

need for blood products and improve morbidity in bleeding patients.

• DIC is a condition associated with a high mortality and can be reliably diag-

nosed by calculating a DIC score.

• UFH, argatroban, and bivalirudin can be monitored using aPTT and ACT. Warfarin 

is monitored with PT/INR. LMWH, fondaparinux, apixaban, and rivaroxaban can 

be monitored using anti-Xa assays with normalized curves for the specific agent. 

TT and ecarin clotting time can evaluate dabigatran activity.

tests that dynamically assess clotting time, clot strength, and clot lysis by con-

tinuously measuring the kinetics of all stages of clot formation. There is grow-

ing evidence that the use of TEG- or ROTEM-guided transfusion strategies 

may not only reduce the need for blood products but also improve the morbid-

ity in bleeding patients.

Wolberg AS, Meng ZH, Monroe III DM, et al. A systematic evaluation of the 

effect of temperature on coagulation enzyme activity and platelet function. 

J Trauma. 2004;56(6):1221–1228.

Hypothermia is associated with an increased risk of bleeding and is a signifi-

cant contributing factor to the morbidity and mortality of trauma. At a core 

temperature of less than 33°C, the coagulation cascade is impaired, platelet 

physiology is altered, and microvascular hypoperfusion is exacerbated.

Zirlik A, Bode C. Vitamin K antagonists: Relative strengths and weaknesses vs. 

direct oral anticoagulants for stroke prevention in patients with atrial fi-

brillation. J Thromb Thrombolysis. 2017;43(3):365–379.

Direct oral anticoagulants (DOACs) are a relatively newer class of drugs 

shown to have equal, if not superior, efficacy while maintaining a better 

safety profile and requiring less monitoring than vitamin K antagonists.
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Critical Care of the Hematopoietic  
Stem Cell Transplant Recipient

Robert M. Kotloff and Steve G. Peters

Hematopoietic stem cell transplantation (HSCT) is used to treat an ever-

increasing array of disorders, including hematologic and lymphoid 

cancers; selected solid tumors; and nonneoplastic diseases, including 

autoimmune disorders, amyloidosis, and aplastic anemia. The main in-

dications for autologous transplantation include multiple myeloma and 

lymphomas. Allogeneic transplants are most commonly performed for 

acute and chronic leukemia, lymphoma, and myelodysplastic syndrome. 

The most common graft source is peripheral blood; other graft sources 

include bone marrow and cord blood. A conditioning regimen is  

employed before transplantation to eradicate malignant cells and, in al-

logeneic transplantation, to induce immunosuppression that permits 

engraftment. The conditioning regimen can be myeloablative, reduced- 

intensity, or nonmyeloablative. Some patients are also given total-body 

irradiation for myeloablation and immunosuppression.

After HSCT, the immune system recovers along predictable pat-

terns depending on the underlying disorder, stem cell source, and 

complications such as graft-versus-host disease (GVHD). Recovery 

occurs faster in autologous recipients, in those who receive peripheral 

blood stem cell grafts, and after nonmyeloablative conditioning. The 

posttransplant period is divided into three phases: preengraftment, 

early posttransplant, and late posttransplant. The preengraftment 

phase (0–30 days) is characterized by neutropenia and breaks in the 

mucocutaneous barriers. The early postengraftment phase (30–100 

days) is dominated by impaired cell-mediated immunity. The impact 

of this cell-mediated defect is determined by the development of 

GVHD and the corresponding immunosuppressive medications. The 

late posttransplant phase (.100 days) is characterized by defects in 

cell-mediated and humoral immunity, in addition to function of the 

reticuloendothelial system in allogeneic transplant recipients.

INDICATIONS FOR ICU ADMISSION

Reflecting the multitude of potentially life-threatening complications 

that can punctuate the posttransplant course, the intensive care unit 

(ICU) is a common setting for the care of HSCT recipients. Reported 

rates of admission to the ICU vary widely in the published literature 

and are considerably higher for allogeneic compared with autologous 

recipients, for whom admission rates of 20%–35% have been reported 

in contemporary series.1,2 Pulmonary complications represent the most 

common reason for ICU admission, accounting for approximately one-

third of cases.2,3 Pneumonia and sepsis-induced acute respiratory dis-

tress syndrome (ARDS) are common causes of hypoxemic respiratory 

failure in HSCT recipients. Noninfectious pulmonary complications 

also can lead to respiratory failure and ICU admission. Other common 

reasons for ICU admission include sepsis, cardiac events (arrhythmias, 

infarction, congestive heart failure), and neurologic complications (in-

tracranial bleed, seizures, altered mental status).

COMMON INFECTIOUS COMPLICATIONS 
REQUIRING ICU CARE

Infectious complications are more common in patients who have un-

dergone allogeneic transplantation because these recipients require the 

administration of immunosuppressive agents after transplantation to 

prevent or treat GVHD. In addition, GVHD itself causes an immuno-

deficient state by involving mucosal surfaces, the reticuloendothelial 

system, and bone marrow. The use of alternative hematopoietic pre-

cursor sources, such as mobilized peripheral blood stem cells, and cy-

tokines, such as hematopoietic cell colony-stimulating factors, have 

shortened the period of neutropenia and decreased the frequency of 

infectious pulmonary complications. Additionally, effective prophylac-

tic strategies have evolved that have further reduced the incidence of 

infections, in particular Pneumocystis jiroveci and cytomegalovirus 

(CMV). Nonetheless, pneumonia remains a leading cause of death af-

ter HSCT.

Bacterial Pneumonia
Bacterial pneumonia may occur at any time in the posttransplantation 

period but is particularly prevalent during the preengraftment period 

of profound neutropenia. Gram-negative pathogens, including Pseu-

domonas aeruginosa, predominate during this time.4 Legionella species 

are an important cause of nosocomial pneumonia in some centers.

Bacterial pneumonia is commonly heralded by fever, but respira-

tory symptoms and signs may be absent in the neutropenic host.  

Presumably because of the paucity of neutrophils, chest x-ray abnor-

malities may be subtle or absent as well. In one series, the use of high-

resolution computed tomography (CT) imaging revealed evidence of 

pneumonia in more than 50% of febrile neutropenic patients with 

normal chest radiographs.5 Broad-spectrum antibiotics (with anti-

Pseudomonas activity) should be initiated expeditiously in all sus-

pected cases of bacterial pneumonia and in febrile, neutropenic pa-

tients without an identified site of infection. In choosing an antibiotic 

regimen, clinicians must be cognizant of the particular epidemiologic 

and susceptibility patterns in their hospital- and patient-associated 

risk factors that might increase the risk of highly resistant pathogens 

such as methicillin-resistant Staphylococcus aureus, extended-spectrum 

beta-lactamase-producing Enterobacteriaceae, and carbapenemase-

producing organisms.

Aspergillus

Although the incidence of invasive aspergillosis has declined signifi-

cantly with widespread implementation of azole prophylaxis, it re-

mains one of the most devastating complications of HSCT and one  

of the leading causes of infectious death in this group. Allogeneic 

transplant recipients in particular are at increased risk for invasive  
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aspergillosis caused by neutropenia during the preengraftment phase 

and the administration of immunosuppressive agents to both prevent 

and treat GVHD. The reported frequency of invasive aspergillosis in 

the allogeneic population varies between 5% and 15% compared with 

0%–8% among autologous HSCT recipients.6

Invasive aspergillosis is confined to the lungs in the majority of cases, 

but sinusitis and central nervous system involvement also occur with 

some frequency. Cough and dyspnea are the most common presenting 

symptoms. Pleuritic chest pain and hemoptysis are important, albeit 

nonspecific, clues to the presence of invasive aspergillosis, reflecting the 

tendency of the organism to invade blood vessels and cause pulmonary 

infarction. Fever may be absent in up to two-thirds of patients.

Initial radiographic findings include single or multiple nodules, 

cavities, and subsegmental or segmental consolidation. CT imaging is 

more sensitive in detecting abnormalities and can do so at an earlier 

stage of infection. A highly characteristic CT finding is the halo sign, a 

rim of low attenuation representing edema or hemorrhage that sur-

rounds a pulmonary nodule. In one study, the halo sign was present in 

over 90% of neutropenic patients with invasive pulmonary aspergil-

losis when CT scans were performed at the onset of fever.7

Establishing a definitive diagnosis of invasive pulmonary aspergil-

losis remains difficult, and up to 30% of cases are unrecognized ante-

mortem.8 The recovery of Aspergillus species on cultures of bronchoal-

veolar lavage fluid is highly suggestive of invasive infection in the 

HSCT population, but sensitivity is only 27%–57%, with the lowest 

yields reported for peripheral nodular lesions.9,10 Transthoracic fine-

needle aspiration of accessible focal lesions has a yield of 50%–67%, 

but performance of this procedure is often precluded by the presence 

of severe thrombocytopenia.11,12 An enzyme-linked immunosorbent 

assay that detects galactomannan, a fungal cell wall component re-

leased during invasive disease, has been introduced into clinical prac-

tice as a diagnostic tool, albeit with its own limitations. Among HSCT 

patients with proven or probable cases of invasive aspergillosis in-

cluded in a meta-analysis, the pooled sensitivity, specificity, and posi-

tive and negative predictive values of serum galactomannan testing 

were 82%, 86%, 65%, and 65%, respectively.13 Galactomannan testing 

of bronchoalveolar lavage (BAL) fluid appears to offer greater sensitiv-

ity than the serum assay, without sacrificing specificity.9,14,15 Current 

practice guidelines from the Infectious Disease Society of America 

endorse the use of both serum and BAL galactomannan assays in the 

diagnosis of invasive aspergillosis in the HSCT population (strong 

recommendation; moderate-quality evidence).10

Voriconazole is the treatment of choice for invasive aspergillosis, 

based on demonstration of superior efficacy and less toxicity com-

pared with amphotericin B.16 A multicenter registry of HSCT recipi-

ents documented partial or complete response at 12 weeks in 64% of 

patients with invasive aspergillosis, the majority of whom were treated 

with voriconazole either alone or in combination with an echinocan-

din.17 The mortality rate at this time point was 36%, a dramatic reduc-

tion from rates in excess of 80% reported in the 1990s. Liposomal 

amphotericin B and isavuconazole are alternative options for patients 

in whom voriconazole is contraindicated or not tolerated. The echino-

candins (caspofungin, micafungin), used either alone or in combina-

tion with another antifungal agent, are considered to be salvage ther-

apy for severe or refractory cases. Surgical resection of localized disease 

is sometimes used as an adjunct to antifungal therapy in refractory 

cases or in the setting of massive hemoptysis.

Cytomegalovirus
The risk of CMV pneumonia is far greater after allogeneic compared 

with autologous HSCT, a consequence of the need to administer  

immunosuppressive drugs to the former recipient group. The vast 

majority of episodes of CMV disease result from reactivation of latent 

virus in seropositive recipients. Seronegative patients who receive stem 

cells from a seropositive donor have a lower risk of posttransplantation 

CMV disease than do seropositive recipients, a situation that contrasts 

with that seen after solid organ transplantation. In the preprophylaxis 

era, the onset of CMV pneumonia almost invariably occurred between 

engraftment and day 100. The use of prophylaxis has dramatically re-

duced the incidence of CMV pneumonia to approximately 5% among 

allogeneic HSCT recipients but has also shifted the onset of disease to 

later in the posttransplantation course.

The clinical presentation of CMV pneumonia is not distinctive. 

Nonproductive cough, fever, and hypoxemia are typical, with rapid 

progression to respiratory failure in some cases. The chest radiograph 

most often demonstrates bilateral interstitial opacities, but focal or 

diffuse consolidation and nodular opacities may also be seen. Ground-

glass opacities are commonly demonstrated by high-resolution CT. 

The diagnosis of CMV pneumonia is most definitively established by 

demonstration of viral inclusion bodies in specimens obtained by ei-

ther transbronchial lung biopsy or BAL, but the yield of both of these 

techniques is low. In association with compatible clinical and radio-

graphic features, detection of virus in BAL fluid by rapid culture tech-

nique or polymerase chain reaction (PCR) is considered diagnostic in 

this patient population. However, in cases lacking the classic features, 

these results must be interpreted with caution because viral shedding 

into the respiratory tract can occur in the absence of invasive disease. 

Identification of a high viral load in peripheral blood provides addi-

tional supportive evidence in the appropriate setting.

The combination of ganciclovir and high-dose intravenous immu-

noglobulin (IVIg) or CMV-specific immunoglobulin is standard of 

care for treatment of CMV pneumonia in HSCT recipients, though the 

need for the immunoglobulin preparations has recently been ques-

tioned.18 Foscarnet is reserved for patients unable to tolerate ganciclo-

vir and those infected with ganciclovir-resistant strains.

Community Respiratory Viruses
As a group, the community respiratory viral pathogens—respiratory 

syncytial virus (RSV), influenza A and B, parainfluenza, and human 

metapneumovirus—account for the majority of non-CMV viral respi-

ratory infections in both autologous and allogeneic HSCT recipients. 

With the exception of parainfluenza virus, which occurs year-round, 

the other viruses occur predominantly in the late fall, winter, and early 

spring. These viruses most commonly present as upper respiratory 

tract infections, but all have the propensity to progress to involve the 

lower respiratory tract (LRTI; i.e., bronchiolitis or pneumonia) and to 

lead to respiratory failure.

Among patients with RSV infection, the risk of progression to LRTI 

approaches 80% for those who are less than 1 month posttransplant or 

still in the preengraftment stage but falls to less than 40% for those 

beyond this critical period.19 Once LRTI develops, mortality from un-

treated RSV infection approximates 80%. Published studies, chiefly 

retrospective or prospective but nonrandomized, suggest that ribavirin 

alone or in combination with IVIg or RSV-specific monoclonal anti-

body (palivizumab) decreases mortality among HSCT recipients with 

RSV LRTI.20 Aerosolized ribavirin has been used in most studies, but 

favorable results have also been reported with intravenous and oral 

administration. There is currently no consensus on the approach to 

treating RSV LRTI, but published guidelines endorse the use of aero-

solized ribavirin and IVIg for HSCT recipients with LRTI.21,22

Ribavirin has been used in the treatment of LRTI with parainflu-

enza and human metapneumovirus, but there is no compelling evi-

dence of efficacy. Patients with LRTI from influenza are commonly 

treated with the neuraminidase inhibitor oseltamivir, but its efficacy in 
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HSCT recipients has not been established. Postinfluenza bacterial 

pneumonias, typically with S. aureus or Pneumococcus, should be con-

sidered in patients who develop a second wave of fever associated with 

evidence of consolidation on imaging.

COMMON NONINFECTIOUS COMPLICATIONS 
REQUIRING ICU CARE

Acute Pulmonary Edema
Acute pulmonary edema is a common but potentially overlooked 

cause of pulmonary dysfunction during the neutropenic phase after 

HSCT. Noncardiogenic pulmonary edema has many contributory fac-

tors, including total-body radiation, induction drugs, aspiration, 

transfusion-related acute lung injury, and sepsis. Patients who develop 

hydrostatic/cardiogenic pulmonary edema have often received large 

volumes of fluid for medications, total parenteral nutrition, and mul-

tiple blood product transfusions. Cardiac dysfunction resulting from 

chemotherapeutic agents used during induction can also contribute to 

volume overload, as can renal impairment.

Engraftment Syndrome and Periengraftment  
Respiratory Distress Syndrome
Engraftment syndrome is characterized in its full expression by a com-

bination of fever, erythrodermatous rash, diarrhea, diffuse capillary 

leak, and noncardiogenic pulmonary edema occurring coincident with 

neutrophil recovery.23 This syndrome has been described most fre-

quently after autologous HSCT, with a reported incidence of 7%–

53%.24,25 A similar presentation after allogeneic transplantation has 

been described but must be distinguished from acute GVHD. The term 

periengraftment respiratory distress syndrome (PERDS) has been ap-

plied to the subset of patients with engraftment syndrome who mani-

fest hypoxemia and pulmonary opacities on chest radiographs.

The etiology of engraftment syndrome is poorly understood; re-

lease of proinflammatory cytokines during engraftment is postulated 

to play a principal role. The use of granulocyte–macrophage colony-

stimulating factor has been identified in some studies as a risk factor 

for engraftment syndrome.26

Signs and symptoms of PERDS begin within 5 days preceding or 

after neutrophil engraftment. Dyspnea is universally present, accom-

panied by hypoxemia of varying severity. Frank respiratory failure re-

quiring mechanical ventilator support develops in approximately one-

third of patients with PERDS. The majority of patients are febrile; 

other clinical features of engraftment syndrome may be present, in-

cluding a maculopapular rash, hypoalbuminemia, ascites, and periph-

eral edema. Bilateral pulmonary infiltrates are seen on chest x-ray and 

CT scan but are nonspecific. The diagnosis of PERDS is based on the 

presence of compatible clinic-radiographic features; onset in the 

periengraftment period; and the exclusion of infection, volume over-

load, diffuse alveolar hemorrhage (DAH), and other entities that share 

similar features. Early recognition and treatment with high-dose corti-

costeroids has been associated with rapid clinical improvement, even 

among patients requiring mechanical ventilation.23,27

Diffuse Alveolar Hemorrhage
In the context of HSCT, DAH is considered to be a manifestation of 

widespread alveolar injury of noninfectious etiology. DAH occurs with 

a frequency of 1%–5% among autologous HSCT recipients and 3%–

7% among allogeneic HSCT recipients and, because of the high rate of 

associated respiratory failure, is a common indication for ICU admis-

sion in these patient populations.28,29 DAH is most commonly ob-

served within the first month, often during the periengraftment phase, 

but later onset is encountered in up to 47% of cases.28,29 Older age, al-

logeneic donor source, severe acute GVHD, total-body irradiation, 

myeloablative conditioning regimen, and renal insufficiency have been 

identified as risk factors.29 Although thrombocytopenia is common, 

platelet counts are not lower than those found in patients without 

DAH, and aggressive platelet transfusion does not result in improve-

ment in respiratory status.30

The pathogenesis of DAH in HSCT recipients remains obscure. 

Postmortem investigations have shown that the majority of patients 

with DAH have evidence of diffuse alveolar damage.30,31 It is likely that 

DAH, like idiopathic pneumonia syndrome (IPS) and PERDS, is part 

of a spectrum of acute lung injury induced by conditioning chemo-

therapy, radiation, and occult infection. The fact that many cases occur 

at the time of engraftment suggests that neutrophil influx into the lung 

may accentuate the injury and in some way precipitate hemorrhage.

Patients present with dyspnea, nonproductive cough, fever, and dif-

fuse pulmonary infiltrates, but hemoptysis is notably rare. An other-

wise unexplained drop in hemoglobin provides an important clue to 

the presence of DAH. The majority of patients require ICU admission 

and mechanical ventilation. Diagnosis centers on the bronchoscopic 

demonstration of progressively bloodier BAL fluid from at least three 

lobes or greater than 20% hemosiderin-laden macrophages in the BAL 

fluid and the exclusion of underlying infection. However, these criteria 

have been demonstrated to lack both sensitivity and specificity when 

using postmortem examination as the gold standard.31

Early descriptions using supportive therapy alone documented 

mortality rates of 80%–100%.30,32 Retrospective case series subse-

quently suggested that administration of high-dose corticosteroids 

improved the survival rate,32,33 but more recent single-center case se-

ries continue to document 60-day mortality rates in the range of 

75%–80% even with this intervention.29,34 Successful outcomes have 

been reported with the addition of recombinant factor VIIa35,36 or 

aminocaproic acid37 to high-dose steroids, but evidence to date is con-

flicting,34 and use of these adjuvant therapies cannot be endorsed. 

Onset of DAH within the first 30 days of transplantation and autolo-

gous HSCT are associated with the most favorable outcomes.29 Death 

is usually a result of superimposed multisystem organ failure or sepsis 

rather than respiratory failure from refractory hemorrhage.28

Idiopathic Pneumonia Syndrome
The term idiopathic pneumonia syndrome (IPS) applies to HSCT pa-

tients presenting with widespread alveolar injury in the absence of an 

identifiable infectious etiology. More recently, the definition was up-

dated to additionally require exclusion of cardiac dysfunction, renal 

failure, and iatrogenic volume overload as the etiology for pulmonary 

dysfunction.38 The updated diagnostic criteria, which continue to rely 

chiefly on BAL studies to exclude infection, are listed in Box 130.1. 

Adding to the ambiguity of the definition, some authorities include 

PERDS and DAH in the spectrum of IPS, whereas others treat them as 

distinct entities.

The incidence of IPS in the first 120 days after allogeneic HSCT 

with myeloablative conditioning historically has been reported in  

the range of 3%–15%.39 With advances in transplant practices and 

better detection of underlying infectious etiologies, its incidence  

appears to be declining.40 A recent report detected potential infectious 

pathogens, predominantly viral, in the BAL fluid of almost 60%  

of patients labeled as having IPS, challenging the fundamental defini-

tion of the entity as a noninfectious form of lung injury.41 However, 

BAL alone does not distinguish between viral shedding, colonization, 

and true infection, so the implications of this study remain uncertain. 

Among allogeneic recipients, the incidence appears to be lower  

after nonmyeloablative versus conventional high-dose conditioning  
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regimens, lending support to the belief that toxicity from intensive 

chemotherapy and radiation contributes significantly to pathogenesis. 

Acute GVHD has been identified as a risk factor for IPS, suggesting 

that alloimmune mechanisms may also come into play. IPS also occurs 

after autologous HSCT, but the frequency appears to be lower than 

that among recipients of allogeneic HSCT. It remains unclear whether 

the source of stem cells (bone marrow vs. peripheral blood vs. umbili-

cal cord blood) affects the frequency of this complication.

The median time to onset of IPS has been reported to be 19 days, 

with the majority of cases occurring within the initial 120 days.39 Pa-

tients with IPS present with dyspnea, fever, nonproductive cough, in-

creasing oxygen requirements, and diffuse radiographic infiltrates. 

When obtained, lung biopsy specimens reveal two main patterns: dif-

fuse alveolar damage and interstitial pneumonitis. The course is typi-

cally rapid, with up to two-thirds of patients progressing within several 

days to respiratory failure requiring mechanical ventilation.39 Com-

bined mortality in six of the larger published case series was 74%,42 

and the mortality rate among those requiring mechanical ventilation 

may exceed 95%.39 Mortality at 120 days in a large contemporary study 

was 46%, suggesting that survival may be improving, possibly the re-

sult of advances in the care of critically ill patients.40

Beyond supportive care, there is no proven treatment for IPS. 

High-dose corticosteroid therapy is commonly administered, but sub-

stantiation of benefit is lacking. Based on evidence that anti–tumor 

necrosis factor therapy mitigates acute lung injury in murine models 

of IPS,43 etanercept, a soluble tumor necrosis factor-alpha–binding 

protein, has been administered to patients with IPS. Two case series, 

encompassing a total of 37 patients treated with a combination of 

corticosteroids and etanercept, demonstrated high clinical response 

rates and improved short-term survival.44,45 A subsequent prospective 

trial randomizing adults to either corticosteroids plus etanercept or 

corticosteroids alone aimed to enroll 120 patients but succeeded in 

accruing only 34 patients.46 Acknowledging that it was underpowered 

to draw a definitive conclusion, the study nonetheless failed to demon-

strate any difference in response rates or survival between the two 

groups. A more recent nonrandomized phase II trial involving 28 pe-

diatric patients demonstrated a response rate (defined as survival to 

day 28 of the study plus complete discontinuation of supplemental 

oxygen support for .72 consecutive hours) of 71%.47

OUTCOMES AFTER ICU ADMISSION

Most of the published experience with HSCT requiring ICU admission 

has focused on allogeneic recipients, who have a significantly higher 

incidence of complications leading to critical illness. Historically, the 

prognosis of HSCT patients admitted to the ICU has been poor.48–50 In 

particular, HSCT patients requiring mechanical ventilation for respira-

tory failure have experienced the poorest outcomes, leading some au-

thorities in the past to consider this as a futile intervention.51 In one of 

the largest studies involving 348 mechanically ventilated HSCT recipi-

ents at the Fred Hutchinson Cancer Research Center between 1986 and 

1990, survival at 6 months was only 3%.52 In another study from the 

same center, investigators found no survivors among ventilated pa-

tients with acute lung injury and either hepatic and renal insufficiency 

or hemodynamic instability necessitating vasopressors.53

More recent studies have reported improved outcomes for alloge-

neic HSCT recipients requiring ICU admission.1,2 In particular, short-

term survival rates in the subgroup who received mechanical ventila-

tion approximate 15% in a contemporary series.1 One likely reason for 

these favorable trends is the greater use of reduced-intensity condi-

tioning regimens. These reports are encouraging, and despite the fact 

that survival rates remain disappointingly low, it can be argued that a 

trial of mechanical ventilation in select groups of HSCT recipients is 

reasonable.

There is limited experience with venovenous extracorporeal mem-

brane oxygenation (VV-ECMO) in the allogeneic HSCT population. 

The largest experience of 37 patients comes from a consortium of 12 

European centers.54 The etiology of respiratory failure was pneumonia 

in 80%. Overall survival to hospital discharge was 19%; time from 

transplant was a discriminating factor, with a survival rate of only 4% 

among patients within 240 days of transplant compared with 46% for 

those further out. Pending further studies, VV-ECMO should be ap-

plied in a highly selective fashion and only with the understanding by 

the patient and/or family that this life-sustaining measure will be with-

drawn if continuation is deemed to be futile.

To inform the appropriate use of the ICU and mechanical ventila-

tion, a number of studies have attempted to identify factors predictive 

of outcome. Specific pre-ICU characteristics, including age, sex, pri-

mary disease, type of transplant, and conditioning regimen, have not 

proven to be reliable predictors.50,55,56 Admission to the ICU within the 

engraftment period has been associated with a more favorable progno-

sis compared with later admission, particularly for recipients requiring 

mechanical ventilation.56 Factors during the ICU course that have been 

associated with unfavorable outcomes are the need for mechanical 

ventilation, need for renal replacement therapy, presence of multiple 

organ failure, hyperbilirubinemia, use of vasopressors, and grade 3–4 

acute GVHD.1,2,56–58 Notably, the combination of mechanical ventila-

tion with hepatic and renal dysfunction continues to portent nearly 

universal mortality.59,60

Well-known instruments used to prognostically stratify patients at 

the time of admission to the ICU, such as Acute Physiology and 

Chronic Health Evaluation (APACHE) II and APACHE III, and the 

Sequential Organ Failure Assessment have limited prognostic value in 

the HSCT patient population. As a result, indices specific to allogeneic 

HSCT have been developed. One such index, based on factors present 

at the time of initiation of mechanical ventilation, classifies patients 

with a creatinine ,2 mg/dL and platelet count .20 3 109/L in a favor-

able category, with an overall survival at 100 days post mechanical 

ventilation of 29%, compared with only 5% for those not meeting 

both of these criteria.61 The Hematopoietic Cell Transplantation–

specific Comorbidity Index (HCT-CI) appears to be useful as a predic-

tive instrument for in-hospital mortality among patients admitted to 

 I. Evidence of widespread alveolar injury

• Multilobar infiltrates on routine chest radiographs or computed 

tomography

• Symptoms and signs of pneumonia (cough, dyspnea, tachypnea, rales)

• Evidence of abnormal pulmonary physiology

• Increased alveolar to arterial oxygen difference

• New or increased restrictive pulmonary function test abnormality

 II. Absence of active lower respiratory tract infection based upon:

• Bronchoalveolar lavage cultures, cytology, polymerase chain reaction, 

and other studies negative for significant bacterial, viral, and fungal 

pathogens

• Transbronchial biopsy if condition of the patient permits

 III. Absence of cardiac dysfunction, acute renal failure, or iatrogenic fluid 

overload as etiology for pulmonary dysfunction

BOX 130.1 Criteria for Diagnosing 
Idiopathic Pneumonia Syndrome

Modified from Panoskaltsis-Mortari A, Griese M, Madtes DK, et al. An 

official American Thoracic Society research statement: noninfectious 

lung injury after hematopoietic stem cell transplantation: idiopathic pneu-

monia syndrome. Am J Respir Crit Care Med. 2011;183:1262–1279.
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the ICU within 100 days of their transplant. In one study, mortality 

was 46% for those with an HCT-CI score of 0–1 compared with 69% 

for those with a score $4.62

These predictive factors and indices allow for some stratification of 

risk but fall short of defining patients for whom ICU care and mechani-

cal ventilation would be inappropriate. This is best accomplished 

through daily assessment of the critically ill patient’s status and response 

to therapy, close communication between the ICU and transplant teams, 

and awareness of the patient’s preferences and goals of care.

KEY POINTS

• ICU admission in the post-HSCT period is common; pulmonary complica-

tions, both infectious and noninfectious, represent the leading cause of ICU 

admission.

• Bacterial pneumonia is particularly common during the neutropenic preen-

graftment phase after both allogeneic and autologous HSCT.

• Because of the requirement for administration of immunosuppressive 

agents, allogeneic HSCT recipients are particularly predisposed to opportu-

nistic infections, including CMV and invasive aspergillosis.

• Noninfectious pulmonary complications leading to respiratory failure in-

clude PERDS, DAH, and IPS.

• Outcomes after ICU admission are improving. However, the status of the 

underlying disease; presence of multiple organ failure; a need for mechani-

cal ventilation, pressors, or renal replacement therapy; and absence of im-

provement after initial supportive measures may all contribute to poor 

prognosis and should be taken in context with the wishes and advance di-

rectives of the patient and proxy.

 References for this chapter can be found at expertconsult.com.
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CARDIOVASCULAR CHANGES IN PREGNANCY

Cardiovascular and blood volume changes are among some of the 

more significant changes that occur in pregnancy (Table 131.1). These 

changes are primarily adaptive mechanisms, allowing the pregnant 

woman to accommodate her additional metabolic needs in addition to 

those of the fetus during gestation and immediately after delivery. 

Cardiac output is significantly increased during pregnancy by as much 

as 50% compared with nonpregnant values. Cardiac output is in-

creased by 15% in twin pregnancies and in multiple gestations.4 An 

increase in cardiac output is seen as early as the first 6–8 weeks of 

pregnancy. A series of meta-analyses of singleton pregnancies found 

that cardiac output peaks during the early third trimester: 1.5 L/min 

(31%) above nonpregnant values.5 Cardiac output can increase by 

75% by the end of the third trimester. The early increase in cardiac 

output is primarily the result of a significant increase in stroke volume. 

However, stroke volume decreases as the pregnancy advances because 

of aortocaval compression by the uterus and the pressure of the fetal 

presenting part on the common iliac vein. Caval compression occurs 

because the large, gravid uterus rests on the vena cava, decreasing ve-

nous return to the heart and therefore effectively decreasing ventricu-

lar preload. In the latter half of pregnancy, a progressive increase in the 

maternal heart rate by 15–20 beats/min is primarily responsible for 

maintaining the elevated cardiac output. The additional increase in 

cardiac output before labor and delivery is caused by a further increase 

in heart rate. Resting cardiac output either is maintained or decreases 

slightly as term approaches.6,7

Influence of Body Position
Venous return is further compromised with changes in body position, 

particularly if the pregnant patient is supine. As a result, cardiac output 

can be diminished by as much as 25%–30%. The effects of changes in 

body position are most obvious in the latter half of pregnancy when 

the fetal size and gravid uterus can effectively tamponade the vena 

cava, the abdominal aorta, and the iliac arteries. This phenomenon is 

exaggerated in women with poorly developed venous collaterals. With 

compression of the vena cava in the supine position, these women 

exhibit signs of severe hypoperfusion (hypotension and bradycardia), 

a phenomenon described as the supine hypotensive syndrome of preg-

nancy. Symptoms quickly resolve after the patient is repositioned to 

the left lateral recumbent position.8 Cardiac output can decrease by 

Fundamental to the management of a critically ill pregnant woman is 

a detailed knowledge of the normal physiologic changes that occur 

during gestation and immediately after delivery. Some of these physi-

ologic adaptations are from the hormonal changes associated with 

pregnancy, and others are to support the mother and the growing  

fetus.1 Clinicians must have a good understanding of the extent of 

these changes, which occur in all pregnant women, to appropriately 

diagnose and treat critically ill patients whose additional pathology 

complicates the distinct metabolic homeostasis and hemodynamics of 

the normal pregnant state. It is important to recognize that these 

physiologic changes add a level of complexity to diagnosis and man-

agement in the critically ill pregnant woman. The normal baseline 

physiologic changes of pregnancy often alter the presentation of a 

disease process or illness that presents during pregnancy, and they can 

unmask a previously silent disease process of the woman. The normal 

physiologic maternal adaptations will change the interpretation of 

clinical and diagnostic examination findings in the pregnant woman. 

Subsequently, the endpoints of treatment can be significantly differ-

ent from those for nonpregnant patients. To detect early signs of  

deterioration in a critically ill pregnant patient, modified early obstet-

ric warning score (MEOWS) charts have been introduced in some  

obstetric centers.2,3

Some of the physiologic changes associated with pregnancy oc-

cur early in the normal course of gestation, whereas others occur 

during the middle or later stages. To render the most effective care 

of critically ill pregnant patients, the clinician must be aware of the 

timing of important physiologic changes. They affect almost all 

organ systems to varying degrees, depending in part on the gesta-

tional age of the fetus. Hemodynamic, metabolic, hormonal, and 

structural changes all occur during pregnancy and allow for the 

natural growth and development of the fetus. The healthy pregnant 

woman adapts remarkably well to these changes, as does the fetus, 

allowing the two to coexist symbiotically without harm to the other. 

However, if the pregnant woman is ill, either from a preexisting 

underlying disease process or from a new pathologic process that 

occurs during the pregnancy, the normal physiologic adaptive 

mechanisms of pregnancy are often insufficient to maintain the 

normal healthy union between mother and fetus. Depending on the 

severity of the underlying process or new illness, the hemodynamic 

ramifications to the pregnant woman and her fetus can be devastat-

ing and life threatening.
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Physiologic Parameter Term Pregnancy Labor and Delivery Postpartum

Cardiac output Increases 30%–50% Increases 50% Increases 60%–80% 

within 15–20 min

Blood volume Increases 30%–50% Additional 300–500 mL with each contraction Decreases to baseline

Heart rate Increases by 15–20 beats/min Increase depends on stress and pain relief Decreases to baseline

Blood pressure Decreases by 5–10 mm Hg in midpregnancy Increase depends on stress and pain relief Decreases to baseline

Systemic vascular resistance Decreases Increases Decreases to baseline

Oxygen consumption Increases by 20% Increases with stress of labor and delivery Decreases to baseline

Red blood cell mass Increases by 15%–20% — —

TABLE 131.1 Normal Hemodynamic Changes During Pregnancy

combination of improved myocardial contractility and increased ven-

tricular diastolic area may be responsible for increases in cardiac out-

put during normal pregnancy.15

Hemodynamic Changes During Labor and Delivery
Although cardiac output remains relatively constant in the third tri-

mester, there is a significant increase during active labor and immedi-

ately after delivery. With each uterine contraction, cardiac output 

dramatically increases as an additional 300–500 mL of maternal blood 

volume from the uterus is returned to the heart. Cardiac output can 

rise to 50% greater than normal when the pregnant woman is pushing 

in the second stage of labor. The amount of blood returned to the heart 

is accentuated in the supine position. When the pregnant patient is 

supine, uterine contractions can cause a 25% increase in cardiac out-

put, a 15% decrease in maternal heart rate, and a 30%–35% increase in 

stroke volume. In the lateral recumbent position, the hemodynamic 

changes associated with uterine contractions are less pronounced; 

cardiac output and stroke volume may rise by only 6%–7%, and there 

may be only a small change in maternal heart rate. Cardiac output may 

be preferentially diverted to the heart if there is partial obstruction of 

the abdominal aorta by the uterus during contraction.

The hemodynamic changes seen during labor and delivery are in-

fluenced by anesthetic and analgesic techniques. The increase in car-

diac output is less if caudal anesthesia is used.16,17 Within the immedi-

ate 20–30 minutes after delivery of the fetus and placenta, there is an 

even greater increase in cardiac output, because blood is no longer 

diverted to the uteroplacental vascular bed. Approximately 500 mL is 

redirected to the maternal circulation in the so-called autotransfusion 

effect of pregnancy. This effect can increase cardiac output by 60%–80% 

after aortocaval compression is removed and blood volume is in-

creased. Many of the physiologic changes of pregnancy resolve and 

revert to normal within several days after delivery. Cardiac output re-

turns to normal within 2 weeks to 3 months after delivery as sodium 

and water balances normalize.

Blood Volume Changes
The changes in maternal blood volume during pregnancy are signifi-

cant. Plasma volume increases by 30%–50% by the end of gestation. 

This value is increased in the multigravida patient compared with 

primigravidas, but the exact mechanism responsible for this effect is 

unclear. The increase in blood volume can be as high as 70% with twin 

pregnancies. An increase of 10%–15% in blood volume is seen as early 

as the sixth week of gestation. Blood volume is maximal at 30–34 

weeks, after which the value plateaus until term.18 Others have sug-

gested that blood volume continues to increase until term.19 Ventricu-

lar filling pressures do not increase despite the large increases in 

plasma volume.20 This is most likely the result of vasodilatation with 

30%–40% in patients with this syndrome. This vasovagal phenome-

non underscores the influence of maternal body position on the he-

modynamic alterations occurring in pregnancy.

Hemodynamic changes associated with decreases in preload and 

cardiac output are less pronounced when the gravid uterus is mini-

mally compressing the vena cava, which is optimally achieved by main-

taining the pregnant woman at greater than 20 weeks’ gestation in the 

left lateral position when recumbent. Alternatives to this position, less 

optimal than the left lateral position but preferable to the supine posi-

tion, are a left lateral tilt to 15 degrees or manual displacement of the 

gravid uterus. The latter maneuver of left uterine displacement can be 

performed by manually moving the uterus away from the midline to 

the left side when the patient is supine. This maneuver is particularly 

useful when performing cardiac compressions in a pregnant patient. In 

the supine position, the gravid uterus, which accounts for as much as 

10% of the cardiac output, hinders successful resuscitation because of 

its adverse effects on intrathoracic pressure and venous return. Al-

though hemodynamics are best in the left lateral position, it is difficult 

to achieve optimal chest compressions with the patient in this position. 

Acceptable alternatives are to perform cardiac compressions with the 

patient supine but with concurrent manual displacement of the uterus 

to the other side; it is also satisfactory to place a firm wedge under the 

right hip of the patient.9,10

Oxygen Consumption and Ventricular Performance
As cardiac output progressively increases, maternal oxygen consump-

tion also increases. However, the increase in cardiac output is seen 

earlier than the rise in maternal oxygen consumption. Accordingly, the 

arteriovenous oxygen difference actually narrows early in pregnancy. 

The arteriovenous oxygen difference widens at the end of gestation. By 

term, there is a 20% increase in maternal oxygen consumption, mostly 

as a result of the increase in metabolic needs of the fetus. The increase 

in oxygen consumption is also a result of maternal increased work of 

ventilation during pregnancy, maternal increase in myocardial oxygen 

demand, and maternal increase in renal oxygen consumption. Oxygen 

extraction also gradually increases throughout gestation. The increase 

in cardiac output is probably the result of a combination of factors, 

including increased uterine blood flow, increased maternal circulating 

blood volume (and hence ventricular preload), and possibly estrogen- 

and prolactin-induced augmentation of myocardial contractility. Ven-

tricular dynamics are improved during pregnancy as a direct result of 

the action of steroid hormones on the pregnant myocardium. In ani-

mal models, estrogens have been shown to increase cardiac output and 

decrease peripheral vascular resistance.11 Echocardiographic studies 

performed in healthy pregnant women have demonstrated a decrease 

in the preejection period of left ventricular systole but an increase in 

the left ventricular end-diastolic dimension.12–14 It may be that a 
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concurrent decreases in systemic and pulmonary vascular resistance in 

addition to a normal heart adapting to chronic volume overload.

The increase in blood volume is a striking adaptive mechanism that 

permits additional blood flow to the uterus and other maternal organs, 

in particular the kidneys. Uterine blood flow increases to 100 mL/min 

by the end of the first trimester and reaches 1200 mL/min at term. Both 

sodium and water retention contribute to the increase in plasma vol-

ume. Total body water increases by approximately 6.5–8 L. Most of this 

increase is seen in the extracellular space and is preferentially distrib-

uted in the lower extremities. The total increase in body water includes 

approximately 3.5 L of amniotic fluid, placental fluid, and water in the 

fetus. The relative hypervolemia leads to a mild reduction in the serum 

sodium concentration (135–138 mEq/L) and in serum osmolality (ap-

proximately 280 mOsm/L). The maternal blood volume increases by 

1–2 L. Red blood cell (RBC) mass accounts for only 300–400 mL  

of the increase in total blood volume.

Plasma renin and aldosterone levels are elevated during pregnancy 

despite expansion of the maternal blood volume. Activation of the renin–

angiotensin–aldosterone system may result from the concomitant decrease 

in peripheral vascular resistance and the increase in vascular capacitance 

seen as early as the first 6 weeks of pregnancy.6 Both estrogens and 

progesterone increase aldosterone levels, increasing sodium and water 

retention.21 At 12 weeks of gestation, atrial natriuretic peptide levels also 

increase, most likely in response to the increase in plasma volume.

The increase in blood volume is an adaptive mechanism that pro-

vides some level of protection for the inevitable blood loss that accom-

panies delivery of the fetus and placenta.22,23 Average blood loss during 

vaginal delivery is 500 mL; average blood loss during cesarean delivery 

is approximately 1000 mL. Although providing some degree of protec-

tion from peripartum blood loss, the increased plasma volume associ-

ated with pregnancy also can lull the clinician into a false sense of se-

curity. A pregnant woman can lose up to 35% of her blood volume 

before the usual signs of hypovolemia and acute hemorrhage are obvi-

ous. Although the pregnant woman may appear to have stable vital 

signs up to this point, the fetus may be severely compromised and 

deprived of adequate maternal blood flow. Tachycardia, hypotension, 

and other signs of hemodynamic instability are late manifestations of 

a significant deficit in maternal blood volume.

Physiologic Anemia of Pregnancy
Accompanying the increase in blood volume is an increase in RBC mass 

stimulated by increased circulating levels of erythropoietin. The RBC 

mass increases during the second trimester and continues to increase 

progressively throughout the pregnancy. However, the increase of 

15%–20% in RBC mass is disproportionate to the 30%–50% increase 

in blood volume. As a result, the hematocrit decreases, resulting in the 

“physiologic hemodilutional anemia” of pregnancy. Hemodilution is 

most notable during the 30th to 34th gestational weeks. The hemoglo-

bin concentration can decrease by as much as 9%. In the second trimes-

ter, the hemoglobin level can decrease to 11–12 g/100 mL, compared 

with the normal nonpregnant value of 13–14 g/100 mL. The decrease 

in blood viscosity associated with the anemia of pregnancy allows for a 

decrease in resistance to blood flow that improves placental perfusion. 

The hematocrit decreases until the end of the second trimester but in-

creases later in the pregnancy, when the increase in RBC mass is pro-

portionate to the increase in plasma volume. The hematocrit stabilizes 

at that point or even increases slightly as term approaches.

The degree of change in RBC mass during pregnancy depends in 

part on whether iron is supplemented. With the increase in RBC mass, 

there is a need for additional iron to prevent the development of  

iron-deficiency anemia. Maternal requirements for iron can increase to 

5–6 mg/day. The fetus uses iron from maternal stores to prevent fetal 

anemia, but the presence of significant maternal iron-deficiency ane-

mia has been shown to result in a higher incidence of fetal complica-

tions, including preterm labor and late spontaneous abortions.24

Renal Blood Flow During Pregnancy
Under the influence of circulating hormones, there is a preferential 

redistribution of blood flow to the uterus, breast, and kidneys during 

pregnancy. Each kidney increases in length and weight, and the renal 

pelvis and ureters dilate, leading to urinary stasis that predisposes 

pregnant women to frequent urinary tract infections.25 The glomeru-

lar filtration rate (GFR) increases by 50%, and renal blood flow in-

creases by 60%–80% above pre-pregnancy levels.26 Changes in GFR 

and renal blood flow occur by the sixth week of gestation. The increase 

in renal blood flow plateaus early in pregnancy and remains un-

changed or decreases slightly as term is approached. Urine flow and 

sodium excretion are increased and are influenced by position, espe-

cially in late pregnancy. Flow rates and the sodium excretion rate are 

significantly higher in the lateral recumbent position compared with 

the supine position. Concentrations of serum creatinine and blood 

urea nitrogen are reduced proportionately to the increase in GFR. 

Glycosuria may also occur during pregnancy as a result of the increase 

in GFR and impaired tubular reabsorption of glucose.

Changes in Blood Pressure and the Vascular System
Systolic and diastolic blood pressures usually decrease by 5–10 mm Hg 

below the patient’s baseline blood pressures in the second trimester 

and may normalize to nonpregnant values by term.27 Arterial blood 

pressure decreases as early as the sixth week of pregnancy; the lowest 

diastolic pressures are recorded during the second trimester. By the 

eighth week of gestation, diastolic blood pressure decreases by ap-

proximately 10%. Diastolic pressure reaches a nadir at 16–24 weeks 

and is typically 5–10 mm Hg less than normal. After the 16th to 24th 

gestational weeks, blood pressure progressively increases and is back to 

baseline by term. With the increase in venous return associated with 

uterine contractions and the additional factors of pain, anxiety, and 

stress during labor and delivery, an increase in blood pressure usually 

occurs during this time. Although earlier studies showed that blood 

pressure decreases during pregnancy, recent studies have demon-

strated progressive increases in blood pressure during pregnancy, par-

ticularly in obese and overweight women.28,29 The decrease in blood 

pressure during pregnancy is associated with a significant decrease in 

peripheral vascular resistance. Decreased systemic vascular resistance 

begins as early as the 5th week of gestation and plateaus between the 

20th and 32nd weeks, after which it slowly increases to pre-pregnancy 

values by term.30 The decrease in arteriolar tone is influenced by sev-

eral factors, including hormonal changes that induce vasodilatation 

and lack of responsiveness to the pressor effect of angiotensin II.31 

There is evidence for blood vessel remodeling in pregnancy, leading to 

increased venous compliance.32,33 During pregnancy, circulating levels 

of numerous endogenous procoagulant and anticoagulant proteins 

change, leading to a hypercoagulable state. As a consequence, the risk 

of venous thrombosis increases during pregnancy. The reported inci-

dence is 0.7 cases per 1000 women, and this rate increases threefold to 

fourfold in the postpartum period.34

The treatment of choice for severe hypotension resulting from 

acute hemorrhage, sepsis, or other critical illness during pregnancy is 

aggressive fluid resuscitation. When hypotension is refractory and 

unresponsive to fluids, vasopressors should be used to prevent the 

detrimental consequences of hypotension to both the mother and fe-

tus as a result of inadequate uterine blood flow. Most vasopressors 

increase maternal blood pressure at the expense of fetal blood flow, 

inducing vasoconstriction of the uterine vessels. There are few human 
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studies of these agents in pregnant women. However, animal studies 

have indicated that ephedrine and dopamine increase uterine blood 

flow to the uteroplacental circulation while at the same time increasing 

maternal blood pressure.35

Structural Remodeling of the Heart
The heart is dramatically remodeled during the first few weeks of preg-

nancy. There is enlargement of all four chambers. The valvular annular 

diameters increase, as do the thickness and volume of the left ventricu-

lar wall. End-diastolic volume increases, although end-diastolic pres-

sure remains unchanged.14 Transthoracic echocardiography and car-

diovascular magnetic resonance have demonstrated an increase in left 

ventricular end-diastolic volume from 95 to 115 mL and 98 to 125 mL, 

respectively.36 There is also increased left ventricular mass from 111 to 

163 g and 121 to 179 g, respectively.36 Chamber enlargement, particu-

larly of the left atrium, may be a predisposing factor for supraventricu-

lar and atrial arrhythmias. Nonspecific ST-T–wave changes may also 

be found in the asymptomatic pregnant woman.

As the uterus enlarges and the diaphragm elevates, the heart is ro-

tated upward and to the left. The apical impulse on physical examina-

tion is heard best over the fourth intercostal space, lateral to the midcla-

vicular line. Left axis deviation is seen on the electrocardiogram as a 

result of the rotation of the heart. Because of the displacement of the 

heart, pregnant women may appear to have cardiomegaly on the chest 

radiograph. In addition, lung markings may be more prominent, sug-

gesting vascular congestion. These changes can be similar to those seen 

in patients with heart disease. Even in women with no underlying car-

diac pathology, the normal physiologic changes of pregnancy can result 

in signs and symptoms that are difficult to differentiate from those as-

sociated with cardiac disease. Symptoms such as fatigue, decreased ex-

ercise tolerance, peripheral edema, palpitations, chest pain, dyspnea, 

and orthopnea are common complaints as pregnancy advances.

New murmurs often appear during pregnancy. Systolic flow murmurs 

and a third heart sound are common but are soft. Mild pulmonic and 

tricuspid regurgitation occurs in more than 90% of healthy pregnant 

women.37,38 One-third of pregnant women have evidence of clinically in-

significant mitral regurgitation. Diastolic, pansystolic, and late systolic 

murmurs are rare in normal pregnancy and may indicate underlying heart 

disease. As a result of the mild four-chamber dilatation, clinically insig-

nificant mitral, tricuspid, and mitral regurgitation is seen. Bruits originat-

ing from the internal mammary artery and venous hums with diastolic 

components are common during pregnancy. These findings can initially 

confuse the diagnosis of a more serious underlying cardiac illness.

Cardiac Disease and Pregnancy
In women with significant cardiac pathology, the hemodynamic aber-

rations associated with pregnancy can be life threatening. The inci-

dence of significant cardiac disease in pregnancy is less than 2% but is 

increasing.39,40 Cardiovascular disease in pregnancy has been reported 

as the leading cause of maternal mortality in North America.36 Ad-

vances in medical therapy and in cardiac surgery, including transplan-

tation, have allowed female cardiac patients to survive to childbearing 

age and to have successful term pregnancies.41 For women with severe 

cardiac problems such as pulmonary hypertension, Eisenmenger syn-

drome, severe mitral stenosis, or Marfan syndrome (in which the risk 

of aortic dissection is high during pregnancy), the physiologic changes 

of pregnancy can increase both maternal and fetal morbidity and mor-

tality by transiently or permanently worsening the underlying heart 

disease.42 Increases in blood volume, stroke volume, cardiac output, 

and heart rate and the decrease in systemic vascular resistance are 

poorly tolerated by pregnant women with severe underlying cardiac 

disease. Maternal mortality is less than 1% for patients with less severe 

cardiac problems, but it increases to 50% if pregnancy is associated 

with the presence of underlying primary pulmonary hypertension or 

cyanotic disorders such as Eisenmenger syndrome.43,44

Approximately 90% of pregnant women with cardiac disease are 

rated as New York Heart Association (NYHA) functional class I or class 

II. These patients tolerate the hemodynamic changes of pregnancy and 

can be managed well with medical therapy, although the incidence of 

heart failure and arrhythmias tends to be higher in this group of pa-

tients.45 The 10% of pregnant patients with NYHA functional class III 

or IV heart disease accounts for 85% of cardiac deaths.46 Fetal morbid-

ity and mortality are increased in these patients, and there is a higher 

incidence of prematurity, miscarriage, and intrauterine growth retar-

dation.47 Cardiac telemetry, fetal monitoring, and hemodynamic mon-

itoring are usually necessary for these high-risk patients during labor 

and delivery and, because of the large changes in intravascular volume 

after delivery, during the first few postpartum days.

ENDOCRINE AND METABOLIC CHANGES  
IN PREGNANCY

There are numerous endocrine and metabolic alterations during preg-

nancy, many of which are directly attributable to hormonal signals 

originating from the fetoplacental unit. Maternal adaptations to hor-

monal changes that occur during pregnancy directly influence the 

growth and development of the fetus and placenta. In pregnancy, there 

is also a change in the normal hormonal feedback mechanisms that 

control the synthesis and release of hormones. As with cardiac disease, 

the presentation of endocrine and metabolic disorders may be difficult 

to differentiate from the normal hypermetabolic state of pregnancy.

Hypothalamic and Pituitary Alterations
As in the nonpregnant state, the hypothalamic–pituitary axis is  

responsible for regulating many aspects of metabolism. Circulating 

levels of most of the releasing hormones of the hypothalamus increase 

during pregnancy because of increased production by the placenta 

rather than increased production and release by the hypothalamus. 

The target organ of the hypothalamus, the pituitary gland, undergoes 

remarkable structural and metabolic changes in pregnancy. Its size 

increases almost threefold secondary to estrogen stimulation. Gonado-

tropin and growth hormone production decrease during pregnancy. 

However, synthesis of adrenocorticotropic hormone (ACTH), prolac-

tin, and thyroid-stimulating hormone (TSH) increases.

Free and bound cortisol levels are increased in pregnancy, even 

though circulating ACTH concentrations are elevated. These changes 

suggest that the normal negative feedback loop between ACTH and 

cortisol concentrations is altered in the pregnant state.48 Free plasma 

cortisol concentrations may be two to three times higher than normal 

at term. Diurnal variation of cortisol is blunted but maintained 

throughout pregnancy. The clinical signs of weakness, peripheral 

edema, glucose intolerance, and weight gain associated with Cushing 

disease are sometimes difficult to differentiate from the clinical fea-

tures of normal gestation. The symptoms of Cushing disease are exac-

erbated by pregnancy but often resolve after delivery. Improved out-

comes are seen with surgical therapy intrapartum if pituitary or 

adrenal tumors are discovered during the course of the pregnancy.42,49 

In normal pregnancy, cortisol release may not be suppressed with a low 

intravenous dose (1 mg) of dexamethasone. An 8-mg dose of dexa-

methasone is usually needed to suppress cortisol secretion if a tumor 

is present. In patients with occult adrenal insufficiency, a life-

threatening adrenal crisis may be precipitated by the stress of labor and 

delivery. The signs and symptoms of adrenal insufficiency during preg-

nancy may be nonspecific and difficult to recognize, but with the stress 
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of labor, these symptoms are exaggerated. The clinical diagnosis is 

made in conjunction with laboratory evidence of a low cortisol level or 

even a low-normal level and no increase in the plasma cortisol concen-

tration with an ACTH stimulation test. Immediate treatment with 

stress doses of hydrocortisone is indicated in these patients.

In preparation for lactation, circulating prolactin levels progres-

sively increase to about 10 times normal during the course of preg-

nancy, secondary to stimulation of the anterior pituitary by placental 

estrogens and progesterone. The dramatic increase in plasma prolactin 

concentration may lead to an increase in the size of preexisting pitu-

itary adenomas larger than 1 cm.50 Symptoms resulting from an in-

crease in prolactin secretion usually subside within 6 weeks after deliv-

ery if the patient is not breastfeeding.

The thyroid gland increases the production of thyroid hormones 

during pregnancy. TSH secretion is transiently decreased in the first 

trimester, but circulating TSH concentrations are usually increased by 

term. Circulating levels of thyroxine (T4) and triiodothyronine (T3) 

increase as a result of a twofold estrogen-stimulated increase in the 

synthesis of thyroxine-binding globulin. Levels of free (dialyzable) T4 

and free T3 are unchanged. In 15% of women, the thyroid gland in-

creases in size and volume. Pregnant women who obtain sufficient 

dietary iodine (more than 200 mg daily) have no untoward complica-

tions from the changes in thyroid function.51,52 Patients with preexist-

ing hypothyroidism should increase their levothyroxine daily dose by 

30% early in pregnancy.53

Posterior pituitary hormones are altered in pregnancy. Circulating 

oxytocin levels increase, but the vasopressin concentration remains 

essentially unchanged. Plasma osmolality decreases by 5–10 mOsm/kg, 

suggesting that the threshold for secretion of vasopressin decreases 

during gestation. Although vasopressin levels remain unchanged, some 

women develop transient diabetes insipidus during pregnancy.54

Changes in Glucose Metabolism
Early in pregnancy, increased levels of estrogens and progesterone in-

fluence glucose metabolism primarily by inducing pancreatic beta-cell 

hyperplasia and increased insulin secretion. Placental hormones con-

trol glucose metabolism later in the pregnancy in response to the in-

creased nutritional and metabolic demands of the fetus. Circulating 

glucose and insulin levels fluctuate widely depending on the nutritional 

state of the mother. Morning fasting levels of glucose can decrease to 

less than 55 mg/dL. Fasting blood glucose levels decrease by 10%–20% 

because of increased peripheral glucose use, decreased hepatic glucose 

production, and increased consumption of glucose by the fetus.

Pregnant women with diabetes mellitus experience more hypogly-

cemic episodes in the first trimester because hepatic gluconeogenesis is 

decreased during this period. Insulin secretion increases during preg-

nancy. There is a relative state of insulin resistance, as evidenced by 

postprandial maternal hyperglycemia.55 Normally, women adapt to the 

state of relative insulin resistance during pregnancy. However, those 

women with marginal pancreatic reserve or preexisting insulin resis-

tance caused by obesity may not produce sufficient insulin, leading to 

the development of gestational diabetes mellitus. Pregnant women 

with preexisting diabetes mellitus require as much as 30% more insu-

lin than before pregnancy. There is a close correlation between mater-

nal blood glucose levels and glucose uptake and use by the fetus be-

cause glucose crosses the placental barrier. Poor maternal glucose 

control worsens fetal morbidity. For patients with preexisting  

insulin-dependent diabetes mellitus, fetal and neonatal mortality rates 

have decreased significantly, from 65% to between 2% and 5%, as a 

result of implementing strict metabolic glucose control with insulin.56

Lipid metabolism is accelerated in pregnancy, and the circulating 

concentrations of triglycerides and cholesterol increase. Increased 

production of triglycerides allows for maternal consumption while 

sparing glucose for use by the fetus.57 Lipolysis is stimulated in adi-

pose tissue, and there is a release of glycerol and fatty acids that de-

creases maternal glucose use, additionally sparing glucose for the 

fetus.

KEY POINTS

• Normal pregnancy is associated with many physiologic changes that occur 

at different stages throughout pregnancy and affect almost all maternal 

organ systems. These changes may alter the presentation of a maternal 

disease process, confound the diagnosis, or alter the endpoints of treatment.

• Cardiac output, primarily as a result of augmented blood volume and, to a lesser 

extent, by the heart rate, is increased significantly up to the early third trimester. 

During labor and delivery, cardiac output is further increased with uterine con-

tractions and the “autotransfusion” effect of increased preload after delivery of 

the fetus and placenta. This increase in preload can be particularly dangerous 

to those women with fixed or low cardiac output states, resulting in acute and 

precipitous respiratory insufficiency with pulmonary edema.

• Maternal body position directly affects cardiac output and stroke volume. In 

the supine position, the gravid uterus causes aortocaval compression and 

decreased preload. After the 20th week of gestation, pregnant women 

should not be placed supine, but rather in the left lateral recumbent position, 

which maximizes maternal hemodynamics. During cardiac resuscitation, the 

pregnant patient should be placed in this position, or manually displace the 

uterus to the left, to improve the efficacy of cardiac compressions.

• Blood volume increases by 30%–50% by the end of gestation. However, 

RBC mass increases by only 15%–20%, creating the “physiologic anemia” 

of pregnancy.

• A pregnant woman can lose up to 35% of her blood volume before tachycardia 

and hypotension occur as a result of acute hemorrhage or severe hypovolemia.

• A decrease in the diastolic blood pressure by 10% is seen in the second tri-

mester, secondary to the decrease in systemic vascular resistance. By the 

end of pregnancy, blood pressure levels should increase to prepartum values.

• Blood vessel remodeling and changes in the coagulation system during 

pregnancy, including an increase in most clotting factors, makes the preg-

nant woman hypercoagulable and more susceptible to venous thromboem-

bolism throughout pregnancy and in the postpartum period.

• Remodeling of the heart causes enlargement of all four chambers. The 

pregnant woman may be more susceptible to supraventricular and atrial 

arrhythmias because of left atrial enlargement.

• Pregnant patients with mild to moderate cardiac disease usually tolerate 

the hemodynamic changes of pregnancy. Those patients with pulmonary 

hypertension and right-to-left shunts have mortality rates as high as 50%.

• There are numerous endocrine and metabolic alterations during pregnancy 

that primarily affect the hypothalamus, pituitary, and adrenal glands. As 

with cardiac disease, the presentation of a patient with endocrine and 

metabolic disorders may be difficult to differentiate from the normal hyper-

metabolic state of pregnancy.

• Cushing syndrome can be exacerbated by pregnancy, and acute adrenal 

crisis may be precipitated by the stress of labor and delivery.

• Large fluctuations in glucose and insulin levels are seen in pregnancy, de-

pending on the nutritional state of the mother. Fasting glucose levels can 

decrease by 10%–20%.

• During pregnancy, there is increased insulin secretion, with a relative state 

of insulin resistance.

• Obese women with insulin resistance and women with marginal pancreatic 

reserve can develop gestational diabetes mellitus.

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Burt CC, Durbridge J. Management of cardiac disease in pregnancy. CEACCP, 

2009;9:44.

This article is an excellent review of cardiac disease in pregnancy, focusing on 

the different causes of cardiac disease and their management in pregnancy. 

Cardiac disease is the most common cause of mortality in pregnancy and 

may present with cardiovascular decompensation during pregnancy, at the 

time of delivery, or immediately postpartum. The goals of therapy are early 

risk assessment, optimization, regular monitoring for deterioration, planning 

of delivery, and surveillance for deterioration in the immediate postpartum 

period. Vaginal delivery with low-dose regional analgesia and careful fluid 

management is the preferred method of delivery, and cesarean section deliver-

ies should be reserved for obstetric indications.

Clark SL, Cotton DB, Lee W, et al. Central hemodynamic assessment of nor-

mal term pregnancy. Am J Obstet Gynecol. 1989;161:1439.

This landmark paper presents central hemodynamic data obtained with the 

use of a pulmonary artery catheter during pregnancy and after delivery. Ten 

primigravida patients in late pregnancy (between the 36th and 38th weeks  

of gestation) underwent pulmonary artery catheter and arterial catheter 

placement. These same patients were restudied with a pulmonary artery 

catheter at 11–13 weeks after delivery. All measurements were performed 

with the patient in the left lateral recumbent position. The authors found 

significant decreases in systemic vascular resistance, pulmonary vascular 

resistance, colloid oncotic pressure, and colloid oncotic pressure–pulmonary 

capillary wedge pressure gradient in the third-trimester measurements (P 

,.05). A significant rise in cardiac output and heart rate was seen in all 

patients before delivery (P ,.05). No significant changes in pulmonary 

capillary wedge pressure, central venous pressure, left ventricular stroke work 

index, or mean arterial pressure were found. Although blood volume and 

preload are elevated in pregnancy and end-diastolic volume increases, there 

were no substantial increases in the filling pressures of the heart as measured 

by the pulmonary artery catheter, suggesting a decrease in afterload with the 

decrease in the systemic and pulmonary vascular resistance.

Panchal AR, Bartos JA, Cabanas JG, et al. Part 3: Adult basic and advanced life 

support: 2020 American Heart Association guidelines for cardiopulmo-

nary and cardiovascular care. Circulation. 2020;142:S366–S468.

Recommendations and guidelines for cardiopulmonary resuscitation (CPR) 

and advanced cardiac life support (ACLS) drug administration in preg-

nancy are presented by the American Heart Association (AHA). Although 

cardiac arrest in women is a relatively rare event, the incidence has been 

increasing. The most common causes are hemorrhage, trauma, pulmonary 

embolism, amniotic fluid embolism, sepsis, complications of anesthesia, and 

severe preeclampsia. Relief of aortocaval compression is critical to improve 

the quality of cardiac compressions. Standard ACLS measures and drugs 

should be used during a cardiac arrest in a pregnant woman. Perimortem 

cesarean delivery has been shown to improve both maternal and neonatal 

outcomes when ROSC is not quickly achieved. Case reports using extracor-

poreal membrane oxygenation (ECMO) and TTM have shown favorable 

outcomes.

Snow V, Qaseem A, Barry P, et al. Management of venous thromboembolism:  

A clinical practice guideline from the American College of Physicians and 

the American Academy of Family Physicians. Ann Intern Med. 2007;146:204.

Recommendation 4: There is insufficient evidence to make specific recom-

mendations for types of anticoagulation management of venous thromboem-

bolism (VTE) in pregnant women. During pregnancy, women have a fivefold 

increased risk for VTE compared with nonpregnant women. Clinicians 

should avoid vitamin K antagonists in pregnant women, because these drugs 

cross the placenta and are associated with embryopathy between 6 and 12 

weeks’ gestation, in addition to fetal bleeding (including intracranial hemor-

rhage) at delivery. Neither low-molecular-weight heparin (LMWH) nor  

unfractionated heparin crosses the placenta, and neither is associated with 

embryopathy or fetal bleeding.

Van De Velde M, De Buck F. Anesthesia for non-obstetric surgery in the preg-

nant patient. Minerva Anestesiologica. 2007;73:235–240.

Surgery during pregnancy is relatively common. This review of the literature 

focuses on relevant issues such as maternal safety during nonobstetric surgery 

in pregnancy, teratogenicity of anesthetic drugs, avoidance of fetal asphyxia, 

prevention of preterm labor, the safety of laparoscopy, and the need to  

monitor the fetal heart rate, and will finally give a practical approach to  

manage these patients.
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Hypertensive disorders associated with pregnancy are the most 

common medical diagnoses in pregnancy, occurring in approxi-

mately 6%–8% of pregnancies.1,2 Guidelines from the Society of 

Obstetricians and Gynecologists have classified hypertension of 

pregnancy into two categories: (1) preexisting chronic hyperten-

sion or (2) preeclampsia superimposed on either gestational hyper-

tension or preexisting chronic hypertension.3 The National High 

Blood Pressure Education Working Group on High Blood Pressure 

in Pregnancy classified hypertension as (1) chronic hypertension; 

(2) preeclampsia-eclampsia; (3) preeclampsia superimposed on 

chronic hypertension; and (4) gestational hypertension, which is 

transient during pregnancy, or chronic hypertension identified in 

the latter half of pregnancy.1 In 2015 the American College of Ob-

stetricians and Gynecologists Committee on Obstetrics defined a 

hypertensive obstetric emergency as acute-onset, severe hyperten-

sion persistent for 15 minutes or longer.4

Gestational hypertension, including preeclampsia, occurs de novo 

after 20 weeks of gestation. Chronic hypertension is defined as blood 

pressure .140/90 mm Hg either occurring before the pregnancy or 

manifesting before the 20th week of gestation.5,6 Chronic hypertension 

is present in up to 22% of women of childbearing age and occurs more 

commonly in women older than 35 years of age. Approximately 1% of 

pregnancies are complicated by chronic hypertension, 5%–6% by ges-

tational hypertension, and 1%–2% of all pregnancies are associated 

with preeclampsia. Preeclampsia occurs in 20%–25% of women with 

preexisting chronic hypertension.

Preeclampsia, which is usually seen after 20 weeks’ gestation, is seen 

more frequently, although not exclusively, in the older parturient. Pre-

eclampsia is most often observed in younger women (,18 years) 

and in the older parturient (.35 years). Predisposing factors for the 

development of hypertension and/or preeclampsia during pregnancy 

include a family history of hypertension or preeclampsia, preexisting 

diabetes mellitus, black race, obesity (body mass index [BMI] $30), 

vascular or renal disorders, primigravid state, preeclampsia with a 

previous pregnancy, migraine history, and multiple gestational preg-

nancies.7 Smoking during pregnancy may actually decrease the inci-

dence of hypertension and preeclampsia during pregnancy, although 

this is controversial.8 Hypertensive disorders in pregnancy are a 

significant leading cause of maternal mortality and morbidity, par-

ticularly when preeclampsia is superimposed on preexisting chronic 

hypertension. A pregnancy-related mortality of 7.4% was reported as 

a result of hypertensive disorders in the United States from 2011 to 

2013.9 The risk of recurrent preeclampsia during subsequent preg-

nancies is approximately 18%. Those who develop preeclampsia  

earlier during pregnancy have been shown to be at risk for cardiovas-

cular disease later in life.10 Women with hypertensive pregnancy 

disorders are at both immediate and long-term risk for cardiovascular 

complications.11

BLOOD PRESSURE MEASUREMENTS IN 

PREGNANCY

The definition of hypertension during pregnancy has been controver-

sial in the past. Hypertension is now most commonly defined as a blood 

pressure (BP) greater than 140/90 mm Hg. Recently, there has been a 

consensus that the degree of increase in systolic blood pressures (SBPs) 

and diastolic blood pressures (DBPs) may actually be more important 

than the baseline values. Many authors now agree that significant hy-

pertension in pregnancy is defined by an increase of at least 30 mm Hg 

in the SBP and an increase in the DBP of at least 15 mm Hg. Treatment 

of a DBP greater than 110 mm Hg or an SBP greater than 160 mm Hg 

is advocated because of the increase in maternal complications with 

this degree of hypertension.12

Sustained (rather than transient) increases in BP are the key risk 

factors; accordingly, BP should be measured on at least two separate 

occasions at least 4–6 hours apart. BP measurements should be made 

in a standardized fashion (e.g., with the patient sitting in the same 

position) at each evaluation. Measurements in the upper arm in the 

recumbent position may yield false-low values because of aortal and 

caval compression by the gravid uterus. BP is best recorded with the 

patient in the sitting position or in the inferior arm in the lateral re-

cumbent position. Many automated BP cuffs are accurate during 

pregnancy but may underestimate BP measurements in preeclamptic 

women. Manual BP readings are best suited for this group.

PHYSIOLOGIC CHANGES IN PREGNANCY

Essential to the management of hypertension in pregnancy is an un-

derstanding of the normal physiologic changes in cardiac output, va-

somotor tone, and systemic BP that occur. During pregnancy, cardiac 

output can increase by 50% up to the early third trimester. The in-

crease in cardiac output during this time is primarily caused by in-

creased maternal blood volume, with a small increase in maternal 

heart rate. Cardiac output plateaus for the remainder of the pregnancy 

until labor. An increase in cardiac output is seen with each uterine 

contraction. Cardiac output increases again during the immediate 

postpartum period after delivery of the fetus and the placenta. It is 

during this period that cardiac output is highest because of the auto-

transfusion effect (see Chapter 154).

Systemic vascular resistance, and consequently BP, decreases during 

the second trimester. Increased synthesis of vasodilating prostaglan-

dins may play a role in the regulation of BP and uterine blood flow in 

pregnancy. In a normal pregnancy, vascular resistance is determined by 

a proper balance of the effects of vasoconstricting and vasodilating 

factors, including prostaglandins. This balance may be disturbed in 

hypertensive states, owing to inadequate prostaglandin synthesis. In 

pregnancy-related hypertensive states, there is a paradoxical increase in 
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the systemic vascular resistance compared with pregnancy without 

hypertension. It is noteworthy that all patients with newly acquired or 

preexisting hypertension in pregnancy have a relative decrease in DBP 

during the second trimester, reflecting a relative decrease in systemic 

vascular resistance. Indeed, BP normalizes during the second trimester 

in some patients with preexisting hypertension.

CAUSES OF HYPERTENSION IN PREGNANCY

There are multiple causes of hypertension during pregnancy (Box 132.1). 

The most common hypertensive states are gestational hypertension with-

out the presence of proteinuria, essential chronic hypertension, and pre-

eclampsia (i.e., gestational hypertension with significant proteinuria). 

This classification is clinically useful to the practitioner, but the risk from 

systemic hypertension is significant for all three conditions, regardless of 

the specific cause of high BP. Hypertension during pregnancy is associ-

ated with an increased risk of death for both the mother and fetus. Severe 

maternal hypertension during pregnancy is associated with placental 

abruption and intrauterine growth retardation.13

Preeclampsia is defined as primarily diastolic hypertension that oc-

curs transiently during the pregnancy, usually manifesting after the 

20th gestational week, and resolves within 1–2 months after delivery. 

Women who develop preeclampsia have a high rate of recurrence of 

hypertension with subsequent pregnancies and often develop chronic 

hypertension at a later time.

Essential chronic hypertension (i.e., hypertension that was present 

before the pregnancy, whether diagnosed or undiagnosed) persists in 

the postpartum period and accounts for approximately one-third of all 

cases of hypertension during pregnancy. Essential chronic hyperten-

sion may manifest during the first 20 weeks of pregnancy. Women who 

develop hypertension without proteinuria in the last trimester of preg-

nancy may have essential hypertension, either unmasked or precipi-

tated by the pregnancy. In these cases of de novo presentation of 

hypertension, care must be exercised to rule out other nonpregnancy-

related causes of hypertension, such as renal artery stenosis, polycystic 

kidneys, glomerular or interstitial renal disease, pheochromocytoma, 

coarctation of the aorta, primary aldosteronism, Cushing syndrome, 

hyperthyroidism, and hyperparathyroidism. Previously undiagnosed 

essential chronic hypertension is a consideration, particularly in older 

multiparous women. As the age of parturients has increased, the inci-

dence of essential hypertension in pregnant women has also increased. 

For some patients, the initial diagnosis of hypertension may be made 

during a routine prenatal visit with an obstetrician. For some patients, 

this prenatal visit is their first encounter with a physician as an adult. 

Essential hypertension should be suspected if there is a family history 

of hypertension, diabetes, or obesity. If there is a suspicion of 

BOX 132.1 Causes of Hypertension in 
Pregnancy

 1. Pregnancy-induced hypertension (gestational hypertension without proteinuria)

 2. Essential hypertension

Preeclampsia (gestational hypertension with proteinuria)

Primary aldosteronism (Conn syndrome)

Renal artery stenosis

Coarctation of the aorta

Pheochromocytoma

Cushing syndrome

Cocaine use

Methamphetamine use

preexisting essential hypertension, cardiac echocardiography should 

be performed to evaluate for left ventricular hypertrophy, which  

would suggest that hypertension has been a problem for an extended 

period. If BP extremes are avoided with treatment, there is no signifi-

cant worsening of maternal and perinatal outcomes for pregnant  

patients with essential hypertension. Complications related to intra-

partum hypertension (e.g., placenta previa, placental abruption, and 

preeclampsia) are less likely with judicious treatment of elevated BP. 

Patients with essential hypertension have not been shown to have a 

higher incidence of preeclampsia, particularly if the BP is well con-

trolled. In general, mortality and morbidity are not increased in  

patients with uncomplicated mild chronic hypertension. However, 

morbidity and mortality are both increased in those patients with se-

vere uncontrolled hypertension, and this is further complicated by 

superimposed preeclampsia.14

PATHOLOGY OF PREECLAMPSIA

Preeclampsia is a pregnancy-related multisystem disease process that 

usually occurs after the 32nd week of gestation. Systemic hypertension 

and significant proteinuria (i.e., 0.3 g or greater in a 24-hour urine 

collection) are invariably present. Clinical onset is usually character-

ized by rapid weight gain associated with generalized edema, followed 

by onset of hypertension or proteinuria or both. The incidence of 

preeclampsia in the United States ranges from 5% to 7%. The highest 

frequency occurs in young primigravidas, and the second highest inci-

dence is in older multiparous women, a group that has a higher mater-

nal mortality rate than the young primigravidas. The incidence is 

higher in patients with preexisting hypertension or renal vascular dis-

ease, and the symptoms may present earlier than the 32nd gestational 

week in these patients. Diastolic hypertension is most often seen in 

association with preeclampsia. It is less common to record SBP values 

greater than 160 mm Hg. If the SBP is greater than 200 mm Hg, the 

clinician should consider the possibility of underlying essential hyper-

tension, which may be superimposed on the preeclamptic state. Be-

cause preeclampsia is a multisystem disease process, it may imitate or 

mask other pathologic conditions, and a thorough investigation to rule 

out other coexisting pathologies should be carried out. Familial preva-

lence of preeclampsia has been reported.15,16 In some cases, preeclamp-

sia manifests 1–7 days after delivery.17,18 Most commonly, if pre-

eclampsia is present during the postpartum period, it manifests as the 

HELLP syndrome, a severe variant of the preeclamptic spectrum of 

diseases.19 This syndrome always includes some, if not all, of the fol-

lowing features: microangiopathic hemolytic anemia (H), elevated 

liver enzymes (EL), and low platelets (LP). The syndrome can develop 

without substantial BP changes or with no significant changes com-

pared with BP readings taken during the pregnancy.

A significant elevation of BP in the second trimester is associated 

with an increased risk of preeclampsia later in the pregnancy.20 One-

third of pregnant women with mean arterial pressures greater than  

90 mm Hg in the second trimester develop preeclampsia later during 

pregnancy. Only 2% of women with mean arterial pressures less than 

90 mm Hg develop preeclampsia. Relatively mild hypertension early in 

pregnancy, which might be ignored in nonpregnant patients, should 

not be overlooked or dismissed in the parturient. As many as 25% of 

all pregnant women have slightly elevated BPs in the last month of 

pregnancy, but the incidence of preeclampsia is also highest during 

this period. Accordingly, clinicians must remain vigilant when faced 

with new-onset hypertension and look for other signs and symptoms 

that might suggest the presence of the preeclamptic syndrome.

The exact pathogenesis of preeclampsia is still unknown, although 

it is believed to be related to endothelial cell injury and dysfunction 
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that occurs in most maternal organs as a result of toxic substances re-

leased from a poorly perfused placenta. Genetic and immunologic 

factors also have been implicated in the pathogenesis of preeclampsia.21 

The generalized vasospasm that occurs in preeclampsia is responsible 

for many of the organ-specific signs and symptoms apparent in this 

multisystem disease. Widespread vasospasm is associated with in-

creased circulating levels of vasoconstrictors, increased sensitivity to 

angiotensin II, and decreased levels of vasodilators. An imbalance in 

circulating angiogenic factors is emerging as a prominent mechanism 

that mediates endothelial dysfunction and the clinical signs and symp-

toms of preeclampsia.22 There is an imbalance in the ratio of prostacy-

clin to thromboxane production that contributes to the pathogenesis 

of preeclampsia, although preeclampsia is not simply a state of prosta-

cyclin deficiency. This idea has prompted studies of low-dose aspirin 

to prevent development of preeclampsia. Duley and colleagues re-

viewed 59 trials involving 37,560 women that examined the use of 

antiplatelet agents in preeclampsia. Antiplatelet agents, including low-

dose aspirin, showed moderate benefits when used for the prevention 

of preeclampsia and its consequences, decreasing preterm births, fetal 

and neonatal deaths, and small-for-gestational-age babies. However, 

they recommended that further information would be required to as-

sess which women are most likely to benefit, when treatment is best 

started, and at what dose.23 The US Preventive Services Task Force 

(USPSTF) conducted a systematic evidence review that showed lower 

risks with the use of aspirin at a dose of 60–150 mg daily.24 In a ran-

domized, double-blind, placebo-controlled trial of low-dose aspirin vs. 

placebo in patients at high risk for developing preeclampsia, preterm 

preeclampsia occurred in only 1.6% of the patients as compared with 

the placebo group (4.3%).25 The maternal organs most affected in 

preeclampsia are the kidneys, brain, liver, and hematologic system. 

Despite a lack of understanding of the exact pathogenesis of pre-

eclampsia, significant improvements in the identification of the dis-

ease, monitoring, and management of these complex cases has im-

proved perinatal and maternal morbidity and mortality. If vasospasm 

affects the uteroplacental bed, the incidence of intrauterine growth 

retardation, stillbirths, and neonatal deaths increases.26

Peripheral edema is a common symptom and complaint of preg-

nant women that cannot be ignored, because it may herald the onset 

of preeclampsia. The majority of women with preeclampsia present 

with generalized edema, and significant weight gain is the first symp-

tom. However, because peripheral edema is a ubiquitous symptom 

during pregnancy, it is no longer considered a hallmark trait of pre-

eclampsia. Preeclampsia is often manifested initially by peripheral 

edema that is usually accompanied by a gradual increase in BP. Sodium 

retention is partly responsible for edema formation and hypertension. 

In normal pregnancy, the glomerular filtration rate increases by as 

much as 50%. There is a concomitant increase in sodium reabsorption 

by the renal tubules and a 60%–80% increase in renal blood flow. Re-

nal blood flow increases because of the increase in cardiac output and 

a decrease in renal vascular resistance. In preeclampsia, sodium reten-

tion is caused by a decrease in the glomerular filtration rate, possibly 

resulting from a vasospasm of the renal vasculature, commonly seen in 

preeclampsia. Renin and aldosterone secretion decrease in patients 

with preeclampsia, probably as a result of extracellular volume expan-

sion and associated edema. The exact cause of the decreased activity of 

these factors is unknown, but it may be related to decreased renal pros-

taglandin synthesis, increased systemic BP, or the expansion of extra-

cellular volume. In spite of the decreased levels of renin and aldoste-

rone, sensitivity to angiotensin II is increased, a factor that may play a 

role in the pathogenesis of hypertension in preeclampsia.27 Vascular 

maladaptation with increased vasomotor tone, endothelial dysfunc-

tion, and increased sensitivity to angiotensin II and norepinephrine in 

preeclampsia may be explained on the basis of angiotensin II–medi-

ated mechanisms. Although sodium retention occurs in preeclampsia, 

blood volume actually can be diminished compared with that in nor-

motensive pregnant patients.28 Plasma volume contracts as extracel-

lular fluid is preferentially shifted from the vascular space to the inter-

stitium. However, the decrease in plasma volume does not indicate 

volume depletion in patients with preeclampsia. In contrast to hypo-

volemic patients, cardiac output is increased and central venous and 

pulmonary capillary wedge pressures are normal to high in patients 

with preeclampsia.29 These data can guide the management of pre-

eclampsia, because efforts should be directed to control BP rather than 

injudicious volume resuscitation.

Hyperuricemia in preeclampsia occurs at least in part because of 

decreased renal excretion of uric acid. However, the development of 

hyperuricemia frequently predates increases in serum blood urea ni-

trogen and creatinine, suggesting that other mechanisms are involved 

as well. Hyperuricemia has been used as a marker of severity of pre-

eclampsia, and it is a risk factor for fetal mortality.30

CLINICAL PRESENTATION OF PREECLAMPSIA

The severity of illness is defined as mild, moderate, or severe depend-

ing on the presenting signs and symptoms and associated comorbidi-

ties. Because the nature of the process is multisystemic, preeclampsia 

may manifest with a wide spectrum of organ-specific abnormalities in 

addition to the general findings of edema, hypertension, and protein-

uria. The pathologic abnormalities associated with preeclampsia are 

not necessarily secondary to hypertension, and thus the severity of 

preeclampsia does not always correlate with the degree of BP eleva-

tion.20 BP elevations are classified as mild, moderate, or severe. Hyper-

tension in preeclampsia may result from increases in systemic vascular 

resistance and cardiac output.

In mild preeclampsia, SBP is 130–140 mm Hg and DBP is 80–95 

mm Hg. Peripheral edema is minimal, and there is a lack of associated 

visual or cerebral symptoms. In moderately severe preeclampsia, the 

SBP may increase to as high as 150–160 mm Hg, and the DBP can be 

as high as 110 mm Hg. An increase in SBP of 25 mm Hg or more and 

an increase in DBP of 15 mm Hg or more suggests the presence of 

moderate to severe preeclampsia. Peripheral edema, hyperreflexia, and 

visual symptoms are often present with moderately severe preeclamp-

sia. In severe forms of preeclampsia, the SBP is greater than 160 mm 

Hg and the DBP is 110 mm Hg or greater. In severe preeclampsia, there 

are signs of multiple organ system involvement. Pulmonary, cardiac, 

renal, and neurologic disturbances may be present. Severe renal in-

volvement in preeclampsia leads to glomeruloendotheliosis, which 

manifests as marked proteinuria (excretion of greater than 5 g protein 

daily). Oliguria (urine output less than 500 mL/day) is also common, 

and the serum creatinine concentration is usually greater than 1.6 mg/

dL. Acute renal failure is relatively rare, although clinical evidence of 

renal involvement in preeclampsia significantly increases perinatal 

mortality.31 Hepatic involvement is manifested by epigastric or right 

upper quadrant pain with elevated circulating levels of bilirubin and 

transaminases. Severe preeclampsia itself is the most common cause of 

hepatic tenderness and liver dysfunction in pregnancy.32 Severe hepatic 

pathology can result in subcapsular hematomas and lacerations that 

may require surgical intervention. Neurologic changes may include 

persistent headaches, visual disturbances, focal neurologic deficits, and 

severe hyperreflexia with or without clonus. Computed tomography of 

the brain may exhibit cerebral edema, especially in the occipital region.

Severe preeclampsia associated with central nervous system irrita-

bility, manifesting as generalized tonic-clonic seizures not caused  

by other cerebral pathology, is defined as eclampsia.33 Eclampsia can 
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occur without significant hypertension or proteinuria. Cardiovascular 

and respiratory changes can manifest as pulmonary edema, resulting 

from iatrogenic fluid overload; acute systolic left ventricular failure; or 

diastolic left ventricular dysfunction secondary to chronic essential 

hypertension. Pulmonary edema may also result from increased capil-

lary permeability or from a decrease in colloid osmotic pressure that 

occurs to some extent during normal pregnancy but can be accentu-

ated by preeclampsia.34 Hematologic disturbances consist of thrombo-

cytopenia, disseminated intravascular coagulation, and hemolysis.

It is unknown whether preeclampsia leads to persistent chronic 

hypertension after delivery, although it seems that this is unlikely. Nev-

ertheless, an episode of preeclampsia may identify a subgroup of 

women with an increased risk of the eventual development of essential 

hypertension at a later time. Women with preeclampsia have been 

shown to have an increased risk of death resulting from cardiovascular 

disease later in life, independent of other measured risk factors.35 

These findings reinforced previously reported recommendations that 

a history of preeclampsia be used to target women at risk for cardio-

vascular disease. Debate continues as to whether the presence of pre-

eclampsia or the duration of the disease process may be responsible for 

influencing factors that later lead to the development of essential hy-

pertension. Women who develop preeclampsia superimposed on pre-

viously undiagnosed essential hypertension or underlying renal dis-

ease are predisposed to the later development of essential hypertension.

OTHER CAUSES OF HYPERTENSION IN 

PREGNANCY

Some of the less common causes of hypertension are listed in Box 132.1.

Primary aldosteronism in pregnant women has been reported, but 

is uncommon. The treatment of hypertension in these patients is di-

rected toward medical management during the pregnancy and post-

partum operative intervention if an adenoma is present.

Renal artery stenosis can be associated with preeclampsia. Medical 

therapy with antihypertensive agents is recommended. Although ideal 

therapy for these patients would include angiotensin-converting en-

zyme (ACE) inhibitors, these agents are contraindicated during preg-

nancy, and other alternatives must be employed.36

Coarctation of the aorta is a rare cause of hypertension. It may be 

previously undiagnosed and then initially diagnosed during a patient’s 

first pregnancy. It can be associated with preeclampsia. The greatest 

risk to these patients is aortic rupture caused by cystic medial necrosis 

of the aortic wall. This risk is amplified because the normal physiologic 

changes of pregnancy place further stress on the abnormal aorta. In-

creases in BP, cardiac output, and the strain of labor with contractions 

can increase this risk. Aggressive medical management with antihyper-

tensive medications, including beta-adrenergic blockers, improves the 

outcome of these high-risk patients.

Pheochromocytoma is a rare cause of hypertension, but patients 

have a poor outcome if the tumor is not diagnosed and treated. These 

patients can present with nausea, vomiting, profuse diaphoresis, severe 

headache, generalized weakness, palpitations, and seizures. The im-

mediate causes of sudden death are secondary to pulmonary edema, 

cerebral hemorrhage, and cardiovascular collapse. Because there is a 

risk of significant morbidity and mortality to both mother and fetus, 

it was previously recommended that immediate surgical intervention 

be carried out during pregnancy. Currently, most experts advocate 

medical therapy with alpha- and beta-adrenergic blockade during 

pregnancy and tumor removal after delivery.

Illicit drug use, particularly from cocaine and methamphetamine, 

during pregnancy has been shown to result in worse maternal and fetal 

outcomes. The use of cocaine during pregnancy is associated with 

maternal migraines, epileptiform seizures, premature rupture of mem-

branes, spontaneous miscarriages, and aggravating and worsening 

preexisting maternal chronic hypertension leading to hypertensive 

crises.37,38 Methamphetamine use during pregnancy can worsen preex-

isting chronic hypertension and gestational hypertension with pre-

eclampsia.39 Continued use of methamphetamines during pregnancy 

results in shorter gestational ages and lower birth weights.40

GENERAL TREATMENT PRINCIPLES

Many of the treatments of pregnancy-related hypertension states are 

based on expert opinion and observational studies and not randomized 

controlled trials, However, the goal of treatment, using general and spe-

cific pharmacologic therapies, is to prevent severe maternal cardiovascu-

lar and cerebrovascular complications and to prevent perinatal morbid-

ity and mortality.41 The benefits of a well-balanced, low-salt diet and 

exercise have been shown to decrease the incidence and severity of hy-

pertension. Bennett and colleagues conducted a retrospective analysis of 

women who had prior bariatric surgery before becoming pregnant. 

These patients had lower rates of hypertensive disorders in subsequent 

pregnancies.42 Previously, some experts were concerned that aggressive 

management of hypertension in pregnancy might be detrimental, per-

haps because hypertension improved uterine blood flow. These concerns 

appear to be unfounded, because later studies showed that uterine blood 

flow either increases or shows no change after hypertension is con-

trolled. Nevertheless, caution must be exercised to ensure that the treat-

ment of hypertension during pregnancy does not induce hypotension, 

which adversely affects maternal hemodynamics and compromises fetal 

well-being. There is a significant correlation between maternal BP con-

trol and fetal morbidity, and evidence now suggests that antihyperten-

sive treatment for severe hypertension results in an improved perinatal 

outcome. The development of mild hypertension or preeclampsia at or 

near term is associated with minimal maternal and neonatal complica-

tions. However, the onset of severe gestational hypertension and/or se-

vere preeclampsia early in gestation is associated with significant mater-

nal and perinatal complications.43 General recommendations for 

management and monitoring of hypertension in pregnant patients in-

clude the stabilization and treatment of acute changes in BP. Specific 

goal-directed therapy is indicated for various organ system abnormali-

ties that may be present, particularly in those patients with moderate to 

severe preeclampsia. If proteinuria is not present and there is no suspi-

cion of preeclampsia, conservative management on an outpatient basis 

is usually adequate. Immediate hospitalization with bedrest is recom-

mended for patients presenting with proteinuria if there is a high index 

of suspicion for the diagnosis of preeclampsia.

ANTIHYPERTENSIVE DRUG THERAPY

There is now an extensive pharmaceutical armamentarium available 

for the treatment of both acute hypertensive episodes and chronic 

hypertension in pregnancy. In 1979 the US Food and Drug Adminis-

tration (FDA) established categories for all drugs with potential and 

actual adverse effects on the fetus.44 Although helpful to the clinician, 

these categories most often did not reflect current scientific knowledge 

regarding specific teratogenic effects of the drugs. In 2015 the FDA 

removed the pregnancy letter categories (A, B, C, D, and X) and now 

requires that the Pregnancy and Lactation Labeling Rule (PLLR) for-

mat be used to assist healthcare providers in assessing the benefits and 

the risks of specific medications. The PLLR includes a comprehensive 

summary and discussion of the risks of a medication and relevant in-

formation to guide clinicians about the use of specific medications 

during pregnancy and lactation.45 However, many clinicians continue 
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to use the preexisting pregnancy letter category system because the 

PLLR is somewhat confusing and cumbersome and is not widely used 

in the United States to make prescribing decisions.

Most newer antihypertensive drugs used during pregnancy have not 

been extensively studied in animals and women. The decision to use 

them during pregnancy should be based on the potential benefit of using 

them versus the potential risks to the fetus. Prazosin, alpha-methyldopa, 

hydralazine, nifedipine, and labetalol have been safely used for many 

years in pregnant patients without significant fetal risk. Because most 

antihypertensive drugs are used later in pregnancy, the potential terato-

genic effects of these drugs are not usually a major concern. However, if 

treatment is initiated for patients with preexisting essential hypertension 

or early-onset gestational hypertension, teratogenic effects must be con-

sidered when choosing antihypertensive drugs. It may be necessary to 

change the antihypertensive therapy early in pregnancy if the patient is 

taking drugs that could increase the risk of fetal abnormalities.

The goal of hypertensive therapy in pregnancy is the prevention of 

maternal complications such as intracerebral hemorrhage, stroke, and 

decompensated heart failure. There are no convincing data to deter-

mine the optimal BP goal with drug therapy. There is also disagree-

ment concerning the proper normal values for BP during pregnancy, 

but most agree that acute treatment is mandated if (1) the SBP is 

greater than 160 mm Hg or the DBP is 105 mm Hg or greater or (2) if 

the SBP is more than 30 mm Hg greater than the baseline value or the 

DBP is more than 15 mm Hg greater than the baseline. For women 

with preexisting chronic hypertension, a BP of more than 160/100 

should be targeted. If acute and urgent drug therapy management is 

required, some patients may need to be hospitalized, depending on 

their compliance with drug therapy and the urgency of lowering the 

BP based on concomitant organ system involvement. For patients pre-

senting with SBP 140 mm Hg or higher and DBP 90 mm Hg or higher, 

urgent drug therapy should be implemented if there is concurrent 

evidence of symptoms, underlying essential hypertension, or end-or-

gan involvement. If the patient presents after the 24th gestational week 

and fetal viability is ascertained, both cardiac and fetal telemetry may 

be required. For patients presenting with SBP less than 140 mm Hg 

and DBP less than 90 mm Hg and no evidence of significant protein-

uria, management and treatment can be provided on an outpatient 

basis, with frequent office visits and close maternal and fetal assess-

ments. If the hypertension is refractory to standard therapy, hyperten-

sion worsens despite adequate drug therapy, or the suspicion of pre-

eclampsia arises, immediate hospitalization is recommended.

Conservative drug therapy is advocated for moderately severe pre-

eclampsia, but the ideal treatment of choice for severe preeclampsia 

and associated end-organ involvement is immediate delivery of the 

fetus. Delay in delivery for patients with severe preeclampsia and end-

organ involvement before 34 weeks’ gestation results in serious mater-

nal and fetal complications, and perinatal outcomes have been shown 

to be worse.46,47 Conservative management with vigilant monitoring 

and assessment of these patients should be performed in a hospital 

setting. If the fetus is of mature gestational age, factors influencing the 

decision to deliver are dependent on the progression of the disease 

process, assessment of fetal lung maturity, and the status of the cervix. 

The conservative management of preeclamptic patients at a gestational 

age less than 24 weeks is associated with serious maternal complica-

tions, and termination of the pregnancy should be considered.48,49

Updated guidelines in 2015 from the American College of Obste-

tricians and Gynecologists Committee on Obstetric Practice4 recom-

mend the following:

• Inadditiontoparenteralhydralazineandlabetalol,oralnifedipine
and/or oral labetalol (200 mg) may be considered as a first-line 

therapy, particularly if there is no intravenous (IV) access.

• Parenteral labetalol should be avoided in women with asthma,
heart disease, or congestive heart failure.

• Magnesium sulfate is not recommended as an antihypertensive
agent but is the drug of choice for seizure prophylaxis in severe 

preeclampsia and for controlling seizures in eclampsia.

• Althoughsodiumnitroprussidecanbeusedfortreatmentinemer-
gent situations, there is a risk of cyanide and thiocyanate toxicity in 

the mother and fetus and increased intracranial pressure with po-

tential worsening of cerebral edema in the mother.

During pregnancy, the clinician must decide when to use antihy-

pertensive medications and what level of BP to target. The choice of 

antihypertensive agents is more limited in pregnancy, because not all 

available antihypertensive drugs have been adequately evaluated in 

pregnant women, and some agents are contraindicated.50 A first-line 

drug still used today in pregnant patients, although less commonly in 

the general populace, is oral alpha-methyldopa, a central alpha-2-

adrenergic agonist. Historically this has been a first-line drug of choice 

for many obstetricians in the past, and there has been little evidence to 

convince them otherwise. The starting dose is 250 mg orally two to 

three times a day for the first 48 hours of treatment. Dosing can be 

increased every 2 days until the desired BP level is achieved. The 

maximum daily dose is 4 g. Beta-adrenergic blocker therapy with oral 

labetalol, a combined alpha- and beta-adrenergic antagonist, has be-

come popular as a single-agent antihypertensive. The recommended 

initial dose is 100 mg orally twice daily. The dose can be increased as 

indicated, either semiweekly or weekly, and the maintenance dose is 

usually 200–400 mg administered twice daily. The benefits of the beta-

adrenergic blockade make this an attractive drug for parturients with 

underlying chronic essential hypertension and possible cardiac and 

vascular involvement. Diuretics also may be used, although care must 

be exercised to prevent excessive fluid loss, which can exacerbate the 

decrease in blood volume associated with preeclampsia. As mentioned 

previously, ACE inhibitors and angiotensin II receptor antagonists 

should be avoided intrapartum because these agents can increase peri-

natal morbidity and mortality.

For acute and emergent drug therapy for severe hypertension, IV 

antihypertensive drugs should be used; IV infusions are particularly 

attractive because they provide rapid control of BP and can be titrated 

easily. IV hydralazine, a direct arteriolar vasodilator, remains the stan-

dard for many obstetricians, although other drugs may be preferable 

because hydralazine may decrease BP precipitously.51 Excessive lower-

ing of BP is a particular problem when hydralazine is administered to 

preeclamptic patients with contracted blood volume. If hydralazine is 

used, it should be given as 5- to 10-mg IV boluses every 15–30 minutes 

until BP is controlled. Onset of the hypotensive effect is 10–20 min-

utes, and the duration of action is about 8 hours. Infusions of hydrala-

zine are difficult to titrate and may be associated with increased inci-

dence of fetal distress.

IV labetalol, a nonselective beta- and alpha-adrenergic receptor 

blocker, is also commonly used for the acute management of hyperten-

sion.52 Labetalol rapidly decreases the BP but not at the expense of 

uteroplacental blood flow. Labetalol crosses the placenta but rarely 

causes significant neonatal bradycardia. An initial IV bolus of 10 or  

20 mg should be given, followed by boluses of 40–80 mg at 10- to 

15-minute intervals as needed to control hypertension. Labetalol also 

can be given by continuous IV infusion; the usual dose is 1–4 mg/min. 

Contraindications to the use of labetalol are the same as those for other 

beta-adrenergic antagonists, notably heart block and acute asthma.

Sodium nitroprusside is a potent arterial and venous vasodilator 

that quickly decreases BP. Rapid titration with a continuous IV infu-

sion can be instituted starting at a dose of 0.25–0.5 mg/kg/min and 

adjusted every few minutes and titrated to effect. Invasive arterial 
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monitoring is often recommended in conjunction with its use. As with 

all potent vasodilators, care must be taken when using sodium nitro-

prusside, because patients with volume depletion may be particularly 

sensitive to its effects. Despite a paucity of data, concern regarding the 

risks of fetal cyanide toxicity prompts some practitioners to avoid us-

ing this drug in pregnant patients. Careful attention to dosing and 

duration of use should minimize the risk of toxicity.

Other less frequently used agents include IV nitroglycerin, oral 

clonidine, and beta-adrenergic blockers other than labetalol. IV nitro-

glycerin is easily titrated and is especially attractive for the manage-

ment of patients with pulmonary edema. However, its antihyperten-

sive potency is somewhat limited. IV infusions of nicardipine and 

clevidipine (calcium channel blockers) have been used in pregnancy, 

although there are limited data to support this usage.53 Oral clonidine, 

a centrally acting alpha-2-adrenergic agonist, is an effective antihyper-

tensive drug, but concerns about the risk of rebound hypertension af-

ter cessation limit its use.

There remains considerable debate concerning the use of beta-adren-

ergic blockers in pregnancy because of the potential risks of fetal brady-

cardia and a decrease in perfusion to the uteroplacental bed. Beta-block-

ers have been used during pregnancy without evidence of teratogenic 

effects. Although there is limited experience, they are considered as  

indicated in pregnant women with hypertension, mitral stenosis with 

KEY POINTS

• Hypertensive disorders associated with pregnancy are not uncommon and can 

either predate the pregnancy or be precipitated or unmasked by the pregnancy.

• BP measurements should be consistently taken in either the sitting position 

or in the inferior arm in the lateral recumbent position with each evaluation 

and should be repeated in 4–6 hours.

• Treatment is recommended if the SBPs are 160 mm Hg or higher or the DBPs 

are 110 mm Hg or higher, or with lower BPs if the patient is symptomatic.El-

evated BPs caused by essential hypertension may transiently improve during 

the second trimester of pregnancy.

• Consistently elevated SBPs greater than 200 mm Hg should prompt the prac-

titioner to consider undiagnosed chronic hypertension or some of the less 

common causes of hypertension such as primary aldosteronism, renal artery 

stenosis, pheochromocytoma, or illicit drug use.

• Preeclampsia most often appears after the 32nd week of gestation and re-

solves with delivery of the fetus.

• Preeclampsia can be superimposed on chronic hypertension.

• Preeclampsia may initially present during pregnancy or after delivery as the 

HELLP syndrome.

• Hypertension with BP elevation of 140/90 mm Hg or higher and proteinuria 

are the principal characteristics of preeclampsia. Edema is no longer a crite-

rion for preeclampsia.

• Preeclampsia is a multisystem disease. Severe preeclampsia manifests with 

signs and symptoms of end-organ involvement.

• The antihypertensive drugs most frequently used in pregnancy have not been 

associated with significant fetal abnormalities.

• First-line oral antihypertensive drugs for moderate hypertension are alpha-

methyldopa and labetalol.

• Parenteral antihypertensive agents are used for more severe elevations of BP. 

The agents most commonly employed are labetalol, hydralazine, and sodium 

nitroprusside in addition to IV nicardipine and clevidipine infusions.

• Caution should be exercised with the administration of hydralazine, particu-

larly in patients with decreased plasma volume.

 References for this chapter can be found at expertconsult.com.

pulmonary hypertension, coarctation of the aorta, ischemic heart disease, 

and supraventricular and ventricular arrhythmias and can be continued 

during delivery.1,54 Esmolol has been used widely for heart rate control in 

pregnancy, but its efficacy is limited as an antihypertensive agent.

MANAGEMENT OF HYPERTENSION DURING 

LABOR AND DELIVERY

Management of hypertension during labor and delivery is directed 

toward avoiding acute and maternal complications. Antihypertensive 

drug therapy with a judicious use of IV fluids is of paramount impor-

tance to avoid unnecessary complications. Postpartum monitoring is 

advocated for high-risk, chronically hypertensive patients. Hyperten-

sion associated with preeclampsia usually resolves spontaneously 

within a few weeks after delivery. These patients are at risk for the de-

velopment of acute complications, such as hypertensive encephalopa-

thy, pulmonary edema, and acute renal failure. The choice of antihy-

pertensive medications or the doses used may have to be adjusted after 

delivery, and minute amounts of all antihypertensive agents are found 

in breast milk. Although limited data are available, adverse perinatal 

effects have not been observed with the more commonly used drugs, 

such as alpha-methyldopa, hydralazine, and the various alpha-adren-

ergic blockers.54

ANNOTATED REFERENCES

AACE Hypertension Task Force. American Association of Clinical Endocrinol-

ogists medical guidelines for clinical practice for the diagnosis and treat-

ment of hypertension. Endocr Pract. 2006;12:193.

In 2006 the American Association of Clinical Endocrinologists (AACE) pro-

posed guidelines for the diagnosis and treatment of hypertension, focusing on 

identifying and managing hypertension relating to or coinciding with endo-

crinopathies. These guidelines are based on positive data from randomized 

clinical trials. They recommended diuretics, beta-blockers, angiotensin- 

converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), 

and calcium channel blockers (CCBs) for treating hypertension in patients, 

particularly those with diabetes mellitus.

Magee L, Chan C, Waterman EJ, et al. Hydralazine for treatment of severe 

hypertension in pregnancy: meta-analysis. BMJ. 2003;327:955.

A meta-analysis was performed to review the outcomes in randomized con-

trolled trials published between 1966 and 2002 that compared hydralazine 

with other antihypertensive agents for severe hypertension in pregnancy. In 

13 trials comparing hydralazine with either nifedipine or labetalol, hydrala-

zine was an effective antihypertensive drug for severe hypertension but was 

associated with an increased incidence of maternal hypotension, cesarean sec-

tion, placental abruption, oliguria, adverse effects on fetal heart rate, and 

lower Apgar scores.

Magee LA, Helewa M, Moutquin JM, et al. Diagnosis, evaluation, and man-

agement of the hypertensive disorders of pregnancy. J Obstet Gynaecol 

Can. 2008;30:S1.

These guidelines from the Society of Obstetricians and Gynecologists are a 

comprehensive review of the different manifestations of hypertension during 

pregnancy. The guidelines focus on the classification, pathophysiologic  

features, and management of the hypertensive disorders of pregnancy. The 
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authors classified hypertension of pregnancy into two categories, preexisting 

or gestational, with preeclampsia superimposed on either gestational or pre-

existing chronic hypertension. Through a combination of evidence-based 

medicine and consensus, this report updates contemporary approaches to hy-

pertension control during pregnancy.

Seely EW, Maxwell C. Chronic hypertension in pregnancy. Circulation. 

2007;115:e188–e190.

This review describes chronic hypertension during pregnancy. It further de-

scribes the complications of chronic hypertension during pregnancy and how 

chronic hypertension affects both maternal and fetal outcomes.

Sibai B, Dekker G, Kupferminc M. Pre-eclampsia. Lancet. 2005;359:785.

This is a comprehensive review of preeclampsia with information on epide-

miology, pathogenesis, and different treatment modalities. Maternal and 

perinatal outcomes are also discussed. The authors reviewed findings on the 

diagnosis and risk factors of preeclampsia and the present status of its predic-

tion, prevention, and management.
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133
Acute Pulmonary Complications During Pregnancy

Cornelia R. Graves

During pregnancy, the respiratory system undergoes a number of 

changes and is subject to functional and anatomic stresses. The critical 

care provider must remember these changes to appropriately care for 

the maternal-fetal unit. Although the need for ventilatory support is 

rare in pregnancy, respiratory insufficiency, which may complicate up 

to 1 in 500 pregnancies, is still the most common indication in preg-

nancy for admission to a critical care unit.1

In this chapter, the unique physiologic changes that occur during 

pregnancy are addressed and guidance is provided to critical care spe-

cialists who may encounter pregnancies that are complicated by acute 

pulmonary complications.

PULMONARY PHYSIOLOGY IN PREGNANCY

A number of physiologic changes affect respiration during pregnancy. 

Normal pregnancy is associated with a 20% increase in oxygen con-

sumption and a 15% increase in metabolic rate. During the first trimes-

ter, minute ventilation is increased, whereas the respiratory rate remains 

the same. Although one might assume that the lung volume during 

pregnancy would decrease owing to a rise in the maternal diaphragm, 

the tidal volume (Vt) is actually increased by 40% over baseline values. 

The increase in Vt is thought to be caused by the increase in circulating 

progesterone that affects the respiratory center.2 Arterial blood gas mea-

surements reflect respiratory alkalosis compensated for by metabolic 

acidosis that results in a relatively normal pH. PaCO2 usually ranges 

from 28 to 32 mm Hg. Functional residual capacity (FRC), residual 

volume, and total lung volume are decreased near term. Because of this 

decrease, respiratory distress occurs more rapidly in the gravid than in 

the nongravid state. The function of the large airways, as measured by 

forced expiratory volume in 1 second (FEV1) and peak expiratory flow 

rate (PEFR), is essentially unchanged throughout pregnancy.3 Oxygen 

consumption reaches 20%–33% above baseline by the third trimester. 

Airway hyperemia and edema occur during pregnancy as a result for 

human placental growth hormone, resulting in the possibility of a dif-

ficult or failed intubation.4

Colloid osmotic pressure is decreased by 20%. This change in hy-

drostatic pressure results in a propensity for pregnant patients to de-

velop cardiogenic and noncardiogenic pulmonary edema.

Dyspnea on exertion is common, especially in the third trimester of 

pregnancy, making the diagnosis of respiratory problems more diffi-

cult than that in the nongravid state.

Fig. 133.1 illustrates the graphic relationship of pulmonary changes.

ASTHMA

Epidemiology
Asthma is one of the most common pulmonary problems in pregnant 

women; recent studies have reported that approximately 8% are affected.5 

The disease is characterized by hyperactive airways, leading to episodic 

bronchoconstriction. The role of inflammatory mediators in the patho-

genesis of asthma has become apparent in recent years, leading to the early 

use of antiinflammatory medications in the treatment of exacerbations.

Effects of Asthma on Pregnancy
Asthma may be triggered by environmental allergens, medications—

especially aspirin or nonsteroidal antiinflammatory drugs (NSAIDs)—

or stress. Most exacerbations are marked by cough, wheezing, and 

dyspnea. Rapid therapeutic intervention at the time of an exacerbation 

is imperative to prevent impaired maternal and fetal oxygenation be-

cause uncontrolled asthma can increase maternal morbidity. In several 

studies, even after controlling for confounding variables, adverse preg-

nancy outcomes are more pronounced in patients with asthma. These 

include low birth weight, preeclampsia, preterm birth, and stillbirth.6,7 

Although historical data have shown an increase in death and low birth 

weight, Fitzsimmons and colleagues observed low birth weight in only 

those patients treated for status asthmaticus.8 In addition, Schatz and 

colleagues noted that intrauterine growth restriction was directedly 

related to lung function as measured by FEV1.
9

However, a recent meta-analysis of 40 studies demonstrated that 

maternal asthma is associated with an increase in low-birth-weight 

infants, intrauterine growth restriction, preterm delivery, and pre-

eclampsia when controlled for all variables.10

Effect of Pregnancy on Asthma
Numerous studies have observed that the course of asthma may be 

affected by pregnancy. Gluck and colleagues found that, on average, 

asthma improved in 36% of women during pregnancy, remained un-

changed in 41%, and worsened in 23%.11 Schatz and colleagues, in an 

analysis of 366 pregnancies in which patient status was followed by 

objective criteria, found that asthma improved in 28% of women, re-

mained unchanged in 33%, and worsened in 35%. Fifty-nine percent 

of the patients had similar asthma control in successive pregnancies.9 

Asthma exacerbations are not uniformly distributed in pregnancy. 

Observational studies have found that exacerbations were most fre-

quent before 24 weeks’ gestation.11

Fetal sex may influence asthma in pregnancy. In one study, moth-

ers who gave birth to boys were more likely to report improved 

asthma symptoms.12 Dodds and colleagues found that the use of 

medications to treat asthma was less common in mothers of boys.13 

Although a number of hypotheses have been proposed, including al-

terations in progesterone levels and the role of leukotrienes, changes 

in not one of these mediators can explain the varied course of preg-

nant asthmatics.14

Management
The National Asthma Education and Prevention Program issued spe-

cific guidelines regarding asthma treatment. In 1993 the Working 
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Fig. 133.1 Respiratory changes in pregnancy.
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Fig. 133.2 Treatment during pregnancy.

Oseltamivir (Tamiflu)
75-mg capsule once per

day for 10 days

Zanamivir (Relenza)
Two 5-mg inhalations
(10 mg total) once per

day for 10 days

Offer all pregnant and postpartum women
(at least 2 weeks after delivery) the influenza vaccine

H1N1 and standard vaccine—nasal mist is contraindicated

Chemoprophylaxis should be offered to women who have
a history of close contact

Early treatment for women with symptoms

Admission with observation for patients with severe illness

Oseltamivir (Tamiflu)
75-mg capsule twice

daily for 5 days

Zanamivir (Relenza)
Two 5-mg inhalations
(10 mg total) twice per

day for 5 days

Group on Asthma and Pregnancy established criteria for diagnosis and 

treatment among the gravid population (Fig. 133.2).15

The goals of treatment during pregnancy are to control exacerba-

tion and prevent status asthmaticus, thereby reducing maternal and 

fetal hypoxemia. The initial step in treatment involves monitoring 

pulmonary function, and FEV1 is the single best measure. A physical 

examination and chest radiography are poor measures of disease  

severity. A portable handheld peak flow meter gives a quick, accurate 

assessment by measuring PEFR. Most authorities believe that airways 

remain essentially unchanged throughout pregnancy; therefore every 

patient with asthma should be given a peak flow meter and be edu-

cated in its use. The patient should obtain a baseline PEFR during a 

quiescent period. The severity of disease is determined by the occur-

rences of exacerbations and changes in FEV1 and PEFR. The PEFR can 

be used as a guide to refer the patient for emergency care.

Pharmacologic therapy is the mainstay of asthma treatment. Most 

drugs used in the treatment of asthma are thought to be safe in preg-

nancy. Inhaled beta-agonists are the most frequently used in asthma 

treatment. A prospective study of inhaled beta-agonists in 259 preg-

nancies showed no change in the rate of congenital malformation, 

perinatal mortality, low birth weight, or complications of pregnancy.16 

There is little role for the use of oral beta-agonists, which may cause 

more adverse systemic symptoms and are not more effective than in-

haled drugs.

Inhaled corticosteroid therapy remains the mainstay of antiinflam-

matory treatment of asthma. Corticosteroids have also been advocated 

as first-line therapy in patients with mild asthma.17 Studies have dem-

onstrated that with asthma, those taking an inhaled corticosteroid were 

four times less likely than their nontreated counterparts to suffer an 

exacerbation.18 Another randomized study noted that there was a 55% 

reduction in readmission rates because of acute asthma in patients us-

ing inhaled beclomethasone.19 Inhaled corticosteroids can increase the 

effectiveness of beta-adrenergic agents by inducing the formation of 

new beta receptors. Because beclomethasone is the most studied of the 

inhaled corticosteroids in pregnancy, it is recommended as first-line 

therapy.19 However, if patients are well controlled on other corticoste-

roid preparations, it is suggested they be continued on their current 

medication because all inhaled corticosteroids are labeled by the US 

Food and Drug Administration (FDA) as pregnancy class C. Other  
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BOX 133.1 Treatment of Asthma in 
Pregnancy

Mild Asthma

Characterized by FEV1 or PEFR $80%

Brief (,1 hour) exacerbations

Treatment: inhaled beta-2-agonist

Moderate Asthma

Characterized by FEV1 or PEFR range from 60% to 80%

Exacerbations more than twice per week; exacerbations may last for several 

days, and occasional emergency care needed

Treatment: inhaled corticosteroids and inhaled beta-2-agonist

Severe Asthma

Characterized by FEV1 or PEFR ,60% of baseline

Continuous symptoms, limited activity, frequent exacerbations and nocturnal 

symptoms, occasional hospitalization and emergency treatment needed

Treatment: inhaled corticosteroids, inhaled beta-2-agonist, sustained-release 

theophylline; oral corticosteroid taper for active symptoms

FEV1, Forced expiratory volume in 1 second; PEFR, peak expiratory 

flow rate.

antiinflammatory medications used in the treatment of asthma (e.g., 

cromolyn sodium and nedocromil sodium) appear to be less effective 

than inhaled corticosteroids in reducing symptoms.

Systemic corticosteroids should be reserved for the periodic treat-

ment of acute asthma exacerbations. Chronic oral corticosteroid 

therapy may increase the risks of gestational diabetes mellitus, preterm 

labor, low-birth-weight infants, and preeclampsia; however, it is evi-

dent that the benefits of controlled severe asthma outweigh the poten-

tial risks to the mother and fetus.

Intravenous corticosteroids have no increased benefits over oral 

corticosteroids in the treatment of acute exacerbations.20 Methylpred-

nisolone, hydrocortisone, and prednisone are safe for use in pregnancy, 

unlike betamethasone or dexamethasone, because very little active 

drug crosses the placenta.

Leukotriene pathway moderators have been shown to improve 

pulmonary function, as measured by FEV1.
21 Zafirlukast and montelu-

kast are rated as FDA category B; however, these drugs have not been 

frequently used in pregnancy, and their role is undetermined.

The treatment of asthma requires providing patient education in 

the preconceptional period and during the pregnancy for optimum 

outcome. Box 133.1 shows a suggested schematic for the treatment of 

asthma in pregnancy.

STATUS ASTHMATICUS

Status asthmaticus is a rare complication in pregnancy. Diagnosis is 

established by a PaO2 of less than 70 mm Hg, a PaCO2 of greater than 

or equal to 35 mm Hg, or a measured expiratory flow of less than 

25% of expected. Because of impending respiratory failure, these 

patients should be managed in a critical care unit. Aggressive treat-

ment of status asthmaticus is mandatory to protect the mother and 

fetus. Maternal mortality may be as high as 7% and fetal mortality as 

high as 11% despite adequate treatment. Epinephrine is not contra-

indicated in pregnancy during a respiratory emergency. Criteria for 

intubation in gravida with status asthmaticus include (1) inability to 

maintain a PaO2 of greater than 60 mm Hg despite supplemental 

oxygen; (2) inability to maintain a PCO2 of less than 40 mm Hg; (3) 

evidence of maternal exhaustion, with worsening acidosis (pH ,7.2) 

despite intensive bronchodilator therapy; and (4) altered maternal 

consciousness.15

When traditional treatment proves to be ineffective, a number of 

therapies have been reported to be beneficial. The use of a helium–

oxygen mixture that has been reported to be effective in studies in 

nonpregnant women has been used safely in pregnancy.22

Some drugs used in labor and delivery may increase the risk of  

inducing asthma in susceptible patients. 15-Methylprostaglandin F2a, 

ergonovine, and methylergonovine should be avoided. Prostaglandins E1 

and E2 and oxytocin have very little effect on bronchospasm.

PULMONARY EDEMA

Pulmonary edema can be divided into two categories during preg-

nancy. Cardiogenic pulmonary edema is the result of high intravascular 

pressures creating a hydrostatic pressure gradient that results in ex-

travasation of fluid into lung tissues despite the integrity of normal 

lung microcirculation. Noncardiogenic pulmonary edema is the result 

of a leaky pulmonary capillary bed despite normal intravascular pres-

sures. During pregnancy, the distinction between these two types of 

edema may be blurred owing to disease states that exacerbate the 

hypo-oncotic state of pregnancy.

Etiology
There are a number of causes of pulmonary edema in pregnancy. Some are 

pathologic in their process; others are the result of idiopathic causes. One 

of the most common associations with pulmonary edema during preg-

nancy is hypertensive disease. In patients with hypertensive disease, pulmo-

nary edema may be cardiogenic because of fluid overload or left ventricular 

dysfunction or noncardiogenic because of decreased oncotic pressure.

Another common cause of pulmonary edema in pregnancy is toco-

lytic therapy. Most cases described have resulted from the intravenous use 

of beta sympathomimetics. The use of magnesium sulfate therapy and 

the use of corticosteroids in association with tocolysis for preterm labor 

have been shown to exacerbate the condition. The incidence of edema is 

increased in multiple gestations and in patients with subclinical infection.

Underlying cardiovascular disease is also another cause of pulmo-

nary edema during pregnancy. The increased cardiac output and heart 

rate that occur in pregnancy increase the gradient across a stenotic 

mitral value, which may lead to acute pulmonary edema.

Peripartum cardiomyopathy may also present as pulmonary edema 

in pregnancy; therefore cardiac imaging is recommended in all patients 

who present with acute refractory pulmonary edema in pregnancy.

Other causes of acute pulmonary edema in pregnancy include am-

niotic fluid embolism, aspiration, and the need for massive transfusion 

after hemorrhage.23

Treatment
The treatment of pulmonary edema during pregnancy depends on its 

etiology. The cause is best determined by the use of pulmonary artery 

catheterization and measurement of pulmonary capillary wedge pres-

sure. Although all patients may not require this intervention, it is rec-

ommended in patients in whom the clinical picture may be unclear 

(e.g., those with hypertensive disease) and in those who do not re-

spond to standard diuretic therapy.

For patients who do not improve rapidly with diuretic therapy, in-

tubation and ventilation with positive pressure is recommended. In 

addition to the use of diuretic therapy, reduction of preload and after-

load may be achieved by the use of vasodilators such as nitrates, hy-

dralazine, or calcium channel blockers. All are safe for use in pregnancy.

Box 133.2 shows a guide for the treatment of patients with pulmo-

nary edema.

  

 



1077CHAPTER 133 Acute Pulmonary Complications During Pregnancy

A number of other methods have been discussed in the treatment 

of ARDS, including inhaled nitric oxide, prostacyclin, surfactant, and 

inverse ratio ventilation. Currently, these modalities cannot be recom-

mended because they have not been shown to decrease morbidity and 

mortality. The indications for prone positioning in pregnancy should 

be the same as for any other patient with severe ARDS.32

Fetal surveillance during ARDS may be more difficult because 

drugs used to sedate the mother can affect fetal heart rate and vari-

ability. Sedatives, anxiolytics, hypnotics, and nondepolarizing agents 

are not contraindicated in pregnancy. In addition, preterm contrac-

tions and labor may present a problem because of maternal hypox-

emia. Clinicians are cautioned against starting tocolytic therapy before 

achieving adequate maternal oxygenation. If tocolysis is needed, beta-

agonists such as terbutaline should be avoided because of the risk of 

increased pulmonary capillary permeability and increased demands 

on cardiac load. Magnesium sulfate is not strictly contraindicated, but 

it may also increase pulmonary capillary permeability. The use of 

NSAIDs may be the best choice for tocolysis because they have been 

proven to improve ARDS in animal models.33 Consultation with a 

maternal-fetal specialist is recommended to assist intensivists in caring 

for these complex patients.

The timing of delivery of the patient with ARDS is a question that 

must be addressed by clinicians. Some authors advocate delivery after 

maternal stabilization, citing the possible “therapeutic effect” of deliv-

ery. Tomlinson and colleagues failed to demonstrate any significant 

benefit to delivery.33 It is this author’s opinion that delivery should be 

considered on a case-by-case basis, carefully weighing the risk/benefit 

ratio to the mother and fetus.

Extracorporeal membrane oxygenation (ECMO) support has been 

used successfully in pregnancy. One case series in pregnancy demon-

strated an 88.9% chance of maternal survival and a 77% chance of 

fetal survival for patients who required support. In this series, four 

people delivered on ECMO, and if the fetus was viable, survival was 

100%.34

Box 133.3 shows a reasonable management scheme for a patient 

with ARDS.

EMBOLISM

Because of the hypercoagulable changes in the coagulation cascade 

associated with pregnancy, there is an increased risk of venous  

BOX 133.3 Management of the Patient 
With ARDS

 1. Evaluate the patient in respiratory distress; calculate PaO2/FiO2 ratio; con-

sider intubation if #200 mm Hg. The PEEP or CPAP mask is not recom-

mended in pregnancy, owing to the high risk of aspiration.

 2. Set tidal volume at 8–9 mL/kg to prevent increased peak pressures. Given 

recent evidence, aim to keep peak pressures less than 40 cm H2O.

 3. Use PEEP, starting at 5–8 cm H2O to assist in recruiting alveoli.

 4. Aim to keep FiO2 less than 60%; keep SaO2 greater than or equal to 95%.

 5. Use a pulmonary artery catheter to assist in fluid management and to guide 

hemodynamic parameters.

 6. Consider the use of tocolysis only after the patient has been adequately 

hydrated and oxygenated.

 7. Consider delivery if indicated for obstetric conditions or if continuing the 

pregnancy has no clear benefit.

ARDS, Acute respiratory distress syndrome; CPAP, continuous posi-

tive airway pressure; FiO2, fraction of inspired oxygen; PaO2, partial 

pressure of oxygen; PEEP, positive end-expiratory pressure; SaO2, 

oxygen saturation.

BOX 133.2 Treatment in Patients With 
Pulmonary Edema

 1. Determine the etiology, stop fluids, tocolysis, etc.

 2. Treat with a diuretic (the author prefers furosemide in increments of 10- to 

20-mg intravenous [IV] push).

 3. Consider the use of morphine sulfate for patient comfort, 1- to 2-mg IV push 

q2–3h.

 4. Proceed with hemodynamic monitoring if the patient does not rapidly re-

spond to the earlier measures.

 5. Consider intubation and mechanical ventilation with positive pressure for 

those patients with noncardiogenic pulmonary edema and those patients 

with cardiogenic pulmonary edema who need further support.

ACUTE RESPIRATORY DISTRESS SYNDROME

Etiology
The causes of acute respiratory distress syndrome (ARDS)24–27 in 

pregnancy include preeclampsia, sepsis, aspiration, pyelonephritis, 

intrauterine infections, acute fatty liver of pregnancy, and amniotic 

fluid embolism.28 In a review of 83 cases of ARDS associated with 

pregnancy, it was noted that among the causes of ARDS, 35 cases were 

attributed to uniquely obstetric conditions.29 In addition, it was noted 

that varicella pneumonia and pyelonephritis were associated with 

ARDS. These conditions rarely trigger ARDS in immunocompetent 

adults. De Vaciana and colleagues pointed out that the development of 

lung injury in pregnancy correlates with known physiologic changes, 

including increased blood volume, decreased colloid osmotic pressure, 

and an unchanged critical lung closing volume despite a diminished 

FRC.30

Management
Management of ARDS includes diagnosis, maternal stabilization, fetal 

monitoring, investigation and treatment of underlying causes, and in 

many cases, evaluation for delivery. ARDS is a rare occurrence in the 

pregnant patient, with an estimated incidence of 16–70 per 100,000 

pregnancies.29

Maternal stabilization includes intubation for mechanical ventila-

tion if necessary. The clinician should consider intubation sooner 

rather than later in the presence of respiratory deterioration, keeping 

in mind that a decreased FRC exacerbates respiratory distress.

Contemporary thinking regarding the treatment of ARDS has 

found that a lung-protective ventilator strategy is the first therapy that 

has been found to improve outcomes. It has been noted in numerous 

studies that decreasing the VT from the standard of 12 mL/kg to 6 mL/

kg or less and peak inspiratory pressures to less than 30 cm H2O from 

50 cm H2O have resulted in decreased morbidity and mortality in pa-

tients with ARDS.31 There has been considerable discussion in the lit-

erature concerning permissive hypercapnia and its use in preventing 

lung injury. However, there have been no controlled studies in preg-

nancy, and it is the opinion of the author that increasing PaCO2 in 

pregnant patients should be undertaken with caution.

Judicious use of fluids is important in the management of ARDS. 

Although some authors have advocated the use of fluid restriction, 

clinicians must consider the volume-dependent status in pregnancy. It 

is recommended that fluid management be carefully guided by the use 

of hemodynamic monitoring.

Although oxygenation is important, it should be noted that oxygen 

should be used at the lowest concentration possible because it is toxic 

to the lung tissue in high doses. The goal of therapy is to keep the SaO2 

higher than or equal to 95%.
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BOX 133.4 Treatment of Pulmonary 
Embolism in Pregnancy

 1. Begin therapy immediately based on strong clinical suspicion while await-

ing complete diagnostic work-up.

 2. Establish the diagnosis with appropriate diagnostic imaging test.

 3. Maintain maternal and fetal oxygenation.

 4. Administer intravenous heparin and maintain full anticoagulation for 7–10 

days before changing to subcutaneous injections (antepartum) or warfarin 

(postpartum). Oral anticoagulation should be continued 6–8 weeks after 

delivery.

 5. Keep the international normalized ratio, activated partial thromboplastin 

time, or factor Xa level in the therapeutic range.

thromboembolism. It has been estimated that clinically symptomatic 

pregnancy-related venous thromboembolism occurs in 1–2 per 1000 

pregnancies. Maternal age (.40 years) and ethnic and genetic factors 

may increase this risk. Postpartum thromboembolism is 3–5 times 

more common than antepartum thromboembolic events. A cesarean 

section confers a risk of 3–16 times that of a vaginal delivery.

Clinical signs of a pulmonary embolism include unexplained 

tachycardia, dyspnea, diaphoresis, and a nonproductive cough. The 

work-up for a suspected pulmonary embolism should include normal 

laboratory studies (arterial blood gases) and an electrocardiogram in 

conjunction with radiographic testing.35 Pregnancy should not pre-

vent obtaining appropriate radiographic studies. In patients with a 

high clinical index of suspicion for thromboembolic phenomena, a 

definitive diagnosis is imperative (Box 133.4). Ventilation-perfusion 

scans are recommended as the first diagnostic test. Spiral computed 

tomography has replaced ventilation-perfusion scanning in almost all 

centers as an initial test. Pulmonary angiography is still the gold stan-

dard for offering a definitive diagnosis. All of the aforementioned tests 

use less than the 5 rad of radiation exposure that has been associated 

with fetal teratogenesis. The use of an abdominal shield further de-

creases fetal exposure.

D-dimer levels have not been shown to be useful for the diagnosis 

of a thromboembolism during pregnancy because they may be ele-

vated in the absence of a thrombus.35 However, in a prospective study 

involving pregnant women with suspected pulmonary embolism, pul-

monary embolism was ruled out if none of the three adapted YEARS 

criteria were met and the D-dimer level was less than 1000 ng/mL or if 

one or more of the three criteria were met and the D-dimer level was 

less than 500 ng/mL.36

Low-molecular-weight heparin (weight-based dosing BID) is the 

anticoagulant of choice in antepartum patients. Warfarin should be 

avoided during pregnancy, if possible. Unfractionated heparin can also 

be used. Neither of these drugs crosses the placenta, owing to the size 

of the drug molecule. Patients on low-molecular-weight heparin 

should be monitored with factor Xa levels to ensure a therapeutic level.

Warfarin may be used in the second and third trimesters in patients 

in whom heparin therapy may be contraindicated. Coumarins may be 

difficult to reverse and are not routinely recommended during preg-

nancy. All anticoagulants can be used in the postpartum period and are 

compatible with breastfeeding.37

The goals for therapy during the antepartum and postpartum peri-

ods (6–8 weeks postdelivery) should be an activated partial thrombo-

plastin time of 2.0–2.5, a factor Xa level of 0.6–1.1, or an international 

normalized ratio (INR) of 2.5–3.0.

An amniotic fluid embolism is a rare phenomenon that may ini-

tially present as severe respiratory distress. Risk factors include rapid 

labor, multiple gestation, polyhydramnios, and uterine rupture. Pa-

tients with an amniotic fluid embolism usually have symptoms of 

acute respiratory distress, cardiovascular collapse, and profound dis-

seminated intravascular coagulation. Treatment is supportive; how-

ever, maternal mortality may be as high as 80%.

PNEUMONIA

Concern over the H1N1 virus has reinforced the seriousness of influenza 

infection in pregnant patients. Historical data have shown that during an 

influenza pandemic, mortality rates among pregnant women are unusu-

ally high. Neuzil and colleagues noted that even during a normal season, 

compared with their postpartum counterparts, pregnant women were 

more likely to be hospitalized.38 The risk of hospitalization was highest 

in the third trimester, with women nearly five times more likely to be 

hospitalized than the postpartum control group. Influenza-related mor-

bidity occurs in 10.5 of 10,000 pregnant women, compared with 1.91 of 

10,000 in nonpregnant controls. Influenza pneumonia mortality in 

pregnancy has been noted to range from 12.5% to 42.1%.39

Contemporary management of influenza infection in pregnancy 

includes the use of antiviral medications for preventing and treating 

the disease. Amantadine and rimantadine have been shown to be effec-

tive in shortening the course and duration of disease in influenza A 

and influenza B. Recently, oseltamivir (Tamiflu) and zanamivir (Re-

lenza) have been recommended for the prevention of influenza infec-

tion. Current Centers for Disease Control and Prevention (CDC) 

guidelines recommend that treatment be initiated for pregnant women 

(including patients until 2 weeks postpartum) with documented expo-

sure to influenza virus and those patients who present with symptoms 

in the first 48 hours of illness, regardless of their gestational age. 

Medication should be started at the first sign of symptoms; awaiting 

confirmation of the diagnosis and delaying therapy could result in 

rapid progression of the disease. In the 2009 flu season, 6% of deaths 

were in pregnant women, even though only 1% of the population is 

pregnant at any given time. Data suggest that the use of antiviral 

medications significantly reduces perinatal morbidity and mortality. 

Since 1995 the CDC has recommended that all pregnant women re-

ceive influenza immunizations. There has been some discussion re-

garding the use of thimerosal, which is used in the standard influenza 

vaccine; most authorities feel that the thimerosal-free vaccine, when 

available, is preferable.

It is the opinion of the author that all pregnant patients who pres-

ent with respiratory symptoms after exposure to viral illness should be 

hospitalized for observation.39–41 Changes in maternal respiratory 

physiology during pregnancy can make progression from mild respira-

tory distress to severe respiratory distress rapid and unpredictable38 

(see Fig. 133.1).

Since first being identified in December 2019, the novel coronavi-

rus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 

has rapidly spread around the globe. Data from 8207 pregnant 

women in the United States suggest that the symptoms of COVID-19 

are similar to the nonpregnant population, with most presenting  

with cough (.50%) and shortness of breath (30%). Chronic lung 

disease, diabetes mellitus, and cardiovascular disease were more  

commonly reported among pregnant women than among nonpreg-

nant women. Among women with COVID-19, hospitalization was 

approximately six times higher. After adjusting for age, presence of 

underlying medical conditions, and race/ethnicity, pregnant women 

were significantly more likely to be admitted to the intensive care unit 

and receive mechanical ventilation. The risk of death in pregnancy 

was noted to be significantly higher that in the non pregnant popula-

tion.42 We are still learning about this virus in pregnancy—the use of 
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steroids and remdesivir in pregnancy has been associated with im-

proved outcomes.43

CONCLUSION

Because of the rare need for mechanical ventilation, there are no ran-

domized controlled trials to determine the treatment modalities that 

are most effective in pregnancy. A retrospective study noted a maternal 

mortality rate of 14% and a fetal mortality rate of 11% in patients who 

required mechanical ventilation during pregnancy. The critical care 

specialist, maternal-fetal medicine specialist, anesthesiologist, and 

other members of the healthcare team should work closely to provide 

coordinated care.44 Understanding the physiologic changes during 

pregnancy, combined with aggressive treatment of early pathologic 

changes, will assist in providing improved management in gravid pa-

tients with potentially lethal pulmonary complications.

KEY POINTS

• Physiologic changes in pregnancy affect the management of respiratory dis-

ease, making the pregnant patient more susceptible to respiratory compromise.

• Caution should be used when considering treatment for preterm labor in 

patients requiring respiratory support. Correction of oxygenation is usually 

more effective than pharmacologic therapy.

• The need for mechanical ventilatory support does not mandate delivery of 

the fetus. Most studies do not report significant maternal improvement af-

ter delivery.

• Pregnancy is a hypercoagulable state that increases the risk of thromboem-

bolic phenomena.

• Care should be taken to carefully evaluate pregnant patients with viral 

pneumonia for acute respiratory symptoms.

• Amniotic fluid embolism is a rare cause of respiratory complications in 

pregnancy.

• ECMO support has been used successfully in pregnancy with excellent 

maternal and fetal survival.

• The identification of pulmonary embolism in pregnancy may be enhanced by 

using the adjusted YEARS algorithm, which re-evaluates the use of D-dimer 

in pregnancy.

• Asthma is the most common respiratory complication in pregnancy and 

should be controlled in pregnancy in order to avoid perinatal complications.

• As respiratory complications in pregnancy are rare, assembly of a multidis-

ciplinary team is essential to improve maternal and fetal outcomes.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Bonham CA, Patterson KC, Strek ME. Asthma outcomes and management. 

Chest. 2018;153(2):515–527.

This article reviews recent insights gained from the epidemiology of asthma 

during pregnancy, demonstrating the many short- and long-term risks to 

mother and fetus incurred by poorly controlled maternal asthma.

Graves CR. Pneumonia in pregnancy. Clini Obstet Gynecol. 2010;53:329–336.

Review of pneumonia in pregnancy, including guidelines for treatment of in-

fluenza during pregnancy.

Robertson L, Greer I. Pregnancy complicated by thrombosis. N Engl J Med. 

2015;373:540–547.

Provides a current summary regarding the treatment of venous thromboem-

bolism during pregnancy.

Rush B, Martinka P, Kilb B. Acute respiratory distress syndrome in pregnant 

women. Obstet Gynecol. 2017;129(3):530–535.

A large national study evaluating outcomes in pregnant women with acute 

respiratory distress syndrome from a number of disease states. This study 

characterizes causes of mortality and factors associated with improved out-

comes.

Tomlinson MW, Caruthers TJ, Whitty JE, et al. Does delivery improve mater-
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1998;91:108–111.

A retrospective review is presented of 10 pregnant patients requiring mechan-

ical ventilation. Outcome variables are reviewed, including respiratory im-

provement after delivery. This is one of the very few studies to examine ma-

ternal improvement as a primary outcome.

van der Pol LM, Tromeur C, Bistervels IM, et al. Pregnancy-adapted YEARS 

algorithm for diagnosis of suspected pulmonary embolism. N Engl J Med. 

2019;380(12):1139–1149.

This article challenges the use of D-dimer in pregnancy and increases the de-

tection rate of pulmonary embolism in this population.
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Postpartum Hemorrhage

Cornelia R. Graves

Obstetric hemorrhage remains a leading cause of maternal mortality 
and morbidity worldwide, with most deaths occurring in the postpar-
tum period. Recognition of blood loss in obstetric hemorrhage can be 
challenging. Therefore interventions focused at the patient level, pro-
vider and unit level, and system level are imperative in order to provide 
optimal patient care. In smaller centers, guidelines to establish which 
patients should be triaged to a higher level of care should be consid-
ered. In all centers, a plan for evaluating and managing obstetric hem-
orrhage, which may include assessing additional resources, should be 
in place in order to reduce maternal morbidity and mortality.

DEFINITION

The commonly accepted definition of postpartum hemorrhage (PPH) is 
excessive and life-threatening bleeding after 20 weeks of gestation, 
which occurs at the time of delivery of the fetus or placenta. Primary 
PPH is excessive blood loss within 24 hours of delivery. Secondary PPH 
is any abnormal or excessive bleeding that occurs between 24 hours and 
12 weeks after delivery. Most commonly, bleeding occurs in the third 
stage of labor, which refers to the time between delivery of the fetus and 
delivery of the placenta after its separation and expulsion from the 
uterus. Defining excessive bleeding is somewhat problematic because it 
can be difficult to determine the exact amount of blood loss, and clini-
cians tend to underestimate blood loss. With a normal vaginal delivery, 
blood loss is typically 500 mL or less; after a normal cesarean section, it 
is usually 800–1000 mL. Blood loss greater than these amounts has been 
used to define PPH. However, uncomplicated vaginal and cesarean de-
liveries can occasionally occur with greater amounts of blood loss but 
without hemodynamic compromise. Therefore a more comprehensive 
definition of PPH is bleeding (regardless of the volume of shed blood) 
that is severe enough to cause hemodynamic compromise.

A decrease in hematocrit greater than 10% as a diagnostic criterion 
has also been widely accepted as a definition of PPH. The hematocrit 
level initially may be in the low-normal to normal range despite exces-
sive bleeding, because hematocrit does not change quickly in response 
to rapid hemorrhage. The hematocrit is also determined in part by the 
volume of infused resuscitation fluid. Because the parturient’s blood 
volume is increased by 30%–50%, the signs of tachycardia and hypo-
tension may not manifest until blood loss exceeds 1500 mL. If the pa-
tient is hemodynamically unstable but the amount of blood visualized 
externally is relatively insignificant, occult sites of internal bleeding 
should be suspected immediately.

INCIDENCE AND MORTALITY

Maternal mortality has significantly decreased over the past 50 years in 
developed countries, in part because of improvements in obstetric 

care. However, in the United States maternal mortality rose to a high 
of 17.4 per 100,000 in 2018. Much of this increase was associated with 
rising rates of hemorrhage. This increase was the highest among devel-
oped countries. Racial and ethnic gaps exist between non-Hispanic 
black (37.1 deaths per 100,000 live births), non-Hispanic white (14.7), 
and Hispanic (11.8) women.1

In the United States, the rate of PPH increased 26% between 1994 
and 2006 primarily because of increased rates of atony. In contrast, 
maternal mortality from postpartum obstetric hemorrhage has de-
creased since the late 1980s and accounted for slightly more than 11% 
of maternal mortalities (approximately 1.7 deaths per 100,000 live 
births) in 2009. This observed decrease in mortality is associated with 
increasing rates of transfusion and peripartum hysterectomy.2–4 
Worldwide, obstetric hemorrhage is the leading cause of maternal 
mortality, causing 24% of maternal deaths, or an estimated 127,000 
maternal deaths annually. PPH is the most common type of obstetric 
hemorrhage and accounts for the majority of the 14 million cases that 
occur each year. In developing countries, PPH may cause up to 40% of 
all maternal deaths.

PATHOPHYSIOLOGY

At term, blood flow to the uterus and placenta increases to 600–1200 
mL/min, accounting for 10% of the maternal cardiac output. To stem 
the flow of blood and provide immediate hemostasis after delivery of 
the fetus, the uterus begins to contract. Myometrial contraction is the 
primary mechanism for both placental separation and hemostasis. The 
myometrial muscle fibers of the uterus simultaneously contract and 
retract, causing compression and occlusion of the blood vessels. Uter-
ine atony results when this adaptive mechanism fails and the myome-
trial fibers are unable to contract and retract normally. Excessive bleed-
ing from the uterus and lower genital tract from many causes, including 
lacerations, placental anomalies, and trauma, is directly related to the 
increase in blood flow to the uterus and placenta. At term, there is a 
physiologic increase in the circulating concentrations of various clot-
ting factors. This adaptive response also helps control the bleeding that 
is a normal consequence of delivery. However, these factors are over-
whelmed by the excessive bleeding of PPH.

PRESENTATION

PPH often manifests as brisk and excessive flow of blood from the 
uterus. Maternal hemodynamics may be unaltered initially. If the bleed-
ing is left untreated, typical presenting signs of hypovolemic shock (i.e., 
tachycardia, tachypnea, and hypotension) become apparent. Bonnar 
described the symptoms related to PPH in relation to the amount  
of blood loss (Table 134.1).5 However, the signs and symptoms of 
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hemorrhagic shock may not occur immediately and may extend over a 
longer period if shed blood is sequestered in the uterus. Occult bleeding 
occurs most frequently with retained placental fragments; uterine at-
ony; and concealed hematomas in the pelvis, perineum, or retroperito-
neal space. Occult hemorrhage in the uterus or hematomas should be 
suspected in patients who are in the third stage of labor with hemody-
namic instability but little or no evidence of external bleeding. Signs 
and symptoms of excessive bleeding also may be delayed because of the 
relative hypervolemic state of the patient and by the position of the 
patient after delivery with the legs elevated in stirrups.

CAUSES

Obtaining a detailed antenatal history is important in helping to deter-
mine a possible cause of PPH. Because obstetric hemorrhage is diffi-
cult to predict, it is important for all institutions that deliver obsterical 
care to have protocols in place to manage and treat obstetrical hemor-
rhage. Risk assessment tools are readily available and have been shown 
to identify 65%–80% of patients who may experience PPH. However, 
it should be remembered that risk factors may change during the labor 
process, so constant assessment is essential in order to attempt to iden-
tify patients at risk.6

A history of prior bleeding episodes associated with heavy menses 
or with dental or surgical procedures should raise the possibility of an 
underlying coagulation or bleeding disorder. Significant predisposing 
risk factors for the development of PPH include previous episodes of 
PPH, multiparity, and multiple fetuses. Women with a prior history of 
PPH can have up to a 15% risk of recurrence with subsequent preg-
nancies.6 Risk factors associated with the development of PPH are 
listed in Box 134.1. Early recognition of these risk factors may aid in 
the diagnosis and subsequently in the management of PPH. A ran-
domized controlled trial (RCT) comparing oxytocin administration 
before and after delivery of the placenta found that birth weight, labor 
induction with augmentation, chorioamnionitis, use of magnesium 
sulfate infusions, and previous episodes of PPH increased the risk of 
developing PPH.7 However, a significant number of patients with PPH 
have no obvious predisposing factors.8

Potential causes of PPH are listed in Box 134.2. Risk factors for 
obstetric causes at the time of admission should be identified and reas-
sessed during the intrapartum and postpartum process. The most 
frequent cause of PPH is uterine atony after delivery of either the fetus 
or placenta. Bleeding is from the uterine vessels or from the placental 
site of implantation if the placenta has been delivered. The incidence 
of uterine atony is approximately 1 in 20 deliveries. Uterine atony can 
lead to rapid and severe PPH. Overdistention of the uterus secondary 
to multiple gestation, fetal macrosomia, or polyhydramnios is a major 

Percent Blood 

Loss (mL)

Systolic Blood  

Pressure (mm Hg)

Signs and  

Symptoms

Stage I: 10–15 

(500–1000)

Normal Tachycardia, palpita-

tions, dizziness

Stage II: 15–25 

(1000–1500)

Low to normal Tachycardia, weakness,  

diaphoresis

Stage III: 25–35 

(1500–2000)

70–80 Restlessness, pallor,  

oliguria

Stage IV: 35–45 

(2000–3000)

50–70 Collapse, air hunger, 

anuria

TABLE 134.1 Presentation of Symptoms in 
Postpartum Hemorrhage

Low Risk

No previous uterine incision

Singleton pregnancy

,4 previous vaginal births

No known bleeding disorder

No history of PPH

Moderate Risk

Prior cesarean section or uterine surgery

Multiple gestation

.4 previous vaginal births

Chorioamnionitis

History of previous PPH

Polyhydramnios

Large uterine fibroids

High Risk

Placenta previa or low lying

Suspected accreta or percreta

HCT ,30 and other risk factors

Platelets ,100,000

Active bleeding on admission

Known coagulopathy

BOX 134.1 Predisposing Risk Factors for 
Obstetric Hemorrhage

HCT, Hematocrit; PPH, postpartum hemorrhage.

Uterine atony

Cervical or vaginal lacerations

Retention of placental fragments

Placental anomalies

Traumatic hematomas of the perineum or pelvis

Coagulation disorders

Uterine rupture

Uterine inversion

BOX 134.2 Causes of Postpartum 
Hemorrhage

predisposing risk factor for the development of uterine atony. Other 
predisposing factors are retained placenta, chorioamnionitis, uterine 
structural abnormalities, and muscle fatigue after prolonged or stimu-
lated labor. General anesthesia, particularly with halogenated anesthet-
ics, and magnesium sulfate infusions can inhibit effective uterine 
contractions and lead to uterine atony. The diagnosis of uterine atony 
is a clinical diagnosis made by assessing the tone of the uterus and its 
size by manually palpating the uterus externally. Bimanual examina-
tion of the uterus also can be performed to diagnose uterine atony. A 
boggy uterus associated with heavy vaginal bleeding or with an appre-
ciable increase in the size of the uterus is diagnostic of uterine atony. 
The size of the uterus may be larger than normal because of accumu-
lated blood within it.

Lacerations of the lower genital tract are the second most frequent 
cause of PPH. Lacerations of the vagina and cervix can result from  
a number of causes. These lesions occur most commonly as a result  
of prolonged or tumultuous labor, particularly with uterine hyper-
stimulation with oxytocic agents. Nevertheless, lacerations can occur 
spontaneously as well. They are seen in deliveries associated with  
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instrumentation, such as forceps deliveries, or with extrauterine or 
intrauterine manipulations of the fetus. Attempts to remove the pla-
centa or placental fragments manually or with instrumentation can 
lead to traumatic lesions or hematomas. Excessive vaginal bleeding or 
traumatic hematomas can result from these lacerations. Careful ex-
amination with palpation of the vagina and cervix may reveal the 
presence of lacerations.

Retention of placental fragments or the entire placenta can lead to 
severe and life-threatening hemorrhage, which may be immediate or 
delayed depending on the extent of accumulated blood in the uterus. 
The most common definition of retention of the placenta in utero is 
when part or all of the placenta is retained in the uterus for more than 
30–60 minutes after delivery of the fetus. Retained placenta is more 
likely to occur with a preterm gestation of less than 24 weeks.

Placental abnormalities (i.e., placenta accreta, placenta increta, and 
placenta percreta) have been associated with retained placenta and 
failure of complete separation of the placenta from the uterus. If the 
placenta has been delivered, it is imperative to closely examine the 
placenta to look for missing fragments, a finding that suggests retained 
placental tissue.

Another less frequent cause of PPH is uterine rupture. Rupture is 
more common in patients with prior cesarean incisions and in those 
with any prior operative procedures of the uterus (e.g., intrauterine 
device placement, laparoscopy, hysteroscopy). Uterine rupture may 
manifest with severe and acute abdominal pain and hemodynamic 
instability, but there may not be significant bleeding initially. Uterine 
inversion is relatively uncommon but may be associated with blood 
losses of up to 2 L.

A defect in hemostasis resulting from an underlying coagulopathy 
should be considered if the uterus is contracting normally and manual 
exploration has excluded either placental retention or uterine rupture. 
Disseminated intravascular coagulation (DIC) associated with placen-
tal abruption (premature separation of a normally implanted placenta), 
the HELLP syndrome (hemolysis, elevated liver enzymes, and low plate-
lets), intrauterine fetal death, acute fatty liver of pregnancy, sepsis, or 
amniotic fluid embolism may precipitate PPH. The incidence of severe 
DIC associated with PPH is estimated at 0.1% of pregnancies.9

Amniotic fluid embolism syndrome (AFES) is a catastrophic con-
dition that can occur either during the pregnancy or after the delivery. 
AFES manifests with acute respiratory failure, cardiogenic shock, and/
or DIC.10 As much as 80% of these patients develop DIC, and in some, 
DIC is the major clinical abnormality. Oozing from intravenous (IV) 
or skin puncture sites, mucosal surfaces, or surgical sites should raise 
the suspicion of DIC; confirmation of the diagnosis is made by labora-
tory coagulation studies. Although the coagulation profile is unlikely 
to be abnormal with acute postpartum bleeding in the absence of DIC, 
coagulation parameters are clearly abnormal in the presence of DIC, 
regardless of the cause. In late pregnancy, the circulating fibrinogen 
level usually is two to three times the normal prenatal value, but fi-
brinogen concentration is dramatically decreased if DIC is present. 
Preexisting or pregnancy-acquired disorders of coagulation are rela-
tively infrequent causes of significant PPH.

DIAGNOSTIC STUDIES

Although the diagnosis is obvious with significant and excessive bleed-
ing after delivery, not all patients present with immediate bleeding 
because of hematoma formation or accumulations in the interior of 
the uterus. Bedside ultrasonography can be used for the detection of 
clots, hematomas, and retained placental products. For patients who 
are at high risk for development of PPH, periodic ultrasound examina-
tions during pregnancy can offer invaluable information concerning 

the extent and progression of placental disease. Angiography with  
selective arterial embolization can be used both diagnostically and 
therapeutically. Bleeding sites can be visualized and embolized simul-
taneously. For evaluation of a proven or suspected case of PPH, the 
following laboratory studies are almost always indicated: complete 
blood count with platelet count, coagulation studies with prothrombin 
and activated partial thromboplastin times, fibrinogen, and fibrin split 
products. D-dimer may be of limited use, as it may be elevated in nor-
mal pregnancies. With acute hemorrhage, the measurements of hemo-
globin concentration and hematocrit may also be of limited use.

PREVENTION

There has been much controversy concerning the preferred methods 
of managing the third stage of labor in terms of decreasing bleeding 
complications. The debate concerns active versus expectant manage-
ment. Expectant management consists of waiting for separation and 
expulsion of the placenta, with minimal intervention except for gentle 
fundal massage. Active management of the third stage of labor involves 
three components. The first consists of administering a uterotonic 
drug, usually oxytocin, immediately after delivery of the fetus to  
promote contraction of the uterus and subsequent expulsion of the 
placenta. The second maneuver consists of gentle traction on the um-
bilical cord after the uterus is well contracted and then using counter-
traction against the uterine fundus.11 The third maneuver is uterine 
massage after delivery of the placenta.

Manual external uterine massage should be performed immediately 
to stimulate uterine contractions and express clots if uterine atony is 
suspected or confirmed. If the uterus does not respond to vigorous 
manual external massage and the rapid administration of oxytocin, bi-
manual massage with one hand on the uterus and the other hand placed 
anterior to the cervix in the vagina should be performed. Aggressive 
uterine manipulation can result in uterine inversion. Direct pressure 
should be maintained over visible perineal, vaginal, or cervical lacera-
tions. These general treatment measures can control excessive bleeding 
and even stop the hemorrhage in a significant proportion of patients.

The two modalities were compared in five RCTs in a Cochrane 
meta-analysis of studies enrolling more than 6000 women. A 60% de-
crease in PPH was associated with active management of the third 
stage of labor.12

GENERAL TREATMENT MEASURES

Many deaths associated with PPH may have resulted because clinicians 
underestimated the extent of blood loss and failed to provide rapid and 
aggressive resuscitation with fluids and blood products. Several au-
thors have suggested the use of specific management protocols for the 
care of patients with PPH.5,13,14 These guidelines can expedite rapid 
diagnosis and management of obstetric hemorrhage. Quantification of 
blood loss during delivery has been recommended, as it gives a better 
assessment of blood loss. Several current toolkits are available to assist 
medical personnel in managing the weighing of pads and laps in order 
to give an accurate assessment.15 Simulation may also be used to assist 
the team in responding more quickly to this emergency.36

A general assessment of the patient, evaluation of vital signs, a de-
tailed physical examination, and a review of the obstetric delivery de-
tails are all necessary for the clinician to formulate a comprehensive 
evaluation and critique of the situation. The general treatment mea-
sures for PPH are the same as those for any patient with acute hemor-
rhage (Box 134.3). Oxygen should be administered routinely. At least 
two large-caliber IV lines should be placed immediately. Central ve-
nous access is usually unnecessary unless peripheral access cannot be 
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obtained quickly. Aggressive volume resuscitation should be instituted 
immediately, because this intervention can be lifesaving in patients 
with ongoing bleeding and hemodynamic instability. Either normal 
saline or lactated Ringer’s solution is the preferred fluid for aggressive 
resuscitation. Isotonic electrolyte solutions provide transient intravas-
cular volume expansion. Monitoring of changes in blood pressure, 
heart rate, and pulse pressure can help the clinician to determine the 
amount of blood loss, particularly in cases in which bleeding is inter-
nal (Table 134.2).

Initiation of transfusion therapy should be undertaken in the set-
ting of ongoing blood loss. In the setting of PPH, hemoglobin and 
hematocrit will not reflect blood loss. Vital signs may also be difficult 
to follow, as maternal vital signs may lag behind actual loss. In patients 
with ongoing blood loss of 1500 mL or more, preparation should be 
made for transfusion. The use of tranexamic acid (TXA) should be 
considered. In a large, randomized trial (WOMAN) 1 gram of TXA 
was noted to reduce the risk of maternal mortality rates. The data sug-
gest that for every 15-minute delay in treatment, there was a decrease 
in survival by 10%.37 When given after 3 hours, there was no change in 
maternal mortality. The dose may be repeated in 30 minutes or if hem-
orrhage recurs within 24 hours. The use of TXA did not increase the 
risk of thrombosis. It is the opinion of the author that TXA should be 
started when the need for transfusion is being considered. The use of 
prophylactic TXA has not been well established. Preliminary studies 
suggest that prophylactic application during cesarean section may re-
duce blood loss; however, RCTs are pending.16

Delay in replacing blood loss in pregnancy may lead to an increased 
risk of coagulopathy and multisystem organ failure. Most of the litera-
ture governing blood product replacement in pregnancy has been 
taken from the trauma literature. The current recommendation is  
for packed red blood cells and fresh frozen plasma in a 1:1 ratio.17 
In women with a consumptive coagulopathy, early administration  
of cryoprecipitate and fresh frozen plasma should be considered. A 

normal fibrinogen level in pregnancy is higher than in the nonpreg-
nant patient; therefore coagulopathy should be suspected in patients 
with a fibrinogen less than 200 mg/dL.

As in trauma, emergent use of O Rh–negative blood should be 
available for use. Each hospital and unit should establish protocols 
based on the resources available.

Although cell salvage or autologous blood transfusion may be used 
in patients with anticipated hemorrhage (i.e., placenta accreta), the 
emergent nature of PPH often limits its use.18 The previous concerns 
for amniotic fluid contamination are no longer an issue with new fil-
tration techniques.

Recombinant activated factor VII (rFVIIa) has been recommended 
in cases of refractory PPH that has not responded to medical measures, 
including blood product administration.19 Although supported by few 
and uncontrolled studies, the available data suggest a potential role of 
rFVIIa in the management of severe PPH before performing a definitive 
hysterectomy. A management protocol has been provided (Box 134.4).

SPECIFIC TREATMENT MEASURES

Oxytocic (uterotonic) drugs administered IV, intramuscularly, or in-
tramyometrially are used to stimulate the uterus by producing rhyth-
mic contractions and controlling the degree of hemorrhage. Dosing 
regimens for oxytocic drugs are listed in Table 134.3.

Oxytocin (Pitocin) remains first-line therapy for most obstetri-
cians. Prophylactic oxytocin, given either before or after placental de-
livery, decreases the incidence of PPH up to 40%.20 It is also used 
prophylactically after delivery of the fetus but before delivery of the 
placenta to decrease the duration of the third stage of labor and the 
amount of blood loss. In an RCT, the incidence of PPH was similar, 
regardless of whether oxytocin was given before or after placental de-
livery.7 Additionally, the incidence of retained placenta was similar for 
patients treated with oxytocin before or after delivery of the placenta. 
Oxytocin should be used with caution in patients with hyperactive 
uterine contractions or hypertension, because the pressor effect of 
sympathomimetic drugs can increase if they are used with oxytocin.

Methylergonovine (Methergine) is now considered second-line 
therapy. It is a direct uterotonic agent that reduces uterine bleeding 
and shortens the third stage of labor. Hypertension is a relative contra-
indication for the use of Methergine. Carboprost tromethamine 
(Hemabate), a synthetic prostaglandin similar to prostaglandin F2a but 

Crossmatched blood.

Type-specific or “saline crossmatched” blood.

Compatible ABO and Rh blood types.

Administration of tranexamic acid (1 g) when there is a need for massive 

transfusion. May repeat in 30 minutes if needed.

Rh-negative blood is preferable if typed blood is not available.

Warm the blood, if possible, especially if the rate of infusion is .100 mL/min 

or if the total volume transfused is high; cold blood is associated with an 

increased incidence of arrhythmias and paradoxical hypotension.

Administer calcium if blood is transfused rapidly at .100 mL/min because of 

the binding of calcium by anticoagulants in banked blood.

Give fresh frozen plasma (FFP) and 10 units of packed red blood cell (PRBC) 

transfusions in a 1:1 ratio when possible.

Give 10–12 units of platelets if the platelet count decreases to ,50 3 109/L.

Cryoprecipitate can be given to replace fibrinogen in addition to the FFP.

Consider 60–120 mg/kg intravenous bolus injection of recombinant activated 

factor VII (rFVIIa).

BOX 134.4 Blood Product Replacement

Oxygen administration

Gentle massage of the uterine fundus

Placement of large-caliber intravenous catheters for rapid and aggressive fluid 

resuscitation with isotonic solutions using the “3:1 rule”

Blood product administration depending on the extent of bleeding and coagu-

lation abnormalities

BOX 134.3 General Treatment Measures 
for Postpartum Hemorrhage

Response Description

Follow-Up  

Treatment

Rapid response ,20% of blood volume 

lost

No additional fluids or 

blood are needed.

Transient response 20%–40% of blood vol-

ume lost; responds to 

initial fluid bolus but 

later has worsening  

vital signs

Continue fluids and con-

sider blood transfusions.

Minimal or no  

response

Ongoing severe hemor-

rhage with .40% 

blood volume lost

Continue aggressive fluid 

and blood product  

replacements.

TABLE 134.2 Therapeutic Response to 
Initial Fluid Resuscitation
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with a longer duration, produces myometrial contractions that induce 
hemostasis at the placentation site, reducing postpartum bleeding. It is 
used in some centers as a second-line uterotonic agent. Asthma is a 
relative contraindication to the use of carboprost. Carboprost has been 
shown to be effective in decreasing PPH refractory to oxytocin and 
ergonovine. Misoprostol, prostaglandin E1, causes uterine contrac-
tions, and rectal administration of this drug has been shown to be 
useful in refractory PPH. Although oxytocin is considered the standard 
of care for treating PPH, it is not always viable or available, particularly 
in resource-poor clinical settings, because of refrigeration require-
ments and the need for IV administration. In a large randomized 
prospective trial, the efficacy and acceptability of 800 mg of sublingual 
misoprostol were compared with 40 IU of IV oxytocin to control post-
partum bleeding.21 The primary endpoints were cessation of active 
bleeding within 20 minutes and additional blood loss of 300 mL or 
more after treatment. The findings suggested that sublingual misopro-
stol is a viable alternative to 40 IU of IV oxytocin for treatment of 
primary PPH after oxytocin prophylaxis during the third stage of la-
bor. Misoprostol stopped bleeding as rapidly as oxytocin and with a 
similar quantity of additional blood loss.

The practice of uterine packing to control bleeding remains some-
what controversial. Although this practice had been abandoned for 
many years, it has recently resurged as an effective method for tampon-
ade of bleeding from the uterus. Balloon occlusion catheters have been 
used in the treatment of PPH.22 Recent data suggest that balloon tam-
ponade is an effective method for controlling hemorrhage, and in 80% 
of cases, hysterectomy was averted. When a specific uterine balloon 
catheter is not available, placement of a Sengstaken-Blakemore tube or 
a large Foley catheter can also be used to control bleeding.23

If there is a suspicion of retained placenta, examination of the uterus 
is both diagnostic and therapeutic. The uterus must be explored digitally 
and retained placental fragments removed either manually or with in-
struments. Because this procedure can be difficult and quite painful, it 
may be necessary to use regional or general anesthesia to obtain optimal 
visualization and manipulation of the uterus. Administration of oxytocic 
drugs should continue during manual extraction of placental fragments. 
Administration of broad-spectrum antibiotics has been recommended 
whenever there is manipulation or instrumentation of the uterus.

Compression of the abdominal aorta against the vertebral column, 
which can be achieved by pressing a fist on the abdomen cephalad to 

the umbilicus, can be a lifesaving temporizing maneuver to control 
hemorrhage before surgery in the presence of fulminant bleeding with 
severe hemodynamic compromise. If there is persistent and significant 
bleeding despite the therapeutic measures described, consideration 
should be given to arteriography with selective arterial embolization. 
This procedure requires the expertise of an interventional radiologist 
and may not be readily available in many hospitals. Successful emboli-
zation of the bleeding sites can be accomplished, obviating the need for 
surgical intervention.24 In addition, fertility can be preserved with this 
procedure.25 Prophylactic placement of embolectomy catheters in pa-
tients at high risk for PPH to minimize the procedural delay in the 
presence of active bleeding has also been used in some centers. If em-
bolization is unsuccessful, balloon catheter occlusion of the hypogas-
tric and iliac arteries has been successfully performed as a temporizing 
measure before surgery.26–28 Complications are minimal, and postpro-
cedural fever appears to be the most common complication of the 
procedure.

SURGICAL THERAPY

Surgical therapy is reserved for cases not amenable to medical therapy. 
Patients with ongoing hemorrhage despite aggressive medical therapy 
are candidates for operation. Surgery is the treatment of choice  
for uterine rupture. Lacerations, if visible, are directly repaired and 
oversewn. Lacerations high in the vaginal vault or in the cervix may 
require operative repair, primarily for improved visualization of the 
lesions. Hematomas of the lower genital tract are incised and drained. 
Arterial embolization of vaginal and vulvar lesions has been used. 
Hematomas of the broad ligament and in the retroperitoneal space are 
often managed conservatively if there is only minimal further expan-
sion of the hematoma, but surgical exploration or embolization is 
mandated if additional significant bleeding occurs. Radiographic im-
aging with computed tomography, magnetic resonance imaging, and/
or ultrasonography is a useful adjunct to monitor the expansion of 
these hematomas.

Ligation of the uterine, ovarian, or internal iliac (hypogastric) ar-
teries can be performed. The uterine arteries provide 90% of uterine 
blood flow. Ligation of these arteries can often control bleeding with 
success rates of up to 92% and a complication rate of 1%.29 If hemo-
stasis is not achieved with uterine artery ligation, the ovarian and in-
ternal iliac arteries can be ligated as well. Ligation of the internal iliac 
arteries is technically more difficult, and success rates range from 40% 
to 100%.29,30 Ligation of the internal iliac arteries usually is done only 
if ligation of the uterine and ovarian arteries has proved unsuccessful 
in halting bleeding.

Uterine compression sutures running through the full thickness of 
both uterine walls (posterior and anterior) have recently been de-
scribed for the surgical management of atonic PPH.31–33 The different 
uterine suture techniques have proved to be valuable and safe alterna-
tives to hysterectomy in the control of massive PPH. In contrast, hys-
terectomy remains the definitive surgical therapy to control bleeding. 
Hysterectomy is required if bleeding continues despite ligation of the 
internal iliac arteries. Subtotal or total hysterectomy is curative in PPH. 
In cases of uterine rupture, it is the only surgical option, and nonsurgi-
cal modalities are only temporizing measures until the patient can be 
brought to the operating room. In developed countries, the incidence 
of postpartum emergent hysterectomy is approximately 1 in 2000 de-
liveries. Rossi and colleagues reviewed 24 articles that included 981 
cases of emergency postpartum hysterectomy. They found women at 
highest risk of emergency hysterectomy are those who are multiparous, 
who had a cesarean delivery in either a previous or the present preg-
nancy, or who had abnormal placentation.34

Drugs Regimens

Oxytocin (Pitocin) 5-unit IV bolus

Add 20–40 units oxytocin to 1 L of fluids

10 units intramyometrially

Methylergonovine (Methergine) 0.2 mg IM every 2–4 h

Ergonovine maleate (Ergotrate) 100–125 mg IM or intramyometrially 

every 2–4 h

200–250 mg IM

Total dose 1.25 mg

Carboprost (Hemabate) 250 mg IM or intramyometrially every 

15–90 min

Total dose 2 mg

Misoprostol 800 mg PR or 800 mg of sublingual 

misoprostol

TABLE 134.3 Dosing Regimens for 
Oxytocic Drugs

IM, Intramuscular; IV, intravenous; PR, per rectum.
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COMPLICATIONS

Serious morbidity may follow PPH. Complications from postpartum 
bleeding include hematologic abnormalities such as DIC and dilu-
tional coagulopathy from massive fluid resuscitation and/or massive 
transfusion (more than 10 units of packed red blood cells). Dilutional 
coagulopathy occurs when more than 80% of the original blood vol-
ume has been replaced. Life-threatening complications of hemor-
rhagic shock, including renal failure and liver failure, acute respiratory 
distress syndrome (ARDS), and pituitary necrosis (Sheehan syn-
drome), can occur. Sheehan syndrome can result from severe PPH that 
causes permanent hypopituitarism from avascular necrosis of the pi-
tuitary gland.35

PROGNOSIS

The prognosis of PPH depends on many factors, some of which are 
directly related to prompt diagnosis and treatment. The cause of 
bleeding, the duration of bleeding, and the extent of bleeding all affect 
the likelihood of a good outcome.

• PPH is defined as excessive bleeding after a vaginal or cesarean delivery that 

can be associated with hemodynamic instability if the bleeding is severe.

• Every center that performs obstetric care should have a protocol in place to 

manage patients with obstetric hemorrhage.

• The usual signs of tachycardia and hypotension associated with severe 

bleeding may not manifest early because of the relative hypervolemic state 

of pregnancy.

• Occult bleeding occurs most frequently with retained placental fragments; 

uterine atony; and concealed hematomas in the pelvis, perineum, or retro-

peritoneal space.

• Many women have predisposing factors leading to the development of 

PPH. Ongoing evaluation of the patient in the antepartum, intrapartum, and 

postpartum period is essential for risk identification.

• The most frequent cause of PPH is uterine atony, which occurs in 1 of every 

20 deliveries. Risk factors for uterine atony include overdistention of the 

uterus, retained placenta, uterine muscle fatigue, and use of halogenated 

anesthetic agents.

• DIC is associated with placental abruption, the HELLP syndrome, acute fatty 

liver of pregnancy, intrauterine fetal death, sepsis, and amniotic fluid embolism.

• The early use of TXA has been shown to reduce maternal morbidity and 

mortality.

• Aggressive resuscitation leads to improved outcomes. Transfusion should 

be considered early. Current recommendations suggest 1:1 placement of 

red blood cells to plasma to prevent consumptive coagulopathy.

• Placenta accreta spectrum, defined as abnormal invasion of the placenta into 

the uterine wall, is associated with significant maternal morbidity and mor-

tality. Optimal management involves a standardized approach with a compre-

hensive multidisciplinary care team accustomed to managing this condition.

KEY POINTS

 References for this chapter can be found at expertconsult.com.
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15-EHCO13-EF. Rockville, MD: Agency for Healthcare Research and 
Quality; 2015.
A review of 68 studies regarding the management of postpartum hemorrhage. 

Discusses the limitations of our current understanding and management of 

postpartum hemorrhage given the lack of randomized prospective studies.

Main EK, Cape V, Abreo A, et al. Reduction of severe maternal morbidity from 
hemorrhage using a state perinatal quality collaborative. Am J Obstet 

Gynecol. 2017;216(3):298.e1–298.e11.
This quality improvement article of 99 hospitals with over 200,000 deliveries 

demonstrated that a hemorrhage bundle improved maternal care. Partici-

pants demonstrated a greater than 20% reduction in maternal morbidity.

Society of Gynecologic Oncology; American College of Obstetricians and  
Gynecologists and the Society for Maternal–Fetal Medicine, Cahill AG, 
Beigi R, Heine RP, et al. Placenta accreta spectrum. Am J Obstet Gynecol. 
2018;219(6):B2–B16.
This consensus statement discusses the placenta accreta spectrum and its  

associated morbidity and mortality. Optimal management involves a stan-

dardized approach with a comprehensive multidisciplinary team accustomed 

to managing this condition.

WOMAN trial collaborators. Effect of early tranexamic acid administration 
on mortality, hysterectomy, and other morbidities in women with post-
partum haemorrhage (WOMAN): an international, randomised, double-
blind, placebo-controlled trial. Lancet. 2017;389:2015-2016.
A randomized, controlled, multicenter, double-blinded study that provided 

changes to the management of obstetric hemorrhage. Administration of TXA 

within 3 hours of delivery in patients with postpartum hemorrhage reduced 

maternal mortality.
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urinary glucose losses, glucose uptake by the fetus, and insufficient 

gluconeogenesis because of lack of substrate or liver disease.3

DIAGNOSIS

In most cases, the diagnosis of a hyperglycemic emergency is obvious 

after taking a history and performing a clinical examination and is 

confirmed by laboratory examination (Table 135.1). Apart from diag-

nosing DKA/HHS, the precipitating event also should be sought, 

which often needs additional diagnostic tests.2

Clinical Features
Patients with DKA/HHS present with polyuria and clinical signs of 

volume depletion and weight loss, which are accompanied by polydip-

sia in alert patients.2 Nausea, vomiting, and abdominal pain frequently 

occur in DKA patients but not in HHS patients.2,4 DKA patients usu-

ally present with Kussmaul respiration because of metabolic acidosis, 

with a fruity breath scent resulting from exhaled acetone.5 Patients 

with HHS and severe DKA typically have decreased consciousness 

secondary to the pronounced metabolic alterations and volume deple-

tion. Focal neurologic deficits and seizures may also occur in HHS.5

Key Diagnostic Criteria
DKA patients usually present with the classic triad of severe hypergly-

cemia (the “D” in DKA), ketosis (“K”), and metabolic acidosis (“A”). 

The key diagnostic criterion in DKA is a significant elevation in circu-

lating ketone concentrations.6

Three ketones are produced in DKA: acetoacetate, a ketoacid pro-

duced by the liver; beta-hydroxybutyrate, a hydroxyacid formed by 

reduction of acetoacetate; and acetone, a true ketone that is formed by 

decarboxylation of acetoacetate and that is exhaled.6 Increased keto-

genesis can be confirmed by measuring increased circulating ketone 

concentrations or by detecting ketonuria. The preferred diagnostic test 

is the direct measurement of blood beta-hydroxybutyrate, however, for 

several reasons.6 First, beta-hydroxybutyrate is the most abundant 

circulating ketone in DKA, exceeding values of 3 mmol/L (31 mg/dL). 

Second, the alternative test, the nitroprusside test, which semiquanti-

tatively detects acetoacetate in blood or urine, may yield false-positive 

and false-negative results. Finally, acetoacetate testing may not be reli-

able to monitor therapy during DKA. Indeed, because beta-hydroxy-

butyrate is converted into acetoacetate during treatment to be excreted 

in the urine, rise in acetoacetate concentrations may falsely give the 

impression of insufficient treatment response.6

Diabetic ketoacidosis (DKA) and hyperosmolar hyperglycemic state 

(HHS) are endocrine emergencies occurring in diabetes patients. Both 

conditions require prompt, adequate treatment to avoid mortality. In 

patients with known diabetes mellitus, both conditions are most com-

monly triggered by noncompliance with diabetes treatment or infec-

tion. Nevertheless, any condition that induces severe insulin resistance 

and elevated counterregulatory hormones may trigger DKA or HHS, 

including severe trauma, myocardial infarction, and stroke. DKA and 

HHS may be the presenting syndrome of previously unknown or new-

onset diabetes.1,2

PATHOPHYSIOLOGY

DKA and HHS are caused by an absolute or relative, respectively, 

insulin deficiency in the presence of elevated counterregulatory hor-

mones (glucagon, cortisol, growth hormone, and catecholamines) 

(Fig. 135.1).2 This constellation leads to increased hepatic gluconeo-

genesis and glycogenolysis and reduced peripheral glucose utilization 

in insulin-dependent tissues. The resultant hyperglycemia induces 

glycosuria once above the renal threshold, leading to osmotic diuresis 

and significant losses of water and electrolytes, in particular potas-

sium and phosphate. In cases of (nearly) absolute insulin deficiency 

or very severe insulin resistance with substantially elevated counter-

regulatory hormones, lipolysis is activated, and free fatty acids are 

oxidized to ketone bodies in the liver. Ketones by themselves may 

aggravate osmotic diuresis, and accumulation of ketone bodies in-

duces ketoacidosis. In patients with residual insulin effect, hepatic 

ketogenesis is suppressed. As a result, hyperglycemia and associated 

fluid and electrolyte losses further aggravate, eventually leading to a 

hyperosmolar hyperglycemic state, characterized by severe dehydra-

tion and alterations in mental state. As DKA can only develop in 

cases of minimal insulin effect, it mainly occurs in patients with type 

1 diabetes, whereas HHS develops in patients with type 2 diabetes. 

DKA usually develops rapidly (within 24 hours), whereas HHS de-

velops more insidiously over days.2

In the vast majority of cases, DKA patients present with severe hy-

perglycemia (.200–250 mg/dL [11.1–13.9 mmol/L]).2 However, some 

diabetes patients at risk—taking sodium-glucose co-transporter 2 

(SGLT2) inhibitors, pregnancy, excessive alcohol intake, prolonged 

fasting, chronic liver disease—may develop ketoacidosis in the absence 

of elevated blood glucose concentrations.3 Several pathophysiologic 

mechanisms may contribute to the so-called “euglycemic DKA” or 

“DKA with lower-than-anticipated glucose levels,” including increased 
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The traditional blood glucose cutoff of DKA is 200–250 mg/dL 

(11.1–13.9 mmol/L), and in most cases, admission blood glucose is 

even considerably higher.5,7 However, in patients with additional risk 

factors—SGLT2 inhibitors, pregnancy, excessive alcohol intake, pro-

longed fasting, chronic liver disease—DKA may develop without se-

vere hyperglycemia.3 Moreover, pseudonormoglycemia may develop in 

cases of severe hyperlipidemia.5

The third diagnostic criterion of DKA is metabolic acidosis (pH 

,7.3 and HCO3
2 ,18 mmol/L) with elevated anion gap, explained by 

the accumulation of ketones. Metabolic acidosis can be classified as 

mild (pH 7.25–7.3 and HCO3
2 15–18 mmol/L), moderate (pH 7.0–

7.24 and HCO3
2 10–14.9 mmol/L), or severe (pH ,7.0 and HCO3

2 

,10 mmol/L).5

HHS is characterized by more severe hyperglycemia (.540–600 mg/

dL [30–33.3 mmol/L] and often .1000 mg/dL [55.6 mmol/L]) and 

hyperosmolarity (serum osmolality .320 mmol/kg) in the absence of 

significantly elevated ketone concentrations and metabolic acidosis.5,8 

However, mild ketonemia may develop. The laboratory alterations  

in HHS are typically accompanied by severely impaired mental status 

(stupor, coma).2

Other Laboratory Abnormalities
DKA and HHS patients may have secondary organ damage because of 

volume depletion, including acute kidney injury. Acute kidney injury 

is usually more pronounced in HHS patients, because of a more pro-

tracted time course before admission and more severe volume deple-

tion.5 Although patients have a potassium and phosphate deficit, ad-

mission serum potassium and phosphate are often normal or elevated 

as a result of insulin deficiency, hypertonicity, and acidemia. Severe 

hyperlipidemia caused by lipolysis may lead to pseudohyponatremia 

and pseudonormoglycemia in DKA. Because infection is a common 

trigger for DKA and HHS, patients often have increased inflammatory 

parameters upon admission. C-peptide is low in DKA patients because 

of absolute insulin deficiency, whereas C-peptide is usually in the nor-

mal range in HHS patients.5

TREATMENT

Initial treatment consists of fluid resuscitation, insulin therapy, potassium 

supplementation, and treatment of the precipitating cause (Box 135.1). 

Other treatments, including bicarbonate and phosphate substitution, are 

controversial. After resolution of ketoacidosis and HHS, insulin therapy 

should be switched to maintenance therapy.5,7,8

Fluid Resuscitation
DKA and HHS patients have profound volume depletion, with an ap-

proximate water deficit of 100 mL/kg and 100–200 mL/kg body 

weight, respectively.1 Fluid resuscitation is essential to restore volume 

homeostasis and tissue perfusion. Moreover, it will directly reduce 

blood glucose by dilution and reducing counterregulatory hormones.1 

Restoration of peripheral perfusion is also a prerequisite to obtain suf-

ficient perfusion of tissues with insulin-dependent glucose uptake 

(skeletal muscle and adipose tissue).

Isotonic saline has been recommended as initial resuscitation 

fluid, although infusion of large volumes may induce hyperchloremic 

metabolic acidosis.5,7,8 No large randomized controlled trial has inves-

tigated whether balanced crystalloids are clinically superior in this 

patient population, however.9 Guidelines recommend to administer 

1000–1500 mL normal saline during the first hour, after which the 

fluid infusion rate is titrated according to hemodynamics and read-

outs of peripheral perfusion (urinary output, skin perfusion, etc.).5,7,8 

In general, fluid rates of 250–500 mL are recommended after the first 

Diabetic ketoacidosis Hyperosmolar hyperglycemic state

Relative insulin deficiency

Counterregulatory hormones ↑

Gluconeogenesis ↑
Glycogenolysis ↑

Glucose utilization ↓

Lipolysis ↑
FFAs to liver ↑

Ketogenesis

Ketoacidosis

Hyperglycemia

Osmotic diuresis

Hypovolemia – dehydration

Loss of electrolytes

Depressed mental status

Hyperosmolarity

Absolute

insulin

deficiency

Fig. 135.1 Pathophysiology of Diabetic Ketoacidosis and Hyperosmolar Hyperglycemic State. Insulin 

deficiency, either absolute or relative, and a concomitant increase in counterregulatory hormones (glucagon, 

growth hormone, cortisol, and catecholamines) stimulate gluconeogenesis and glycogenolysis and attenuate 

glucose utilization. The ensuing hyperglycemia induces osmotic diuresis, leading to large fluid and electrolyte 

losses. When insulin deficiency is absolute, lipolysis is activated and free fatty acids (FFAs) are used for he-

patic ketogenesis, which aggravates osmotic diuresis. The resultant clinical picture is diabetic ketoacidosis, 

with the classic triad of hyperglycemia, ketonemia, and metabolic acidosis. When residual insulin effect is 

present, ketogenesis is inhibited, allowing a further increase in blood glucose concentrations and associated 

fluid and electrolyte losses. The resultant hyperosmolarity is accompanied by profound alterations in mental 

status, characteristic of hyperosmolar hyperglycemic state.
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dose is decreased to 0.02–0.05 U/kg/h and dextrose 5% is added to the 

intravenous fluid when blood glucose falls below 200–250 mg/dL 

(11.1–13.9 mmol/L) in DKA or 250–300 mg/dL (13.9–16.7 mmol/L) in 

HHS to further suppress ketogenesis with insulin while preventing hy-

poglycemia.5,7,8 Blood glucose concentrations are kept between 150 and 

200 mg/dL (8.3 and 11.1 mmol/L) until resolution of ketoacidosis or 

between 200 and 300 mg/dL (11.1 and 16.7 mmol/L) until HHS has 

resolved.5,7,8

Most cases of DKA are treated with intravenous insulin. In mild 

cases, subcutaneous insulin may be considered as an alternative.6 Be-

cause these patients are generally not admitted to an intensive care 

unit, this option falls beyond the scope of this chapter.

Potassium Supplementation
Although serum potassium upon admission is often normal or ele-

vated, DKA and HHS patients have a potassium deficit, usually in the 

range of 3–5 mEq/kg.1 Because treatment of DKA/HHS will lower 

hour. At the same time, the fluid type may need to be adapted accord-

ing to the electrolyte status and the blood glucose concentration.5,7,8 

When the corrected serum sodium concentration is normal or high, 

it is recommended to switch to 0.45% sodium chloride. In addition, 

when blood glucose falls below 200–250 mg/dL (11.1–13.9 mmol/L) 

in DKA or 250–300 mg/dL (13.9–16.7 mmol/L) in HHS, dextrose 5% 

should be added to the intravenous fluid to allow continued insulin 

treatment to suppress ketogenesis while avoiding hypoglycemia.5,7,8

Insulin Therapy
A second mainstay of treatment is insulin therapy.2 Insulin is adminis-

tered through continuous intravenous infusion at a rate of 0.1 U/kg/h 

after eventual correction of hypokalemia. An initial bolus of insulin is 

not needed, because fluid resuscitation by itself will reduce blood  

glucose, as described earlier.1 Blood glucose should be measured every 

1–2 hours, and insulin is adjusted if needed. The goal is to lower blood 

glucose by 50–100 mg/dL per hour (2.8–5.6 mmol/L/h).2 The insulin 

BOX 135.1 Protocol for Initial Management 
of Patients Admitted With Diabetic 
Ketoacidosis and Hyperosmolar 
Hyperglycemic State

Fluids

• Administer 1000–1500 mL 0.9% NaCl during the first hour

• After first hour: titrate infusion rate according to hemodynamics and adjust 

the type of fluid depending on electrolyte status and blood glucose concen-

tration:

• In general 250–500 mL/h

• Normal or high corrected serum Na concentration1: 0.45% NaCl

• Low corrected serum Na concentration: 0.9% NaCl

• Add dextrose 5% to IV fluid when blood glucose ,200–250 mg/dL2 

(DKA) or 250–300 mg/dL (HHS)

Insulin

• Initiate 0.1 U/kg/h through continuous IV infusion (hold in case of hypokale-

mia)

• Measure blood glucose every 1–2 hours

• Increase insulin by 1 U/h if blood glucose does not decrease by at least 

50 mg/dL/h

• When blood glucose ,200–250 mg/dL (DKA) or 250–300 mg/dL (HHS): 

reduce insulin to 0.02–0.05 U/kg/h IV and add dextrose to IV fluid

• Maintain blood glucose between 150 and 200 mg/dL until resolution of 

ketoacidosis (DKA) or between 200 and 300 mg/dL until HHS has resolved

Potassium

• Measure potassium and other electrolytes every 2–4 hours: universal 

potassium deficit – target K1 5 4–5 mmol/L

• If K1 ,3.3 mmol/L: hold insulin and administer 20–40 mEq/h until K1 .3.3 

mmol/L

• If 3.3 mmol/L , K1 ,5.2 mmol/L: administer 20–40 mEq in each liter of IV 

fluid

• If K1 .5.2 mmol/L: no supplementation, check after 2 hours

Identify and Treat Precipitating Cause

DKA, Diabetic ketoacidosis; HHS, hyperosmolar hyperglycemic state; 

IV, intravenous.
1For each 100 mg/dL glucose above 100 mg/dL, add 1.6 mmol/L Na to 

obtain a corrected serum Na value.
2For conversion of blood glucose concentrations in mg/dL to mmol/L, 

divide by 18.

Diabetic Ketoacidosis

Hyperosmolar  

Hyperglycemic State

Precipitant Factors

Noncompliance with insulin  

treatment

Noncompliance with treatment

Infection Infection

New-onset (type 1) diabetes New-onset (type 2) diabetes

Other Other (corticosteroids, excess  

diuretics, etc.)

Course of Illness

Rapid (in general ,24 hours) Insidious (days)

Clinical Findings

Polyuria, polydipsia, dehydration, 

hypovolemia

Polyuria, dehydration, hypovolemia

Nausea, vomiting, abdominal pain Depressed mental status up to coma

Fruity odor of breath, Kussmaul 

respiration

Diagnostic Laboratory Criteria

Blood glucose .200–250 mg/dL* Blood glucose .540–600 mg/dL*

AND elevated ketones in blood  

or urine

AND serum osmolality .320 mmol/kg

AND metabolic acidosis

(pH,7.3 and HCO3
2 ,18 mmol/L)

NO significant ketosis

NO metabolic acidosis

Concomitant Laboratory Abnormalities

Elevated anion gap Variable anion gap

Low C-peptide Normal C-peptide

Acute kidney injury

TABLE 135.1 Clinical and Diagnostic 
Features in Patients With Diabetic 
Ketoacidosis and Hyperosmolar 
Hyperglycemic State

*For conversion of blood glucose concentrations in mg/dL to mmol/L, 

divide by 18. American Diabetes Association guidelines recommend 

the highest reported blood glucose cutoff for both diabetic ketoacidosis 

and hyperosmolar hyperglycemic state, UK guidelines the lowest.5,7,8 

In patients at risk—taking sodium-glucose co-transporter 2 (SGLT2)  

inhibitors, pregnancy, excessive alcohol use, decreased caloric intake, 

chronic liver disease—ketoacidosis may develop in the absence of ele-

vated blood glucose concentrations (euglycemic diabetic ketoacidosis).3
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potassium levels by an intracellular shift induced by insulin, correcting 

acidosis and restoring volume homeostasis, monitoring of serum po-

tassium concentrations and adequate supplementation are crucial. 

Guidelines recommend adding 20–40 mEq per liter of intravenous 

fluid unless the patient has hyperkalemia.5,7,8 When the patient has 

hypokalemia, it is recommended to hold insulin therapy until serum 

potassium levels are above 3.3 mmol/L.

Treatment of the Precipitating Cause
Besides supportive measures, treatment of the precipitating cause of 

DKA/HHS is crucial. A variety of conditions may precipitate DKA or 

HHS. In patients with previously known diabetes, nonadherence to 

antidiabetic therapy and infection are predominant causes.2 Hence, 

treatment of the DKA/HHS patient often involves treatment of a pre-

cipitating infection.

Other Initial Treatments
Bicarbonate treatment in DKA is controversial. A systematic review 

including three randomized controlled trials did not identify clinical 

benefit.10 Moreover, bicarbonate treatment increases the risk of hypo-

kalemia and may paradoxically worsen intracellular acidosis.1,5 Guide-

lines recommend to only consider bicarbonate in patients with severe 

acidosis (pH ,7.0).5,7

Likewise, phosphate supplementation in DKA and HHS patients is 

controversial, despite the universal phosphate depletion (on average, 

1.0 mmol/kg body weight).5 Randomized controlled trials have not 

shown benefit of routine phosphate supplementation on clinical out-

come, although these trials may have been underpowered to detect a 

clinical benefit.11–13 Phosphate concentrations generally recover after 

resuming oral intake, and intravenous phosphate supplementation 

may precipitate hypocalcemia, especially when administered at high 

doses.9 Therefore routine supplementation to DKA patients has been 

discouraged.5 Nevertheless, when patients have profound and/or po-

tentially symptomatic hypophosphatemia, as expressed by severe mus-

cle weakness, supplementation may be indicated.5

As DKA and HHS are procoagulant states, patients are at risk for 

venous thrombosis. Therefore prophylactic administration of low-

molecular-weight heparin is indicated.8

Switch to Maintenance Therapy
Intravenous insulin should be continued until DKA and HHS have 

resolved. Resolution of DKA has been defined as blood glucose con-

centrations below 200 mg/dL (11.1 mmol/L), plus two of the follow-

ing: pH .7.3, bicarbonate $15 mmol/L, and/or anion gap #12 

mmol/L. Resolution of HHS has been defined as normal serum osmo-

lality and regained mental status.2

After resolution of DKA/HHS, maintenance antidiabetic therapy 

should be initiated in consultation with an endocrinologist. In view of 

the short half-life of intravenous insulin, the intravenous insulin infu-

sion should be continued for at least 2 hours to prevent rebound hy-

perglycemia or ketoacidosis. In patients with previously unknown dia-

betes, insulin can be initiated at a total dose of 0.5–0.7 U/kg/day.1

COMPLICATIONS AND OUTCOME

Before the discovery of insulin, DKA was a lethal condition. In current in-

tensive care, mortality has declined to less than 1%, however.14 In contrast, 

mortality of HHS is estimated at 10%–20%.15,16 The higher mortality of 

HHS may be related to the higher risk profile of these patients, who are 

generally older and have more comorbidities.2 Nevertheless, the insidious 

time course of HHS, with more severe dehydration and secondary organ 

damage, may also contribute to the higher mortality risk.

Common complications of DKA/HHS treatment include hypoka-

lemia, hypoglycemia, and hyperchloremic metabolic acidosis.2 In-

deed, insulin treatment induces an intracellular shift of potassium in 

a condition in which total potassium stores are already low. Therefore, 

insulin treatment should be temporarily withheld if hypokalemia 

develops. A considerable number of patients may develop transient 

hyperchloremic metabolic acidosis after the infusion of large amounts 

of normal saline. Although this condition can potentially be pre-

vented by infusion of balanced crystalloids,9 no large randomized 

controlled trial has compared normal saline with balanced crystal-

loids in DKA/HHS, and current guidelines still recommend normal 

saline.5,7,8

The most feared complication of DKA is cerebral edema. This 

condition most often occurs in DKA episodes in children, with a 

prevalence of 0.3%–1%.17,18 In adults and patients with HHS, the 

condition is very rare. Once cerebral edema develops, mortality rates 

are high (20%–40%), and survivors are at risk for long-term se-

quelae. Clinical symptoms include new or worsening headache, 

gradually decreased consciousness, irritability, and seizures.5 When 

cerebral edema is suspected, prompt treatment with mannitol (0.5–

1.0 g/kg) has been recommended before computed tomography is 

obtained.2 Traditionally, development of cerebral edema has been 

attributed to rapid normalization of hyperosmolarity by fluid ther-

apy and blood glucose lowering.5 Therefore, gradual correction of 

hyperglycemia and fluid deficits has been recommended, especially 

in critically ill children. Nevertheless, more recent evidence has ques-

tioned the role of fluid therapy in mediating the risk of cerebral 

edema. Indeed, a large randomized controlled trial with 2-by-2 facto-

rial design found no impact of fluid administration rate or the so-

dium chloride content on the neurologic outcome of children admit-

ted with DKA (n 5 1389).19 This may suggest that the risk of cerebral 

edema is possibly related to the initial severity of DKA, rather than 

to DKA treatment. Potential mediators are hypocapnia-induced cere-

bral vasoconstriction, hypovolemic shock–induced neurologic dam-

age, inflammatory damage to the brain, and damage caused by intra-

cellular acidosis.18,20–22

PREVENTION OF RECURRENT EPISODES

After initial treatment, patients should be instructed on how to prevent 

recurrent DKA/HHS.1 This includes instructions on appropriate anti-

diabetic therapy and on adaptations of treatment in conditions of 

metabolic stress.

Concern has arisen regarding the potentially increased incidence of 

euglycemic DKA with the introduction of SGLT2 inhibitors.23,24 How-

ever, the overall incidence of DKA in patients taking such drugs re-

mains low, and both professional societies and regulatory authorities 

have concluded a favorable risk-benefit profile.25 Nevertheless, to at-

tenuate the risk of DKA, patients taking SGLT2 inhibitors should avoid 

periods of prolonged starvation, ketogenic diets, and excessive alcohol 

intake, and SGLT2 inhibitors should be withheld in hospitalized pa-

tients who are fasted.25

CONCLUSION

DKA and HHS are hyperglycemic emergencies that require prompt 

treatment by intravenous fluids, insulin infusion, and potassium 

supplementation. In addition, the precipitating event should be 

sought and treated. In contemporary intensive care, DKA mortality 

is relatively low, whereas mortality of HHS remains elevated, which 

may partially be related to the higher intrinsic risk profile of these 

patients.
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KEY POINTS

• DKA and HHS are endocrine emergencies that are caused by an absolute 

(DKA) or relative (HHS) insulin deficiency in the presence of elevated coun-

terregulatory hormones.

• In patients with known diabetes, the most common precipitants of DKA and 

HHS are noncompliance with diabetic treatment and infection.

• Key diagnostic criteria for DKA are the classic triad of severe hyperglycemia 

(D), elevated blood ketone concentrations (K), and metabolic acidosis (A).

• In patients at risk—taking SGLT2 inhibitors, pregnancy, excessive alcohol 

intake, prolonged fasting, chronic liver disease—ketoacidosis may develop 

in the absence of elevated blood glucose concentrations (euglycemic dia-

betic ketoacidosis).

• Key diagnostic criteria for HHS are severe hyperglycemia and hyperosmo-

larity and changes in mental state.

• Both DKA and HHS are characterized by large fluid and potassium deficits, 

although serum potassium concentrations may be normal or high upon ad-

mission.

• The initial treatment consists of fluid resuscitation, insulin therapy, potas-

sium supplementation, and treatment of the precipitating cause.

• After initial glucose lowering with insulin therapy and fluid resuscitation, 

blood glucose should be maintained at 150–200 mg/dL (DKA) or 200–300 

mg/dL (HHS) with insulin treatment until ketoacidosis or HHS has resolved.

• The most severe complication of DKA is cerebral edema, which is most 

prevalent in children and which requires prompt treatment with mannitol.

• In contemporary intensive care, mortality of DKA is ,1%, whereas mortality 

of HHS remains at approximately 10%–20%, which is at least partially re-

lated to a higher risk profile of HHS patients (older age, more comorbidities).

 References for this chapter can be found at expertconsult.com.
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Adrenal Insufficiency

Herwig Gerlach

During stress response, the central nervous system (CNS) induces ac-

tivation of both the sympathoadrenergic system (by release of cate-

cholamines) and the hypothalamic-pituitary-adrenal (HPA) axis (by 

release of steroid hormones, glucocorticoids [GCs], and mineralocor-

ticoids), with the target of maintaining homeostasis by influencing 

metabolic, cardiovascular, immunologic, and endocrine functions. In 

this context, the adrenal gland plays a key role, combining the location 

for synthesis and expression of catecholamines, GCs, androgenic hor-

mones, and factors of the renin-angiotensin-aldosterone (RAA) 

system. Acute and chronic inflammatory diseases include stimulation 

of the HPA axis by the immune system, thereby leading to morpho-

logic and functional changes, especially of the adrenal cortex. This 

phenomenon has been described for acute infectious diseases and for 

sepsis and septic shock.

Over 60 years ago, the seminal observation was made that admin-

istering an adrenal cortical steroid extract to a patient with progressive, 

active rheumatoid arthritis slowed progression of the disease. This 

soon led to the development of synthetic adrenal cortical steroids, 

which gained a remarkable reputation in the treatment of a wide range 

of inflammatory and autoimmune disorders. However, it soon became 

apparent that this efficacy did not come without a cost in terms of 

potentially serious adverse effects. In patients with sepsis and septic 

shock, negative results of trials with high doses of GCs evoked skepti-

cism over the years. Meanwhile, several randomized trials revealed 

contradictory results with low doses of corticosteroids in patients with 

septic shock. Hence, there is still controversy about which patients 

profit best from this therapy and how to define and evaluate adrenal 

gland disorders.1–4

ANATOMY OF THE ADRENAL GLAND

The two paired adrenal glands are located in the retroperitoneal soft 

tissue near the top of each kidney. In neonates, the adrenal glands are 

relatively large (approximately one-third of the kidney’s size) compared 

with other organs. In the postnatal period, the cortex portion shrinks, 

leading not only to a relatively but also an absolutely smaller size of the 

organ. In adults, each adrenal gland weighs 4–5 g, has a flat form with 

a sagittal diameter of less than 1 cm, a transverse diameter of 3 cm, and 

a craniocaudal diameter of 4–5 cm. The right gland has a triangle/pyr-

amid-like shape, whereas the left gland has a half-moon shape.

Circulatory supply to the adrenals, with a flow rate of about 5 mL 

per minute, is maintained by up to 50 arterial branches from the aorta, 

renal arteries, and inferior phrenic arteries for each gland. Blood flow 

is directed from the capsule into the subcapsular arteriolar plexus 

through the cortex toward the medulla, where a single vein drains the 

blood entering the vena cava or the renal vein. Direct blood supply to 

the medulla is maintained by medullary arteries.

The adrenal cortex receives afferent and efferent innervation. Di-

rect contact of nerve terminals with adrenocortical cells has been 

suggested, and chemoreceptors and baroreceptors present in the adre-

nal cortex infer efferent innervation. Diurnal variation in cortisol se-

cretion and compensatory adrenal hypertrophy are influenced by 

adrenal innervation. Splanchnic nerve innervation has an effect in 

regulating adrenal steroid release. The adrenal medulla secretes the 

catecholamines epinephrine and norepinephrine, both of which affect 

blood pressure, heart rate, sweating, and other activities regulated by 

the sympathetic nervous system. The adrenal cortex is divided into 

three layers: (1) the zona glomerulosa, just under the capsule; (2) the 

zona fasciculata, the middle layer; and (3) the zona reticularis, the in-

nermost, netlike patterned area with reticular veins draining into 

medullary capillaries. The zona glomerulosa exclusively produces the 

mineralocorticoid aldosterone; the zonae fasciculata and reticularis 

produce GCs and androgens.5

PHYSIOLOGY OF THE HYPOTHALAMIC- 

PITUITARY-ADRENAL AXIS

The adrenal glands are part of a complex system that produces inter-

acting hormones to maintain physiologic integrity, especially during 

the stress response.6,7 This system, the HPA axis, includes the hypo-

thalamic region that produces corticotropin-releasing hormone 

(CRH), which stimulates the pituitary gland. The pituitary gland is 

composed of two major structures: the adenohypophysis (anterior 

pituitary) and neurohypophysis (posterior pituitary). The anterior 

pituitary is responsible for the secretion of corticotropin (adrenocor-

ticotropic hormone [ACTH]), thyroid-stimulating hormone (TSH), 

growth hormone (GH), beta-lipotropin, endorphins, prolactin, lu-

teinizing hormone (LH), and follicle-stimulating hormone (FSH). 

The posterior pituitary secretes vasopressin (antidiuretic hormone 

[ADH]) and oxytocin. Corticotropin regulates the production of cor-

ticosteroids by the adrenal glands. Hypothalamic neurons receive in-

put from many areas within the CNS; they integrate these inputs and 

initiate an output to the anterior pituitary via the median eminence. 

The median eminence secretes releasing hormones into a hypophyseal 

portal network of capillaries that connect the median eminence with 

the pituitary hormones.

The anterior pituitary gland secretes adrenocorticotropin (ACTH) 

under stimulation from hypothalamic CRH. ACTH, in turn, stimulates 

the synthesis and release of GCs, mineralocorticoids, and androgenic 

steroids from the adrenal gland. In terms of a feedback loop, ACTH re-

lease is inhibited by GCs, which act on both the pituitary corticotropic 

cells and hypothalamic neurons. ACTH is also released during stress, 

independent of the circulating serum cortisol level. CRH, vasopressin, 

and norepinephrine act synergistically to increase ACTH release during 
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stress. Endorphinergic pathways also play a role in ACTH regulation. 

Acute administration of morphine stimulates release of ACTH, whereas 

chronic administration blocks secretion of ACTH. ACTH and cortisol 

are secreted normally in a diurnal pattern, with the lowest concentra-

tions between 10:00 pm and 2:00 am and highest levels around 8:00 am. 

Samples obtained at different times can provide useful dynamic infor-

mation regarding HPA function. Loss of diurnal rhythm may indicate 

hypothalamic dysfunction.

The HPA axis is stimulated not only by physical or psychic stress 

but also by peptides such as ADH and cytokines. Thus the HPA axis 

plays an important role during infections and immunologic disor-

ders.8,9 Via interaction with the RAA system regulating fluid and salt 

balance, synthesis of androgens (e.g., dehydroepiandrosterone) with a 

possible impact on immunomodulation, and the sympathoadrenergic 

system, the HPA axis is probably the most important organ of the 

stress response. Stimulation of the immune system by infections in-

duces the release of proinflammatory cytokines such as tumor necrosis 

factor-alpha (TNF-a), interleukin (IL)-1b, or IL-6. After a cascade, 

these cytokines stimulate both the hypothalamus and the anterior pi-

tuitary gland, which ultimately leads to the release of GCs. IL-6 is also 

able to induce a steroid release directly from the adrenal gland. The 

adequate increase of GC levels during inflammation is a crucial factor 

for an appropriate stress response. In acute infections, this release 

maintains metabolic and energy integrity. If the process is chronic, the 

HPA axis develops an adaptation, which induces typical clinical mani-

festations such as hypercatabolic states; hyperglycemia; and suppres-

sion of androgens, growth, and thyroid hormones. These changes, 

however, may increase the risk of secondary infections. Increased cor-

tisol levels suppress higher regulatory levels of the HPA axis in terms 

of a negative feedback loop. Hence, after major surgery or during sep-

sis and septic shock, high cortisol and low ACTH levels are detect-

able.10,11 Even the infusion of dexamethasone or CRH is not able to 

suppress increased cortisol levels in these patients.12,13 Several investi-

gations have demonstrated that adrenal cortisol synthesis in critically 

ill patients is not regulated by ACTH, but by paracrine pathways via 

endothelin, atrial natriuretic peptide, or cytokines such as IL-6.14–16 

IL-6 directly induces the adrenal cortex to release cortisol, which, in 

chronic courses, can worsen the prognosis.17

CELLULAR RESPONSE TO ADRENOCORTICAL 

HORMONES AND RELATED DRUGS

Cortisol, the major free circulating adrenocortical hormone, is a hy-

drophobic hormone and circulates in the bloodstream bound to pro-

tein. Cortisol-binding globulin (or transcortin)–protein complexes 

account for about 95% of circulating cortisol, but only the free form is 

biologically active with a plasma half-life of 60–120 minutes. Cortisol 

is metabolized by hydroxylation in the liver, and metabolites are ex-

creted in the urine. Steroid hormones enter the cytoplasm of cells, 

where they combine with a receptor protein. Metabolic, immunologic, 

and hemodynamic responses to adrenocortical steroid hormones are 

regulated in a highly complex manner that includes transactivation, 

transcription, posttranscriptional/translational regulation, and nonge-

nomic effects. The immediate nongenomic effects of steroid hormones 

are primarily attributed to mineralocorticoids (aldosterone), with 

rapid activation of the sodium-proton exchanger, increase in intracel-

lular Ca11 levels, and activation of second messenger pathways.18,19 A 

randomized trial in patients during cardiac catheterization revealed 

that within minutes after aldosterone injection, cardiac index and arte-

rial pressure increased significantly for 10 minutes and returned to 

baseline thereafter.20 Interestingly, the genomic effects of aldosterone 

seemed to be mediated by binding to GC receptors (GRs) and not to 

mineralocorticoid receptors.21 There is evidence that GC, like corti-

sol, also modulates immune functions by rapid, nongenomic effects 

via nonspecific interactions with cellular membranes and specifically 

binding to membrane-bound GRs.22 Nonspecific membrane effects 

have been demonstrated for inhibition of sodium and calcium  

cycling across plasma membranes by impairing Na1/K1-ATPase and 

Ca11-ATPase. Moreover, the rapid activation of lipocortin-1 and 

inhibition of arachidonic acid release after GC were independent of 

GR translocation. Finally, high-sensitivity immunofluorescence 

staining revealed membrane-bound GRs on circulating B lympho-

cytes and monocytes.22

The multiple mechanisms by which GCs modulate cellular re-

sponses include mainly genomic pathways.23–25 Nongenomic effects 

are thought to account for immediate immune effects of high doses of 

GC, whereas membrane-bound receptors probably mediate low-dose 

GC effects. The classic model is that GCs bind to the cytoplasmic li-

gand-regulated GC receptor alpha (GRa), which is an inactive multi-

protein complex consisting of two heat shock proteins (hsp90) acting 

as molecular chaperones, in addition to other proteins (Fig. 136.1). 

Upon GC binding to GRa, a conformational change causes dissocia-

tion of hsp90, with subsequent nuclear translocation of GRa homodi-

mers, binding of GRa to GC response elements (GREs) of DNA, and 

transcription of responsive genes (transactivation) such as lipocor-

tin-1 and beta-2-adrenoreceptors. Alternatively, GRa may bind to 

negative GRE (nGRE) and repress transcription of genes (transrepres-

sion) such as pro-opiomelanocortin (POMC). More important, trans-

repression without direct binding of GRa to GRE by protein-protein 

interactions of GRa with transcription factors, nuclear factor kappa B 

(NF-kB), and AP-1 has been recognized as a key step by which GC 

suppresses inflammation.26 In turn, synthesis of TNF-a, IL-1b, IL-2, 

IL-6, IL-8, inducible nitric oxide synthase (iNOS), cyclooxygenase 

(COX)-2, cell adhesion molecules, and growth factors is inhibited and 

apoptosis promoted.27 In addition, NF-kB repression may be mediated 

by GC-induced up-regulation of the cytoplasmatic NF-kB inhibitor, 

IkBa (see Fig. 136.1), which prevents translocation of NF-kB.28 Clini-

cal investigations provide support for the presence of endogenous GC 

inadequacy in the control of inflammation and peripheral GC resis-

tance.29 With GC treatment, the intracellular relations between the 

NF-kB and GRa signaling pathways change from an initial NF-kB–

driven and GRa-resistant state to a GRa-sensitive one. However, data 

are conflicting and probably do not explain the early (,2 hours) sup-

pressive effects of GC, but may account for the longer-term dampen-

ing effect of GC on inflammatory processes.23

Besides transcriptional regulation, posttranscriptional, transla-

tional, or posttranslational processes have been described for GC-in-

duced modulation of COX-2, TNF-a, GM-CSF, IL-1b, IL-6, IL-8, and 

interferon gamma (IFN-g).23 Furthermore, GCs act at multiple levels 

to regulate iNOS expression via (1) decreased iNOS gene transcription 

and messenger RNA (mRNA) stability; (2) reduced translation and 

increased degradation of the iNOS protein by the cysteine protease, 

calpain30; (3) limitation of the availability of the NOS cofactor, tetra-

hydrobiopterin; (4) reduced transmembranous transport and de novo 

synthesis of the NOS substrate, l-arginine; and (5) lipocortin-1–in-

duced inhibition of iNOS.31,32 Together, these complex mechanisms 

result in the ability of GC to inhibit inflammation and to stabilize he-

modynamics. Finally, GRs have been found in nearly every nucleated 

cell in the body, and because each cell type has specific responses to 

GC, it follows that GCs have many effects in the body, equally true of 

endogenously produced GC hormones or exogenously administered 

GC medications. Both increase hepatic production of glucose and 

glycogen and decrease peripheral use of glucose. Steroids also affect  

fat and protein metabolism. They increase lipolysis both directly and 
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indirectly by elevating free fatty acid levels in the plasma and enhanc-

ing any tendency toward ketosis. GCs further stimulate peripheral 

protein metabolism, using the amino acid products as gluconeogenic 

precursors.

DEFINITIONS OF ADRENAL INSUFFICIENCY

The adrenal glands may stop functioning when the HPA axis fails to 

produce sufficient amounts of the appropriate hormones. Primary adre-

nal insufficiency is defined by the inability of the adrenal gland to produce 

steroid hormones even when the stimulus by the pituitary gland via cor-

ticotropin is adequate or increased. Primary adrenal insufficiency affects 

4–6 out of 100,000 people. The disease can strike at any age, with a peak 

between 30 and 50 years, and affects males and females about equally. In 

70% of cases, the cause is a primary destruction of the adrenal glands by 

an autoimmune reaction (“classical” Addison disease or autoimmune 

adrenalitis), with about 40% of patients having a history of associated 

endocrinopathies. Most adult patients have antibodies against the ste-

roidogenic enzyme, 21-hydroxylase,33 but their role in the pathogenesis of 

autoimmune adrenalitis is uncertain. In the other 30%, the adrenal 

glands are destroyed by cancer, amyloidosis, antiphospholipid syndrome, 

adrenomyeloneuropathy, acquired immunodeficiency syndrome (AIDS), 

infections (e.g., tuberculosis, cytomegaly, fungi), or other identifiable 

diseases (Box 136.1). In these cases, the typical morphologic changes of 

the adrenal cortex are atrophy, inflammation, and/or necrosis. In primary 

adrenal insufficiency, the whole adrenal cortex is involved, resulting in a 

deficiency of GCs, mineralocorticoids, and adrenal androgens.34,35

Secondary adrenal insufficiency is characterized by adrenal hypo-

function caused by the lack of pituitary ACTH or hypothalamic CRH. 

Diseases of the anterior pituitary that can cause secondary adrenal 

insufficiency include neoplasms (e.g., craniopharyngiomas, adeno-

mas), infarction (e.g., Sheehan syndrome, trauma), granulomatous 

disease (e.g., tuberculosis, sarcoidosis), hypophysectomy, and infec-

tion.36 Causes also include hypothalamic dysfunction, such as after ir-

radiation or surgical intervention (see Box 136.1). Because aldosterone 

secretion is more dependent on angiotensin II than on ACTH, aldoste-

rone deficiency is not a problem in secondary adrenal insufficiency. 

Selective aldosterone deficiency can occur as a result of depressed renin 

secretion and angiotensin II formation.34 Rarely, patients have an iso-

lated deficiency of CRH,37 and lymphocytic hypophysitis with subse-

quent adrenal insufficiency has been described in women.38 These 

disorders may lead to an isolated ACTH deficiency.34

The so-called tertiary adrenal insufficiency, which is often summa-

rized together with secondary forms, commonly occurs after with-

drawal of exogenous GCs. Many of these patients do well during nor-

mal activities but are unable to mount an appropriate GC response to 

stress. This effect depends on the dose and duration of treatment and 

varies greatly from person to person. It should be anticipated in any 

patient who has been receiving more than 30 mg of hydrocortisone per 

day (or 7.5 mg of prednisolone, or 0.75 mg of dexamethasone per day) 

Fig. 136.1 Cellular mechanisms of glucocorticoid effects (right) and glucocorticoid resistance (left). After pas-

sive transport through the cell membrane, GCs bind to the intracellular GC receptor alpha (GRa), which is 

sequestered in the cytoplasm and bound to the HSP complex that comprises chaperone molecules HSP70 

and HSP90. Binding of GC to GRa allows formation of a homodimer that is transported into the nucleus. 

GR-mediated transcription induces inhibitor kappa B alpha (IkBa), which binds to and inhibits nuclear factor 

kappa B (NF-kB). Thus GC inhibits the NF-kB–mediated synthesis of proinflammatory cytokines like tumor 

necrosis factor alpha (TNF-a). Impaired GC sensitivity (GC resistance) includes three major pathways (dotted 

arrows): (1) decreased cytoplasmatic GC concentrations secondary to increased P-glycoprotein–mediated 

efflux of GC caused by overexpression of the MDR-1 gene; (2) increased expression of a truncated splice 

variant of the GR that is unable to transactivate GC-sensitive genes (GRb); and (3) activation of proinflamma-

tory mediators via upstream kinases (JNK), which can directly inhibit GR transcription activity. GC, Glucocor-

ticoids; GR, glucocorticoid receptor; HSP, heat shock protein; JNK, c-Jun N-terminal kinase; MDR-1, multidrug 

resistance gene 1.

Cell membrane

Cell nucleus

GC

1. “GC efflux pump”
    via MDR-1 gene

2. Inactive
    GC receptor β –

–

+

+

+

3. Inhibition
    of GRα
    transcription

GRα homodimer GRα

GRα

Transcription

Proinflammatory
cytokines

NH2

GC-binding

COOH
Zinc
twists

HSP90

HSP70

GRβ inactive

GC resistance

IκBα gene

IκBα

IκBα

JNK
Active NFκB

e.g.,
TNFα gene

Inactive NFκB

  

 



1095CHAPTER 136 Adrenal Insufficiency

for more than 3 weeks.35 If supraphysiologic doses of GCs have been 

administered to a patient for more than 1–2 weeks, the drug should be 

tapered to allow for adrenal gland recovery. It may take 6–12 months 

for the adrenal glands to recover fully after prolonged use of exogenous 

GCs.39 Because ACTH is not a major determinant of mineralocorti-

coid production, the basic deficit in adrenal insufficiency is that of 

deficient GC production. It is important that neither the dose of ap-

plied GCs, nor the time of treatment, nor the basal plasma level of 

cortisol allows sufficient assessment of the function of the HPA axis. 

Several drugs have also been described to induce adrenal insufficiency, 

either by directly affecting adrenocortical steroid release (e.g., flucon-

azole, etomidate)40,41 or by enhanced hepatic metabolism of cortisol 

(e.g., rifampicin, phenytoin).35

Isolated hypoaldosteronism is quite rare and should be suspected 

in cases of hyperkalemia in the absence of renal insufficiency. The 

main causes for isolated deficiency of aldosterone secretion are con-

genital deficiency of aldosterone synthetase, hyporeninemia caused by 

defects in the juxtaglomerular apparatus, or treatment with angioten-

sin-converting enzyme inhibitors that lead to loss of angiotensin 

stimulation. Other forms of hypoaldosteronism usually occur in pa-

tients with chronic renal disease and/or diabetes mellitus.

RELATIVE ADRENAL INSUFFICIENCY

The aforementioned forms of adrenal insufficiency, which lead to an 

absolute deficiency of steroid production, are rare in critically ill pa-

tients (0%–3%).42 To reflect the notion that subnormal adrenal corti-

costeroid production during acute severe illness can also occur without 

obvious structural defects in the HPA axis, deficiency syndromes 

caused by a dysregulation have been termed functional adrenal insuf-

ficiency.43 Functional adrenal insufficiency can develop during the 

course of critical illness and is usually transient.35 Decreased levels of 

GCs occur much more often; these levels might be sufficient in normal 

subjects but are too low for stress situations, owing to higher need, and 

are associated with a worse outcome.44 This led to the concept of rela-

tive adrenal insufficiency (RAI). The major cause of RAI is inadequate 

synthesis of cortisol caused by cellular dysfunction. Hence, in contrast 

to absolute adrenal insufficiency, the morphologic changes in the ad-

renal glands associated with RAI may be minor, sometimes character-

ized by cellular hyperplasia within the adrenal cortex. This is often 

combined with peripheral GC resistance of the target cells, which is 

caused by inflammatory events and aggravates the clinical course, al-

though the absolute cortisol serum levels might be normal.45 In septic 

shock, RAI may be the result of impaired pituitary corticotropin re-

lease, attenuated adrenal response to corticotropin, and reduced corti-

sol synthesis (Fig. 136.2).35,46,47 In addition, cortisol transport capacity 

may be reduced, and response to cortisol may be impaired at the tissue 

level by cytokines modulating GC receptor affinity to cortisol and/or 

GREs.48,49 In clinical trials, it was demonstrated that prolonged treat-

ment of systemic inflammation in patients with severe acute respira-

tory distress syndrome (ARDS) with methylprednisolone can improve 

the decreased GC response by increasing the GC receptor affinity and 

reducing the NF-kB–mediated DNA binding and transcription of 

proinflammatory cytokines.29 Thus if RAI can be identified, treatment 

with supplemental corticosteroids may be of benefit.35 Prevalence of 

RAI in the critically ill varies from 0% to 77% with different definitions, 

cutoff values, study populations, and adrenal function tests34,35,46,50,51 

and may be as high as 50%–75% in septic shock.52

EVALUATION OF ADRENAL INSUFFICIENCY

In clinical practice, assessment of adrenal function is difficult, especially 

in critically ill patients, because the diurnal rhythm is disrupted. Values 

indicating normal adrenocortical function are listed in Box 136.2. Nor-

mally, serum cortisol concentrations in the morning (8:00 am) of less 

than 3 mg/dL (80 nmol/L) are strongly suggestive of absolute adrenal 

insufficiency,53 and values below 10 mg/dL (275 nmol/L) make the di-

agnosis likely. Basal urinary cortisol and 17-hydroxycorticosteroid ex-

cretion is low in patients with severe adrenal insufficiency but may be 

low-normal in patients with partial adrenal insufficiency. Generally, 

baseline urinary measurements are not recommended for the diagnosis 

of adrenal insufficiency. To differentiate among primary, secondary, and 

tertiary adrenal insufficiency in cases of low cortisol, it is recommended 

to measure plasma ACTH concentrations simultaneously. Inappropri-

ately low serum cortisol concentrations in association with increased 

ACTH concentrations are suggestive of primary adrenal insufficiency, 

whereas the combination of low cortisol and ACTH concentrations 

indicates secondary or tertiary disease. This diagnosis, however, should 

be confirmed by stimulation of the adrenal gland with exogenous 

ACTH. In secondary or tertiary adrenal insufficiency, the adrenal 

glands release cortisol, whereas in primary adrenal insufficiency, the 

adrenal glands are partially or completely destroyed and do not respond 

to ACTH.

ACTH stimulation tests usually consist of administering 250 mg 

(40 international units) of ACTH (so-called high-dose ACTH stimula-

tion test). For long-term stimulation tests, which are preferred for 

differentiating between secondary and tertiary adrenal insufficiency, 

BOX 136.2 Values Indicating Normal 
Adrenocortical Function

• Plasma cortisol (7:00–8:00 AM): 5–25 mg/dL (135–700 nmol/L)

• Plasma adrenocorticotropin (ACTH) (7:00–8:00 AM): ,70 pg/mL

• Urine excretion rate of free cortisol: 20–90 mg/d

• Urine excretion rate of 17-hydroxycorticosteroid (17-OHCS): 4–10 mg/d

BOX 136.1 Etiology of Adrenal 
Insufficiency

Primary Adrenal Insufficiency

• Autoimmune adrenalitis (Morbus Addison), often with concomitant endocri-

nopathies

• Hemorrhage (trauma, anticoagulants)

• Infarction, thrombosis

• Tumors

• Infections (tuberculosis, cytomegaly, fungi, AIDS)

• Amyloidosis, hemochromatosis, sarcoidosis

• Congenital hyperplasias or hypoplasias

• Congenital ACTH resistance

• Adrenomyeloneuropathy

Secondary Adrenal Insufficiency (Lesions of Pituitary and/

or Hypothalamic Regions)

• Tumors

• Hemorrhages, apoplexy

• Infections, inflammations

• Autoimmune lesions

• Trauma, surgery

• Radiation

• Congenital syndromes (e.g., familial CBG deficiency)

ACTH, Adrenocorticotropin; AIDS, acquired immunodeficiency syn-

drome; CBG,
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250 mg of ACTH are infused either over 8 hours or over 2 days.54 

Serum cortisol and 24-hour urinary cortisol and 17-hydroxycortico-

steroid (17-OHCS) concentrations are determined before and after the 

infusion. This test may be helpful in distinguishing primary from sec-

ondary/tertiary adrenal insufficiency. In primary adrenal insufficiency, 

there is a minimal to no response of plasma or urinary cortisol and 

urinary 17-OHCS. Increases of these values over the 2–3 days of the 

test are indicative of a secondary/tertiary cause of adrenal insuffi-

ciency. In normal subjects, the 24-hour urinary 17-OHCS excretion 

increases threefold to fivefold above baseline. Serum cortisol concen-

trations reach 20 mg/dL (550 nmol/L) at 30–60 minutes and exceed 

25 mg/dL (690 nmol/L) at 6–8 hours post initiation of the infusion. At 

present, this approach is used frequently because clinical manifesta-

tions of adrenal insufficiency combined with basal cortisol levels, 

short-term ACTH stimulation tests, and CRH tests (see later discus-

sion) usually provide sufficient information.

A short-term stimulation test with 250 mg ACTH, mostly used for 

patients who are not critically ill, determines basal serum cortisol levels 

and the induced-response concentration 30 and 60 minutes after intra-

venous (IV) administration of ACTH. The advantage of the high-dose 

test is that pharmacologic plasma ACTH concentrations can be 

achieved by either IV or intramuscular injection.55 This dose of ACTH, 

however, may be too high to identify mild cases of secondary adrenal 

insufficiency or chronic deficiencies.56 Furthermore, it should not be 

used when acute secondary adrenal insufficiency (e.g., Sheehan syn-

drome) is presumed, because it takes several days for the adrenal cortex 

to atrophy, and it will still be capable of responding to ACTH stimula-

tion normally. In these cases, a low-dose ACTH test or an insulin-in-

duced hypoglycemia may be required to confirm the diagnosis of ad-

renal insufficiency.57,58 A rise in serum cortisol concentration after 

30–60 minutes to a peak of 18–20 mg/dL (500–550 nmol/L) or more is 

considered a normal response to a high-dose ACTH stimulation test 

and excludes the diagnosis of primary adrenal insufficiency and almost 

all cases of secondary adrenal insufficiency except those of recent  

onset.59–61

To further differentiate between secondary and tertiary adrenal 

insufficiency, laboratory investigations may be augmented by a CRH 

stimulation test. In both conditions, cortisol levels are low at baseline 

and remain low after CRH. In patients with secondary adrenal insuf-

ficiency, there is little or no ACTH response, whereas in patients with 

tertiary disease, there is an exaggerated and prolonged response of 

ACTH to CRH stimulation that is not followed by an appropriate 

cortisol response.62,63 In the past, the HPA axis was also tested by a 

stimulated hypoglycemia test. After administering 0.1 units of insulin 

per kilogram body weight, inducing a hypoglycemic state of less than 

40 mg/dL serum glucose, an intact HPA axis is associated with a serum 

cortisol concentration of more than 20 mg/dL. Nowadays, this proce-

dure is considered obsolete because of the high risk of symptomatic 

hypoglycemia.

In critically ill patients, primary causes of absolute or RAI are mul-

tiple and often undetectable if no specific hypothesis exists. Volume-

resistant septic shock or any other form of life-threatening hypoten-

sion with an increased need for catecholamines indicates the need to 

evaluate adrenal function. Previously, a serum cortisol value less than 

20 mg/dL was suggestive of the diagnosis of adrenal insufficiency.

Several factors complicate investigations of the HPA axis in patients 

with critical illness. A short-term ACTH stimulation test may be per-

formed in critically ill patients suspected of having adrenal insuffi-

ciency. However, in most patients, RAI will be present, especially in 

patients with sepsis and septic shock. A clear definition of RAI is still 

missing, and the pathophysiology is rather complex, which makes it 

difficult to define clear cutoffs for both basal serum cortisol concentra-

tions and incremental increases after short-term ACTH stimulation 

tests. Proposed cutoff points may depend on different methods used to 

measure cortisol, with variations when compared with high-perfor-

mance liquid chromatography (HPLC) as the reference method.64 In 

addition, considering free cortisol or an increase in free cortisol in re-

sponse to ACTH could increase the accuracy of adrenocortical func-

tion tests.48 Furthermore, extrapolating the diagnosis from reference 

values obtained from healthy people or patients with HPA disorders 
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Fig. 136.2 Concept of relative adrenal insufficiency (RAI).  Unlike in an adequate stress response (left), RAI 

may occur when causal or additional factors impair the function of the hypothalamic-pituitary-adrenal (HPA) 

axis. This may be the result of microcirculatory failure, additional drugs like antibiotics, anesthetic drugs, infec-

tions, long-term use of steroids, or hemorrhages. Impaired HPA axis function results in an insufficient antiin-

flammatory response and an increased inflammatory response. Plus (1) denotes activation; minus (2), inhibi-

tion. CBG, Cortisol-binding globulin; CRH, corticotropin-releasing hormone; GC, glucocorticoids.
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may be misleading, because normal or high-normal cortisol concen-

trations in septic shock may indicate inadequate adrenal response to 

stress. In a large series of patients, receiver operating characteristic 

curve (ROC) analysis reached the highest sensitivity (68%) and speci-

ficity (65%) for a reference value of less than 9 mg/dL (incremental 

increase) to detect nonresponders.52 Basal cortisol of 34 mg/dL and an 

incremental increase of 9 mg/dL after stimulation were the best cutoff 

points to discriminate between survivors and nonsurvivors. The higher 

the basal plasma cortisol and the weaker the cortisol response to corti-

cotropin, the higher the risk of death. Some investigators have ques-

tioned the discriminative power of the incremental increase of cortisol 

after stimulation in patients with high basal cortisol values, as increases 

may reflect adrenal reserve more than adrenal function. Hence, RAI 

was defined based on the hemodynamic response when a randomly 

measured cortisol was less than 25 mg/dL.46

Routine use of the low ACTH stimulation test in critically ill pa-

tients cannot be recommended at present, although the low-dose test 

is preferred in patients with secondary or tertiary adrenal insuffi-

ciency.65 After stimulation with 250 mg ACTH, circulating corticotro-

pin concentrations are 40–200 pg/mL during stress but may be as high 

as 60,000 pg/mL.35 Stimulation of the adrenal gland with low doses of 

ACTH (1 mg) was shown to increase sensitivity and specificity to de-

tect adrenal insufficiency in patients with HPA disorders who respond 

normally to traditional high-dose stimulation.35,66–69 The test is per-

formed by measuring serum cortisol concentrations immediately be-

fore and 30 minutes after IV injection of ACTH at a dose of 1 mg (160 

mIU) per 1.73 m2 body surface.34 This dose stimulates maximal adre-

nocortical secretion up to 30 minutes post injection and in normal 

subjects results in a peak plasma ACTH concentration about twice that 

of insulin-induced hypoglycemia.70 A value of 18 mg/dL (500 nmol/L) 

or more at any time during the test is indicative of normal adrenal 

function. The advantage of this test is that it can detect partial adrenal 

insufficiency that may be missed by the standard high-dose test.57,58

Using the 1-mg ACTH stimulation test to identify patients with RAI 

in septic shock has been proposed, but the 1-mg stimulation test has 

not been well validated in critically ill patients or patients with septic 

shock.34,35 In addition, studies evaluating low-dose and high-dose 

ACTH stimulation tests in septic shock may have been flawed by meth-

odologic problems. At present, using the 1-mg ACTH stimulation test 

cannot be recommended routinely until further data from well-de-

signed randomized studies in septic shock patients are available.

The current recommendation is to use a three-level therapeutic 

guide for evaluating RAI in critically ill patients, especially those with 

septic shock. Patients with a random basal cortisol below 15 mg/dL will 

likely benefit from low-dose corticosteroid therapy, whereas corticoste-

roid replacement is unlikely to be helpful when basal cortisol is above 

34 mg/dL. When a random basal cortisol value is between 15 and 

34 mg/dL, adrenocortical stimulation with 250 mg ACTH should dis-

criminate responders (incremental increase $9 mg/dL) from nonre-

sponders (,9 mg/dL). However, it has been pointed out that no cutoff 

values are entirely reliable.35

CLINICAL SYMPTOMS

About 25% of patients with adrenal insufficiency present with adreno-

cortical crisis.34 The symptoms are nonspecific and include sudden 

dizziness, weakness, dehydration, hypotension, and shock (Box 136.3). 

In many cases, the clinical picture may be indistinguishable from shock 

because of loss of intravascular fluid volume. Other features such as 

anorexia, nausea, vomiting, diarrhea, abdominal pain, and delirium 

may be present, but they are also common in patients with other acute 

illness. Hence, these symptoms may not be helpful in establishing the 

diagnosis of adrenal insufficiency and are often misleading. Hypogly-

cemia is rare in acute adrenal insufficiency but more common in sec-

ondary adrenal insufficiency; it is a common manifestation in children 

and women with the disorder. For patients in the intensive care unit 

(ICU), it remains extremely difficult to recognize acute, absolute adre-

nal insufficiency based on clinical symptoms. However, if the diagnosis 

is missed, the patient will probably die, so the threshold for laboratory 

investigations in cases of unexplained catecholamine-resistant hypo-

tension should be low. It is important to be mindful that the onset of 

an acute adrenocortical crisis is not necessarily the acute beginning of 

the underlying disease itself. The preceding course is often gradual and 

may go undetected until an acute illness, stress, trauma, pregnancy, or 

other conditions precipitate adrenal crisis.34,71

Typical symptoms of primary adrenal insufficiency, such as hyper-

pigmentation, scanty axillary and pubic hair, hyponatremia, or hyperka-

lemia, may be diagnosed in the acutely ill patient. Adrenal crisis can  

occur in patients receiving appropriate doses of GCs if their mineralo-

corticoid requirements are not met.72 After spontaneous events leading 

to primary adrenal insufficiency (e.g., hemorrhage, myocardial infarc-

tion, adrenal vein thrombosis), these signs are absent. If an acute adrenal 

crisis is suspected, a blood sample should be obtained to confirm the 

diagnosis. The main clinical problem is hypotension and shock caused 

by acute mineralocorticoid deficiency. However, GC deficiency may also 

contribute to hypotension by decreasing vascular responsiveness to  

angiotensin II, norepinephrine, and other vasoconstrictive hormones, 

reducing the synthesis of renin substrate and increasing production and 

effects of prostacyclin and other vasodilatory hormones.73,74 Finally, 

panhypopituitarism may be associated with symptoms, owing not only 

to a lack of corticotropin but also TSH, gonadotropin, and GH.

In chronic adrenal insufficiency, the major clinical features (see  

Box 136.3) may be detected but may also be absent if adrenal gland 

BOX 136.3 Clinical Manifestations of 
Adrenal Insufficiency

Acute Adrenal Insufficiency

• Acute apathy

• Nausea, vomiting

• Fever

• Acute dehydration, tachycardia

• Craving for salt

• Hypotension, shock

Chronic Adrenal Insufficiency

• Weakness, fatigue

• Lack of appetite

• Orthostatic hypotension

• Weight loss, anorexia

• Hyperpigmentation (only in primary Addison disease caused by increased 

ACTH)

• Vitiligo

• Nonspecific gastrointestinal symptoms (diarrhea, nausea, abdominal pain)

• Nonspecific pain (myalgia, arthralgia, headaches)

• Nonspecific psychological symptoms (depression, lack of concentration, 

confusion, psychosis)

• Hypoglycemia

• Hyponatremia

• Hyperkalemia

• Acidosis, prerenal azotemia

• Lymphocytosis, eosinophilia

ACTH, Adrenocorticotropin.
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insufficiency develops over a prolonged period. There is a stage char-

acterized by normal basal steroid secretion but an inability to respond 

to stress; hence, the patient may be asymptomatic. In other cases, there 

may also be signs and symptoms suggestive of other hormone defi-

ciency, such as decreased thyroid and gonadal function. Independent 

of the underlying cause, the most common clinical manifestations are 

general malaise, fatigue, weakness, anorexia, weight loss, nausea, vom-

iting, abdominal pain, arthralgia, postural syncope, diarrhea that may 

alternate with constipation, hypotension, electrolyte abnormalities 

(hyponatremia, hyperkalemia, metabolic acidosis), decreased axillary 

and pubic hair, and loss of libido and amenorrhea in women.34,71

In primary adrenal insufficiency, hyperpigmentation and autoim-

mune manifestations (vitiligo) are typically the result of increased ACTH 

concentrations, whereas these findings are not seen in secondary or ter-

tiary adrenal insufficiency. Another specific symptom of primary adrenal 

insufficiency is a craving for salt.35 Typical laboratory abnormalities are 

hyponatremia, hyperkalemia, acidosis, slightly elevated creatinine con-

centrations, mild normocytic anemia, and, rarely, hypercalcemia.35

In secondary adrenal insufficiency, because production of miner-

alocorticoids by the zona glomerulosa is generally preserved, dehydra-

tion and hyperkalemia are not present, and hypotension is less promi-

nent than in primary disease. Especially in the early stages, the onset of 

chronic adrenal insufficiency is often insidious, and the diagnosis may 

be difficult. Some patients initially present with gastrointestinal symp-

toms such as nausea, vomiting, diarrhea, and abdominal cramps.35,75 

In other patients, the disease may be misdiagnosed as depression or 

anorexia nervosa.76,77 Hyponatremia and increased intravascular vol-

ume may be the result of an “inappropriate” increase in vasopressin 

secretion. Decreased libido and potency and amenorrhea may occur. 

Hypoglycemia is more common in secondary adrenal insufficiency, 

possibly the result of concomitant GH insufficiency, and in isolated 

ACTH deficiency. Clinical manifestations of a pituitary or hypotha-

lamic tumor, such as signs and symptoms of deficiency of other ante-

rior pituitary hormones, headache, or visual field defects, may also be 

present.34,71 Finally, in young patients suspected of having adrenal in-

sufficiency, delayed growth and puberty point to the presence of hypo-

thalamic-pituitary disease, as would headaches, visual disturbances, or 

diabetes insipidus in patients of any age.35,36 Laboratory screening in 

patients with chronic adrenal insufficiency usually reveals hyponatre-

mia, hypoglycemia, lymphocytosis, and eosinophilia.35

THERAPEUTIC APPROACHES

Treatment of adrenal insufficiency involves addressing the precipitating 

cause (e.g., tumor, infection) and hormone replacement. In acutely ill 

patients, if the diagnosis of adrenal crisis is suspected but not known, 

blood should be obtained for measurement of cortisol concentrations, 

followed by the administration of 250 mg of ACTH in patients with an 

unknown history. Replacement therapy should be started immediately 

while awaiting the results of testing.78 Dexamethasone (1 mg every 

6 hours) may be given as the initial GC replacement, because it does not 

cross-react with cortisol in the plasma while adrenal testing is being 

performed. Patients are usually treated with IV fluids in the form of 

isotonic saline to restore intravascular volume and replace urinary salt 

losses. Dextrose infusion may be added to prevent hypoglycemia. Hy-

drocortisone (100-mg IV bolus or over 30 minutes, followed by con-

tinuous infusion of 10 mg/hr, or 50 mg every 4 hours, or 75–100 mg 

every 6 hours, resulting in a total daily dose of 240–300 mg hydrocorti-

sone) is frequently given for hormonal replacement.34,78 However, 

equivalent GC doses of methylprednisolone or dexamethasone may 

also be used. Typically, mineralocorticoid replacement therapy is not 

required in adrenal crisis as long as the patient is receiving isotonic  

saline. Prophylactic use of antibiotics is not beneficial, but specific infec-

tions should be treated aggressively with appropriate antibiotic therapy.

Once the patient is stable, GCs can be tapered to maintenance 

doses. Long-term replacement doses consist of hydrocortisone, usually 

30 mg/d, with two-thirds (20 mg) given in the morning and one-third 

(10 mg) given at night, or prednisone 7.5 mg in a similar regimen  

(5 and 2.5 mg, respectively). The daily dose may be decreased to 20 or 

15 mg of hydrocortisone as long as the patient’s well-being and physical 

strength are not reduced.34 The goal should be to use the lowest dose 

that relieves the patient’s symptoms in order to prevent weight gain and 

osteoporosis.34,78,79 If the patient continues to experience weakness or 

other symptoms of GC deficiency, the dose can be increased. Excessive 

GC therapy should be avoided so as to minimize complications. In  

addition, mineralocorticoid effect is provided with fludrocortisone 

(50–100 mg orally daily) to prevent sodium loss, intravascular volume 

depletion, and hyperkalemia, especially when the dose of hydrocorti-

sone decreases below 100 mg/d. Therapy can be guided by monitoring 

blood pressure, serum potassium, and plasma renin activity, which 

should be in the upper normal range.34,61 Clinical response, however, is 

the best indicator of the adequacy of replacement. Excessive mineralo-

corticoid replacement may cause congestive heart failure, alkalosis,  

hypokalemia, or hypertension. Patients receiving prednisone or dexa-

methasone may require higher doses of fludrocortisone to lower their 

plasma renin activity to the upper normal range, whereas patients  

receiving hydrocortisone, which has some mineralocorticoid activity, 

may require lower doses. The mineralocorticoid dose may have to be 

increased in the summer, particularly if patients are exposed to tem-

peratures above 29°C (85°F). In cases of isolated hypoaldosteronism, 

treatment includes liberal sodium intake and daily administration of 

fludrocortisone. In patients with secondary adrenal insufficiency caused 

by panhypopituitarism, replacement with other hormones may also  

be necessary. In women, the adrenal cortex is the primary source of 

androgen in the form of dehydroepiandrosterone and dehydroepi-

androsterone sulfate. Although the physiologic role of these androgens 

in women has not been fully elucidated, their replacement is being  

increasingly considered in the treatment of adrenal insufficiency.80,81

Once the patient is stable and on maintenance doses of steroids, 

ACTH testing can be repeated to document adrenal recovery. Patients 

with primary adrenal insufficiency require lifelong GC and mineralo-

corticoid replacement therapy and should carry a card containing in-

formation on current therapy, in addition to some type of bracelet or 

necklace with recommendations for treatment in emergency situa-

tions. One of the important aspects of the management of chronic 

primary adrenal insufficiency is patient and family education. Patients 

should understand the reason for lifelong replacement therapy; the 

need to increase the dose of GCs during minor or major stress; and 

how to inject hydrocortisone, methylprednisolone, or dexamethasone 

in emergencies. Patients should also have supplies of dexamethasone 

sodium phosphate and be educated about how and when to adminis-

ter it. The survival rate for patients with chronic primary adrenal in-

sufficiency has gone from 2 years or less before the availability of  

steroid replacement to that of the normal population now that GCs are 

readily available. In acute adrenal insufficiency, prompt recognition 

and treatment usually result in a favorable outcome, provided the  

underlying disease process can be treated.

GLUCOCORTICOID REPLACEMENT IN PATIENTS 

WITH SEPTIC SHOCK

In patients with sepsis and septic shock, the clinical course is extremely 

varied. The impact of the primary disease, in addition to immunologic 

factors (including cytokines) associated with sepsis, affect the HPA 
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axis. In contrast to the early phase of septic shock, adrenal cortisol re-

lease may recover, thus leading to RAI with absolute steroid levels 

around or even above normal range.82 In refractory septic shock, the 

prevalence of RAI may be as high as 50%–75%.52 Furthermore, dy-

namic testing is not always available in ICUs, making it difficult for the 

physician considering hormone replacement therapy, because deci-

sions have to be made within hours in severe forms of septic shock to 

improve prognosis.

Proposed mechanisms of protection from high-dose GCs include 

improvement of hemodynamic, metabolic, endocrine, and phagocytic 

functions, resulting in the maintenance of normal morphologic-

functional status of tissues including brain, liver, heart, kidneys, and 

adrenals.83 In addition, GCs are recognized to inhibit key features of 

inflammation: endothelial cell activation and damage; capillary leak-

age; granulocyte activation; adhesion and aggregation; complement 

activation; and formation and release of eicosanoid metabolites, oxy-

gen radicals, and lysosomal enzymes.84–89

However, in only one long-term prospective study in humans re-

ceiving high doses of methylprednisolone (30–60 mg/kg) or dexa-

methasone (2– 4 mg/kg), including 179 bacteremic septic shock pa-

tients over a period of 8 years, were experimental results confirmed 

and mortality reduced from 38% to 10%.90 Evidence from another 

study suggested that prolongation of treatment might have been ben-

eficial, because shock reversal and improved survival occurred after a 

bolus GC application in an early time window but vanished after sev-

eral days.91 Two meta-analyses included 9 and 10 randomized trials, 

respectively, of patients with severe sepsis and septic shock who re-

ceived up to 42 g of hydrocortisone equivalent or more; both con-

cluded that high doses of corticosteroids were ineffective92 or harm-

ful.93 This was confirmed by a large randomized trial in 1987.94 

High-dose GCs were associated with increased risk of secondary infec-

tions, mortality,93 and incidence of renal and hepatic dysfunction.95 

Taken together, these results suggest that high-dose GCs are not effec-

tive in septic shock.

Similar to studies of high-dose GC treatment, numerous random-

ized controlled trials with low-dose corticosteroids in patients with 

septic shock also confirmed shock reversal and reduction of vasopres-

sor support within a few days after initiation of therapy in most pa-

tients.96–101 In a crossover study, mean arterial pressure and systemic 

vascular resistance increased during low-dose hydrocortisone treat-

ment and heart rate, cardiac index, and norepinephrine requirement 

decreased significantly.102 All effects were reversible with cessation of 

hydrocortisone. Some studies indicated that corticosteroid-induced 

increase of sensitivity to norepinephrine was more pronounced in 

patients with RAI than in patients without RAI.46,101 There are multiple 

potential mechanisms by which corticosteroids may modulate vascular 

tone. Considerable evidence confirms that cytokine-induced forma-

tion of nitric oxide (NO) plays a central role in vasodilation, catechol-

amine resistance, maldistribution of blood flow, and mitochondrial 

and organ dysfunction and that the amount of NO production corre-

lates with shock severity and outcome.103,104 In a crossover trial, nor-

epinephrine requirement could be reduced by administering low-dose 

hydrocortisone in nearly all patients within 1–2 days. Hydrocortisone 

treatment also induced a significant and prolonged decline of nitrite/

nitrate levels, which significantly correlated with reduction of norepi-

nephrine requirements during hydrocortisone infusion.102 Consider-

ing the complex genomic and nongenomic actions of corticosteroids 

described earlier, it is probable that NO is not the only target.

GCs modulate the stress response in a very complex manner that 

includes not only antiinflammatory and immunosuppressive actions 

to protect the host from overwhelming inflammation but also  

immune-enhancing effects.27 Markers of the inflammatory response, 

antiinflammatory response, granulocyte, monocyte, endothelial acti-

vation, antigen-presenting capacity, and innate immune response were 

investigated in septic shock patients.102 Hydrocortisone significantly 

attenuated inflammatory and antiinflammatory responses and granu-

locyte, monocyte, and endothelial activation. Monocyte HLA-DR  

expression was depressed, but receptor down-regulation was limited 

and was followed by a rebound increase after drug withdrawal.102 

The immune effects of low-dose hydrocortisone treatment in septic 

shock may thus be characterized as immunomodulatory rather than 

immunosuppressive.

Although data on outcomes in septic shock patients after low-dose 

corticosteroid treatment are limited, up to 300 mg hydrocortisone per 

day may improve survival. In some trials with low-dose corticoste-

roids,96–100 28-day all-cause mortality was reduced, whereas in high-

dose trials, there was no significant effect. In a multicenter trial in 300 

patients with severe volume and catecholamine-refractory septic 

shock, survival time was significantly increased in patients with RAI 

but not in responders to ACTH.97 Similar results were obtained for 

ICU and hospital mortality but not for 1-year follow-up. Significant 

increases of serious adverse events during treatment with low-dose 

hydrocortisone have not been reported. The incidence of gastrointes-

tinal bleeding, superinfections, or hyperglycemia has not been differ-

ent in patients treated with corticosteroids or placebo, and wound in-

fections were even less frequent in patients treated with low-dose 

hydrocortisone.97 However, these findings were not confirmed by an-

other large randomized trial, the Corticosteroid Therapy of Septic 

Shock (CORTICUS) trial,105 which used different inclusion criteria. 

Only patients who were successfully resuscitated by volume therapy 

plus vasopressors were included.105 These contradictory results led the 

Surviving Sepsis Campaign in the recent 2016 guidelines to recom-

mend against the use of low-dose GCs for patients who are responding 

adequately to volume plus vasopressor therapy—that is, those who are 

no longer hypotensive.106 Only in the minority of patients, when a 

stabilization of blood pressure cannot be obtained by using volume 

plus vasopressors, continuous low-dose hydrocortisone might be con-

sidered.106 These recommendations were confirmed by the two largest 

randomized controlled trials on low-dose corticoids in septic shock, 

both published in 2018: The first one (APROCCHSS trial), which was 

comparable to the first low-dose steroid trial from 2002,97 used com-

bined glucocorticoid and mineralocorticoid therapy in vasopressor-

resistant septic shock, and an improved survival could be demon-

strated.107 The second one (ADRENAL trial) was similar to the 

CORTICUS trial,105 used only glucocorticoids in patients with septic 

shock (vasopressor resistance was not required), and failed to show any 

outcome benefit.108 Based on these results, the aforementioned recom-

mendations by the Surviving Sepsis Campaign were not adapted.106

Treatment with low-dose hydrocortisone may induce an increase of 

sodium levels within a few days, and hypernatremia with values over 

155 mmol/L have been reported during prolonged treatment.100 Nev-

ertheless, the indication for low-dose corticosteroids should be 

weighed against possible risks, and treatment should be limited to the 

duration of volume- and vasopressor-restrictive hypotension.

Dosing of hydrocortisone in septic shock is similar to that in adrenal 

crisis (100 mg initial bolus, followed by 200–300 mg per day), and the 

dose should be tapered once the patient stabilizes. Hydrocortisone is the 

synthetic equivalent to the physiologic final active compound, cortisol, 

so treatment with hydrocortisone directly replaces cortisol indepen-

dently from metabolic transformation. In contrast to dexamethasone, 

hydrocortisone has intrinsic mineralocorticoid activity. A recent ran-

domized trial demonstrated that the addition of oral fludrocortisone  

to low-dose hydrocortisone has no benefit in septic shock patients.109 

It has not been established whether a weight-adjusted regimen (e.g., 
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0.18 mg/kg/hr)56 of continuous hydrocortisone infusion is superior to 

a fixed regimen; moreover, a comparative study of bolus versus infusion 

regimens has not been performed so far. Patients should be weaned 

from low-dose hydrocortisone over several days to avoid hemodynamic 

and immunologic rebound effects. In patients with septic shock, abrupt 

cessation of low-dose hydrocortisone was followed by significant rever-

sal of many hemodynamic and immunologic effects observed during 

corticosteroid therapy, even after a short treatment period of 3 days.102 

Adrenal function tests with 250 mg ACTH can be performed in patients 

with septic shock; however, at present this approach cannot be recom-

mended to exclude responders or patients with high random cortisol 

values from low-dose corticosteroid therapy.35 When basal serum corti-

sol concentrations are less than 15 mg/dL in septic shock, low-dose hy-

drocortisone replacement is recommended; levels of over 34 mg/dL are 

considered sufficient. Between 15 and 34 mg/dL, an incremental in-

crease of less than 9 mg/dL serum cortisol makes RAI likely, and therapy 

may be considered according to the clinical state.35 Other recommenda-

tions use a randomly assigned cutoff level of below 25 mg/dL serum 

cortisol.46 The routine use of the low ACTH stimulation test (1 mg 

ACTH) cannot be recommended at present until further data from 

well-designed randomized studies in septic shock patients are available. 

Most importantly, it has to be realized that all the aforementioned stud-

ies were performed in patients with catecholamine-resistant septic 

shock. To date, there are no data justifying the use of low-dose steroids 

in patients with sepsis. Significant effects on outcome have been ob-

served only in patients with systolic blood pressure below 90 mm Hg 

despite vasopressor therapy.97 It is not yet known whether low-dose 

corticosteroids are also effective in patients with less severe shock. Suf-

ficient data on the dose-response characteristics of GCs in septic pa-

tients are still lacking, and the current recommended strategy using 

200–300 mg hydrocortisone per day is based on empiric recommenda-

tions; further investigations are needed.

FURTHER IMPLICATIONS FOR ANESTHESIA AND 

CRITICAL CARE

Surgical stress increases serum cortisol levels fivefold to sixfold postop-

eratively, with return to normal at 24 hours unless stress continues. 

Patients who have received GCs equivalent to 30 mg/d cortisol for 

longer than 3 weeks may have impairment in this stress response, and 

steroid supplementation should be considered. However, short-term 

treatment of heterogeneous groups of patients with critical illness is 

controversial, and supraphysiologic doses of GCs are not beneficial 

and may even be harmful.110 Hence, outside the situations in which 

benefit has been proved, supraphysiologic doses of GCs (e.g., 30 mg 

methylprednisolone per kilogram of body weight per day) in patients 

with critical illness are not indicated. Whereas early treatment with 

dexamethasone was suggested to decrease morbidity in bacterial men-

ingitis,111,112 a recent meta-analysis was less enthusiastic.113 The posi-

tive effects of steroid treatment on tissue-specific resistance to GCs 

have already been described. However, despite the frequent suggestion 

that unexplained intraoperative hypotension and even death reflect 

unrecognized hypocortisolism, there is no evidence that primary adre-

nal insufficiency is a likely explanation for this response.

Patients with known chronic adrenal insufficiency must be advised 

to double or triple the dose of hydrocortisone temporarily whenever 

they have any febrile illness or injury.34 In stressful situations or during 

major surgery, trauma, burns, or medical illness, high doses of GCs up 

to 10 times the daily production are required to avoid an adrenal crisis, 

although no data from randomized trials are available. A continuous 

infusion of 10 mg of hydrocortisone per hour or the equivalent 

amount of dexamethasone or prednisolone eliminates the possibility 

of GC deficiency. This dose can be halved on the second postoperative 

day, and the maintenance dosage can be resumed on the third postop-

erative day. However, it is important with regard to possible detrimen-

tal effects and the possibility of decreased resistance to infections that 

this treatment not be used for prolonged periods in the absence of 

evidence of corticosteroid insufficiency. General perioperative man-

agement should include avoidance of etomidate as an anesthetic drug 

(selection of other drugs and muscle relaxants is not influenced by the 

presence of treated hypocortisolism); infusion of sodium-containing 

fluids; minimal doses of any anesthetic drugs to avoid increased sensi-

tivity to drug-induced myocardial depression; invasive monitoring of 

hemodynamics, glucose, and electrolytes; and decreased initial doses 

of muscle relaxant while monitoring the effect using a peripheral nerve 

stimulator. Especially when acute adrenal insufficiency has been de-

tected in a critically ill patient with a previously unknown disorder, 

thorough diagnostic evaluation is required, even after improvement.

The control of cortisol secretion in response to stress is more com-

plex than originally thought. Interactions between corticotropin-re-

leasing factor (CRF), vasoactive intestinal polypeptide, arginine vaso-

pressin, catecholamines, and other hormones involved in the control 

of cortisol secretion have been described.114 Alpha-2-adrenergic recep-

tor antagonists (e.g., clonidine), which are widely used in ICUs, may 

suppress the cortisol response to surgical stress. On the other hand, 

increases in intracranial pressure stimulate cortisol release without 

increasing ACTH levels, and adrenalectomy, but not adrenal demedul-

lation, increases the permeability of brain tissue to macromolecules.115 

Evidence also suggests that white blood cells may release ACTH-like 

peptides that can stimulate adrenal gland secretion of cortisol and that 

primary adrenal insufficiency is associated with increases in serum 

levels of angiotensin-converting enzyme.116

Multiple interactions between drugs and the HPA axis have to be 

considered if absolute or RAI is suspected. Moreover, in patients with 

hepatic dysfunction, GC doses should be tapered, especially when using 

prednisone, because hydroxylation to the active component needs con-

siderable metabolic capacity. Special attention is required in the con-

comitant use of GCs with other drugs, because of potential interactions 

and because some drugs may affect the metabolism of steroids, which 

may lead to a decreased or increased GC effect on their target tissues.117,118 

GCs decrease blood levels of aspirin, coumarin anticoagulants, isoniazid, 

insulin, and oral hypoglycemic agents, whereas cyclophosphamide and 

cyclosporine levels may be increased. Conversely, antacids, carbamaze-

pine, cholestyramine, colestipol, ephedrine, mitotane, phenobarbitone, 

phenytoin, and rifampicin decrease GC blood concentrations, whereas 

concentrations are increased by cyclosporine, erythromycin, oral contra-

ceptives, and troleandomycin. Furthermore, the combination of exoge-

nous GC administration and amphotericin B, digitalis glycosides, and 

potassium-depleting diuretics may induce or worsen hypokalemia, war-

ranting frequent monitoring of potassium levels. Finally, the general risk 

of immunosuppression by GCs precludes any use of vaccines from live 

attenuated viruses to avoid severe generalized infections.117,118

CONCLUSION

Underproduction of adrenal hormones can lead to serious illness. GCs 

play a critical permissive role in intermediary metabolism, are counter-

regulatory in relation to insulin, modulate inflammatory and immune 

responses, and optimize cardiovascular and CNS function. Therefore 

diseases with a primary adrenocortical dysfunction or those leading to 

secondary adrenal insufficiency may have severe sequelae, which often 

are life threatening. The concept of RAI in critically ill patients with 

functional disorders of the HPA axis has gained attention. Especially in 

patients with sepsis and septic shock, this phenomenon is suspected of 
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having a major impact on the severity of illness and prognosis. Both 

absolute adrenal insufficiency and RAI should be diagnosed by using 

adequate laboratory investigations. In most cases, testing the basal level 

of cortisol, combined with a short-term stimulation test with 250 mg 

ACTH, can identify the disease. In patients with critical illnesses, how-

ever, it continues to be difficult to diagnose RAI.

In cases of suspected adrenal crisis with severe volume- and cate-

cholamine-resistant shock, immediate replacement therapy is indi-

cated. If the diagnosis is questionable, dexamethasone should be ad-

ministered to allow an appropriate diagnostic evaluation. Once the 

diagnosis of adrenal insufficiency is made, hydrocortisone is the pre-

ferred therapy, because it provides both glucocorticoid and mineralo-

corticoid effects. After stabilization, the dose of GCs should be tapered 

down to a total of 20–35 mg hydrocortisone per day or equivalent. 

Randomized controlled trials of high-dose GCs failed to improve out-

come from sepsis and septic shock. However, prolonged treatment of 

refractory septic shock with low doses of corticosteroids is only con-

sidered a therapeutic option if the patient does not respond to volume 

replacement and vasopressor therapy.

KEY POINTS

• The definition of adrenal insufficiency is based on the inability of the adre-

nal gland to produce adrenocortical steroid hormones.

• The main cause of primary adrenal insufficiency (70%–80%) is an autoim-

mune disorder that induces morphologic destruction of more than 90% of 

the adrenal cortex. The result is a critically decreased synthesis of steroids, 

with typical clinical manifestations.

• Secondary adrenal insufficiency is characterized by reduced stimulation of 

the intact adrenal gland caused by low ACTH levels (hypothalamic-pituitary 

insufficiency), which also results in reduced cortisol levels.

• Tertiary adrenal insufficiency is caused by long-term treatment with steroid 

hormones, which induces feedback inhibition of the HPA axis.

• The definition of relative adrenal insufficiency (RAI) in critically ill patients 

is based on plasma cortisol levels. The critical threshold is a basal cortisol 

level of 18–25 mg/mL without preceding stimulation.

• Clinical manifestations of adrenal insufficiency are usually nonspecific and 

include weakness, anorexia, orthostatic hypotension, and general gastroin-

testinal symptoms. Typical signs of primary forms are hyperpigmentation 

caused by increased ACTH levels, vitiligo in cases of autoimmune disorders, 

and hyperkalemia. Secondary forms cause milder symptoms as a result of 

maintained mineralocorticoid effects.

• Evaluation of adrenal insufficiency generally includes measurement of basal 

serum cortisol concentrations and the incremental increase after stimula-

tion with ACTH. A high-dose test (250 mg ACTH) is preferred, which uses 

30- and 60-minute cortisol levels after stimulation. Long-term tests or low 

doses (1 mg ACTH) are only used for special indications. Basal values for 

serum cortisol of less than 3 mg/dL indicate severe, absolute hypocorti-

solism warranting immediate intervention. In critically ill patients, basal 

cortisol levels of less than 18–25 mg/mL have been recommended as an 

indication for low-dose replacement therapy.

• Acute adrenal insufficiency (Addisonian crisis) requires immediate interven-

tion. Establishing IV access, infusion of saline, monitoring serum glucose, 

and administering dexamethasone after drawing a blood sample may be 

lifesaving. ACTH stimulation tests should be used for diagnosis. Once the 

results after stimulation are known, hydrocortisone therapy is preferred for 

its mineralocorticoid effects.

• Chronic adrenal insufficiency may require long-term replacement therapy 

with glucocorticoids and mineralocorticoids (for primary forms). Any physi-

cal or emotional stress must be considered as possibly harmful, with the 

need for 3–10 times increased doses of glucocorticoids.

• In patients with septic shock who are not adequately responding to volume 

and vasopressor therapy, replacement with low-dose hydrocortisone  

(200–300 mg/d) may be considered, although optimal dosing and timing 

have yet to be established. A preliminary ACTH test in these patients is no 

longer recommended.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Annane D, Bellissant E, Bollaert PE, et al. Corticosteroids in the treatment of 

severe sepsis and se ptic shock in adults: A systematic review. JAMA. 

2009;301:2362-2375.

This review presents the current concepts of pathophysiology, diagnosis, and 

treatment of corticosteroid insufficiency in acutely ill patients.

Annane D, Renault A, Brun-Buisson C, et al. Hydrocortisone plus fludrocorti-

sone for adults with septic shock. New Engl J Med. 2018;378(9):809-818.

This is a recent multicenter clinical trial that was able to demonstrate that 

low-dose hydrocortisone combined with fludrocortisone reduces mortality in 

patients with severe volume- and vasopressor-restrictive septic shock.

Keh D, Boehnke T, Weber-Carstens S, et al. Immunologic and hemodynamic 

effects of “low-dose” hydrocortisone in septic shock: A double-blind, ran-

domized, placebo-controlled, crossover study. Am J Respir Crit Care Med. 

2003;167:512-520.

The authors performed a randomized trial in patients with septic shock, us-

ing a crossover design that demonstrated that (1) hemodynamic stabilization 

by low-dose steroids is paralleled by reduced synthesis of endogenous nitric 

oxide, (2) low-dose hydrocortisone modulates rather than suppresses immu-

nologic functions, and (3) rapid withdrawal of steroids induces rebound phe-

nomena with impairment of the clinical course.

Liberman AC, Druker J, Garcia FA, et al. Intracellular molecular signaling. Ba-

sis for specificity to glucocorticoid anti-inflammatory actions. Ann N Y 

Acad Sci. 2009;1153:6-13.

This paper is an important publication on the cellular pathways of glucocor-

ticoid response. It demonstrates how steroids inhibit NF-kB, which represents 

a key pathway of inflammatory diseases.

Loriaux DL, Fleseriu M. Relative adrenal insufficiency. Curr Opin Endocrinol 

Diabetes Obes. 2009;16:392-400.

This review demonstrates that the phenomenon of relative adrenal insuffi-

ciency has a crucial impact on outcome in critically ill patients.

Venkatesh B, Finfer S, Cohen J, et al. Adjunctive glucocorticoid therapy in pa-

tients with septic shock. New Engl J Med. 2018;378(9):797-808.

In contrast to the aforementioned study, this randomized trial did not show 

any benefit of low-dose hydrocortisone therapy in septic shock; however, these 

patients were responsive to vasopressor therapy, which underlines the rele-

vance of thorough patient selection.
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NORMAL THYROID HORMONE ECONOMY

Regulation
Synthesis and secretion of thyroid hormone is under the control of the 

anterior pituitary hormone thyrotropin (or thyroid-stimulating hor-

mone [TSH]). Consistent with a classic negative feedback system, TSH 

secretion increases when serum thyroid hormone levels fall and de-

creases when they rise (Fig. 137.1). TSH secretion is also under the 

regulation of the hypothalamic hormone thyrotropin-releasing hor-

mone (TRH). The negative feedback of thyroid hormone is targeted 

mainly at the pituitary level, but also likely affects TRH release from 

the hypothalamus. In addition, input from higher cortical centers can 

affect hypothalamic TRH secretion.

Under the influence of TSH, the thyroid gland synthesizes and re-

leases thyroid hormone. Thyroxine (3,5,39,59-tetraiodothyronine, or 

T4, which is 65% iodine by weight) is the principal secretory product 

of the thyroid gland, comprising about 90% of secreted thyroid hor-

mone under normal conditions.1 Although T4 may have direct actions 

in some tissues, it primarily functions as a hormone precursor that is 

metabolized in peripheral tissues to the transcriptionally active 

3,5,39-triiodothyronine (T3, which is 59% iodine by weight).

Metabolic Pathways
The major pathway of metabolism of T4 is by sequential monodeiodin-

ation.2 At least three deiodinases, each with its unique expression in 

different organs, catalyze deiodination reactions involved in the me-

tabolism of T4. Removal of the 59-, or outer ring, iodine by type I iodo-

thyronine 59-deiodinase (D1) or type II iodothyronine 59-deiodinase 

(D2) is the “activating” metabolic pathway leading to the formation of 

T3. Removal of the 59-, or inner ring, iodine by type III iodothyronine 

deiodinase (D3) is the “inactivating” pathway that produces the meta-

bolically inactive thyroid hormone 3,39,59-triiodothyronine (reverse T3 

or rT3). D1 is found most abundantly in the liver, kidneys, and thyroid. 

It is up-regulated in hyperthyroidism and down-regulated in hypothy-

roidism. D2 is found primarily in the brain, pituitary, and skeletal 

muscle and is down-regulated in hyperthyroidism and up-regulated in 

hypothyroidism. D3 is expressed primarily in the brain, skin, and pla-

cental and chorionic membranes. The actions of D3 also include inac-

tivation of T3 to form T2, another inactive metabolite. Under normal 

conditions, about 41% of T4 is converted to T3, about 38% is converted 

to rT3, and about 21% is metabolized via other pathways, such as con-

jugation in the liver and excretion in the bile.3,4

T3 is the metabolically active thyroid hormone and exerts its actions 

via binding to chromatin-bound nuclear receptors and regulating gene 

transcription in responsive tissues.5 It is important to note that only 

around 10% of circulating T3 is secreted directly by the thyroid gland, 

whereas more than 80% of T3 is derived from the conversion of T4 in 

peripheral tissues.1,2 Thus factors that affect peripheral T4-to-T3 conver-

sion will have significant effects on circulating T3 levels. Serum levels of 

T3 are approximately 100-fold less than those of T4, and like T4, T3 is 

metabolized by deiodination to form diiodothyronine (T2) and by con-

jugation in the liver. The half-lives of circulating T4 and T3 are 5–8 days 

and 1.3–3 days, respectively.3

Serum Binding Proteins
Both T4 and T3 circulate in the serum as hormones bound to several 

proteins synthesized by the liver.4 Thyroid-binding globulin (TBG) is 

the predominant transport protein and binds to approximately 80% of 

the circulating serum thyroid hormones. The affinity of T4 for TBG is 

about 10-fold greater than that of T3, which accounts in part for the 

higher circulating T4 levels as compared with T3 levels. Other serum 

binding proteins include transthyretin, which binds about 15% of T4 

but little, if any, T3; and albumin, which has a low affinity but a very 

large binding capacity for T4 and T3.
6 Overall, 99.97% of circulating T4 

and 99.7% of circulating T3 are bound to plasma proteins.

Role of the Free Thyroid Hormones
Essential to an understanding of the regulation of thyroid function 

and the alterations of circulating thyroid hormones seen in critical ill-

ness is the “free hormone” concept, which is that only the unbound 

hormone has metabolic activity. Although overall thyroid hormone 

production is regulated by the pituitary, serum thyroid function is af-

fected by changes in the free thyroid hormone concentrations. Altera-

tions in either the concentrations of binding proteins or the binding 

affinity of thyroid hormones to their serum binding proteins have 

significant effects on total serum hormone levels, owing to the high 

degree of binding of T4 and T3 to these proteins. However, despite 

these changes, binding effects do not necessarily translate into clini-

cally significant thyroid dysfunction.

THYROID HORMONE ECONOMY IN  
CRITICAL ILLNESS

Widespread changes in thyroid hormone economy in critically ill pa-

tients7,8 occurs as a result of (1) alterations in peripheral metabolism 

of thyroid hormones, (2) alterations in TSH regulation, and (3) altera-

tions in the binding of thyroid hormone to TBG.

Peripheral Metabolic Pathways
There is considerable variation in the transcriptional and translational 

activities of genes important for thyroid hormone metabolism during 

acute illness.9 One of the initial alterations in thyroid hormone me-

tabolism in acute illness is the acute inhibition of D1, which results in 

the impairment of T4-to-T3 conversion in peripheral tissues.10 D1 is 
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inhibited by a wide variety of factors, including acute illness (Box 137.1),2 

resulting in the acute decrease in T3 production in critically ill patients. In 

contrast, inner ring deiodination by D3 may be increased by acute illness, 

resulting in increased levels of rT3.
11 Additionally, because rT3 is subse-

quently deiodinated by D1, degradation of rT3 decreases, and levels of 

this inactive hormone rise in proportion to the fall in T3 levels. There may 

also be potential roles of other T4 metabolites like 3,5-diiodothyronine 

(3,5-T2) and 3-iodothyronamine (3-T1AM) in critical illness, but this 

remains unclear.12

Nondeiodinative pathways may play an important role in critical 

illness, as sulfoconjugation and alanine side chain deamination/decar-

boxylation are increased, resulting in increased levels of T3-sulfate and 

Triac, respectively, although thyroid hormone hypermetabolism may 

not entirely be the result of these processes in critical illness.13 Triac, 

which binds to the thyroid hormone receptor and has weak thyromi-

metic activity, increases locally during illness and fasting. An increase 

in Triac production in the pituitary may be a factor in decreasing TSH 

levels during illness.

Finally, in critical illness, there is impaired transport of T4 to pe-

ripheral tissues, such as the liver and kidney, where much of the circu-

lating T3 is produced. This further contributes to the decrease in the 

production of T3.
14,15 Interestingly, increased expression of the thyroid 

hormone transporters OATP1C1 and MCT8 in animal models16 and 

increased expression of MCT8 and MCT1 in the liver and muscle in 

human studies involving critical illness have been observed.17 The 

mechanisms underlying the decrease in tissue transport during critical 

illness has yet to be more fully elucidated.

Thyrotropin Regulation
It has long been recognized that serum TSH levels are usually normal 

in the early phases of acute illness.18,19 Decreased TRH secretion 

caused by inhibitory signals from higher cortical centers, impaired 

TRH metabolism,20 alteration of pulsatile TSH,21 and the decrease or 

absence of a nocturnal TSH surge21,22 may all further lower TSH levels. 

Serum levels of leptin, the ob gene product that has been shown to vary 

directly with thyroid hormone levels, also falls as illness progresses23 

and hypothalamic TRH secretion falls, which in turn lead to lowered 

TSH levels. The decrease of hypothalamic TRH gene expression in 

animal models, however, is not associated with increased serum T4 and 

T3 levels.16 Finally, certain thyroid hormone metabolites that are in-

creased during acute nonthyroidal illness may play a role in the inhibi-

tion of TSH and TRH secretion.7

Common medications used in the treatment of critically ill patients 

may also have inhibitory effects on serum TSH levels (Box 137.2). Van 

den Berghe and colleagues reported that intravenous (IV) administra-

tion of dopamine for 15–21 hours can acutely decrease TSH, whereas 

Cortical centers

Hypothalamus
TRH

Pituitary
TSH

Thyroid

Liver

T3

T3

TBG

T4

T4

+

+

+

−

− −

− −

Fig. 137.1 Diagram of the hypothalamic-pituitary-thyroid axis. Inhibitory 

effect of T4 and T3 on TSH secretion is shown by dashed line and minus 

sign, and stimulatory effects of TRH on TSH secretion and TSH on thy-

roid secretion are shown by solid lines and plus signs. T4 and T3 may 

also have an inhibitory effect on TRH secretion.

BOX 137.1 Factors That Inhibit Type 1 
59-Deiodinase Activity (D1)

Acute and chronic illness

Caloric deprivation

Malnutrition

Glucocorticoids

Beta-adrenergic blocking drugs (e.g., propranolol)

Oral cholecystographic agents (e.g., iopanoic acid, sodium ipodate)

Amiodarone

Propylthiouracil

Fatty acids

Fetal/neonatal period

Selenium deficiency

Hepatic disease

BOX 137.2 Factors That Decrease Pituitary 
Secretion of TSH

Acute and chronic illness

Adrenergic agonists

Caloric restriction

Carbamazepine

Clofibrate

Cyproheptadine

Dopamine and dopamine agonists

Endogenous depression

Glucocorticoids

Insulin-like growth factor (IGF)-1

Metergoline

Methysergide

Opiates

Phenytoin

Phentolamine

Pimozide

Rexinoids

Somatostatin and its analogs

Serotonin

Surgical stress

Thyroid hormone metabolites
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its withdrawal results in a 10-fold increase in serum TSH levels.24 

Other medications that can inhibit TSH secretion include glucocorti-

coids, rexinoids, and somatostatin.25

Serum Binding Proteins
The affinity of thyroid hormones binding to transport proteins and the 

concentration of serum binding proteins are altered with acute illness 

(Table 137.1). Serum levels of transthyretin and albumin decrease, es-

pecially during prolonged illness, malnutrition, and in high catabolic 

states. TBG levels may be increased, as seen with liver dysfunction, or 

decreased, as seen with severe or prolonged illness.26

An acquired binding defect of T4 to TBG is commonly seen in pa-

tients with critical illness. This is thought to result from the release of 

some as yet unidentified factor from injured tissues that has the char-

acteristics of unsaturated nonesterified fatty acids (NEFAs),27 which 

also inhibit T4-to-T3 conversion.28 In systemically ill patients, NEFA 

levels rise in parallel with the severity of the illness,29 and drugs such 

as heparin stimulate the generation of NEFA.30 Many drugs, including 

high-dose furosemide, antiseizure medications, and salicylates, also 

alter the binding of T4 to TBG.25 The alteration in serum binding pro-

teins in critical illness makes estimating free hormone concentrations 

challenging.

EVALUATION OF THYROID FUNCTION IN 
CRITICALLY ILL PATIENTS

Diagnostic Tests

Thyrotropin Assays
Abnormal thyroid function tests caused by nonthyroidal illness have 

been reported in up to approximately 70% of acutely ill patients.31,32 In 

a study of 1580 hospitalized patients, only 24% of patients with sup-

pressed TSH values (i.e., TSH levels below the limit of detection) and 

50% of patients with TSH values over 20 mU/L were found to have 

thyroid disease.33,34 More importantly, none of the patients with sub-

normal but detectable TSH values and only 14% of patients with ele-

vated TSH values less than 20 mU/L were subsequently diagnosed with 

intrinsic thyroid dysfunction. A review by Kaptein and colleagues sug-

gested that patients with isolated increased TSH concentrations in the 

setting of chronic cardiac, hepatic, or renal disease usually do not per-

sist or progress to overt hypothyroidism.35

The development of sensitive third-generation TSH assays has led 

to small improvements in discerning between overt hyperthyroidism 

and nonthyroidal illness.33 Overall, however, although a normal TSH 

level has a high predictive value of normal thyroid function, an abnor-

mal TSH value alone is not helpful in evaluating thyroid function in 

critically ill patients.

Serum T4 and T3 Concentrations

Measurement of free thyroid hormone concentrations in patients with 

nonthyroidal illness is similarly fraught with difficulty.36 The gold 

standard for determination of free hormone levels is equilibrium di-

alysis. However, this technique is labor intensive, time consuming, and 

rarely used. The most commonly available laboratory tests for thyroid 

hormone concentrations are free T4 index, free T4, and free T3 that are 

measured by analog methods; however, these methods are estimates of 

free hormone concentrations and thus subject to inaccuracies.37,38

The free T4 index (FT4I) is determined by multiplying the total T4 

concentration by the T3 or T4 resin uptake, which is an inverse estimate 

of serum TBG concentrations.38 Free T4 levels can also be measured by 

the analog method, a less expensive alternative to the FT4I39; the two 

tests are likely comparably,40 and in a healthy population, there is a 

close correlation between the FT4I and free T4 levels. However, in 

critically ill patients, this association is no longer seen, mainly because 

of difficulties in estimating TBG binding with resin uptake tests. De-

spite this, the sensitivity of the FT4I in a large study of hospitalized 

patients was 92.3%, compared with 90.7% for the sensitive TSH test.33

Of the serum thyroid function tests, serum T3 concentrations are 

affected to the greatest degree by alterations in thyroid hormone 

economy during acute illness. Therefore there is no indication for 

routine measurement of serum T3 levels in the initial evaluation of 

thyroid function among critically ill patients. This test should be ob-

tained only if thyrotoxicosis is clinically suspected in this setting (i.e., 

in the presence of a suppressed sensitive TSH and elevated [or high 

normal] FT4I or free T4 values). The total T3 assay is preferable to the 

free T3 (analog) assay, owing to the variability among laboratories with 

the latter test,41 although there are limited data reporting the utility of 

free T3 levels in predicting mortality in the ICU.42 Similarly, although 

there is some evidence that ICU patients with lower serum rT3 levels 

have higher risks of mortality,15,43,44 rT3 levels are generally unreliable 

and are difficult to distinguish between intrinsic thyroid dysfunction 

and nonthyroidal illness.45

Serum Thyroid Autoantibodies

Autoantibodies to thyroglobulin and thyroid peroxidase (TPO), two 

intrinsic thyroid proteins, are commonly ordered serum tests.46 In-

creased serum titers of either or both of these antibodies indicate the 

presence of autoimmune thyroid disease, but the presence of thyroid 

autoantibodies alone does not necessarily indicate thyroid dysfunction, 

as they are present in up to 26% of the general population.47,48 Thyroid 

autoantibodies do, however, add to the sensitivity of abnormal TSH and 

FT4I values in diagnosing known intrinsic thyroid disease.33,34

Imaging Studies

Imaging studies are rarely essential for the diagnosis of thyroid disor-

ders in critically ill patients. Occasionally, functional analysis of thyroid 

glands using the radioisotope 123I may be useful in patients with sus-

pected thyrotoxicosis and equivocal laboratory tests. However, these 

studies are labor intensive, and managing the underlying acute illness 

often overshadows the benefits of obtaining these studies. Anatomic 

studies such as ultrasound, isotopic imaging, computed tomography 

 Increase Binding Decrease Binding

Drugs Estrogens Glucocorticoids

Methadone Androgens

Clofibrate L-Asparaginase

5-Fluorouracil Salicylates

Heroin Mefenamic acid

Tamoxifen Phenytoin

Raloxifene Furosemide

Heparin

Anabolic steroids

Systemic Factors Liver disease Inherited

Porphyria Acute illness

HIV infection NEFAs

Inherited

TABLE 137.1 Factors That Alter Binding of 
T4 to Thyroid-Binding Globulin

HIV, Human immunodeficiency virus; NEFA, Nonesterified free fatty 

acid.
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(CT), and magnetic resonance imaging (MRI) are useful in the evalua-

tion of thyroid nodules and goiter, but these conditions are rarely the 

cause of acute illness; as such, these radiologic studies are not usually 

helpful in critically ill patients.

Diagnosis
Routine serum thyroid function screening of an ICU population is not 

recommended because of the high prevalence of abnormal thyroid 

function tests and low prevalence of true thyroid dysfunction. When 

thyroid function tests are ordered in hospitalized patients, they should 

only be done if there is a high clinical index of suspicion for thyroid 

dysfunction. Whenever possible, it is best to defer evaluation of the 

thyroid-pituitary axis until patients have recovered from the acute ill-

ness. Because every test of thyroid hormone function can be altered in 

critically ill patients, no single test can definitively rule in or rule out 

the presence of intrinsic thyroid dysfunction.

If there is a high clinical suspicion for intrinsic thyroid dysfunction 

in critically ill patients, reasonable initial tests should include either 

serum free T4 index or free T4 and TSH measurements. Assessment of 

these values in the context of the duration, severity, and stage of illness 

will allow the correct diagnosis in most patients. For example, a mildly 

elevated TSH coupled with a low FT4I or free T4 is more likely to indi-

cate primary hypothyroidism early in an acute illness, as opposed to 

the same values obtained during the recovery phase of the illness. 

Similarly, the combination of an elevated TSH and low-normal FT4I 

or free T4 is more likely to indicate thyroid dysfunction in hypother-

mic, bradycardic patients than the tachycardic, normothermic indi-

viduals. If both the FT4I or free T4 and TSH are normal, thyroid dys-

function is effectively eliminated as a significant contributing factor. If 

the diagnosis is still unclear, measurement of thyroid antibodies is 

helpful as a marker of intrinsic thyroid disease and increases the sensi-

tivity of both the FT4I or free T4 and the TSH. Only in the case of a 

suppressed TSH and a mid- to high-normal FT4I or free T4 are mea-

surements of serum T3 levels indicated.

NONTHYROIDAL ILLNESS

In patients without underlying thyroid dysfunction, critical illness 

causes multiple nonspecific alterations in thyroid hormone concentra-

tions that relate to the severity of the illness.8,49 Proposed mechanisms of 

nonthyroidal illness include the induction of a central hypothyroidism 

arising from decreased TSH production, an acute phase response leading 

to thyroid binding alterations within the circulation, and impaired func-

tion of thyroid hormone transporters across cell membranes.50

The alterations in thyroid hormone parameters represent a con-

tinuum of changes that depends on the severity of the illness and can 

be categorized into several distinct stages (Fig. 137.2).51 The wide spec-

trum of changes observed often results from the differing points in the 

course when serum thyroid function tests are obtained. Importantly, 

these changes are rarely isolated and are often associated with altera-

tions of other endocrine systems, such as the hypothalamic-pituitary-

gonadal and -adrenal axes.17 Thus sick euthyroid syndrome should not 

be viewed as an isolated pathologic event, but as part of a coordinated 

systemic reaction to illness involving both the immune and endocrine 

systems.

The effect of nonthyroidal illness has been studied in several acute 

and chronic diseases. Some investigators have postulated an associa-

tion between hypothyroidism and chronic kidney disease, although 

the thyroid function abnormalities in this patient population with a 

chronic illness may represent a component of nonthyroidal illness.52 

Others have reported that the presence of nonthyroidal illness por-

tends worsened overall prognosis in patients with coexisting end-stage 

renal disease,53 cardiorenal syndrome,54 and enterocutaneous fistulas55 

and in burn patients.43 There is limited literature regarding the optimal 

treatment of nonthyroidal illness in children who are hospitalized in 

the ICU.56–58

Low T3 State
Common to all of the abnormalities in thyroid hormone concentra-

tions seen in critically ill patients is a substantial depression of serum T3 

levels, which can occur as early as 24 hours after the onset of illness. 

Over half of patients admitted to the medical service will demonstrate 

depressed serum T3 concentrations.33,34 As noted earlier, multiple path-

ways contribute to the development of the low T3 state in critical illness, 

including decrease in peripheral T4-to-T3 conversion through inhibi-

tion of type 1 deiodinase, increase in T3-to-T2 conversion through  

increased type 3 deiodinase expression, increase in T3 sulfation, and 

increase in Triac formation. This results in marked reduction of T3 

production and rT3 degradation,59 thereby leading to reciprocal changes 

in serum T3 and serum rT3 concentrations. The low T3 state has been 
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Fig. 137.2 Alterations of serum thyroid hormone concentrations in critical illness. Schematic representation 

of the continuum of changes in serum thyroid hormone concentrations in patients with nonthyroidal illness. 

Alterations become more pronounced with increasing severity of illness and return to normal range as illness 

subsides and the patient recovers. A rapidly rising mortality accompanies the fall in total and free T4 concen-

trations. rT3, reverse triiodothyronine (3,3959-triiodothyronine); T3, 3,5,39-triiodothyronine; TSH, thyroid-stimu-

lating hormone (thyrotropin). (From Farwell AP. Sick euthyroid syndrome in the intensive care unit. In Irwin 

RS, Rippe JM, eds. Intensive Care Medicine, 5th ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2003.)
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described as a predictor of both all-cause and cardiac mortalities in 

critical care patients with acute decompensated heart failure.60 During 

critical illness, T3 levels are also abnormally low in peripheral tissues.44 

Moreover, thyroid hormone receptor expression is decreased in acute 

nonthyroidal illness,61 possibly in response to the decrease in tissue T3 

levels.

High T4 State
Serum T4 levels may be elevated early in acute illness because of either 

the acute inhibition of type 1 deiodinase or increased TBG levels. This 

is seen most often in the elderly and in patients with psychiatric disor-

ders. As the duration of illness increases, nondeiodinative pathways of 

T4 degradation increase serum T4 levels to the normal range.34

Low T4 State
As the severity and duration of the illness increase, serum total T4 

levels decrease into the subnormal range. Contributors to this decrease 

in serum T4 levels are (1) a decrease in the binding of T4 to serum car-

rier proteins; (2) a decrease in serum TSH levels, leading to decreased 

thyroidal production of T4; and (3) an increase in nondeiodinative 

pathways of T4 metabolism. The decline in serum T4 levels correlates 

with prognosis in the ICU, with mortality increasing as serum T4 levels 

drop below 4 mg/dL and approaching 80% in patients with serum T4 

levels below 2 mg/dL.62–64 Despite marked decreases in serum total T4 

and T3 levels in critically ill patients, free hormone levels have been 

reported to be normal or even elevated,50 providing a possible explana-

tion for why most patients appear eumetabolic despite thyroid hor-

mone levels in the hypothyroid range. Thus the low T4 state is unlikely 

to be a result of a hormone-deficient state and is probably more of a 

marker of multisystem failure in critically ill patients.

Recovery State
As acute illness resolves, so do the alterations in thyroid hormone 

concentrations.65 This stage may be prolonged and is characterized by 

modest increases in serum TSH levels. Full recovery with restoration of 

thyroid hormone levels to the normal range may require several weeks 

or months after hospital discharge. One study reported that 35 of 40 

patients with nonthyroidal illness after coronary artery bypass grafting 

were able to regain normal thyroid function 6 months after surgery.66

Treatment of Nonthyroidal Illness
The question of whether nonthyroidal illness in critically ill patients 

represents pathologic alterations in thyroid function that negatively 

affect these patients or simply reflects multisystem failure (i.e., respira-

tory, cardiac, renal, hepatic failure) is still debatable in both adults67–70 

and children.49 However, in most studies, thyroid hormone replace-

ment therapy has been shown to not be beneficial,69,71 including in 

pediatric patients.72

Initial evidence suggested a beneficial effect of liothyronine (L-T3) 

on increasing organs available for harvest from brain-dead patients,73 

such that L-T3 was included in hormonal preservation of organs before 

transplant.74 However, a subsequent meta-analysis, including prospec-

tive studies, failed to confirm any beneficial effect.75 Although L-T3 

normalizes serum T3 levels76 and improves hemodynamic and neuro-

humoral parameters in patients with dilated cardiomyopathy77 and 

impaired myocardial function78 slightly, these benefits may represent a 

pharmacologic effect of T3 rather than a physiologic replacement hor-

monal effect. Most recently, T3 has been used in the setting of a myo-

cardial infarction in a small series of patients with borderline low/low 

T3 levels with no adverse effects and a suggestion of a decrease in re-

gional wall motion abnormalities.79 These studies involving patients 

with congestive heart failure and myocardial infarction are more  

remarkable for a lack of deleterious effect of L-T3 treatment than for 

any sustained clinical benefit. In any event, future studies are war-

ranted in this patient population.

Therapies other than thyroid hormone replacement have been 

shown to be beneficial options in the management of nonthyroidal 

illness. One randomized multicenter clinical trial reported that the 

use of N-acetylcysteine (NAC) was able to prevent serum thyroid 

function derangements, consistent with nonthyroidal illness among 

patients after an acute myocardial infarction.80 The findings suggest 

that NAC, a potent intracellular antioxidant, is able to reduce oxida-

tive stress, presumed as a causative factor of nonthyroidal illness.81 

Changes in thyroid hormone parameters occurring postoperatively 

have been prevented by early institution of nutritional support.82 Fi-

nally, some investigators have suggested that patients with prolonged 

critical illness may represent a different disease entity than those with 

acute disease,9,49 and treatment with hypothalamic-releasing factors 

should be tested in future trials.49 In summary, in the absence of any 

clinical evidence of hypothyroidism, there does not appear to be any 

compelling evidence for the use of thyroid hormone therapy in  

patients with decreased thyroid hormone parameters related to sick 

euthyroid syndrome.

THYROID STORM

Thyroid storm is an acute, life-threatening complication of hyperthy-

roidism and represents the extreme manifestation of the disease.83,84 

Historically, thyroid storm was associated with surgery for hyperthy-

roidism.85 Currently, because of better recognition of the disease and 

improved perioperative management, thyroid storm is rare, account-

ing for an incidence of 0.20–0.76 per 100,000 hospitalized patients.86–88 

Most often, thyroid storm is precipitated by an intercurrent medical 

problem in untreated or partially treated hyperthyroid patients.89 The 

diagnosis of thyroid storm is a clinical one; there are no distinctive 

laboratory features, and thyroid hormone concentrations are similar 

to those observed in uncomplicated thyrotoxicosis. Although the cause 

of rapid clinical decompensation is unknown, a sudden inhibition of 

thyroid hormone binding to plasma proteins by the precipitating 

factor, causing a rise in free hormone concentrations in the already 

elevated free hormone pool, may play a role in the pathogenesis of 

thyroid storm.90

Clinical Manifestations
Thyroid storm is primarily a clinical diagnosis; as such, the varying 

incidence of this disorder in patient series likely results from the strict-

ness of the diagnostic criteria. Clinical features are similar to those of 

thyrotoxicosis but more exaggerated (Box 137.3). Cardinal features of 

thyroid storm include fever (temperature usually .38.5°C), tachycar-

dia out of proportion to the fever, and mental status changes.91 

Tachyarrhythmias, especially atrial fibrillation in the elderly, are com-

mon. Nausea, vomiting, diarrhea, agitation, and delirium are frequent 

presentations. Vascular collapse and shock caused by dehydration and 

cardiac decompensation are poor prognostic signs, as is the presence 

of jaundice.92 Multiorgan failure has been reported.93 Coma and death 

may ensue in up to 20% of patients, frequently the result of cardiac 

arrhythmias, congestive heart failure, hyperthermia, or the precipitat-

ing illness.94 Involvement of the central nervous system may portend a 

worsened prognosis.95,96

Most patients display the classic signs of Graves disease, the most 

common cause of thyrotoxicosis, with ophthalmopathy and a diffusely 

enlarged goiter as the usual manifestations. In the elderly, atypical 

signs and symptoms may include severe myopathy, profound weight 

loss, apathy, and a minimally enlarged goiter.97
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Precipitating Factors
In the past, thyroid storm was frequently associated with surgery for 

hyperthyroidism (Box 137.4), with symptoms beginning a few hours 

after thyroidectomy in patients prepared for surgery with potassium 

iodide alone. Most of these cases occurred in patients who were not 

appropriately prepared for surgery by current standards. Certain clini-

cal and socioeconomic factors have also been suggested to be associ-

ated with complicated hyperthyroidism, including lack of insurance, 

age younger than 30 or older than 50, and serum T4 concentrations 

greater than twice the upper limit of normal.98 Because of better rec-

ognition of the disease, preoperative treatment with thionamides to 

deplete the gland of thyroid hormone before surgery, and improved 

perioperative management with beta-blockade, thyroid storm now is 

rarely a postoperative complication of thyroid surgery.

Currently, thyroid storm appears most commonly after infection, 

causing the thyrotoxic state to decompensate.89 Pneumonia, upper re-

spiratory tract infections, and enteric infections are common precipi-

tating infections. Other precipitating factors include stress, trauma, 

nonthyroidal surgery, diabetic ketoacidosis, labor, heart disease, and 

iodinated contrast studies in unrecognized or partially treated hyper-

thyroid patients.99–102 Iatrogenic thyroid storm has also been reported 

as a result of thyroid hormone overdose.103,104 Thyroid storm associ-

ated with gestational trophoblastic disease and TSH-secreting pitu-

itary adenoma are uncommon.105,106 Thyroid storm occurring after 131I 

therapy is extremely rare.107 When reported, radioiodine-induced thy-

roid storm usually occurs if there was no pretreatment with antithy-

roid drugs. Tyrosine kinase inhibitors, used for the treatment of vari-

ous cancers, has also been described to precipitate thyroid storm.108

Diagnosis
The diagnosis of thyroid storm is based primarily on clinical judg-

ment. The Burch-Wartofsky109 and Akamizu86 scoring systems may be 

helpful in distinguishing the likelihood of thyroid storm in patients 

presenting with hyperthyroid symptoms. These scoring systems use 

criteria that include temperature, central nervous system effects, gas-

trointestinal effects, cardiovascular effects, and precipitant history to 

assist in the diagnosis.

There are no distinct laboratory abnormalities apart from elevated 

thyroid hormone concentrations, which are similar to those found in 

uncomplicated thyrotoxicosis. Serum T3 concentrations are often ele-

vated to a greater degree than serum T4 concentrations, owing to the 

preferential secretion of T3 by the hyperthyroid gland.89 There is little 

correlation between the degree of elevation of thyroid hormones and 

the presentation of thyroid storm. Serum TSH concentrations are 

typically undetectable; however, because of the influence of nonthyroi-

dal illness on TSH secretion (see earlier), a low TSH by itself is insuf-

ficient to make a diagnosis of thyroid storm. Serum T4 and T3 concen-

trations in the normal range, regardless of the TSH concentration, 

effectively eliminate thyroid storm as a tenable diagnosis.

In thyroid storm, abnormal serum liver function tests are common. 

Hypocalcemia may be observed secondary to increased osteoclast-

mediated bone resorption in the hyperthyroid patient. Hematocrit 

concentrations may be elevated because of volume contraction, and 

leukocytosis is common even in the absence of infection.

The differential diagnosis of thyroid storm includes sepsis, neuro-

leptic malignant syndrome, malignant hyperthermia, and acute mania 

with lethal catatonia, all of which can precipitate thyroid storm in the 

appropriate setting. Clues to the diagnosis of thyroid storm are a his-

tory of thyroid disease, history of iodine ingestion, and the presence of 

a goiter or stigmata of Graves disease. The physician must have a high 

clinical index of suspicion for thyroid storm, as therapy must be insti-

tuted before the availability of thyroid function test results in most 

cases.

Treatment
It should be emphasized that a thyroid storm is an important medical 

emergency that must be treated in an ICU.89 Therapy can be divided 

into two major categories (Box 137.5): (1) thyroid-directed treatment 

aimed at decreasing thyroid hormone production, conversion, and 

secretion and blocking the peripheral manifestations of thyroid hor-

mone and (2) supportive treatment aimed at controlling the fever, sta-

bilizing the cardiovascular system, and managing the precipitating 

cause.

Thyroid-Directed Treatment

Prompt inhibition of thyroid hormone synthesis and secretion is  

essential. Antithyroid drugs are given in large doses to both inhibit 

synthesis of thyroid hormones and block the uptake of iodine. Propyl-

thiouracil (PTU) is preferred over methimazole, given its greater effi-

cacy when used in large doses, in reducing T3 levels during severe 

hyperthyroidism (by inhibition of type 1 deiodinase) and impairing 

peripheral conversion of T4 to T3.
110 However, because other, more 

powerful inhibitors of type 1 deiodinase are usually part of the therapeutic 

BOX 137.4 Precipitating Factors for Thyroid 
Storm

Surgery

Thyroidal

Nonthyroidal

Infections

Pneumonia

Upper respiratory

Enteric

Other

Stress

Trauma

Diabetic ketoacidosis

Labor

Cardiac disease

Iodinated intravenous contrast agents

Radioactive iodine (131I) therapy

BOX 137.3 Clinical Features of Thyroid 
Storm

Fever (as high as 105.8°F)

Tachycardia/tachyarrhythmias

Mental status changes

Delirium/agitation

Congestive heart failure

Tremor

Nausea and vomiting

Diarrhea

Sweating

Vasodilatation

Dehydration

Hepatomegaly

Splenomegaly

Jaundice
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regimen in thyroid storm, the main beneficial effects of PTU are its inhibi-

tion of iodide uptake and hormone synthesis. PTU and methimazole can 

be administered by nasogastric tube or rectally, if necessary.111 Neither of 

these preparations is available for parenteral administration, although a 

protocol has been reported for the reconstitution of methimazole to be 

given IV.112

Iodides, the most effective drugs to block release of thyroid hor-

mone from the thyroid gland, should be used only after antithyroid 

drugs have been administered. Monotherapy with iodides will actually 

increase the synthesis of new thyroid hormones and markedly worsen 

the hyperthyroidism when the gland escapes from the initial iodide-

induced blockade of hormone secretion (the acute Wolff-Chaikoff  

effect).113 Previously, the iodide preparation of choice was the radio-

graphic contrast dye, iopanoic acid, because of its high iodine content 

(0.6 mg iodine/g dose) and the ability for the drug to directly inhibit 

type 1 deiodinase and thus block T4-to-T3 conversion; however, this 

drug is largely unavailable worldwide. Thus Lugol solution and satu-

rated solution of potassium iodide (SSKI) are currently the main 

sources of therapeutic iodides.114 It is important to realize that use of 

iodides precludes the use of radioactive iodine as a definitive therapy 

for hyperthyroidism for several months. Lithium has also been re-

ported to be effective in inhibiting thyroid hormone release to a similar 

degree as iodides.115

High-dose dexamethasone is recommended as supportive therapy, 

both as an inhibitor of T4-to-T3 conversion and as management of 

possible coexistent adrenal insufficiency. Beta-adrenergic blockers, 

specifically propranolol, are also weak inhibitors of T4-to-T3 conver-

sion, although their main beneficial effect is on heart rate control.116 

Orally administered ion-exchange resin (colestipol or cholestyramine) 

can trap hormone in the intestine and prevent recirculation.117 Plas-

mapheresis, peritoneal dialysis, and charcoal hemoperfusion have also 

been used in severe cases.118

Supportive Treatment

Simultaneously with antithyroid-directed therapy, treatments aimed at 

cooling the patient down to a reasonable temperature and providing 

hemodynamic support should be instituted. IV fluids, antipyretics, 

and cooling blankets are all effective. Beta-adrenergic blockers such as 

propranolol (oral or IV) and esmolol (IV) are given for heart rate 

control. Calcium channel blockers may be used to control tachyar-

rhythmias. Anxiolytics are frequently helpful once the patient’s mental 

status improves. Finally, treatment of the underlying precipitating ill-

ness is essential to survival in thyroid storm.

Long-Term Therapy
Once the acute phase of thyroid storm is controlled, antithyroid drug 

therapy should be continued until euthyroidism is achieved, and the 

adjunctive therapy can be discontinued. Definitive therapeutic options 

for hyperthyroidism include radioactive iodine (after a few months to 

allow excretion of the excess iodides used during acute management of 

thyroid storm) and surgery.119 Treatment with antithyroid drugs for 

18–24 months in the hopes of achieving a remission is recommended 

for patients with Graves disease,119 and there are emerging data that 

even a much longer period of antithyroid drugs may be an option.120

MYXEDEMA COMA

Myxedema coma is a rare syndrome that represents the extreme ex-

pression of severe long-standing hypothyroidism.121–123 It is a medical 

emergency, and even with early diagnosis and treatment, the mortality 

can be as high as 60%.124 The name is somewhat of a misnomer, as 

actual coma is rare. The syndrome includes decompensated hypothy-

roidism, central nervous system impairment, and cardiovascular com-

promise. Myxedema coma occurs most often in the elderly and during 

the cold months; in one series in India, 15 of 23 cases of myxedema 

coma were admitted in the winter.125 As with thyroid storm, myx-

edema coma is usually caused by a precipitating event in untreated or 

partially treated hypothyroid patients.

Clinical Manifestations
The cardinal features of myxedema coma are (1) hypothermia, which can 

be profound; (2) altered mental status; (3) cardiovascular depression; and 

(4) a precipitating cause (Box 137.6). Severely hypothyroid patients es-

sentially become poikilothermic because of disordered thermoregulation. 

BOX 137.5 Treatment of Thyroid Storm

Thyroid-Directed Therapy

Direct Inhibition of Thyroid Hormone Synthesis

Propylthiouracil: 800 mg PO/PR first dose, then 200–300 mg PO/PR q8h, or

Methimazole: 80 mg PO/PR first dose, then 40–80 mg PO/PR q12h

Block Release of Thyroid Hormones From the Gland

Telepaque (iopanoic acid): 1 g PO once daily (if available), or

SSKI: 5 drops PO q8h, or

Lugol solution: 10 drops PO q8h, or

Lithium: 800–1200 mg PO once daily; achieve serum lithium levels 0.5–1.5 mEq/L

Adjunctive

Block T4-to-T3 Conversion

Telepaque (iopanoic acid)

Corticosteroids: dexamethasone 1–2 mg PO/IV q6h

Propylthiouracil

Most beta-blockers: propranolol 40–80 mg PO q6h

Remove Thyroid Hormones From Circulation

Cholestyramine: 4 g PO q6h, or

Colestipol: 20–30 mg PO once daily, or

Plasmapheresis, or

Peritoneal dialysis

Supportive Therapy

Hyperthermia

IV fluids

Antipyretics

Cooling blanket

Hemodynamic

Beta-adrenergic blocking drugs:

Propranolol: 1 mg IV/min to a total dose of 10 mg, then 40–80 mg PO q6h, or

Esmolol: 500 mg/kg/min IV, then 50–100 mg/kg/min, or

Metoprolol: 100–400 mg PO q12h, or

Atenolol: 50–100 mg PO daily

Other

Vasopressors

Digoxin

Etiologic

Treatment of underlying illness(es)

Other

Anxiolytics (once mental status clears)

IV, Intravenous; PO, orally; PR, rectally.
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This is the reason many cases occur in the winter months. Body tempera-

tures as low as 23.3°C have been reported; thus rectal temperatures are 

essential in making the diagnosis. Excessive lethargy and sleepiness may 

have been present for weeks to months, often interfering with meals, and 

patients may even present obtunded.125 Decreased consciousness has 

been found to be an important adverse prognostic indicator for mortal-

ity.126 Rarely, psychosis and delirium have been reported. Bradycardia and 

hypotension may be profound, and the respiratory rate is often de-

pressed. Because intrinsic hypothyroidism by itself is insufficient to pro-

duce the clinical syndrome of myxedema coma, a precipitating cause 

must be assumed to be present.

Most patients have the physical features of severe hypothyroidism, 

including macroglossia; delayed reflexes; dry, rough skin; and myxede-

matous facies, which results from periorbital edema, pallor, hypercaro-

tenemia, and patchy hair loss. Hypotonia of the gastrointestinal tract is 

common and often so severe as to suggest an obstructive lesion.127 

Urinary retention caused by a hypotonic bladder is related but less 

frequent. Cardiac manifestations such as pleural, pericardial, and peri-

toneal effusions; cardiac tamponade; and heart failure may be pres-

ent.128 Severe airway obstruction has been reported.129

Precipitating Factors
The stress of severely cold temperatures is a common precipitant to 

myxedema coma (Box 137.7). Other common precipitating factors 

include pulmonary and urinary tract infections, cerebrovascular acci-

dents, trauma, surgery, congestive heart failure, and intravascular vol-

ume loss from acute or chronic gastrointestinal bleeding or overuse of 

diuretics.121–123 The clinical course of lethargy proceeding to stupor 

and then coma is often hastened by drugs, especially sedatives, narcot-

ics, antidepressants, and tranquilizers.130 Amiodarone, because of its 

high iodine content,113 has been reported to induce both thyroid 

storm131 and myxedema coma.132 Similar to the association of tyrosine 

kinase inhibitors and thyroid storm, agents such as sunitinib have also 

been reported to induce severe hypothyroidism.133 Many cases of myx-

edema coma have occurred in undiagnosed hypothyroid patients who 

present for other medical problems.134

Diagnosis
Like the diagnosis of thyroid storm, myxedema coma is a clinical di-

agnosis, and similar to thyroid storm, a scoring system by Wartofsky 

and colleagues has been proposed.135 Elderly patients may present 

with particularly subtle findings. Even though it is rare, the diagnosis 

of myxedema coma should be considered in hypothermic, obtunded 

patients. Medical histories of these patients, including a prior history 

of hypothyroidism, may only be able to be confirmed from other 

sources. Friends, relatives, and acquaintances might have noted  

increasing lethargy, complaints of cold intolerance, sluggishness, and 

despondency. Clues to the diagnosis include an outdated container of 

L-T4 (levothyroxine) discovered with the patient’s belongings, which 

suggests that the patient has been noncompliant in taking thyroid 

hormone replacement medication. The medical record may also indi-

cate prescribed thyroid hormone use, previous referral to treatment 

with radioactive iodine, or a history of thyroidectomy. Finally, the 

physical examination finding of a thyroidectomy scar should raise 

suspicion as to the diagnosis.

Because the vast majority of myxedema coma cases are a result of 

primary hypothyroidism,129 the laboratory findings include an ele-

vated serum TSH and low or undetectable total and free serum T4 

concentrations. These thyroid hormone abnormalities are similar to 

those in uncomplicated overt hypothyroidism. In patients with central 

hypothyroidism, the diagnosis of myxedema coma may be very diffi-

cult, as serum TSH concentrations will be normal or low. However, 

other symptoms of pituitary dysfunction are usually present in these 

rare patients.

Dilutional hyponatremia is common and may be severe. Elevated 

creatine kinase concentrations, sometimes markedly so, are encoun-

tered frequently and may misdirect the clinical picture toward car-

diac ischemia.136 However, the MB fraction in most of these cases is 

normal, and an electrocardiogram (ECG) often demonstrates low 

voltage and loss of T waves that are characteristic of severe hypothy-

roidism. Elevated lactate dehydrogenase (LDH) concentrations, aci-

dosis, and anemia are common findings. Lumbar puncture reveals 

increased opening pressure and high protein content in the cerebro-

spinal fluid.

Few of the signs and symptoms discussed are unique to myxedema 

coma. Protein-calorie malnutrition, sepsis, hypoglycemia, and expo-

sure to certain drugs and toxins, in addition to cold exposure, can 

cause severe hypothermia. Hypotension and hypoventilation, other 

cardinal features of myxedema coma, occur in other disease states. 

Furthermore, low thyroid hormone concentrations may be seen in 

critically ill patients with nonthyroidal illness (see earlier). As with 

thyroid storm, the physician must have a high clinical index of suspi-

cion for myxedema coma, as therapy must be instituted before the 

availability of thyroid function test results in most cases.

BOX 137.6 Clinical Features of Myxedema 
Coma

Mental obtundation

Hypothermia

Bradycardia

Hypotension

Coarse, dry skin

Myxedema facies

Hypoglycemia

Atonic gastrointestinal tract

Atonic bladder

Pleural, pericardial, and peritoneal effusions

BOX 137.7 Precipitating Factors of 
Myxedema Coma

Cold stress

Infection

Pneumonia

Urinary tract

Other

Stroke

Congestive heart failure

Trauma

Burns

Surgery

Intravascular volume contraction

Gastrointestinal blood loss

Diuretic use

CNS-active drugs

Analgesics/narcotics

Sedatives/hypnotics

Tranquilizers

Anesthetic agents

CNS, Central nervous system.
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Treatment
Treatment of myxedema coma is a medical emergency and should be 

managed in an ICU setting.129 The mainstays of therapy are supportive 

care with ventilatory and hemodynamic support, rewarming, correc-

tion of hyponatremia and hypoglycemia, treatment of the precipitat-

ing incident, and administration of thyroid hormone (Box 137.8).121,129 

Sedatives, hypnotics, narcotics, and anesthetics must be minimized or 

avoided altogether because of their extended duration of action and 

exacerbation of obtundation in hypothyroid patients.

Hypothermia is one of the hallmarks of myxedema coma, and its 

severity may be underestimated if the thermometer used does not reg-

ister below 30°C. At core temperatures below 28°C, ventricular fibrilla-

tion is a significant life-threatening risk. Despite its gravity, the manage-

ment of the hypothermia of myxedema coma differs from the treatment 

of exposure-induced hypothermia in euthyroid subjects. In myxedema 

coma, patients should be kept in a warm room and covered with blan-

kets. Active heating should be avoided, because it increases oxygen 

consumption and promotes peripheral vasodilation and circulatory 

collapse. Active heating is recommended only for situations of severe 

hypothermia where ventricular fibrillation is an immediate threat. In 

these cases, the rate of rewarming should not exceed 0.5°C per hour, 

and the core temperature should be raised to approximately 31°C.

Because of the possibility of coexisting adrenal insufficiency in pa-

tients with myxedema coma, IV steroids (i.e., hydrocortisone 100 mg IV 

every 8 hours) are indicated before initiating L-T4 therapy. Parenteral 

administration of thyroid hormone is necessary because of uncertain 

absorption through the gut.137 A reasonable approach is an initial IV 

loading dose of 200–300 mg of L-T4. If there is inadequate improvement 

in the state of consciousness, blood pressure, or core temperature dur-

ing the first 6–12 hours after administration, another dose of L-T4 

should be given to bring the total dose during the first 24 hours to 0.5 

mg. This should be followed by 50–100 mg IV every 24 hours until the 

patient is stabilized. Alternatively, in the most severe cases, some clini-

cians recommend using L-T3 at a dosage of 12.5–25 mg IV every 6 hours 

until the patient is stable and conscious. Caution must be used to avoid 

overstimulation of the cardiovascular system. Once stable, the patient 

should be switched to L-T4. The dose of thyroid hormone should be 

adjusted on the basis of hemodynamic stability, the presence of coexist-

ing cardiac disease, and the degree of electrolyte imbalance.

Although myxedema coma is associated with a high mortality, sur-

vival can be maximized by correcting the secondary metabolic distur-

bances and reversing the hypothyroid state in a sustained but gradual 

fashion. Efforts to correct hypothyroidism too rapidly may completely 

negate the beneficial effects of the initial treatment.

Long-Term Therapy
Once the patient with myxedema coma is clinically stable, thyroid 

hormone replacement can be switched to oral L-T4. The dose of L-T4 

should be adjusted over the ensuing weeks and months to achieve se-

rum T4 and TSH concentrations in the normal range.

BOX 137.8 Treatment of Myxedema Coma

Supportive

Assisted ventilation

Hemodynamic support

Passive rewarming for hypothermia

Intravenous glucose for hypoglycemia

Water restriction or hypertonic saline for severe hyponatremia

Hydrocortisone IV (100 mg q8h)

Treatment of precipitating factor(s)

Avoidance of all CNS-acting medications

Thyroid Hormone Replacement

L-T4: 200- to 300-mg loading dose IV, up to 500 mg IV in the first 24 h and/or

L-T3: 12.5 mg IV q6h

CNS, Central nervous system; IV, intravenous.

KEY POINTS

• Critical illness can result in multiple nonspecific alterations in serum thyroid 

function tests that relate to the severity of the illness.

• The interpretation of thyroid function tests in the ICU patient can be chal-

lenging.

• In the ICU, identifying those patients with intrinsic thyroid dysfunction must 

take into consideration both the clinical assessment of the patient and the 

duration and severity of the illness. Whenever possible, it is best to defer 

evaluation of thyroid function until the patient has fully recovered from the 

critical illness.

• The benefits of treating nonthyroidal illness, including use of thyroid hor-

mone, in various populations remain controversial and incompletely under-

stood.

• Thyroid storm and myxedema coma are medical emergencies that are as-

sociated with high mortality rates. Recognition of their clinical presentation 

and rapid initiation of treatment are critical.
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Diabetes insipidus is a disorder of water metabolism associated with 

polyuria, urine hypotonicity, and hypernatremia.1,2 The quantitative 

criteria include urine output greater than 200 mL/hr or 3 mL/kg/hr, 

urine osmolality less than 150 mOsm/kg, and plasma sodium greater 

than 145 mEq/L. If urine osmolality measurement is not available, 

hypotonicity can be assessed from a urine specific gravity less than 

1.005.

CENTRAL DIABETES INSIPIDUS

Neurogenic or central diabetes insipidus is characterized by a lack of 

antidiuretic hormone (ADH) that may result from any injury to the 

anterior hypothalamus, pituitary stalk, or posterior pituitary gland.3 In 

acute critically ill patients, the most common causes of diabetes in-

sipidus are surgery for pituitary tumors, cerebral trauma, intracranial 

hypertension, and brain death (Table 138.1). Diabetes insipidus also 

may occur as a complication of bacterial meningitis or encephalitis, 

vascular aneurysm or thrombosis, drug administration, or alcohol in-

toxication. Injuries to the hypothalamus most often yield permanent 

diabetes insipidus because ADH is synthesized in the hypothalamus 

itself. Injuries to the pituitary stalk and neurohypophysis more com-

monly cause transient diabetes insipidus because hypothalamic ADH 

secretion can be effective even in the absence of anatomic pathways to 

the normal site of release. Chronic diabetes insipidus in critically ill 

patients generally results from tumors of the pituitary region and from 

the sequelae of cerebral trauma.

CLINICAL PICTURE

In complete hypothalamic or pituitary injuries, diabetes insipidus 

generally develops 6–24 hours after the injury because previously re-

leased ADH remains circulating this long. Patients with untreated dia-

betes insipidus usually develop urine outputs of 10–15 L/day. When 

the thirst mechanism is preserved, it is activated as soon as osmolality 

or volemia decreases. If the patient remains conscious and is given free 

access to water, he or she may be able to drink large amounts and 

compensate for the urine losses. In other cases, the large amounts of 

dilute urine rapidly result in dehydration, with hypovolemia and hy-

potension, and in hypernatremia, with neurologic deterioration. It is 

important that diabetes insipidus be recognized and treated rapidly, 

especially in comatose or noncommunicative patients. In patients with 

partial diabetes insipidus, the onset of polyuria may be delayed and the 

volume of urine may be lower. Nevertheless, if urine is hypo-osmolar 

and the diabetes insipidus is not treated, dehydration and hypernatre-

mia finally occur and cause symptoms.

Clinical signs of hypernatremia usually appear only when the 

plasma sodium concentration increases to greater than 155–160 mEq/L 

or plasma osmolality increases to greater than 330 mOsm/kg.1–3 Signs 

may appear sooner if hypernatremia is associated with other metabolic 

disorders, particularly with disorders that also increase plasma osmolal-

ity. Symptoms mainly include confusion and lethargy. Severe hyperna-

tremia results in coma and sometimes seizures. Acute and severe dehy-

dration and hypernatremia may lead to cerebral shrinkage, sometimes 

associated with subdural or intraparenchymal hemorrhages.

Clinical signs of dehydration include blood volume depletion and 

hypotension in the most severe cases. Biologic markers of dehydration 

are usually absent in ICU patients with central diabetes insipidus be-

cause the urine loss begins abruptly and commonly reaches more than 

1 L/hr. The free water deficit can be estimated by the following formula:

Deficit (L) 5 body weight (kg) 3 0.6 3 (Na1 2 140)/Na1

The formula assumes that only free water has been lost and that 

sodium stores are normal. Most often, some sodium has been lost to-

gether with additional water, and the total water deficit is even higher 

than that estimated from the formula. A moderate level of hypernatre-

mia (e.g., 155 mEq) already is associated with a free water deficit of 

more than 4 L and a total water deficit that may be much higher if 

sodium has been lost.

DIFFERENTIAL DIAGNOSIS

The differential diagnosis of polyuria includes the intake of diuretic 

drugs, hyperglycemia, fluid overload, and fluid mobilization. The 

search for diuretic administration should include not only conven-

tional diuretics but also mannitol and iodinated contrast agents. The 

administration of diuretics may not be evident when these substances 

have been given before admission to the intensive care unit (ICU) (e.g., 

in another hospital before patient transfer; in an ambulance during 

transfer; or in the operating room during neurosurgery, trauma sur-

gery, or vascular surgery). Preventive administration of furosemide 

and mannitol is given routinely in some neurosurgical procedures and 

may result in marked polyuria during and after the operation. Hyper-

glycemia-induced osmotic diuresis is common, can be suspected from 

polyuria or from hyperglycemia, and is confirmed or ruled out by the 

presence or absence of glucosuria. Hypervolemia, resulting from fluid 

overload or unmasked by discontinuation of sustained positive-pres-

sure ventilation, may increase urine output to greater than 5 L/day for 

several days in patients with normal renal function. Mobilization of 

edema, at the time of recovery from disease or from surgery, also can 

result in sustained polyuria. In all these conditions, however, the urine 

remains close to isotonic (osmolality about 300 mOsm/kg). Abundant 

intake of hypotonic fluid can cause polyuria and urine hypotonicity 

but does not result in hypernatremia if renal function is normal. The 

observation of decreased urine output after ADH administration is 
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not diagnostic of diabetes insipidus because ADH is able to reduce 

urine output and to increase urine osmolality in all conditions except 

nephrogenic diabetes insipidus.

Copeptin has been recently reported useful in the diagnosis of dia-

betes insipidus.4,5 ADH and copeptin are released together and in a 1:1 

proportion during the breakdown of the VP-NPII precursor. Whereas 

ADH levels are difficult to measure because of technical reasons, co-

peptin has been reported as a sensitive and simple marker of ADH 

release.4,5 Copeptin is therefore interesting to differentiate primary 

polydipsia and the two forms of diabetes insipidus. It has been re-

ported useful in chronic states of hypotonic polyuria and during diag-

nostic tests.6,7 Copeptin is less contributive in critically ill patients, in 

whom the symptom clarity and the recent history are often sufficient 

to yield the diagnosis.

TREATMENT

The management of diabetes insipidus includes two components  

(Table 138.2): (1) reduction of excessive urine output and (2) correc-

tion of water deficit. The polyuria of central diabetes insipidus is 

treated effectively by vasopressin (ADH) or by its synthetic analog 

desmopressin acetate (DDAVP [1-deamino-8-D-arginine vasopres-

sin]).8,9 As indicated by its multiple names, vasopressin not only has 

antidiuretic but also vasoconstrictive and oxytocic effects, whereas 

desmopressin essentially retains the antidiuretic action. The effects of 

aqueous vasopressin (4–10 U subcutaneously or intramuscularly) on 

diuresis begin rapidly but last for only a few hours. Vasopressin must 

be repeated every 4–6 hours, and it has been recommended only for 

diagnostic purposes or in acute conditions (e.g., trauma) in which the 

diabetes insipidus might be transient. The effects of vasopressin tan-

nate in oil emulsion (2–5 U intramuscularly) last 48–96 hours, but  

the preparation requires close attention to warming and mixing the 

suspension before injection. Vasopressin tannate previously used to be 

the standard therapy in patients with central diabetes insipidus, but it 

has now been abandoned in favor of desmopressin. Vasopressin tan-

nate, where available, still may be used in patients who are refractory to 

desmopressin or who experience significant side effects. Desmopressin 

has prolonged effects (8–20 hours) and is appropriate for intravenous, 

subcutaneous, and intranasal routes. Lypressin is another ADH analog 

that is appropriate for intranasal use, but its effectiveness is limited by 

its duration of action of only 4–6 hours. Desmopressin is known to 

increase factor VIII and von Willebrand factor levels and is sometimes 

used for this purpose in patients with coagulation disorders and in 

surgical procedures associated with significant bleeding. In the ICU and 

acute central diabetes insipidus, desmopressin is initially given as 10–20 

mg intranasally and repeated every 30–60 minutes until urine output is 

reduced to less than 100 mL/hr. The initial dose required to maintain a 

normal urine volume ranges from 10 to 60 mg in most patients. The 

total appropriate dose is given again when the urine output increases 

again to greater than 200 mL/hr (i.e., after 8–24 hours). The dosage must 

be reduced if urine output is excessively decreased. Systematic adminis-

tration is not recommended because most cases of diabetes insipidus seen 

in ICUs are associated with acute events and may be incomplete or inter-

mittent or both. The subcutaneous route is seldom used because absorp-

tion may be erratic in vasoconstricted patients and because an intrave-

nous line is virtually always available in ICU patients. Desmopressin is 

injected intravenously when the intranasal route is not available (i.e., in 

cases of rhinorrhea and facial trauma). The required initial dose ranges 

from 2 to 20 mg and is given as repeated 2- to 4-mg boluses.

Vasopressin therapy can be associated with arterial hypertension, 

myocardial infarction, mesenteric infarction, peripheral ischemia, and 

uterine cramps. Vasopressin tannate may cause allergic reactions, rang-

ing from urticaria to anaphylaxis, and sterile abscesses at sites of injec-

tion. Desmopressin may interfere with anticoagulant drugs and cause 

hypercoagulability. When given in excess, all these antidiuretic agents 

can result in oliguria, hyponatremia, and water intoxication. The se-

verity of diabetes insipidus may vary over time, even in patients with 

chronic diabetes insipidus, and some patients with chronic diabetes 

insipidus who are used to drinking large amounts of water may con-

tinue to do so even if urine output is limited by a diuretic drug.

Patients with acute diabetes insipidus should receive a sufficient 

amount of water to match urine output until the polyuria is controlled 

and to correct the deficit of free water that already exists at the time of 

diagnosis. If the gastrointestinal system is functional, water can be in-

fused at rates of 1–2 L/hr through a gastric tube. Otherwise, isotonic 

dextrose should be infused intravenously in appropriate amounts (hy-

potonic dextrose administration can be obtained by infusing equal 

amounts of water and isotonic dextrose in a central vein, but this pro-

cedure has been associated with vascular injuries). Practically, the dedi-

cated gastric or intravenous infusion rate is adjusted at least hourly to 

match the urine output of the last equivalent period. Additional water 

is provided to correct the initial water deficit over a few hours. Plasma 

electrolytes should be monitored every 4 hours until a normal natremia 

is restored and stabilized. Blood glucose must be monitored closely and 

hyperglycemia treated aggressively using intravenous insulin. Failure to 

control hyperglycemia may be associated with osmotic diuresis caused 

by glucosuria and superimpose an equivalent of diabetes mellitus on 

the already present diabetes insipidus.

NEPHROGENIC DIABETES INSIPIDUS

Nephrogenic diabetes insipidus is characterized by the inability of  

the renal parenchyma to concentrate urine in response to ADH.10 The 

disorder is seldom diagnosed in the ICU and is usually more severe 

Central
Congenital anomalies: corpus callosum agenesis, cleft palate

Granulomatous disease: sarcoidosis, tuberculosis, Wegener disease

Histiocytosis

Sickle cell disease

Idiopathic: autoimmune

Tumors: suprasellar, infrasellar, aneurysms

Infection: meningitis, encephalitis

Head trauma, neurosurgery, brain death

Nephrogenic
Congenital disease

Renal disease: obstructive uropathy, reflux nephropathy, cystic disease, 

electrolyte disorders

Renal involvement in systemic disease: sarcoidosis, amyloidosis, sickle 

cell disease

Drugs: phenytoin, aminoglycosides, amphotericin, antivirals, demeclocy-

cline, lithium

TABLE 138.1 Causes of Diabetes Insipidus

Control polyuria with DDAVP or vasopressin

Calculate and replace free water loss

Monitor and replace urine losses hourly

Monitor plasma electrolytes and adapt therapy every 4 hours

TABLE 138.2 Management of Diabetes 
Insipidus

DDAVP, 1-deamino-8-D-arginine vasopressin.
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when it is congenital. Hereditary forms generally result from muta-

tions to the AVP-2 receptors or AQP-2 water channels. Acquired forms 

are the result of vasopressin resistance of the distal tubule and collect-

ing duct or of markedly reduced renal concentrating capacity. Most of 

them are attributed to electrolyte disturbances and to lithium therapy, 

but many other drugs have been implicated. Nephrogenic diabetes 

insipidus may be treated with a low-sodium, low-protein regimen that 

reduces the solute load, with thiazide diuretics that induce a mild vol-

ume depletion and help reduce the urine volume to acceptable values, 

and with nonsteroidal antiinflammatory drugs such as indomethacin 

that inhibit prostaglandin synthesis.

KEY POINTS

• Diabetes insipidus is characterized by polyuria, urine hypotonicity, and 

hypernatremia.

• Central diabetes insipidus results from a lack of ADH; nephrogenic diabetes 

insipidus results from renal insensitivity to ADH.

• In the ICU, diabetes insipidus is caused mainly by pituitary surgery, trauma, 

and brain death.

• Clinical signs are related to dehydration and hypernatremia.

• ICU patients generally are unable to compensate for excessive urine losses 

by drinking.

• Differential diagnosis includes administration of diuretics, mannitol, and 

iodinated agents.

• Polyuria is controlled with desmopressin 10–20 mg intranasally or 2–4 mg 

intravenously.

• Water deficit is corrected with enteral water or intravenous 5% dextrose in 

water.

• Diuresis should be monitored hourly, and ongoing urinary losses should be 

compensated for.

ANNOTATED REFERENCES

Christ-Crain M, Bichet DG, Fenske WK, et al. Diabetes insipidus. Nat Rev 

Dis Primers. 2019;5:54.

An updated review on diabetes insipidus.

Christ-Crain M, Fenske WK. Copeptin in the differential diagnosis of hypo-

tonic polyuria. J Endocrinol Invest. 2020;43:21–30.

A recent review of the role of copeptin in the diagnosis of diabetes insipidus.

Harrois A, Anstey JR. Diabetes insipidus and syndrome of inappropriate  

antidiuretic hormone in critically ill patients. Crit Care Clin. 2019;35:

187–200.

A recent review of diabetes insipidus in critical care medicine.

Kavanagh C, Uy NS. Nephrogenic diabetes insipidus. Pediatr Clin North Am. 

2019;66:227–234.

A recent review on nephrogenic diabetes insipidus.

 References for this chapter can be found at expertconsult.com.
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Critically ill patients suffer from a variety of physiologic insults that 

result in a rapidly changing physiologic status, thus making appropri-

ate drug dosing a challenging problem. Understanding how these 

changes affect pharmacokinetics and pharmacodynamics can result in 

improved dosing decisions. This chapter reviews the basic principles of 

pharmacokinetics and pharmacodynamics and how they may be af-

fected by critical illness.

The terms pharmacokinetics and pharmacodynamics describe the 

amount of drug in the body at a given time and the pharmacologic 

effects caused by the drug.1 Pharmacokinetics describes the movement 

of a drug into, within, and out of the body over time, whereas pharma-

codynamics explains the effects the drug has on the body. How a pa-

tient responds to therapy is a function of both the physiologic pro-

cesses that dictate drug exposure (the changes in drug concentration 

over time) and the processes that govern how that exposure translates 

into pharmacodynamic effects. Understanding the pharmacokinetic 

parameters of clearance, volume of distribution, half-life, steady state, 

and absorption, along with pharmacodynamic principles such as re-

ceptor theory, potency, affinity, tolerance, and minimum effective 

concentration can enhance the treatment of critically ill patients.

GENERAL PRINCIPLES OF PHARMACOKINETICS

Clearance, volume of distribution, half-life, and bioavailability are four 

pharmacokinetic parameters that allow the clinician to better estimate 

dosing requirements. If the concentration of a drug in a sampled fluid 

(e.g., plasma, urine, saliva) correlates well with its pharmacologic re-

sponse (therapeutic or toxic), then the application of pharmacokinet-

ics is likely to be beneficial (Fig. 139.1). This is especially true for drugs 

where lack of efficacy because of low exposure or toxicity because of 

high exposure pose significant risks to the patient.

Measurement of the relationship between drug concentration and 

therapeutic or toxic response in a large number of patients enables the 

development of a therapeutic range or target concentration for that drug 

(Fig. 139.2).2,3 A multitude of host factors (e.g., hemodynamic status, 

decreased organ function, nutritional status, concurrent disease states) 

increase the likelihood that drug dosing based on individualized phar-

macokinetic assessment will be beneficial.4,5 Gender-related differences 

can occur in both pharmacokinetic and pharmacodynamic responses.6 

Individual chapters in this text are devoted to many of these agents and 

their adjustments for dosage in patients with renal or hepatic failure.

PHARMACOKINETIC MODELS

The pharmacokinetic concepts of clearance, volume of distribution, 

half-life, and bioavailability are based on enormously complex physi-

ologic principles and use mathematical models that make many as-

sumptions. Most clinically useful pharmacokinetic equations assume 

one- or two-compartment models (see Fig. 139.2).

When the drug enters the one-compartment model, it is assumed 

to be instantaneously and completely mixed in a given volume of 

distribution, resulting in a uniform concentration throughout the 

compartment. The rate constant K reflects the usual situation of 

elimination by a first-order, linear process. The drug is assumed to 

enter the compartment instantaneously in the case of an intrave-

nous bolus dose. If the dosage is administered through oral or intra-

muscular routes, entry into the compartment is assumed to occur 

at a rate defined by a first-order absorption rate constant (Ka), 

whereas entry into the compartment is assumed to occur at a con-

stant rate described by a zero-order rate constant (Ro) if the drug 

is administered by intravenous infusion. Bioavailability (F) is 

defined as the fraction of the administered dose that reaches the  

systemic circulation.

Clearance (CL) is a primary parameter that can be physiologically 

associated with a particular organ in the body such as the liver or kid-

ney. Clearance is often expressed by the equation CL 5 K 3 V, leading 

to the impression that CL is a function of the parameters K and V. 

However, this arrangement of the equation is not correct from a 

physiologic point of view. CL and V are both primary parameters,  

and K is a secondary parameter. The first-order rate is determined  

by changes in either CL or V, and the equation is correctly written as  

K 5 CL/V.

Half-life (t1/2) is a useful measure of how quickly a drug is elimi-

nated from the body and is related to the first-order elimination rate 

constant:

 
(Equation 1)t

KK
1 2

0 6932
/

.ln( )
5 5

Specifically, t1/2 defines the time taken for the drug concentration to 

decrease by one-half. In a linear pharmacokinetic system with first-

order elimination, t1/2 is constant, and it takes the same amount of time 

for the concentration to fall from 100 to 50 (arbitrary units) as it does 

to decline from 50 to 25 (Fig. 139.3).
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Fig. 139.1 For concentration monitoring to be useful, there must be a 

strong relationship between concentration of the drug measured in an 

easily accessible fluid and concentration at the effect site. Fig. 139.3 Log concentration-time curve for a one-compartment model 

after intravenous administration, illustrating volume of distribution, 

elimination rate constant, and half-life.

Fig. 139.2 Pharmacokinetic models simplify complex physiologic pro-

cess. Concentrations may behave as if the body were a single rapidly 

equilibrating compartment or follow a more complicated two-compart-

ment model in which a slower distribution phase into tissues is ob-

served. See text for explanation of terms.

Fig. 139.4 Log concentration-time curve for a two-compartment model 

after intravenous administration, illustrating a distribution period (a) and 

postdistribution period (b). Concentrations C1 and C2 reflect both distri-

bution and elimination processes, whereas concentrations C3 and C4 

reflect postdistribution elimination processes.
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The one-compartment model allows concentrations at any point in 

time to be calculated:

 
(Equation 2)C C K t2 15 3 � �exp �

where Dt is the time between measurements C1 and C2. The monoex-

ponentially decreasing concentration-time curve appears linear when 

plotted on semi-log coordinates.

Sometimes a drug does not instantly equilibrate with all tissues in 

the body. This can often be adequately described by a two-compart-

ment model, which is characterized by a rapidly distributing central 

compartment and a more slowly equilibrating peripheral compart-

ment (Fig. 139.4). The equation describing the concentration-time 

profile for the two-compartment model is:

 
(Equation 3)C A Bt t

� � � �
� � � �exp exp� �

The distinguishing feature of this biexponential equation is that 

when plotted on semi-log coordinates, the concentrations are the sum 

of two distinct straight lines representing two half-lives. One is the 

terminal or b half-life, and the other is the rapid distribution or a half-

life. As the rapid distribution exponential becomes negligible in the 

equation, the slower exponential term dominates, and the concentra-

tion-time profile resembles that of a single-compartment drug. Conse-

quently, the equation:

 
(Equation 4)C C t2 1� �

� �exp b D

in which b replaces K, can still be used to predict concentrations, as 

long as both C1 and C2 are in the postdistributive phase. This sum-of-

exponentials approach can be extended to three-compartment or even 

more complex models, but it is difficult to obtain all the concentra-

tions needed to characterize each exponent.

Clearance

CL is a primary pharmacokinetic parameter that measures the ability 

of the body to eliminate a drug. It is often stated that clearance is the 
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volume of blood (plasma) that is completely cleared of drug per unit 

time. Although this is one way to define clearance, it does not capture 

the relationship between drug clearance (mL/min) and the rate of drug 

elimination (mg/hr). In pharmacokinetics, the general concept of 

clearance is also the rate of elimination relative to the concentration. 

In a first-order pharmacokinetic system, the rate of elimination is 

proportional to the drug concentration; clearance is this proportional-

ity constant:

 (Equation 5)Rate of e ination CL concentrationlim 5 3

Clearance is clinically useful because it can be directly related to the 

organ of elimination. We can talk about renal clearance, hepatic clear-

ance, or biliary clearance, and the sum of each of the individual clear-

ances is the total body clearance. This allows us to adjust doses in re-

sponse to changes in organ function. A patient with developing renal 

failure is likely to require a reduction of the dose of a drug that is 

eliminated by the kidney but not necessarily a dose reduction of a drug 

that is eliminated by the liver. For example, if the clearance of a drug is 

known to be 50% renal and 50% hepatic and renal function is de-

creased by 50%, it is necessary to reduce the dose by only 25% to 

maintain the same concentration.

The area under the curve (AUC) is a useful measure of drug expo-

sure and results from dose and CL:

 

(Equation 6)AUC
Dose

CL
�

This concept is similar to a steady-state concentration (Css) being 

considered as the measure of drug exposure during a continuous in-

travenous infusion. The Css is solely a function of the infusion rate 

(Ro) and CL:

 

(Equation 7)Css
Ro

CL
�

Notice that Css is not a function of the volume of distribution. 

Though counterintuitive, doubling the volume of distribution will not 

result in a halving of Css. The important point is that the equation is 

predicting the concentration at a steady state. During a constant infu-

sion, rapidly doubling the volume of distribution will only transiently 

halve the concentration. If clearance remains unchanged, the concen-

tration will return to the same Css.

With intermittent dosing, drug concentrations go up and come 

down during each dosing interval. The average Css (Css,avg) is a time-

averaged concentration (i.e., the mean of all concentrations during the 

dosing interval); it is also a function of clearance and the dosing rate. 

In the case of oral administration, the dosing rate is a function of the 

dose administered (D), dosing interval (t), and F:

 

(Equation 8)Css avg
F D

CL
, �

� /�

As before, the overall drug exposure is not influenced by the vol-

ume of distribution, but it does change in proportion to changes in 

clearance or the dosing rate through changes in F, D, or t.

Volume of Distribution

The volume of distribution (V) is another primary pharmacokinetic pa-

rameter and is useful for determining the change in drug concentration 

for a given dose. After an intravenous bolus dose in a one-compartment 

pharmacokinetic model, the change in concentration (DC) between the 

maximum concentration (Cmax) and the concentration immediately 

before the dose is administered is a function of the dose (D) and the V:

 

(Equation 9)�C
D

V
�

This equation is useful for predicting both the concentration after 

a first bolus dose and the increase in concentration at any point in time 

after a bolus dose. If a concentration before a bolus dose is known, the 

equation can be used to predict the increase in concentration after the 

dose is administered (see Fig. 139.3). This equation is also useful for 

estimating the dose needed to reach a given concentration. If it is 

known that the volume of distribution is 0.45 L/kg and a Cmax of  

10 mg/L is desired after the loading dose, the dose is estimated to be  

10 mg/L � 0.45 L/kg � 4.5 mg/kg. This equation only predicts loading 

doses and not maintenance doses. A steady-state condition is not nec-

essary, which is common in critical care.

The value for the volume of distribution does not necessarily coin-

cide with any particular physiologic space. The veracity of this state-

ment becomes readily apparent when one considers a drug such as 

digoxin, which has a volume of distribution of approximately 440 L. 

Clearly, a volume of distribution of that magnitude cannot have a re-

lationship to any physiologic space in an average-sized human. There-

fore the term apparent volume of distribution is often used.

The concept of the volume of distribution gets more complex when 

more than one compartment is needed to describe the pharmacokinet-

ics of a drug. Mathematically, the volume of distribution is a hypo-

thetical volume that is needed to relate the amount of drug in the body 

to a measured concentration in a fluid (plasma). Unlike the one-

compartment model, wherein the entire drug in the body is regarded 

as being in a single compartment until it is eliminated, drug also cir-

culates through additional compartments in a multicompartment 

model. In this situation, the volume of distribution must increase as 

drug distributes to other compartments until distribution equilibrium 

among all compartments is reached. Technically, an infinite number of 

volumes of distribution are observed as this equilibration process oc-

curs, but only three are commonly defined. The volume of distribution 

of the central compartment (Vc) is the volume of the usual sampling 

compartment; it is always the smallest volume term. Immediately after 

the administration of an intravenous bolus, all added drug is in the 

central compartment, and Vc can be used to calculate a change in 

concentration.

The volume of distribution increases over time until a distribution 

equilibrium is reached among all compartments. This is the largest 

value for the volume of distribution. The fact that the distribution 

equilibrium has occurred can be discerned from a log concentration 

versus time plot (see Fig. 139.4). The curve becomes log linear when 

the rate of drug entry into each peripheral compartment equals the 

rate of return from each compartment. Because it is often calculated 

using the clearance and b or terminal elimination half-life, this volume 

is often called Vb:

 
(Equation 10)V

CL

�
�

�

The steady-state volume of distribution (Vss) is the sum of the vol-

umes of all the compartments in the model. If a drug were infused to 

steady state, Vss would be the proportionality constant relating Css to 

the total amount of drug in the body.

Half-Life

Half-life (t1/2) is defined as the time taken to reduce the drug concen-

tration by half (see Fig. 139.3). Half-life is referred to as a secondary 

parameter because it is a function of two primary parameters, clear-

ance and volume of distribution:

 

(Equation 11)t
V

CL

V

CL
1 2

0 6932
/

.ln( )
5

3
5

3
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A change in either clearance or volume of distribution results in a 

proportional change in half-life.

Because the half-life characterizes how rapidly concentrations de-

crease over time, it is used to determine how frequently a drug needs to 

be dosed. Drugs with rapid half-lives need to be dosed more frequently 

than drugs with longer half-lives. For example, the half-life for an ami-

noglycoside is relatively short in patients with good renal function, and 

the drug may require dosing every 6 hours. In patients with poor renal 

function, the half-life is longer, and dosing may be prolonged to 24-

hour intervals to maintain appropriate peak and trough concentrations. 

In the critical care patient, the development of renal failure can signifi-

cantly change aminoglycoside clearance, and the accompanying change 

in drug half-life will necessitate a change in dosing interval.

In a one-compartment system with constant clearance and volume 

of distribution, drug half-life is also constant. However, in a multicom-

partment model, the volume of distribution increases over time as 

drug equilibrates into tissue compartments until Vb is reached. Ac-

cording to the previous equation, the half-life also increases over time 

and eventually reaches a maximum at t1/2b (see Fig. 139.4).

In multicompartment models, there is usually one half-life of inter-

est for each compartment. These half-lives are derived from the hybrid 

time constants associated with each compartment. In a two-compart-

ment model, these two exponentials are typically called a and b and are 

arbitrarily termed the rapid and slow exponents, respectively. These time 

constants give rise to the distribution t1/2a and the slower or terminal 

t1/2b. One useful way to think about distribution half-lives is analogous 

to the standard way of thinking about any half-life. In the one-compart-

ment model, it takes five half-lives for 97% of the drug to be eliminated 

from the body. The situation is similar for each exponent, but the inter-

pretation is that it takes five distribution half-lives for that exponent to 

become negligible in the sum of exponentials equation—that is, for the 

rapid distribution phase to reach equilibrium.

Most drugs have a rapid distribution phase that could be detected 

if concentrations were measured frequently enough. Aminoglycosides 

are again an illustrative example of this concept because they have a 

rapid, although not instantaneous, distribution phase (Fig. 139.5). 

With a distribution phase half-life of 5–10 minutes, it would take ap-

proximately 25–50 minutes before the log-linear elimination phase 

could be observed. This results in the recommendation to wait ap-

proximately 1 hour after the end of an infusion before sampling blood 

to measure an aminoglycoside concentration. If a blood sample is 

obtained before this time, the drug will still be in the distribution 

phase, and the concentration measured will lead to underestimation 

of the drug half-life. In addition, slowly equilibrating compartments 

have been demonstrated when aminoglycoside concentrations are 

measured during washout.7 Aminoglycosides are usually dosed fre-

quently enough so that the slowly equilibrating compartment is not 

detected.

Bioavailability

The extent of drug absorption, termed bioavailability (F), is gener-

ally a reference to the exposure when the drug is intravenously  

administered. This parameter is determined by comparing the AUC 

of the drug intravenously administered to that of the same drug 

administered via another route. The bioavailability of a drug intra-

venously administered is regarded as being 100% (i.e., F 5 1.0), and 

other routes of administration (e.g., oral dosing, intramuscular in-

jection) often have a reduced bioavailability (e.g., F 5 0.8, or 80% 

bioavailability). Bioavailability is a function of the extent of absorp-

tion and the amount of drug metabolized before entering the sys-

temic circulation (first-pass effect). Drugs with low bioavailability 

either cannot be administered by any route other than the intrave-

nous one (e.g., sodium nitroprusside, dobutamine) or require 

higher doses when administered via the oral route compared with 

the intravenous route (e.g., furosemide, morphine, propranolol). 

Alternative routes of administration (e.g., rectal, topical, subcutane-

ous injection, intramuscular injection) are occasionally used in 

critically ill patients, owing to poor oral bioavailability. These routes 

all suffer from problems with delayed or poorly predictable serum 

concentrations. Vasoconstriction, hypoperfusion, edema, gastric 

suctioning, ileus, diarrhea, and enhanced gastrointestinal motility 

are all common problems in critically ill patients that can adversely 

affect bioavailability.

The first-pass effect limits drug absorption in three ways. As some 

drugs enter the gut wall, they are susceptible to transport proteins 

(primarily P-glycoprotein) that actively pump the molecules back 

into the lumen of the gastrointestinal tract.8 Molecules that escape 

this process are then subjected to metabolism by enzymes in the gut 

wall. Those that escape gut metabolism enter the hepatic circulation 

and are subjected to metabolism in the liver before their first op-

portunity to be presented to the systemic circulation.9 Drugs that 

have a high hepatic extraction ratio (i.e., are very efficiently removed 

by the liver) are most likely to show decreased bioavailability be-

cause of this first-pass effect; conversely, the bioavailability of these 

drugs increases if liver dysfunction decreases the hepatic extraction 

ratio.

Steady State

After an infusion is started, drug concentrations increase and eventu-

ally reach a concentration that does not change over time. At this 

point, the rate of drug entering the body is equal to the rate leaving it, 

and steady-state conditions apply. During intermittent dosing, drug 

concentrations accumulate over time, and eventually a steady state is 

attained when the concentration profile over each interval resembles 

all other steady-state profiles (Fig. 139.6). In the clinical setting, the 

measurement of drug concentration is often delayed for a period equal 

to five half-lives because at that point the concentration will reflect 

97% of the final Css.

Fig. 139.5 If an aminoglycoside (tobramycin) is administered by intrave-

nous infusion over 30 minutes, the peak concentration will be higher 

than with infusion over 60 minutes, but the total area under the curve 

will be the same. In therapeutic drug monitoring, if sample C1 is ob-

tained during the distribution phase and paired with C3, the calculated 

half-life will be shorter than if two postdistribution concentrations (C2 

and C3) are paired together.
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PHARMACODYNAMICS

Pharmacodynamics is the study of the relationship between the con-

centration or exposure of a drug and its pharmacologic effect. Com-

plex pharmacodynamic models with many linked submodels are rou-

tinely employed during drug development to determine drug-dosing 

regimens. In clinical practice, the relatively simple Emax model is often 

adequate10:

 
(Equation 12)Effect

E concentration

EC concentration
5

3

�

max

50

Graphically, this equation has a hyperbolic shape (Fig. 139.7) with 

parameters Emax and EC50. Emax represents the maximal effect at-

tainable because of the drug. The EC50 is the concentration at which 

half the maximal effect is observed; it is thus a measure of drug po-

tency. The model dictates that increasing doses of the drug do not 

proportionately increase its effect; eventually, the effect of the drug 

begins to reach a plateau. If the drug concentration is expected to be 

less than EC50, increasing the dose will produce a nearly proportional 

increase in effect. However, as concentrations exceed the EC50, an in-

crease in dose may not be warranted. The increased concentrations 

will produce a lesser increase in desired effect and may place the pa-

tient at risk for development of adverse drug-related effects.

Time does not appear in the Emax model, and concentrations are 

explicitly defined as Css so that the effect resulting from a given concen-

tration is considered to be a steady-state effect. This model applies when 

drug in the plasma rapidly equilibrates with drug at the site of action, 

and there is no indirect mechanism between the concentration at the 

site of effect and the effect itself. The more common situation is that the 

effect lags somewhat behind the concentration (Fig. 139.8). If concen-

trations are going up and coming down over time, as would be expected 

with an intermittent intravenous or oral dosing schedule, the effect is 

also expected to go up and down over time, but the time frames may 

not coincide exactly. For example, the plasma concentration might peak 

at 1 hour and the effect might peak several hours later. There is a mis-

match or disequilibrium between concentration and effect, and a plot 

of effect versus concentration—with the points connected in time or-

der—yields a hysteresis loop. For any given concentration, there are  

two effects: one on the upswing of the concentration-time curve and 

another on the downswing.

The pharmacodynamic effects noted with a given drug result from 

the drug’s interaction with receptors and the resultant activation or 

inhibition of effects mediated by that receptor. These effects may be 

either the desired therapeutic action or an unwanted toxic effect. Gen-

erally, it is assumed that the intensity of effect produced by the drug is 

a function of the quantity of drug at the receptor site, whereas relative 

potency results from varying degrees of selectivity for the receptor and 

the receptor’s affinity for binding the drug. More potent drugs elicit a 

given effect at lower concentrations than less potent drugs.

Drugs that stimulate a response from the receptor are agonists, and 

those that inhibit a response from the receptor are antagonists. Because 

antagonists have no effect of their own at the receptor, the net effect 

depends on both the concentration of the antagonist and the agonist 

being blocked. The relative concentration of the agonist compared 

with the antagonist primarily determines the effect observed when an 

antagonist is competing for the same binding site as the molecule or 

drug that stimulates the receptor. Irreversible antagonists, however, 

either bind with very strong affinity to the receptor so they cannot be 

displaced or bind to another site on the substrate that interferes with 

Fig. 139.7 The Emax pharmacodynamic model illustrates that as drug 

concentrations continue to increase, the increases in drug effect be-

come progressively smaller. Drug A has a lower EC50 (3) than drug B 

(15) and is said to be more potent than drug B.

Fig. 139.6 With intermittent dosing, concentration profiles also ap-

proach steady state wherein peak and trough concentrations during one 

cycle are reproducible in the next cycle.

Fig. 139.8 Pharmacodynamic effects often lag behind the matching 

pharmacokinetic model. In this instance, maximum concentration in 

blood occurs at 1 hour, whereas maximal drug effect occurs between 2 

and 3 hours.
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binding at the receptor. The effect of irreversible antagonists is inde-

pendent of the agonist’s concentration and results in a decrease in the 

maximal effect of the agonist. The duration of effect for irreversible 

antagonists is determined by the rate of turnover for the receptor.

Tolerance to a drug is seen when the response at a given dose de-

creases. This may be a result of receptor down-regulation (decreased 

number or sensitivity of receptors) or enzyme induction (increased 

metabolism). Cross-tolerance, as is commonly seen with opioids, oc-

curs when similar drugs act on the same receptor.

PROTEIN BINDING

Many drugs are bound to plasma proteins, most commonly albumin 

and alpha-1 acid glycoprotein (AAG), which are highly abundant at 

concentrations in the ranges of ,3.5–5 g/dL and ,0.04–0.1 g/dL, re-

spectively, in healthy individuals.11 In general, drug bound to plasma 

proteins neither can be cleared through metabolism or excretion, nor 

can it bind to its target to impart its therapeutic (or toxic) effect. 

Therefore clearance processes act only on unbound drug, which dic-

tates the pharmacodynamic effects. The terms bound drug concentra-

tion (Cb), unbound (or free) drug concentration (Cu), total (bound plus 

unbound) drug concentration (Ctot), and unbound (or free) fraction 

(fu) are frequently used:

 

(Equation 13)

Ctot Cu Cb

Fu
Cu

Ctot

� �

�

Similarly,

 (Equation 14)AUCu fu AUCtot fu F
Dose

CL
� � � � �

where AUCu is the unbound drug exposure, fu is the fraction un-

bound, AUCtot is the total exposure (total AUC), F is the bioavailabil-

ity, and CL is the clearance.

The clinical relevance of protein binding and of changes in protein 

binding during therapy have been previously debated. Based on a re-

view in 2002 by Benet and Hoener, changes in plasma protein may be 

clinically relevant and result in significant changes to steady-state un-

bound concentration only for drugs with low fu (,30%), high extrac-

tion ratio, and either administered intravenously or when adminis-

tered orally but where nonhepatic clearance is the primary route of 

elimination.12

Benet and Hoener reviewed pharmacokinetic data on 456 drugs 

from the literature. No orally administered drug with a high extraction 

ratio and nonhepatic clearance met the criterion for low fu (,30%). 

Only 25 (5%) of the 456 drugs had high extraction ratios, were not 

administered by the oral route, and met the criterion for which protein 

binding may influence drug exposure. However, many of these 25 

agents are routinely used in critical care (Table 139.1).

Other analyses have been presented more recently, and these high-

light additional complexities that may not have been considered fully in 

previous reports. Schmidt and colleagues suggest generalized recom-

mendations may be incomplete, and clinical relevance of protein bind-

ing depends on each drug’s distinct properties, such as mechanism of 

action, affinity for plasma proteins and the drug target, biodistribution 

and local concentrations at the site of action, or incorrect assumptions 

such as the reliance on estimated instead of measured fu.11

In critically ill patients, protein concentrations can change quickly. 

This is particularly true of the acute-phase reactant, AAG. Given the 

relatively low blood levels of AAG compared with albumin, fu could 

increase dramatically as a result of rapidly declining AAG levels.11 In 

addition, some patients (e.g., those undergoing dialysis or those with 

cachexia) have altered protein binding.13 The extent of protein bind-

ing, route of administration, route of elimination, and extraction ratio 

of the drug all should be considered when determining whether a 

change in binding is likely to result in a change in effect.

As a final note on protein binding, care must be taken when evalu-

ating total drug concentrations in patients with altered protein bind-

ing. Consider the case of phenytoin. The percentage of unbound drug 

is typically 10% but is approximately doubled in patients receiving 

hemodialysis (Table 139.2). If phenytoin were administered as a stan-

dard dose to all patients, there would be no problem; phenytoin is a 

low-clearance drug, and protein binding should not influence overall 

unbound exposure whether the drug is administered orally or intrave-

nously. However, phenytoin concentrations are often obtained for the 

purposes of therapeutic drug monitoring, and efforts are made to 

achieve circulating levels within the commonly accepted therapeutic 

range of 10–20 mg/L. In patients with normal protein binding, this 

exposure equates to an unbound therapeutic range of 1–2 mg/L. In 

patients with 20% unbound drug, the desired unbound range is still 

1–2 mg/L, but the range based on total concentration is approximately 

halved. In cases of higher fu, if phenytoin dosing is increased to achieve 

10–20 mg/L, toxicities may be observed because the unbound concen-

tration will be twice the desired value.

NONLINEAR PHARMACOKINETICS

The application of pharmacokinetics to therapeutic drug monitoring 

becomes considerably more difficult with drugs that exhibit nonlin-

earities. With linear pharmacokinetics, parameters are stable over time 

and across concentrations and dose levels. Doubling of the dose results 

in doubling of the concentration, and a given dose provides the same 

AUC regardless of the dosing history. Nonlinear pharmacokinetics is a 

term used when these principles of superposition no longer hold. An 

increase in dose may result in an increase in concentration that is more 

than or less than proportional, or it may result in clearance changes 

Alfentanil Itraconazole

Amitriptyline Lidocaine

Buprenorphine Methylprednisolone

Chlorpromazine Midazolam

Cocaine Milrinone

Diltiazem Nicardipine

Diphenhydramine Pentamidine

Doxorubicin Propofol

Erythromycin Propranolol

Fentanyl Remifentanil

Gold sodium thiomalate Sufentanil

Haloperidol Verapamil

Idarubicin

TABLE 139.1 Drugs for Which Changes in 
Protein Binding May Influence Clinical Drug 
Exposure After Intravenous or Intramuscular 
Administration*

Modified from Benet LZ, Hoener BA. Changes in plasma protein bind-

ing have little clinical relevance. Clin Pharmacol Ther. 2002;71:115–121.

*Criteria for selection included .70% protein binding and hepatic 

clearance .6.0 mL/min/kg or nonhepatic extraction ratio clearance 

$0.28 � renal blood flow (.4.8 mL/min/kg).
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over time. Several common types of nonlinearities occur in the clinical 

setting.

Phenytoin is the classic example for nonlinear elimination. In-

creases in a phenytoin dose can result in greater-than-proportional 

increases in concentration. In any pharmacokinetic system, clearance 

is defined as the rate of elimination relative to the concentration. 

Hence, an instantaneous rate of elimination can be defined as follows:

 
(Equation 15)Rate of ele ation CL Cmin � 3

In a linear elimination process, clearance is constant, and doubling 

the concentration doubles the rate of elimination. In the case of phe-

nytoin with nonlinear elimination, clearance is not constant. Nonlin-

ear elimination occurs because the metabolic pathway responsible for 

the elimination of the drug is saturable. The enzyme system has a 

maximum rate of metabolism that can be approached at therapeutic 

concentrations of phenytoin. These principles can be better under-

stood by considering the rate of elimination described by the Michae-

lis-Menten equation (Fig. 139.9). It has two parameters, the maximum 

rate of elimination (Vmax) and the concentration that results in one-half 

the maximum rate (Km):

 (Equation 16)Rate of elemination
Vmax C

Km C
�

�

�

Although the parameters Vmax and Km are constant, it can be seen 

that clearance is a function of concentration (C). The clearance of a 

drug decreases as the concentration increases:

 (Equation 17)CL
Rate of elemination

C

Vmax

Km C
�

�
=

Although enzyme systems do have maximal rates, the usual drug 

concentrations attained in the clinical setting are considerably lower 

than Km, the quantity Vmax/(Km 1 C) is minimally influenced by 

concentration, and clearance becomes constant. Therefore even though 

many drugs are metabolized by hepatic enzymes, few drugs of clinical 

interest display detectable nonlinear elimination.

At steady state, the amount of drug eliminated every day must 

equal the dose taken, and the elimination rate equals the dosing rate. 

After rearranging the equation for the Css:

 (Equation 18) Css
Dosing rate Km

Vmax Dosing rate
=

×

This equation shows that an increase in dosing rate produces a 

greater-than-proportional increase in the Css. Furthermore, if the dos-

ing rate exceeds Vmax, a Css will never be attained.

Another type of nonlinearity is time-dependent pharmacokinetics, 

as demonstrated by carbamazepine inducing its own metabolism.14 

This autoinduction causes the clearance of carbamazepine to increase 

over time. It is important to gradually increase the dose of carbamaze-

pine during the first few weeks of therapy up to the expected mainte-

nance dose to avoid toxicities related to elevated concentrations.

Protein binding also can become saturable with some drugs. Intui-

tively, one might think that saturation of protein binding would result 

in higher unbound drug concentrations available to exert desirable 

effects and toxicities, but it must be kept in mind that the organs re-

sponsible for drug clearance are eliminating unbound drug. Therefore 

unless the clearance of a drug also changes, the steady-state unbound 

concentration will remain constant in the face of saturable protein 

binding. The total concentration is a function of the unbound concen-

tration and the fraction unbound:

 (Equation 19)Ctot
Cu

fu
=

If the fraction unbound increases at higher unbound concentra-

tions, total concentrations do not increase in proportion to unbound 

concentrations. This can be perplexing in therapeutic drug monitoring 

situations. Increases in dose produce less-than-expected increases in 

Fig. 139.9 The Michaelis-Menten model demonstrates elimination as a 

nonlinear function of concentration, with characteristics including a 

maximum rate of elimination (Vmax) and a concentration at which one-

half of the maximum rate of elimination occurs (Km).

CONCENTRATIONS OF PHENYTOIN  

AT THERAPEUTIC RANGE (MG/L)
Result of Erroneous Increase 

in Phenytoin Dose in Patient 

With Decreased Protein  

Binding*

 

Concentration

 

Typical Patient

Patient With Protein  

Binding Decreased By 50%

Total (Ctot) 20 10 20

Unbound (Cu) 2 (10%) 2 (20%) 4 (20%)

Bound (Cb) 18 8 16

TABLE 139.2 Effect of Decreased Protein Binding on Bound and 
Unbound Concentrations of Phenytoin

*Because of the altered protein binding, Ctot is less when Cu is in the therapeutic range (i.e., 2 mg/L). During therapeutic drug monitoring, it is 

the Ctot that is measured. If the decreased protein binding is not taken into account and the phenytoin dose is increased to achieve a Ctot of 20 

mg/L, the actual Cu will double and toxic effects could ensue.
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total concentration. As the dose is pushed higher to reach desired total 

concentrations, toxicities may be observed because saturable binding 

causes the unbound concentration to be greater than expected.

LARGE-MOLECULE THERAPEUTICS

Historically, large-molecule drugs have not been a major concern in 

the critical care setting. However, given the successes of protein thera-

pies, namely monoclonal antibody (mAb) drugs, there has been a 

dramatic increase in the clinical use of these protein therapies as stan-

dard of care for a variety of immune disorders, cancers, and other 

diseases.15 Recent studies are also evaluating mAb immunotherapies 

for sepsis and drug-resistant infections.16,17 Although the principles 

discussed earlier apply to both small-molecule and large-molecule 

therapies, there are a few aspects of large-molecule and mAb drug 

pharmacology that are distinctly different from small molecules and 

are worth noting here.

Because of their large size and inability to diffuse across biologic 

membranes, and despite decades of ongoing research to develop deliv-

ery strategies via other routes, intravenous infusion remains the pri-

mary route of administration for mAb therapies, though some can 

achieve therapeutic systemic concentrations via subcutaneous or in-

tramuscular injection as well.18,19 As mAbs do not diffuse across mem-

branes, central volumes of distribution for mAbs tend to be small and 

on the order of ~2–3 L equating to plasma water volume, and tissue 

distribution may add another ~5–15 L.20 Also because of their large 

size, mAbs are not cleared through renal filtration. Instead, the pri-

mary pathway for clearance of mAb therapies is lysosomal degradation 

via pinocytosis and endocytic uptake in epithelial cells. This tends to 

be a slow process, and mAb therapies often have half-lives of days or 

weeks. The long half-life is enhanced by the neonatal Fc receptor, FcRn, 

which binds to the Fc region of the mAb structure in a pH-dependent 

manner and recycles the endocytosed mAb away from the lysosomal 

pathway back to the cell surface, where it is released back into circula-

tion.20 Though this process is generally linear, mAb therapies may have 

nonlinear pharmacokinetics because of concentration-dependent and 

time-dependent clearance mechanisms. For example, mAb therapies 

are sometimes immunogenic and induce the production of antidrug 

antibodies (ADAs).21 In other words, the patient receiving the mAb 

therapy may develop antibodies to the mAb therapy. This typically 

results in immune-mediated clearance that increases over time.

Similar to the time-dependent changes in mAb clearance from 

ADA, the high specificity and high affinity binding of mAbs to their 

therapeutic targets can also contribute to nonlinear disposition of 

mAb therapies through target-mediated drug disposition (TMDD).20 

Because mAb binding is with high specificity and high affinity to the 

target, the law of mass action drives the equilibrium toward the drug-

target complex:

 (Equation 20)D T D T Effect[ ] [ ] [ ]1  →
←  ⋅  →

where [D] is drug concentration, [T] is target concentration, and 

[D∙T] is drug-target complex concentration. For high-affinity drugs, 

such as mAbs, when the quantity of target receptors expressed is simi-

lar to the quantity of mAb drug molecules in the body, a significant 

portion of the mAb may be effectively removed from circulation 

through the high-affinity binding to the target. In some cases, this 

binding leads to target-mediated clearance of the mAb through inter-

nalization and degradation of the mAb-target complex. In other cases, 

the mAb may slowly release from the target over time, which does not 

result in clearance, but rather contributes to a higher apparent volume 

of distribution because the bound mAb is effectively removed from 

circulation temporarily as if it had distributed to a separate extravas-

cular compartment. In either case, the pharmacokinetics would be 

nonlinear because they would depend on the concentration of mAb 

relative to target. Furthermore, as the expression of the target changes 

over time, either as a direct result of the mAb therapy or as a result of 

changing disease status, the impact of TMDD will also change over 

time. This can be overcome by administering the mAb therapy at high 

enough doses or at short enough intervals to ensure mAb concentra-

tions far exceed the target concentrations. In this scenario, the target is 

continuously saturated with excess mAb, and the contribution of 

TMDD is minimal relative to total other processes governing mAb 

distribution and clearance. Based on the law of mass action, we can 

determine the target engagement, or fraction of total target that is 

bound by the mAb drug:

 (Equation 21)
D T

T

D

D K

[ ]

[ ]

[ ]

[ ]
t d

�
�

⋅

where [D] is the drug concentration, [Tt] is the total target concentra-

tion, and Kd is the dissociation constant of the drug-target complex, 

[D∙T]. This fraction is often expressed as a percentage of receptor 

occupancy (RO%). Therapeutically, we generally aim to ensure a 

minimum RO% is maintained (e.g., .95% or .99%) throughout the 

dosing interval. This ensures maximal and prolonged pharmacody-

namic drug effect, and it has the added benefit of ensuring TMDD will 

have a minimal impact on overall drug disposition.

KEY POINTS

• Modification of a drug dosing regimen, or even modification in the choice of 

therapy, may be necessary in the critically ill patient because of changes in 

physiologic processes that alter drug pharmacokinetics; this is especially 

true for drugs where clear dose-response or exposure-response relation-

ships have been established and where lack of efficacy because of low 

exposure or toxicity because of high exposure pose significant risks to the 

patient.

• Clearance (CL) is a primary or fundamental pharmacokinetic parameter that 

describes the efficiency of the body in eliminating a drug and is defined by the 

volume of a particular compartment (blood or tissue) completely cleared of 

drug per unit time; volume of distribution (V), another fundamental pharmaco-

kinetic parameter, reflects the theoretical volume into which a drug distributes 

and is not necessarily associated with an actual, physiologic space.

• Secondary pharmacokinetic parameters include drug half-life (t1/2), the 

measure of how quickly a drug is eliminated from the body and described 

as t1/2 � 0.693/Kel or 0.693 3 V/CL; the area under the concentration- time 

curve (AUC), which is a measure of drug exposure and is defined by AUC 5 

Dose/CL; and the extent of drug absorption or bioavailability (F), which is 

the ratio of dose-normalized AUCs for extravascular to intravascular routes 

of administration, where F 5 (AUCEV/DoseEV)/(AUCIV/DoseIV).

• After five half-lives of either a (the distribution t1/2) or b (the elimination 

t1/2), a drug will be 97% distributed throughout the body or eliminated from 

the body, respectively.

• The first-pass effect refers to the elimination of drug that is absorbed orally 

but then metabolized and/or secreted in either the liver or the gut wall be-

fore reaching the systemic circulation.

• The typically observed hyperbolic relationship between effect and dose that 

results in less-than-proportional increases in response as concentrations 

increase is often described by the Emax pharmacodynamic model; observed 

pharmacologic effects often lag behind the serum concentration eliciting 

the effect and can be observed as a hysteresis loop when effect-concentra-

tion pairs are connected in time order.

  

 



1123CHAPTER 139 General Principles of Pharmacokinetics and Pharmacodynamics

• Antagonists may inhibit an effect at a receptor through concentration-de-

pendent competitive blocking or by binding irreversibly to the receptor.

• Most small-molecule drugs are bound to some extent by plasma proteins, 

and it is the unbound concentration of drug that determines the pharmaco-

dynamic effect; changes in protein binding that may occur in the critically ill 

patient may affect drug exposure or pharmacodynamic effects depending 

on several factors, although these changes do not affect clinical outcomes 

from therapy for a majority of drugs.

• Nonlinear pharmacokinetics occurs when clearance or volume changes as a 

function of dose, drug concentration, or time; the Michaelis-Menten equa-

tion, CL � Vmax/(Km 1 C), where Vmax is the maximum rate of elimina-

tion, Km is the concentration of drug that results in one-half the maximum 

rate, and C is the concentration of drug, is often used to describe nonlinear 

clearance processes.

• Because of their large size and relatively slow rates of clearance through 

catabolic or nonlinear, target-mediated pathways, mAb therapies have low 

volumes of distribution and typical half-lives of days or weeks; just as with 

small-molecule drugs, changes in physiologic processes in the critically ill 

patient can alter the pharmacokinetics of mAb therapies.

 References for this chapter can be found at expertconsult.com.
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in handling substrates, signaling molecules, hormones, nutrients and neu-

rotransmitters.

Rowland M, Tozer TN, Rowland M. Clinical Pharmacokinetics and Pharmaco-

dynamics: Concepts and Applications, 4th ed. Philadelphia, PA: Wolters 

Kluwer Health/Lippincott William & Wilkins; 2011.

This text presents the basic concepts of pharmacokinetics and links their im-

portance to clinical settings.

Schulz M, Schmoldt A, Andresen-Steichert, Bergmann-Iwersen S. Revisited: 

Therapeutic and toxic blood concentrations of more than 1100 drugs and 

other xenobiotics. Crit Care 2020;24:195.

This is an excellent reference article that contains an exhaustive compilation 

of drugs with their therapeutic, toxic, and fatal concentration ranges. The ar-

ticle also provides half-lives and references for each drug.

Smith BS, Yogaratnam D, Levasseur-Franklin KE, et al. Introduction to drug 

pharmacokinetics in the critically ill patient. Chest. 2012;141(5):1327-1336.

This review article details the pharmacokinetic changes observed during criti-

cal illness. It provides general suggestions for modifying drug regimens to 

manage those pharmacokinetic changes.

ANNOTATED REFERENCES

Benet LZ, Hoener B. Changes in plasma protein binding have little clinical  

relevance. Clin Pharmacol Ther. 2002;71:115-121.

This manuscript systematically presents the physiology and mathematics 

needed to understand why changes in protein binding have little clinical  

relevance.
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140
Poisoning: Overview of Approaches for 
Evaluation and Treatment

Brenna Farmer

Patients presenting to the hospital with overdoses and poisonings 

should undergo an initial evaluation to determine whether a specific 

poisoning can be detected that would lead to specific management 

options. History and physical examination are key to determine what 

poisoning, such as a toxidrome—a syndrome related to a toxic expo-

sure (cholinergic, anticholinergic, sympathomimetic, opioid, seda-

tive-hypnotic, or withdrawal syndromes)—could be causing a pa-

tient’s presentation. Once a poisoning or overdose has been identified, 

management can be determined. Management options can include 

gastrointestinal decontamination, enhancing elimination, and/or  

use of antidotes. Additionally, some poisonings and overdoses only 

require supportive care.

HISTORY

A thorough poison history should be obtained. Route of exposure 

should be obtained. Necessary elements for a suspected ingestion in-

clude suspected substance, amount ingested, time of ingestion, and 

any possible coingestants. Other important elements include past 

medical history, medication history, social history, and family history. 

Access to other medications in the home, including dietary and herbal 

supplements and over-the-counter medications, must be determined. 

Review of symptoms, including if vomiting was present, will also be 

important when determining if gastrointestinal decontamination 

would be useful.

PHYSICAL EXAMINATION

Poisoned patients should undergo a thorough physical examination to 

determine if a toxidrome is present. Specific elements of the examina-

tion that allow for this determination include mental status; pupil size 

and reactivity; mucous membrane evaluation; cardiac and pulmonary 

examinations; abdominal examination for bowel sounds and presence 

of palpable bladder; skin examination for temperature, flushing, and 

perspiration; muscle tone; and neurologic examination for the pres-

ence of tremors, clonus, and reflexes. See Table 140.1 for toxidrome 

physical examination findings.

LABORATORY ANALYSIS

While determining whether a poisoning has occurred or trying to de-

termine the cause of an undifferentiated poisoning, some laboratory 

values can be helpful. Common laboratory studies to obtain include 

basic metabolic panel for electrolytes and to determine anion gap; etha-

nol, acetaminophen (paracetamol), and salicylate concentrations; liver 

function tests for transaminases; serum osmolarity if toxic alcohol is 

suspected; and blood gas for pH. These laboratories can aid in narrow-

ing the differential diagnosis when a patient has overdosed or make the 

diagnosis in acetaminophen or salicylate poisoning.

TOXICOLOGY LABORATORY

Urine drug screens are usually obtained in poisoned patients; however, 

there is no standardized screen. The interpretation of these tests de-

pends on the clinician’s knowledge of which toxins have been screened 

and whether confirmatory testing (ideally performed by a different 

analytic method) will follow.1 The length of time required to receive 

results varies among hospitals. Quantitative serum drug testing is done 

when quantitation of a toxin is clinically relevant, as is the case for 

acetaminophen, anticonvulsant agents, salicylates, digoxin, ethanol, 

ethylene glycol, methanol, iron, lithium, and theophylline. The clini-

cian caring for the poisoned patient should discuss drug testing with 

the analytic toxicologist so that the results of testing can be appropri-

ately interpreted. The clinical value of analytic toxicology testing de-

pends on the clinician’s ability to understand and interpret the results 

because of limitations of the screening and other tests.1

Once a poisoning has been identified, specific management options 

may be necessary, from gastrointestinal decontamination and enhanc-

ing elimination, to use of specific antidotes.

GASTROINTESTINAL DECONTAMINATION

The theory of gastric decontamination is that removal of toxins is 

done first from the stomach (where absorption is poor) before  

moving to the small intestine (where absorption is more rapid) so as 

to decrease the toxicity of the poisoning. Because of controversies 

regarding the role of gastrointestinal decontamination (GID), senior 

toxicologists from the American Academy of Clinical Toxicology and 

the European Association of Poison Centres and Clinical Toxicolo-

gists (EAPCCT) agreed to collaborate on the production of position 

statements on GID treatments. These statements, published in 1997, 

are systematically developed guidelines founded on a criteria-based 

critical review of all relevant scientific literature.2 All position state-

ments were updated in 2004, with some getting new updates in 2014 

(Table 140.2). GID included ipecac, gastric lavage, single-dose 

activated charcoal, cathartics, and whole-bowel irrigation.

Ipecac
Ipecac, a prepared form of the Cephaelis acuminata or Cephaelis ipeca-

cuanha plant, is no longer recommended for routine use in the man-

agement of poisoned patients, as there is no evidence that it improves 

outcomes.3 Vomiting within 30 minutes after administration is caused 
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Toxidrome  

Physical  

Examination Cholinergic Anticholinergic Sympathomimetic Opioid

Opioid  

Withdrawal

Sedative- 

Hypnotic

Sedative- 

Hypnotic 

Withdrawal

Mental status Awake Obtunded or  

delirious

Awake Depressed Awake Depressed Agitated, awake, 

delirious

Pupils Pinpoint Dilated Dilated Pinpoint Dilated Normal Dilated

Reactive Unreactive Reactive Reactive Reactive Reactive

Mucous  

membranes

Wet Dry Normal Normal Normal Normal Normal

Cardiovascular g h h Normal Normal Normal h

Heart rate Heart rate Heart rate Heart rate

Pulmonary Wheeze, rhonchi Normal Normal g Normal Normal Normal

h Respiratory rate

Respiratory rate g

Depth of breathing

Bowel sounds h g Normal g h Normal Normal

Bladder Not palpable Palpable Normal May be palpable Normal Normal Normal

Skin temperature g h h Normal Normal Normal h

Skin color Normal Flushed Flushed Normal or cyanotic Normal Normal Normal

Perspiration Present Absent Present Present

Antidote Atropine

Pralidoxime Physostigmine Benzo-diazepines Naloxone Benzodiazepines

TABLE 140.1 Toxidrome Physical Examination Findings

Management Recommendation

Gastric Decontamination
Ipecac Syrup of ipecac should not be administered routinely for the management of poisoned patients.3

Gastric lavage Gastric lavage should not be employed routinely in the management of poisoned patients.4

Single-dose activated charcoal Single-dose activated charcoal should not be administered routinely in the management of poisoned patients.5

Cathartic Administration of a cathartic alone has no role in the management of poisoned patients. Routine use of a cathartic in combi-

nation with activated charcoal is not endorsed.6

Whole-bowel irrigation Whole-bowel irrigation should not be used routinely in the poisoned patient.7

Enhance Elimination
Multiple-dose activated charcoal Multiple-dose activated charcoal should be considered if a patient has ingested a life-threatening amount of carbamazepine, 

dapsone, phenobarbital, quinine, or theophylline.8

Urinary alkalinization Urinary alkalinization should be considered as first-line treatment in patients with moderately severe salicylate poisoning who 

do not meet the criteria for hemodialysis. Urinary alkalinization also should be considered for patients with severe poisoning 

caused by 2,4-dichlorophenoxyacetic acid or mecoprop (MCPP) poisoning. Urinary alkalinization is not recommended as first-

line treatment for cases of phenobarbital poisoning, because multiple-dose activated charcoal is superior.9 

TABLE 140.2 Position Statement Summaries on Gastrointestinal Decontamination Treatments

by local irritation of the gastric mucosa, and after 30 minutes vomiting 

is centrally induced.10 In experimental studies, the amount of marker 

removed by ipecac treatment was highly variable and diminished  

with time.3

Gastric Lavage
Gastric lavage should not be employed routinely in the management of 

poisoned patients, as there is little clinical evidence of benefit and no 

controlled trials showing benefit.4 If performed because of a potentially 

life-threatening poison ingestion, an experienced provider should  

perform the lavage based on the complications that can occur.4 Gastric 

lavage involves a large-bore (36F–40F) orogastric tube passed into the 

stomach, after which small volumes (200–300 mL) of liquid are alter-

nately administered and aspirated. Comatose patients and those with loss 

of their protective airway reflexes should have an endotracheal tube 

placed before this procedure. An oral airway prevents biting of the tube. 

The amount of stomach contents removed via this procedure is highly 

variable and decreases with time.11–13 The procedure can actually push 

stomach contents into the intestine.14 Contraindications include loss of 

protective airway reflexes (unless the patient is endotracheally intubated), 
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ingestion of a corrosive substance or a hydrocarbon, gastrointestinal pa-

thology, and other medical conditions that could be worsened by the use 

of lavage. Complications of the procedure include aspiration, laryngo-

spasm, hypoxia, hypercapnia, mechanical injury, and fluid and electrolyte 

imbalances in children.15

Single-Dose Activated Charcoal
Activated charcoal is made when coconut shells, peat, wood, or other 

materials undergo controlled pyrolysis and are subsequently activated 

by heating in steam or air at high temperatures. Activation creates 

multiple internal pores and the small particle size necessary for ad-

sorption. The particles have a large surface area and are capable of 

adsorbing poisons with varying affinities. Although in vitro studies 

demonstrate adsorption of many drugs to activated charcoal, animal 

studies reveal variable reductions in the systemic uptake of marker 

substances.16 Volunteer and clinical studies have not demonstrated 

that single-dose administration of activated charcoal improves out-

come. Therefore single-dose activated charcoal should not be admin-

istered routinely in the management of poisoned patients. Administra-

tion of activated charcoal may be considered if a patient has ingested a 

potentially toxic amount of poison that is known to be adsorbed to 

charcoal not longer than 1 hour before treatment, as its effectiveness 

decreases over time. There is no evidence that the administration of 

activated charcoal improves outcome.5,17

Contraindications to the administration of activated charcoal in-

clude decreased level of consciousness and unprotected airway, inges-

tion of caustic substances or hydrocarbons, gastrointestinal pathology, 

and medical conditions that could be further compromised by the 

administration of activated charcoal. Complications include aspiration 

and direct administration of charcoal into the lung.5

Because activated charcoal is an inert substance, it is thought that 

lung injury after aspiration of activated charcoal is caused by gastric 

contents. Aspiration of gastric contents causes neutrophils to release 

neutrophil elastase, which increases pulmonary vascular permeabil-

ity.18 In comparison, intratracheal administration of activated charcoal 

does not increase elastase in the bronchoalveolar fluid.19 Activated 

charcoal can activate alveolar macrophages, which are a potent source 

of oxygen radicals, proteases, and other inflammatory mediators. 

Charcoal also causes obstruction of small distal airways. Overdisten-

tion of alveolar segments in areas not occluded by charcoal leads to 

volutrauma in those areas, which increases microvascular permeabil-

ity.20 Although case reports reveal long-term pulmonary pathology 

after aspiration or instillation of activated charcoal,21,22 the true inci-

dence of chronic problems after charcoal aspiration is unknown.

Cathartics
Administration of a cathartic alone has no role in the management of 

poisoned patients. Routine use of a cathartic in combination with  

activated charcoal is not endorsed.6

Whole-Bowel Irrigation
Whole-bowel irrigation consists of administration through a nasogas-

tric tube of an osmotically balanced, polyethylene glycol–based elec-

trolyte solution to decontaminate the entire gastrointestinal tract by 

physically expelling intraluminal contents. As much as 1500–2000 mL/hr  

can be administered to an “awake” adult patient. Negotiation to let the 

patient attempt to drink the solution only causes delay, because pa-

tients are unable to drink at a constant rate. Whole-bowel irrigation 

should not be used routinely in the poisoned patient. However, it can 

be considered for potentially toxic ingestions of sustained-release or 

enteric-coated drugs and for drugs not likely to be adsorbed to acti-

vated charcoal (iron, lithium, potassium) and for the removal of illicit 

drug packets.7 Contraindications include bowel pathology, unpro-

tected or compromised airway, hemodynamic instability, and intrac-

table vomiting. Complications are nausea, vomiting, and abdominal 

cramps.7

Clinical Implications of Gastrointestinal 
Decontamination
There is no role for syrup of ipecac in the hospital setting. Gastric  

lavage may be considered for obtunded patients if it can be instituted 

within 1 hour after the ingestion. Single-dose activated charcoal 

should not be routinely administered to patients with mild to moder-

ate degrees of poisoning. Whole-bowel irrigation should be considered 

for awake patients within the first hours after ingestion of a sustained-

release preparation, ionic compounds (e.g., lithium), or packets of il-

licit drugs.

These guidelines refer to the routine management of poisoned pa-

tients. Cellular toxins require special consideration. The physician 

should always call the Poison Center (1-800-222-1222 in the United 

States) to discuss a patient with an ingestion and to seek further guid-

ance on management.

ENHANCED ELIMINATION

Multiple-Dose Activated Charcoal
Multiple-dose activated charcoal is the repeated oral administration of 

activated charcoal, without sorbitol, to enhance drug elimination. If 

the drug concentration in the gut is lower than that in the blood, the 

drug will passively diffuse back into the gut. The concentration gradi-

ent, intestinal surface area, permeability, and blood flow determine the 

degree of passive diffusion. As the drug passes continuously into the 

gut, it is adsorbed onto the charcoal particles, a process called gastroin-

testinal dialysis. Multiple-dose activated charcoal also interrupts the 

enterohepatic and enterogastric circulation of drugs. Drugs with a 

prolonged elimination half-life, a small volume of distribution (less 

than 1 L/kg), and little protein binding are the most amenable to this 

sort of management.8 Multiple-dose activated charcoal should be con-

sidered if a patient has ingested a life-threatening amount of carbam-

azepine, dapsone, phenobarbital, quinine, or theophylline. With all of 

these drugs, data confirm enhanced elimination, although no con-

trolled studies have demonstrated clinical benefit.8 Other ingestions 

may benefit from multiple-dose activated charcoal, but there are insuf-

ficient clinical data to routinely recommend its use.

The initial dose of charcoal is 50–100 g, and this treatment is fol-

lowed every 1, 2, or 4 hours by a dose equivalent to 12.5 g/hr. More 

frequent, smaller doses may prevent vomiting. Multiple-dose activated 

charcoal can be continued until the patient improves clinically. Con-

traindications include an unprotected airway, intestinal obstruction, 

and an anatomically abnormal gastrointestinal tract. Complications 

include bowel obstruction and vomiting with subsequent aspiration.8

Urinary Alkalinization
Urinary alkalinization is the administration of intravenous (IV) so-

dium bicarbonate to produce urine with a pH $7.5. The objective of 

treatment is pH manipulation, not forced diuresis. Hypokalemia is the 

most common complication. Alkalemia also can occur.9 Urinary alka-

linization should be considered as first-line treatment in patients with 

moderately severe salicylate poisoning who do not meet the criteria for 

hemodialysis. Urinary alkalinization also should be considered for 

patients with severe poisoning caused by 2,4-dichlorophenoxyacetic 

acid or mecoprop (MCPP) poisoning. Urinary alkalinization is not 

recommended as first-line treatment for cases of phenobarbital poi-

soning, because multiple-dose activated charcoal is superior.9
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SELECTED ANTIDOTES

Stabilization of the patient always should precede administration of 

antidotes. The effects of the toxin can outlast the effects of the admin-

istered antidote. Patients receiving antidotes should be observed in a 

critical care setting.

Dextrose
Up to 8% of patients with altered mental status are hypoglycemic.23 

Hypoglycemia can be a result of drug or toxin exposure, nutritional 

deprivation, or a medical complication (e.g., sepsis, hyperthermia). 

Glucose should be checked at the bedside for all patients with altered 

mental status.

Naloxone
Endogenous and exogenous opiates produce their effects by binding at 

one or more opiate receptors. Naloxone, nalmefene, and naltrexone are 

competitive opioid antagonists that bind at the mu, kappa, and delta 

receptors and competitively prevent the binding of endogenous and 

exogenous opiates at these receptors. The duration of action of nalox-

one is 15–90 minutes. Its clinical effects depend on the dose and route 

of naloxone administration and the dose and rate of elimination of the 

opiate agonist. Naloxone can be administered by IV, intramuscular, 

intratracheal, or sublingual routes. After IV administration, naloxone 

rapidly enters the central nervous system (CNS). In patients with opi-

oid poisoning, respiration improves within 1–2 minutes, and con-

sciousness may be restored. The goal of naloxone administration is to 

restore respiratory function. Miosis, inhibition of baroreceptor re-

flexes, laryngospasm, and decreased gastrointestinal motility are also 

reversed.24,25

Naloxone should be administered to all patients presenting with re-

spiratory depression (slowed respiratory rate and/or decreased depth of 

breathing) or respiratory failure and altered mental status or coma of 

unknown cause. Opioid-dependent patients should receive only small 

doses in an effort to restore respiratory function and prevent rapid with-

drawal. If a patient is not opioid dependent, a reasonable starting dose is 

0.4 mg, increasing to 10 mg (in increments) if there is no response. Large 

doses of naloxone may be necessary to reverse the effects of drugs with 

high affinity for the delta and kappa opiate receptors.24,25

If respiratory depression returns, the initial dose of naloxone may 

have to be repeated or a constant infusion of naloxone initiated. The 

starting dose for a constant infusion of naloxone is hourly administra-

tion of about one-half to two-thirds of the bolus dose that reversed the 

opioid effects. If withdrawal is precipitated, it is short lived and not 

life-threatening. Complications of naloxone administration are very 

rare.24,25 Naloxone is not indicated for patients once they are intubated 

and receiving mechanical ventilation, as these procedures reverse re-

spiratory depression.

Flumazenil
Flumazenil competitively antagonizes the pharmacologic effects of 

drugs that act on the benzodiazepine receptor of the gamma-amino-

butyric acid A (GABAA) receptor (e.g., all drugs in the benzodiazepine 

class).26 Receptor occupancy follows the law of mass action, and an-

tagonism is dose dependent. The duration of action of flumazenil is 

variable and depends on the type of benzodiazepine ingested, relative 

doses of agonist and antagonist, presence of ongoing benzodiazepine 

absorption, and relative receptor binding affinities. Flumazenil also 

antagonizes the sedative effects of drugs other than benzodiazepines, 

such as zolpidem (Ambien), cannabis, ethanol, promethazine, chlor-

zoxazone, and carisoprodol. These drugs may have differing affinities 

for the GABAA receptor, implying that the dose of flumazenil required 

to reverse the effects depends on the affinity of the specific drug for the 

receptor.27

Flumazenil is safe and effective for reversing conscious sedation 

after short procedures such as endoscopy. This safety has been general-

ized to imply that flumazenil also is safe for patients with a multidrug 

overdose and that reversal of benzodiazepine-induced sedation pre-

vents morbidity from procedures such as endotracheal intubation or 

computed tomography. However, many patients have experienced 

single or multiple seizures after flumazenil administration. Status epi-

lepticus has been precipitated, leading to death. The data are insuffi-

cient to determine whether morbidity or mortality is increased as a 

result of flumazenil-precipitated seizures.28,29

Flumazenil administration can precipitate seizures in patients with 

an overdose who have ingested both a benzodiazepine and a procon-

vulsant drug or just a proconvulsant drug. Flumazenil also can pre-

cipitate seizures in patients who have a history of seizures, chronic 

benzodiazepine ingestion, or head injury. Identification of patients at 

risk for seizures is difficult.30 Before administering flumazenil to a pa-

tient with a benzodiazepine ingestion, it is reasonable to first obtain an 

electrocardiogram to rule out exposure to proconvulsant tricyclic an-

tidepressants. Resedation occurs after 18–120 minutes in approxi-

mately half of patients awakened by flumazenil. Therefore either con-

tinuous IV infusion or observation for a number of hours is required.31

Administration of flumazenil to patients with an overdose should 

not be routine. It should be limited to the following situations: iatro-

genic overdose with known patient history, obtundation in a toddler 

secondary to ingestion of benzodiazepine, and reversal of a paradoxi-

cal response to benzodiazepine.

Physostigmine
Physostigmine inhibits acetylcholinesterase, the enzyme responsible for 

the metabolism of acetylcholine (ACH). ACH is an endogenous neu-

rotransmitter that mediates action by binding to muscarinic and nico-

tinic receptors. Accumulation of ACH stimulates cholinergic nerve 

endings. In the poisoned patient, physostigmine is most frequently ad-

ministered to treat anticholinergic toxicity. Clinical signs of anticholin-

ergic toxicity are recognized by the mnemonic, “Blind as a bat, Red as a 

beet, Hot as a hare, Dry as a bone, Mad as a hatter” (see Table 140.1). 

Physostigmine administration should be considered if life-threatening 

clinical signs of anticholinergic peripheral effects (hypertension, tachy-

cardia, and seizures) or central effects (painful psychosis, delirium) are 

present. Physostigmine is superior for delirium control from anticho-

linergics compared with other treatments for anticholinergic toxicity.32 

Complications of cholinergic crises caused by excessive doses of physo-

stigmine include hypertension, dysrhythmia, asystole, bronchorrhea, 

bronchoconstriction, seizures, and status epilepticus. Contraindica-

tions to physostigmine administration include bradycardia and con-

duction delays, reactive airway disease, peripheral vascular disease,  

intestinal or bladder obstruction, and treatment with a depolarizing 

neuromuscular blocking agent (e.g., succinylcholine). An acceptable 

dose of physostigmine is 1–2 mg IV over 10 minutes. This drug should 

be administered in the presence of a physician because of the potential 

for precipitation of life-threatening cholinergic effects.33

HYPOTENSION IN THE POISONED PATIENT

Hypotension in the poisoned patient is most frequently caused by recep-

tor blockade, drug-induced myocardial depression, or drug-induced 

vasodilatation. Clinicians reflexively initially treat hypotension by infus-

ing IV fluids; however, unless the poisoned patient is hypovolemic, large 

volumes of fluid can predispose patients to the development of acute 

respiratory failure.
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Catecholamines are the pressors of choice for treatment of hypo-

tension in most intensive care unit (ICU) patients who are older, 

chronically ill, or acutely ill from an infectious process. The causative 

factors in sepsis-induced vasodilation and myocardial depression/

ischemia are different from the factors that cause drug-induced vaso-

dilation, myocardial depression, or ischemia. Treatment approaches 

must address the cause of the hypotension and not assume that all 

hypotensive patients should be treated in a similar manner.

Poisoned patients who are young and healthy respond to hypoten-

sion with an outpouring of endogenous catecholamines. Adrenergic 

receptors are sensitive in young patients. Administration of exogenous 

catecholamines is unlikely to be of much benefit because catechol-

amine receptors are already maximally stimulated by endogenous 

catecholamines. Agents that must be considered for the treatment of 

hypotension in the poisoned patient are sodium bicarbonate (for a 

sodium channel–blocking agent), glucagon, and insulin/glucose.

Glucagon
The cardiovascular effects of glucagon are mediated by myocardial 

glucagon receptors that are catecholamine independent. Stimulation 

activates adenylate cyclase, leading to increased intracellular levels of 

the second messenger, cyclic adenosine monophosphate (cAMP). This 

cyclic nucleotide increases myocardial calcium uptake. Both the slope 

of phase zero of the action potential and the conduction velocity 

through the atrioventricular node are increased. Glucagon increases 

heart rate and stroke volume, thereby increasing cardiac output. After 

IV administration, augmented inotropy is seen within 1–3 minutes, 

with a peak effect in 5–7 minutes.34

Glucagon should be considered early in the treatment of hypoten-

sive poisoned patients, especially those patients with beta-adrenergic 

antagonist toxicity. Treatment regimens vary. An acceptable regimen is 

10 mg of glucagon given over 10 minutes (rapid administration causes 

vomiting), followed by 1–3 mg/hr. If the patient wretches, the hourly 

dose of glucagon should be decreased. Elderly patients may be more 

sensitive to the emetic effects of the drug. Tachyphylaxis can occur 

with glucagon. Therefore additional therapies may be needed.

Insulin and Glucose
Insulin improves contractility in anoxic rat hearts and improves cardiac 

index after cardiopulmonary bypass surgery. During drug-induced 

shock, insulin shifts myocardial fatty acid oxidation to carbohydrate oxi-

dation, which increases contractility, left ventricular pressure, and rate of 

change of developed pressure. Enhanced fatty acid oxidation, such as oc-

curs after epinephrine administration, transiently increases contractility 

at the expense of increased myocardial oxygen consumption.35

Insulin and glucose treatment in poisoned patients is commonly 

referred to as high-dose insulin-euglycemia therapy (HIET). Insulin can 

be bolused at 0.5–1 U/kg, followed by an infusion at 0.5–1 U/kg/hr.36 

The infusion can be titrated up to improve inotropy and contractility 

and to increase blood pressure. Case reports have had safe outcomes 

with large bolus and infusion doses.36 Concurrent administration of 

glucose is used to maintain euglycemia. Hourly serum glucose checks 

are mandatory because hypoglycemia occurs frequently. Potassium 

should also be monitored because of intracellular shift.

CARDIAC ARRHYTHMIAS

ICU treatment regimens assume that a diseased heart is the cause of 

most cardiac arrhythmias. This assumption is invalid in poisoned pa-

tients. Treatment of the arrhythmia must take into consideration the 

pharmacology of the toxin causing the arrhythmia.

ACUTE RENAL FAILURE

In poisoned patients, acute renal failure (ARF) is most frequently the 

result of a decrease in extracellular fluid volume and renal hypoperfu-

sion caused by drug- or chemical-induced vasodilation, drug-induced 

myocardial depression, or rhabdomyolysis. Attempts to prevent ARF 

are important because there is no specific therapy once ARF is estab-

lished. Studies evaluating the efficacy of low-dose dopamine (0.5–3.0 

mg/kg/min) in preventing ARF have not demonstrated any benefit, 

but the patient populations in these studies consisted of critically ill 

patients with established ARF or at high risk for developing ARF.37 

The efficacy of administration of low-dose dopamine after periods of 

hypotension in poisoned patients who typically are younger and 

without chronic disease has not been evaluated. When dopamine is 

administered to normal human subjects, there is a dose-dependent 

increase in renal blood flow, sodium excretion, and glomerular filtra-

tion rate.38 Low-dose dopamine also limits adenosine triphosphate 

(ATP) use and oxygen requirements in nephron segments at risk for 

ischemia.39 Although there are no studies regarding the efficacy of 

low-dose dopamine in cases of drug-induced hypotension, one may 

consider administration in previously healthy poisoned patients who 

have adequate vascular volume and remain oliguric or anuric despite 

maximal diuretic therapy.

SEIZURES

Blood pH can be as low as 7.17 at 30 minutes and 7.20 at 60 minutes 

after resolution of a 30- to 60-second seizure.40 Acidosis decreases 

cardiac output, oxygen extraction, and left ventricular end-diastolic 

pressure and impairs myocardial contractility. If a patient has ingested 

a cardiotoxic drug (e.g., a tricyclic antidepressant) that causes signifi-

cant myocardial depression, the consequences of acidosis can increase 

the toxicity of the drug. Ictal increases in plasma epinephrine levels 

can add to the potential risk for cardiac arrhythmias. Additionally, 

airway reflexes are inhibited postictally, which adds to the potential 

for aspiration.41

Whether seizures increase morbidity and mortality in poisoned 

patients is difficult to ascertain. Deaths of poisoned patients who sus-

tain seizures are usually attributed to the toxicity of the drug. Because 

of the number of variables, it is impossible to know whether the risk 

for mortality is influenced by the presence of convulsions. Accordingly, 

the physician should take an aggressive approach toward terminating 

seizures in poisoned patients. Benzodiazepines are the drugs of choice 

to quickly terminate seizures because they are lipophilic and rapidly 

enter the CNS.

MECHANICAL VENTILATION AND EXTUBATION

Endotracheal intubation is commonly indicated for the management 

of poisoned patients on the basis of respiratory depression or im-

paired protective airway reflexes or both. As the drug is metabolized, 

its effects abate, and the patient’s sensorium improves, the patient 

may become alert slowly or very suddenly. The patient should be ex-

tubated if ability to protect the airway is evident and ventilation is 

adequate for 15–60 minutes with minimal respiratory support (e.g., 5 

cm H2O positive end-expiratory pressure and 5 cm H2O pressure sup-

port). Unnecessary or excessive administration of sedatives or anxio-

lytics in an attempt to make the patient more comfortable can delay 

weaning from mechanical ventilation and extubation and increase the 

risk for complications.
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KEY POINTS

• The theory of gastric decontamination is that removal of toxins from the 

stomach (where absorption is poor) before they move into the small in-

testine (where absorption is more rapid) decreases the toxicity of the 

poisoning.

• Stabilization of the patient should always precede administration of anti-

dotes. The effects of the toxin can outlast the effects of the administered 

antidote. Patients receiving antidotes should be observed in a critical care 

setting.

• Treating hypotensive, poisoned patients with large volumes of IV fluids can 

increase the risk for acute respiratory failure.

• Efforts to prevent development of ARF in the poisoned patient are important 

because there is no specific therapy once ARF is established.

• An aggressive approach should be taken toward terminating seizures in the 

poisoned patient. Benzodiazepines are the drugs of choice to quickly termi-

nate seizures, because they are lipophilic and rapidly enter the CNS.

• The clinical value of analytic toxicology testing depends on the clinician’s 

ability to understand and interpret the results.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Arnold TC, Willis BH, et al. Aspiration of activated charcoal elicits an increase 

in lung microvascular permeability. J Toxicol Clin Toxicol, 1999;37:9–16.

The capillary filtration coefficient, a measure of lung microvascular permea-

bility, was determined in rat lungs before and after intratracheal instillation 

of activated charcoal. There was a marked increase in permeability in those 

lungs exposed to activated charcoal.

Bateman DN. Gastric decontamination—a view for the millennium. J Accid 

Emerg Med. 1999;16:84–86.

Management of overdose in patients should be modified in light of position 

papers on gastrointestinal decontamination.

Clarke SFJ, Dargan PI, Jones AL. Naloxone in opioid poisoning: Walking the 

tightrope. Emerg Med J. 2005;22:612–616.

Recommendations are made for naloxone administration in acute opiate in-

toxication and overdose.

Holger JS, Engebretsen KM, Obetz CL, et al. A comparison of vasopressin and 

glucagon in beta-blocker-induced toxicity. Clin Toxicol, 2006;44:45–51.

In a pig model of beta-blocker toxicity, there was no difference in survival be-

tween vasopressin and glucagon.

Marques I, Gomes E, de Oliveira J. (Treatment of calcium channel blocker in-

toxication with insulin infusion: Case report and literature review. Resusci-

tation. 2003;57:211–213.

An elderly woman overdosed on diltiazem. Multiple pressors were adminis-

tered for hypotension, but hemodynamic stability was not achieved until in-

sulin and glucose were administered.

Mathieu-Nolf M, Babe MA, Coquelle-Couplet V, et al. Flumazenil use in an 

emergency department: A survey. Clin Toxicol. 2001;39:15–20.

This survey reported on 29 patients who received flumazenil in the emergency 

department. Subsequent expert review considered that flumazenil was indi-

cated in only 18 of these patients. Of the remaining 11 patients, a severe com-

plication occurred in 1. There was no difference in outcome measures between 

those patients who received flumazenil and those who did not.

Merigian K, Glaho K. Single-dose oral activated charcoal in the treatment of 

the self-poisoned patient: A prospective, randomized controlled trial. Am J 

Ther. 2002;9:301–308.

A total of 1479 patients with overdose were randomly assigned to receive or 

not receive activated charcoal. Gastric emptying was not performed. There 

were no differences between the two groups in length of intubation time, 

length of hospital stay, or complication rate.

Orringer DE, Eustace JC, Wunsch CD, et al. Natural history of lactic acidosis 

after grand mal seizures. New Engl J Med. 1977;15:796–799.

This classic article demonstrated that significant acidosis can occur for up to 1 

hour after a single 30- to 60-second seizure.

Pond SM, Lewis-Driver DJ, Williams GM, et al. Gastric emptying in acute 

overdose: A prospective randomized controlled trial. Med J Aust. 

1995;163:345–349.

This was a randomized study of gastric emptying versus no gastric emptying. 

A total of 342 patients underwent lavage or no gastric lavage before adminis-

tration of charcoal. There were no significant differences between the two 

groups in incidence of clinical deterioration or improvement during the first 6 

hours. However, only 55 patients presented within 1 hour, of whom just 14 

were not lavaged.

Sauvadet A, Rohn T, Pecker F, et al. Arachidonic acid drives mini-glucagon ac-

tion in cardiac cells. J Biol Chem. 1997;272:12437–12445.

Glucagon triggers release of arachidonic acid (AA) and is then processed by 

cardiac cells into a terminal fragment mini-glucagon, which is an essential 

component of the contractile positive inotropic effect. AA and cAMP are both 

second messengers.
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Resuscitation of Hypovolemic Shock
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PART XIII Surgery/Trauma

Alfred Blalock demonstrated that injury precipitates local and regional 
fluid loss, the effects of which can be ameliorated by vigorous restoration 
of intravascular volume. This concept is foundational to understanding 
the pathophysiology of shock and provides the rationale underlying in-
travenous (IV) therapy for hemorrhage and hypovolemia.1

Severe hypovolemia consists of loss of intravascular or total body 
fluid volume necessary to cause insufficient tissue perfusion at the lo-
cal and cellular level. If not rapidly corrected, hypovolemic shock leads 
to refractory end-organ damage, multisystem organ failure, and death. 
Broadly, hypovolemic shock can be divided into two etiologies with 
concomitant differences in treatment (Fig. 141.1). Nonhemorrhagic 
hypovolemic shock consists of body fluid loss and is treated primarily 
with fluid replacement to restore intravascular volume. Hemorrhagic 
shock results from blood loss and is treated with hemorrhage control, 
replacement of whole blood or its components, and avoidance or cor-
rection of coagulopathy.

NONHEMORRHAGIC HYPOVOLEMIC SHOCK

Management of nonhemorrhagic hypovolemic shock centers around 
rapid replacement of intravascular volume and subsequent restoration 
of tissue perfusion. Additional priorities include management of con-
comitant electrolyte and acid/base abnormalities and diagnosis and 
treatment of the etiology of the patient’s underlying fluid loss.

Fluid Resuscitation Principles
For the majority of patients with hypovolemia, resuscitation should 
consist of rapid bolus infusion of isotonic crystalloid solution with 
ongoing monitoring of physiologic and laboratory data to evaluate 
response and dictate termination of therapy. Potential resuscitation 
products to treat hypovolemia include crystalloid solutions (0.9% 
normal saline and buffered solutions), colloid solutions (albumin, 
dextran, hyperoncotic starch) and blood products (fresh frozen 
plasma [FFP], packed red blood cells [PRBCs], platelets). Multiple 
large, randomized control trials (SAFE,2 CRISTAL3) and subsequent 
meta-analyses comparing outcomes with crystalloid versus colloid 
solutions have demonstrated no significant advantage to colloid re-
suscitation in terms of 28-day mortality. Data on secondary out-
comes, including renal replacement and intensive care unit (ICU) 
and hospital length of stay have been mixed, but no clear benefit to 
colloid resuscitation has been demonstrated. Notably, in subgroup 
analysis of the SAFE trial, resuscitation with albumin was associated 

with higher mortality among patients with head injuries. Because of 
a lack of demonstrable benefit and higher cost of colloid, crystalloid 
resuscitation should be used as the first-line resuscitation fluid for 
severe hypovolemia in critically ill patients. Despite a paucity of data 
favoring colloid use, albumin may be an appropriate resuscitation 
adjunct in cases of refractory hypovolemia thought to be secondary 
to low oncotic pressure. Other colloid solutions, including hyperon-
cotic starch, have been associated in large, randomized trials with 
increased risk of renal failure and death and should not be used to 
treat hypovolemia.4,5

There is ongoing debate regarding the most appropriate crystal-
loid product for resuscitation for hypovolemia. Normal saline con-
tains high levels of sodium and chloride compared with plasma (154 
mEq/L each of Na and Cl), raising concerns that particularly large 
volume resuscitations of 0.9% normal saline may precipitate hyper-
chloremic metabolic acidosis. Buffered isotonic solutions, including 
PlasmaLyte-A and lactated Ringer’s, have been suggested as potential 
first-line alternatives in resuscitation. The 2018 Balanced Crystalloids 
versus Saline in Critically Ill Adults (SMART) trial randomized over 
15,000 critically ill patients to either 0.9% normal saline or buffered 
crystalloids. The authors reported a lower composite rate of 30- day 
all-cause mortality, new need for renal replacement therapy, or renal 
dysfunction among patients resuscitated with buffered solutions 
compared with 0.9% normal saline (odds ratio [OR] 0.91, P 5 .04).6 
However, a 2019 Cochrane database meta-analysis of 21 randomized 
controlled trials and 20,000 patients failed to find an advantage of 
buffered solutions over 0.9% normal saline with regard to hospital 
mortality or renal failure.7 Overall, data suggest that infusion of buff-
ered isotonic crystalloids is likely a reasonable first-line approach for 
resuscitation of hypovolemic shock among critically ill patients, al-
though specific fluid choice should continue to be tailored to each 
patient’s specific metabolic and physiologic parameters.

Electrolyte and Acid/Base Disturbances
Nonhemorrhagic hypovolemic shock often occurs concomitantly with 
or results in metabolic disturbances, including critical excesses or  
deficiencies of electrolytes such as sodium, potassium, magnesium, 
chloride, bicarbonate, and disordered acid/base balance. Although the 
detailed discussion of the management of electrolyte abnormalities is 
addressed elsewhere in this text, it is important to rapidly identify and 
correct these disturbances to restore physiologic homeostasis to the 
patient in hypovolemic shock.
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Etiologies of Nonhemorrhagic Hypovolemic Shock
Although the cornerstone of managing nonhemorrhagic hypovolemic 
shock is rapid fluid replacement, identification and treatment of the 
underlying cause of fluid loss is necessary to avoid further hypovolemia 
and tailor resuscitation strategy. Etiologies of hypovolemic shock in-
clude inadequate fluid intake (often in hospitalized, elderly, debilitated, 
or restrained patients) or losses of fluid from the skin or soft tissue (ex-
ertional and insensible losses during strenuous activity, burns and des-
quamating conditions, open wound and abdomens), the gastrointestinal 
tract (vomiting, diarrhea, nasoenteric tube, biliary drain, or ostomy 
losses), third-spacing conditions (sepsis, small bowel obstruction, cir-
rhosis, heart failure, pancreatitis), and renal conditions in which resorp-
tion of electrolytes or water is impaired (diabetes insipidus, cerebral salt 

wasting, diuretic overuse). Clinical work-up, laboratory, and imaging 
studies should focus on diagnosis of these conditions.

HEMORRHAGIC SHOCK

Hemorrhagic shock is the most common cause of preventable trauma 
death,8 but also can occur as a result of surgical bleeding, aneurysm 
rupture, massive gastrointestinal hemorrhage, or refractory coagulop-
athy. Prompt and definitive control of hemorrhage, replacement of 
whole blood or its components to restore tissue perfusion and preven-
tion, and treatment of coagulopathy are the cornerstones of treatment 
(Fig. 141.2).9,10 To facilitate these goals a systematic approach to resus-
citation must include rapid scene-to-hospital transport; expedient 
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surgical intervention; interventional radiology (IR)-guided angioem-
bolization; and balloon occlusive techniques such as resuscitative en-
dovascular balloon occlusion of the aorta (REBOA11), early manage-
ment with balanced blood product transfusions, and avoidance of 
excessive crystalloid resuscitation. Trauma centers of all levels benefit 
from standardizing protocols for resuscitation and the diagnosis and 
treatment of trauma-induced coagulopathy.

Vascular Access for Patients With Severe Hemorrhage
In the trauma patient presenting with multiple serious injuries and hem-
orrhagic shock, obtaining prompt vascular access is essential to facilitate 
resuscitation. Advanced trauma life support (ATLS) guidelines recom-
mend placement of two large-bore (16 gauge or larger) IV catheters to 
allow rapid infusion though a short-length, large-diameter canula. The 
most suitable veins are at the wrist, dorsum of the hand, antecubital fossa 
in the arm, and the saphenous vein in the leg.

 If peripheral IV catheters cannot be placed, two additional options 
for rapid access include central venous and intraosseous access. The 
femoral vein is the most frequent central vein cannulated in trauma 
resuscitations. Femoral venous access can be placed using anatomic 
landmarks or ultrasound guidance, and the site is readily compressible 
against the femur. Femoral vein cutdown under direct vision may be 
used to obtain rapid access in pulseless patients. Subclavian venous 
access is another central venous alternative and can be placed safely in 
experienced hands. The internal jugular vein is rarely used in trauma 
patients because of the possibility of cervical spine injuries and the 
concomitant need for cervical collar immobilization.

Intraosseous (IO) needles are increasingly used in the emergency 
department and prehospital settings to obtain rapid access for medica-
tion administration or, if necessary, product resuscitation.12,13 The 
technique is particularly useful in challenging or dynamic environ-
ments such as in a moving vehicle or in unstable patients where hypo-
volemia makes venous cannulation difficult. IO needle placement is 
easy to learn, and prehospital responders are trained in application in 
many trauma systems.

Importantly, regardless of access type, access should never be initi-
ated on an injured limb. When thoracoabdominal injury is suspected, it 
is prudent to obtain infradiaphragmatic and supradiaphragmatic access.

Resuscitative Strategies in Hemorrhagic Shock: Red 
Cells, Platelets, and Plasma—the Ideal Ratio and 
Whole-Blood Resuscitation
The worldwide experience in severe traumatic injury during military 
conflicts provided the background and much of the data underlying 
product resuscitation. The introduction of whole-blood transfusion 
during World Wars I and II dramatically changed patient outcomes in 
cases of severe hemorrhage. However, because of lack of knowledge 
about how infusates disperse and are eliminated after trauma, fluid 
overload was a common and lethal side effect of resuscitation through 
the Korean War. Between the Korean and Vietnam Wars, Shires and 
colleagues described how fluid and electrolytes shift into cells after 
severe hemorrhagic shock.14 Subsequent changes in resuscitation prac-
tice resulted in better outcomes and lower incidence of acute renal 
failure during the Vietnam War. The 1970s brought about the separa-
tion of blood components.15 It has taken nearly three decades and the 
two Middle Eastern conflicts of the 2000s for clinical practice to return 
to the basic concept that hemorrhagic losses should ideally be replaced 
with whole blood or, at least, a physiologic ratio of whole blood’s main 
components: plasma, platelets, and red cells,16,17 an approach referred 
to as balanced or whole blood–like resuscitation.18,19

Use of whole blood continues to increase across trauma centers in 
the United States, and whole blood is now readily available directly in 

many trauma bays for immediate resuscitation. Whole blood innately 
provides the bleeding patient the correct ratios of lost components 
while maximizing the resuscitative and hemostatic effects of product 
transfusion.20,21 Additional benefits include minimization of donor 
exposures, as the lower shelf-life capacity of whole-blood storage re-
sults in “fresher” transfusions compared with transfusion of balanced 
components, which can be stored longer.

 Blood options include type O negative, type specific, typed and 
screened, or typed and crossmatched whole blood or PRBCs. The ini-
tial choice depends on the degree of hemodynamic instability. A type 
and screen identify the patient’s blood group and evaluate the serum 
for major blood group antibodies. Obtaining type-specific red cells 
requires 5–10 minutes in most institutions. A full crossmatch involves 
mixing donor cells with recipient serum to rule out antigen/antibody 
reactions and generally requires about 45 minutes.

 Type O negative red cells have no major antigens and can be used 
safely for patients with any blood type. Unfortunately, only 8% of the 
population has O-negative blood, and stored O-negative blood avail-
ability is chronically limited. O-positive blood can be used empirically 
in male patients but should be avoided in female patients of childbear-
ing age. Importantly, if 50%–75% of the patient’s blood volume has 
already been replaced with type O blood, type O should continue to be 
used throughout the resuscitation, as the patient may have received 
enough anti-A or anti-B antibodies to precipitate hemolysis if A, B, or 
AB units are subsequently given.

Massive transfusion protocols are a critical part of hemorrhage 
control in major trauma centers. Activating the massive transfusion 
protocol hastens the preparation, allocation, and delivery of a fixed 
ratio of red cells to plasma to platelets.

If component products are to be used, clinicians should employ a 
balanced 1 PRBCs:1 FFP:1 platelets resuscitation strategy. Multiple 
military and civilian retrospective studies demonstrated increased 
survival when PRBC transfusions were accompanied by high plasma- 
and platelet-to–red cell ratios.22,23 The Prospective Observational Mul-
ticenter Major Trauma Transfusion (PROMMTT) trial found early 
product administration in a 1:1:1 or 1:1:2 ratio was associated with 
improved 6-hour survival after admission.24,25 In 2015 a multicenter, 
randomized clinical trial was completed in order to address the effec-
tiveness and safety of a 1:1:1 transfusion ratio compared with a 1:1:2 
transfusion ratio in patients with trauma who were predicted to re-
ceive a massive transfusion. The Pragmatic, Randomized Optimal 
Platelet and Plasma Ratios (PROPPR) trial showed that in patients 
with severe trauma and major bleeding, early administration of 
plasma, platelets, and RBCs in a 1:1:1 ratio compared with a 1:1:2 ratio 
did not result in significant differences in mortality at 24 hours or at 
30 days. However, more patients in the 1:1:1 group achieved hemosta-
sis and fewer experienced death resulting from exsanguination by  
24 hours. As expected, though, there was an increased use of plasma 
and platelets transfused in the 1:1:1 group, but no other safety differ-
ences were identified between the two groups.26

Trauma-Induced Coagulopathy and  
Viscoelastic-Directed Component Resuscitation
In addition to prompt hemorrhage control and balanced product re-
suscitation, treatment of hemorrhagic shock requires prevention and 
rapid reversal of coagulopathy. Coagulopathy develops in approxi-
mately one-third of all injured patients and is associated with in-
creased transfusion-related multiorgan system failure and death.

Until recently, trauma-induced coagulopathy (TIC) was thought to 
be a secondary phenomenon resulting from dilutional loss of coagula-
tion factors during hemorrhage and fluid resuscitation. In 2003 two 
independent investigators identified early prothrombin time (PT) and 
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partial thromboplastin time (PTT) abnormalities in severely injured 
patients before resuscitation, identifying an independent pathology 
now referred to as TIC.27,28 Several highly integrated coagulation and 
inflammatory pathways have since been implicated in the pathophysi-
ology of TIC and are the subject of ongoing research. Known mediators 
include activated protein C, disordered fibrinolysis, and posttraumatic 
platelet and endothelial dysfunction.29–37

To adequately attenuate and prevent TIC, clinicians should be ag-
gressive with providing up-front balanced product resuscitation to 
critically injured patients according to the principles outlined earlier and 
without waiting for serum coagulation tests. As resuscitation proceeds, 
we advocate routine use of thromboelastography (TEG) to help tailor 
product management. Although TIC was initially defined by prolonga-
tion of the standard coagulation assays (PTT and international normal-
ized ratio [INR]) different cutoffs have been described in the trauma 
literature (Table 141.1), and there has been increased interest and use of 
point-of-care functional viscoelastic tests such as TEG and rotational 
thromboelastometry (ROTEM) for the diagnosis and management of 
patients with TIC.38 TEG is a well-validated point-of-care assay of clot 
generation, integrity, and breakdown providing rapid assessment of TIC 
in the acute setting.39,40 It allows providers to target specific resuscitation 
products (cryoprecipitate, FFP, platelets, fibrinogen) to the patient’s in-
dividual needs and has become standard of care in trauma resuscitations 
in high-volume trauma centers. Prospective randomized data have dem-
onstrated a mortality benefit for patients undergoing TEG-guided mas-
sive transfusion compared with conventional coagulation assays, and 
viscoelastic assays should be used routinely as part of trauma resuscita-
tion and massive transfusion algorithms.41

Fibrinogen deficit and hyperfibrinolysis are known to contribute to 
the pathophysiology of TIC. FFP does not contain sufficient amounts 
of fibrinogen for adequate replacement, and in the United States cryo-
precipitate is often used to replace fibrinogen stores.42 In Europe, ret-
rospective studies have reported good efficacy of fibrinogen concen-
trate in correcting functional deficits after trauma, and emerging data 
suggest that this approach may demonstrate promise in reducing 
blood requirements after injury.43,44

Platelet Dysfunction After Injury

Platelet dysfunction likely plays a particularly important role in disor-
dered clotting after injury. Endothelial cell injury (leading to extensive 
adenosine diphosphate [ADP] metabolism) and overwhelming im-
mediate platelet activation (leading to “platelet exhaustion”) may both 
contribute to platelet dysfunction in early trauma. A prolonged refrac-
tory state after initial injury could explain why platelets may be quali-
tatively dysfunctional even without thrombocytopenia.

Disturbances in platelet function are common after injury and 
portend poor outcomes. Multicenter observational data suggest that 
platelets are inhibited in 86.1% of trauma patients compared with 

4.2% in healthy volunteers with worse base deficit (a marker of injury 
severity) correlating to greater platelet dysfunction.45 Another pro-
spective observational study found nearly half of critically injured pa-
tients had evidence of platelet hypofunction upon admission. Platelet 
hypofunction was associated with up to a 10-fold increase in 24-hour 
mortality (20.0% vs. 2.1%, P 5 .009).46

Hyperfibrinolysis and Tranexamic Acid for Trauma Patients

Evidence of hyperfibrinolysis as underlying TIC has led to interest in 
antifibrinolytic agents as potential adjuncts for the resuscitation of 
injured patients. The CRASH-2 (Clinical Randomization of an Antifi-
brinolytic in Significant Hemorrhage 2) trial was a placebo-controlled 
trial performed in 274 hospitals in 40 countries. Adult trauma patients 
were included if they presented within 8 hours of blunt or penetrating 
injury, were at risk of significant hemorrhage, or presented with sys-
tolic blood pressure ,90 mm Hg or heart rate .110 beats per minute. 
The authors found that patients randomized to 1 g tranexamic acid 
(TXA) had a lower relative risk (RR) of mortality compared with  
placebo (RR 0.91, P 5 .0035), and the risk of bleeding (RR 0.85, 
P 5 .0077) and vascular occlusion (RR 0.69, P 5 .096) were also de-
creased. This study was performed in a rigorous manner that reflected 
real-world clinical practice across a variety of settings ranging from 
austere environments to tertiary medical centers. The CRASH-2 trial 
provides level I evidence supporting TXA, and TXA is now widely 
administered in trauma centers to improve outcomes in patients at risk 
of hemorrhagic shock. Notably, outcomes are best when TXA is ad-
ministered early, ideally within the first 3 hours of injury.47

Prehospital Resuscitation

Ideal resuscitation starts as early as possible after injury. Recent re-
search efforts have evaluated strategies and effectiveness of prehospital 
transfusion of plasma, PRBCs, and whole blood. Prehospital PRBC 
administration has been independently associated with a lower risk of 
24-hour mortality, 30-day mortality, and TIC in patients with severe 
blunt traumatic injury.48 Additionally, initiating PRBC transfusion 
during patient transport to the trauma center was independently as-
sociated with improved outcomes. Similarly, the Prehospital Air Medi-
cal Plasma (PAMPer) trial was a multicenter cluster-randomized clini-
cal trial that compared the administration of thawed plasma with 
standard-care resuscitation during air medical transport among 501 
injured patients at risk for hemorrhagic shock. Patients randomized to 
receive prehospital plasma had significantly lower 30-day mortality 
compared with the standard-care group (23.2% vs. 33.0%, P 5 .03). 
Mean PT ratios were lower in the plasma group vs. standard-care 
group (1.2 vs. 1.3, P ,.001).49

The Control of Major Bleeding after Trauma (COMBAT) trial 
sought to assess the effect of ground ambulance plasma administra-
tion but found no difference in overall mortality among patients re-
ceiving plasma compared with their standard-care counterparts.50 
Post hoc pooled analysis of PAMPer and COMBAT participants indi-
cated prehospital plasma was associated with a survival benefit in 
patients with hemorrhagic shock among patients with transit times 
exceeding 20 minutes.51

The safety and efficacy of prehospital TXA administration has 
also been the subject of considerable interest and study. A recent 
multicenter, randomized controlled trial failed to find significant dif-
ferences in 30-day mortality between patients receiving prehospital 
TXA versus placebo.52 However, among a severely hypotensive sub-
group of patients (systolic blood pressure [SBP] #70 mm Hg), TXA 
was associated with significantly increased survival (18.5% vs. 35.5%; 
difference, P ,.003), suggesting that TXA is likely a useful and safe 
prehospital adjunct particularly in critically ill patients. Notably, 

TABLE 141.1 Cutoffs for Conventional 
Coagulation Assays in Trauma-Induced 
Coagulopathy

Assay Reported Cutoff

Partial thromboplastin time 

(PTT)

.34–60 seconds or .1.53 institutional 

reference range

Prothrombin time (PT) .18 seconds

International normalized  

ratio (INR)

.1.2–1.5 
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survival benefit was seen when TXA was administered within the first 
hour of injury.

Prediction of Coagulopathy

Multiple algorithms have been developed to attempt to predict pa-
tients at risk for TIC. Notable prediction tools include the Assess-
ment of Blood Consumption (ABC) score and the Clinical Coagu-
lopathy Score (created by the Trans-Agency Consortium for 
Trauma-Induced Coagulopathy [TACTIC]). The ABC score includes 
four dichotomous variables: penetrating mechanism, SBP #90 mm 
Hg, emergency department heart rate $120 beats/minute, and posi-
tive fluid on abdominal ultrasonography. In a multicenter study the 
ABC score yielded a negative predictive value of 97%, and less than 
5% of patients who require massive transfusion will be missed using 
the ABC score.22 The TACTIC clinical coagulopathy score for TIC 
helps define postinjury mortality caused by coagulopathy, offering 
standardized clinical scoring and mortality criteria in patients with 
TIC. However, none of these scoring systems have become widely 
accepted in the diagnosis of TIC. Retrospective data comparing vari-
ous scoring systems failed to demonstrate a difference between their 
capacity to predict massive transfusion.23

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Annane D, Siami S, Jaber S, et al. Effects of fluid resuscitation with colloids vs 
crystalloids on mortality in critically ill patients presenting with hypovole-
mic shock: The CRISTAL randomized trial. JAMA. 2013;310(17):
1809–1817. doi:10.1001/jama.2013.280502.
In this trial 2757 patients with hypovolemia were randomized to crystalloid 

versus colloid resuscitation. There was no difference in 28-day mortality be-

tween patients undergoing crystalloid versus colloid resuscitation, and the 

study was terminated early for futility. Study generalizability was limited by 

the heterogeneity of fluids used in both the crystalloid and colloid arms.

Gonzalez E, Moore EE, Moore HB, et al. Goal-directed hemostatic resuscita-
tion of trauma-induced coagulopathy: A pragmatic randomized clinical 
trial comparing a viscoelastic assay to conventional coagulation assays. 
Ann Surg. 2016;263(6):1051–1059.
Single-center randomized trial comparing 111 patients receiving massive 

transfusion guided by either TEG or conventional coagulation assay. The au-

thors found 28-day survival was significantly higher in patients receiving 

TEG-guided resuscitation (19.6% vs, 36.4%, P 5 .049).

Holcomb JB, Tilley BC, Baraniuk S, et al. Transfusion of plasma, platelets, and 
red blood cells in a 1:1:1 vs a 1:1:2 ratio and mortality in patients with  
severe trauma: The PROPPR randomized clinical trial. JAMA. 2015;313(5):
471–482. doi:10.1001/jama.2015.12.
Multicenter, randomized clinical trial comparing effectiveness and safety of a 

1:1:1 transfusion ratio compared with a 1:1:2 transfusion ratio in patients 

KEY POINTS

• Hypovolemic shock can be divided into two etiologies with concomitant dif-

ferences in treatment. Nonhemorrhagic hypovolemic shock consists of body 

fluid loss and is treated primarily with fluid replacement to restore intravas-

cular volume. Hemorrhagic shock results from blood loss and is treated with 

hemorrhage control, replacement of whole blood or its components, and 

avoidance or correction of coagulopathy.

• Nonhemorrhagic hypovolemia should be treated with rapid bolus infusion of 

isotonic crystalloid with ongoing monitoring of physiologic and laboratory 

data to evaluate response and dictate termination of therapy. We prefer use 

of buffered isotonic solutions for critically ill patients, particularly in large-

volume resuscitations.

Putting It All Together: A Comprehensive Approach for 

Management of Shock and Severe Bleeding

Resuscitation management should start at the scene. Emergency med-
ical technician (EMT) personnel should be trained in hemostasis, and 
tourniquets should be liberally applied. Prehospital product, plasma, 
and TXA should be used in severely injured patients as part of early 
resuscitation.

Trauma centers should have systems in place for whole blood or (if 
not yet available) balanced product resuscitation.

Once the patient arrives to the trauma center, TEG, hemoglobin, 
and a venous blood gas should be immediately obtained and used to 
tailor resuscitation. Massive transfusion and TXA protocols should be 
activated early for patients presenting with critical injury or hemor-
rhagic shock.

Emergency department, interventional radiology, and surgical in-
terventions for hemorrhage control should be implemented rapidly. 
Damage control and staged procedures must be carefully planned, and 
multidisciplinary communication with the ICU team and other con-
sultants is key to maintain the proper order of priorities and to imple-
ment ancillary care. Throughout resuscitation, serial TEG should be 
used to guide resuscitation.

• Hemorrhagic shock is the most common cause of preventable trauma death.

• Trauma resuscitation should be systematic and include rapid scene-to-

hospital transport and expedient prehospital, emergency department, surgi-

cal, and IR-guided techniques for hemorrhage control.

• Patients with severe injuries should receive early management with whole 

blood or balanced blood product transfusions in a 1:1:1 ratio of PRBCs:FFP: 

platelets. Excessive crystalloid resuscitation should be avoided.

• TEG should be promptly obtained and used to further tailor resuscitation.

• Trauma centers of all levels benefit from standardizing protocols for resuscita-

tion and the diagnosis and treatment of TIC.

with trauma who were predicted to receive a massive transfusion. The au-

thors found no significant differences in mortality at 24 hours or at 30 days. 

However, more patients in the 1:1:1 group achieved hemostasis and fewer  

experienced death caused by exsanguination by 24 hours.

Semler MW, Self WH, Rice TW. Balanced crystalloids versus saline in  
critically ill adults. N Engl J Med. 2018;378(20):1951. doi:10.1056/
NEJMc1804294.
Study randomizing 15,802 critically ill patients to either 0.9% normal saline 

versus buffered solutions. The authors reported a lower composite rate of  

30-day all-cause mortality, new need for renal replacement therapy, or renal 

dysfunction among patients resuscitated with buffered solutions compared 

with 0.9% normal saline (OR 0.91, P 5 .04).

Shakur H, Roberts I, Bautista R, et al. Effects of tranexamic acid on death, vas-
cular occlusive events, and blood transfusion in trauma patients with sig-
nificant haemorrhage (CRASH-2): A randomised, placebo-controlled trial. 
Lancet. 2010;376:23–32.
Multinational placebo-controlled trial performed randomizing patients at 

risk of hemorrhagic shock to 1 g tranexamic acid (TXA) versus placebo. The 

authors found that patients who received TXA had lower relative risk of mor-

tality (RR 0.91, P 5 .0035), risk of bleeding (RR 0.85, P 5 .0077), and vas-

cular occlusion (RR 0.69, P 5 .096). Notably, outcomes were best when TXA 

was administered within the first 3 hours of injury.
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Mediastinitis

Eric I. Jeng, Giovanni Piovesana, and Thomas M. Beaver

The mediastinum is the thoracic space confined by the sternum anteri-

orly, the spine posteriorly, the pleural laterally, the diaphragm inferiorly, 

and the thoracic outlet superiorly. It can be divided anatomically into 

superior and inferior compartments by the sternal angle. The inferior 

compartment is further divided into the anterior (between the poste-

rior sternum and the anterior pericardium), middle (the intrapericar-

dial contents), and posterior (bounded anteriorly by the posterior 

pericardium and posteriorly by the spine) mediastinum (Fig. 142.1).

Mediastinitis is defined as inflammation of the mediastinum, and 

the diagnosis, treatment, and prognosis are determined by location 

and etiology. Primary mediastinitis arises without prior intervention, 

whereas secondary mediastinitis occurs postintervention. Clinically, 

mediastinitis of the anterior and middle mediastinum occurs most 

frequently as a postoperative complication of a cardiothoracic proce-

dure. Esophageal pathology accounts for the overwhelming majority 

of the mediastinal infections of the posterior compartment.

Other more unusual forms of mediastinal infections or inflamma-

tion include those that migrate into the mediastinum from adjacent 

contiguous spaces and those that are more indolent than acute and are 

characterized by chronic inflammation and fibrosis.

Accordingly, this presentation follows these anatomic and etiologic 

distinctions: acute anterior mediastinitis, acute posterior mediastinitis, 

and migratory and chronic mediastinal inflammation.

ACUTE ANTERIOR MEDIASTINITIS

The most common form of acute anterior mediastinitis occurs after 

sternotomy for a cardiothoracic operation. It may also occur after 

traumatic sternal fracture1; descending cervical infections; and/or tera-

tomatous, thymic, and thyroid infections/inflammation.

The term mediastinitis after cardiothoracic surgery refers to an in-

fection involving the space deep to the sternum. Other forms of post-

operative infection can be identified as superficial sternal wound infec-

tion (SWI; above the fascia without sternal involvement) and sternal 

osteomyelitis (without deeper infection).

Clinically, it is sometimes unclear as to whether one is dealing with 

a superficial problem above the level of the fascia, a sterile dehiscence, 

or a deeper infection. As no impervious anatomic barrier exists between 

the posterior cortex of the sternum and the space behind it, any infec-

tion posterior to the sternum is considered an infection of the anterior 

mediastinum. More than a small amount of drainage, any sternal insta-

bility, or evidence of separation suggest at least a sterile dehiscence and 

the need for re-exploration, deep cultures, and appropriate reclosure.

Incidence, Pathology, and Prevention

The reported incidence of mediastinitis ranges from 0.24% to 4% post-

cardiotomy.2–4 Comorbidities that increase the risk of postoperative 

mediastinitis include diabetes, elevated body mass index, older age, renal 

failure, prolonged preoperative hospitalization, immunosuppression, 

chronic obstructive pulmonary disease, cigarette smoking, reoperation, 

and preoperative atrial fibrillation.3,5–7

Intraoperative factors have also been shown to play a role in post-

cardiotomy infection. Bilateral internal mammary use for coronary 

bypass grafting has about a 5% risk of sternal dehiscence as compared 

with 1% in single internal mammary usage. In addition, off-midline 

sternotomy, prolonged operative time, and the use of an intraaortic 

balloon pump7 have also been shown to increase risks of mediastinitis.

Multiple studies have cited bone healing is significantly impaired by 

using bone wax for sternal hemostasis as compared with water-soluble 

polymer wax, suggesting the use of the latter as a useful alternative, 

because bone healing immediately postoperatively is the most critical 

time frame for the prevention of sternal nonunion and infection.8

In high-risk patients, sternal closure with rigid plate fixation may 

decrease the incidence of postoperative mediastinitis9 as compared 

with a similar population of patients whose sterna were closed with 

traditional wire alone. Some have shown that the use of cyanoacrylate 

glue can decrease the infection rates of superficial and deep surgical 

sites in patients who have sternal detachment and/or are at high risk 

for developing infection.10 For those advocating minimally invasive 

and alternative approaches to cardiac procedures, all together avoiding 

the sternotomy appears to also reduce the risk of mediastinal infection 

after cardiac operations.7

Postoperatively, increased glucose levels (.200 mg/dL),11,12 re-ex-

ploration, and prolonged ventilator use are associated with a higher 

incidence of deep sternal infection.7 As such, many quality metrics 

postcardiotomy are related to glucose control and time to extubation. 

In patients requiring complex cardiac repair, postoperative tracheos-

tomy is frequently required. Despite the close proximity to the sternal 

incision, early tracheostomy for patients with ventilator dependence 

has not been shown to be associated with an increased incidence of 

mediastinitis.13 Tracheostomy per se is not a risk factor for sternal 

breakdown, but rather serves as a surrogate for respiratory failure.14,15 

As many ICUs have moved toward percutaneous tracheostomy, Hub-

ner and colleagues evaluated the technique of percutaneous tracheos-

tomy specifically and found that it has not been associated with a 

subsequent increase in mediastinal infection.16

Staphylococcal species are the most common organisms seen in 

patients with poststernotomy deep wound infection, and these are in-

creasingly methicillin resistant.17 Coagulase-negative resistant organ-

isms are more common in patients who have prolonged hospitaliza-

tions.18 Gram-negative organisms may be cultured, particularly from 

patients with diabetes, in patients with gram-negative pneumonia be-

fore operation, or in those who require re-exploration.1 Given the 

most common organisms causing these infections, a second-genera-

tion cephalosporin is still the most accepted preoperative prophylaxis. 

Vancomycin is substituted in patients with penicillin allergy, and the 
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addition of preoperative gram-negative coverage is appropriate in such 

cases, given vancomycin’s poor coverage of such organisms.19 Topical 

vancomycin has been shown to be effective in decreasing the incidence 

of sternal infections, and it is used routinely in some practices.20 Evi-

dence-based guidelines from the Society of Thoracic Surgeons recom-

mends gram-positive prophylaxis for no more than 48 hours in addi-

tion to preoperative nasal mupirocin.17,19

Diagnosis

Patients with mediastinitis after sternotomy generally have clinical 

signs of wound drainage and sternal instability, but neither may be 

initially present. Fever and leukocytosis are common symptoms. Some 

patients manifest signs of sepsis, with mental status changes and he-

modynamic compromise. Mediastinitis can appear as early as 1 day 

after the index operation or as remotely as months after an operation. 

The variable diagnostic accuracy of imaging techniques for the diag-

nosis of mediastinitis permits them to be supportive,21 but rarely, if 

ever, definitive. This is especially true during the early time frame (,30 

days), when the vast majority of patients present. During this time, 

fluid collections and mediastinal soft tissue changes are common, if 

not universal, with both being nonspecific for infection.22

Computed tomography (CT), magnetic resonance imaging (MRI), 

and technetium-99m leukocyte imaging can identify patients who have 

deep sternal wound infection (DSWI) and require surgical débride-

ment.23 Cooper and colleagues showed that the patterns of intense 

uptake at 4 and 20 hours or increasing uptake between 4 and 20 hours 

were 100% sensitive and 89% specific for the detection of DSWI. It is 

useful in patients with suspected DSWI when clinical examination fails 

to confirm a diagnosis or when deep sternal aspirates of the superficial 

SWIs are equivocal. Leukocyte imaging is not useful for detecting su-

perficial SWIs.24 Given the speed and efficiency, CT scan is favored in 

localizing the site of pathology and can give a better picture of the over-

all patient condition.

A profile of abnormal cytokine levels has been characterized,25 with 

the terminal SC5b-9 complement complex concentration being sub-

stantially higher in patients with mediastinitis and having no overlap 

with the values in non-mediastinitis, post–cardiac surgery controls. In 

difficult-to-diagnose cases, blind retrosternal, subxiphoid needle aspi-

ration and culture have been variably employed, and aspiration with 

ultrasound guidance has been reported after cardiac transplantation.26 

A recent small series suggested diagnostic success in patients without 

classic signs of infection by anteriorly inserting a 22-gauge needle per-

cutaneously and aspirating between the recently closed sternal edges. 

Cultures and Gram stains were used to establish the presence of infec-

tion, with a high degree of specificity and sensitivity.27

Treatment

The different technical approaches to treat anterior mediastinitis are 

related to the temporal interval from the antecedent operation, the 

depth and extent of the infection, and the acuity of the patient.28 The 

classification by Pairolero and Arnold29 is based on clinical features and 

can be used to practically approach the various types of clinical entities.

There are three major types of sternomediastinitis in this system.

Type I sternomediastinitis manifests with serosanguineous drain-

age within a few days after sternotomy. Purulence, osteomyelitis, and 

chondritis are notably absent. Mediastinal tissues are still soft and pli-

able. Bacterial cultures are initially negative or yield staphylococci. In 

such cases, the sternotomy is reopened, all blind pockets are elimi-

nated, and the mediastinum is irrigated. This type of infection is best 

managed by the reinsertion of drainage tubes and reclosure of the 

sternum with either a variation of the Robicsek30 weave or a commer-

cially available plate fixation device. Aggressive intravenous and topical 

antibiotic treatment should be used in these cases.

Type II sternomediastinitis is a fulminant process that occurs 1–3 

weeks after surgery. In addition to reopening, drainage, and irrigation, 

these patients require débridement of the necrotic soft tissue, bone, 

and cartilage. This may be performed initially, when the wound is re-

opened, but may be delayed if the patient is septic or if their general 

condition is too critical to allow a major intervention. An effort should 

be made to remove all foreign materials such as felt pledgets and pac-

ing wires. Exposed suture lines can be reinforced with autologous tis-

sue, such as fascia lata, omentum, and/or covered with muscle flaps. 

The wound is then kept open and treated with daily dressing.

Type III sternomediastinitis occurs 1 month to 1 year after surgery. 

The patient typically presents with chronic draining sinus tracts that 

lead to the infected sternum, cartilages, or retained foreign bodies. Re-

pair requires wide exposure, extensive débridement, often total sternec-

tomy, and/or muscle/omental flap coverage using autologous tissues.

Diluted antibiotic, povidone-iodine, and aqueous acid solutions 

have been reported as irrigation protocols.28,31 The duration of irriga-

tion has varied from 3 days to 1 week, while systemic antibiotics are 

continued, as would be the case for other adult bone infections.32 The 

cultures obtained at operation dictate the systemic antibiotics that will 

ultimately be used, but initial coverage may include a second-genera-

tion cephalosporin and gram-negative coverage until a Gram stain or 

the culture results are definitive.

If a multiple-stage approach is indicated, the approach involves an 

interval during which the sternum and skin are left open and a nega-

tive-pressure wound vacuum device is used.33,34 It should be cautioned 

that the management of open sternal wounds can be associated with a 

risk of sudden cardiac hemorrhage from the exposed grafts, the aorta, 

and/or the right ventricle. The risk of death in such patients is .50%,35–37 

but this may be the result of the underlying etiology requiring open 
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Fig. 142.1 With respect to etiology, mediastinitis may be either pri-

mary, arising without prior intervention, or secondary, occurring postint-

ervention. Clinically, the anatomic anterior and middle compartments 

can be considered together, as mediastinitis occurs most commonly in 

these combined spaces secondarily as a postoperative complication of 

cardiac operations. Esophageal pathology accounts for the overwhelm-

ing majority of mediastinal infections of the posterior compartment. 

(From Drake RL, Vogl AW, Mitchell AW. Gray’s Anatomy for Students, 

2nd ed. Philadelphia, PA: Churchill Livingstone; 2009: Fig 3-5.)
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chest management. Given the added risks of an unapproximated ster-

num, most recommend close attention be paid to the proximity of the 

sternal edges and the right ventricle. A custom fashioned plastic 60-cc 

syringe to mechanically prop open the sternum, in theory, can be used 

to prevent both tamponade in an already edematous heart and  

mechanical shearing of the right ventricle against the sternal edge. Post-

operative management includes sedation, possible muscle paralysis, 

and mechanical ventilation until complete coverage can be achieved.

Whether used as an initial single-stage procedure or as a second-

ary procedure, tissue transposition into the anterior mediastinum 

has dramatically changed the prognosis of this once often fatal 

complication.38

The use of omentum versus any specific muscle flap is dictated by 

availability, but when the option exists, the use of omentum has been 

touted as advantageous over muscle flaps.39 Omentum has also been 

successfully employed in infections after ascending aortic replacement 

for its properties of improving oxygen supply, enhancing antibiotic 

delivery, and enhancing the immunologic response while absorbing 

secretions that can lead to bacterial proliferation.40 Skin coverage over 

a transposed flap may be accomplished by primary presternal skin re-

approximation or split-thickness skin grafting, or, with the rectus 

muscle, a skin paddle may be transposed as well.

Prognosis

Although the mortality of mediastinitis has improved dramatically 

over the past three decades, the likelihood of death remains high 

(13%–47%) and most often from associated comorbidities or compli-

cations.41 Early detection with expeditious operative débridement and 

tissue coverage are the major advances that have enabled improvement 

of short-term mortality. It should be noted that despite these improve-

ments, there are still long-term consequences of mediastinitis past the 

acute phase. The Northern New England Cardiovascular Disease Study 

Group found that the 4-year mortality for patients with a postopera-

tive deep sternal infection was three times greater than that for patients 

without this complication, and this increased all-cause mortality rate 

persisted with up to 10 years of follow-up. For patients surviving for 

longer than 6 months after a cardiac operation, the incidence of death 

was 70% higher than the rate among patients who did not have a me-

diastinal infection.42

POSTERIOR MEDIASTINITIS

Acute infections that arise in the posterior mediastinum generally re-

sult from primary disease of the esophagus or, more frequently, iatro-

genic complications from esophageal intervention.43

In general, esophagitis (eosinophilic, fungal, or other pathogenic 

organisms) that extends through the esophagus results in mediastini-

tis. This can lead to periesophageal abscess formation caused by micro/

macro perforations. Other common causes of esophageal perforation 

include Boerhaave syndrome and corrosive or foreign body ingestion. 

Periesophageal pathology may additionally be secondary to esophageal 

operations. The source of an infection may be anastomotic disruption, 

with esophageal leaks occurring in 4.3%–8.7% of patients who under-

went an intrathoracic esophagogastric anastomosis.44 Traumatic inju-

ries to the trachea, proximal bronchi, or esophagus obviously may also 

result in the contamination of this space. More rarely, the erosion of a 

broncholith from a partially or completely obstructed bronchus can 

also cause posterior mediastinistis.45

Diagnosis

With a relevant history, the presence of cervical pain and/or chest pain 

with a high fever would strongly suggest the diagnosis. Supraclavicular 

crepitus may be identified in patients with upper mediastinal pathol-

ogy, but is generally absent initially in those with middle or lower 

esophageal disease. Leukocytosis may be the singular early laboratory 

abnormality. Furthermore, sepsis with altered mental status and hypo-

tension may occur. Certainly, in some of these patients, plain chest film 

may reveal a pleural effusion, and more rarely, air may be seen in the 

retropharyngeal space or other abnormal locations along the length of 

the mediastinum posterior to the pericardium. Fluoroscopic esopha-

gogram and CT scan with oral contrast are the mainstays for diagnosis 

and localization. CT can demonstrate abnormal air or fluid collections 

along the esophagus or esophagogastric junction in the thoracic, ab-

dominal, and pelvic spaces. Direct visualization via endoscopy can aid 

in diagnosis and repair strategy. In addition, transesophageal ultraso-

nography and fine-needle aspiration have been jointly used to diag-

nose a variety of periesophageal infections.46

Treatment

A contained esophageal disruption (extravasation of contrast that 

drains rather promptly back into the lumen) may be managed success-

fully in stable patients by serial clinical evaluation, limited oral intake, 

antibiotic therapy, and repeat imaging.47 This may be particularly true 

in young children.48

In patients with more frank mediastinal contamination not con-

fined to the local perforation but identified within the first 24 hours, 

operation with primary repair and drainage is often indicated.49,50 If 

the length of time since the perforation is sufficiently short and the 

injury is sufficiently small so that local inflammation is limited, pri-

mary repair of a disruption—preferably with viable vascularized tissue 

buttressing—has been successfully employed,50 even after 24 hours.51 

Success has also been recently reported with the use of covered self-

expanding esophageal stents.52 Image-guided nonoperative drainage 

with antibiotics has been successfully employed in selected cases where 

a defined collection or abscess could be identified.

In a case series reported by Ben-David and colleagues, uncontained 

acute (less than 24 hours) esophageal perforations in the chest greater 

than 2 cm in size were successfully treated with a combination of en-

doscopically placed stent, minimally invasive laparoscopic/thoraco-

scopic mediastinal drainage, and a laparoscopically placed gastrostomy 

or jejunostomy tube. By adopting this treatment algorithm, control of 

the esophageal leak was confirmed in all patients within 24 hours of 

the esophageal stent placement, and 73% of the patients were able to 

begin a diet 48 hours after their esophagogram confirmed no further 

extravasation of contrast.53,54

In patients with more extensive local inflammation, such as those 

diagnosed more than 24 hours after perforation and those who are 

more systemically ill, drainage with or without some esophageal diver-

sion may be employed. Continued sepsis and multiple organ failure are 

the most common causes of death among these patients, and multiple 

operations to excise necrotic tissue and drain the space are sometimes 

required before definitive reconstruction.

MIGRATORY AND CHRONIC MEDIASTINAL 

INFLAMMATION

The mediastinum may be infected secondarily from contiguous acute 

infections involving adjacent anatomic spaces such as the pleurae, 

lungs, spine, intraabdominal processes, and retroperitoneum.55

Perhaps the most dramatic and well described of the migratory 

mediastinal infections are those that descend from the neck, which is 

known as descending necrotizing mediastinitis. These include those in-

fections that arise as classic Ludwig angina (odontogenic or nonodon-

togenic) or from cervical puncture wounds. Gravity and the negative 
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pressure of the thoracic cavity have been cited as reasons for this de-

scent through the pretracheal space into the upper posterior medias-

tinum. These patients are often young and may have a history of a 

dental infection. Cervical pain, cellulitis, necrosis, and abscess forma-

tion may occur, and a high index of suspicion leading to CT imaging 

can be diagnostic. Broad-spectrum antibiotics are essential and must 

be accompanied by cervical and mediastinal drainage directed by the 

clinical and radiologic findings.56,57 Drainage may be accomplished 

in a variety of ways, including right thoracotomy, left-sided video-

assisted thoracoscopy, or an anterior clamshell incision. The mortality 

of this condition has historically ranged from 20% to 40% and in-

creases directly with the interval between the onset of symptoms and 

diagnosis.

Oropharyngeal cervical infections descending into the mediasti-

num have been successfully managed with antibiotics and a combina-

tion of percutaneous drains and/or videoscopic débridement.55,58 In 

any case, aggressive imaging surveillance and a commitment to achiev-

ing and maintaining adequate drainage (multiple varied procedures) 

are necessary to successfully manage this relatively rare life-threatening 

disorder.59

Mediastinal fibrosis is a chronic condition that may present pre-

cipitously when the process constricts a mediastinal structure, com-

promising its lumen. Pulmonary vein, pulmonary artery,60 vena cava,61 

and tracheal stenoses are the most commonly seen. The diagnosis is 

generally established by CT or MRI, which reveals a diffusely infiltrat-

ing, sometimes calcified, mass. Bronchoscopy may contribute to the 

diagnosis.62 The fibrosis is a benign, acellular proliferation of fibrous 

collagenous tissue that is idiopathic or may be an immunologic se-

quela of an intervention (e.g., radiofrequency ablation) or infection 

(mycotic, specifically, and most commonly, Histoplasma).63,64 Treat-

ment may include steroid therapy65 and local dilation of the stenotic 

lumen with stents or operation.66
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KEY POINTS

• The mediastinum can be separated into the superior, anterior, middle, and 

posterior mediastinal spaces.

• Diagnosis and early treatment of acute anterior mediastinitis can improve 

short-term mortality.

• Etiology of mediastinitis defines treatment and diagnostic options.

• Preoperative, intraoperative, and postoperative factors can contribute to 

mediastinitis.

• CT, MRI, and technetium-99m leukocyte imaging can aid in the diagnosis 

and treatment of mediastinitis.

• Mediastinitis worsens short- and long-term morbidity and mortality.

 References for this chapter can be found at expertconsult.com.
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Epistaxis

Rohit Pravin Patel

Epistaxis is an acute hemorrhage from within the nasal cavity, includ-

ing the nasopharynx, and accounts for 0.5% of all U.S. emergency  

department visits. Approximately 60% of individuals experience epi-

staxis at least once in their lifetime, although only 6% of cases require 

medical treatment.1,2 The peak incidence of epistaxis in adults is in the 

45- to 65-year-old age group, and the incidence of severe posterior 

bleeding is greater.3 Special aspects regarding the care of critically ill 

patients with epistaxis, including prevention, diagnosis, and manage-

ment options, will be discussed in this chapter. An algorithm for the 

management of epistaxis by the American Academy of Otolaryngology 

Head and Neck Surgery is included to assist in clinical decision sup-

port (Fig. 143.1).

ANATOMY

The vascular supply of the nasal cavity forms from the terminal 

branches of the internal and external carotid arteries. The majority of 

epistaxis (90%–95%) occurs on the anterior nasal septum at a region 

called Little area. This area is supplied by Kiesselbach plexus, a network 

of vessels from three large thin-walled arteries (sphenopalatine artery, 

anterior ethmoidal artery, and superior labial artery).4 Epistaxis is clas-

sified as anterior or posterior, although no clear landmarks separate 

the two.1,5 Melia and McGarry proposed that anterior bleeding is from 

a source anterior to the plane of the pyriform aperture (the anterior 

bony nasal aperture), which includes bleeding from the anterior  

septum and from the vestibular skin and mucocutaneous junction. 

Posterior bleeding is from a vessel situated posterior to the piriform 

aperture and allows for further division into the lateral wall, septal, 

and nasal floor bleeding.6 The two primary sites of posterior epistaxis 

include the posterior lateral nasal wall and the posterior nasal septum, 

with the most common artery involved being the sphenopalatine  

artery. Epistaxis from the anterior ethmoidal artery is less common 

and is typically associated with midface trauma or iatrogenic injury 

during endoscopic sinus surgery.7,8

DIAGNOSIS

It is important that the clinician wear appropriate safety clothing and 

equipment (disposable apron, gloves, surgical face mask, suction, and 

headlight). It is also important to gather details of the initial presenta-

tion, previous bleeding episodes, comorbid conditions, and current 

medications. Coagulation screening is only indicated when the clinical 

history suggests coagulopathy of a known use of anticoagulants.9 War-

farin is a commonly prescribed anticoagulant, and patients with epi-

staxis on warfarin are older, have longer mean hospital stays, and show 

trends that they require more aggressive treatment to control. In a re-

view of patients taking warfarin with epistaxis, it was found that more 

than 75% of the patients were over-anticoagulated at the time of  

admission.10 Critically ill patients are frequently supine, with decreased 

alertness, and blood may drain into the nasopharynx and, subse-

quently, the stomach, making it difficult to differentiate from gastroin-

testinal bleeding. An anterior speculum examination with a good light 

source usually allows the identification of focal anterior bleeding. Gen-

eralized mucosal ooze in a patient with systemic coagulopathy and 

large amounts of bleeding that obscures visualization can make iden-

tification of the source difficult. In addition to the anterior/posterior 

classification system discussed earlier, bleeding can be classified as ve-

nous/arterial or high/low flow based on the rate of bleeding. Venous 

bleeding can involve low flow, such as mucosal oozing, or it can be high 

flow from structures such as the cavernous sinus. Arterial bleeding can 

be low flow from oozing from small perforating vessels, or it can be 

high flow in carotid artery injuries.11 Epistaxis can also be classified as 

primary or secondary when there is an underlying coagulopathy as-

sociated with anticoagulant/antiplatelet medications.6 For patients in 

which anterior bleeding is not easily identifiable, nasal endoscopy has 

been shown to identify over 80% of bleeding sites not otherwise seen 

and reduce the duration of hospital admission. Chiu and McGarry 

reported positive identification of 94% of posterior bleeding sites in  

50 consecutive patients, while Supriya and colleagues identified 38 of 

47 posterior bleeding sites in a series of 100 patients, with an overall 

positive identification rate of 91%.8,12

TREATMENT

General management includes protection of the airway, addressing 

hemodynamic compromise, and controlling active hemorrhage. Pa-

tients with a reduced level of consciousness or head injury are at risk 

of aspiration and should require consideration of airway protection 

with endotracheal intubation. Intravenous access and fluid resuscita-

tion should be addressed quickly, as patients can become unstable. The 

first priority is to control or slow the active hemorrhage with some 

form of temporizing packing. Commercially available anterior or pos-

terior balloon combination packs can be used with the goal of slowing 

the rate of blood loss while the setup of anticipated equipment is es-

tablished. Before insertion of these packing materials, an attempt can 

be made by simply applying pressure to the nose while the patient is 

positioned upright and leaning forward for 20 minutes. The goal here 

is to slow the blood loss rate by collapsing the bleeding vessels and 

forming a clot.

Treatment: Anterior Bleeding

Cautery of an identified bleeding point is the optimal method of man-

agement in adult epistaxis and can successfully control anterior bleed-

ing, with silver nitrate and electrocautery as options. Silver nitrate is 

applied by rolling the applicator stick between your thumb and first 

finger while gently applying the tip to the area you wish to cauterize for 
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1141CHAPTER 143 Epistaxis

Fig. 143.1 Epistaxis guideline key action statements: Diagnostic and treatment algorithm. HHT, Hereditary 

hemorrhagic telangiectasia; Hx, history; KAS, key action statement. (From Tunkel DE, Anne S, Payne SC, 

et al. Clinical practice guideline: Nosebleed (epistaxis). Otolaryngol Head Neck Surg. 2020;162[Suppl. 1]:

S1–S38, Figure 6.)
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about 5–10 seconds. Care should be taken not to burn the nasal skin as 

you enter the nose or aggressively use it on the septum. Start adjacent 

to the vessel, making an orbit around the vessel before rolling the tip in 

to the center, as rebleeding is common when going straight for the site. 

Shargorodsky and colleagues found that cautery had a significantly 

lower treatment failure rate (defined as a rebleed requiring intervention 

by a physician within 7 days) and a lower mean number of interven-

tions required to achieve lasting hemostasis with nondissolvable pack-

ing. Among the patients who required admission, those who underwent 

directed vascular control had fewer inpatient days.13 If cautery does not 

control the bleeding, a nasal pack will be required. Nasal packs should 

be introduced into the nose directly front-to-back following the floor of 

the nose. Never place it upward, as this does not work, is painful, and 

increases the risk of complications. Commercially available packs are 

available and consist of balloon/hydrocolloid fabrics that expand after 

placement into the nasopharynx. Most of these have a string or tubing 

that should be taped to the patient’s cheek to secure it.

Treatment: Posterior Bleeding

Severe idiopathic nontraumatic posterior bleeding typically occurs in 

the elderly, who often have underlying cardiac and respiratory comor-

bidities. It should be suspected after appropriate anterior control 

measures have been taken and bleeding continues. Typically, a 12 French 

Foley catheter or similar item is used in conjunction with a ½-inch 

ribbon gauze or commercially available anterior packing supplies. The 

catheter balloon should be tested with saline before use. A nasal decon-

gestant and topical local anesthetic solution should be administered to 

the nasal cavity and on the ribbon gauze. The catheter is lubricated and 

advanced into the nose until the tip can just be seen passing the soft 

palate in the mouth. At this point, the catheter needs to be pulled back 

1 cm as the balloon inflates in the nasopharynx. Between 5 and 10 mL 

of saline is used to inflate the balloon, and once inflated, the catheter 

is pulled taut so that the balloon is effectively occluding the posterior 

nasopharynx at the back of the nasal cavity. Anterior packing is then 

performed by folding layers of the ribbon. These patients are at risk for 

adverse events such as rebleeding and hypoxia, likely the result of co-

morbidities such as cardiovascular disease, pulmonary disease, renal 

disease, obesity, and obstructive sleep apnea.14,15 For continued bleed-

ing, surgery or embolization is an option. Moshaver and colleagues 

showed that compared with surgical intervention, posterior nasal 

packing resulted in a significantly shorter mean hospital stay and  

reduced healthcare costs. The overall success rate was 89%, and no  

difference was found in the complication rates between the two treat-

ment options.16 Arterial embolization appears similar to surgery in 

terms of its success in controlling intractable epistaxis, with several 

recent studies showing success rates of 80%–90%.17–21 The advantage 

of surgery is a lower risk for major complications such as stroke, blind-

ness, and soft tissue ischemia. The advantage of embolization is the 

ability to perform the procedure under local anesthesia, thus avoiding 

general anesthesia in patients with comorbidities, in addition to the 

improved diagnosis of vascular abnormalities such as malformations 

and pseudoaneurysms. Marin and colleagues showed that 90.6% of 

episodes requiring vascular intervention had a posterior source. The 

most performed surgical technique was endoscopic sphenopalatine 

artery ligation (ESPAL) (69.4%), followed by cautery of mucosal 

bleeding (24.2%), cautery of the ethmoidal artery (24.2%), argon 

plasma coagulation (8.1%), and endoscopic clipping/ligation of maxil-

lary artery (3.2%).22 There is a growing body of support for early 

intervention in epistaxis with ESPAL, with the increased use of endo-

scopic sinus surgery and greater understanding of local regional anat-

omy, with improved patient satisfaction and cost reduction compared 

with traditional packing techniques.

Treatment: After Packing the Nose

The packing is usually kept in for 5 days, but this is usually physician 

and institution dependent. Patients do not tolerate nasal packing well. 

Shargorodsky and colleagues examined whether the duration of pack-

ing was associated with the recurrence of epistaxis after removal and 

did not demonstrate a significant difference between the recurrence 

rate and the number of pack days, showing no evidence that removing 

the packing after fewer than 5 days was associated with increased re-

currence of epistaxis.13 Furthermore, good results have been shown in 

packing durations of 1–3 days, with the control of bleeding as high as 

85% for anterior epistaxis.23 Nasal packing of all types requires gram-

positive coverage for prophylaxis against toxic shock syndrome. Staph-

ylococcus aureus can be isolated from the nasal cavity in one-third of 

these patients, of whom 30% produce the exotoxin responsible for 

toxic shock syndrome.24 Other complications include pressure necrosis 

of the palate, alar, or skin and displacement with airway obstruction.

MEDICOLEGAL THOUGHTS

The absence of a defined management algorithm, wide therapeutic 

options, and the potential for severe complications all contribute to 

epistaxis as a target for medicolegal cases. Understanding the variables 

will assist in advancing strategies and enhancing patient care. The 

most common reason has been the alleged failure of the treating phy-

sician to recognize complications in a timely manner and delays in the 

subsequent diagnosis, such as cancer and retained foreign bodies.25–27 

It is important to realize that epistaxis is a sign, not a diagnosis. Other 

cases have been related to a failure in recognizing anatomic variations, 

which led to blindness and stroke caused by inadvertent emboliza-

tion.5,28 This shows the importance of preinterventional imaging. 

Last, malposition or inadequate nasal packing with complications 

such as aspiration and dislodgment have been found throughout the 

hospital stay.29

SPECIFIC INTENSIVE CARE UNIT SITUATIONS: 

NASAL INTUBATION

Nasotracheal intubation commonly causes epistaxis from injury to the 

nasal mucosa or turbinate. Good mucosal preparation for nasotracheal 

intubation should include adequate lubrication, topical local anesthet-

ics, and vasoconstrictors. Moreover, if resistance is met, the tube 

should be slightly rotated to allow better passage, or the other nare 

should be attempted.30,31 The inferior turbinate and the adjacent sep-

tum are the most common sites of nasal damage.32,33 Placement into 

intracranial compartments has occurred in the setting of skull base 

trauma. Blind placement in these situations may be associated with 

severe complications. Although posterior nasal packing should not be 

performed in the presence of nasal bone fractures, severe epistaxis may 

necessitate nasal packing with the use of balloon systems or arterial 

embolization ligation.34,35 Cribriform plate fractures are the most 

common site for intracranial catheter placement and can occur with 

even small amounts of pressure.

SPECIFIC INTENSIVE CARE UNIT SITUATIONS: 

POSTOPERATIVE EPISTAXIS

Sellar and parasellar lesions are typically approached through transs-

phenoidal surgery, and postoperative bleeding originates from the ex-

ternal carotid system. Redundant mucosa, highly vascular and friable 

mucosa, large septal deviations, septal spurs, and complex sphenoid 

septations can make endoscopic transsphenoidal surgery difficult and 
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increase the risk for epistaxis.36 Management of bleeding immediately 

postoperatively involves nasal packing and re-exploration in the oper-

ating room if the packing is not successful. In delayed bleeding, otorhi-

nolaryngologic services typically perform endoscopic packing, balloon 

tamponade, silver nitrate application, and/or electrocautery. If these 

measures do not stop the bleeding, angiography followed by emboliza-

tion can be performed.37 Postoperative hypertension is generally 

viewed as a risk factor for epistaxis and is also an independent risk 

factor for persistent spontaneous epistaxis.38

SPECIFIC INTENSIVE CARE UNIT SITUATIONS: 

MASSIVE FACIAL TRAUMA

Traumatic pseudoaneurysms of the internal carotid artery are rare but 

can be a fatal cause of epistaxis, with a mortality rate as high as 

50%.39,40 Pseudoaneurysms or localized arterial disruptions are caused 

by blunt or penetrating trauma. Shearing forces and hemorrhages in 

the arterial wall weaken the artery and allow formation, and the con-

tinued pulsatile forces cause erosion on the thin bone layer.41,42 The 

Maurer triad, which consists of unilateral blindness, orbital fracture, 

and massive epistaxis, is considered pathognomonic for internal ca-

rotid artery pseudoaneurysms.43 The diagnosis is often delayed be-

cause of a latency period between the trauma and the bleeding, which 

averages 3 weeks in 88% of cases.44,45 Angiographic imaging is the gold 

standard, with endovascular techniques being the preferred therapeu-

tic approach.

NOVEL AND ADJUNCTIVE THERAPIES

Vasoconstrictors, hot water irrigation, and topical hemostatic com-

pounds have all been used as adjunctive therapies to the previously 

mentioned procedures for the control of bleeding. Hot water irrigation 

via a balloon placed in the nasopharynx for approximately 3 minutes 

at 50°C to induce mucosal edema (and occlude the bleeding vessel) has 

been shown to control posterior epistaxis.46,47 Topical hemostatic com-

pounds are now available, consisting of gelatin granules and human 

thrombin. Studies show higher effectiveness, ease of application, and 

lower discomfort scores for their insertion and removal.48

MORTALITY

A number of risk factors are associated with increased mortality after 

admission with epistaxis, and this information could help with risk 

stratification. Factors include increased age and comorbidity scores, 

low admission albumin, low admission hemoglobin, an abnormal clot-

ting screen, and an admission time of more than 2 days. Use of antico-

agulation medications did not affect the mortality rate. Pneumonia 

and malignancy were the two most common causes of death.49

ALGORITHM50

Consistent with previous discussion, the American Academy of Oto-

laryngology Head and Neck Surgery have provided clinicians with an 

algorithm based on action statements produced from its clinical prac-

tice guideline supplement (see Fig. 143.1).50

KEY POINTS

• In the critically ill patient, diagnosis of epistaxis may be more difficult be-

cause of supine positioning and decreased alertness and is often confused 

with upper gastrointestinal bleeding.

• Epistaxis is a sign and not a diagnosis; once bleeding is controlled, the 

search for the etiology should be conducted. Coagulation studies should be 

performed in those on anticoagulant/antiplatelet medications, with consid-

eration of correction.

• For intractable epistaxis, options should include surgery or embolization. 

Surgery has the advantages of decreased complication rates of stroke and 

blindness, and embolization has the advantage of avoiding general anes-

thesia in patients with nasopharyngeal bleeding.

• Aspiration, hypoxia, and dislodgment complications with nasal packing 

must be continuously evaluated for, especially in patients with severe co-

morbidities.

• In the absence of life-threatening bleeding, the clinician should initiate 

first-line treatments (nasal compression, vasoconstrictors, moisturizing or 

lubricating agents, nasal cautery/packing) before transfusion, reversal of 

anticoagulants, or withdrawal of anticoagulation/antiplatelet agents.

• Factors that increase the risk of mortality should be considered when mak-

ing a treatment plan.

• Use of an algorithm for management of epistaxis may improve patient out-

comes, decrease length of stay, and decrease costs.

 References for this chapter can be found at expertconsult.com.

ANNOTED REFERENCES

Khan MN, Blake DM, Vazquez A, et al. Epistaxis: The factors involved in de-

termining medicolegal liability. Int Forum Allergy Rhinol. 2014;4(1):76–81.

Case reviews and analysis of factors in liability for patients that present with 

epistaxis. Delays in diagnosis and missed complications are frequent issues 

and can be reduced with protocols and algorithms for hospital systems.

Marin E, Watelet JB, Gevaert P, et al. Severe spontaneous epistaxis: Retrospective 

study in a tertiary ENT centre. Eur Arch Oto-Rhino-L. 2019;276(6):1693–1699.

A retrospective descriptive study of a case series of patients hospitalized for 

spontaneous severe epistaxis with management plans and outcomes. Con-

cludes centers should have a well-defined protocol to guide the decision when 

to proceed with surgery.

Rudmik L, Smith TL. Management of intractable spontaneous epistaxis.  

Am J Rhinol Allergy. 2012;26(1):55.

A concise review of management techniques for intractable epistaxis. Sum-

marizes different management strategies, including packing, embolization 

techniques, and surgical interventions.

Shukla PA, Chan N, Duffis EJ, et al. Current treatment strategies for epistaxis: 

A multidisciplinary approach. J Neurointerv Surg. 2013;5(2):151–156.

A review highlighting the multidisciplinary approach required to appropri-

ately treat a complex epistaxis patient, with a summary of current treatment 

plans. Concludes improved care with a multidisciplinary approach with  

patient education.

Tunkel DE, Anne S, Payne SC, et al. Clinical practice guideline: Nosebleed  

(epistaxis). Otolaryngo Head Neck Surg. 2020;162(Suppl. 1):S1–38.

Clinical practice guidelines illustrating critical points in the management of 

epistaxis from patient arrival to disposition. Algorithm for management that 

can be adopted by institutions to improve patient care.
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144
Management of the Postoperative  
Cardiac Surgical Patient

Shailesh Bihari

Intensive care may account for more than one-third of the total hospi-

tal costs for cardiac surgery patients, and much of the short-term 

morbidity and mortality are based on perioperative events. The overall 

mortality after cardiac surgery is low. However, this ranges from less 

than 1% for elective coronary artery bypass grafting to more than 30% 

for more complex surgery in patients with significant myocardial dys-

function and significant comorbidities. Hence a comprehensive under-

standing of cardiovascular physiology and surgery is essential for a 

modern-day intensivist.

The initial days of care for a cardiac surgery patient present multi-

ple challenges for an intensivist. The intensive care unit (ICU) stay for 

most patients lasts for 24–48 hours, but during this critical period, life-

threatening problems such as low cardiac output (CO), arrhythmias, 

and coagulopathy may occur. After 48 hours, the problems encoun-

tered tend to become more like those experienced by other groups of 

critically ill patients.

CARDIAC SURGERY PATIENTS IN THE  
INTENSIVE CARE UNIT

History of Cardiac Surgery Linked to the  
History of Intensive Care
The development of modern cardiac surgery is intimately related to 

the development of the ICU. Until the 1950s, cardiac surgery was lim-

ited to the control of traumatic injuries and the closed repair of valves. 

The development of the extracorporeal pump oxygenator in 1953 

ushered in the era of open heart surgery.1 Heart valve replacement 

then became possible, and subsequently in the 1960s, coronary artery 

bypass grafting (CABG) for ischemic heart disease was developed and 

rapidly popularized.2

Several studies have demonstrated that risk-adjusted mortality 

rates after CABG vary significantly among surgeons and hospitals and 

that mortality is related both to the number of surgeries performed by 

each surgeon and the total volume of procedures performed at the 

hospital.3–6 For high-risk surgical patients, survival is also related to the 

characteristics of the ICU care.7

Changing Epidemiology of Cardiac Surgery
Over the past decade, the population of patients treated with cardiac 

surgery has changed dramatically. Advances in cardiology, including 

reperfusion therapy, angioplasty, stenting, and drug-eluting stents, 

have obviated the need for surgical approaches to treatment except for 

particularly complex problems or after failure of other, less invasive 

modalities. In the year 2000, 561,000 patients in the United States 

underwent percutaneous transluminal coronary angioplasty (PTCA), 

an increase of 262% relative to 1987. In the same year, 314,000 pa-

tients underwent CABG. Multiyear trends, represented in Fig. 144.1, 

show a leveling off and subsequent decrease in the overall number of 

patients undergoing CABG.8 Studies comparing the use of stents ver-

sus CABG for left main disease have found no significant difference in 

rates of death, Q-wave infarction, or stroke; however, stenting was as-

sociated with higher rates of target vessel revascularization than was 

CABG.9

Even as younger patients are being treated with interventional tech-

niques, the elderly are increasingly referred for operation. As the popu-

lation ages and care becomes more sophisticated, cardiac surgery is 

being performed on older, sicker, and more complicated patients. Al-

though these operations are successful even in most octogenarians, 

they are associated with increased hospital mortality and longer ICU 

and hospital stays. It is clear, however, that good results in terms of 

long-term survival and quality of life are achievable.

There has been significant research into organizational factors in 

general ICU; however, there is less supporting information around is-

sues such as open versus closed ICU and surgeon-led care versus inten-

sivist-led care in the cardiac arena.

Alternative Techniques for Cardiac Surgery
The increasing age of patients undergoing cardiac surgery and the 

relatively high incidence of adverse effects related to cardiopulmonary 

bypass (CPB) have led to the development of less invasive cardiac sur-

gical techniques. These techniques are intended to decrease postopera-

tive morbidity, reduce length of hospital stay, reduce costs, and hasten 

recovery of lifestyle (Table 144.1). Three major techniques have been 

proposed.

Minimally invasive direct coronary artery bypass (MIDCAB) dif-

fers from conventional CABG mainly in the type of surgical incision. 

Instead of a median sternotomy, access is obtained via a left or right 

thoracotomy, a parasternal incision, or a partial sternotomy. Although 

the proposed benefit of such an approach is the reduction in morbidity 

related to median sternotomy, this advantage has not been demon-

strated. MIDCAB grafting is a challenging technique and should be 

performed only in selected patients with favorable coronary anatomy. 

Both bare-metal and drug-eluting stenting have been shown to be in-

ferior to MIDCAB for proximal left anterior descending coronary ar-

tery lesions, owing to higher reintervention rates and similar results in 

mortality and morbidity.4,10

Off-pump coronary artery bypass (OPCAB) is performed on a 

beating heart without the benefit of CPB. The proposed advantage of 

this procedure is the reduction of morbidity related to hypothermia 

and CPB. The procedure is undertaken using partial to full heparin-

ization. Extubation may be achieved earlier in these patients because 
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Fig. 144.1 Trends in cardiovascular operations and procedures in the 

United States, 1979–2000. PTCA, Percutaneous transluminal coronary 

angioplasty. (From American Heart Association. Heart Disease and 

Stroke Statistics—2003 Update. Dallas, TX: AHA; 2003.)

they do not require rewarming and are less coagulopathic. A subset of 

patients cannot tolerate the extent of retraction of the heart required 

for the surgery and need to be urgently placed on CPB. These patients 

may suffer ischemic myocardial injury and require support with ino-

tropes or intraaortic balloon pumping (IABP) during the postopera-

tive period.

A third method of minimally invasive cardiac surgery is the port 

access technique. This operation entails obtaining access for CPB with 

the use of endovascular catheters. It allows surgery to be performed 

using CPB via either a left or right thoracotomy. The technique is par-

ticularly useful for mitral valve replacement through a right thoracot-

omy and for redo CABG (avoiding the complications associated with 

repeat sternotomy). The port access technique has been shown to be 

safe and is associated with shorter lengths of stay, reduced transfusion 

requirements, fewer infections, decreased incidence of renal failure, 

and less atrial fibrillation (Afib) compared with conventional tech-

niques.11 Widespread adoption of this technique has been limited by 

the technical complexity of placing the required catheters, which re-

quires both extra time and a specially trained, skilled operative team. 

As the techniques of minimally invasive cardiac surgery continue to 

evolve, the intensivist caring for cardiac surgical patients must con-

tinue to keep abreast of these new methods.

Organization of the Postoperative Cardiac Surgery Unit
Optimal results from cardiac surgery require a skilled, dedicated, and 

multidisciplinary ICU team. Patients undergoing cardiac surgery are 

usually admitted to the hospital on the day of surgery and arrive in the 

ICU directly from the operating room (OR). A typical patient is trans-

ferred to a step-down unit on the morning after surgery. This unit allows 

continued monitoring with telemetry for an additional 24–48 hours. 

Patients remaining in the ICU beyond 48 hours tend to become similar 

to a standard ICU population, as they develop secondary complications 

such as sepsis, pneumonia, and acute respiratory distress syndrome 

(ARDS).

Guidelines developed by the American Heart Association and the 

American College of Cardiology outline the requirements for cardiac 

surgical ICUs.12–14 These include the development of protocol-driven 

care, a minimum number of cardiac surgical ICU beds that is half the 

number of surgeries performed per week, and one-to-one nursing 

care during the first night in the unit. The ICU coverage by a dedi-

cated intensivist has been shown to improve outcomes in other types 

of major surgeries and should be recommended after cardiac surgery 

as well.7

Surgeon-Intensivist Relationship
Cardiac surgery involves a continuum of care from presentation to 

postdischarge management and rehabilitation. The intensive care spe-

cialist must be involved in this continuum, rather than functioning in 

isolation from surgeons, anesthetists, and cardiologists.

SEPARATION FROM CARDIOPULMONARY  
BYPASS AND THE END OF SURGERY

Successful management of a postoperative cardiac surgery patient be-

gins by understanding what occurs in the OR because operative prob-

lems often persist after transfer to the ICU. An understanding of the 
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Catheterizations
PTCA
Open-heart
Endarterectomy
Bypass
Pacemakers

Technique Incision Site Cannulation Site Advantages Disadvantages

Conventional Median sternotomy Ascending aorta Excellent exposure Mediastinitis

CABG Median sternotomy Right atrium and Ascending  

aorta

Stable closure and extensive  

experience

Postoperative respiratory function  

limited by pain

MIDCAB Left or paramedian or right thoracotomy  

or partial sternotomy

Ascending aorta and right  

atrium

Avoids median sternotomy Limited exposure.

May require multiple incisions

Port access Right anterior thoracotomy, or Ascending aorta via right  

paramedian port

Avoids median sternotomy

Avoids atriotomy

Increased cost of equipment

Contraindicated in patients with  

ascending aortic pathology

Paramedian or left thoracotomy Femoral vessels Access to mitral valve

Smaller skin incision

Limited operative exposure

Significant learning curve.

OPCAB Median sternotomy, or Right or left 

thoracotomy, Partial sternotomy

None Avoids aortic manipulation

Avoids atriotomy and CPB

Cost of equipment

Learning curve

Worse graft longevity

TABLE 144.1 Comparison of Minimally Invasive Cardiac Surgery Techniques

CABG, Coronary artery bypass grafting; CPB, cardiopulmonary bypass; MIDCAB, minimally invasive direct coronary artery bypass; OPCAB, off-pump 

coronary artery bypass.

Modified from Reves JG, Hill SE, Sum-Ping ST, et al. Perioperative management of the cardiac surgical patient. In Murray MJ, Coursin DB, Pearl 

RG, et al, eds. Critical Care Medicine: Perioperative Management. 2nd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 2002:356.
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technical and pathophysiologic aspects of CPB may help an intensivist 

better manage the postoperative cardiac surgical patient.

Cardiopulmonary Bypass
The goal of CPB is to separate the heart and lungs from the systemic 

circulation so that the heart may be arrested while the surgical repair 

is performed. Blood is drained from the right side of the heart via a 

cannula in the right atrium or via the femoral vein advanced into the 

right atrium. The blood is collected in a reservoir and then pumped 

through an oxygenator that contains a membrane where the blood is 

oxygenated and carbon dioxide is removed (Fig. 144.2). A perfusionist 

controls both the fraction of inspired oxygen and the rate of oxygen 

flow through the circuit, thereby controlling the patient’s arterial oxy-

gen and carbon dioxide levels, respectively. The treated blood then 

passes through an air filter and is returned to the patient via an arterial 

cannula placed in either the ascending aorta or the femoral artery. The 

perfusionist controls the amount of systemic flow provided to the pa-

tient (i.e., CO). Mild to moderate systemic hypothermia (28°C–34°C) 

is used during bypass to minimize oxygen consumption by both the 

body and the brain. After adequate CPB is established, an aortic cross-

clamp is applied to the ascending aorta, between the aortic cannula 

and the heart. The interval when the cross-clamp is applied is referred 

to as ischemic time, because no blood is circulated through the heart 

during this period. The heart is arrested by infusing a high-concentra-

tion potassium solution into the native coronary arteries (antegrade 

cardioplegia) via a cannula placed between the aortic cross-clamp and 

the heart. Cardioplegia may also be given “backward,” through the ve-

nous system of the myocardium (retrograde cardioplegia) via a cath-

eter placed in the coronary sinus. Potassium is used as the arresting 

agent because it stops the heart from beating and minimizes myocar-

dial oxygen consumption.

Myocardial Protection
Several measures are taken to protect the heart during ischemic time, 

because irreversible myocardial damage may otherwise occur. Electro-

mechanical arrest is the most important protective measure, because 

the beating action of the heart accounts for about 85% of the heart’s 

total oxygen consumption. The heart is usually cooled to about 10°C 

with a cold cardioplegia solution (4°C) supplemented with topical ice 

slush. Additionally, the left ventricle is “vented” to prevent distention, 

which could lead to subendocardial ischemia. Finally, various additives 

are included in the cardioplegia solution to minimize myocardial 

edema, maintain normal intramyocardial pH, and provide substrates 

for anaerobic metabolism. The adequacy of intraoperative myocardial 

protection is critical for determining the subsequent course and final 

outcome for a patient.

Separation from Cardiopulmonary Bypass
Weaning from CPB is the process whereby cardiopulmonary function 

is transferred from the bypass system back to the patient’s own heart 

and lungs. Successful separation from CPB requires that the metabolic, 

cardiac, and respiratory parameters are as close to normal as possible. 

Separation from CPB implies that the native circulation will be re-

quired to support the body’s metabolic demands. The surgical team 

manipulates the heart rate and rhythm, preload, afterload, and myo-

cardial contractility to achieve this goal.

In most cases, normal sinus rhythm is restored after discontinuation of 

cardioplegia and rewarming of the heart. Occasionally, discontinuation of 

Fig. 144.2 Cardiopulmonary bypass circuit. (Adapted with permission from Gravlee GP, Davis RF, Kurusz M, 

et al, eds. Cardiopulmonary Bypass: Principles and Practice. 2nd ed. Baltimore, MD: Lippincott Williams & 

Wilkins; 2000:70.)
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cardioplegia and rewarming lead to the onset of ventricular fibrillation; 

in such cases, electrical defibrillation is required. Other dysrhythmias 

commonly encountered are atrioventricular dissociation and Afib. An 

attempt should be made to convert these to sinus rhythm by pharmaco-

logic means. Bradyarrhythmias are treated by pacing, using temporary 

epicardial wires placed by the surgeon after completion of the repair. A 

heart rate of 70–90 beats/min usually is optimal. Pharmacologic support 

of the circulation may be needed to provide appropriate afterload or 

systemic vascular resistance (SVR) during separation from CPB. Most 

patients are vasodilated to some extent, possibly as a result of a systemic 

inflammatory response to CPB or the effects of rewarming, or both. As 

a consequence, the infusion of a vasoconstrictor is often required. Care 

must be taken to strike a proper balance so that increased SVR maintains 

adequate arterial blood pressure without excessively increasing left ven-

tricular afterload and compromising CO.

Most often, myocardial function is adequate, and the infusion of an 

inotrope is not necessary. However, inotropic support is often needed 

for patients with a poor preoperative ventricular function or inade-

quate myocardial protection or revascularization during CPB. The 

optimal inotrope in this situation is a matter of considerable debate, 

and data are lacking to support a strong recommendation for a specific 

agent. Epinephrine, norepinephrine, dopamine, dobutamine, amri-

none, and milrinone have all been used successfully. Intraoperative 

monitoring using transesophageal echocardiography (TEE) is particu-

larly useful for titration of inotropic therapy.

Once all preparations for separation from CPB have been made, the 

perfusionist begins to wean the patient from bypass. This is done by 

slowly decreasing the amount of blood drained from the right atrium 

while simultaneously reducing flow into the aorta. Once the patient is 

off CPB (i.e., no blood is being drained from the right atrium into the 

circuit), the perfusionist, at the direction of the anesthesiologist or 

surgeon, may continue to infuse through the aortic cannula. This ma-

neuver allows optimization of ventricular filling or preload. However, 

care must be taken not to overdistend the heart; also, during this pe-

riod, TEE is extremely useful.

Reversal of Anticoagulation
After weaning from CPB, protamine is given to neutralize any residual 

heparin. Dosing may be based on the patient’s weight, the total 

amount of heparin given, or an assay of residual heparin activity. Insti-

tutional preference governs the technique employed, but all have been 

proven effective. Several adverse responses to protamine administra-

tion are possible, including histamine-induced systemic hypotension, 

immunoglobulin E–mediated allergic reactions, and complement-

mediated catastrophic pulmonary hypertension. The clinical sequelae 

of cardiopulmonary bypass are summarized in Table 144.2.15

Intraoperative Event Sequelae Postoperative Manifestation

Aortic cannulation and clamping Atheroembolism

Aortic dissection

Stroke

Splanchnic embolization

Organ ischemia

Right atrial cannulation Atrial wall injury Bleeding and arrhythmias

Femoral artery cannulation Distal leg ischemia

Vascular trauma

Retrograde aortic perfusion

Muscle injury and necrosis

Compartment syndrome

Hematoma

Need for vascular repair

Lymphocele

Retrograde embolism

Cerebral hypoxemia

Left ventricular distension

Femoral vein cannulation Vascular trauma Hematoma

Deep venous thrombosis

Lymphocele

Graft twisting Mechanical obstruction to blood flow Myocardial injury and dysfunction

High-dose heparin Systemic anticoagulation Coagulopathy

Heparin-induced thrombocytopenia

Crystalloid priming of CPB circuit Hemodilution Volume overload

Dilutional anemia

Dilutional coagulopathy

Extracorporeal circulation Complement activation Fibrinolysis

Systemic inflammatory response

Microvascular hypoperfusion

Microemboli

Coagulopathy

Vasoplegia, hypotension, inflammatory end-organ  

damage (e.g., lung injury)

Impairment of renal and mesenteric blood flow

Stroke (small vessel)

Cardioplegic arrest Inadequate cardioprotection Myocardial injury and dysfunction

Heart failure

Conduction disturbance

Arrhythmias

TABLE 144.2 Clinical Sequelae of Cardiopulmonary Bypass
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Transport and Admission to the Intensive Care Unit
After chest closure, confirmation of hemodynamic stability, and ade-

quate medical and surgical hemostasis, the patient is transferred to the 

ICU. Transport of a critically ill patient is a potentially dangerous pro-

cess and requires extreme vigilance. Transport between the OR and the 

ICU should be done with the same degree of monitoring as would be 

available at either end. This usually includes continuous monitoring of 

arterial blood pressure, pulmonary artery pressure and/or central ve-

nous pressure (CVP), electrocardiogram (ECG), and pulse oximetry. 

The transport bed should be equipped with a full oxygen tank, a bag 

valve mask, intubation equipment, resuscitation drugs, and defibrilla-

tor. Care must be taken to ensure that infusions of vasoactive drugs are 

not interrupted.

On arrival in the ICU, the intensivist-led team assumes patient care. 

A detailed sign-out from the operative team ensures continuity of care. 

The sign-out should include a detailed history, including an assess-

ment of preoperative cardiac functional status, a list of preoperative 

medications, and a detailed description of the surgery. Key facts are the 

type of repair performed, target vessels (if the patient has undergone 

CABG), duration of CPB and cross-clamping, difficulties encountered 

in separation from CPB, presence of abnormal bleeding, and postop-

erative assessment of cardiac function. All treatments administered in 

the OR should be detailed, in particular, fluids, blood products, and 

vasoactive drugs.

Structured Handover
Handover should be structured to minimize disruption and maximize 

communication. The priorities are to confirm surgical procedure and any 

complications, confirm integrity and position of the endotracheal tube, 

re-establish mechanical ventilation of both lungs, re-establish all patient 

monitoring, access details of premorbid conditions, confirm venous, arte-

rial and central access, heart rhythm and presence and mode of any pacing 

devices. The handover should also include  details of the chest drains, es-

tablishing a blood pressure target, document results of any intraoperative 

echocardiography regarding ventricular function, provide details of intra-

operative transfusion of blood or factors together with the results of any 

benchtop or laboratory tests of hemostasis and getting an early 12-lead 

electrocardiograph to exclude or identify acute ischemia.

Once care has been handed over to the ICU team, a thorough ex-

amination of the patient should immediately follow. This examination 

should include verification of endotracheal tube placement, type and 

position of arterial or central venous lines, chest tube position and 

patency, and presence and location of any epicardial pacing wires.

MONITORING THE POSTOPERATIVE  
CARDIAC SURGERY PATIENT

Hemodynamic Monitoring
All patients admitted to the ICU after cardiac surgery will have their 

blood pressure continuously monitored using an intraarterial line, 

which is usually placed in either a radial or a femoral artery. Accuracy 

of the measurements depends on strict attention to calibration, level-

ing, and removal of air from the tubing. After CPB, femoral arterial 

pressure may more accurately reflect central aortic pressures,16 but this 

problem is usually resolved by the time the patient arrives in the ICU. 

If the radial artery is cannulated, the hand should be examined for 

signs of ischemia.17 Vascular complications of femoral arterial lines are 

extremely rare, but femoral catheters may be associated with an in-

creased incidence of infection.18

Central venous access is required in all patients for drug adminis-

tration and hemodynamic monitoring. In low-risk patients, a CVP 

catheter may be all that is needed, particularly if echocardiography is 

available as a backup. Pulmonary artery catheters have the advantage 

of allowing measurement of pulmonary artery occlusion pressure 

(PAOP), thermodilution, and CO, in addition to sampling of the 

mixed venous blood saturation (SvO2). Use of the pulmonary artery 

catheter remains controversial. Improved outcome resulting from the 

Intraoperative Event Sequelae Postoperative Manifestation

Hypotension on CPB Sympathetic hyperactivity Renin-angiotensin  

activation Cerebral and visceral hypoperfusion

Arrhythmias

Blood pressure lability

End-organ damage

Hypothermia Splanchnic vasoconstriction Impairment of  

coagulation cascade

Shivering

Sympathetic hyperactivity

Mesenteric and renal ischemia

Coagulopathy, hemorrhage

Increased O2 consumption, increased CO2 production

Arrhythmias

Blood pressure lability

Hypothermic circulatory arrest Cerebral ischemia

Somatic and spinal ischemia

Stroke

Encephalopathy

Paralysis

Kidney injury

Mesenteric ischemia

Myonecrosis

Reaction to protamine Anaphylactoid generalized reaction 

Noncardiogenic pulmonary edema

Hypotension

Bronchoconstriction Hyperinflation of the lungs  

Pulmonary hypertension
Coronary air embolism Coronary ischemia Myocardial injury and dysfunction

TABLE 144.2 Clinical Sequelae of Cardiopulmonary Bypass—cont’d

Modified from Stephens RS, Whitman GJ. Postoperative critical care of the adult cardiac surgical patient. Part I: Routine postoperative care. Crit 

Care Med. 2015;43(7):1477–1479.

CPB, Cardiopulmonary bypass.
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use of a pulmonary artery catheter for monitoring cardiac surgical 

patients has not been demonstrated.19 Some studies showed an in-

creased risk of death or adverse outcome when treatment was guided 

by the use of a pulmonary artery catheter.20,21 However, many of these 

studies have been criticized on methodologic grounds, and the use of 

a catheter in cardiac surgery remains widespread.22 Current guidelines 

recommend the use of a pulmonary artery catheter in high-risk pa-

tients undergoing surgery (severely decreased left ventricular [LV] 

function [ejection fraction ,30%], right ventricular [RV] failure, pul-

monary hypertension, severe renal insufficiency, or thoracic transplan-

tation) in an appropriate practice setting.23 Such a setting is the one in 

which the physician and nursing staff are familiar with the catheter 

and trained to properly interpret the information obtained. If echocar-

diography is readily available, it is possible to manage even high-risk 

patients using a CVP catheter.

Electrocardiography
On admission to the ICU, the patient is connected to a continuous 

ECG monitor, and a formal 12-lead ECG is obtained. The cardiogram 

is examined for rate, rhythm, QRS complex morphology, and signs of 

myocardial ischemia. For patients who are being paced postoperatively, 

the type of pacing and the degree of capture should be assessed.

Continuous ECG monitoring allows detection of arrhythmias. If an 

arrhythmia is detected, a 12-lead ECG should be obtained and serum 

electrolyte concentrations should be measured. Treatment of arrhyth-

mias should be carried out using established protocols.24 If a malig-

nant arrhythmia occurs, myocardial ischemia should be considered as 

a possible precipitating cause.

Monitoring of trends in ST-segment elevation or depression allows 

early detection of postoperative myocardial ischemia. Although tran-

sient ST-segment changes are relatively common and of unclear sig-

nificance, persistent changes should be investigated by obtaining a 

12-lead ECG and measuring circulating levels of creatine kinase myo-

cardial band (CK-MB), troponin-T, or troponin-I.25,26 If ischemia is 

strongly suspected, echocardiography followed by coronary angiogra-

phy should be considered. Findings from these studies may indicate 

the need for further coronary revascularization.

Chest Radiography
The postoperative chest radiograph should be systematically evalu-

ated. Proper placement of the endotracheal tube and any central 

lines inserted should be confirmed. If a pulmonary artery catheter is 

placed, the location of its tip should be noted and adjusted as 

needed. The lung fields should be examined for the presence of 

pneumothorax (PTX) or consolidation. Additional air may be noted 

as subcutaneous emphysema or pneumopericardium, although 

these findings are of little clinical significance. Further examination 

of the lung fields commonly shows small areas of atelectasis and 

pleural effusion. The cardiac silhouette is often enlarged after sur-

gery as a result of myocardial edema and accumulation of fluid in 

the open pericardial sac. Increasing size of the cardiac silhouette or 

pleural effusions on serial chest radiographs may be evidence of 

ongoing mediastinal bleeding. The admission radiograph detects 

abnormalities in up to 35% of patients, although few of these result 

in a change in therapy.27

Echocardiography in the Intensive Care Unit
Echocardiography is an excellent tool for evaluating chamber size and 

function and the adequacy of valve repair or replacement. Indications 

include postoperative assessment of LV function, assessment of  

unexplained sudden hemodynamic deterioration, evaluation to rule 

out pericardial tamponade, and workup of new cardiac ischemia. 

Limitations to transthoracic echocardiography include inadequate 

windows early after operation because of air and edema in the soft tis-

sues and wound dressings.

TEE is increasingly being used as a tool to facilitate decision making 

in managing critically ill patients, including cardiac surgical patients. In 

the cardiac surgical ICU, this modality may have a particularly high 

yield when used to establish the cause of postoperative hypotension.28 

In one large series, a new diagnosis was established or an important 

pathology was excluded in 45% of TEE examinations performed in the 

ICU. Pericardial tamponade was diagnosed in 34 cases (11%) and ex-

cluded in 36 cases (12%). Other diagnoses included severe LV failure 

and the presence of large pleural effusions. The results of TEE had an 

impact on therapy in 220 cases (73%) by leading to a change of phar-

macologic treatment and/or fluid administration, reoperation, or a 

decision that reoperation was unnecessary.29

However, the early postoperative period after cardiac surgery pres-

ents unique challenges to image optimization because of mechanical 

ventilation and surgical dressings and drains and to image interpreta-

tion because of diagnostic findings unusual in other clinical settings.

Pericardial hematoma can cause focal cardiac chamber compres-

sion; thus every cardiac chamber must be clearly visualized. Rarely, 

massive hemothorax can cause tamponade. Dynamic left ventricular 

outflow tract (LVOT) obstruction should be suspected in the patient 

with mitral valve repair, hypertrophic left ventricle, or aortic valve re-

placement for aortic stenosis who develops shock that fails to respond 

to catecholamines or intraaortic balloon counterpulsation.

Echocardiography in these patients demonstrates a high LVOT flow 

velocity and mitral regurgitation. RV dysfunction may occur in isola-

tion because of inadequate intraoperative cardioplegia. Increased in-

trathoracic pressure may present with hemodynamic features similar 

to pericardial tamponade, but should be recognized from assessment 

of ventilation. On echocardiography there are features of acute cor 

pulmonale. Patient prosthesis mismatch results in a high transvalvular 

pressure gradient and difficultly weaning from mechanical ventilation. 

Other causes of prosthetic valve dysfunction (e.g., leaflet entrapment 

or paravalvular leak) warrant expert and TEE evaluation.

CLINICAL MANIFESTATIONS IN THE  
POSTBYPASS PERIOD

The Normal Course
Patients are typically admitted to the ICU intubated and ventilated. 

Sedation with a short-acting agent, typically propofol, is continued 

until the patient is ready for extubation.30,31

Hypothermia (,36°C) is used intraoperatively to preserve cardiac 

and neurologic function postoperatively. Unfortunately, hypothermia 

carries the risk of adverse effects, including increased SVR, increased 

risk of arrhythmias, shivering, and coagulopathy. Shivering is of par-

ticular concern, as it increases oxygen (O2) consumption while also 

increasing carbon dioxide (CO2) production, sometimes precipitating 

acidosis. Pethidine and dexmedetomidine have been shown to treat 

shivering.32,33 The increase in SVR can mask hypovolemia and increase 

afterload, which increases myocardial demand. The dangerous combi-

nation of increased SVR and coagulopathy can also lead to mediastinal 

bleeding. Without active rewarming with forced air, hypothermia and 

its complications, particularly the prolongation of anesthetic time 

half-life, can also prolong intubation times. There is evidence that the 

risk of wound infection also increases with hypothermia as well, likely 

owing to the immunosuppressive effects of hypothermia. Therefore 

upon arrival to the ICU, steps should be taken to increase core body 

temperature to normal using forced air, as that has been shown to be 
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more effective at expeditiously increasing core body temperature than 

radiant heaters or warming blankets.

Once hemodynamic stability is ascertained and chest tube drainage 

is judged to be under control, the patient is allowed to awaken. There 

is no need for prolonged weaning from mechanical ventilation. A short 

trial of spontaneous ventilation is sufficient to determine whether 

respiration will be adequate without mechanical support. Chest tubes 

are commonly removed on the first postoperative day. The pulmonary 

artery catheter, if present, is discontinued, and the patient may be 

transferred to a step-down unit.

The current trend in cardiothoracic surgery is toward early extuba-

tion, variably described as extubation within 6 hours or up to 12 hours. 

Extubation criteria may differ among cardiothoracic groups, but, at a 

minimum, patients should be awake with stimulation and following 

commands, moving all extremities (i.e., without neuromuscular block-

ade), minimal chest tube drainage (,50 or 100 mL/hr), core tempera-

ture above 35.5°C, hemodynamically stable with a CO .2.2 L/min per 

meter squared, free of arrhythmias, with ventilator stability with respi-

ratory rate between 12 and 30 breaths/min, and reassuring arterial 

blood gas (ABG) levels.

Fast-tracking of cardiac surgical patients refers to a comprehensive 

program designed to reduce both length of stay and hospital costs.34,35 

As a part of this program, multiple anesthetic techniques designed to 

allow earlier postoperative extubation have been proposed, studied, 

and shown to be safe. The key to proper use of this technique is patient 

selection. Patients who are at risk of prolonged intubation are those 

with increasing age, chronic obstructive pulmonary disease, tobacco 

use, chronic kidney disease, peripheral vascular disease, depressed LV 

fraction (ejection fraction ,30%), myocardial infarction within the 

past 90 days, preoperative ventilation, prior cardiac surgery, or urgent 

or emergent surgery. Intraoperative risk factors also exist, such as deep 

hypothermic circulatory arrest, coagulopathy, and long pump runs 

(.4 hours). Postoperatively, mediastinal bleeding, hemodynamic in-

stability, respiratory failure, and stroke are the major risk factors for 

prolonged intubation. It is estimated that about 5%–10% of patients 

are unable to be extubated early and remain intubated for 48 hours or 

longer.36 The fast-track group has been shown to have shorter extuba-

tion times, shorter ICU or postanesthesia care unit stays, and a lower 

incidence of low CO syndrome.31

Low Cardiac Output Syndrome
Low CO is the most common problem encountered in the postopera-

tive cardiac surgical patient. A hallmark of low CO is low blood pres-

sure. However, a patient may have a low CO with tissue hypoperfusion 

and still maintain what appears to be an adequate blood pressure. In the 

postoperative state, the physician must continuously examine and 

monitor the patient for signs of hypoperfusion. Physical signs of inad-

equate tissue perfusion include altered mental status; cool, pale, or even 

cyanotic extremities; diaphoresis; and low urine output. Global mea-

sures of hypoperfusion include increased base deficit, elevated blood 

lactate concentration, and decreased SvO2. Although the clinician must 

consider CO in terms of adequacy of perfusion, blood pressure per se is 

still important. Both the brain and kidneys depend on adequate blood 

pressure to maintain tissue perfusion. Additionally, coronary artery 

blood flow is dependent on the diastolic blood pressure.

When assessing a patient with hypotension or signs of hypoperfu-

sion, it is useful to consider the problem in relation to the components 

of CO—namely, preload, contractility, afterload, and rate and rhythm.

Preload

Preload refers to the stretch of the left ventricle at the end of diastole 

and is determined by the extent of diastolic ventricular filling. Adequate 

filling is required to ensure ejection in the subsequent systole. The most 

common cause of inadequate preload in postoperative patients is hypo-

volemia. Intravascular volume status should be continually monitored 

by assessing changes over time with respect to physical examination, 

chest tube output, and filling pressures (CVP, PAOP, or pulmonary ar-

tery diastolic pressure). Because none of the clinically measured filling 

pressures correlates perfectly with actual ventricular preload (i.e., end-

diastolic volume) and correlation is particularly poor when the heart is 

diseased, it is often useful to obtain a snapshot of ventricular filling us-

ing echocardiography. By this means, it is possible to assess the relation-

ship between measured filling pressures and actual preload in a specific 

patient. Preoperative catheterization data may also be helpful for deter-

mining this relationship. Hypovolemia should be treated with fluid re-

placement. Crystalloids are generally used. Surprisingly, there is no 

generally accepted hemoglobin concentration or hematocrit that 

should be used as a trigger for ordering transfusion of packed red blood 

cells (PRBCs).37

Dynamic approaches to assessing preload, such as respiratory arte-

rial pulse pressure variation (PPV) and stroke volume variation (SVV, 

based on pulse contour analysis), using an approximate threshold 

value of more than 11% to indicate a volume deficit, may be more ac-

curate in predicting fluid responsiveness.38 However, these techniques 

require controlled mechanical ventilation, the absence of spontaneous 

breathing, and normal cardiac rhythm; they are inaccurate in patients 

with open chests.39 The use of lower tidal volumes (,8 mL/kg) may 

limit the accuracy of PPV and SVV.40 Ultrasound measurement of in-

ferior vena cava diameter does not appear to be useful after cardiac 

surgery.41

Fluids and Fluid Therapy

Despite generous intraoperative fluid administration, effective hypovo-

lemia is common in the early postoperative period, especially as warm-

ing with associated vasodilatation occurs. Hence administration of in-

travenous fluid is common. However, no benefit for any specific 

resuscitation fluid has been established, and an excessively positive fluid 

balance may increase perioperative complications. More recently, use of 

small-volume resuscitation with hyperoncotic albumin, when com-

pared with crystalloid fluid, has resulted in less positive fluid balance 

and provides several hemodynamic and potential ICU treatment ad-

vantages in post–cardiac surgery patients.42 In some cases, low preload 

is not caused by absolute hypovolemia, but by relative or distributional 

hypovolemia. CPB and subsequent rewarming may lead to vasodilata-

tion and subsequent hypotension. Intravascular volume expansion may 

be required to maintain perfusion. An acceptable alternative is admin-

istration of a low dose of vasopressor such as phenylephrine or norepi-

nephrine to maintain an adequate perfusion pressure. Vasopressin in 

doses between 0.01 and 0.1 units/min has been demonstrated to be ef-

fective in this situation.43,44 Vasodilatation is usually a transient problem 

that resolves during the first several hours after separation from CPB. 

Continued vasodilatation after this period should prompt a search for 

another cause, particularly infection.

Pump Failure

Either or both ventricles may fail postoperatively (Box 144.1). Decreased 

myocardial contractility may be caused by impaired preoperative func-

tion, inadequate revascularization at surgery, post-CPB reperfusion in-

jury, or perioperative myocardial ischemia or myocardial infarction 

(MI). The incidence of infarction is approximately 5% in a large series.45 

Preoperative myocardial function and the adequacy of revascularization 

at surgery should be clear from the history. Determination of circulating 

levels of CK-MB or troponin postoperatively may provide evidence of 

perioperative ischemia or infarction.25,26 Often, diminished contractility 
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after operation is caused by inadequate myocardial protection dur-

ing surgery. Decreased myocardial contractility secondary to inade-

quate myocardial protection usually resolves within the first 24 hours 

postoperatively.

Persistent new myocardial dysfunction associated with ECG 

changes and echocardiographic evidence of new wall-motion abnor-

malities should raise suspicion that the problem is an occluded graft 

and MI. Measurements of CK-MB in serum are of limited usefulness 

because levels of this enzyme are commonly elevated after surgery as a 

result of manipulation of the heart and incision of the atria. If CK-MB 

levels are very high (.80 mg/dL), perioperative MI is likely.46 Cardiac 

troponins are more specific for diagnosing perioperative infarction. A 

comparison of CK-MB, troponin-T, and troponin-I showed that a 

troponin-I level of greater than 5 mg/L was the most accurate indicator 

of MI.47 Elevated serum concentrations of troponin-I are associated 

with a cardiac cause of death and major postoperative complications.48 

In addition, troponin-T concentrations measured after surgery are an 

independent predictor of in-hospital death after cardiac surgery.26 If 

ischemia or MI is diagnosed, the patient may be taken urgently for 

angiography or re-exploration and revascularization.

Postoperative valvular insufficiency may occur not only in patients 

with preexisting valvular lesions but also as a result of injury during 

surgery. The mitral valve is most commonly affected. Ischemia of the 

papillary muscles because of inadequate myocardial protection or 

perioperative MI may lead to acute mitral regurgitation in the postop-

erative period. Diagnosis is often made by TEE in the OR, but inade-

quate CO and a new systolic murmur should prompt echocardio-

graphic evaluation.

Myocardial Dysfunction After Cardiopulmonary Bypass

A temporary impairment in contractility is seen after CPB. There are 

multiple theories to explain this, but the concept of myocardial stun-

ning seems to be the prevailing thought at this time. The inflammatory 

state induced during heart surgery may also play a role in this impair-

ment in contractility seen after the myocardium is reperfused. This is 

a transient phenomenon and resolves within 24–48 hours. Manage-

ment of these patients includes inotropic support and management of 

the volume overload that was related to the vasodilatation and capil-

lary leak seen and addressed intraoperatively.

Right Ventricular Dysfunction

RV failure after cardiac surgery is reasonably common. Common etio-

logic factors include direct RV ischemia or infarction, poor myocardial 

protection, an anteriorly placed right ventricle, and preexisting pulmo-

nary hypertension. Management of RV dysfunction is challenging, and 

management involves careful volume resuscitation, maintenance of 

RV perfusion pressure with vasoconstrictors, intraaortic balloon coun-

terpulsation, and inotrope administration. RV afterload reduction is 

an integral part of this, and useful afterload-reducing agents include 

nitric oxide, prostaglandins, and sildenafil. Delayed sternal closure has 

an established role.

Postoperative diastolic dysfunction must also be taken into consid-

eration. Impaired relaxation of the left ventricle is particularly common 

in the elderly and in patients with significant LV hypertrophy. Postisch-

emic injury and myocardial stunning related to CPB may exacerbate  

the problem. These patients will require a higher left ventricular end-

diastolic pressure (LVEDP) to maintain an adequate postoperative 

preload. Progressive impairment in diastolic function is a hallmark of 

aging, even in patients with apparently normal systolic function and 

without hypertrophy of the left ventricle. On a structural level, aging 

results in a decreased number of ventricular myocytes and an increase 

in the amount of connective tissue matrix. The result is a stiffer, less 

compliant ventricle. The degree of diastolic dysfunction in a given pa-

tient may be demonstrated through the use of various echocardio-

graphic techniques. Patients with diastolic dysfunction may demon-

strate increased sensitivity to changes in loading conditions, making 

them less able to tolerate rapid volume shifts. Nevertheless, their ven-

tricle will be intensely dependent on preload to maintain filling. Posi-

tive lusitropic agents such as milrinone may be of benefit in the imme-

diate postbypass period.49

Rate and Rhythm

CO is the product of heart rate and stroke volume. Many dysrhythmias 

may adversely affect CO. If the heart rate is too low, CO may be com-

promised. If the heart rate is too fast, ventricular diastolic filling may 

be impaired, thus decreasing CO. Rhythm disturbances are common 

after cardiac surgery and may be divided into bradyarrhythmias and 

tachyarrhythmias; these categories are further divided into atrial and 

ventricular arrhythmias.

Bradycardia may lead to ventricular distention, increasing wall 

tension and decreasing coronary perfusion pressure, factors that may 

promote the development of ischemia and heart failure. A heart rate 

of 80–90 appears to be optimal, allowing adequate filling and pre-

venting overdistention but not causing rate-related ischemia. Brady-

cardia may be corrected by pacing. In general, epicardial pacing wires 

are left in place after chest closure and are attached to an external 

pacemaker in the immediate postoperative period. If the dysrhyth-

mia is sinus bradycardia, atrial pacing is usually optimal. The second 

most common cause of bradyarrhythmia after cardiac surgery is 

atrioventricular dissociation. The combination of atrial and ventric-

ular leads allows atrioventricular pacing for managing dissociation. 

BOX 144.1 Causes of Pump Failure After 
Cardiac Surgery

Ischemic-Mediated

• ST-elevated myocardial infarction

• LIMA spasm

• Failed/inadequate cardioplegic protection

• Graft twisting

• Graft air embolism

• Complications from myocardial infarction

Ventricular septal rupture

Free wall rupture

Papillary muscle rupture and mitral regurgitation

Cardiomyopathy

• Acute myocarditis

• Takotsubo

• Hypertrophic/obstructive

Valvular

• Aortic stenosis

• Mitral regurgitation

• Left ventricular outflow tract obstruction

• Paravalvular leak

Endocrine

• Adrenal insufficiency

• Hypothyroid/myxedema

Right Ventricular Failure

• Myocardial dysfunction after cardiopulmonary bypass

LIMA, Left internal mammary artery.
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Synchronization of the atrioventricular interval between 0.1 and 

0.225 seconds optimizes CO.50

Afib is the most common tachyarrhythmia. It occurs in 10%–35% 

of patients after cardiac surgery, usually on the second or third postop-

erative day. Postoperative Afib is associated with increased morbidity 

and mortality and with longer, more expensive hospital stays.51 Inde-

pendent predictors of postoperative Afib include advanced age, male 

sex, history of Afib, history of congestive heart failure (CHF), and pre-

CPB heart rate greater than 100 beats/min.52 Surgical practices such as 

pulmonary vein venting, bicaval venous cannulation, postoperative 

atrial pacing, and longer cross-clamp times also were identified as inde-

pendent predictors of postoperative Afib. Patients who developed post-

operative Afib had longer lengths of stay, both in the ICU and in the 

ward, compared with patients who did not develop the complication.

Although premature ventricular contractions are common, sus-

tained ventricular arrhythmias are far less frequent. Severe ventricular 

arrhythmias occurring after cardiac surgery are related to ischemia, 

hypoxemia, hypovolemia, electrolyte abnormalities, effects of vasoac-

tive drugs, or underlying preexisting cardiomyopathy.53 In a series of 

2100 cardiac operations, only 16 patients (0.8%) developed ventricular 

fibrillation or sustained ventricular tachycardia during an interval 

from 3 days to 3 weeks after surgery. Ten of these patients had under-

gone valve surgery.54 Prognosis in these patients is dependent on the 

preoperative ventricular prognosis. In those with an LV ejection frac-

tion of less than 40%, the mortality rate may be as high as 75%.55 

Hypomagnesaemia and hypokalemia are frequent in the early postop-

erative stage and are exacerbated by polyuria. It is generally considered 

that levels should be maintained in the high-normal range.

Clinical and laboratory assessment of perfusion is still the corner-

stone of managing these patients. A physical examination demonstrating 

warm extremities with strong pulses and good urine output is reassuring 

for adequate perfusion but should be supplemented by objective data. 

Lactate is an extremely sensitive marker of impaired perfusion, and even 

minimally elevated levels can identify patients with occult hypoperfu-

sion. Higher lactate levels (.3–4 mmol/L) and slow lactate clearance 

accurately predict major complications after cardiac surgery.56

Afterload

Ventricular afterload is the impedance to ventricular ejection during 

systole. Hypertension develops in as many as 60% of patients after sur-

gery. Increased arterial blood pressure occurs even among patients 

without a preoperative history of hypertension. Predisposing factors 

include hypoxemia, hypercapnia, inadequate rewarming, pain, fluid 

overload, and increased sympathetic tone. Perioperative discontinuation 

of beta-adrenergic blockers also may contribute to the development of 

postoperative hypertension. Hypertension and increased afterload may 

lead to myocardial ischemia by augmenting ventricular stroke work.  

Additionally, hypertension may lead to bleeding from surgical sites,  

aortic dissection, and increased risk of stroke.

Tamponade

Tamponade refers to the hemodynamic consequences of a collection of 

blood or other fluid in the pericardial sac. In postsurgical patients, the 

presentation of tamponade may be subtle and differ significantly from 

classic descriptions. Equilibration of filling pressures typically is not 

seen. More commonly, patients present with isolated elevation of right 

atrial pressure caused by compression of the right atrium and superior 

vena cava. After cardiac surgery, as many as 66% of pericardial fluid 

collections are loculated posterior effusions.57

Bleeding from the atrial cannulation site is a common cause of 

tamponade. As the pressure on the right atrium increases, ventricular 

filling is impaired and CO decreases. The diagnosis of tamponade is 

made difficult by the high overall frequency of pericardial effusions 

after surgery. Echocardiographic studies have shown that moderate 

effusions are present in 30% of patients on the eighth postoperative 

day, with 2% of patients having large effusions.58

Diagnosing tamponade in the postoperative patient requires a high 

index of suspicion and prompt intervention. Any hemodynamic insta-

bility should be assessed for tamponade. Low CO, hypotension, and 

tachycardia accompanied by an elevation of the left, right, or both 

atrial pressures should lead to a prompt echocardiogram. Other signs 

that may be present include a widened mediastinum on chest radiog-

raphy, dysrhythmias, and decreased ECG voltage. Because of the influ-

ence of positive-pressure ventilation, the classic sign of pulsus para-

doxus may not be present.

If time permits, the diagnosis of tamponade may be confirmed 

with the use of echocardiography. Although effusions are common, 

signs of compression or collapse of either atrium or the right ventricle 

are diagnostic.59–61 It is important to remember that the diagnosis may 

be made on clinical suspicion alone and that treatment should not be 

withheld to await confirmation. Once tamponade is diagnosed, vol-

ume transfusion may temporize the situation. Pericardiocentesis is not 

effective in this situation, and prompt re-exploration for hemostasis 

and evacuation of a clot is indicated.

Respiratory Complications
Patients undergoing cardiac surgery are at risk for multiple pulmonary 

complications. These include PTX and pleural effusion in the immedi-

ate postoperative period. After the first 24 hours, patients sometimes 

develop acute lung injury (ALI), ARDS, or pneumonia. Diaphragmatic 

dysfunction secondary to phrenic nerve injury may occur.

Residual PTX is often seen on the initial postoperative chest radio-

graph and is commonly on the left side as a result of opening the left 

parietal pleura during dissection of the left internal mammary artery 

(LIMA). The PTX usually resolves spontaneously as the chest tubes are 

placed on suction. Occasionally, a PTX is seen on the right side as a 

result of accidental incision of the right parietal pleura. Right PTX may 

progress to tension PTX and significant hemodynamic deterioration. 

This diagnosis should be considered in any unstable patient. Treatment 

consists of insertion of an additional chest tube.

Pleural effusion in the first 24 hours after cardiac surgery should 

raise the suspicion of hemothorax. Effusions should be watched 

carefully for expansion and correlated with other signs and symp-

toms of continued bleeding. Massive, expanding hemothorax is an 

indication for immediate re-exploration and hemostasis. Pleural ef-

fusion after the first 24 hours is generally a benign process. Most 

pleural effusions resolve spontaneously. Thoracocentesis should be 

performed only if the effusion occupies more than 50% of the lung 

field on radiography or if the patient has significant impairment of 

respiratory function.

Atelectasis, especially of the left lower lobe, remains an important 

problem in the management of cardiac surgery patients. There have 

been many improvements in surgical techniques, but entering the 

thoracic cavity and pleura irritation from chest tubes can be painful. 

Adequate analgesia and incentive spirometry are mainstays in the 

management in the first 24–48 hours. Volume overload can lead to 

hypoexpansion, especially in the lung bases. Earlier mobilization helps, 

but it also leads to increased blood flow in the bases, which may in-

crease hypoxemia by shunting. Patients can develop fever, impaired gas 

exchange, and if not addressed, postoperative pneumonia in the areas 

of atelectasis. Treatment is best begun proactively. Correction of vol-

ume overload, pain management, early mobilization, incentive spi-

rometry, and aggressive pulmonary toilet with noninvasive positive 

pressure may also be beneficial. Continuous positive airway pressure 

  

 



1153CHAPTER 144 Management of the Postoperative Cardiac Surgical Patient

and high-flow nasal oxygen are some of the modalities that may be 

used by respiratory therapy to help avoid reintubation.

Cardiac surgery is associated with surfactant dysfunction62; how-

ever, ALI and ARDS are rare (,0.5%) complications after cardiac 

surgery, CPB, and blood transfusion. The mortality rate associated 

with this complication ranges between 15% and 70%.63 During the 

postoperative period, patients with ARDS were more likely to have 

had prior cardiac surgery or received more blood products and de-

veloped shock more frequently than patients without ARDS.64 

Transfusion-related lung injury (TRALI) is a common cause of 

morbidity or mortality related to the administration of blood prod-

ucts.65 The current hypothesis is that there is a “two-hit phenome-

non.” The first insult is that the patient is in a heightened inflamma-

tory state. This sensitizes the individual for the second “hit,” which 

is the transfusion with blood products that further activates or en-

hances the proinflammatory state.66 CPB provides the first hit with 

overall activation of the immune system. The intraoperative or post-

operative need for transfusion is the second insult. Treatment of 

TRALI is supportive. The principles that apply to ALI are used in 

this disorder. Volume restriction and low tidal volume ventilation 

are mainstays of therapy.

Nosocomial pneumonia may complicate any ICU stay. Patients 

who require mechanical ventilation for longer than 48 hours are at 

particular risk. These pneumonias are usually caused by aspiration 

of oral or gastric secretions into the lungs. The incidence of nosoco-

mial pneumonia may be reduced by diligent mouth care to prevent 

pooling of secretions and elevation of the head of the bed to greater 

than 30 degrees. Nosocomial pneumonia carries a mortality rate of 

24%–50% and warrants appropriate broad-spectrum antimicrobial 

therapy.67 Early broad-spectrum antibiotics (based on the cardiac 

ICU–specific antibiogram) should be initiated and then deescalated 

once the results of quantitative cultures are available.

Diaphragmatic dysfunction is usually caused by a cold-induced 

injury of the phrenic nerve as a result of the application of ice slush to 

the heart as part of the cardioplegia regimen. This complication occurs 

in up to 2% of patients undergoing cardiac surgery with topical hypo-

thermia.68,69 While the patient is being ventilated with positive pres-

sure, this injury will not be apparent. If preoperative pulmonary func-

tion was normal, unilateral diaphragmatic paralysis usually is well 

tolerated. Pulmonary function may be severely compromised if pul-

monary problems were present preoperatively or if bilateral diaphrag-

matic injury occurs.70 Such patients are at an increased risk of develop-

ing nosocomial pneumonia, failing to wean from the ventilator, and 

succumbing to death. Bedside ultrasound has been used as a diagnostic 

tool for both unilateral and bilateral dysfunction and can also be used 

to monitor recovery of the paralyzed diaphragm. Diaphragmatic dys-

function usually resolves spontaneously within 3–4 months.

The risk of deep vein thrombosis (DVT) and pulmonary embolism 

(PE) is increased in individuals with immobility, delayed recovery, or 

CHF. The risk may be accentuated in this group by prior history of 

DVT/PE, recent MI, obesity, hyperlipidemia, and heparin-induced 

thrombocytopenia (HIT). Given the high risk of DVT in patients un-

dergoing cardiac surgery, the actual incidence of PE is low, and fatal PE 

is negligible. Even though these rates are lower than other major surgi-

cal specialties, this should not be an argument against DVT prophy-

laxis. Strong consideration should be given to prophylaxis in the first 

48 hours postoperatively. Sequential decompression devices have been 

used in patients who remain intubated in the ICU, but are not recom-

mended as routine primary prophylaxis after cardiac surgery. There 

has been no evidence that prophylactic dosing of anticoagulants leads 

to increased bleeding in routine postoperative cardiac surgical patients 

if initiated after 48 hours.

Continued Bleeding
Continued bleeding is a common problem and requires immediate 

and aggressive management before the onset of further complications. 

The reasons for continued bleeding are often multifactorial and in-

clude inadequate surgical hemostasis, platelet dysfunction, coagulopa-

thy, and inadequate heparin reversal. Often these factors occur in 

combination, and patients undergoing valve replacement are at an in-

creased risk.71

Multiple clotting abnormalities are possible, most of which result 

either directly or indirectly from the use of CPB.72 The tubing, blood 

reservoir, and oxygenator membrane are all foreign surfaces that may 

activate the clotting cascade. Because the pump must be primed with 

either normal saline or lactated Ringer’s solution, the priming process 

leads to substantial dilution of all blood components, including red 

blood cells, platelets, and clotting factors. After CPB, the platelet count 

is decreased and the remaining platelets are functionally deranged.73,74 

There is sequestration of platelets in the liver, spleen, and CPB circuit 

itself. Systemic fibrinolysis caused by activation of this system by the 

CPB circuit occurs.

Inadequate reversal of heparin should be diagnosed at the bedside 

by the activated coagulation test (ACT) or by measuring the activated 

partial thromboplastin time (APTT). Because the half-life of heparin 

is longer than that of protamine, heparin-induced anticoagulation 

may rebound in the immediate postoperative period. The treatment is 

administration of additional protamine.

Currently the most accurate and effective measure of bleeding is 

obtained using a thromboelastogram (TEG). The drawback of even 

the rapid TEG is that the results take some time. However, it remains 

the most specific test to identify coagulopathies so that they can be 

identified and treated in a more targeted manner.75 In the absence of a 

TEG, complete blood cell count, calcium levels, full metabolic panel 

(to evaluate uremia and hepatic function), prothrombin time, interna-

tional normalized ratio, and fibrinogen levels can all be useful in iden-

tifying sources of bleeding requiring correction.

Renal Dysfunction
Mild renal dysfunction is a common postoperative event (7%),76 with ap-

proximately 1% of patients diagnosed with acute renal failure (ARF) re-

quiring renal replacement therapy. These patients have increased morbid-

ity and mortality with prolonged ICU length of stay as much as fivefold.76

A multicenter study of 2222 patients undergoing CABG identified 

five independent preoperative predictors of renal dysfunction: age 

70–79 years or 80–95 years, CHF, previous myocardial revasculariza-

tion, type 1 diabetes mellitus (DM) or preoperative serum glucose 

levels exceeding 300 mg/dL, and preoperative serum creatinine levels 

of 1.4–2.0 mg/dL. Independent perioperative factors that exacerbated 

risk were CPB lasting 3 hours or longer and various measures of ven-

tricular dysfunction.76

Renal dysfunction tends to follow one of the three main patterns.77 

Abbreviated ARF (creatinine peaks on postoperative day 4) is a tran-

sient event, most probably related to intraoperative renal ischemia. 

Overt ARF (creatinine peaks at a higher level than abbreviated ARF 

and then decreases over weeks) occurs when the duration of the pre-

disposing insult, usually low CO, is longer. Protracted ARF (frequently 

irreversible renal failure) occurs when a second insult, commonly sep-

sis or hypotension, is superimposed on the resolving renal function.

Neurologic Complications
Neurologic sequelae of CPB range from subtle neurocognitive deficits 

(appearing in up to 80% of patients) to stroke. To estimate the relative 

risks of neurologic sequelae associated with various clinical factors, a 

logistic regression model was applied to prospectively collected data 
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from 273 patients enrolled at 24 American medical centers.78 Adverse 

cerebral outcomes occurred in 16% of patients and were almost 

equally divided between type I (8.4%; 5 cerebral deaths, 16 nonfatal 

strokes, and 2 new transient ischemic attacks) and type II outcomes 

(7.3%; 17 new cases of intellectual deterioration persisting at hospital 

discharge and 3 cases of newly diagnosed seizure disorder). Resource 

use for these patients was significantly increased: median ICU stay was 

prolonged from 3 days to 6–8 days, and total duration of hospitaliza-

tion was increased by 50% (type II outcomes) to 100% (type I out-

comes). After discharge from the acute care setting, specialized care 

was required for 69% of the patients with adverse neurologic sequelae. 

Risk factors for type I outcomes related primarily to embolic phenom-

ena include proximal aortic atherosclerosis, intracardiac thrombus, 

and intermittent clamping of the aorta during surgery. Risk factors for 

type II outcomes included, in addition to these factors, a preoperative 

history of endocarditis, alcohol abuse, perioperative dysrhythmia, 

poorly controlled hypertension, and low CO after CPB.

Injury to the brachial plexus during cardiac surgery is not infre-

quent but is underdiagnosed and underreported because it is often 

transient.79 The mechanisms proposed for this injury are multiple. 

Hyperabduction of the arms, traction, and compression during sternal 

retraction and direct trauma owing to insertion of internal jugular 

lines have been postulated as possible mechanisms of injury. Harvest-

ing of the internal mammary artery with asymmetric sternal retraction 

has been reported to have a higher rate of plexopathy.

Postoperative delirium is a prevalent issue across all ICUs.80 Mul-

tiple factors contribute to this disorder. The aging population, disrup-

tion of sleep patterns, central nervous system (CNS) active medica-

tions, and loss of visual cues in unfamiliar surroundings are a few 

considerations that should be taken into account. Frequent reorienta-

tion, allowing for a more normal sleep-wake environment, and engag-

ing familiar people or family may be useful nonpharmacologic maneu-

vers. Patients may need sedation if they are a threat to themselves or 

others, but these agents should be avoided because they may be of 

transient benefit in the short term and worsen or prolonged the de-

lirium. The hyperadrenergic state that accompanies this delirium may 

be detrimental in the postoperative patient and should be treated with 

beta-blockers and other antihypertensives. Short-acting agents are 

preferred because as the delirium lifts, the adrenergic activation may 

resolve with resultant hypotension. Drug and alcohol withdrawal are 

important considerations and a frequently missed diagnosis in the 

ICU population with delirium. Finally, seizures are rare in the immedi-

ate postoperative period.81 Seizures in the postoperative population 

either herald an underlying, unrecognized neurologic defect or are 

related to drug withdrawal (therapeutic drugs, illicit drugs, or alcohol). 

On rare occasions, a global tonic-clonic seizure may develop in pa-

tients who are hypoglycemic or hypoperfused. After seizures are con-

trolled, a computed tomography (CT) scan of the brain should be 

performed to rule out CNS pathology. The next step would be an elec-

troencephalogram, as some anticonvulsants may be proconvulsants at 

elevated levels. Some cardiac medications, like lidocaine at toxic levels, 

may lower the seizure threshold. This can be seen in individuals with 

renal failure at normal dosing of lidocaine. Tranexamic acid has pro-

convulsant activity.82 This antifibrinolytic agent should be avoided in 

any individuals with a seizure disorder or in those who have exhibited 

seizures in the perioperative or postoperative period.

Gastrointestinal Complications
Acute abdominal complications are relatively rare after cardiac surgery. 

If they do occur, they are associated with extremely high rates of mor-

bidity and mortality. One prospective study of 1116 patients undergo-

ing CPB found that abdominal complications occurred in 23 (2.1%). 

Ten of these patients underwent subsequent abdominal surgery, and 

20 died. Early complications occurred on postoperative days 6 and 7 

and consisted of bowel ischemia or hepatic failure. These complica-

tions are probably related to perioperative hypotension and low CO.83 

Late complications consisted of pseudomembranous colitis, cholecys-

titis, pancreatitis, and rupture of a septic spleen.84

Mild transient increases in circulating levels of hepatocellular en-

zymes are common after surgery. These changes are generally of no 

consequence; however, increased serum transaminase levels, if sus-

tained or very high (e.g., serum alanine aminotransferase concentra-

tion .500 IU/L), may represent evidence of severe ischemic injury of 

the liver and carry a high risk of mortality. This complication is 

strongly associated with low CO and increased filling pressures, sug-

gesting that liver ischemia is induced by a combination of decreased 

perfusion and venous congestion.85

Infections
Sternal wound infections can be a late complication after surgery as-

sociated with significant morbidity. The risk factors associated with 

these infections are obesity, DM or perioperative hyperglycemia, mo-

bilization of bilateral internal mammary artery for grafting, prolonged 

duration of surgery (.5 hours), staple use for skin closure, obstructive 

airway disease, prior cardiac surgery, blood transfusion, and end-stage 

renal failure on dialysis.

MANAGEMENT OF COMMON  
POSTOPERATIVE PROBLEMS

Optimization of Cardiac Output
Treatment of hypotension and low CO must be tailored to the cause 

(Box 144.2). Again, it is useful to consider treatment in terms of 

BOX 144.2 Causes of Postoperative 
Hypotension

Hypovolemia

• Hemorrhage

• Vasodilation

• Rewarming

• Drugs: milrinone

• Sepsis

• Vasoplegia secondary to circulatory bypass

Low cardiac output

• Preload

• Hypovolemia, including hemorrhage

• Tamponade, pericardial constriction

• Left ventricular diastolic dysfunction

• Right ventricular failure

• Afterload

• Excessive vasoconstriction

• Aortic stenosis

• Functional left ventricular outlet obstruction

• Myocardial function

• Mechanical (ventricular septal defect, valve pathology)

• Diastolic dysfunction

• Cardiomyopathy

• Ischemia, postischemic stunning, LIMA spasm

• Graft air embolism

• Metabolic, electrolyte abnormalities, pharmacologic depression

LIMA, Left internal mammary artery.
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preload, contractility, afterload, and rate and rhythm. Inadequate fill-

ing pressures are treated with volume infusion. The intravascular vol-

ume expander may be a crystalloid solution, a colloid solution, or 

packed red blood cells if hematocrit is low or there is evidence of ongo-

ing bleeding. It is important to remember that inotropic therapy is 

ineffective and possibly detrimental if adequate blood volume is not 

restored.

If CO or blood pressure remains low despite intravascular volume 

resuscitation, then it is necessary to institute an inotropic or vaso-

pressor support. No single agent is optimal in all cases. Rather, selec-

tion of the agent should be based on the suspected cause of low CO 

or hypotension and knowledge of pharmacologic effects of the vari-

ous inotropic and vasopressor drugs that are available (Table 144.3). 

If the primary cause of hypotension appears to be vasodilatation, 

administration of a vasoconstrictor (e.g., phenylephrine, norepi-

nephrine, or vasopressin) is indicated. If hypotension is related to 

inadequate ventricular ejection, then inotropic therapy (e.g., epi-

nephrine, norepinephrine, dopamine, or dobutamine) with a beta-

adrenergic agent should be instituted. In patients with chronic sys-

tolic dysfunction, response to these agents may be impaired. 

Chronically elevated levels of circulating catecholamines deplete 

myocardial norepinephrine stores and down-regulate the expression 

of myocardial beta-adrenergic receptors. In these patients, tachyphy-

laxis to beta-adrenergic agonists may develop rapidly. Adding a 

phosphodiesterase inhibitor (e.g., amrinone or milrinone) is often 

effective in these patients.86,87 In all cases, agents should be titrated to 

achieve adequate end-organ perfusion.

Three recent large randomized controlled trials (RCTs)88–90 did not 

demonstrate any benefit of perioperative levosimendan, and a meta-

analysis of five low-risk-of-bias trials including 1910 patients showed 

no association between levosimendan use and mortality, acute kidney 

injury (AKI), need for renal replacement therapy, MI, or ventricular 

arrhythmias, but did show an association with a higher incidence of 

supraventricular arrhythmias.91

Mechanical Support of the Circulation
Failure to respond to appropriate vasopressor or inotropic therapy 

may necessitate mechanical support of the circulation. IABP is the 

most commonly used method. The balloon is positioned in the aorta 

just distal to the take-off of the left common carotid artery. Inflation 

of the balloon during diastole increases the diastolic pressure above 

the balloon, thereby increasing the coronary perfusion pressure. 

Conversely, deflation during systole decreases the LV afterload. This 

combination of hemodynamic effects ameliorates myocardial isch-

emia and improves CO. The common reasons for intraaortic balloon 

counterpulsation use in cardiac surgery are left main disease .70%, 

LV ejection fraction ,0.4, unstable angina, reoperation, and failure 

to wean from CPB.

Ventricular assist devices (VADs) are more effective than IABP for 

maintaining CO. Either the left ventricle or the right ventricle or both 

may be supported with VADs. Currently, VADs may be used either as a 

bridge to transplantation or as a bridge to recovery. Either situation 

assumes that the VAD is a time-limited intervention. There are some 

data to support the view that resting the heart through the use of a 

VAD may allow some recovery of acutely injured myocytes, permitting 

eventual withdrawal of mechanical support. If the heart is chronically 

diseased, there is little hope of recovery, and the VAD serves to support 

the patient until transplantation becomes possible.92–94

Ongoing clinical trials are investigating the use of VADs as defini-

tive therapy rather than as a bridge to transplantation. Implantation of 

these devices may increase the long-term survival of patients with end-

stage heart failure.95

Emergency Reoperation
Emergency re-sternotomy is indicated as part of resuscitation when 

hemodynamic stability cannot be rapidly re-established with conven-

tional means. Advantages compared with closed-chest resuscitation 

include establishment of the cause of instability, correction of the 

cause (e.g., tamponade, kinked graft), more effective cardiac massage, 

and direct establishment of atrial and ventricular pacing. Re-sternot-

omy also enables the re-establishment of CPB and regrafting or correc-

tion of mechanical abnormalities as required. Infectious complications 

of emergency re-sternotomy are probably increased, but the incidence 

is not prohibitive.

Cardiac arrest can occur as progression from refractory postop-

erative shock or as an unheralded event. Resuscitation protocols 

should be immediately initiated; however, the applicability of ad-

vanced cardiac life support protocols is limited in postoperative 

cardiac patients. Specific guidelines for the ICU resuscitation of post-

operative cardiac arrest, known as cardiac advanced life support, have 

been published.96 These include up to three immediate attempts at 

defibrillation of either ventricular fibrillation or ventricular tachy-

cardia. Timely defibrillation is critical. Similarly, epicardial pacing 

can be attempted for asystole or severe bradycardia if epicardial leads 

are in place. Attempts at defibrillation or pacing should take prece-

dence over chest compressions.

Management and Correction of Arrhythmias
Afib is the most commonly encountered arrhythmia after cardiac sur-

gery. Prophylactic use of beta-adrenergic blockers reduces the inci-

dence of postoperative Afib, and they should be administered after 

cardiac surgery to all patients unless specific contraindications are 

present.97 Prophylactic treatment with amiodarone and atrial over-

drive pacing should be considered for patients who are at high risk for 

postoperative Afib (e.g., those with a history of previous Afib or mitral 

valve surgery).98

If Afib develops after cardiac surgery, the intensivist needs to deter-

mine whether the primary strategy should be to control the ventricular 

rate or to restore normal sinus rhythm. If Afib is associated with hemo-

dynamic instability or anticoagulation is contraindicated, rhythm 

management using electrical cardioversion or amiodarone is pre-

ferred.99,100 Overdrive pacing using atrial pacing wires also may be ef-

fective. The appropriate strategy for most stable patients may be con-

trol of ventricular rate, because most will spontaneously revert to sinus 

rhythm within 8 weeks after discharge.101,102 Appropriate agents to 

achieve ventricular rate control include intravenous or oral beta- 

adrenergic blockers or calcium channel blockers. All patients with Afib 

Agent a1 b1 b2

Phosphodi-

esterase  

Inhibition

Dose  

(mcg/kg/min)

Epinephrine 11 111 1 2 0.01–0.15

Norepinephrine 1111 111 1 2 0.01–3

Dopamine 11 11 1 2 2–20

Dobutamine 1 111 1 2 2–20

Phenylephrine 111 2 2 2 0.4–9.1

Milrinone 2 2 2 111 0.375–0.75

TABLE 144.3 Comparison of Relative 
Activity of Available Vasoactive Agents

2, no activity; 1, mild activity; 11, moderate activity; 111, strong 

activity.
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persisting for longer than 24–48 hours should be anticoagulated unless 

there is a specific contraindication. Long-term outcomes are similar 

regardless of whether the rate-control strategy or the rhythm-control 

strategy is selected.103,104

Postoperative ventricular arrhythmias should be treated immedi-

ately according to the current advanced cardiac life support proto-

cols.24 Any postoperative ventricular arrhythmia should prompt a 

search for an underlying cause. Importantly, ischemia should be ruled 

out. Patients with sustained ventricular arrhythmias should undergo 

electrophysiologic testing before long-term antiarrhythmic therapy is 

instituted. The implantable cardioverter-defibrillator device has been 

shown to be superior to drug therapy for patients with hemodynami-

cally significant arrhythmias.105

Hypertension in the Postoperative Period
Hypertension leading to an increase in ventricular afterload is a com-

mon cause of decreased CO. Hypertension may be controlled by an 

intravenous infusion of sodium nitroprusside, nitroglycerin, beta-ad-

renergic antagonists, or calcium channel blockers. These agents should 

augment CO by reducing blood pressure and afterload in the hyper-

tensive patient. Frequently, acute hypertension resolves within 24–48 

hours postoperatively. If hypertension persists beyond this initial pe-

riod of recovery, intravenous agents should be weaned and oral ther-

apy initiated. Both beta-adrenergic blockers and angiotensin-convert-

ing enzyme inhibitors have been shown to confer a long-term 

mortality benefit and should be started. If hypertension was not a 

problem preoperatively, prolonged antihypertensive therapy postop-

eratively usually will not be necessary.

Correction of Coagulopathy
Postoperative coagulopathy may promote bleeding and accumula-

tion of blood in the chest or pericardial cavity. Aggressive measures 

must be used to correct the coagulopathy. A systemic approach to 

the evaluation and treatment of continued bleeding is needed; one 

such approach is outlined in Table 144.4. Hypothermia may con-

tribute to coagulopathy. Therefore profoundly hypothermic ICU 

patients must be actively rewarmed with the use of transcutaneous 

warming. Laboratory evaluation of suspected coagulopathy should 

include measurements of platelet count, prothrombin time (PT), 

APTT, ACT, and bleeding time. The use of TEG may be useful to 

guide component transfusion requirements.

Two RCTs have examined transfusion goals after cardiac surgery. In 

the Transfusion Requirements After Cardiac Surgery trial,107 502 pa-

tients were randomized to either a restrictive (maintain hematocrit 

$24%) or liberal (hematocrit $30%) transfusion strategy. There was 

no difference in mortality or major morbidity, and PRBC use was de-

creased by 60% by the restrictive strategy. The second trial is the Trans-

fusion Indication Threshold Reduction trial, which randomized 2003 

elective cardiac surgical patients to a restrictive (maintain hemoglobin 

$7.5 g/dL) or liberal (hemoglobin $9 g/dL) transfusion strategy.108 In 

this study, blood use was significantly decreased by nearly 40% in the 

restrictive group (53% of patients received a transfusion vs. 92% in the 

liberal group), and there was no difference between the groups in the 

study’s primary composite outcome of serious infection (sepsis or 

wound infection) or an ischemic event (permanent stroke [confirma-

tion on brain imaging and deficit in motor, sensory, or coordination 

functions], MI, infarction of the gut, or AKI) within 3 months after 

randomization.

Management of Postoperative Bleeding
Bleeding that continues after correcting coagulopathy needs to be 

treated aggressively. Venous bleeding in the chest may be partially con-

trolled by applying positive end-expiratory pressure (PEEP).109,110

Continuing mediastinal hemorrhage, or the suspicion of cardiac 

tamponade, is an indication for immediate re-exploration. Exsangui-

nating hemorrhage or impending arrest from tamponade may require 

that re-exploration be carried out at the bedside in an ICU. Bleeding 

that is unresponsive to medical therapy and requires re-exploration is 

usually associated with a surgical source. Accepted guidelines for reop-

eration include bleeding rates of 400 mL/hr for 1 hour, 300 mL/hr for 

2 hours, or 200 mL/hr for 3 hours. A sudden decrease or total cessation 

of drainage from mediastinal tubes may be equally ominous. Cessation 

of drainage from a mediastinal or chest tube may be caused by clotted 

blood occluding the tube. If bleeding persists but drainage ceases, the 

result may be tamponade.

Re-exploration is associated with increased morbidity and mortal-

ity. However, this increased mortality and morbidity may be partially 

explained by delays in the decision to re-explore that lead to avoidable 

open-chest resuscitations in the ICU.111,112

Management of Postoperative Renal Failure
The cornerstone of prevention and treatment of renal failure in the 

cardiac surgical patient is the maintenance of adequate renal perfu-

sion. This goal is best achieved by optimizing circulating blood volume 

and CO. Multiple pharmacologic regimens for renal protection have 

been described. Dopamine at low “renal” doses (1–3 mg/kg per 

minute) has been used. The rationale for this strategy is that dopamine 

activates type 1 dopaminergic (DA1) receptors, leading to renal artery 

dilation, natriuresis, and diuresis. However, numerous human studies 

have failed to show that low-dose dopamine prevents renal failure or 

improves survival.113 Even low doses of dopamine increase CO, and 

this may be the basis for any increase in urine output observed.114 

Fenoldopam115 and dopexamine116 are DA1 receptor antagonists that 

have also been proposed as renal protective agents and used with 

mixed success.117

Loop diuretics such as furosemide have been proposed as renal 

protective agents, not only because of their ability to produce diuresis 

and natriuresis but also because these drugs may reduce medullary 

tubular oxygen consumption. Mannitol, an osmotic diuretic, has been 

Coagulation 

Test Normal Range Suggested Treatment

Body temperature – If less than 35.5°C, the patient 

should be actively rewarmed.

PT 11–13.3 seconds Consider fresh frozen plasma or 

cryoprecipitate or prothrombin 

complex concentrate.

PTT 21–32 seconds Consider additional protamine.*

Platelets 140,000–440,000/mL If ,100,000, transfuse platelets.

Fibrinogen 150–360 mg/dL If ,100, transfuse cryoprecipi-

tate.

Bleeding time 2.5–9.5 min If prolonged and platelet count 

is normal, consider platelet 

dysfunction and treat with 

DDAVP and/or cryoprecipitate.

ACT 90–120 seconds Consider additional protamine.*

TABLE 144.4 Evaluation and Treatment of 
Postoperative Coagulopathy

ACT, Activated coagulation test; DDAVP, desmopressin acetate; PT, 

prothrombin time; PTT, partial thromboplastin time.

*Excessive protamine may itself cause bleeding.106
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used to prevent the development of ARF. Neither mannitol nor furose-

mide has been shown to improve outcomes in patients with ARF.76 

Indeed, these drugs may be deleterious because of their ability to pro-

mote diuresis and thus exacerbate hypovolemia and inadequate renal 

perfusion.

The failure of pharmacologic means of preventing and treating 

renal failure has led to interest in other methods. Early and intensive 

use of continuous venovenous hemofiltration achieved a better-than-

predicted outcome in patients with severe ARF who underwent cardiac 

operations.118

Glucose Control
Studies have shown that tight control of blood glucose level in the ICU 

is associated with an increase in morbidity and mortality. Hyperglyce-

mia and insulin resistance are common in critically ill patients, even 

those who have not previously had DM. Results of a prospective ran-

domized controlled study119 in which 6104 critically ill adult patients 

were randomly assigned to receive either intensive insulin therapy 

(maintaining blood glucose concentration between 80 and 108 mg/dL) 

or conventional treatment (infusing insulin to keep blood glucose level 

180 mg/dL or less) showed that, at 3 months, the intensive insulin 

therapy group had an increase in hypoglycemic episodes and ICU 

mortality.

OUTCOMES OF CARDIAC SURGERY

Increasingly, healthcare is being driven by outcome data. Cardiac sur-

gery has been one of the leading specialties in this field. It is difficult to 

assess results from crude mortality data, because these do not take into 

account case complexity and differing preoperative risks among pa-

tients. Crude comparisons of death rates may be misleading and may 

encourage surgeons to practice risk-averse behavior. Death rates 

should be stratified by risk. It is, however, possible to make some gen-

eralizations. Among low-risk patients undergoing CABG, mortality 

rates lower than 2% are achievable.120 Higher mortality rates are to be 

expected in selected subgroups of patients with major preoperative 

risk factors (e.g., poor ventricular function, advanced age, and comor-

bid conditions) or major operative risk factors (e.g., reoperative sur-

gery and complex operations). Euro SCORE II is the predominant 

preoperative cardiac surgical risk score, but this performs less well as 

an ICU score. The majority of ICU scoring systems are also not de-

signed with cardiac surgery patients in mind.

A prospective cohort of 27,239 consecutive patients undergoing 

isolated CABG was examined to determine the risk factors for hospi-

tal mortality. After adjustment for patient and disease characteristics, 

the following comorbid conditions were found to be related to post-

operative mortality: DM, vascular disease, chronic obstructive pul-

monary disease, peptic ulcer disease, and dialysis-dependent renal 

failure.121

Cardiac surgery is being performed more frequently in patients 

aged 80 years and older. In one study, the 30-day mortality rate for 

patients aged 65–75 years was 3.4% and for those older than 80 years 

was 13.5%. Older patients had longer ICU and postoperative lengths 

of stay. Although emergency operations and complex procedures carry 

high risks for octogenarians and increasing costs for society, most of 

these patients may be offered operation with short-term morbidity, 

mortality, and resource use that only modestly exceed those of younger 

patients.122 Once discharged from the hospital, older patients report a 

high quality of life.123

Overall, fewer than 10% of cardiac surgical patients spend more 

than 48 hours in the ICU. Most survive and eventually report im-

proved functional status and a reasonable quality of life.124,125

SPECIFIC PROCEDURES AND CONSIDERATIONS126

Coronary Artery Bypass Graft
Long-term graft patency has been dramatically improved by the use of 

arterial conduits; the LIMA is the conduit of choice for bypassing the 

left anterior descending coronary artery. Saphenous venous grafts are 

commonly used to bypass other vessels. Aspirin, at recommended 

doses of 100–325 mg daily, increases long-term graft patency and re-

duces mortality, MI, stroke, bowel infarction, and renal failure after 

CABG. Beta-blockers reduce the risk of postoperative Afib and may 

also reduce myocardial ischemia and mortality. It is reasonable to start 

with a low dose (e.g., metoprolol 12.5–25 mg twice daily) and increase 

as tolerated by heart rate and hemodynamics.

Off-Pump CABG
Compared with conventional CABG, off-pump CABG (OP-CABG) 

patients are less coagulopathic, have less bleeding, and require fewer 

transfusions; some studies have reported fewer immediate postopera-

tive respiratory and renal complications than after on-pump CABG.127 

The rate of immediate perioperative strokes appears to be reduced, 

and OP-CABG may have a particular niche when aortic atherosclero-

sis precludes cross-clamping. However, there appears to be no differ-

ence between OP-CABG and conventional CABG in terms of risk of 

renal injury requiring dialysis, risk of stroke, or neurocognitive. dys-

function.

Endocarditis Vascular Surgery
These patients may have acute or subacute presentation. They should 

be managed by a multidisciplinary endocarditis team, including car-

diac surgeons, cardiologists, and microbiologists. Early organism iden-

tification can aid antibiotic selection and duration. Prior undiagnosed 

end-organ damage may present postoperatively, and a high index of 

suspicion is required. If expedited surgery occurs, there may be a mas-

sive inflammatory response with bleeding and hypotension. If it per-

sists, a secondary source of infection must be sought through clinical 

and radiologic examination.

Mitral and Tricuspid Valve Surgery
In the developed world, surgery for mitral incompetence is more com-

mon, whereas mitral stenosis predominates in nations with undevel-

oped economies. Pulmonary hypertension, RV pressure overload and 

impairment, and tricuspid valve regurgitation may develop with long-

standing disease. These conditions significantly increase the risk of 

cardiac surgery; therefore expert management is demanded. Tricuspid 

valve repair with a de Vega suture or an annuloplasty ring is increas-

ingly performed at the same time as left-sided surgery. The treatment 

of pulmonary hypertension with pulmonary vasodilators may be 

needed in addition to inotropic support of the right ventricle and ap-

propriate ventilator settings. Monitoring with a pulmonary artery 

catheter and phosphodiesterase inhibitors have a role here, but dose 

titration to avoid refractory hypotension is important.

Long-standing mitral disease can cause pulmonary hypertension 

and RV compromise; the stress of surgery and CPB can incite acute 

postoperative RV failure. Inhaled pulmonary vasodilators may be use-

ful if RV failure develops. A unique feature of mitral valve repair is the 

development of dynamic LVOT obstruction caused by systolic anterior 

motion (SAM) of the anterior leaflet of the mitral valve, which is typi-

cally the result of a mismatch between leaflet tissue and mitral annular 

size and occurs in approximately 5% of patients after mitral re-

pair.128,129 SAM occurs when the anterior leaflet or chordae of the mi-

tral valve paradoxically moves toward the interventricular septum 

during systole, causing dynamic LVOT obstruction, reduced CO, and 
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potential hemodynamic collapse. SAM is exacerbated by an under-

filled, hyperdynamic left ventricle; thus management consists of ade-

quate volume resuscitation, avoidance of inotropes, minimizing tachy-

cardia, and early beta-blockade.

Aortic Valve Surgery
Appropriate fluid management is essential, especially when surgery is 

performed for aortic stenosis (AS), as the hypertrophied left ventricle 

is exquisitely sensitive to preload. Blood pressure control after aor-

totomy is important to limit stress on the aortic suture line. Any sud-

den increase in bleeding should raise concern regarding the integrity 

of the aortotomy closure. The postoperative ECG must be evaluated 

for conduction disturbances and ischemia, as injury to the conduc-

tion system occurs not infrequently, often from placement of sutures 

through conduction tissue. Conduction disturbances typically mani-

fest within the first 3 postoperative days.130 Malpositioned aortic valve 

prostheses can occlude either coronary ostia; the right is particularly 

at risk. Finally, manipulation of the aorta is a risk factor for cerebral 

embolism, and a postoperative neurologic examination should be 

performed once feasible.

Surgery for Hypertrophy Obstructive Cardiomyopathy
Patients with symptomatic hypertrophic obstructive cardiomyopathy 

suffer from exertion dyspnea and fatigue. A dynamic outflow obstruc-

tion in the LVOT is often the underlying lesion. Surgery involves septal 

myectomy, which alleviates this obstruction and coexisting mitral re-

gurgitation. Diastolic dysfunction is common in these patients, and 

they do not tolerate Atrial fibrillation (A-fib). In addition, inotropes 

should be avoided. There is an increased risk of heart block, and these 

patients may need permanent pacemakers.

Transcutaneous Aortic Valve Insertion
Transcutaneous aortic valve insertion (TAVI) allows treatment of AS in 

patients felt not to be medically fit for open surgery. This is often the 

result of advanced age, LV dysfunction, and multiple comorbidities. 

Compared with medical therapy for those patients unable to have 

open surgery, TAVI reduces mortality. However, there is an increase in 

stroke and vascular complications.131 On the ICU, these patients have 

a high risk of delirium. Because of their premorbid state, the risks of 

other organ failure is raised, and they may benefit from prolonged 

postoperative monitoring.

Ascending Aorta and Aortic Arch Surgery
Ascending aortic procedures include aneurysm repair with interposi-

tion tube grafts, aortic root replacements, aortic arch replacements, 

and emergent repair of dissections.

Aortic surgery involves a period of deep hypothermic circulatory 

arrest, which can be up to 30 minutes at 18°C. These patients should be 

carefully rewarmed in theater, and the avoidance of pyrexia is a key 

postoperative precaution. Active cooling may be considered. High arte-

rial pressures are avoided to minimize the risk of extending arterial in-

timal dissection; however, the maintenance of cerebral circulation must 

be considered. There is a high vascular complication rate in these pa-

tients, with a mortality rate of 8%–15% and stroke rates of 7%–11%.132 

Subtle long-term cognitive dysfunction is common.133

In aortic root replacement procedures (e.g., valve-sparing root re-

placement or replacement of the aortic root, valve, and ascending aorta 

with a composite prosthetic valve and graft [the Bentall procedure]), 

the coronary arteries are reimplanted into the graft, and coronary oc-

clusion or kinking with resultant myocardial ischemia is possible. This 

typically involves the right coronary artery, and new RV failure should 

raise concern for right coronary artery occlusion.134

CONCLUSIONS

Most cardiac surgical patients may be discharged from the ICU to a 

step-down unit within 24–48 hours after operation, but an increasing 

number cannot. Patients who require longer and more intensive ser-

vices in the ICU are typically older and sicker preoperatively. Adher-

ence to best practices in the ICU optimizes the opportunity for even 

these high-risk patients to survive their operation and achieve a good 

quality of life after hospitalization.

The ongoing development of less invasive techniques in cardiology 

and cardiac surgery will paradoxically bring about a further increase in 

the complexity of cases treated in the cardiac surgical ICU, as patients 

who are less sick are treated elsewhere. This trend will lead to increas-

ing challenges for intensivists working in these units and allow them to 

continue to be at the forefront of critical care medicine.
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KEY POINTS

• Developments in interventional cardiology have led to older and medically 

complex populations being referred for cardiac surgery.

• Much of the care of cardiac surgical patients should be protocol driven and 

conducted in specialized units.

• Most patients undergoing cardiac surgery require only a shorter ICU stay.

• Patients may be extubated once hemodynamic stability is achieved and 

mediastinal bleeding is deemed to be under control.

• Low CO after surgery should be treated based on the components of the CO: 

rate, rhythm, preload, afterload, and contractility.

• Afib continues to be a cause of significant morbidity.

ANNOTATED REFERENCES

American Heart Association. Heart Disease and Stroke Statistics—2003 Update. 

Dallas, TX: AHA; 2003.

This is an authoritative overview of the epidemiology of cardiac disease in the 

United States. It gives a clear picture of the changing role of cardiac surgery 

in the treatment of ischemic heart disease.

Bashour CA, Yared JP, Ryan TA, et al. Long-term survival and functional  

capacity in cardiac surgery patients after prolonged intensive care. Crit 

Care Med. 2000;28:3847-3853.

Of those patients requiring ICU stays longer than 10 days after cardiac sur-

gery, more than 50% will be alive at 1-year follow-up. Although these patients 

are extremely costly in terms of resources expended, they are salvageable.

Eagle KA, Guyton RA, Davidoff R, et al. ACC/AHA 2004 guideline update for 

coronary artery bypass graft surgery: A report of the American College of 

Cardiology/American Heart Association Task Force on Practice Guidelines 

(Committee to Update the 1999 Guidelines for Coronary Artery Bypass 

Graft Surgery). Circulation. 2004;110(14):e340–e437.

These are up-to-date guidelines for managing the cardiac surgical intensive 

care unit.

Jacka MJ, Cohen MM, To T, et al. The use of and preferences for the trans-

esophageal echocardiogram and pulmonary artery catheter among cardio-

vascular anesthesiologists. Anesth Analg. 2002;94:1065-1071.

TEE is now the standard of care in the cardiac surgical OR. This paper dem-

onstrates the utility of TEE in diagnosis and decision making for the postop-

erative cardiac surgical patient in the ICU.

 References for this chapter can be found at expertconsult.com.
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OVERVIEW OF LUNG TRANSPLANT

Lung transplantation offers hope for improved survival and quality of 

life for selected patients with end-stage lung disease. The availability of 

suitable donor organs and preservation injury remain the initial limiting 

factors to successful transplantation. Novel techniques aiming to extend 

the donor pool have resulted in the ability to offer transplantations to 

more patients, both by allowing for better evaluation of questionable 

organs and by allowing potential treatment and repair of injured or-

gans.1,2 Like other solid organ transplants, rejection and infection, in 

addition to organ system dysfunction associated with the perioperative 

course, remain challenges.3 However, over 40 years of experience have 

led to substantial improvements in early outcome. This experience has 

been reflected in changes in various aspects in the field, including a dif-

ferent allocation system wherein priority is given based on medical ur-

gency and expected outcome,4 donor and recipient assessments, innova-

tive surgical techniques, better understanding of early complications, 

and the development of newer immunosuppressive medications.

Diagnoses for which adults undergo lung transplantation include 

chronic obstructive lung disease (COPD) from emphysema (32%); 

interstitial lung disease (24%); cystic fibrosis (16%); alpha-1 antitryp-

sin deficiency (5%); and other conditions, including sarcoidosis, con-

genital heart disease, and connective tissue disease complicated by 

advanced lung disease.3 Over the past 2 decades, the number of single-

lung transplant (SLT) procedures has remained stable, and the number 

of bilateral lung transplant (BLT) procedures has seen a steady in-

crease. In recent years, most recipients who had the most common 

indications for lung transplantation underwent bilateral procedures, 

with COPD, either from emphysema or alpha-1 antitrypsin deficiency, 

being the most frequent diagnosis prompting transplantation. This has 

been the setting in which the trend toward bilateral transplantation has 

been more noticeable.3

Donor selection, procurement, and lung preservation protocols 

tend to be individualized on an institutional basis. The limited avail-

ability of donor lungs, however, has increased the scrutiny with which 

organs are judged in order to avoid rejecting them inappropriately. 

Significant lung contusion, smoking-related lung damage, pneumonia, 

pulmonary edema, and significant aspiration are prime concerns in 

evaluating the suitability of donor organs. Although already described 

as an independent association for primary graft dysfunction (PGD),5 

donor’s older age is being challenged at some centers as a risk factor for 

worsened outcomes. More transplants are being performed when the 

donor does not meet overly stringent criteria.6 Procurement and lung 

preservation protocols often include administration of antiinflamma-

tory agents, pulmonary vasodilators, and antioxidants.

The surgical technique involves thoracotomy for SLT or transverse 

thoracosternotomy (clamshell incision) for BLT transplants. Minimally 

invasive techniques are being developed in some centers as well. The 

surgical procedure includes anastomoses of the pulmonary artery, 

atrium, and bronchus. Cardiopulmonary bypass (CPB) is avoided in 

the case of SLT and BLT, unless preexisting pulmonary hypertension 

precludes cross-clamping of the pulmonary artery or cardiorespiratory 

stability cannot otherwise be maintained. On completion of the opera-

tion, a double endotracheal tube (EBT) is exchanged for a standard 

endotracheal tube (ETT), unless allograft function appears tenuous or 

there is evidence of air trapping. Heart-lung transplants are performed 

using either a clamshell incision or sternotomy. CPB is obviously a re-

quirement in these patients. The vascular anastomoses include the 

aorta and a cuff of the right atrium including both vena cavae. Bibron-

chial airway anastomoses, which are associated with less dehiscence 

than a single tracheal anastomosis, are performed.

MANAGEMENT OF CRITICALLY ILL LUNG 
TRANSPLANT CANDIDATES: BRIDGE TO  
LUNG TRANSPLANT

In recent years, the proportion of candidates requiring support beyond 

noninvasive measures, including mechanical ventilation and extracor-

poreal life support (ECLS), has increased, resulting in a larger propor-

tion of patients requiring intensive care management and support 

before transplantation.7

The field has learned that, in large-volume centers,8 outcomes 

are unaffected and that the technology around ECLS has evolved to 

become simpler.9–12 Technologic advances include heparin-coated 

circuits, development of polymethylpentene oxygenator membranes, 

introduction of centrifugal pumps, dual-lumen cannulas, and minia-

turized systems. Although these have translated into an increased in-

terest toward the earlier implementation of ECLS, its use has been 

described as a risk factor for airway dehiscence, stroke, infection, and 

thromboembolic complications after transplantation.11 Efforts toward 

ECLS without mechanical ventilator support—“awake ECLS”—aim to 

offset the risks of prolonged sedation and subsequent postoperative 

deconditioning.13 Awake ECLS has resulted in improved early out-

comes.13

Intraoperative Issues
The type of surgical incision (clamshell incision vs. anterolateral tho-

racotomies vs. median sternotomy) for lung transplantation depends 

on several factors, including single or bilateral lung transplantation, 

CPB use, history of prior thoracic surgery in the recipient, and sur-

geon’s preference. Bilateral anterior thoracotomy (sternal sparing) 

performed for BLT has a lower rate of sternal infections and healing 

complications than the clamshell incision.14 During surgery, three 
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anastomoses are made on each side. They include the bronchus, pul-

monary artery, and cuff of the pulmonary veins to the left atrium from 

posterior to anterior. Bronchial artery anastomosis is usually not 

made. In addition, lymphatic and nerve-ending anastomoses are not 

made. About 30%–40% of patients require CPB support intraopera-

tively for hemodynamic instability, hypoxemia, and right ventricular 

failure after clamping the first or second pulmonary artery. CPB is also 

commonly needed in recipients with pulmonary hypertension or in 

situations where independent lung ventilation is impossible.15 The 

tubing, cannulas, membrane oxygenators, and pumps used in the CPB 

machine often trigger a systemic inflammatory response, and patients 

tend to be hypotensive from the resulting vasoplegia. Intraoperative 

extracorporeal membrane oxygenator (ECMO) machines have several 

advantages over CPB. They decrease the length of the circuit, thus de-

creasing the blood–air interface. There are fewer blood products that 

are transfused and a lower incidence of PGD.16 After the surgery, the 

double-lumen ETT used for independent lung ventilation is ex-

changed for a single-lumen ETT. The patient is transferred to the in-

tensive care unit (ICU) after chest closure. The patient is then weaned 

off the ventilator and from EMCO in the ICU.

Lung transplant recipients who have pulmonary hypertension re-

quire special attention. During surgery, every effort is made to prevent 

a sudden rise in pulmonary pressure that may cause right ventricular 

failure. Intraoperative transesophageal echocardiography (TEE) helps 

monitor the right ventricular function very closely. Inhaled nitric ox-

ide (iNO), inhaled prostacyclin, and intravenous milrinone are used to 

support right ventricular function intraoperatively and during the im-

mediate postoperative period.17

Immediate Postoperative Intensive Care Unit 
Management
Weaning the patient off the mechanical ventilator and ECMO is per-

formed by the ICU physician who collaborates with the thoracic sur-

geon.18 Stabilization of respiratory function and ventilator weaning are 

the initial goals when the patient arrives in the ICU from the operating 

room. Either pressure- or volume-targeted ventilation is used. The goal 

is to keep the airway pressures low to avoid barotrauma and gas leak-

age through the fresh bronchial anastomoses, prevent atelectasis, and 

at the same time avoid volutrauma to the newly implanted grafts. 

Lung-protective ventilation strategy with tidal volumes (VT) around 

6 mL/kg of predicted body weight and low to moderate positive end-

expiratory pressure (PEEP) should be used.19 High PEEP should be 

avoided. In patients who undergo SLT, it might be challenging to ven-

tilate the graft, as the compliance of the native lung will be different. 

Care should be taken to avoid overinflation of the native emphysema-

tous lung, as this might lead to hemodynamic compromise from  

auto-PEEP (intrinsic PEEP). Patients typically present with hypox-

emia, hypercapnia, and hemodynamic instability.

Decreasing the respiratory rate, increasing the expiratory time, and 

decreasing the PEEP can help. If these measures do not help, brief 

disconnection from the ventilator circuit should be considered. If the 

situation continues, double-lumen tube placement and independent 

lung ventilation should be considered.20 Likewise, the compliance of 

the native fibrotic lung will be worse when compared with the new 

graft. This might risk the overinflation of the newly transplanted al-

lograft. Mild pulmonary edema is a common finding in transplanted 

lungs because of the absence of lymphatic drainage. This usually clears 

up in the first few days. If end-organ perfusion is adequate, as indicated 

by adequate urine output and downtrending lactate, an increase in 

fluids to boost preload is avoided.19,21 iNO is frequently used in pa-

tients with pulmonary hypertension and right ventricular failure in the 

operating room. However, the intraoperative use of iNO does not seem 

to decrease the incidence of PGD.22,23 The patient is rapidly weaned 

from iNO in the ICU. As soon as clinical stability is achieved, weaning 

from the mechanical ventilator is started. The oxygen fraction is 

steadily decreased if tolerated.19 The majority of the patients can be 

weaned and extubated within the first 24 hours.20,23 Early extubation 

minimizes the chance of pulmonary infections and lowers stress on the 

bronchial anastomoses. Patients can be extubated to noninvasive pos-

itive-pressure ventilation (NIPPV). This helps in the unloading of the 

respiratory muscles, decreasing respiratory rate and dyspnea and im-

proving ventilation/perfusion mismatch. NIPPV can also be used in 

recipients who demonstrate phrenic nerve dysfunction.24 Patients re-

quiring prolonged mechanical ventilation should be considered for 

early tracheostomy.24 In these patients, early tracheostomy would 

minimize sedation and help with physical therapy while providing 

easier access for secretion clearance.15 Patients who require reintuba-

tion can also be considered for tracheostomy. If patients cannot be 

extubated, the decision to perform a tracheostomy should be made by 

the end of the first week.25 Although lung transplant recipients who 

end up with a tracheostomy tend to be sicker, have a longer ICU stay, 

and require prolonged ventilation, there is no difference in their short- 

and long-term survival rates compared with recipients who do not 

have a tracheostomy. Tracheostomy in this population is an important 

option that enables weaning from the mechanical ventilator and is as-

sociated with better patient tolerance.26 Chest tube removal depends 

on the 24-hour drainage from each tube. Apical chest tubes are re-

moved first, followed by the basilar tubes, provided their drainage is 

less than 150 mL/24-hour period.15 Vigorous airway clearance tech-

niques to mobilize secretions are an essential component of the recov-

ery process after extubation. The cough reflex is blunted in these  

patients because of denervated lungs and splinting of the chest because 

of the pain resulting from the incision and the presence of chest tubes. 

Airway clearance techniques include bronchodilators, incentive spi-

rometry, the flutter valve, chest physiotherapy, and nebulized hyper-

tonic saline.

Pain control is an essential component of postoperative ICU care. 

Adequate analgesia is critical to prevent splinting of the chest that 

would cause atelectasis. Fentanyl infusion and patient-controlled anal-

gesia pumps are used once patients are more awake in the immediate 

postoperative period. Morphine is avoided, as the creatinine clearance 

tends to fluctuate with the initiation of calcineurin inhibitors, and 

there is a risk of accumulating toxic metabolites of morphine. During 

surgery, patients undergo stretching of thoracic joints, ribs, vertebrae, 

and muscles; manipulation of pleura and lungs; and chest tube place-

ment. All of these cause considerable pain upon waking from anesthe-

sia. Inadequate pain control prevents patients from coughing and ex-

panding the graft, thus increasing pulmonary complications. Moreover, 

the transplanted lungs are denervated and lack cough reflex. Patients 

tend to splint from pain, and as a result, diaphragmatic excursions are 

decreased, causing retention of mucus that leads to atelectasis. Tho-

racic epidural analgesia is used for unilateral or bilateral thoracotomy. 

Epidural analgesia also reduces opiate requirements, thus decreasing 

sedation from opiates and enabling patients to participate more in 

mobilization and physical therapy.27 Oxycodone is started once pa-

tients are extubated and able to tolerate oral medications. Nonsteroidal 

antiinflammatory drugs are avoided for analgesia, as they tend to 

worsen renal function, especially in patients who are on tacrolimus or 

cyclosporine. More recently, thoracic paravertebral catheter and inter-

costal cryoanalgesia have been used for postoperative pain control 

from the clamshell incision and pain emanating from the chest tubes. 

In thoracic paravertebral catheter analgesia, four paravertebral cathe-

ters are placed, two at the T4 level for controlling pain from the clam-

shell incision and two at the T8 level for pain emanating from chest 
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tubes. Intercostal cryoanalgesia is performed intraoperatively on inter-

costal nerves 3–9 bilaterally. Both modalities decrease the amount of 

opiate required in the postoperative period and aid with pulmonary 

rehabilitation.28,29

Immunosuppression
Immunosuppression is initiated in the operating room. The first dose of 

an induction agent, basiliximab, is administered on the day of surgery, 

just before the graft’s first perfusion. The second dose is repeated on the 

fourth postoperative day. The first dose of Solu-Medrol (methylpred-

nisolone) (10 mg/kg) is also administered before the first graft’s per-

fusion. This is followed by 1 g of intravenous mycophenolate mofetil. 

Tacrolimus is initiated after the arrival of the patient in the ICU. This 

practice might vary slightly from one center to another.

After transplantation, the main immunosuppressive drugs include 

a combination of calcineurin inhibitors (tacrolimus or cyclosporine), 

antimetabolites (mycophenolate mofetil or azathioprine), and ste-

roids. Calcineurin inhibitors are the cornerstone of the regimen. We 

default all patients to tacrolimus, mycophenolate mofetil, and predni-

sone. The dose of tacrolimus is gradually titrated to a tacrolimus 

trough level of 10–14 ng/mL by the end of the first postoperative week 

while closely monitoring serum creatinine levels. Mycophenolate 

mofetil is administered at a dose of 1 g twice daily while cautiously 

monitoring for cytopenias.

Antimicrobials
Broad-spectrum antibiotics that would cover gram-positive and gram-

negative organisms are initiated before making skin incisions on the 

recipient. Typical antibiotics include a combination of vancomycin 

and cefepime—donor bronchus culture and prior cultures from re-

cipient sputum guide the types and duration of the antibiotics. Trim-

ethoprim-sulfamethoxazole, prophylaxis against Pneumocystis jiroveci, 

is started and given three times a week. Antifungal prophylaxis de-

pends on pretransplant risk factors for Aspergillus. Recipients with 

cystic fibrosis and cavitary disease are thought to have a high risk and 

are prophylaxed with oral voriconazole or posaconazole or isavucon-

azole and inhaled amphotericin. Patients who are at low risk for asper-

gillosis are prophylaxed with itraconazole. The oral prophylaxis is 

continued for 6 months. Cytomegalovirus (CMV) prophylaxis de-

pends on the CMV serologic status (IgG) of the donor and recipient 

before the transplantation. If the donor is positive and the recipient is 

negative (D1/R2, CMV mismatch), the recipient is prophylaxed with 

daily valganciclovir for a year or longer. If the donor is CMV negative 

and the recipient is CMV positive (D2/R1) or if the donor and re-

cipient are CMV positive (D1/R1) (intermediate-risk group), the 

recipient is prophylaxed with Valcyte for 9–12 months. If the donor 

and recipient are CMV negative (D2/R2, low-risk group), the recipi-

ent is prophylaxed with acyclovir, which is effective against all herpes-

viruses other than CMV.

General Measures
Patients tend to get constipated from immobilization and opiate anal-

gesics used in the immediate postoperative period. This is prevented by 

instituting scheduled laxatives. Constipation and ileus also interfere 

with the absorption of immunosuppressive medications. Hence, great 

care is taken to avoid constipation and the slowing of gut motility. This 

is especially true in patients with cystic fibrosis who might require 

more aggressive measures that include osmotic laxatives in addition to 

stimulant laxatives.18 On a similar note, electrolyte imbalance could 

make constipation and ileus worse. Magnesium, calcium, potassium, 

and creatinine levels need to be monitored closely. Hypomagnesemia 

results from tacrolimus, proton pump inhibitors, and diuretics in the 

initial postoperative period. Intracellular levels of magnesium might 

be lower despite normal serum levels. This should be aggressively cor-

rected to minimize neurotoxicity and cardiac dysrhythmias. Magne-

sium is a vital cofactor in muscle function and gastrointestinal motil-

ity.18 The incidence of venous thromboembolism in lung transplant 

recipients is much higher than in other populations. It is thought to be 

between 8% and 29%. As a result, deep vein thrombosis prophylaxis is 

enforced as soon as possible with low-molecular-weight heparin.30

Lung transplant recipients have a high risk of gastroesophageal re-

flux from underlying esophageal dysmotility and recent thoracic sur-

gery. Measures to control acid reflux and aspiration include keeping 

the head of the bed elevated at a 30-degree angle or more and using a 

proton pump inhibitor. Early and aggressive physical therapy is crucial 

in the success of lung transplantation to avoid critical care illness neu-

romyopathy. Once patients are extubated, they are mobilized to sit in a 

chair twice a day. If patients can achieve adequate analgesia, walking 

with assistance is encouraged.

POSTOPERATIVE COMPLICATIONS

Infectious Complications
Infectious complications are higher in lung transplant recipients com-

pared with other solid organ transplantations. This most likely relates 

to the fact that the allograft is exposed to the environment. Moreover, 

immunosuppression in lung transplantation recipients is much higher 

than other solid organ transplantations.31 Bacterial infections of the 

lower respiratory tract are the most common infectious complications. 

The risk factors for these include immunosuppressed status, mechani-

cal ventilation, and blunted cough because of pain.

Bleeding Issues
Increased bleeding is frequently seen in recipients who have had previ-

ous pleurodesis and use of intraoperative or preoperative extracorpo-

real circulation (ECMO/CPB). Coagulopathy should be rapidly cor-

rected with the transfusion of blood products. If there is increased 

bloody chest tube drainage of more than 200 mL/30 min, exploratory 

surgery should be considered. Even if the source of bleeding is not 

identified, the evacuation of blood products from the pleural space 

prevents collapse of the graft and development of compartment syn-

drome.19

Acute Renal Failure
Acute renal failure is a common complication from calcineurin in-

hibitors. It results from intense afferent arteriole vasoconstriction 

caused by tacrolimus or cyclosporine, resulting in decreased renal 

blood flow and glomerular filtration rate. Hypotension or systemic 

hypertension further worsens renal function. Hypertension should be 

well controlled, preferably with calcium channel blocking agents.15,31 

Nonsteroidals should be avoided for analgesia. Diuretics should be 

used sparingly.

Atrial Tachyarrhythmias (Atrial Fibrillation, Atrial 
Flutter, and Supraventricular Tachycardia)
Atrial tachyarrhythmia is common in this population, occurring in 

34%–47% of patients.15 The incidence is higher in double-lung trans-

plants than in SLTs and tends to appear 3–7 days after surgery. The 

incidence is also high in older patients, patients who had been on CPB, 

and patients who had atrial manipulations. Electrolyte imbalance, 

sympathetic stimulation from pain, and anxiety precipitate atrial fi-

brillation. Rate control with beta-blockers is preferred. Antiarrhythmic 

drugs are used if patients fail to respond to initial treatment. Different 

centers have used amiodarone, sotalol, and propafenone.32–34
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Phrenic Nerve Injury and Diaphragmatic Paralysis
Phrenic nerve injury and diaphragmatic paralysis are underdiagnosed 

complications, with an incidence of around 1%–3%. Difficulty weaning 

from the ventilator or thoracoabdominal asynchrony during spontane-

ous breathing trials, the disproportionate elevation of one hemidia-

phragm on postoperative chest x-rays, or postoperative hypercapnia 

otherwise unexplained should raise suspicion for this complication. The 

diagnosis can be confirmed on a chest ultrasound or fluoroscopy when 

the recipient is breathing spontaneously. Decreased, absent, or para-

doxical movement of the hemidiaphragm further confirms the diagno-

sis. Diaphragmatic weakness causes prolonged mechanical ventilation 

and increased length of hospital stay.19

Gastroparesis and Gastroesophageal Reflux
Vagal nerve injury during surgery might result in gastroparesis and 

gastroesophageal reflux. Patients might experience delayed gastric 

emptying, early satiety, epigastric fullness, nausea, vomiting, and wors-

ening acid reflux. Acid reflux increases the risk of microaspiration and 

injury to the new graft and can cause acute rejection. Hence, during 

the immediate postoperative recovery in the ICU, it is essential to re-

main vigilant for complications. The head end of the bed has to be kept 

elevated to prevent aspiration. Likewise, prokinetics like azithromycin 

and metoclopramide are administered for gastroparesis until there is 

spontaneous recovery.19

Thrombotic Microangiopathy
Microangiopathic hemolytic anemia (MAHA) refers to nonimmune 

intravascular red blood cell fragmentation that produces schisto-

cytes in peripheral blood smear. Direct Coombs test is negative, 

lactate dehydrogenase and indirect bilirubin increase, and haptoglo-

bin remains low or undetectable. Thrombotic microangiopathy 

(TMA) refers to MAHA with thrombocytopenia. TMA is a life-

threatening complication caused by small-vessel microthrombi. It 

results from endothelial injury, microcirculatory thrombosis, fibrin 

deposition, and platelet consumption. MAHA, renal failure, and 

thrombocytopenia are present in TMA, whereas neurologic abnor-

malities are rare. TMA post–lung transplant could be drug-induced 

or complement-mediated.

Drug-induced TMA after lung transplantation results from dose-

dependent nonimmune-mediated effects from drugs like tacrolimus, 

cyclosporine, and mammalian target of rapamycin (mTOR) inhibitors. 

The incidence of TMA from calcineurin inhibitors is thought to be 

between 3% and 4.5%.35 It is more common in the first 3 months after 

transplantation.15 Once drug-induced TMA is identified, the offending 

drug should be stopped. The majority of the care is supportive. Once 

the condition improves, another calcineurin inhibitor can be at-

tempted under close monitoring.

Complement-mediated TMA is sudden in onset, preceded in some 

cases by a diarrheal illness. It is associated with general malaise and 

poor appetite, hypertension, and acute renal failure. The role of com-

plement testing (C3, C4, CH50) is unclear. Decreased levels of comple-

ment might suggest complement-mediated TMA. However, normal 

levels do not exclude the possibility. The complement levels might take 

days to weeks to result. In complement-mediated TMA, eculizumab 

should be started as soon as possible, even while the results of comple-

ment levels are pending. As there is an increased risk of meningococcal 

infection, a meningococcal vaccine is required. In addition, empiric 

antibiotics should be considered for 2 or more weeks.

Hyperammonemia
Hyperammonemia after lung transplantation is a rare but often fatal 

complication. It manifests as an elevation of serum ammonia level  

that leads to encephalopathy, cerebral edema, seizures, coma, cerebral 

herniation, and death. Incidence of hyperammonemia ranges from 1% 

to 4%, with fatality rates exceeding 75%. The exact etiology is unclear, 

but it is thought to result from a deficiency in hepatic glutamine syn-

thetase, a urea cycle enzyme that plays an essential role in processing  

nitrogenous waste.31 More recently, infection with urea-splitting 

microorganisms has been reported.36 Once hyperammonemia is rec-

ognized (serum ammonia levels .60 µmol/L), management includes 

discontinuing all protein intake for the first 24–48 hours, including 

tube feeds. After this pause, the protein intake is resumed at 0.25 g/kg 

and gradually increased to the goal. Antibiotics to cover Mycoplasma 

and Ureaplasma like azithromycin or levofloxacin or doxycycline are 

started. Nitrogen scavengers like sodium phenylbutyrate, sodium ben-

zoate, arginine, and levocarnitine are initiated. In cases where the am-

monia levels go above 250 µmol/L, intermittent hemodialysis and 

continuous renal replacement therapy in hemodynamically unstable 

patients should be initiated. Bowel decontamination with lactulose, 

metronidazole, and rifaximin should be performed.37

Bronchial Necrosis and Dehiscence
Bronchial circulation is not established during transplantation. Perfu-

sion to airways and parenchyma depends solely on the pulmonary ar-

terial circulation. Pulmonary artery blood supply may be insufficient 

during the perioperative period, especially when vasopressors are used 

for hypotension. This perfusion inadequacy might result in ischemic 

injury to the anastomosis or postanastomotic bronchus.38 Relative 

ischemia, exacerbated by intraoperative or postoperative hypotension 

and hemodynamic fluctuations, makes anastomoses susceptible to 

necrosis, dehiscence, and infection. The severity of necrosis varies from 

commonly encountered mild focal necrotic sloughing to extensive 

necrosis, perforation, and bronchial dehiscence.38 This usually occurs 

1–5 weeks postoperatively with an incidence of 1%–10%.39 Hence, 

anastomosis should be examined carefully during every bronchoscopy. 

Clinical features include dyspnea, pneumomediastinum, subcutaneous 

emphysema, pneumothorax, lung collapse, and persistent air leaks in 

the early posttransplant period.40 Because chest x-rays are unreliable if 

bronchial dehiscence is suspected, computed tomography (CT) of the 

chest should be considered, as it will very clearly delineate the bron-

chial defects and extraluminal air around the anastomosis.38 Place-

ment of self-expanding metallic stents that promote granulation can 

be used to aid healing.38,39

Pulmonary Artery Stenosis
Patients with pulmonary artery stenosis present with hypotension and 

severe right heart failure. This condition, which mimics pulmonary 

embolism, can be treated with surgical correction or stent placement.

Pulmonary Vein Stenosis/Pulmonary Venous Obstruction
Pulmonary venous obstruction after lung transplantation is a very rare 

complication. It is associated with high morbidity and mortality unless 

recognized very early in the postoperative period. Patients present with 

progressive hypoxemia and infiltrate in the grafted lung on chest x-ray, 

mimicking acute pulmonary edema. Respiratory secretions in the en-

dotracheal tube could be frothy pink or hemorrhagic. The pulmonary 

capillary wedge pressure may be high. This condition is diagnosed with 

TEE. The severity of the hypoxemia depends on the number of lungs 

transplanted, whether pulmonary venous obstruction is unilateral or 

bilateral, and whether the recipient had prior pulmonary hyperten-

sion. In patients who have undergone SLT and have prior pulmonary 

hypertension, pulmonary venous stenosis in the graft will cause severe 

hypoxemia and graft failure very early on. Bedside TEE is a beneficial 

tool to detect this condition. CT angiography is another option. Once 

diagnosed, patients need to be taken back to the operating room for 

the reconstruction of the venous anastomoses.41
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Thoracic Compartment Syndrome
Thoracic compartment syndrome is seen in the immediate postoperative 

period, either immediately after chest closure or several hours later. Pa-

tients present with hemodynamic instability. This complication occurs 

most commonly in BLT, especially if there is a prolonged intraoperative 

course and transfusion of multiple blood products and/or use of CPB. 

Clinical features include high ventilator airway pressures, refractory hy-

potension, and progressive acidosis. Worsening lactic acidosis, tissue 

perfusion, renal function, and urine output are also noted. Immediate 

thoracotomy and delayed closure are recommended.42

PRIMARY GRAFT DYSFUNCTION AFTER LUNG 
TRANSPLANTATION

PGD is a form of acute lung injury that occurs within the first 72 hours 

after lung transplantation and is triggered by ischemia-reperfusion injury. 

PGD manifests as progressive hypoxemia and the presence of radio-

graphic pulmonary infiltrates without other identifiable causes such as 

cardiogenic pulmonary edema, pneumonia, hyperacute rejection, or pul-

monary venous anastomotic obstruction. It affects almost one-third of 

lung transplant recipients and is the major cause of early morbidity and 

mortality after lung transplantation.43 In addition, PGD has been associ-

ated with an increased risk of chronic lung allograft dysfunction (CLAD), 

which is the major cause of late mortality after lung transplantation.44

In 2005 the International Society of Heart and Lung Transplantation 

(ISHLT) Working Group on PGD proposed a standardized definition 

and grading system based a ratio of PaO2:FiO2 (P:F or arterial oxygen 

partial pressure/fraction of inspired oxygen) and the radiographic pres-

ence of infiltrates in the transplanted lung(s) assessed within the  

6 hours after lung transplantation (T0) and at 24 hours (T24), 48 hours 

(T48), and 72 hours (T72) posttransplantation (Table 145.1).45,46 The 

definition was updated in 2017 to classify patients receiving posttrans-

plant ECMO because of hypoxemia as severe PGD (PGD grade 3) and 

those on ECMO for reasons other than hypoxemia (i.e., cardiac support) 

as ungradable PGD. Furthermore, unlike in the 2005 definition, the 2017 

definition recommended that the use of inhaled pulmonary vasodilator 

agents such as iNO and aerosolized epoprostenol that may improve oxy-

genation not be considered when grading severity of PGD. Additionally, 

the new update provided an alternative grading schema using a ratio of 

oxygen saturation/fraction of inspired oxygen SaO2/FiO2 in cases where 

a PaO2 measurement was unobtainable with adjusted cutoffs of 235 and 

315 (see Table 145.1).46

Subsequent validation studies using the standardized definition of 

PGD demonstrated better discrimination of grade 3 PGD to predict 

early mortality. Specifically, grade 3 PGD beyond 48 hours after trans-

plantation demonstrated the most robust associations with early and 

overall mortality after lung transplantation compared with the other 

grades of PGD.47–50

Prior studies have proposed several risk factors for the develop-

ment of PGD based on the donor, recipient, and surgical variables. 

Risk factors such as donor smoking, donor alcohol use, undersized 

donor:recipient lung matching based on the predicted total lung ca-

pacity (pTLC), recipient diagnosis of sarcoidosis, recipient elevated 

mean pulmonary artery pressure, and high fraction of inspired oxygen 

at allograft reperfusion are likely to be associated with development of 

PGD (Table 145.2). Some of these risk factors are potentially modifi-

able (e.g., avoiding undersized donor:recipient lung matching, FiO2 at 

reperfusion, obesity) and thus may suggest preventive strategies.47,51

The pathogenesis of PGD is an area of intense investigation. The un-

derlying etiology is thought to be the airway epithelial and vascular endo-

thelial cell damage caused by the ischemia-reperfusion injury (IRI) after 

lung transplantation. This results in release of damage-associated mo-

lecular patterns (DAMPs) that are recognized by pattern recognition  

TABLE 145.1 2005 ISHLT Primary Graft 
Dysfunction Taxonomy

If PaO2 is not available for calculation of a arterial oxygen partial 

pressure/fraction of inspired oxygen (PaO2:FiO2) ratio, then oxygen 

saturation/fraction of inspired oxygen (SaO2/FiO2) ratio should be calcu-

lated and the 200 and 300 PGD grading cutoffs should be adjusted to 

235 and 315. Use of nitric oxide, aerosolized epoprostenol, or other 

pharmacologic agents that may improve oxygenation should not change 

grading methods. Use of extracorporeal lung support (ECLS) with bilat-

eral pulmonary edema on chest x-ray image should be graded as grade 

3, and ECLS use should be explicitly recorded. The use of ECLS for 

nonhypoxic indications without pulmonary edema on chest x-ray imag-

ing should be considered ungradable and explicitly recorded separately. 

Time window notes: PGD is graded at 4 time points: every 24 hours 

and over the first 72 hours after transplantation (T0, T24, T48, and T72 

hours). Time starts at reperfusion of the second lung. T0, T24, T48, and 

T72 have time windows ±6 hours. If multiple blood gas values are avail-

able, the worst PaO2/FiO2 ratio on a given calendar day should be used.

 Adapted from Snell GI, Yusen RD, Weill D, et al. Report of the ISHLT 

Working Group on Primary Lung Graft Dysfunction, part I: Definition 

and grading—A 2016 Consensus Group statement of the International 

Society for Heart and Lung Transplantation. J Heart Lung Transplant. 

2017;36:1097–1103.

Grade

Pulmonary Edema 

on Chest x-ray PaO2:FiO2 Specific Exceptions

0 2 Any

1 1 .300

2 1 200–300

3 1 ,200 Any patients on ECLS for 

hypoxia and  

pulmonary edema

TABLE 145.2 Risk Factors for Development 
of Primary Graft Dysfunction Based on 
Donor, Recipient, and Surgical Variables

Donor Recipient Operative

Smoking

Alcohol use 

Specific genetic 

factors

Sarcoidosis

Pulmonary hypertension

Elevated mean pulmonary  

artery pressure

Diastolic dysfunction

Abdominal subcutaneous  

adipose tissue (overweight/

obese) phenotype

Specific biomarkers

Specific genetic factors

Undersized 

donor:recipient lung 

matching

High fraction of inspired 

oxygen at allograft  

reperfusion

Transfusions .1:2 

FFP:PRBC transfusion

FFP, Fresh frozen plasma; PRBC, packed red blood cell.

 Adapted from references47, and 52–54

receptors (PRRs), which stimulate inflammatory cytokine gene expres-

sion, and ultimately leads to activation of the innate immune system, 

including the complement cascade, alveolar macrophages, and an influx 

of neutrophils into the lungs. This inflammatory cascade will cause al-

terations in the integrity of the endothelial barrier and alveolar epithelial 

capacity to resorb fluid, leading to development of PGD.55–57

During the past decade, several strategies targeting putative path-

ways in PGD have been studied, such as the use of iNO, modulation of 

the complement cascade, instillation of surfactant, and prevention of 

neutrophil extracellular trap (NETs) formation using an antiplatelet 

agent or intraalveolar disruption of NETs using DNase I.58–60
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Currently, the therapy for PGD remains generally supportive and 

draws from therapies applied in patients with acute respiratory distress 

syndrome (ARDS), including lung-protective ventilation strategies. 

Additionally, pressure-controlled ventilation modes may be used to 

minimize barotrauma and airway anastomosis complications. Diuresis 

should be initiated, with blood pressure support, if needed, and excess 

fluid administration should be avoided.61 Despite the encouraging 

results with iNO administration to prevent and treat severe PGD sug-

gested by several animal studies and case series,62–65 randomized con-

trolled studies did not support efficacy for iNO use in the clinical set-

ting.22,66 However, despite the lack of an established role for iNO in 

prevention or treatment of PGD, its use may be justified as salvage 

therapy in selected cases for improving oxygenation, reducing mean 

pulmonary arterial pressure, and increasing mean systemic arterial 

pressure early after transplant.67

Institution of ECMO in patients with severe PGD has gained in 

popularity, with better outcomes reported in cases of early ECMO 

initiation, preferably within the first 24 hours after transplanta-

tion.68–71 In cases with refractory respiratory failure, retransplantation 

has been performed. However, predicted survival is poor, and this 

practice is generally not recommended.58,72

Acute Rejection after Lung Transplantation
Acute rejection after lung transplantation is common and continues to 

affect approximately 40% of lung transplantation recipients in the first 

year posttransplantation.73 The clinical manifestations are variable, 

nonspecific, and potentially confounded by coexisting diseases and 

processes. The presentations range from being asymptomatic with no 

radiographic changes, detected via routine posttransplantation sur-

veillance biopsies, to a clinical picture resembling ARDS.74 Acute rejec-

tion after lung transplantation encompasses acute cellular rejection 

(ACR) and antibody-mediated rejection (AMR).

Acute Cellular Rejection

ACR is the result of an immune reaction against donor antigens that 

are expressed on the surface of donor cells and recognized by recipient 

lymphocytes. Recipient lymphocytes can react to various donor anti-

gens, such as blood group antigens and human leukocyte antigens 

(HLAs). HLAs are polymorphic cell-surface molecules and can lead to 

a robust immune response when mismatched between donor organ 

and recipient. The lung is a rich lymphoid organ and possesses all im-

mune cell lines necessary for initiation and maintenance of an im-

mune reaction. Shortly after transplantation, the donor HLA proteins 

are presented to recipient T cells by the donor’s own antigen-present-

ing cells (APCs) (“direct pathway”) or later by migrated recipient 

APCs to the transplanted lung (“indirect pathway”). APC stimulation 

induces naive T cells to become memory T cells capable of direct and 

rapid recognition of alloantigens and subsequent injury.75,76

ACR is defined as the presence of lung perivascular and/or peri-

bronchiolar lymphocytes in the absence of infectious etiologies. To 

date, bronchoscopic transbronchial biopsy remains the gold standard 

for diagnosis of ACR.77,78 However, multiple studies have been con-

ducted in assessing less invasive tests such as bronchoscopy-guided 

airway brushings,79 bronchoalveolar lavage (BAL),80–82 or serum bio-

markers for diagnosis of ACR.83 Similarly, spirometry testing has util-

ity but is not diagnostic.84 Thus after several decades of attempts to 

find a less invasive, more precise surrogate marker of ACR in lung 

transplantation, bronchoscopic tissue analysis remains the most reli-

able diagnostic modality.

Acute rejection can be seen as early as a week after lung transplan-

tation. Although ACR is more often present as a nonspecific decline in 

spirometry with no significant radiographic changes, it can manifest as 

a fatal hypoxic respiratory failure with diffuse pulmonary infiltrates in 

its severe form. This can make the diagnosis and treatment of other 

ICU complications difficult. ACR presentation can mimic symptoms 

of pneumonia, and sometimes ACR can be triggered by earlier pneu-

monia. Therefore development of new infiltrates after lung transplan-

tation requires diagnostic evaluation using bronchoscopy with BAL 

and transbronchial biopsy. Importantly, ACR is directly responsible for 

only a small proportion of deaths in lung transplantation recipients. In 

fact, less than 4% of deaths are attributable to ACR in the first post-

transplant month, and, at later time points, this incidence decreases to 

less than 2%.73 Nevertheless, much attention has been paid to the early 

diagnosis and treatment of ACR, as it remains the most significant risk 

factor for the development of CLAD, which is the ultimate cause of 

mortality from lung transplantation.85,86

The most commonly administered first-line therapy for ACR is 

high-dose steroids with intravenous methylprednisolone; doses range 

from 10 to 15 mg/kg daily for 3 days, followed by a prednisone ta-

per.87–89 The therapeutic plans for persistent or recurrent acute rejec-

tion that warrants further augmentation of immunosuppression are 

variable among centers. This scaling up can be achieved by a repeat 

course of pulse steroids, optimization of maintenance immunosup-

pression,87–91 anti–T-cell agents such as polyclonal antithymocyte 

globulins (ATGs), or an anti-CD52 monoclonal antibody (alemtu-

zumab) in the treatment of severe and refractory ACR.89,92

Antibody-Mediated Rejection

AMR is a widely accepted cause of graft dysfunction after lung trans-

plantation.89,93,94 It is mediated by donor-specific antibodies (DSAs), 

produced by B cells or plasma cells, and upon binding to their cognate 

antigen in the transplanted lung, they cause a deleterious effect via 

complement-dependent95 and complement-independent pathways.95,96 

DSA may be present at the time of transplantation (sensitized recipi-

ent) or develop de novo after transplantation.97

The presence of DSA before transplantation can lead to hyperacute 

rejection, which is the most severe form of AMR and occurs within 

minutes to hours after lung transplantation. Clinical manifestations 

include the rapid development of diffuse pulmonary infiltrates and 

hypoxia followed by systemic inflammatory response syndrome, in-

cluding coagulopathy, thrombocytopenia, oliguria, and hemodynamic 

instability.94,98–100 Although hyperacute rejection is generally consid-

ered to be a fatal complication after lung transplantation, there are a 

few case reports of survival after enforcing aggressive immunotherapy 

strategies.101–103 A therapeutic approach to hyperacute rejection in-

cludes various combinations of high-dose steroids, plasmapheresis, 

cyclophosphamide, high-dose intravenous immunoglobulin (IVIg), 

ATG, and rituximab, an anti-CD20 monoclonal antibody.94,98–103

Aside from the risk for development of hyperacute rejection, the 

presence of DSA before lung transplantation has been associated 

with ACR, AMR, and CLAD.104–107 Therefore prevention through the 

avoidance of the donor with known DSA HLA targets has been com-

mon, but doing so can significantly limit access to a transplant in the 

sensitized recipients.108–110 Alternatively, pretransplantation desensi-

tization using a combination of plasmapheresis, ATG, IVIg, and 

mycophenolate has been reported with equivalent posttransplanta-

tion outcomes to unsensitized patients.104,111–113 Overall, hyperacute 

rejection has become rare since the implementation of more sensi-

tive methodologies for screening recipient HLA antibodies before 

transplantation.

Pretransplant DSA, in addition to the de novo development of DSA 

after lung transplantation, can be asymptomatic (silent) or result in 

clinical manifestations of antibody-mediated rejection.104–106,112 

The clinical presentations of ACR and AMR are indistinguishable.  

  

 



1165CHAPTER 145 Intensive Care Unit Management of Lung Transplant Patients

Additionally, ACR and AMR can manifest together, or one can trigger 

the other form of rejection.114,115 Unfortunately, AMR in lung trans-

plantation has remained a diagnostic challenge.97,116 The lung trans-

plant recipient presenting with an otherwise unexplained drop in lung 

function, anti-HLA DSA, a neutrophilic capillaritis, and positive C4d 

staining on transbronchial biopsy is highly likely to have AMR as the 

cause for graft dysfunction. In such cases, a diagnosis of “definite 

AMR” is suggested.97,99,116 However, this scenario is uncommon, and 

the more common clinical presentation is of a patient with an unex-

plained deterioration of pulmonary function and a new or increasing 

titer DSA. In these cases, lung biopsy does not suggest an alternative 

diagnosis or demonstrate confirmatory features of AMR. Therefore the 

absence of confirmatory histology should not automatically rule out 

the diagnosis of AMR.99,116

Because of the variability in diagnosis of AMR across transplant 

centers, a working group was created in 2016 by the ISHLT with the 

aim of determining criteria for pulmonary AMR and establishing a 

definition. Pulmonary AMR was defined as clinical when there is al-

lograft dysfunction, as evaluated by pulmonary function test (which 

can be asymptomatic otherwise), or subclinical when there is normal 

allograft function. Both clinical and subclinical AMR were further 

subcategorized into three mutually exclusive possibilities (definite, 

probable, and possible). These categories were based on the degree of 

certainty related to the presence or absence of a number of pathologic, 

serologic, clinical, and immunologic criteria (Table 145.3).117

In general, there is no consensus agreement about the choice of 

agent or duration of therapy for AMR. Therapeutic options have been 

extrapolated from renal transplant and other areas of medicine with-

out clinical trials. Treatment has generally consisted of multiple se-

quential interventions. It is very common to initiate therapy with pulse 

steroids (methylprednisolone 0.5–1 g daily for 3–5 days),118 followed 

by plasmapheresis, high-dose IVIg, and B-cell depletion therapy with 

rituximab.119–123 In recent years, a plasma cell-targeted therapy using 

proteasome inhibitors such as bortezomib and carfilzomib has been 

used in the management of AMR.124,125

Chronic Lung Allograft Dysfunction
CLAD is characterized by substantial and persistent decline in and loss 

of pulmonary function ($20% measured FEV1 value), which cannot 

be explained by other potentially reversible complications such as 

acute rejection, infection, or bronchial stenosis.125 It affects up to 50% 

of lung transplant recipients after 5 years and is the major cause of 

overall morbidity and mortality after lung transplantation.7,126,127 

CLAD can present either as a predominantly obstructive ventilatory 

pattern, a restrictive pattern, or a mixed obstructive and restrictive  

pattern.125,127,128 Obstructive CLAD includes bronchiolitis obliterans 

syndrome (BOS), which is caused by recurrent inflammation, destruc-

tion, and eventual fibrosis of small airways, forming obliterative bron-

chiolitis (OB) lesions in the lung allograft. It presents as a persistent, 

nonreversible obstructive ventilatory decline in spirometric measures 

of lung function with an essentially clear chest radiograph. High-reso-

lution CT imaging of the chest often demonstrates air trapping, tree-in-

bud opacities, or bronchiectasis. Because of the patchy distribution of 

OB lesions in the lungs, transbronchial biopsy is insufficiently sensitive 

to achieve diagnosis. Therefore the diagnosis of BOS is made by at least 

a 20% decline in FEV1 from the best postoperative baseline, assessed by 

two measurements with a minimum interval of 3 weeks.127,129,130 BOS is 

often irreversible; however, recently it became clear that 30%–40% of 

patients with a diagnosis of BOS may respond to treatment with azithro-

mycin. A placebo-controlled trial in patients with BOS confirmed that 

azithromycin was superior to placebo for improvement in FEV1 in estab-

lished BOS.131,132 Most patients who responded to azithromycin had 

elevated BAL neutrophilia during diagnosis. This observation led to a 

further subclassification of obstructive CLAD to BOS and a new pheno-

type known as neutrophilic-reversible allograft dysfunction or azithromy-

cin-responsive allograft dysfunction.127,129,130

Approximately 70% of CLAD is attributable to obstructive CLAD 

and 30% to the restrictive phenotype of CLAD, also known as restric-

tive allograft syndrome (RAS).128 RAS is characterized by a restrictive 

pulmonary function decline and persistent parenchymal infiltrates on 

chest radiography. CT of the chest can demonstrate subpleural thick-

ening and nonspecific interstitial changes. Additionally, organizing 

pneumonia, pleuroparenchymal fibroelastosis, and OB may be seen  

in the histopathology.133 Unfortunately, the median survival after 

development of RAS is limited to 6–18 months, as opposed to 

3–5 years in BOS.128

In general, the diagnosis of CLAD is made after carefully ruling out 

other causes of declining lung function, which are not related to intrin-

sic graft dysfunction, as outlined in Box 145.1.125 The medical manage-

ment of CLAD centers around stabilizing rather than restoring graft 

TABLE 145.3 Definition and Diagnostic Certainty of Clinical Pulmonary 
Antibody-Mediated Rejection

Allograft Dysfunction Other Causes Excluded Lung Histology Lung Biopsy C4d DSAs

Definite 1 1 1 1 1

Probable 1 1 1 2 1

Probable 1 1 1 1 2

Probable 1 1 2 1 1

Probable 1 2 1 1 1

Possible 1 1 1 2 2

Possible 1 1 2 2 1

Possible 1 1 2 1 2

Possible 1 2 1 1 2

Possible 1 2 1 2 1

Possible 1 2 2 1 1

DSAs, Donor-specific antibodies; 1, item present; 2, item absent or missing.

 Data from Verleden GM, Glanville AR, Lease ED, et al. Chronic lung allograft dysfunction: Definition, diagnostic criteria, and approaches to treat-

ment—a consensus report from the Pulmonary Council of the ISHLT. J Heart Lung Transplant. 2019;38(5):493–503.
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function. Effective medical treatment for CLAD is an unmet need, and 

retransplantation remains the only effective therapeutic option for 

advanced CLAD.125 For management of BOS, current guidelines rec-

ommend transitioning from cyclosporine to tacrolimus, antireflux 

surgery (e.g., Nissen fundoplication or Toupet fundoplication) in cases 

of documented gastroesophageal reflux, and a trial of azithromycin for 

more than 8 weeks.125,129,130 Additionally, total lymphoid irradiation 

(TLI) or extracorporeal photopheresis (ECP) may reduce the rate of 

decline in certain patients with obstructive CLAD.125,134,135 Currently 

BOX 145.1 Processes and Diseases That May Lead to Chronic Loss of Allograft Function and 
Are Not Included in the Current Definition of CLAD

 A. Factors where recalculation/resetting of the FEV1 reference value may be valid (if FEV1 remains stable for at least 6 months):

 1. Decreasing lung function because of the normal aging process

 2. Surgical factors

• Transplant lung resection, chest-wall surgery, phrenic nerve damage

 3. Mechanical factors

• Persistent pleural effusion

• Persistent lung edema because of significant kidney/heart/liver failure

• Airway stenosis

• Myopathy, neuropathy, and Parkinson disease

• Weight gain

• Native lung hyperinflation after single-lung transplant

 4. Localized infection with chronic scarring

• Abscess/empyema/mycetoma

 B. Factors that cannot be differentiated easily from CLAD and do not ever allow recalculation/resetting of the FEV1 reference value:

 1. Any from (A) above where there is not a period of at least 6 months of stability

 2. Infiltration with tumor

 3. Infiltration of the allograft with proven disease recurrence from the underlying transplant indication (e.g., LAM, sarcoidosis)

 4. Drug or other induced pulmonary toxicity (e.g., sirolimus, methotrexate, amiodarone, radiotherapy)

 5. Pulmonary arterial strictures or emboli

 6. Acute/subacute generalized infection

 7. Acute/subacute cellular or antibody-mediated rejection

 8. Acute/subacute effects of aspiration

 C. Failing to reach normal predicted lung function (i.e., low FEV1 reference value such that FEV1 is #80% of the recipient predicted value). This situation may include an 

age difference between donor and recipient, where older donor lungs are implanted, or when an intraoperative allograft reduction surgery/lobectomy is performed.

CLAD, Chronic lung allograft dysfunction; FEV1, forced expiratory volume in 1 second; LAM, lymphangioleiomyomatosis.

Data from Verleden GM, Lievens Y, Dupont LJ, et al. Efficacy of total lymphoid irradiation in azithromycin nonresponsive chronic allograft rejection 

after lung transplantation Transplant Proc. 2009;41:1816–1820.

 References for this chapter can be found at expertconsult.com.

KEY POINTS

• Lung transplantation continues to offer hope for many advanced lung disease 

processes. Much has been learned about the natural history of these other-

wise terminal lung diseases, which has influenced significant changes in the 

overall practice of lung transplantation, including the lung allocation system 

and the donor selection criteria.

• Primary graft failure (dysfunction) is a severe form of ischemia-reperfusion 

injury and carries enormous morbidity and mortality.

• Lung transplant recipients with postoperative respiratory compromise should 

be maintained “on the dry side.”

• Growing evidence suggests that suboptimal early immunosuppression, in 

addition to recurrent aspiration from reflux disease, are the two most modifi-

able risk factors associated with chronic rejection. Patient selection, consid-

eration of antireflux surgery before transplantation or early after, and appro-

priate immunosuppression schedules should be implemented in protocols at 

every center.

• Hyperammonemia continues to be a rare but feared complication after lung 

transplantation, given that its mechanism has yet to be understood. Aggres-

sive management options, including gut decontamination, high levels of di-

alysis, and pharmacologic treatments targeted at urea-cycle enzyme deficien-

cies, are the only available tools but have yet to show promise in changing 

outcome.

there are no formal guidelines for management of patients with restric-

tive CLAD. Some beneficial effects have been reported using pirfeni-

done and alemtuzumab in RAS.129 Although in selected cases clinicians 

may consider retransplantation for end-stage BOS, emerging data  

discourage this in RAS.129,130,136 For the majority of patients with 

end-stage CLAD, palliation becomes the priority. Symptom control in 

advanced disease remains challenging. Noninvasive ventilation for  

hypercapnia is generally ineffective, and ventilatory support and subse-

quent weaning are usually unsuccessful.134,137,138
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ANNOTATED REFERENCES

Christie JD, Edwards LB, Aurora P, et al. The Registry of the International So-

ciety for Heart and Lung Transplantation: Twenty-sixth official adult lung 

and heart-lung transplantation report—2009. J Heart Lung Transplant. 

2009;28:1031–1049.

This yearly document published by the International Society for Heart and 

Lung Transplantation summarizes and explicitly describes the statistical 

trends of lung and heart-lung transplantation. This registry allows the reader 

to put in perspective the indications for transplantation; the donor character-

istics; their impact on transplantation outcomes, including rejection, compli-

cations, and survival; and the centers offering transplantation and their  

influence on these outcomes in terms of the case load they are challenged 

with. It allows an organized chronologic understanding of lung and heart-

lung transplantation outcomes.

Christie JD, Sager JS, Kimmel SE, et al. Impact of primary graft failure on out-

comes following lung transplantation. Chest. 2005;127:161–165.

This single-center retrospective study conducted by field experts looked into 

the overall incidence of grade III primary graft failure in 255 consecutive  

procedures done in a period of over 10 years. It demonstrated an incidence  

of 11.3% of PGD, an increased mortality, worsened hospital length of stay, 

and increased duration of mechanical ventilation. A reported 73.3% of pa-

tients who received the diagnosis of primary graft failure died during their 

hospitalization versus 14.2% of those who did not. A 1-year follow-up also 

demonstrated significantly affected physical function in those who had expe-

rienced primary graft failure.

Hachem RR, Trulock EP. The new lung allocation system and its impact on 

waitlist characteristics and post-transplant outcomes. Semin Thorac Car-

diovasc Surg. 2008;20:139–142.

This review clearly explains the current lung allocation process, which basi-

cally is geared toward making organs available to those who need them more 

urgently because of their underlying disease process and its expected outcome. 

A thorough comparison of the prior allocation process to the current one in 

terms of waiting time, waiting mortality, and more importantly, the steady 

proportional increase of idiopathic pulmonary fibrosis as the underlying 

cause of transplantation is made. This increase is explained by the compara-

ble uncertainty of the disease’s natural history and the high mortality of its 

exacerbations.
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146
Perioperative Management of the  
Liver Transplant Patient

Caleb Fisher and Stephen Warrillow

INTRODUCTION

The introduction of liver transplantation over 50 years ago has revolution-

ized outcomes for patients with both acute and chronic liver failure. Since 

experimental beginnings, liver transplantation has grown worldwide, with 

the number of transplants per year ranging from approximately 400 in 

Australia to over 1000 in the UK and over 8000 in the United States.1–3 

Concurrently, survival from transplantation continues to improve, with 

5-year survival reported between 75% and 85%, depending on reporting 

jurisdiction.1–3 This has been largely the result of improvements in surgical 

technique, anesthetic management, and postoperative critical care.

DONOR SELECTION

Liver transplantation is a treatment option for patients with both acute 

and chronic liver failure. Common causes include chronic liver disease 

as a result of alcohol use disorder; viral hepatitis; metabolic conditions 

such as Wilson disease and alpha-1-antitrypsin deficiency; and autoim-

mune conditions such as autoimmune hepatitis, primary sclerosing 

cholangitis, and primary biliary cirrhosis.4–6 Selection for liver trans-

plantation in chronic liver disease is largely based on disease severity and 

the likelihood of death on the transplant waiting list. The Model for 

End-Stage Liver Disease (MELD) score is the most commonly used cri-

teria for transplantation listing, with the cutoff of 15 used as a trigger for 

commencement of the transplant assessment process in many jurisdic-

tions.6–8 A separate cohort are patients with hepatomas, who are listed 

on the basis of malignant disease burden.9,10 Eligibility for transplanta-

tion has changed such that even critically ill patients are now often listed. 

These patients often exhibit acute-on-chronic liver failure (AoCLF) and 

require high-level critical care support for preoperative optimization 

followed by a frequently slow postoperative recovery.11–14 In contrast, 

patients with acute liver failure (ALF) are almost always managed in the 

intensive care unit (ICU) at the time of transplant listing. Various pre-

dictive criteria have been developed to determine the likelihood of sur-

vival without liver transplantation in ALF, although their utility is in-

creasingly questioned as improvements in both understanding of the 

pathophysiology of ALF and improved critical care management have 

led to improved outcomes.15–17 Regardless of the indication for trans-

plant, an essential requirement for effective care is a systematic and co-

ordinated approach to management (Table 146.1 and Fig. 146.1).

A SYSTEMS-BASED APPROACH TO MANAGEMENT 
OF THE POST–LIVER TRANSPLANT PATIENT

Cardiovascular
Patients with end-stage liver disease (ESLD) have a characteristic car-

diovascular profile. The classic pattern is a hyperdynamic circulation 

with low systemic vascular resistance and an increased cardiac output. 

The mean arterial pressure (MAP) tends to remain low/normal despite 

these changes.18–21 Furthermore, ESLD patients have an abnormal dis-

tribution of total body blood volume because of complex alterations in 

the splanchnic, renal, and systemic circulations.20,21 This involves the 

redistribution of blood into the splanchnic circulation secondary to the 

overproduction of nitric oxide (NO) and other proinflammatory me-

diators. The overproduction of inflammatory mediators is believed to 

be compounded by gut bacterial translocation in the setting of raised 

portal pressures.22,23

The postoperative hemodynamic course of these patients is influ-

enced considerably by persistence of these preoperative hemodynamic 

disturbances. The hemodynamic changes of cirrhosis can take days to 

weeks to fully resolve after transplantation.18,24 Because of the marked 

hemodynamic instability that can occur during the peritransplant pe-

riod, invasive monitoring in the ICU is necessary to guide therapy and 

optimize graft function.25 Traditionally, the pulmonary artery catheter 

has been the gold standard for intraoperative and postoperative moni-

toring; however, its utility has been questioned on the basis of its inva-

siveness, inability to predict fluid responsiveness, and lack of evidence 

for improving patient outcomes.26,27 Less invasive techniques such as 

pulse contour analysis have gained popularity in other critical care 

populations, but their utility in the complex hemodynamic changes 

occurring during liver transplantation has recently been questioned.27,28

Hypotension is the most common hemodynamic abnormality  

encountered postoperatively. Causes include postoperative bleeding, 

persistence of the preexisting vasodilated state, postreperfusion vaso-

plegia, the effects of narcotics and sedatives, and fluid shifts causing 

hypovolemia.20 Refractory vasoplegia postreperfusion can continue 

into the postoperative period; however, its incidence and impact upon 

outcomes are not known.29 Common to other vasoplegic syndromes, 

hypotension that is refractory to standard vasoconstrictors may be 

amenable to treatment with methylene blue.30,31

Initial treatment aims to restore normovolemia by judicious use of 

fluid resuscitation. There is no consensus on the preferred fluid in this 

setting. Experience derived from the care of other critically ill patients 

suggests that balanced crystalloids may be preferred, as they avoid in-

ducing hyperchloremia.32,33 Albumin-containing solutions are an at-

tractive alternative in patients who are hypoalbuminemic and  

offer potentially protective effects to the endothelial glycocalyx with 

improved postoperative outcomes.34–36

The optimal target for arterial blood pressure has not been estab-

lished; however, a MAP of 65 mm Hg seems appropriate in these  

patients to ensure adequate end-organ perfusion, especially for the 

engrafted liver. A higher MAP may be required in the presence of poor 

hepatic arterial flow because of high resistive indices. A central venous 

pressure of 8–12 mm Hg appears to be safe; however, further resuscita-

tion and increases in volume state may have deleterious effects on  
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1169CHAPTER 146 Perioperative Management of the Liver Transplant Patient

Body System Management Challenge

Cardiovascular Vasodilatation, hypotension, cirrhotic cardiomyopa-

thy, redistributed blood volume

Respiratory Fluid overload, hydrothorax, atelectasis, hepatopul-

monary syndrome, portopulmonary hypertension

Renal Acute kidney injury, end-stage kidney disease,  

hepatorenal syndrome

Gastrointestinal Ascites, spontaneous bacterial peritonitis, bacterial 

translocation, ileus, poor nutrition, hypoalbuminemia

Neurologic Encephalopathy, delirium, potential increased  

sensitivity to neuroleptic agents

Coagulation Rebalanced hemostasis, thrombocytopenia,  

hypofibrinogenemia, potential hyperfibrinolysis

TABLE 146.1 Management Challenges in 
Patients Undergoing Liver Transplantation

Fluid resuscitation for hypotension

Vasoactive agents as required

Watch for cardiomyopathy

Identify and treat bleeding

Monitor for encephalopathy

Monitor and treat delirium

Ensure electrolytes normal

Adequate analgesia

Chest physiotherapy

Prevent fluid overload

Drain effusions

Ensure normovolemia

Avoid nephrotoxins

RRT as required

Consider renal sparing

immunosuppression

Watch PT/INR

Platelets if < 50 × 109/L

Fibrinogen replacement if < 1.0 g/dL

Serial liver function test

Monitor coagulation tests

Frequent doppler USS

Early enteral nutrition

Drain residual ascites

Monitor and treat ileus

Commence immunosuppression

Empiric antibiotics incl. anti-fungal agents

Identify and treat other infections

(HBV, CMV, etc)

Fig. 146.1 Systematic approach to critical care after liver transplant. CMV, Cytomegalovirus; HBV, hepatitis B 

virus; INR, international normalized ratio; PT, prothrombin time; RRT, renal replacement therapy; USS, ultrasound.

hepatic outflow, leading to graft congestion and poor function.20,37 In 

the presence of hypotension not related to bleeding or resolving with 

judicious fluid resuscitation, the application of vasoconstrictor agents 

is required. There is little evidence on which to prefer one agent over 

another, although norepinephrine is often used. Terlipressin is com-

monly used in the preoperative setting for decompensated liver failure, 

and in the postoperative setting some evidence exists suggesting use 

may decrease ascitic drain output and the incidence of acute kidney 

injury; however, its routine use is not recommended.38

Although cardiac performance is generally preserved in patients 

undergoing liver transplantation, there are occasional instances where 

this may not hold true. Cirrhotic cardiomyopathy occurs to some ex-

tent in up to half of cirrhotic patients.39,40 In contrast to traditional 

cardiomyopathies, patients with cirrhotic cardiomyopathy have nor-

mal cardiac function in terms of both output and contractility, but 

have evidence of blunted systolic contractile response to stressors and 

the presence of diastolic dysfunction at rest.39 As liver transplantation 

is a major physiologic stressor, overt cardiac dysfunction may only 

become apparent during the perioperative period. The major implica-

tions for management in the postoperative period are to ensure nor-

movolemia and prevent significant fluid shifts.41 Additionally, preven-

tion of electrolyte abnormalities and avoidance of other factors that 

may further depress cardiac function (e.g., hypothermia, severe acido-

sis) is required.41 In the presence of an established low cardiac output 

state with a corresponding decrease in end-organ perfusion, the use of 

inotropic agents such as milrinone or dobutamine may be necessary.

As patients waitlisted for liver transplant are increasingly older and 

more comorbid, underlying cardiovascular disease has become more 

common.42,43 Larger numbers of patients with nonalcoholic steato-

hepatitis cirrhosis and metabolic syndrome also make this scenario 

more common.43,44 It is recognized that patients with established coro-

nary artery disease undergoing liver transplant have poorer outcomes 

posttransplantation.45,46 Correspondingly, an appropriate risk assess-

ment and consideration for revascularization is required for those be-

ing evaluated for transplantation.46 Recent studies have shown a higher 

rate of arrhythmic complications but a low rate of ischemic events.47,48 

The timing of recommencing antiplatelet agents is challenging and 

requires multidisciplinary review to ensure the maximal protection of 

existing stents is balanced against the risk of bleeding.

Patients undergoing transplantation for ALF often have additional 

cardiovascular challenges, with vasoplegic shock similar to that seen in 

severe sepsis being typical, especially for hyperacute presentations.49 

Massive hepatic necrosis releases inflammatory mediators, which per-

sist in the circulation because of a lack of hepatic clearance.16 This 

pattern may take days to resolve after successful liver transplant.

Respiratory
Respiratory complications are common after liver transplantation, with 

a reported incidence of over 50% depending on the definition and 

method of assessment.50,51 The optimal timing of extubation remains 

unclear.52–54 In the majority of liver transplants, prolonged mechanical 
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ventilation is not required, and with the use of short-acting sedative 

and narcotic agents, immediate extubation in the operating room or 

postanesthetic recovery unit can sometimes occur. An early extubation 

approach is supported by evidence from the cardiac and thoracic surgi-

cal literature, suggesting no increased risk of complications and possi-

ble decreased ICU length of stay.55 Conversely, the benefit of delayed 

extubation allows for ongoing hemodynamic stabilization, correction 

of hemostasis, assessment of early graft function, and optimization of 

analgesia before liberation from ventilation. Overall, the majority of 

liver transplant recipients can be extubated shortly after admission to 

the ICU.

In common with other major abdominal surgeries, the provision of 

appropriate analgesia, preemptive physiotherapy, and early mobiliza-

tion may reduce the risk of pulmonary atelectasis and hospital-ac-

quired pneumonia, thereby reducing ICU length of stay.56 Common 

respiratory problems include preexisting cirrhotic complications such 

as pleural effusions/hydrothoraces and pulmonary edema/fluid over-

load caused by large volumes of intraoperative fluid administration. 

Hypoalbuminemia can exacerbate all the previously mentioned respi-

ratory complications. Careful postoperative critical care management 

involves the achievement of gentle negative fluid balance, provision of 

noninvasive ventilation as required, and the consideration of the place-

ment of intercostal catheters to drain symptomatic effusions.57,58

Overt postoperative respiratory failure, as defined as the require-

ment for reintubation or the need for mechanical ventilation for longer 

than 48 hours posttransplant, is associated with significant morbidity 

and mortality.59 Risk factors include older age, elevated MELD score, 

operative bleeding, acute kidney injury, and preexisting respiratory 

compromise.59 Acute lung injury/acute respiratory distress syndrome 

(ALI/ARDS) has a reported incidence of between 4% and 16% in post-

transplantation and has been associated with increased morbidity and 

mortality.60–62 Posttransplant ALI/ARDS is a multifactorial process oc-

curring as a consequence of blood product administration, large-vol-

ume fluid shifts, hepatic ischemic/reperfusion injury, and preexisting 

hypoalbuminemia. The management of ALI/ARDS remains largely 

supportive, with a low tidal volume and open-lung–based ventilation 

strategy being the mainstays of therapy. The prevention of a positive 

fluid balance and treatment of any potential infective or mechanical 

contributions can also be beneficial. The optimal positive end-expiratory 

pressure (PEEP) in this setting is not known, as it is necessary to balance 

the need for adequate oxygenation for the new liver graft and the risk of 

higher levels of PEEP impeding hepatic outflow and compromising graft 

function. It is currently believed that hepatic venous outflow is not  

impaired by PEEP of up to 10 cm H2O.63

Two unique cardiorespiratory complications of liver disease require 

special mention: hepatopulmonary syndrome (HPS) and portopul-

monary hypertension (POPH).

HPS is diagnosed by the triad of hypoxemia, intrapulmonary vas-

cular shunts as documented by echocardiography or lung contrast 

scans, and the presence of cirrhosis and/or portal hypertension.64 The 

incidence has been reported to range between 4% and 47%, but may 

be affected by the choice of diagnostic technique and the high fre-

quency of asymptomatic patients.64 The disorder is believed to be re-

lated to intrapulmonary vasodilation and aberrant pulmonary angio-

genesis secondary to increased NO production, resulting in 

arteriovenous shunting and systemic hypoxemia.64 Liver transplant is 

the only definitive treatment for HPS. Postoperative management in-

cludes the avoidance of fluid overload in addition to usual postopera-

tive pulmonary care.57 Despite such measures posttransplant, some 

HPS patients may develop profound hypoxia. Management of patients 

in this setting revolves around strategies to address intrapulmonary 

shunting, such as the provision of 100% oxygen, or inhaled pulmonary 

vasodilators, such as epoprostenol or NO.64 Intravenous methylene 

blue has been used successfully in a number of case reports.65 In cases 

of refractory HPS, embolization of target pulmonary vessels can be 

considered along with venovenous extracorporeal membrane oxygen-

ation support. However, given that it may take months for HPS to  

reverse, careful consideration with regard to duration of therapy is 

required. Even though many grafts tolerate moderate levels of hypoxia, 

there is the risk that in marginal or extended criteria grafts, refractory 

hypoxia may impair graft function, with refractory hypoxia in post-

transplant HPS having a reported of mortality up to 50%.66

POPH is the presence of pulmonary hypertension in the setting of 

cirrhosis/portal hypertension and the absence of another contributing 

cause.64 POPH is a rare condition with a reported incidence of less than 

5% of all cirrhotic patients being worked up for transplantation.67 The 

pathophysiology is believed to be pulmonary arterial vasoconstriction 

and endothelial proliferation caused by increased circulation of vasoac-

tive mediators.67 It is best diagnosed by echocardiography and con-

firmed with dedicated right heart catheter studies, with severity based 

on the mean pulmonary artery pressures (MPAPs).67 Initial manage-

ment of POPH involves confirming the diagnosis and excluding other 

causes of increased pulmonary pressures. Important exclusions include 

fluid overload and the presence of a hyperdynamic circulation, as they 

both increase the pulmonary vascular resistance in the absence of struc-

tural change. Subsequent management is based on reversing the struc-

tural changes that similarly occur with other forms pulmonary hyper-

tension, with the use of endothelial antagonists, inhaled prostacyclin, 

and inhibitors of phosphodiesterase type 5.64 The appropriateness of 

liver transplantation for patients with POPH is unclear, with previous 

studies suggesting near-universal mortality while undergoing liver 

transplant.64 However, further understanding and treatment of POPH 

have demonstrated that select patients who are pulmonary vasodilator 

therapy responsive have acceptable outcomes provided MPAP remains 

lower than 45–50 mm Hg.68 In patients undergoing liver transplant, 

pulmonary pressures should be monitored with a pulmonary artery 

catheter, and pulmonary hypertension therapy should be continued 

throughout the transplant period. Standard measures at optimizing the 

pulmonary vascular pressures and right heart function, such as main-

taining optimal oxygen and carbon dioxide levels, and selective use of 

vasoactive agents such as noradrenaline, milrinone, and dobutamine 

should be applied.69 It is less clear whether POPH resolves with success-

ful liver transplant, with the results of a small series showing variable 

improvement in pulmonary hemodynamics and ability to be weaned 

off long-term POPH therapy.70

Renal System
Renal dysfunction is common throughout the perioperative period for 

liver transplant recipients. Acute kidney injury (AKI) occurs in up to 

50% of patients before transplantation and is strongly associated with 

portal hypertension–mediated splanchnic vasodilation.71 Management 

of AKI leading into transplantation predominately consists of treating 

underlying sepsis;, volume expansion with fluids such as concentrated 

albumin, a balanced crystalloid, or blood in the event of upper gastro-

intestinal bleeding; relief of large-volume ascites (with supplementa-

tion of concentrated albumin); and withdrawal of nephrotoxic agents 

such as furosemide and spironolactone. The early initiation of vaso-

constrictor therapy—terlipressin or noradrenaline—has been shown 

to improve outcomes.72 To date, there have been no randomized stud-

ies looking at the early (pretransplantation) initiation of renal replace-

ment therapy (RRT) in liver transplant patients. Early initiation may 

be considered in those patients awaiting urgent transplant in order to 

allow early optimization of hyponatremia and prevention of further 

organ dysfunction secondary to fluid overload.

  

 



1171CHAPTER 146 Perioperative Management of the Liver Transplant Patient

Renal dysfunction post–liver transplant has a reported incidence of 

8%–64%73,74 and is associated with increased graft failure, infectious 

complications, longer ICU length of stay, greater hospital costs, and 

higher mortality.75,76 Posttransplant AKI is usually multifactorial, in-

fluenced by preoperative, intraoperative, and postoperative factors. 

Preoperative factors include prior renal function; severity of underly-

ing liver disease; the presence of hepatorenal syndrome; and other 

medical risk factors such hypertension, diabetes, and hypercholesterol-

emia.74 Intraoperative factors include duration of caval occlusion, 

postreperfusion syndrome, and blood loss.74 Postoperatively, early al-

lograft dysfunction, hypovolemia, sepsis, and direct toxic effects of 

calcineurin inhibitors (CNIs) are common factors.74 Management of 

patients with AKI or at risk of posttransplant AKI consists of optimiza-

tion of fluid balance with a preference for albumin solution, mainte-

nance of organ perfusion, and avoidance of nephrotoxic agents, in 

particular CNIs.77

There is currently limited evidence to guide timing of initiating 

RRT in this population; however, it is likely that earlier institution will 

improve graft function and patient outcomes, particularly in the set-

ting of cumulative positive fluid balance.78 Given that renal impair-

ment tends to improve as hepatic function is established in the early 

posttransplant period, the need for RRT is often brief.

Renal dysfunction in ALF is different than in those with chronic 

liver disease. Renal failure in ALF has an incidence of up to 70% and is 

almost never the result of hepatorenal syndrome.79 Risk factors for AKI 

in ALF include paracetamol toxicity (direct toxic effect), older age, se-

verity of multiorgan failure, and concurrent sepsis.79 Management 

principles are similar to those applicable to AKI in the setting of severe 

septic shock. The role of RRT in ALF is evolving, with accumulating 

evidence for possible neuroprotective effects through the improved 

control of hyperammonemia from early initiation of continuous RRT 

(CRRT).80,81 Most patients who undergo transplantation for ALF will 

continue to require CRRT in the immediate postoperative period, with 

the majority experiencing complete renal recovery in the long term.79,82 

For the small number who have delayed renal recovery, a transition to 

intermittent hemodialysis may be considered as they progress through 

the recovery phase of their illness.

Gastrointestinal System
A number of gastrointestinal issues affect management of the post–

liver transplant patient. Despite improvements in surgical technique, 

surgical complications occasionally occur after liver transplantation. 

The most commonly encountered complications involve the biliary 

system, namely strictures, obstructions, and leaks; fluid collections 

such as bilomas or seromas; and bleeding or hematoma formation.83,84 

These complications are best detected by maintaining a high risk of 

suspicion in the setting of ongoing vasopressor requirement, anemia, 

new organ dysfunction (especially AKI), unexplained early allograft 

dysfunction, or new fever and sepsis. Imaging plays a key role in the 

diagnosis of these complications, and options include ultrasound, 

computed tomography, dedicated T-tube cholangiograms, or mag-

netic resonance cholangiopancreatography.84,85 Management options 

need to be made in conjunction with the local expertise of the trans-

plant surgical teams, with options including surgical revision, stenting, 

re-exploration, or radiologic drainage. Common to other forms of 

major abdominal surgery, ileus occurs frequently post–liver transplan-

tation, with the identification and treatment of precipitating factors, 

provision of adequate analgesia, balanced fluid and electrolyte man-

agement, bowel rest, and decompression being the mainstay of man-

agement.86 Prolonged ileus may necessitate changing to intravenous 

forms of CNIs or mycophenolate to achieve adequate immunosup-

pression. Early consultation with the transplant hepatologist and 

pharmacists is essential to guide management under such circum-

stances.

It is crucial that patients undergoing liver transplantation have an 

adequate nutritional assessment. Malnutrition and sarcopenia are fre-

quent complications of cirrhosis, and adequate nutritional support is 

required to optimize recovery and prevent complications after trans-

plantation.87,88 Evidence from the wider critical care and surgical lit-

erature suggests that early enteral nutrition has significant benefits in 

preventing infective complications, postoperative ileus, and subse-

quently allowing optimal early graft function.89 Recent consensus 

opinion suggests that the provision of energy of up 30–35 cal/kg/day, 

with protein 1.2–1.5 g/kg/day, is required.90 Currently, there is no evi-

dence to suggest that routine supplementation of enteral nutrition 

with parental nutrition confers additional benefit.91 For patients who 

are unable to tolerate enteral nutrition because of prolonged ileus or 

surgical complications, it is appropriate to consider early parental nu-

trition; however, this decision needs to be balanced by the possible 

increase risk of infectious, cholestatic, and metabolic complications.90 

In the setting of ALF, ammonia levels should be monitored during 

commencement of enteral feeding to ensure that there is no associated 

rebound of ammonia to dangerously high levels.90

Coagulation System
Recent studies demonstrate that patients with both acute and chronic 

liver failure have evidence of rebalanced hemostasis.92 In the postop-

erative period, careful monitoring of hemostatic parameters is re-

quired. Bleeding is a major complication, occurring in up to 20% of 

patients, and is associated with poor outcomes.93 Risk factors for 

bleeding include severity of underlying liver disease, surgical tech-

nique, and AKI.94 Hemostatic resuscitation of the bleeding liver trans-

plant patient should be managed according to major guidelines and 

may be guided by point-of-care viscoelastic testing.95 In the absence of 

major surgical bleeding, a restrictive transfusion approach may be 

beneficial, as the administration of blood products is associated with 

decreased graft and patient survival, with associated immune dysfunc-

tion a likely key factor.95 The prothrombin time (PT)/international 

normalized ratio (INR) is a well-established parameter for assessing 

liver function, and serial monitoring can identify early graft dysfunc-

tion.96 However, it has limited ability to accurately predict spontaneous 

bleeding risk, and in the absence of active hemorrhage, an abnormal 

INR should not usually be treated with coagulation factors.

Other aspects of the coagulation system can affect postoperative 

care. Multifactorial thrombocytopenia is common, and the transfusion 

of platelets may be required if there is evidence of ongoing blood loss 

or concerns regarding the safe removal of intravascular devices; a tar-

get aim of 30–50 3 109/L appears safe in this setting.95,97 Hypofibrino-

genemia can occur, particularly in the setting of early graft dysfunc-

tion, and replacement with cryoprecipitate or fibrinogen concentrate 

should occur and evidence of hyperfibrinolysis sought.95,97 The deci-

sion on timing of commencement of venous thromboprophylaxis can 

be difficult, as many posttransplant patients may be hypercoagulable 

despite disordered hemostatic parameters.98 The use of mechanical 

thromboprophylaxis is recommended until the patient is able to ade-

quately mobilize. The ideal timing of pharmacologic thromboprophy-

laxis is unclear, and individualized decision making, depending on 

graft function and other organ failure, is required.98

Neurologic System
The incidence of neurologic complications after liver transplantation 

is up to 47%, with delirium, new-onset seizures, strokes, drug toxicity 

(in particular, CNI therapy), and prolonged hepatic encephalopathy all 

reported.99 Consistent with other critically ill populations, delirium is 
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the most common neurologic complication and is associated with in-

creased ICU length of stay and mortality.100

Management of delirium involves treating any precipitating factors 

such as sepsis, unnecessary medications, electrolyte disturbance, or or-

gan dysfunction (in particular, renal, cardiac, or pulmonary). Nonphar-

macologic methods such as reorientation, establishment of day-night 

cycles, early mobilization, and involvement of family members can be 

beneficial in select cases. However, in most cases pharmacologic therapy 

is required to ensure patient and staff safety—recent trials have shown 

that atypical antipsychotics may reduce the duration of delirium and 

should be first-line agents.101 The centrally acting alpha-2 agonist dex-

medetomidine decreases time to extubation but may be harmful in the 

setting of hemodynamic instability and prolonged use.102

Aside from delirium, liver transplant recipients have a much higher 

rate of neurologic complications than other solid organ transplants.103 

The reason may relate to overt or subtle neurotoxicity from chronic 

hyperammonemia.103 Further research in this area is required. In ALF, 

cerebral edema and associated neurologic injury may occur during or 

after otherwise successful liver transplantation; therefore the provision 

of CRRT and other neuroprotective measures for a short period post-

transplantation may be wise.

Immune System
The liver is a unique immunologic organ, playing key roles in immune 

surveillance and in the innate and adaptive immune responses.104 In 

patients with ALF and ESLD, the loss of hepatic function results in the 

development of an immunocompromised state. Factors contributing 

to this include impaired immune surveillance caused by injury of the 

reticuloendothelial system, reduced activation and phagocytic ability 

of the innate immune system, and generalized systemic inflamma-

tion.104 This combination of preexisting immune dysfunction coupled 

with the strong immune suppression required in the early posttrans-

plant period places patients at high risk of infective complications. 

Most major centers use prophylactic broad-spectrum antibiotics and 

antifungal agents in this period, although the recommended duration 

is unclear.105,106 Antimicrobial selection should be based on local resis-

tance patterns and expert advice.

The provision of immunosuppression is crucial in the early trans-

plant period; local regimens vary but commonly involve high-dose 

steroid therapy and CNI therapy (Table 146.2).107 More recently, there 

is an increase in use of individualized regimens, including selective 

agents tailored to an individual patient’s particular risk profile.108 

These regimens aim to minimize the risk of immunosuppression-re-

lated complications. Monitoring levels of immunosuppressive medica-

tions requires daily blood levels and close consultation with transplant 

hepatologists to ensure appropriate dose adjustment to avoid CNI 

toxicity in the early posttransplant period.

ASSESSMENT OF GRAFT FUNCTION

Monitoring and assessment of graft function are of fundamental im-

portance in the early posttransplant period and are commonly under-

taken through clinical assessment, measurement of biochemical and 

coagulation parameters, and results of imaging (Table 146.3). As the 

new graft is reperfused and begins to resume function, the patient’s 

hemodynamics state usually stabilizes and postperfusion acidosis re-

solves. A persistent or increasing vasopressor requirement or worsen-

ing metabolic acidosis may be a sign of early graft dysfunction. Bio-

chemical and coagulation values provide an excellent guide to early 

graft function. Hepatic transaminases (alanine transaminase [ALT] 

and aspartate transaminase [AST]) frequently rise early as the graft is 

reperfused and then trend downward over the following 24- to 48-hour 

period. A slowing of the transaminase downward trend or a sustained 

rise suggests new graft injury. Restoration of liver function leads to a 

reduction in the PT/INR as new coagulation factors are synthesized, 

and failure of this to occur warrants investigation. The use of Doppler 

ultrasound to assess hepatic vasculature can identify early complica-

tions in the hepatic artery and hepatic and portal veins and assist in the 

detection of bleeding complications and is now considered standard of 

care.109,110 Hepatic artery thrombosis (HAT) is the most feared early 

vascular complication of liver transplantation and occurs in between 

2% and 9% of patients.111 Although many risk factors for HAT have 

been reported, both surgical and nonsurgical, the exact pathologic 

mechanism often remains unclear.111,112 Treatment options include 

percutaneous thrombolysis, surgical re-exploration, and relisting for 

transplantation. Prophylactic aspirin therapy has been postulated to 

decrease the risk of HAT, but convincing evidence is lacking.113

The increased prevalence in the use of marginal or extended crite-

ria grafts and patients with significant frailty has amplified the impor-

tance of vigilance for identifying poor graft function. Early allograft 

dysfunction (EAD) is a term used to describe an early poorly function-

ing graft; however, there is currently no consensus definition of 

Class Agents Use Common Side Effects

Corticosteroids Methylprednisolone, prednisolone Induction of immune suppression

Acute rejection management

Short term: delirium, hyperglycemia

Long term: metabolic syndrome, obesity,  

osteoporosis

Calcineurin inhibitors Tacrolimus, cyclosporin Maintenance of immunosuppression Renal dysfunction, hypertension, neurotoxicity

Antiproliferative Mycophenolate mofetil, azathio-

prine

Maintenance of immunosuppression,

Acute rejection management

Nausea, vomiting, diarrhea, bone marrow  

suppression

mTORi Sirolimus, everolimus Maintenance of immunosuppression,

Acute rejection management

Hyperlipidemia, oral ulcers, delayed surgical 

wound healing, early use associated with HAT

Interleukin-2 monoclonal  

antibody

Basiliximab Induction of immunosuppression,

Use in renal-sparing regimens

Infective complications

T-cell–depleting antibody  

(monoclonal, polyclonal)

Alemtuzumab, ATG Induction of immunosuppression,

Steroid-resistant rejection

Leucopenia, transfusion reactions, increased  

infective risk, especially HCV recurrence and 

CMV reactivation

TABLE 146.2 List of Commonly Used Immunosuppressive Agents After Liver Transplantation

ATG,

 

Antithymocyte globulin;

 

CMV,

 

cytomegalovirus;

 

HAT,

 

hepatic artery thrombosis;

 

HCV,

 

hepatitis C virus;

 

mTORi,

 

mammalian target of rapamy-

 

cin inhibitors.
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EAD.114 Graft dysfunction may be identified by increasing transami-

nase levels, serum bilirubin concentration, PT/INR, and ammonia 

levels.114 EAD may be viewed as an extreme endpoint of ischemic re-

perfusion injury (IRI), as many of the risk factors for EAD are influ-

enced by the degree of IRI.115 IRI occurs after successful implantation, 

when the liver graft is exposed to oxygenated blood, and results in free 

radical production, endothelial cell damage, and graft dysfunction. 

Currently, management of established EAD/IRI is largely supportive, 

with the identification of potential contributing factors such as con-

comitant sepsis, organ failure—in particular renal, and maintenance 

of electrolyte and fluid balance (Box 146.1). Recent research has ex-

plored the potential to decrease the risk of IRI and EAD by the use of 

liver perfusion devices to decrease the impact of risk factors.116 

Evidence thus far has demonstrated lower peak transaminase rises, 

decreased biliary complications, and lower incidences of EAD and 

primary nonfunction; however, these trials are small in number, and 

we await the outcomes in larger, more diverse populations.116 Although 

widely used, there is no evidence that the use of prostacyclin or such 

agents improves patient or graft outcome.117

Investigation Significance

Liver function tests Declining transaminase indicates good graft 

health, delayed cholestatic pattern can be  

benign or sign of graft rejection

Coagulation studies Normalization of PT/INR strong indicator of  

underlying graft function

Arterial blood gas Declining lactate and resolution of acidosis  

indicate good early graft function

Doppler ultrasound Assess patency of hepatic vessels, in particular 

hepatic artery; can also assess resistance 

across graft, suggesting poor graft function

TABLE 146.3 Common Postoperative 
Investigations and Significance

INR, International normalized ratio; PT, prothrombin time.

BOX 146.1 Risk Factors for Ischemic 
Reperfusion Injury

Donor and recipient age

Illness severity at time of transplantation

Donor warm ischemic time

Donor cold ischemic time

Donor hepatic steatosis .30%

Altered coagulation profile

KEY POINTS

• Post–liver transplant outcomes continue to improve with high-quality ICU 

care.

• Nonhepatic organ failures influence postoperative outcomes, most commonly 

cardiac, respiratory, and renal issues.

• A systematic approach is required for optimizing care.

• Multimodal assessment of graft function is crucial to early detection of 

complications.

• Multidisciplinary decision making is essential throughout the period around 

transplantation.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Bernal W, Wendon J. Acute liver failure. New Engl J Med. 2013;369(26):2525–2534.

Concise review of acute liver failure, including etiology, presentation and  

organ-based dysfunctions.

European Association for the Study of the Liver. EASL clinical practice 

guidelines: Liver transplantation. J Hepatol. 2016;64(2):433–485.

Concise guidelines reviewing the indications for transplantation, organ  

failures present in liver disease, and broad-based management of patients up 

to and after liver transplantation.

Moini M, Schilsky ML, Tichy EM. Review on immunosuppression in liver 

transplantation. World J Hepatol. 2015;7(10):1355–1368.

A review of the evidence behind immunosuppression currently used in the 

management of liver transplantation. Ideal for the critical care physician.

O’Leary JG, Levitsky J, Wong F, et al. Protecting the kidney in liver transplant 

candidates: Practice-based recommendations from the American Society 

of Transplantation Liver and Intestine Community of Practice. Am J 

Transplant. 2016;16(9):2516–2531.

International concensus guidelines on measures to protect and prevent renal dys-

function in the postoperative period; gives evidence for practical interventions.

Olson JC, Karvellas CJ. Critical care management of the patient with cirrhosis 

awaiting liver transplant in the intensive care unit. Liver Transplant. 2017;

23(11):1465–1476.

Review of the issues pertianing specificially to the critical care management of 

post–liver transplant patients.

CONCLUSIONS

Liver transplantation has progressed over recent years with significant 

improvements in all aspects of care. Along with this progress, long-

term survival has also continued to improve. However, patients under-

going transplantation continue to have multiorgan dysfunction both 

before and after liver transplantation. ICUs play a key role in the provi-

sion of life-sustaining therapies preoperatively—in particular the 

management of those with ALF. Postoperatively, critical care continues 

to provide specialized high-quality, multiorgan support that is re-

quired for optimal outcomes in this complex surgical population.
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The Ultimate Treatment for Intestinal Failure
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INTRODUCTION

Intestinal and multivisceral transplantation remains a dynamic pro-

cess, moved forward by advances in the multidisciplinary care of  

intestinal failure, surgical techniques, innovative immunosuppressive 

strategies, and an improved understanding of intestinal transplanta-

tion immunology. More recently, great strides have been made in the 

medical and surgical management of patients with intestinal failure, 

which has resulted in a decrease in the number of patients added to the 

intestinal transplant waiting list and subsequently undergoing intesti-

nal transplantation (Figs. 147.1 and 147.2).1,2 Multidisciplinary dedi-

cated intestinal rehabilitation and transplantation units have become 

established at high-volume centers, where patients are managed with 

an available armamentarium of medical therapy, intestinal rehabilita-

tion surgeries, and intestinal transplantation. The goal of these multi-

disciplinary dedicated intestinal rehabilitation and transplantation 

units is that patients likely to require transplantation will be listed, fol-

lowed, and transplanted at the optimum time after weighing the risks 

and benefits and complications of each of these modalities (medical 

therapy, intestinal rehabilitation surgery, intestinal transplantation).

In the United States alone, 1204 patients were alive with a function-

ing intestinal allograft as of June 2018.1 Immunosuppression for intes-

tinal and multivisceral transplantation commonly involves some form 

of perioperative (antibody) induction protocol, although many centers 

now tailor induction and maintenance protocols to individualize strat-

egies based on each patient’s situation, often by employing immuno-

logic testing (crossmatching and donor-specific antibody testing) to 

help determine optimum strategies.

The future of intestinal transplantation depends on the prevention 

and treatment of chronic rejection, which disproportionately affects 

isolated intestinal allografts. Chronic rejection continues to be a fun-

damental barrier to achieving successful long-term outcomes and is 

the ongoing subject of rigorous investigation. Long-term data on nu-

tritional outcomes and transplantation morbidity help further deter-

mine the optimal timing and role of intestinal and multivisceral 

transplantation in patients with intestinal failure.

DEFINITION AND MANAGEMENT OF  
INTESTINAL FAILURE

As per the most recently updated guidelines published by the Euro-

pean Society of Clinical Nutrition and Metabolism (ESPEN) in 2018, 

intestinal failure is defined as “the reduction of gut function below the 

minimum necessary for the absorption of macronutrients and/or wa-

ter and electrolytes, such that intravenous supplementation is required 

to maintain health and/or growth.”3,4 Patients with intestinal failure 

are initially managed by administration of parenteral nutrition (PN) 

through central venous access.

The duration of intestinal failure is variable and, in certain patients, 

unpredictable, from shortterm to lifelong, and depends largely on the 

adaptation capacity of the remaining viable intestine, which is depen-

dent on variable factors such as patient age and underlying diagnosis. 

As such, intestinal failure can be functionally classified based on 

ESPEN guidelines published in 2015 into three categories:

 1. Type 1—acute intestinal failure, short-term, self-limiting

 2. Type 2—prolonged acute intestinal failure requiring PN over peri-

ods of weeks to months

 3. Type 3—chronic intestinal failure requiring PN over months to 

years

Furthermore, 2015 ESPEN guidelines further help conceptualize 

intestinal failure by classifying it into five major pathophysiologic clas-

sifications: (1) short bowel syndrome (reduced absorptive mucosal 

surface), (2) intestinal fistula (bypass of large areas of absorptive mu-

cosal surface), (3) intestinal dysmotility (intolerance to oral/enteral 

nutrition because of nonmechanical intestinal obstruction), (4) me-

chanical obstruction, and (5) extensive small bowel mucosal disease 

(inefficient absorptive and/or nutrient-losing mucosal surface).

Optimal management of patients with intestinal failure is achieved 

after a detailed multidisciplinary evaluation. Obtaining a comprehen-

sive history is critical and must include birth details (such as prematu-

rity) and disease history; complicating comorbid medical history; past 

surgical procedures; infections; number and location of previous cen-

tral venous lines; presence of central venous thrombosis; a detailed 

nutrition history, including duration of PN, details of PN prescrip-

tions, and maximal enteral feeding tolerance and its trajectory (still 

advancing or static); medication history; and frequency/volume of 

stools. A careful history and physical examination performed by the 

intestinal rehabilitation team is critical to the process of achieving a 

complete pretransplant work-up. Further investigations include blood 

tests, upper gastrointestinal (GI) contrast study with small bowel fol-

low-through; contrast enema if indicated; abdominal sonogram to 

assess for hepatosplenomegaly; and an examination of central venous 

anatomy either by ultrasound, computed tomography (CT) or mag-

netic resonance (MR) venography, or traditional venography. Occa-

sionally, endoscopy with small intestinal aspiration for quantitative 

microbial culture and mucosal biopsy is recommended. In equivocal 

cases, liver biopsy is recommended if there is evidence of liver dysfunc-

tion or portal hypertension to determine if concomitant liver-contain-

ing transplantation is required.

Management of patients with intestinal failure focuses on optimi-

zation of gut adaptation and recovery of intestinal function to achieve 

enteral autonomy. With improved management of PN and minimiza-

tion of complications, longer durations of PN can be achieved to al-

low for gut adaptation.5 Clinical trials have shown favorable outcomes 

with the use of the glucagon-like peptide analogue (GLP-2) teduglu-

tide in increasing intestinal adaptation and increasing the likelihood 
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Fig. 147.1  New candidates added to the intestine transplant waiting list 

(2007-2018). IN, Intestine without liver; IN-LI, intestine with liver. 

 (Adapted from Smith JM, Weaver T, Skeans MA, et al. OPTN/SRTR 2018 

Annual Data Report: Intestine. Am J Transplant. 2020;20[Suppl s1]:

300–339.)
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Fig. 147.2  Number of intestinal transplants performed per year (2007–

2018), including adult and pediatric, retransplant, and multiorgan recipi-

ents. IN, Intestine without liver; IN-LI, intestine with liver. (Adapted 

from Smith JM, Weaver T, Skeans MA, et al. OPTN/SRTR 2018 Annual 

Data Report: Intestine. Am J Transplant. 2020;20[Suppl s1]:300–339.)

of weaning off PN in short bowel syndrome patients. As a result, the 

Food and Drug Administration (FDA) has approved the use of tedu-

glutide for the management of patients with short bowel syndrome 

over the last decade.6,7 A small portion of patients have shown excel-

lent response with the ability to greatly reduce or even completely 

eliminate parenteral support. However, the high cost of the medica-

tion, estimated at .$400,000 per year per patient, limits its general 

use, especially without guidance on which patients will achieve enteral 

autonomy with therapy.

Simultaneously, progress has been made in intestinal rehabilitative 

surgical therapies, including autologous reconstructive surgeries (repair-

ing enterocutaneous fistulae, restoring enteral continuity with primary 

reconstruction or use of alimentary conduits) and bowel-lengthening 

procedures such as the longitudinal lengthening procedure described by 

Bianchi and the serial transverse enteroplasty (STEP).8–10 A recent study 

focusing on outcomes of the full spectrum of intestinal rehabilitative 

surgeries and bowel-lengthening procedures on 500 consecutive patients 

with intestinal failure has shown remarkable results, with restored nutri-

tional autonomy in 82% of patients with a 5-year survival of 70%.11

Alternatively, if gut dysfunction is considered irreversible, manage-

ment of these patients concentrates on maintaining optimal growth in 

children and nutritional repletion in adults to prepare them for likely 

intestinal transplantation. Recently, there has been a shift in timing of 

intestinal transplantation, focused more on the individualized risks 

and complications of PN versus intestinal transplantation. In other 

words, if patients, especially children where there still may be hope for 

further adaptation, are stable on PN with no significant complications, 

then deferring transplant is quite reasonable.

Small bowel bacterial overgrowth (SBBO) is a common clinical 

problem in patients with intestinal failure and is treated with a variety 

of antibiotic regimens. To date, no comparative studies are available to 

enable an evidence-based approach to treat SBBO. The use of metro-

nidazole for anaerobic overgrowth, combined with trimethoprim and 

sulfamethoxazole or an oral aminoglycoside for gram-negative organ-

isms, is a common theme. Metronidazole monotherapy is used if the 

dominant symptoms suggest predominantly anaerobic overgrowth 

(such as bloating, increasing diarrhea, and D-lactic acidemia). The 

extreme sensitivity of anaerobes to oxygen makes the use of small 

bowel aspirate cultures relatively unreliable as a means of microbial 

surveillance or indication to treat SBBO. Probiotics such as Lactobacil-

lus and Saccharomyces have been used in an attempt to limit SBBO. 

Given the absence of randomized evidence to support the efficacy of 

probiotics, coupled with reasonable concerns about impurities and 

possible contamination with other bacteria (e.g., Leuconostoc), the use 

of probiotics is controversial and mostly discouraged in patients with 

central venous catheter access and intestinal failure and especially after 

transplantation because of increased immune suppression.

Parenteral nutrition–associated liver disease (PNALD), also referred 

to as intestinal failure–associated liver disease (IFALD), remains a critical 

problem in this patient population, affecting infants disproportionately. 

The 1-year mortality of patients with PNALD exceeds 20% in the ab-

sence of PN weaning or transplantation.12 Although not always feasible, 

the best strategy to prevent and treat PNALD involves a commitment to 

the advancement of enteral nutrition. Despite a conscientious approach 

to PN therapy, many children and adults still develop cholestasis rela-

tively early in their clinical course. Prevention and timely treatment of 

infection, minimizing SBBO, preventing overfeeding with dextrose, 

providing adequate amino acids, cycling PN, or providing PN-free days 

when possible are probably important measures to slow the progression 

of PNALD.13 Stasis of bile in the nonstimulated biliary system and gall-

bladder can lead to sludge buildup and cholelithiasis. In the authors’ 

experience, cholecystectomy may be beneficial to minimize the risks of 

developing biliary obstructive episodes and pancreatitis and should be 

considered early in any operative course as part of a combined proce-

dure. Cholecystectomy on its own is rarely done, as it seldom improves 

liver function and is not indicated for PNALD alone. Bowel reconnec-

tion, even in patients with very short guts, may relieve some of the high 

pressure in the upper GI tract and issues of reflux cholangitis, which 

may allow for long-term improvements in liver function.

Rates of PNALD have significantly decreased with novel methods to 

reduce phytosterol exposure from parenteral lipid emulsions through 

lipid minimization protocols with the reduction of traditional soy-

based lipid solutions and even their eventual removal by substituting 

with Omegaven (a fish oil–based, intravenous [IV] lipid solution rich in 

omega-3 fatty acids). Omegaven has recently been FDA approved (as of 

July 2018) for use in neonatal and pediatric patients suffering from 

PNALD.14 Another option in patients with PNALD is the use of a mixed 

oil lipid-based emulsion such as SMOF (soybean oil, medium-chain 

triglycerides, olive oil, fish oil) lipid, which is currently approved for use 

in adults in the United States with an ongoing pediatric trial. SMOF 

lipid may offer another alternative in pediatric patients with PNALD 

  

 



1176 PART XIII Surgery/Trauma

who demonstrate poor weight gain or develop essential fatty acid defi-

ciencies while on fish oil–based emulsions.14,15 Although biochemical 

improvement in liver disease has been shown with these alternative 

lipid formulations, it is unclear whether they actually alter histologic 

progression of liver disease.

In addition to PNALD, patients on long-term PN are at risk of de-

veloping metabolic bone disease (MBD). Associated with an insidious 

onset of bone pain that can become quite severe, patients with MBD 

will present with normal serum calcium, phosphorus, vitamin D, and 

parathyroid hormone, but with hypercalciuria. Nontraumatic spinal 

and rib fractures have been reported in these patients. To optimize 

bone maintenance in patients on PN, it is important to include cal-

cium in parenteral formulations, prevent metabolic acidosis, and 

minimize aluminum contamination. Symptoms of MBD tend to re-

solve only after stopping PN.

Many intestinal transplant recipients will require intensive care 

unit (ICU) management during the pretransplant period, although the 

number of patients being transplanted from home (outside of a hos-

pital setting) has increased with improved medical management and 

resulted in improved outcomes in this subset of patients. Sepsis and GI 

hemorrhage are common reasons for ICU admission in patients with 

intestinal failure. Blood products, though necessary in the resuscita-

tion of GI hemorrhage, should be used judiciously in the absence of 

acute bleeding. Pretransplant exposure to blood products, particularly 

platelets, can predispose intestinal transplant recipients to developing 

antibodies and can place them at a higher risk of developing antibody-

mediated rejection after transplantation. Leukoreduced blood prod-

ucts may be preferable in patients awaiting transplant.

Central line–associated bloodstream infections (CLABSIs) unfortu-

nately are common in PN-dependent patients. All attempts should be 

made to avoid this event, with fastidious central line care at the core of the 

matter. Centers have employed central line care bundles to aid in sterile 

central line care at home. Lock therapy has played an important role in 

further reducing the incidence of CLABSI with ethanol, taurolidine, and 

sodium EDTA locks all showing various degrees of effectiveness.16 One of 

the determining factors to move forward with transplantation is loss of 

venous access. Hence, although infection (especially fungal and life-

threatening gram-negative infections) may necessitate removal of a 

tunneled central venous catheter, all attempts at salvaging the line, or at 

least the venous site, should be considered. Smaller pediatric patients 

and patients with a history of thrombosis may have limited venous  

access, necessitating preservation and treatment through an infected 

line. Percutaneous lines should be placed with caution in these patients, 

as great vessels may no longer be patent, and the trauma to the remain-

ing vessels may have serious consequences. Many surgeons, anesthesi-

ologists, and intensivists now place central lines under ultrasound 

guidance, although the more difficult and chronic-issue lines are best 

served in interventional radiology, with their vast cadre of specialized 

techniques. Ultrasound evaluation of deep veins to assess for patency is 

notoriously variable and often unreliable, and in difficult or concerning 

cases venography remains the gold standard. Many centers now use 

cross-sectional imaging through MR or CT venography in place of 

traditional fluoroscopic venography. Mapping should be considered 

before excessive loss of venous access occurs.

Nutritionally deplete patients are relatively immune suppressed 

and prone to severe community-acquired infections. Pediatric pa-

tients with intestinal failure and IFALD are at increased risk of respi-

ratory failure even with common viral infections. Because children 

have a compliant chest wall, increased abdominal girth creates a me-

chanical disadvantage even during normal tidal volume breathing. In 

the setting of pulmonary infection, volume overload, or decreased 

cardiac output, the work of breathing can lead to fatigue.

Neurodevelopmental outcomes of children with intestinal failure 

have been understudied. Conflicting evidence exists regarding neuro-

developmental outcomes, with some reports of gross motor and cogni-

tive deficits identified within the first few years of life.17

INDICATIONS FOR TRANSPLANT

The goals of the transplant team are to determine whether the patient 

may benefit from transplantation, assess alternatives to transplant, 

evaluate any contraindications to transplantation, and provide educa-

tion to the patient and caregivers about the complex process of under-

going transplantation. After evaluation by the multidisciplinary team 

and open and frank discussion among all the team members, the usual 

result is one of three choices: (1) the patient may be followed closely as 

an intestinal care patient and listing status deferred depending on 

progress; (2) the patient may be listed as a status 2 recipient to accrue 

time on the list while awaiting possible medical improvement or bowel 

adaptation but realizing that transplantation is still quite likely; or (3) 

the patient may be listed as a status 1 intestinal recipient if the patient 

has met criteria for complications of irreversible intestinal failure, or as 

a liver intestine recipient if the patient is deemed to have irreversible 

intestinal failure and associated irreversible significant liver dysfunc-

tion for immediate consideration where criteria make transplantation 

inevitable.

In October 2000, the Centers for Medicare and Medicaid Services 

approved intestinal, combined liver-intestine, and multivisceral trans-

plantation as a standard of care for patients with irreversible intestinal 

failure who could no longer be maintained with PN. As experience 

with intestinal rehabilitation and transplantation has increased over 

the last two decades, there has been debate about updating the original 

guidelines published in 2001 about indications of intestinal trans-

plants. As a result, a working group of worldwide experts on intestinal 

failure and transplantation was assembled at the XIV International 

Small Bowel Transplant Symposium in 2015. Based on this delibera-

tion, a recent consensus statement about updated indications of intes-

tinal transplantation was published in 2019.18 Most notably, extreme 

short bowel and transplantation for quality of life are absent from the 

revised indications, largely because of the advances in intestinal reha-

bilitation and resultant improvements in quality of life on PN. Based 

on these updated 2019 guidelines, indications for intestinal transplan-

tation in the current era can be summarized as follows:

 1. Evidence of advanced or progressive IFALD defined as either (a) 

hyperbilirubinemia .4.5 mg/dL that persists for more than 2 

months despite IV lipid modification strategies or (b) any combi-

nation of elevated serum bilirubin, reduced synthetic function (low 

albumin or elevated international normalized ratio [INR]), and 

laboratory indications of portal hypertension and hypersplenism 

(especially low platelets) persisting for more than 1 month in the 

absence of a confounding infectious event(s).

 2. Progressive loss of central venous access, typically defined by loss of 

at least two upper body central venous sites (left subclavian, left 

internal jugular, right subclavian, or right internal jugular) or oc-

clusion of a brachiocephalic vein in children. In adults, this crite-

rion should be evaluated on a case-by-case basis.

 3. Life-threatening morbidity in the setting of indefinite PN depen-

dence of either anatomic or functional etiology, as suggested by (a) 

in children, two admissions to the ICU (after initial recovery from 

the event resulting in intestinal failure) because of cardiorespiratory 

failure (mechanical ventilation or inotrope support) resulting from 

sepsis or other complications related to intestinal failure and (b) in 

adults, on a case-by-case basis.

 4. Invasive intraabdominal desmoids in adolescents and adults.

  

 



1177CHAPTER 147 Intestinal and Multivisceral Transplantation

 5. Acute diffuse intestinal infarction with hepatic failure.

 6. Failure of first intestinal transplant.

Owing to the particularly high morbidity and mortality of children 

with IFALD, increasing efforts have been made by the pediatric medi-

cal community to optimize timing of referral of these patients to spe-

cialized intestine failure rehabilitation centers and transplant centers 

to improve overall outcomes. In addition to the earlier criteria for in-

testinal transplantation, a recent expert consensus panel recommended 

the following patients be evaluated for intestinal transplant: (1) chil-

dren with massive small bowel resection, (2) continuing prognostic or 

diagnostic uncertainty, (3) microvillous inclusion disease or intestinal 

epithelial dysplasia, and (4) the request of the patient or family.19 This 

initiative, to a large extent, has been relatively successful in breaking 

down previously held prejudices and allowed for prompt and, at times, 

very early evaluation. This in turn has allowed for more coordinated 

expert multidisciplinary management of these patients. With fewer 

patients now heading into liver failure with improved preservation of 

the liver, it gives the medical and surgical teams more time to let the 

native bowel adapt, so that more patients, even after 5 or more years of 

PN therapy, are eventually able to wean off of PN who previously 

would never have been given this chance.

The initial underlying pathophysiologic disorders leading to intes-

tinal failure and subsequently intestinal transplantation in children 

and adults are summarized in Table 147.1. Based on data from the 

Intestine Transplant Registry published in 2015, short gut syndrome is 

the most common pathophysiologic mechanism responsible for intes-

tinal failure requiring intestinal transplantation in children and adults.2 

The relative distribution of various pathophysiologic indications lead-

ing to intestinal failure and subsequently to intestinal transplantation 

in children and adults is summarized in Fig. 147.3.

Transplantation is unlike any other surgical procedure in that it is 

rarely an isolated event, unlike general surgical procedures, and has 

significant short- and long-term medical and surgical issues that need 

to be considered. Nowadays, as the overall management of PN im-

proves, the indication and timing of transplantation become a balanc-

ing act, trying to weigh the risks and complications of PN versus the 

potential short- and long-term risks of intestinal transplant.

EVALUATION FOR TRANSPLANT

For both children and adults, the evaluation of intestinal and multi-

visceral candidates usually begins as an inpatient process because of 

the complexity of the case and the need for many different services 

to see the patients and investigations that may be required. Most in-

testinal failure units use multidisciplinary teams that assess patients 

during evaluations. This comprises the GI team, other medical teams 

as indicated (cardiac, renal, genetic, immunology, pulmonology, 

etc.); general surgery (especially pediatric surgery); transplantation; 

and many allied services including psychology, social work, phar-

macy, and others as indicated in each case. Transplant teaching is a 

vital component, as is determining fiscal ability and supportive 

structures for potential recipients. Each team provides recommenda-

tions, and, in particular, the GI team may make recommendations 

with the PN and IV fluids and medications that may be quite benefi-

cial to the patient and the referring team. At times, especially in a 

multidisciplinary center with both good pediatric surgical and trans-

plant skills, these patients may undergo surgical exploration and  

attempts at reconstruction and/or bowel-lengthening procedures 

before transplantation. These are done with an attempt to either 

avoid transplantation, or at least minimize the need for PN and con-

comitant liver disease and delay the need for transplantation, or to 

make the conditions at transplant better (i.e., obtain colonic growth 

and health in previously disconnected patients or resecting enteric 

fistulae/intraabdominal abscesses that may be contributing to sep-

sis). Having a surgeon well versed in medical management strategies, 

able to operate as a general surgeon to try to help restore enteral 

Pediatric Patients Adult Patients
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autonomy by surgical means, and be able to set the patient up for 

transplant is advantageous for both the patient and intestinal failure 

unit, allowing for more aggressive surgical interventions to try to 

avoid or delay transplantation.

Determining which type of allograft to use in patients with intesti-

nal failure involves a comprehensive evaluation of the function and 

anatomy of the remaining bowel along with other abdominal organs. 

Intestinal failure patients are considered candidates for isolated intes-

tinal transplant (with or without colon), combined liver and intestine 

transplant, multivisceral transplant (including liver, stomach, duode-

num, pancreas, and small bowel with or without colon), or modified 

multivisceral transplant that excludes the liver. There has been ongoing 

debate in the transplant community regarding the previously men-

tioned nomenclature; however, from a practical and immunologic 

point of view, the major differentiation is the inclusion of the allograft 

liver as part of the transplant bloc. Whether to perform simultaneous 

hepatic replacement remains a challenging decision even to experi-

enced transplant surgeons, particularly for patients with borderline 

liver dysfunction and a biopsy that shows fibrosis (Ishak level 3–4 and 

above) and some degree of synthetic dysfunction suggestive of portal 

hypertension. Nevertheless, it must be realized that the classic symp-

toms and signs of impending liver failure may not be the same in pa-

tients with limited or no intestine, and the use of Omegaven or SMOF 

may normalize the bilirubin but not affect fibrosis. This also affects the 

Model of End-Stage Liver Disease (MELD) and Pediatric End-Stage 

Liver Disease (PELD) score in these potential recipients; hence the es-

sential need for “supplemental” points to be added to their total when 

the intestine is added to the United Network for Organ Sharing 

(UNOS) liver transplant listing. This has been allowed in the pediatric 

population for some time now but remains a vexed issue in the adult 

population.

 The key factors in determining whether to perform liver transplant 

in patients with intestinal failure are the extent of portal hypertension 

and the severity of parenchymal liver disease. In general, patients with 

mild portal hypertension should be cautiously considered for isolated 

intestinal transplant. Under these circumstances, it is mostly recom-

mended that venous outflow from the intestinal allograft bypass the 

portal circulation and be drained to the recipient systemic circulation 

through the inferior vena cava. This is especially relevant as there has 

been no documented proof that portal drainage is more beneficial or 

that relative portal and mesenteric hypertension may have deleterious 

effects on intestinal allograft function. The other predicament is the 

patient with marginal intestinal length who may, under ideal circum-

stances and more time, be able to adapt and come off of PN but the 

liver has undergone such considerable damage that it needs to be re-

placed. In this circumstance, liver transplantation alone in the face of 

short gut syndrome can and has been done but is fraught with poten-

tial dramatic consequences and the potential need for liver and intes-

tine retransplantation if it is not successful.

TRANSPLANTATION PROCEDURES

Brief descriptions of recipient operations are provided here. The mul-

tivisceral donor procurement operation has previously been well de-

scribed.20 It is important to note that to a large extent, the future 

course after transplant is significantly determined by the quality of the 

donor and success of the donor recovery and back-table preparation. 

The intestine is perhaps the most sensitive donor organ and prone to 

ischemic events either by nature of the cause of death or because of 

pharmacologic agents (vasopressors) that are used to support the do-

nor leading up to and after neurologic determination of death. It is 

thought that damage to the bowel sets up an inflammatory cascade 

that in turn makes the organ more immunogenic, or at least more 

susceptible to a rejection episode once it is reperfused in the recipient. 

Hence, the recipient surgeon is extremely judicious in the selection of 

a suitable donor and the number of acceptable donors is restricted. 

Other factors that play into this decision include blood group (gener-

ally identical), size-matching issues because of restricted abdominal 

domain (reduced grafts have been shown to have short- and long-term 

issues), and some potential crossmatch issues (especially in retrans-

plant patients). Because of stringent donor selection criteria, the intes-

tinal allograft is one of the more infrequently recovered allografts from 

available donor pool.21

Isolated Intestinal Transplant
For isolated intestinal transplants (Fig. 147.4), the donor intestinal 

graft (jejunum and ileum) is procured along with donor vascular con-

duits, including an artery (iliac and/or carotid) and a vein (iliac, oc-

casionally jugular). The donor superior mesenteric vessels are occa-

sionally anastomosed directly to the recipient superior mesenteric 

artery and vein if adequate length is achieved. More commonly, inter-

position vascular conduits are anastomosed to the recipient infrarenal 

aorta and recipient superior mesenteric vein (portal drainage) or infe-

rior vena cava (systemic drainage) to provide sufficient length and 

proper orientation for the allograft.

The intestinal reconstruction involves a proximal duodenojeju-

nostomy or jejunojejunostomy, depending on individual recipient 

considerations of remnant bowel viability and anatomy. The distal 

end of the intestinal allograft may be used as a permanent end ileos-

tomy if the recipient has no remaining viable colon or may be anasto-

mosed to the remnant colon, leaving a short portion of allograft distal 

to the enterocolic anastomosis to bring out as a temporary end ileos-

tomy (Bishop-Koop ileostomy) that allows access to the bowel for 

endoscopic surveillance and mucosal biopsies.

Colonic transplantation with the small bowel has been used more 

frequently, especially in situations where the native colon is very short or 

nonfunctional (such as Hirschsprung disease or pseudo-obstruction).  

In this case, a loop ileostomy is formed so that the small bowel can be 

biopsied and the colon normally brought out as an end colostomy, or if 

anastomosed to the remaining colon, a loop allograft colostomy may be 

Venting of feeding
gastrostomy

Proximal
anastomosis

Feeding
jejunostomy

Ileocolostomy

End ileostomy

Fig. 147.4 Isolated intestinal transplant.
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formed as well. Inclusion of colonic graft with small bowel graft has been 

shown in a recent study to provide improved postoperative renal protec-

tion along with increasing rate of interval ileostomy reversal in intestinal 

transplant recipients.22

 In patients with gastric dysmotility, although a stomach-inclusive 

allograft may be ideal, because of donor availability (size and/or ana-

tomic vascular aberrations), it may not be recoverable; hence a gastro-

jejunostomy may also need to be performed as an alternative to drain 

the stomach. Single or multiple feeding tubes (gastrostomy tube, jeju-

nostomy tube, and combined gastrojejunostomy tube) may be placed 

based on multiple considerations, including recipient pretransplant 

oral intake capacity and dysmotility issues.

Combined Small Bowel and Liver Transplant
For combined small bowel and liver transplants (Fig. 147.5), the re-

cipient hepatectomy is routinely performed with preservation of the 

native retrohepatic inferior vena cava. The recipient foregut, including 

stomach, native pancreas, and proximal duodenum, is also preserved 

and its venous outflow maintained with a permanent end-to-side  

portocaval shunt. The composite donor allograft includes the primary 

organs (liver and small bowel) and the donor duodenum and pancreas, 

allowing for maintenance of donor hepatobiliary continuity. Arterial 

inflow to the composite donor allograft is achieved using an arterial 

interposition conduit from the recipient infrarenal aorta to the recon-

structed donor aorta placed onto the Carrel patch of donor celiac  

artery and superior mesenteric artery. Allograft venous outflow via the 

suprahepatic inferior vena cava commonly involves the well-described 

“piggyback” technique, anastomosing the donor suprahepatic inferior 

vena cava/hepatic veins cuff to the confluence of the recipient hepatic 

veins and cava. Occasionally, a “standard” bicaval anastomosis is per-

formed. Intestinal reconstruction is performed in a similar fashion to 

an isolated intestinal transplant, mostly with the upper anastomosis 

being a jejunojejunostomy. Feeding tubes are placed as indicated.

Full Multivisceral Transplant
In the majority of cases of full multivisceral transplant procedures 

(Fig. 147.6), before implantation, the recipient distal stomach, duo-

denum, pancreas, liver, and remaining small bowel are resected. The 

recipient inferior vena cava is routinely meticulously preserved.  

The absence of remaining foregut or midgut precludes the need for a 

portocaval shunt. Vascular inflow is similar to composite liver-bowel 

transplant but now includes celiac inflow to the stomach as well. 

Vascular outflow is identical to composite liver-bowel transplant. 

The donor spleen is removed from the composite allograft on the 

back table before reperfusion. Intestinal reconstruction is performed 

proximally with a gastrogastrostomy anastomosis, and the distal 

anastomosis is similar to previously described intestinal transplants. 

To avoid gastric outlet obstruction resulting from vagal denervation, 

a Heineke-Mikulicz pyloroplasty is routinely performed after reper-

fusion. Feeding tubes are placed as indicated.

Native portocaval shunt draining native
foregut into recipient vena cava

Carrel patch

Donor hilum
containing

intact donor
PV, HA, CBD

Oversewn end of
allograft duodenum

overlying native
duodenum

Native duodenum
behind allograft

Proximal
anastomosis

Donor
pancreas

Recipient pancreas
and spleen

A

B

Fig. 147.5 Combined liver and intestinal transplant. A, Portocaval 

shunt draining native foregut. B, Combined liver and intestinal trans-

plant with feeding jejunostomy. CBD, Common bile duct; HA, hepatic 

artery; PV, portal vein. 
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Fig. 147.6 Full multivisceral transplant. SMA, Superior mesenteric 

artery; SMV, superior mesenteric vein. 
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Modified Multivisceral Transplant
A “modified” multivisceral transplant (Fig. 147. 7) involves transplan-

tation of a full composite allograft without a liver. The recipient liver 

is preserved along with its vasculature and the extrahepatic biliary 

system with duodenum, pancreas, and spleen. Vascular conduits are 

used routinely (Fig. 147.8). If the native enterohepatic biliary system is 

intact, the native duodenum or jejunum is drained into the allograft 

duodenum or jejunum. If, however, the procedure involves disruption 

of hepatobiliary continuity, the native bile duct can be drained via 

Roux-en-Y hepaticojejunostomy constructed from donor intestinal 

allograft (often the case in children where the donor bile duct is very 

small), or in adults and older children via a choledochoduodenostomy 

(duct-to-duct) anastomosis.

Abdominal Wall Closure After Intestinal Transplantation
Fascial closure after intestinal transplant can be difficult because of 

reduced abdominal domain, loss of fascial compliance from prior 

laparotomies, and possible concern for abdominal compartment syn-

drome. Previous studies have shown that abdominal fascia cannot be 

closed in about one-third of intestinal transplant cases. Low donor to 

recipient weight ratio (,0.8) has been shown to be an important pre-

dictive factor for allowing fascial closure after intestinal transplant.23,24 

A recent study identified high-risk recipient factors (preexisting en-

terocutaneous fistulas, male sex, and age over 4 years) contributing to 

an inability to achieve sustained abdominal wall closure after intestinal 

transplant.25 Currently available options for abdominal closure in 

these cases include skin-only closure, advanced reconstructive surgical 

options including use of biologic mesh and delayed skin grafting, and 

consideration of abdominal wall transplant at the time of intestinal 

transplant.25

POSTOPERATIVE MANAGEMENT

Advances in the technical aspects of intestinal and multivisceral trans-

plantation have occurred in parallel with improvements in intraopera-

tive monitoring and postoperative critical care management of these 

challenging patients.

Ventilatory Management
Extubation is commonly achieved within 48 hours of the transplant 

operation in adult patients. Mitigating factors that might delay extuba-

tion include graft malfunction, delayed abdominal wall closure, vol-

ume overload, sepsis, organ failure, and surgical complications such as 

bleeding. In children, delayed abdominal wall closure is commonly 

necessary because of allograft size constraints and swelling postreper-

fusion and requires continued neuromuscular blockade and mechani-

cal ventilation while diuresis is performed. Given that recipients tend 

to be nutritionally compromised preoperatively and that intestinal and 

multivisceral transplant operations are relatively long in duration  

(8–18 hours), a careful assessment of weaning parameters before extu-

bation is essential. Changes in intraabdominal pressure and abdominal 

girth may adversely affect respiratory mechanics, leading to rapid, 

shallow breathing. These problems are most common in children, in 

small adults who receive large allografts, and in patients whose course 

is complicated by large-volume ascites. Pleural effusions are common 

because of nutritional depletion with hypoalbuminemia and intraoper-

ative manipulation of the diaphragm. Although attempts to overcome 

them by diuretics may be attempted, thoracentesis and placement of 

pleural tubes often are necessary.

Renal Function
It is common for intestinal transplant recipients to demonstrate some 

degree of renal dysfunction pretransplant, owing to multiple episodes 

of sepsis with hypotension, the side effects of antibiotics, chronic  

dehydration, and hepatic dysfunction. Although patients receive sig-

nificant volumes of fluid during the long course of the transplant  

operation, intravascular volume depletion can be a problem in the  

immediate posttransplant period. Significant fluid volume may accu-

mulate in the intestinal allograft secondary to preservation injury 

(peaking at 48–72 hours), and large-volume ascites or chylous ascites 
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Fig. 147.7 Modified multivisceral transplant.
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production because of mesenteric lymphatic leakage may occur. Either 

of these processes can lead to profound and sometimes underappreci-

ated intravascular volume depletion and can worsen the nephrotoxic-

ity of immunosuppressive agents and antibiotics.

Maintenance of ideal volume status is challenging in these patients, 

and interventions should be directed at optimizing cardiac output and 

organ perfusion. Extravascular volume overload is common and should 

be interpreted with caution, particularly in the immediate posttransplant 

period. In patients with impaired renal function or high tacrolimus drug 

levels, urine output may not be an accurate indicator of perfusion. Skin 

perfusion, mixed venous oxygen concentration, and serum lactate are 

useful surrogates. Because intestinal transplant recipients are commonly 

nutritionally deplete, use of 5% albumin as a volume expander may be 

preferable to larger volumes of crystalloid solution. In patients with large-

volume stoma output or ascites drainage, standing orders for fluid  

replacement may be necessary. Balancing adequate volume resuscitation 

with the avoidance of volume overload in the setting of baseline renal 

dysfunction can be a significant challenge that requires considerable 

clinical experience and meticulous attention to detail.

Infection
Recipients of intestinal or multivisceral transplants will routinely re-

ceive prophylactic broad-spectrum antibiotics intratransplant and 

posttransplant. Any history of nosocomial infections before transplant 

should be addressed with administration of the appropriate specific 

antibiotics. Colonizing organisms growing from enterocutaneous fis-

tula tracts should also be covered appropriately. Selective bowel decon-

tamination with nonabsorbable oral antibiotics is performed routinely 

in the donor and in some intestinal transplant recipients.

Translocation of bacteria or bacterial toxins from the intestine into 

the bloodstream can cause sepsis or systemic inflammatory response 

syndrome (SIRS). In a recent study evaluating the incidence of bacte-

rial bloodstream infections within 6 months after intestinal transplant, 

about 50% of intestinal transplant recipients developed bloodstream 

infection, typically within 3 months of intestinal transplant.26 The 

most common sources of bacterial bloodstream infections were gut 

translocation concurrent with rejection episode (35%), central line 

infection (20%), and intraabdominal abscesses (14%).26

A history of repeated exposure to broad-spectrum antibiotics leads 

to colonization with multiple resistant organisms in many intestinal 

transplant recipients. In a recent study analyzing intraabdominal  

infections after intestinal and multivisceral transplant, about 43%  

of recipients developed intraabdominal infections within 2 years  

posttransplant, with the most common isolates being enterococci, 

Escherichia coli, and Klebsiella species. The majority of the entero-

cocci infections (63%) were vancomycin-resistant enterococci, and 

about 22% of gram-negative infections were noted to be resistant to  

extended-spectrum penicillins.27

Some centers also perform surveillance stool cultures on a regular 

basis posttransplant. In the absence of positive blood cultures to direct 

antibiotic therapy, organisms growing from quantitative stool cultures 

in significant numbers (.108 colony-forming units [CFU]/mL) in 

patients with sepsis or acute cellular rejection may be considered po-

tential causes of bacteremia and may be treated with IV antibiotics. 

The high incidence of renal dysfunction in intestinal transplant re-

cipients should prompt use of nonnephrotoxic antibiotics when pos-

sible and careful monitoring of antibiotic levels when necessary.

One of the major complications posttransplantation requiring 

frequent readmissions is enteritis of the intestinal graft (viral or bacte-

rial). In a recent study, the incidence of viral enteritis in intestinal 

transplant recipients was noted to be 43.9% within the first year post-

transplant, and pediatric intestinal transplant recipients had a higher 

incidence of viral enteritis compared with adult intestinal transplant 

recipients. Viral enteritis episodes usually resolved within 1 week after 

supportive treatment with IV hydration and gradual reintroduction of 

enteral feedings once diarrhea resolves.28 Similarly, there is a higher 

incidence (40%) of Clostridium difficile enteritis in intestinal trans-

plant recipients within the first year posttransplant.29 Standard antibi-

otic therapy with vancomycin or metronidazole therapy usually is 

enough to treat C. difficile enteritis.29

In addition, fungal infections must always be considered in recipi-

ents with persistent fevers and negative cultures, and often appropriate 

antifungal treatment is commenced empirically pending extended 

culture results and imaging studies.

Antiviral Prophylaxis
Opportunistic viral infections play a significant factor in postoperative 

complications. Antiviral prophylactic strategies have evolved with in-

testinal transplantation. Viral infections can cause significant morbid-

ity, especially in pediatric recipients in the early postoperative period. 

Common pathogens include cytomegalovirus (CMV), Epstein-Barr 

virus (EBV), herpes simplex virus (HSV), adenovirus, and influenza 

viruses. Many pediatric recipients have no prior protective exposure to 

these viruses, so primary infection occurs in these patients while they 

are highly immunosuppressed. Recent advances in prophylaxis and 

preemptive therapy have significantly decreased early morbidity asso-

ciated with EBV, CMV, and HSV, lowering the incidence of clinically 

significant infections to less than 5%.

Lack of definitive treatment for infections with respiratory viruses 

such as influenza and adenovirus in the early postoperative period can 

be catastrophic because of clinical sequelae, including disseminated vi-

remia, necrotizing pneumonitis, and bacterial superinfection. At UPMC 

Children’s Hospital of Pittsburgh, the current protocol for anti-CMV 

prophylaxis includes a 2-week course of IV ganciclovir (IV dose 5 mg/

kg twice daily), except in the case of donor CMV negative to recipient 

CMV donor negative. CMV infection most commonly presents as in-

testinal graft enteritis. CMV graft enteritis and/or viremia posttrans-

plant is frequently treated with a reduction in immunosuppression 

dosing, IV ganciclovir, and concomitant administration of cytomegalo-

virus-specific hyperimmune globulin (Cytogam). EBV infection can 

lead to posttransplant lymphoproliferative disorder (PTLD), and its 

management is further elaborated under the PTLD section later in this 

chapter. Close monitoring of CMV and EBV polymerase chain reaction 

(PCR) is performed frequently posttransplant and spaced out, moving 

away from the time of transplant and as indicated.

Nutritional Support
Immediate posttransplant nutritional support is administered using 

standard PN, which is tapered gradually as enteral feeding is advanced. 

Tube feedings with isotonic formula are started based on clinical deter-

mination of intestinal allograft function. In the authors’ experience, 

most intestinal transplant patients, especially children, do not volun-

tarily ingest adequate amounts of nutrition in the early postoperative 

period. To achieve maximal nutritional repletion, tube feeding is usu-

ally required once the intestinal tract becomes functional. Resistance to 

oral feedings is a clinical challenge in younger pediatric recipients, 

many of whom demonstrate oral aversion. A recent study examining 

factors that affect eating behaviors in pediatric intestinal transplant 

recipients found that learning to eat at the recommended age along 

with positive pretransplant eating experiences in pediatric intestinal 

failure patients was associated with significantly less oral food aversion 

behavior postintestinal transplant.30 Hence, oral aversion must be rec-

ognized pretransplant and efforts made to gradually encourage oral 

feedings pretransplant by the clinical teams.

  

 



1182 PART XIII Surgery/Trauma

Immunosuppression
Although a variety of combinations of immunosuppressive drugs have 

been used in intestinal transplant recipients, most patients are main-

tained on tacrolimus (Prograf [Astellas, Tokyo, Japan]) therapy along 

with other adjunctive medications. Organ Procurement and Transplan-

tation Network (OPTN) data show that 99% of intestinal transplant 

recipients receive tacrolimus as part of their maintenance immunosup-

pression at the time of posttransplant discharge. Moreover, during the 

first posttransplant year, only a select number of patients are taken off 

of tacrolimus (mostly for complications perceived to be related to  

tacrolimus), with nearly 97% remaining on tacrolimus-based therapy. 

Recent international Intestinal Transplant Registry data suggest that 

rapamycin may have some improved outcomes and could be used as  

an alternative or in combination with tacrolimus. However, further  

research is needed to validate these data.2 Currently, the most common 

regimen at 1-year posttransplant is tacrolimus in combination with 

steroids, with tacrolimus monotherapy being the second most com-

mon.1 In some patients who have had significant rejection, a third agent 

may be employed in addition to tacrolimus and steroids, like mycophe-

nolate mofetil (MMF) or azathioprine (Imuran).

Two classes of immunomodulatory drugs have been used for intesti-

nal transplantation and have been associated with improvements in 

1-year patient and graft survival. Depleting antilymphocyte antibody 

therapies include rabbit antithymocyte globulin (rATG, Thymoglobulin 

[Genzyme Corp., Cambridge, MA]), and rarely now, alemtuzumab 

(Campath-1H [Genzyme Corp.]). The individual use of these agents by 

high-volume single centers has demonstrated improved short-term 

survival and decreased rejection rates and severity of rejection, especially 

during the early posttransplant period.31–34 Associated with similar im-

provements in survival and decreased incidence of acute rejection and 

severity, induction with the nondepleting interleukin (IL)-2 receptor 

antagonists daclizumab (Zenapax) and basiliximab (Simulect) has also 

gained increasing acceptance by many intestinal transplant programs. In 

select cases of suspected antibody-mediated rejection (class II donor-

specific antibodies [DSA] and evidence of histologic injury), other 

agents such as rituximab or bortezomib may also be used (often in ad-

dition to pheresis and intravenous immunoglobulin [IVIg]). Immuno-

suppression for intestinal and multivisceral transplantation now in-

volves perioperative antibody induction protocols in over 60% of cases.1

Immunologic Monitoring
The gold standard for monitoring and diagnosing rejection in intesti-

nal and multivisceral transplant recipients to date remains routine il-

eoscopy and proximal enteroscopy with histopathologic examination 

of multiple random mucosal biopsies. Significant investigation is un-

der way into the development of tools to guide and monitor the im-

munologic state of intestinal transplant recipients. Ideally, noninvasive 

markers such as serologic, proteomic, or genomic markers may  

identify those patients who are at increased risk of rejection and, con-

versely, those who might benefit from decreased levels of immunosup-

pression.35,36 A recently developed Pleximmune test may be helpful, in 

conjunction with other studies, to determine both those who seem to 

be at risk for or are currently undergoing rejection and warrant aug-

mented levels of immunosuppression or, conversely, maintain or lower 

immunosuppression in those who appear to be at lower risk of rejec-

tion.37 Further validation in a larger cohort of patients is needed. 

Preformed antibody and de novo anti-DSA measurements may be of 

assistance in determining the risk of rejection.38,39 When technically 

feasible, the presence of circulating donor cells in the recipient periph-

eral blood should be serially evaluated after transplantation by either 

flow cytometry or PCR. The presence of DSAs, especially class II, in 

intestinal transplant recipients may prompt aggressive therapy with 

augmentation of immunosuppression and addition of other agents 

and, in some circumstances, serial plasmapheresis and IVIg until clear-

ance of antibodies has been confirmed. The use of fecal calprotectin or 

serum citrulline as noninvasive biochemical markers of allograft rejec-

tion has certain restrictions in timing of the test and sensitivity issues, 

especially in the initial posttransplant phase, and does not appear to be 

warranted based on currently available data.40,41

As mentioned, to date the gold standard for detection of rejection 

after intestinal transplant is histologic evaluation. At the majority of 

intestinal transplant programs, surveillance endoscopy and biopsy 

(esophagogastroduodenoscopy [EGD], ileoscopy, colonoscopy) are 

performed biweekly for the first 4–6 weeks posttransplant and then 

weekly for an additional 4–6 weeks to monitor for rejection. After the 

first 3 months posttransplant, the frequency of surveillance endosco-

pies performed in recipients is based on individual clinical assess-

ments. More frequent endoscopes and biopsies are performed where 

clinically or histologically indicated. More recently, there have been a 

few reports in the literature suggesting that endoscopic surveillance 

and biopsy of intestinal grafts be performed “only for cause” (i.e., only 

in intestinal transplant recipients exhibiting signs and symptoms of 

rejection) as compared with routine protocol-driven surveillance en-

doscopy and biopsy.42 However, additional studies on this topic are 

required to resolve this controversy about performing routine proto-

col-driven surveillance endoscopy versus “only for cause” endoscopy 

surveillance in intestinal transplant recipients.

Assessment of Intestinal Allograft
The process of examining the anatomic and functional integrity of the 

intestinal allograft begins in the operating room. The normal intestinal 

allograft after reperfusion appears pink and nonedematous, with oc-

casional contractions. Altered appearance can be observed in the oper-

ating room, especially in the mucosa when the bowel is opened for the 

anastomosis, and in the proximal jejunal and distal ileal segments us-

ing endoscopy postoperatively.

Surveillance for intestinal allograft rejection in the early postopera-

tive period focuses on clinical evaluation and gross morphologic ex-

amination of the stoma and distal ileum. Frequent routine endoscopic 

surveillance is the most reliable method for achieving an early diagno-

sis of intestinal rejection (Fig. 147.9). Endoscopic evaluations are per-

formed initially twice a week through the allograft ileostomy. Upper 

endoscopy is reserved for occasions where clinical changes are not well 

explained by distal allograft evaluation and biopsy. Common physical 

changes to the normal appearance of an intestinal allograft include 

edema, cyanosis, congestion, and increased stomal output. These 

changes should prompt an immediate work-up, with a differential di-

agnosis that includes preservation injury (Fig. 147.10), sepsis, rejec-

tion, enteritis, and vascular compromise (such as thrombosis).

The allograft stomal output is assessed for volume and consistency. 

Normal stomal output during the early postoperative period is charac-

teristically clear and thin. During the first week posttransplant, normal 

stomal output is 1–2 L/day and 40–60 mL/kg/day for adult and pedi-

atric recipients, respectively. If these stomal volumes are exceeded in 

the absence of significant pathology, agents to control volume of out-

put can be started, including loperamide, diphenoxylate-atropine, 

paregoric (tincture of opium), pectin, rarely somatostatin, or oral an-

tibiotics. The presence of blood in the stomal output is an ominous 

sign and a concern for acute rejection, until proven otherwise. Other 

causes, however, include anastomotic bleeds in the early posttransplant 

period, perianastomotic ulcers in the later period, or postbiopsy bleed-

ing, which is often seen initially or 5–7 days after the biopsy.

Intestinal allograft absorption of nutrients and medications devel-

ops gradually and commonly requires several weeks posttransplant to 
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improve. Abnormal absorption/stomal output after approximately  

1 month should prompt an aggressive search for underlying pathology, 

especially rejection. The ability to maintain whole-blood tacrolimus 

trough levels above 15 ng/mL on oral therapy alone is a good indicator 

of adequate absorption. In the authors’ experience, intestinal trans-

plant recipients demonstrate evidence of sufficient absorptive function 

at a mean of 28 days after transplantation.

MANAGEMENT OF ALLOGRAFT REJECTION

Allograft rejection (Fig. 147.11) is strongly associated with graft loss 

and mortality and remains a significant obstacle to achieving success-

ful long-term outcomes for intestinal and multivisceral transplant  

recipients. Historically, acute cellular rejection was reported in 70%–

90% of intestinal allografts within 90 days posttransplant. In contrast, 

rejection rates of 30%–40% are currently reported by large centers 

because of advances in allograft histopathologic surveillance, immu-

nosuppression, and immunologic monitoring. There does appear to be 

disparity between some centers where reported rejection rates may be 

Fig. 147.9 Enteroscopic findings consistent with acute cellular rejection of intestinal allograft. (Cour-

tesy Kareem Abu-Elmagd, MD.)

Fig. 147.10 Ischemia-reperfusion injury. Reperfusion injury is charac-

terized by extensive loss of villi, followed by pronounced regenerative 

changes of crypt epithelium with conspicuous mitosis, capillary conges-

tion, shortening of villi, and variable degrees of neutrophil-rich inflam-

matory infiltration.

AA BB CC50 µm 50 µm20 µm

Fig. 147.11 Acute cellular rejection of intestinal allograft: mild (A), moderate (B), and severe (C). A, Mild 

acute rejection is characterized by a generally mild and localized inflammatory infiltrate, which tends to be con-

centrated around small venules in the lamina propria. Mucosa is intact, but crypt epithelium displays evidence of 

injury: mucin depletion, cytoplasmic basophilia, decreased cell height, nuclear enlargement with hyperchromasia, 

and inflammatory infiltration. Crypt epithelial apoptosis is increased, usually with more than six apoptotic bod-

ies/10 crypts. If sampled by biopsy specimen, preexisting lymphoid aggregates (Peyer patches) demonstrate an 

intense accumulation of activated lymphocytes. Villi are variably shortened, and architecture may be slightly dis-

torted owing to expansion of lamina propria by inflammatory infiltration. B, In moderate acute rejection, inflam-

matory infiltrate is widely dispersed within the lamina propria. Crypt injury and cryptitis are distributed more 

diffusely than in mild acute rejection, and villi tend to have a greater degree of flattening. Number of apoptotic 

bodies is greater than in mild acute rejection, usually with focal “confluent apoptosis.” Mild to moderate intimal 

arteritis may be seen. Mucosa remains intact without ulceration, although focal superficial erosions can be pres-

ent. C, Severe acute rejection is distinguished by a marked degree of crypt damage and mucosal ulceration, with 

lymphocytic infiltration extending deep into allograft wall and involving nerves and ganglia. As a consequence of 

mucosal destruction, luminal contents gain access to submucosa, prompting a neutrophil-rich infiltrate and an 

overlying fibropurulent (pseudomembranous) exudate with widespread mucosal sloughing as the final result. 

Adjacent viable epithelium usually shows rejection-associated changes such as crypt epithelial damage and 

abundant apoptosis. Severe intimal arteritis or transmural arteritis may be seen.
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very low (less than 10%), whereas others still have higher rates (greater 

than 50%), possibly because of differing induction therapies or moni-

toring and reporting trends. Unlike liver allograft rejections, the natu-

ral history of rejection of intestinal allografts is unforgiving, making 

early diagnosis and treatment critical for successful reversal of the  

rejection process.

Until proven otherwise by culture and allograft biopsy, each epi-

sode of allograft dysfunction should prompt an expeditious evaluation 

for acute rejection. No reliable laboratory tests are currently available 

to warn of allograft dysfunction or rejection for intestinal transplanta-

tion, although preliminarily the Pleximmune assay has shown good 

sensitivity and specificity when used in certain criteria. Clinical fea-

tures of intestinal allograft rejection include nonspecific signs and 

symptoms such as diarrhea (increased stomal output), nausea/vomit-

ing, fever, and abdominal pain. Infectious enteritis and medication-

related loose bowel movements are common etiologies of allograft 

dysfunction that present with a clinical picture similar to allograft re-

jection. The stoma may become edematous, erythematous, and friable. 

Endoscopy may demonstrate normal mucosa despite mild to moderate 

grades of ongoing acute cellular rejection. Moderate to severe rejection 

of the intestinal allograft usually leads to mucosal inflammation begin-

ning with erythema and friability, progressing to mucosal slough and 

exudates overlying ulcers, with eventual loss of the mucosal layer. His-

tologically, there is variable presence of edema in the lamina propria 

and villous blunting. However, mononuclear cell infiltrates and intes-

tinal crypt apoptosis with eventual crypt loss are the hallmark signs of 

intestinal allograft rejection that establish the diagnosis.

Treatment of intestinal acute cellular rejection initially involves 

steroids. At UPMC Children’s Hospital of Pittsburgh, methylpredniso-

lone is usually given, either by three boluses of 10 mg/kg/day over  

3 days or, more routinely, by a single 10 mg/kg bolus and subsequent 

cycle of tapering doses over a more extended duration. Antilympho-

cyte antibodies for steroid-resistant rejection include antithymocyte 

globulin (rATG, Thymoglobulin) and, rarely nowadays, alemtuzumab 

(Campath-1H [Genzyme Corp.]). Unfortunately, the discontinuation 

of muromonab-CD3 (OKT3, a murine monoclonal anti-CD3 anti-

body) has been detrimental to the field. Adverse immune-mediated 

drug reactions to immunomodulatory antibodies can be life threaten-

ing. These agents are usually administered to patients with cardiopul-

monary monitoring after premedication with steroids, antipyretics, 

and histamine blockers. In many cases, it is appropriate to initiate 

therapy in an ICU setting. During and after the treatment of acute 

rejection, tacrolimus whole-blood levels are maintained around 15–

20 ng/mL in intestinal and multivisceral allograft recipients. Mainte-

nance steroid therapy usually consists of 1–2 mg/kg/day of IV methyl-

prednisolone converted to oral prednisone, tapered over several weeks 

to months based on individual clinical assessments. Addition of a third 

agent such as MMF (CellCept [Roche]) or sirolimus (Rapamune) or 

azathioprine (Imuran) may be indicated if rejection is refractory or 

recurrent.

A fundamental principle that guides treatment of allograft rejec-

tion is the preservation of as much intestinal function as possible. Each 

episode of rejection likely shortens the longevity of intestinal graft 

function, so the diagnosis of steroid-resistant rejection in intestinal 

allografts must be made in a timely fashion than in a more tolerant and 

recoverable organ such as the liver. Sequential biopsies separated by 

reasonable time intervals allow for objective confirmation of steroid 

treatment failure. Once confirmed, antilymphocyte therapy will rap-

idly reduce the overall number of immunocompetent cells and is usu-

ally a highly effective treatment. In those cases of intestine recipients 

with preexisting immune debilitation or a predisposition to a life-

threatening illness such as PTLD, allograft enterectomy may be safer 

than escalation of immune suppression, and this can potentially be 

lifesaving.

Antibody-mediated rejection (AMR) of the intestinal allograft  

(Fig. 147.12) is characterized by intestinal dysfunction, diffuse C4d 

staining on allograft biopsy, and usually identification of DSAs. Recent 

studies in the literature focusing on the concept of DSAs and graft re-

jection have shown that preformed DSA before transplant, persistence 

of DSAs posttransplant, and development of de novo DSAs posttrans-

plant are factors associated with increased risk of rejection and graft 

loss.43,44 In addition, these studies have shown that liver inclusive intes-

tine allografts demonstrated greater clearance of DSAs posttransplant 

and had lower rate of de novo DSA formation post-transplant leading 

to better graft survival compared with intestine-only allografts.43,44 

Treatment of AMR remains challenging. A combination of IVIg, ritux-

imab, plasmapheresis, and/or bortezomib needs to be considered in 

addition to standard treatment with steroids and/or thymoglobulin in 

these cases.

Chronic rejection remains the most significant complication affect-

ing long-term graft survival. Chronic rejection (Fig. 147.13) is observed 

in 10%–15% of pediatric and adult intestinal allografts, but occurs 

more commonly in isolated intestinal allografts. In adult recipients at 

the University of Pittsburgh, multivisceral transplants including a liver 

allograft demonstrated a significantly better chronic rejection–free sur-

vival compared with the liver-free intestinal and modified multivisceral 

transplant recipients.43 Risk factors for chronic rejection include type of 

allograft and loss of previous intestinal allograft. The clinical presenta-

tion of chronic rejection may include weight loss, chronic diarrhea, 

intermittent fevers, recurrent subacute bowel obstruction and distal 

intestinal allograft obstruction, or GI bleeding. Histologically, chronic 

rejection is characterized by villous blunting, focal ulcerations, epithe-

lial metaplasia, and scant cellular infiltrates on endoscopic mucosal  

biopsies but can be difficult to diagnose based on just a mucosal biopsy, 

as larger vessels need to be ascertained. Full-thickness biopsies of  

intestinal allografts with chronic rejection demonstrate the classical  

obliterative arteriopathy with thickening of not only intestinal arterioles 

but also even bigger vessels.

Fig. 147.12 Antibody-mediated rejection of intestinal allograft. 

Humoral rejection is characterized by a grossly cyanotic small-intestine 

allograft. Histologic findings include severe congestion, neutrophilic 

margination, and fibrin-platelet thrombi within the lamina propria micro-

vasculature, along with focal hemorrhage. Immunohistochemical stain-

ing to C4d confirms the diagnosis of antibody-mediated rejection with 

heavy and diffuse staining of the lamina propria capillaries.
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MANAGEMENT OF COMPLICATIONS

Postoperative Hemorrhage
Recipients of intestinal and multivisceral transplants will commonly 

demonstrate varying degrees of liver dysfunction, qualitative and quan-

titative platelet abnormalities, and fibrinolysis that can lead to profound 

intraoperative coagulopathy. Induction intraoperatively with thymo-

globulin may also lead to hematologic and clotting diathesis and war-

rant cessation or delay of the infusion. Intraoperative bleeding can also 

develop from lysis of vascularized adhesions resulting from previous 

surgeries and portal hypertension. Transient graft reperfusion coagu-

lopathy mediated by plasminogen activators from the graft may also 

occur. Every effort is made to address these factors in the operating 

room, and usually whatever coagulopathy persists postoperatively is 

mild. Postoperative hemorrhage is most often a technical problem aris-

ing from vascular anastomoses or extensive raw peritoneal surfaces. 

Even mild coagulopathy should be completely corrected if bleeding is 

suspected in the posttransplant recipients, although caution must be 

taken to avoid issues with hypercoagulation and thrombosis of the  

allograft. Any bleeding that causes hemodynamic alteration should be 

managed by early prompt surgical exploration.

Vascular Complications
Superior mesenteric artery thrombosis is a catastrophic complication 

that leads to rapid and massive necrosis of the intestinal allograft. El-

evation of hepatic enzymes (with liver allografts) and pallor of the 

intestinal stoma are accompanied by clinical deterioration, usually 

fulminant sepsis, and hepatic coma (with liver allografts). Isolated 

small bowel allografts can be explanted with a reasonable expectation 

of patient survival, but in patients with composite allografts, removal 

for arterial thrombosis leads to almost certain death in the absence of 

an immediate retransplant. Clinical suspicion of arterial thrombosis in 

the immediate postoperative period should be definitively evaluated in 

the operating room and not delayed by performance of Doppler ultra-

sound examination. In cases of delayed presentation, arteriography in 

interventional radiology can often be useful diagnostically and thera-

peutically.

Acute venous thrombosis also leads to loss of the intestinal allograft 

without timely surgical intervention. Clinical signs of venous throm-

bosis include acute massive ascites and stomal congestion. Mesenteric 

infarction is the ultimate outcome of unresolved venous thrombosis, 

necessitating explant of the intestinal allograft.

Incomplete obstruction of major inflow or outflow vessels may be 

suspected based on allograft biopsies or on clinical and laboratory 

signs of graft dysfunction. Contrast vascular radiographic studies are 

confirmatory, and the correction is either surgical or endovascular, 

based on individual assessments and available clinical expertise.

In a recent study focusing on thrombotic vascular complications af-

ter pediatric intestinal transplants, 15% of intestine transplant recipients 

developed arterial or venous thrombosis, with graft loss and patient 

death occurring in 60% of these patients. The findings of this study 

highlights that although vascular complications are rare after intestinal 

transplant, they are associated with high morbidity and mortality.45

Gastrointestinal Complications
GI bleeding after intestinal transplantation is an ominous sign that 

requires timely evaluation. Except for early postoperative bleeding, 

acute rejection and infectious enteritis are the most likely etiologies 
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Fig. 147.13 Chronic rejection of intestinal allograft. Mucosa shows loss of villous architecture, chronic ulcers 

with exudate and granulation tissue, widespread loss of the crypts of Lieberkühn, crypts of Lieberkühn with 

pyloric gland metaplasia (A, arrow), neuronal hyperplasia (B, arrow) and mucosal fibrosis. Histologic findings in 

resection specimens are obliterative arteriopathy (C), lymphoid deletion, and mesenteric sclerosis (D).
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and should be diagnosed or excluded based on endoscopic biopsy re-

sults. Arterioenteric fistulae must also be considered, as this can be 

catastrophic. The diagnosis of rejection relies primarily on histologic 

evidence but also on the endoscopic appearance of the mucosa. Bleed-

ing from ulcerated EBV- or CMV-induced lesions may be differenti-

ated by gross endoscopic examination, but confirmatory stains and 

serum PCR testing often help validate the diagnosis. Empiric therapy 

for rejection of intestinal allografts is rarely indicated except when 

suspicion on clinical and/or endoscopic evaluation is high, infectious 

parameters have been low, and obtaining pathologic confirmation is 

delayed.

Anastomotic leaks may occur in all intestinal transplant recipients, 

but are more common in pediatric patients. Clinical presentation com-

monly involves florid sepsis, drainage via abdominal drain, or wound 

drainage and infection. Confirmation is achieved with oral contrast 

imaging, although diagnostic laparotomy may be indicated in the set-

ting of sepsis with equivocal imaging studies. Owing to immunosup-

pression, bowel leaks often do not improve with medical management 

alone. Almost all bowel leaks require surgical revision, including evacu-

ation of any peritoneal contamination. Resolution is often confirmed 

via repeat laparotomy.

The propagation of motility patterns in the denervated intestinal 

allograft is still not fully understood. High allograft stomal output oc-

curs early after transplant, and in the absence of infection or rejection, 

it can be regulated with agents such as loperamide, diphenoxylate-at-

ropine, paregoric, or pectin. Conversely, poor upper motility often may 

exist between the native and allograft bowel, and promotility agents 

may be required.

At the majority of intestinal transplant centers, an ileostomy is cre-

ated at the time of the initial transplant to allow for frequent endo-

scopic surveillance of intestinal grafts. In a recent study focused on 

outcomes related to ileostomy formation and takedown after intestinal 

transplant, major complications after ileostomy formation occurred in 

23% of recipients. The most common complications included prolapse 

(6%), ischemia (4%), and parastomal hernia (4%).46 Once the pa-

tient’s intestinal graft function has been noted to be stable postopera-

tively for greater than 90 days, an assessment for ileostomy takedown 

is performed, usually with endoscopy and contrast enema studies to 

exclude any obstructive or pseudo-obstructive process in the distal 

bowel. Major complications after ileostomy takedown after intestinal 

transplant were reported in 28% of patients, with the most common 

complications being small bowel obstruction (8%), intraabdominal 

abscess (5%), and wound infection (3%).46

Renal Complications
Deterioration of renal function in intestinal transplant recipients re-

mains a significant clinical challenge. Pretransplant renal dysfunction 

is exacerbated by overall higher target levels of immunosuppression 

in intestinal transplant recipients compared with other types of trans-

plants, repeated exposure to nephrotoxic antibiotics, and episodes of 

dehydration with intestinal allograft dysfunction. The incidence of 

chronic renal failure for intestinal transplant recipients at 5 years 

posttransplant was noted to be 21.3%, which is significantly higher 

when compared with other nonrenal transplant recipients.47 Overall, 

a review of the Scientific Registry of Transplant Recipients (SRTR) 

data shows that patients without severe pretransplant renal dysfunc-

tion who do not receive a kidney as part of the composite allograft 

will generally demonstrate a 50% increase in serum creatinine at their 

5-year follow-up. In a recent study analyzing 288 adult intestinal 

transplant recipients, 13% required long-term renal replacement 

therapy and 6% required renal transplant after intestinal transplant. 

Three-year survival of intestinal transplant recipients requiring renal 

replacement therapy was noted to be 20% in this study, highlighting 

the major mortality risk associated with the development of renal 

failure in intestine transplant recipients.48 In intestinal transplant re-

cipients exhibiting signs of renal dysfunction, consideration must be 

given to decreasing the dose of calcineurin-based immunosuppres-

sion by adding rapamycin or other agents to the immunosuppression 

regimen.

Posttransplant Lymphoproliferative Disorder
The development of PTLD is almost always associated with EBV infec-

tion. Posttransplant infection with EBV results in a spectrum of dis-

eases, from mononucleosis syndromes and plasma cell hyperplasia  

to neoplastic PTLD (Fig. 147.14). In a series of 500 intestinal and mul-

tivisceral transplants at the University of Pittsburgh, all but 2 of  

57 recipients with PTLD developed the disorder as a consequence of 

confirmed EBV infection.11 Early studies found that primary tacroli-

mus use in pediatric patients was associated with a 15% long-term risk 

of PTLD, with almost 80% of these cases occurring within the first  

2 years after transplant. Achieving an optimal immunosuppression 

steady state and avoiding excessive therapy intervals appears to be key 

to minimizing EBV/PTLD complications. Cumulative PTLD-free sur-

vival for intestinal transplant recipients undergoing induction immu-

nosuppression has improved to nearly 90%, possibly attributable to a 

lower incidence of acute rejection (and thus decreased need for escala-

tion of immunosuppression) in addition to improved EBV viral load 

monitoring.

Patients presenting with PTLD complain of sporadic fever, leth-

argy, and malaise (and masses or lymphadenopathy). Weight loss, diar-

rhea, and GI complaints are common, as are signs of graft dysfunction. 

Standard laboratory evaluation may demonstrate neutropenia, atypi-

cal lymphocytosis, anemia, and thrombocytopenia. Further evaluation 

of PTLD is guided by findings on contrast-enhanced CT scanning of 

the head, neck, chest, abdomen, and pelvis, with or without endoscopy, 

200 µm
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Fig. 147.14 Epstein-Barr virus posttransplant lymphoproliferative 

disorder (EBV/PTLD). At the early phase of EBV infection, tissue is 

expanded by scattered EBV encapsulated RNA (EBER)–positive lympho-

cytes. With disease progression, the number of positive cells increases, 

lymphocytes become activated and transformed, and ultimately, tissue 

architecture is effaced by a malignant lymphoproliferative process that 

replaces the duodenal mucosa seen in this example. The EBER in situ 

probe is shown in the inset.
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based on results of noninvasive imaging. Histologic examination of the 

tissue is optimal, and specimens should be promptly submitted for 

fresh staining with the EBER-1 probe by experienced pathologists. An 

evaluation for CD20 staining should also be performed.

Ideally, the treatment of PTLD involves stopping immunosuppres-

sion completely, as can be done in most other types of allografts, but 

with the intestine, this may not be possible. The goal, however, is to 

lower the level of immunosuppression as much as possible (holding 

steroids and third agents and lowering the primary agent) and follow 

very closely with repeat scopes and biopsies looking for signs of im-

minent or active rejection. PTLD that is unresponsive to lowering/

discontinuation of immunosuppression should be treated with mono-

clonal antibody, usually rituximab, if shown to be CD20 positive by 

biopsy. Complete remission rates of 60%–70% have been reported in 

children. The antibody therapy is relatively well tolerated, and for the 

20% of patients who have recurrence, retreatment with rituximab can 

be curative. For PTLD refractory to monoclonal antibody, low-dose 

cytotoxic chemotherapy and steroids have been used effectively (Gross 

protocol).

Graft-Versus-Host Disease
Acute graft-versus-host disease (GVHD) results from immunocom-

petent donor T cells causing damage to recipient tissues after trans-

plantation. The incidence of GVHD (Fig. 147.15) after intestinal 

transplantation ranges between 5% and 10% and usually occurs 

within the first 6 months posttransplant.49 The use of multivisceral 

and modified multivisceral grafts is associated with a higher incidence 

of GVHD in intestinal transplant recipients, possibly related to re-

moval of more native lymphatics, followed by replacement with a 

greater amount of donor lymphatic tissues when compared with in-

testine transplant recipients or liver/intestine transplant recipients.50 

The major targets of GVHD in intestinal transplant recipients are 

epithelial cells of skin, bone marrow, the native GI tract, and the na-

tive liver. Cardiac muscle involvement is not common but has been 

described. A recipient with GVHD commonly presents with fever and 

a maculopapular rash on the upper torso, neck, or palms of hands and 

feet, which may coalesce to form blisters or more diffuse erythema. 

Other clinical signs and symptoms include oral lesions, diarrhea, intes-

tinal mucosal ulceration, native liver dysfunction, lymphadenopathy, 

and bone marrow suppression with pancytopenia. The variability of 

GVHD focality and severity leads to a wide spectrum of disease, from 

mild GVHD presenting with fevers and self-limiting rash to more 

severe forms leading to end-organ damage.

The diagnosis of GVHD is based on clinical presentation and 

confirmed histologically when possible. Corticosteroids are the first-

line therapy to control epithelial damage caused by GVHD and are 

effective in around 50% of the cases overall. If unresponsive to  

steroids, GVHD can usually be controlled by reduction of calcineu-

rin-based immunosuppression, although in some cases the level of 

immunosuppression needs to be augmented. Other forms of refrac-

tory GVHD have been treated successfully using antilymphocytic 

therapy (e.g., Thymoglobulin) and anti-IL therapy (e.g., Zenapax 

and Simulect) and anti–tumor necrosis factor (TNF) antibody 

therapy (e.g., Remicade).

OUTCOMES

Patient and Graft Survival
Outcome data after intestine transplant are available via analysis of 

two large registries:

 1. Intestinal Transplant Registry, which captures worldwide intestine 

transplant activity

 2. SRTR, which captures North American intestine transplant activity

From January 1985 to January 2015, according to the latest update 

of the Intestinal Transplant Registry, 3067 intestinal transplants have 

been performed in 84 centers around the world, with 30 centers still 

currently active.2 Small bowel transplants alone account for 45% of 

the total, liver/intestine 31%, and multivisceral/modified multivis-

ceral the remainder.2 Approximately 48% of grafts overall contained a 

liver since 2001, which continues to decrease over time. Currently 

there are 1631 survivors.2 The leading cause of recipient death is sep-

sis (65%), followed by graft failure including rejection (10%); lym-

phoma (5%); technical issues (4%); and then cardiovascular, renal, 

and liver failure.2 The retransplantation rate is approximately 10%, 

with most being retransplanted with a liver included.2 Intestinal 

Transplant Registry analysis has shown that intestinal graft and pa-

tient survival have improved over the last couple of decades when 

compared with the era before 2000. Since 2000, overall 1-year graft 

survival was 71%, overall 5-year graft survival was 50%, and overall 

10-year graft survival was 41% and overall 1-year patient survival was 

77%, overall 5-year patient survival was 58%, and overall 10-year 

patient survival was 47%.2 A more recent analysis of the Intestinal 

Transplant Registry from 1985 to 2017 with a focus on outcomes of 

pediatric intestinal transplantation has shown that overall 1-year pe-

diatric intestinal graft survival was 66% and overall 5-year pediatric 

intestinal graft survival was 48% and overall 1-year pediatric patient 

survival was 72% and overall 5-year pediatric patient survival was 

48%.51 Liver-inclusive grafts and first-time intestinal transplant was 

associated with better pediatric graft survival, whereas elective status 

(presentation from home) at transplant compared with hospitalized 

status was associated with better pediatric patient survival.51 Rejec-

tion was the most common cause of long-term pediatric intestinal 

graft loss, and sepsis was the most common cause of patient death.51 

Other important relevant trends observed from the Intestinal Trans-

plant Registry include (1) proportional increase in use of intestine-

only grafts over liver-inclusive intestine grafts (Fig. 147.16) and (2) 

shift towards inclusion of colon graft with intestine grafts (because of 

perceived posttransplant renal protection with improved fluid ab-

sorption and decreased fluid loss associated with colon inclusion with 

intestine graft).

Fig. 147.15 Intestinal allograft graft-versus-host disease (GVHD). 

Mucosal biopsy of native small intestine showing crypt epithelial apop-

tosis and lamina propria inflammation. An incidental cytomegalovirus 

(CMV) inclusion is also noted in this biopsy (arrow).
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Fig. 147.16 The proportion of small bowel–only grafts (SB) has increased over time, whereas the proportion 

of liver-inclusive small bowel grafts (SB1Liv) has decreased over time. (Adapted from Grant D, Abu-Elmagd 

K, Mazariegos G, et al. Intestinal Transplant Registry report: Global activity and trends. Am J Transplant. 
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Fig. 147.17 One-year and 5-year graft survival of intestine-only 

grafts (IN) versus liver-intestine grafts (IN-LI) (2011–2013). (Adapted 

from Smith JM, Weaver T, Skeans MA, et al. OPTN/SRTR 2018 Annual 

Data Report: Intestine. Am J Transplant. 2020;20[Suppl s1]:300–339.)

12 240

Months posttransplant

6036 48

<18

All

3 18
P

e
rc

e
n
t

1
0
0

8
0

6
0

4
0

Fig. 147.18 Graft survival of all intestine grafts stratified by age. 

 (Adapted from Smith JM, Weaver T, Skeans MA, et al. OPTN/SRTR 2018 

Annual Data Report: Intestine. Am J Transplant. 2020;20[Suppl s1]:

300–339.)

According to the latest update of the SRTR published in 2018, 

overall 1-year and 5-year graft survival for all intestinal transplants 

performed between 2011 and 2013 was 74% and 51%, respectively. 

Stratified by graft type (for all transplants performed between 2011 

and 2013), 1-year and 5-year graft survival were 76% and 47%, re-

spectively, for intestine-only recipients, and 1-year graft and 5-year 

graft survival was 73% and 56%, respectively, for intestine-liver re-

cipients (Fig. 147.17).1 Stratified by age group (for all transplants 

performed between 2011 and 2013), 1-year and 5-year graft survival 

were 76% and 57% for pediatric recipients versus 74% and 51% for 

adult recipients (Fig. 147.18).

Based on these large intestinal transplant registries, it can be con-

cluded that short-term outcomes after intestinal transplantation have 

improved and are now comparable to and possibly better than out-

comes after pancreas and lung transplantation. Contributing factors to 

this marked improvement in outcomes after intestinal transplantation 

include increased experience among intestinal transplant teams, im-

provements in anesthesia and critical care, advances in immunosup-

pression, and advances in the detection and treatment of rejection and 

opportunistic infection. In contrast to recent achievements in short-

term outcomes, long-term survival after isolated intestinal transplan-

tation has not significantly improved. Ten-year patient and graft sur-

vival remain 46% and 29%, respectively, for isolated intestinal 

transplantation and 42% and 39%, respectively, for intestine-with-

liver grafts. These results are similar to those reported for lung and 

combined heart-lung transplantation but compare unfavorably to 

kidney, liver, and heart transplantations, where 10-year patient and 

graft survival exceeds 50%.

Long-Term Rehabilitation and Quality of Life
There are only a few reports pertaining to long-term outcomes, espe-

cially related to quality of life. This is partly as the field is still relatively 

new and only a few centers have significant numbers to make a useful 

assessment. Intestinal transplant recipients have been shown to have 

improved quality of life (improved overall general health, enteral au-

tonomy, and ability to travel) when compared with patients with intes-

tinal failure awaiting intestinal transplant.52 A small preliminary study 

in pediatric recipients with functioning intestinal allografts more than 

1-year posttransplant found that quality of life was perceived by recipi-

ents to be comparable to that of their peers, whereas parental proxy 

assessments compared less favorably in terms of physical functioning, 

general health, and family activities.53 Younger recipients (5–10 years of 

age) demonstrated significantly worse outcomes than older recipients 

(11–18 years of age) in terms of global health assessments, general 

health perception, and family activities.54 There have been reports dem-

onstrating significant improvement in certain aspects of psychiatric 

health after transition from PN to posttransplant PN independence.54 

In these reports, long-term physical and psychiatric rehabilitation was 

achieved in over 80% of intestinal transplant recipients who survived 

beyond the sixth postoperative month.53,54
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The most robust recent paper details 227 adult and pediatric re-

cipients who survived beyond the 5-year milestone.55 Conditional 

survival was 75% at 10 years and 61% at 15 years. Nutritional auton-

omy was achieved in 90% of the survivors. Morbidities with impact on 

global health included dysmotility (59%), hypertension (37%), osteo-

porosis (22%), and diabetes (11%) and were observed more in the 

adult population.55 Survivors in general were reintegrated into society 

with self-sustained socioeconomic states. It is also vital to note that 

nonfunctional social support was one of the most significant survival 

risk factors. This evidence ties back to the original evaluation process 

and the importance of teaching and critically assessing adequacy of 

social support. No matter how good the medical, surgical, and trans-

plant management may be, for continued long-term success, adequate 

and appropriate social resources are essential. The intestinal and mul-

tivisceral transplant process is demanding and forever ongoing for the 

recipient, the family, and the healthcare professional team. Hence, 

picking the appropriate recipient for transplantation is vital and,  

conversely, one of the reasons why all efforts are made to rehabilitate 

patients without transplantation, if possible, given these long-term 

concerns.

CONCLUSION

The field of intestinal failure has undergone ebbs and flows, based on 

medical, surgical, and transplantation advances and outcomes. Intesti-

nal and multivisceral transplantation remains the ultimate therapy, but 

with improved medical and surgical management, the timing and util-

ity of transplantation have shifted.

Significant improvements in outcomes from intestinal and multi-

visceral transplantation have been achieved through advances in the 

multidisciplinary care of intestinal failure, surgical techniques, innova-

tive immunosuppressive strategies, and an improved understanding of 

intestinal transplantation immunology. These accomplishments, how-

ever, remain overshadowed by the remaining fundamental challenge of 

preventing or minimizing chronic allograft rejection that affects long-

term survival. The relatively high waiting list mortality, particularly for 

infants and adults with concomitant liver failure, requires an ongoing 

reexamination of national guidelines for multivisceral procurement to 

maximize the usage of acceptable donor allografts. The limited long-

term data on nutritional outcomes and transplantation morbidity in-

dicate good allograft survival and quality of life for those who get 

through the early period: however, not without some significant  

morbidity. The limited progress in chronic graft loss, especially in the 

isolated intestine recipient, hampers wider acceptance of intestinal 

transplantation. More so, the recent dramatic improvements in the 

provision of exemplary care in the multidisciplinary intestinal care 

clinics have significantly altered the need, timing, and type of intestinal 

allograft needed. Still, until successful tissue engineering or an alterna-

tive treatment modality surfaces, intestinal transplant remains the  

ultimate and definitive form of intestinal failure salvage.
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KEY POINTS

• Intestinal rehabilitation programs have advanced the care of patients with 

intestinal failure, decreasing the need for intestinal transplantation.

• Early referral to an intestinal transplant center allows for a coordinated 

approach to determining the optimal timing of transplantation.

• Indications for intestinal transplantation have evolved, with many more 

patients requiring transplant for limitations in central venous access.

• Intestinal transplantation may be performed in isolation or combined with a 

liver, pancreas, stomach, and/or colon depending on the indication.

• Antibody-based induction immunosuppressive regimens have grown in 

popularity, but tacrolimus continues to predominate for maintenance.

• In the current era, 1-year and 5-year graft survival are 74% and 51%, re-

spectively, and patient survival approaches 50% at 10 years.

• Long-term survivors of intestinal transplant have a 90% rate of achieving 

enteral autonomy and have excellent rehabilitative and developmental 

outcomes.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Abu-Elmagd K. The concept of gut rehabilitation and the future of visceral 

transplantation. Nat Rev Gastroenterol Hepatol. 2015;12:108–120.

A critical review of the multidisciplinary progress made in gut rehabilitation 

and the possibly declining role of visceral transplantation, written by one of 

the most experienced and staunchest proponents of intestinal transplantation.

Avitzur Y, Wang JY, de Silva NT, Impact of intestinal rehabilitation program 

and its innovative therapies on the outcome of intestinal transplant candi-

dates. J Pediatr Gastroenterol Nutr. 2015;61(1):18–23. doi:10.1097/

MPG.0000000000000735.

This cohort study from one of the largest intestinal rehabilitation programs 

shows how the advances in intestinal rehabilitation, including the formation 

of a multidisciplinary team, can improve rehabilitation outcomes and poten-

tially decrease the need for intestinal transplantation.

Kaufmann S, Avitzur Y, Beat S, et al. New insights into indications for intesti-

nal transplantation—Consensus in the year 2019. Transplantation. 2019;

104:937–946. doi:10.1097/TP.0000000000003065.

This consensus statement was derived by a working group from the Intestinal 

Rehabilitation and Transplant Association to revise the 2001 statement on 

the indications for intestinal transplantation in both pediatric and adult  

patients.

Kocoshis SA, Merritt RJ, Hill S, et al. Safety and efficacy of teduglutide in pe-

diatric patients with intestinal failure due to short bowel syndrome: A 24-

week, phase III study. JPEN. 2020;44:621–631. doi:10.1002/jpen.1690.

The most recent multicenter trial of teduglutide in pediatric patients with 

short bowel syndrome showed a significant effect of reducing parenteral nu-

trition requirements without significant adverse effects.

Raghu VK, Beaumont JL, Everly MJ, et al. Pediatric intestinal transplantation: 

Analysis of the Intestinal Transplant Registry. Pediatr Transplant. 

2019;23(8):e13580. doi:10.1111/petr.13580.

The most recent analysis of the international Intestinal Transplant Registry 

focuses on the outcomes of pediatric intestinal transplantation with a discus-

sion of the similarities and differences from adult intestinal transplantation.

preparing this and the previous chapter on this topic, as we have used 

.40% of the material published in the previous chapter in this up-

dated version.
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Aortic Dissection

Akiko Tanaka and Anthony L. Estrera

INTRODUCTION

Aortic dissection, first described in the 18th century,1 continues to be 

one of the most lethal cardiovascular emergencies in the current era 

despite the evolution in diagnostic modalities, medical management, 

and surgical techniques and technologies. Herein, we discuss the cur-

rent practice for diagnosing and managing aortic dissections for opti-

mal outcomes.

PATHOPHYSIOLOGY AND DEFINITION

The aortic wall consists of three layers, the intima, media, and adven-

titia, in order from the blood flow surface outward. Aortic dissection 

occurs when the intima is injured. Blood then flows into the media and 

splits the layer apart, forming a double-barreled aorta (Fig. 148.1). The 

site of disrupted intima is called as the entry tear or the intimal tear. 

The original blood channel is the true lumen, and the newly formed 

channel is the false lumen. The dissecting plane is most often observed 

in the outer one-third of the media, where the vasa vasorum runs. The 

reason the dissection plane develops at this site is unknown. Histologic 

changes that occur in the aortic media are cystic medial necrosis, elas-

tin fragmentation, fibrosis, and medionecrosis. All of these changes 

may be seen in the normal aorta and progress with age.2 Cystic medial 

necrosis occurs most frequently in the middle part of the media. Elas-

tin fragmentation of the media, either by a congenital disturbance or 

secondary to smooth muscle cell necrosis, and fibrosis are both ob-

served in the luminal and middle medial layers. Lastly, medionecrosis 

is most prominent in the luminal media. Thus the medial split may be 

occurring where the pathologic changes end. Some investigators  

believe that arteriosclerotic changes of the vasa vasorum lead to its 

spontaneous rupture3 and ultimately develops into aortic dissection, 

thus occurring along the vasa vasorum.

In general, the true lumen is located in the lesser curvature of the 

aortic arch and then stays in the anteromedial portion of the aorta. 

Thus the celiac, mesenteric, and right renal artery branches arise from 

the true lumen, and in many cases, the left renal artery branch arises 

from the false lumen.4 Aortic dissection propagates with high pressure, 

especially when a change in pressure over a change in time (dp/dt) 

exceeds a certain threshold.5 The blood in the false lumen may travel 

back to the true lumen and create a re-entry tear, or it may penetrate 

out the adventitia and ultimately cause aortic rupture. If the blood 

oozes into the pericardial space, cardiac tamponade develops.

Ischemia associated with aortic dissection is referred to as malper-

fusion. When end-organ ischemia is not corrected in a timely manner, 

it can progress to end-organ malfunction with infarction, which is 

known as malperfusion syndrome.6 Approximately 30%–40% of aortic 

dissection presents with malperfusion.6–11 Several mechanisms cause 

it. An expanded false lumen compresses the true lumen and leads to 

dynamic ischemia (ischemia during systole). The first-order aortic 

branches pulled out from the true lumen may result in static ischemia. 

Aortic dissection directly extending into the branch itself can cause 

either dynamic or static (when the thrombus is formed in the false lu-

men) ischemia (Fig. 148.2). Lastly, the rare cause of ischemia is intimal 

intussusception,12 in which the intima is circumferentially detached 

and leads to true lumen obstruction.

There is a unique form of aortic dissection known as intramural 

hematoma (IMH), originally reported as an aortic dissection without 

an intimal tear.13 Historically, bleeding from a ruptured vasa vasorum 

was speculated to be the cause of IMH.14 However, a recent report sug-

gests that IMH is a subset of acute aortic dissections,15 with a small 

intimal tear and resultant restricted flow in the false lumen leading to 

thrombosis. IMHs are known to be associated with older age and are 

less frequent compared with the classical dissection.16,17 The guidelines 

of western countries published in the early 2010s recommend treating 

acute IMHs as classical aortic dissections.18

CLASSIFICATION

Time After Onset
The definitions used for the acuity of the disease vary depending on 

the report and guidelines. Acute, subacute, and chronic are commonly 

used. The classification by time is vital in treating aortic dissections, as 

survival after aortic dissection can be stratified by period. American 

guidelines defined acute as occurring within 2 weeks of onset, subacute 

between 2 and 6 weeks, and chronic more than 6 weeks.19 European 

guidelines defined the subacute phase differently, 14–90 days,18 which 

reasonably reflects the period that most commonly requires endovas-

cular interventions.20 One of the largest multicenter, multicountry 

registries in the world, the International Registry of Acute Aortic Dis-

sections (IRAD), proposed the use of hyperacute (onset to 24 hours), 

acute (2–7 days), subacute (8–30 days), and chronic (.30 days) based 

on their experience.21 The bottom line is that aortic dissections should 

be considered acute and unstable up to 14 days from onset.

Extent of Aortic Dissection: DeBakey Classification, 
Stanford Classification, and New Reporting Standards
There are two commonly used classification systems to describe the 

extension of aortic dissections. One is the DeBakey classification,22 

which comprises type I, II, and III. Type I depicts the dissections in-

volving the ascending aorta that extend beyond the transverse aortic 

arch. Type II is aortic dissection confined to the ascending aorta. Type 

III is aortic dissection without the involvement of the ascending aorta 

and is further subclassified into IIIa and IIIb: type IIIa localizes the 

lesion above the diaphragm; type IIIb has dissection extended below 

the diaphragm. The other system is the Stanford classification,23 which 

has two types: A and B. Stanford type A is a combination of DeBakey 
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1191CHAPTER 148 Aortic Dissection

Fig. 148.1 Three-dimensional computed tomographic angiogram of type A aortic dissection. (A) anteroposterior 

view; (B), posteroanterior view. FL, False lumen; TL, true lumen.

A

C D

B

Fig. 148.2 Computed tomography in a patient with malperfusion syndrome (axial view). (A) Axial im-

age of a type A aortic dissection at the level just below the tracheal bifurcation. (B) The right common carotid 

artery is dissected and the true lumen is compressed by the false lumen. This patient presented with altered 

mental status. (C) The right renal artery branches off from the compressed true lumen with resultant malp-

erfusion (no enhancement with the contrast). (D) The celiac artery branches off from the narrowed true lu-

men. However, the patient did not present with malperfusion syndrome (normal liver functions, no abdominal 

pain). FL, False lumen; TL, true lumen
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type I and II; type B is equivalent to type III. However, both classifica-

tions left the unclassified, so-called “non-A-non-B aortic dissections” 

(i.e., dissection extends from the ascending aorta to the aortic arch and 

from the aortic arch to the descending thoracic aorta).24 In 2019 the 

Society of Thoracic Surgeons and Society for Vascular Surgery 

launched reporting standards, including these ambiguous types,25 

which are expected to be more frequently used in the future.

Clinical Presentation: Complicated vs. Uncomplicated
Clinical classifications with the terms “complicated” and “uncompli-

cated” are commonly used. These are also important for optimal  

treatment planning. Complicated aortic dissection includes rupture 

(impending rupture), intractable pain, uncontrolled hypertension, mal-

perfusion syndrome (malperfusion with end-organ dysfunction), rapid 

expansion of the aorta, cardiac tamponade, and severe aortic insuffi-

ciency. Malperfusion syndrome may present as strokelike symptoms for 

cerebral ischemia; paraplegia/paraparesis for spinal ischemia; numbness, 

weakness, or pain for limb ischemia; and abdominal pain or lactic  

acidosis for visceral ischemia.

EPIDEMIOLOGY AND PROGNOSIS

Aortic dissection is a life-threatening condition, with a reported inci-

dence of 3–6 per 100,000/year.26 Male-to-female ratio is 2:1.27 Two-

thirds of patients have dissection involving the ascending aorta and 

present with a mean age of 61 years, whereas the remaining one-third 

with a disease-free ascending aorta present with a mean age of  

64 years.27 Aortic dissection is reported to correlate with circadian 

rhythm, activities, and season. It usually occurs during the daytime, 

with a peak from 8 to 10 a.m.,28,29 and with winter being the most com-

mon season,30 peaking in January.31

When the dissection involves the ascending aorta, deaths before 

arrival to the hospital may be seen in 21%–35%,26,32 and mortality in 

the first 12 hours may reach 50% if untreated. Postmortem imaging 

studies demonstrated that 8% of out-of-hospital arrests were caused 

by acute type A aortic dissection.33 The leading causes of early deaths 

are tamponade and aortic rupture,1 followed by visceral ischemia.34 

The mortality rate after surgical repair of Stanford type A aortic  

dissection is 17%–18%,27,35 which is superior to that of medical man-

agement, reported around 55% in the modern era. In contrast, the 

mortality rate for Stanford type B aortic dissection after surgical repair 

exceeds that of medical management (20%–30% after surgical repair 

vs. 7%–12% with medical management).27 Early mortality in acute 

type B dissection is dictated by the presence of complications. In es-

sence, uncomplicated type B aortic dissection has a mortality rate  

of less than 10% (2% in our experience36), whereas that of complicated 

type B is as high as 50%37 (19% with medical management in our 

experience36).

It is also vital to treat aortic dissection as a lifelong disease. Con-

tinuous expansion of the affected aorta may require subsequent inter-

ventions to prevent it from rupture. Even after the open surgical or 

endovascular treatment for aortic dissection, the dissected aorta often 

remains in the distal or the proximal lesion. Thus periodical surveil-

lance is crucial in this patient population. Modern literature reports 

that a need for distal reoperation is seen in 10% of the patients who 

had repairs for Stanford type A aortic dissection.10,38–41 Known risks 

of aneurysmal formation are the size of the descending aorta (espe-

cially .40 mm) at the time of presentation of acute aortic dissection 

and younger age.42,43 Also, many of these patients present to the emer-

gency department with chest pain or back pain after the repair. It is 

important to evaluate that this is not the sign of progression of the 

disease.

RISK FACTORS

Predisposing factors are listed in Box 148.1.27,44 Hypertension is the 

most common factor and is seen in 50%–86% of aortic dissections. 

Obstructive sleep apnea has been proven to be a significant cause of 

cardiovascular disease, found in 13% of cases.45 Genetic/congenital 

factors have also been reported,46 with Marfan syndrome having the 

highest prevalence, around 5%.32,47 Bicuspid aortic valve is present in 

2%. Other hereditary diseases may also be underreported, as many do 

not have physical characteristics, such as with Marfan syndrome. 

Physical activity such as weightlifting can temporarily cause the blood 

pressure to shoot over 300 mm Hg and trigger the event.48 Straining is 

also a known trigger, as reported in the case of King George II in the 

18th century.1

CLINICAL PRESENTATION

History taking and physical examination provide vital information for 

the timely diagnosis of aortic dissection. Patients with acute aortic dis-

section usually present with a sudden onset of severe pain. The pain is 

often described as a tearing, worst-ever pain. Shortness of breath is also 

commonly seen. Other presentations include syncope, abdominal 

pain, hemiplegia, paraplegia, weakness, and leg pain.27 The use of 

drugs, especially cocaine, should be checked.49 It is essential to ask for 

family history with not only the aortic disease but also sudden unex-

plained death, as aortic death may have been the undiagnosed aortic 

event.50 History of intracranial aneurysm should also be questioned.51

BOX 148.1 Predisposing Factors for Aortic 
Dissection

Hereditary/Congenital Conditions

Marfan syndrome (FBN1)

Bicuspid aortic valve

Familial thoracic aortic aneurysm and dissections

Turner syndrome

Ehlers-Danlos syndrome (COL3A1)

Loeys-Dietz syndrome (TGFB2/TGFBR1/TGFBR2/SMAD3)

Shprintzen-Goldberg syndrome (FBN1)

Kommerell diverticulum

Aortic coarctation

Polycystic kidney disease (autosomal dominant)

Other gene mutations (ACTA2, MYH11, MYLK, SMAD4, PRKG1, LOX)

Inflammatory/Autoimmune Conditions

Takayasu arteritis

Giant cell arteritis

Syphilitic aortitis

Acquired Conditions

Hypertension

Obstructive sleep apnea

Smoking

Cocaine

Pregnancy

Trauma

Weight lifting

Iatrogenic

• Catheterization

• Cardiac surgery
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Clinical findings commonly seen are hypertension, unless tampon-

ade has developed or ruptured. Heart rate and respiratory rate are 

usually increased. A physical examination may show diminished or 

absent pulses in the affected limb. Patients with type A dissection may 

have cardiac murmurs associated with aortic regurgitation or have 

distant cardiac sound caused by tamponade. Hypoxemia is frequently 

seen, which is triggered by the systemic inflammatory reaction associ-

ated with aortic dissection.52 Young patients with heritable aortic dis-

eases may not have characteristic features, such as Marfan syndrome 

(tall stature, long arm span, deformed chest wall, lens dislocation, etc.). 

Current guidelines recommend immediate consultation to the surgical 

team in patients at high risk for acute aortic dissection before further 

imaging or laboratory testing.19 High-risk patients are people who 

present with chest, back, or abdominal pain; syncope; or malperfusion 

symptoms with two or more high-risk features, such as having or sus-

pected heritable aortic disease,46 abrupt pain in onset, ripping/tearing/

sharp/stabbing, physical examination consistent with malperfusion 

syndromes, murmur of aortic insufficiency, or hypotension/shock.

DIAGNOSIS

Fig. 148.3 depicts a diagnostic and treatment algorithm for aortic dis-

section. Because of the acutely ill presentation with pain, a blood test 

with cardiac enzymes and troponins, an electrocardiogram, and a 

chest x-ray are often performed. There is no single laboratory test that 

can confirm the diagnosis of aortic dissection alone. Tests should be 

used as a screening to prepare for possible intervention.19 Leukocytosis 

is commonly seen, and anemia and thrombocytopenia are dependent 

on the progression of the disease.1 Lactic acidosis may suggest the pres-

ence of cardiac tamponade or visceral and/or limb malperfusion. Ele-

vated cardiac enzymes, positive troponins, and ST-T changes in the 

electrocardiogram are much more frequently seen in native coronary 

disease. However, they may reflect coronary malperfusion associated 

with aortic dissection. Chest pain with features at high risk for aortic 

dissection warrants computed tomography (CT) before proceeding to 

thrombolysis. A similar scenario can be seen with pulmonary embo-

lism (PE), as patients with both PE and aortic dissection often present 

with chest pain and shortness of breath. D-dimer is generally elevated 

in both conditions. A negative D-dimer and a low clinical score for 

aortic dissection (i.e., patients without the hereditary aortic disease, 

pain without abrupt onset or not intense, normal physical examina-

tion) are helpful to rule out the disease.53 A CT-PE protocol may pro-

vide the diagnosis of aortic dissection, but the phase of contrast and 

the caudal extent are not optimal and may require another scan or 

imaging modality, such as echocardiogram. The reported incidence of 

aortic dissection in patients who had the CT-PE protocol for markedly 

elevated D-dimer and clinically suspected PE was 2.4%.54

Widened mediastinum on a chest x-ray may be seen in 50%  

of patients. Thus a chest x-ray can be used as a screening test to rule 

out other causes of the symptoms but may not lead to the diagnosis. 

Chest/back/abdominal pain (sudden onset, tearing)

Syncope

Malperfusion symptoms (e.g. weakness, paraplegia, limb ischemia)

Family history of aortic disease/sudden

death

Known aortic valve disease (bicuspid)

Known aortic aneurysm

Recent catheterization, open heart surgery

Obesity, obstructive sleep apnea

Streneous activity

High Risk History

Pulse deficit/lnterarm blood pressure

 difference

Focal neurological deficits

Heart murmur (to and fro)

Marfan/Marfanoid characteristics

 (i.e. tall, long arm span, scoliosis, dilocated lens)

Hypotension, shock

High Risk Physical Exam

Low/intermediate risk

EKG

CXR

Rule out other causes for

presenting symptoms

Unconfirmed but highly suspicious for aortic dissection Confirmed aortic dissection

Screening and preparation

for possible interventions

riskHigh

Blood test

CBC, BMP, type & screening, lactic acid, APTT/PT

Troponins

Hemodynamically unstable

• TEE in the OR

• IVUS in the OR

Hemodynamically stable

• MRI
Anti-impulse therapy

Target heart rate 60, systolic blood pressure 100 to 120 mmHg

Type A

• Surgical repair
Type B

• Medical management for uncomplicated type

• Endovascular interventions for complications

TEVAR may be considered in subacute phase in

patients with high risk future for future aortic

events (Large entry tear, aortic diameter�55mm)

If patient has developed severe visceral ischemia

without dynamical instability, may consider ex-lap

and endovascular treatment first

CT angiogram
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Historically, angiogram and transesophageal echocardiogram (TEE) 

were standard examinations. They have been replaced by CT angio-

gram, which is now used in 73% of cases as initial imaging modality. 

(TEE is now only used in 23%.) However, TEE still has a crucial role 

when the diagnosis is not confirmed with CT, such as in patients with 

borderline renal function who cannot have contrast injected, those 

with body habitus resulting in poor-quality CT, or to rule out localized 

flap in the ascending aorta and aortic root. As TEE requires at least 

moderate sedation, the patient may be brought to the operating suite 

and performed under general anesthesia with preparation to open 

surgery. Electrocardiogram-gated CT is useful with stable patients 

when obtaining more precise information, such as detecting entry tear. 

Intravascular ultrasound (IVUS) provides real-time imaging of the 

aorta, branch vessels, and flap. It can be used for the diagnosis of mal-

perfusion55 and intraoperative assistance during endovascular proce-

dures by identifying the true and false lumen.56 Magnetic resonance 

imaging (MRI) is accurate in the diagnosis of aortic disease with 

equivalent—or even superior—sensitivities and specificities to those 

of CT. However, in the acute setting, the long image acquisition and 

lack of availability prevent it from being the first choice. After making 

the diagnosis of aortic dissection, surgical consultation should be ob-

tained regardless of the type.

MEDICAL MANAGEMENT FOR 
ACUTE AORTIC DISSECTION

Regardless of the extent of dissection, it is crucial to initiate anti-im-

pulse therapy without delay. As discussed earlier, dp/dt is the single 

critical factor that propagates the disease. Thus not only the blood pres-

sure but also the heart rate needs to be controlled, with a target of 

100–120 mm Hg in systolic blood pressure and a heart rate of 60 beats 

per minute or less.19 Pain control and monitoring are also essential.19 

High dp/dt can progress the dissection and cause pain, and vice versa 

(pain can result in high dp/dt). Patients should be admitted to the in-

tensive care unit for monitoring. For better control of hemodynamics, 

intravenous (IV) administration of the drug is recommended. Central 

venous line and arterial line placement may be encouraged for strict 

management. Before the placement of an arterial line, peripheral pulses 

and blood pressures in all the limbs must be examined to ensure that 

the appropriate site is selected for monitoring, as branch dissection or 

true lumen compression can result in reduced blood flow to the affected 

limb and thus blood pressure measurements would be falsely dropped. 

The first-line agent is IV beta-blockers.19 Antihypertensive agents are 

summarized in Table 148.1.57 In case of a cocaine-induced condition, 

selective beta-blockers, such as metoprolol and esmolol, should be 

avoided but mixed alpha-/beta-blockers, such as labetalol, can be 

given.58 When a beta-blocker is contraindicated, nondihydropyridine 

calcium channel blockers are the second choice to control heart rate. If 

systolic blood pressures remain above 120 mm Hg after adequate heart 

rate control, angiotensin-converting enzyme inhibitors and/or other 

vasodilators, such as a dihydropyridine calcium channel blocker or ni-

troprusside, should be used. It is important not to use the vasodilators 

before heart rate control, as these agents may cause reflex tachycardia, 

which will increase dp/dt. Caution is needed when using beta blockade 

in patients with severe aortic regurgitation because these drugs can 

cause compensatory tachycardia or worsen heart failure symptoms.

INTERVENTIONS FOR ACUTE AORTIC DISSECTION

Two key purposes of aortic intervention are (1) entry tear resection to 

prevent aortic rupture and (2) redirect blood flow into the true lumen 

to correct malperfusion. In addition, type A aortic dissection often 

requires repair of aortic valve insufficiency. Chronic aortic dissections 

generally follow the surgical/interventional indications for true aneu-

rysms and will not be discussed in this chapter.

Treatment Strategy for Acute Type A Aortic Dissection
Open Surgical Repair vs. Endovascular Repair vs. 

Medical Management

Open surgical repair remains a mainstay in acute type A aortic dissec-

tion, and patients should urgently be taken to the operating suite. As 

discussed earlier, medical management carries a higher mortality rate 

compared with surgical repair. Thoracic endovascular aortic repair 

(TEVAR) for type A aortic dissection has not been established because 

of challenges in the landing zone, such as close proximity to the coro-

nary arteries and large landing zone diameter, and the presence of 

aortic regurgitation that warrants surgical repair.59 Hybrid repair, 

open surgical repair for ascending and aortic arch, and concomitant 

distal stent grafting (frozen elephant trunk) have gained influence, 

with expectations for resolving downstream malperfusion and posi-

tive aortic remodeling,9,60,61 but have not yet become a standard treat-

ment because of additional surgical risks, including cerebral and  

spinal complications. Both off-the-shelf ascending stent graft and 

hybrid frozen elephant trunk prostheses (a stent graft integrated to a 

Dacron graft) are not readily available in the United States and are 

currently being tested in clinical trials.

Antihypertensive Agents Dosing

First-Line Agents
Esmolol (b1 antagonist) IV infusion: bolus of 500 mg/kg over 

1 min, followed by 50 mg/kg/min, 

titration up to 300 mg/kg/min

Labetalol (combined a1/b1/b2 

antagonist)

IV: bolus of 20 mg over 2 min,  

repeated incremental dose of  

20–80 mg q10min

IV infusion: loading dose of 20 mg  

followed by 1–2 mg/min infusion

Metoprolol IV: bolus of 5 mg over 2 min, repeat 

dose q5min up to 3 doses

Second-Line Agents
Diltiazem (nondihydropyridine  

calcium channel blocker)

IV infusion: bolus of 0.25 mg/kg over  

2 min followed by 5–10 mg/hr infu-

sion, titration up to 15 mg/hr

IV infusion: 5 mg/hr, titration by  

2.5 mg/hr min up to 15 mg/hr

Additional Vasodilators (After Heart Rate Control)
Nicardipine (dihydropyridine  

calcium channel blocker)

IV infusion: 0.3 mg/kg/min, titration 

q2min with maximum dose of  

10 mg/kg/min; hypotensive effect can 

be unpredictable, may cause  

cyanide toxicity

Sodium nitroprusside IV infusion: 5 mg/min, titration by 

5 mg/min q5min with maximum dose 

of 200 mg/kg/min; unsuitable for pro-

longed use

Nitroglycerin

TABLE 148.1 Antihypertensive Therapy
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Cerebral Protection During Acute Type A 

Aortic Dissection Repair

Acute type A aortic repair involves the aortic arch and necessitates 

temporary arrest of cerebral circulation.62 Thus several cerebral 

protection strategies are developed to avoid ischemic insults to the 

brain. Commonly used cerebral protection strategies include sim-

ple profound deep hypothermic (below 14°C) circulatory arrest 

and moderate (20°C–28°C) to deep (14°C–20°C) hypothermic 

circulatory arrest with cerebral perfusion. There are two methods 

for cerebral perfusion: retrograde cerebral perfusion via the supe-

rior vena cava and antegrade cerebral perfusion with direct can-

nulation using balloon-tipped catheters or axillary cannulation. 

Simple deep hypothermic circulatory arrest and retrograde perfu-

sion provide better visualization of the operative field and do not 

require exposure or manipulation of arch vessels or axillary artery. 

Thus most surgeons prefer either of these two methods during 

hemi arch repair, resecting and replacing the ascending aorta and 

the proximal aortic arch. However, in patients undergoing total 

arch repair, prolonged circulatory arrest and arch vessel recon-

structions are inevitable. Thus some surgeons prefer antegrade 

cerebral perfusion to further minimize the ischemic injury during 

total arch replacement.63

Extent of Distal Repair in Acute Type A Aortic Dissection

In most of the cases, aortic dissection extends beyond the transverse 

aortic arch, and complete resection of all the affected lesions is not 

possible. It is now well known that eliminating the intimal tear is 

crucial in preventing the imminent rupture and subsequent distal 

reintervention.64 Thus the tear-oriented approach that determines 

the extent of repair as much as needed for the complete resection of 

the tear65 has been widely accepted to minimize surgical risks. About 

30%–50% of the entry tear is located in the ascending aorta,  

25%–30% in the transverse arch,8,10,66 and 10% in the distal arch or 

unknown origin in patients presenting with acute type A aortic dis-

section.10,67 When the tear is located in the ascending aorta, the 

proximal arch, or the lesser curvature of the transverse arch, hemi-

arch replacement is performed. The arch vessels are preserved by 

beveling the distal anastomosis and extending the posterior suture 

line beyond the entry tear in this procedure. When the tear is present 

in the greater curvature of the transverse arch or extending to the 

arch vessels, total arch replacement is chosen. Other circumstances 

that warrant total arch replacement are excessive enlargement and 

rupture of the false channel in the arch64 and aortic dissection associ-

ated with a large aortic arch aneurysm.

Aortic Root Repair During Acute Type A Aortic Dissection

The proximal extension of aortic dissection and associated aortic 

valve regurgitation is not uncommon to acute type A aortic dissec-

tion. Aortic root replacement and valve replacement are often not 

necessary—aortic reconstruction using circumferential pledgeted su-

tures and/or surgical glue to approximate the layers is usually suffi-

cient to repair the lesion. However, if the aortic root is dilated over 55 

mm or there is a tear in the root itself, aortic root replacement is rea-

sonably considered. In such cases, valve-sparing aortic root replace-

ment to preserve the native aortic valve and reimplanting the valve in 

the Dacron graft is used, or the entire root is replaced with a valved 

conduit. In general, bioprosthetic valves do not require anticoagula-

tion but have shorter durability, which is recommended in older  

patients (above 60–65 years of age) and patients contraindicated  

for anticoagulation therapy. On the contrary, mechanical valves re-

quire permanent anticoagulation but have lifelong durability, which is 

recommended in younger patients. The valve-sparing technique is 

technically demanding and not suitable for damaged or degenerative 

valves. The choice of valve, bioprosthetic vs. mechanical, or valve-

sparing should be comprehensively judged based on the patient’s age, 

concomitant comorbidities, condition of the valve (torn, degener-

ated), experience of the surgeon, and patient’s will.

Cardiac Tamponade

The efficacy of preoperative pericardiocentesis in patients with tam-

ponade in the emergency department has been reported.68 It should 

only be indicated in patients who do not respond to aggressive IV 

resuscitation, and routine performance is never recommended. In-

termittent, limited drainage of 30–40 mL is usually sufficient enough 

to maintain systolic pressure around 90 mm Hg. After transferring 

the patient with cardiac tamponade to the operating suite, care must 

be taken at the time of anesthetic induction, as the patient is at risk 

for further decompensation. It is also important for surgeons to 

communicate with the anesthesiologists that aggressive volume re-

suscitation is vital, but administration of pressor agents, especially by 

bolus, should be avoided. Blood pressure will dramatically recover 

once the tamponade is released, and the bolused agents will abruptly 

circulate in the body, which will overshoot the pressure and com-

pletely rupture the aorta. When opening the pericardial sac, it should 

be performed in a controlled fashion with a finger applied to the 

opening. The speed of drainage is adjusted according to the arterial 

pressure.

Malperfusion in Type A Aortic Dissection

More than 80% of limb malperfusion spontaneously resolved after 

central aortic repair,69 and extraanatomic bypass or endovascular 

intervention is considered if limb ischemia persists after the repair. 

Similarly, stroke symptoms associated with cerebral perfusion may 

resolve symptoms in 80% after the aortic repair.70 Surprisingly, 

nearly 80% of patients who present with a coma recover.70 However, 

hospital mortality in this subset reaches 60%. It is reported that 

when a central repair was performed within 5 hours of the onset of 

coma, mortality was 14% and full recovery of consciousness was 

observed in 86%, whereas those who presented beyond the 5-hour 

window were 67% and 17%, respectively.71 Thus it is reasonable to 

wait for the comatose patient to regain neurologic function if the 

time from the onset has passed 5 hours. Lastly, in case of mesenteric 

malperfusion, because of the high mortality rate—reported as high 

as 89%7,10,27,38,39—a staged approach with fenestration or stenting to 

restore the blood flow to the viscera may be considered in hemody-

namically stable patients before the central repair, in particular, 

when a patient presents with severe tenderness and/or peritonitic 

signs.

Postoperative Care for Acute Type A Aortic Dissection

The postoperative team bundle report in the intensive care unit 

should include the extent of aortic dissection, extent of repair, circula-

tory arrest time, cardiopulmonary bypass time, and transfusion 

amount—in addition to the patient’s baseline demographics. It is also 

important to notify the care team about concerns, such as malperfu-

sion syndrome present on admission, as even intraoperative findings 

may suggest a resolution. Visceral malperfusion on arrival warrants 

serial abdominal examination, and limb malperfusion needs attention 

for the development of compartment syndrome. Peripheral pulses in 

all four extremities should be checked, as they will help for early de-

tections of malperfusion in other organs. For example, patients with 

diminished upper extremity pulses may have cerebral malperfusion, 

or patients with lower extremity pulses may have visceral ischemia. 

Serial neurologic assessment is essential, as the surgical repair can 
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result in cerebral insults from aortic arch manipulation. When there 

is a known carotid artery dissection with preoperative stroke symp-

toms, carotid duplex may be indicated to evaluate the need for subse-

quent intervention if neurologic symptoms persist. Many of the  

patients with aortic dissection have underlying long-standing hyper-

tension. Thus systolic blood pressure less than 120 mm Hg may be 

ideal to prevent propagation of the remaining dissection and prevent 

suture-line bleeding, but in reality, 140 mm Hg may be needed to 

sustain renal function. Patients should be warmed when the body 

temperature is below 36°C. During warming, vasodilation is expected, 

and appropriate fluid resuscitation and adjustment of antihyperten-

sive drips are needed. In addition to routine blood testing, coagula-

tion tests should be checked. The use of hypothermia during aortic 

repair and consumption of coagulants in the false lumen may cause 

postoperative coagulopathy. Thromboelastography is also helpful for 

the diagnosis. Lactic acidosis at the time of arrival to the unit is often 

seen because of preoperative malperfusion syndrome and intraopera-

tive circulatory arrest. However, persistent lactic acidosis of more than 

2–3 hours should trigger further investigations to rule out visceral/

limb malperfusion and low cardiac output. After confirming that no 

further interventions are planned (i.e., re-exploration for bleeding, 

stenting, fasciotomies) and the patient is hemodynamically stabilize, 

the patient can be extubated. Postoperative hypoxemia in patients 

with aortic dissection is not uncommon because of the inflammatory 

process from the disease and hypothermic circulatory arrest. Urine 

output should be monitored for volume and color. If oliguria is seen, 

renal duplex should be obtained to evaluate the blood flow. Wine-

colored urine suggests hemolysis that can be associated with paraval-

vular leakage and a kinked graft. If a mechanical prosthesis has been 

used to replace the aortic valve, anticoagulation can generally be held 

for 48 hours postoperatively. Aspirin is given when branches were 

reconstructed. Guidelines recommend contrast-enhanced CT scan is 

obtained before discharge to assess the repair and extent of any re-

sidual dissection.19

Treatment Strategy for Acute Type B Aortic Dissection
Open Surgical Repair vs. Endovascular Repair vs. 

Medical Management

Unlike type A aortic dissection, medical management is the gold-

standard treatment for acute type B aortic dissection, unless symp-

tomatic or complicated. American guidelines recommend TEVAR 

as the first option to treat acute type B dissection with complica-

tions,19 whereas open repair is reserved for patients who are ana-

tomically unfit for endovascular repair. Approximately one-third 

of acute type B aortic dissections present as—or progress to—

complicated type.7–11,72

Favorable long-term outcomes after TEVAR for uncomplicated 

acute type B aortic dissections during the subacute phase were re-

ported in a randomized controlled study (Investigation of Stent Grafts 

in Patients with Type B Aortic Dissection, INSTEAD-XL trial) after 2 

years of follow-up.73 Considering the outcomes of INSTEAD-XL and 

the literature reporting positive remodeling after TEVAR in uncompli-

cated type B aortic dissection,74 European guidelines recommended 

considering TEVAR for the subset. Thus uncomplicated type B dissec-

tion patients with high-risk features with late aortic interventions may 

reasonably receive TEVAR in the subacute phase. There are two other 

ongoing trials74 to further prove the safety and durability of TEVAR for 

uncomplicated type B aortic dissections. In the near future, more ag-

gressive indications of TEVAR in uncomplicated acute type B aortic 

dissections may be justified. Although IMHs are treated as classical 

aortic dissections in acute type A, acute type B IMHs should be treated 

differently from the classical type B. Acute type B IMHs are known to 

regress in 32% and resolve in 60%,75 and there is no evidence to treat 

uncomplicated type B IMHs.

TEVAR for Acute Type B Aortic Dissection

The primary goals of TEVAR are to seal the entry tear and to re-

expand the true lumen. The secondary goal is to stabilize the dis-

sected aorta to induce positive remodeling and prevent future 

complications. The technology has improved over the decade, and 

low-profile delivery systems (16–26 French) are available. Thus most 

of the procedures are performed percutaneously. An iliac conduit (a 

Dacron graft to the iliac artery anastomosed in an end-to-side fash-

ion) may be required in small or diseased iliac/femoral arteries. Four 

companies supply eight different covered stent grafts to the U.S. 

market, with anatomic requirements and instructions for use vary-

ing based on device: landing zone diameter of 16–45 mm, and most 

of the devices require at least 20 mm (one with 15 mm) landing 

zone length. Covered stents are used to close the entry tear, but the 

distal extension beyond T8 carries higher risks for postoperative 

spinal cord ischemia. When true lumen compression is seen in the 

thoracoabdominal aorta, the extension with uncovered stents may 

be used.

Endovascular Fenestration for Aortic Dissection 

Complicated with Malperfusion Syndrome

Fenestration of the dissection flap with endovascular intervention 

can also be used for true lumen expansion. Catheter-based fenes-

tration is performed with either IVUS or fluoroscopic guidance. 

In general, a dissection septum is punctured with a needle-based 

re-entry catheter or a catheter with a super-stiff wire to create a 

hole in the septum.76,77 Then, a guidewire is passed through the 

re-entry catheter and across the membrane, and the hole is dilated 

with balloons large enough to increase the flow in the true lumen. 

The other technique, named the “cheese-wire” maneuver, snares 

the guidewire crossing the septum from the contralateral trans-

femoral access to slice through the membrane.78 When a static 

malperfusion is present in the visceral branches, stenting of the 

branches is performed with a transfemoral, transaxillary, or trans-

brachial approach.

Descending Thoracic and Thoracoabdominal 

Aortic Replacement

Open replacement of the descending thoracic and thoracoabdomi-

nal aorta is performed via a left posterolateral thoracotomy or tho-

racoabdominal incision under single-lung ventilation. Partial left 

heart bypass with pulmonary vein drainage and femoral artery re-

turn or full cardiopulmonary with femoral vein drainage (or pul-

monary artery drainage) and femoral artery return are used for 

support. The goal of the operation is to eliminate the entry tear as 

in type A aortic dissection. During distal aortic repair, the spinal 

cord, viscera, and kidney are at risk for ischemic insults. Hypother-

mia, cerebrospinal fluid drainage, and distal aortic perfusion are 

essential adjuncts to protect the spinal cord. Selective visceral and 

renal perfusions are applied when these are involved in the repaired 

segment. The aorta is replaced with a Dacron graft, and intercostal 

arteries in T8–T12—the levels of a major spinal cord feeder (artery 

of Adamkiewicz)—are recommended to reattach to the graft to pre-

vent both immediate and delayed spinal cord injury.19 When com-

plete resection of the dissection is not performed, the distal anasto-

mosis is performed to occlude the false lumen to reconstruct the 

aorta. If the false lumen has vital branches coming off, the dissection 

septum in the remaining distal segment is cut to allow the blood to 

flow as a double-barrel.
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Open Aortic Fenestration

This procedure is now rarely performed since the advent of endovascular 

techniques. A report from the Mayo Clinic in 2002 showed they required 

the technique in only 1.6% (14/857) of the aortic dissection patients.4 It 

is usually reserved for patients requiring expeditious relief of multiorgan 

ischemia (i.e., a combination of visceral, renal, and limb malperfusion) 

without degenerative or aneurysmal changes in the affected aorta. It is 

effective in more than 90% of the cases presenting with end-organ isch-

emia.4 The technique does not necessitate single-lung ventilation, and the 

short clamp time minimizes ischemic insults to organs. The goal of open 

aortic fenestration is to create a large enough re-entry to allow flow in the 

true lumen in the thoracoabdominal aorta where the vital branches take 

off. The supraceliac aorta and infrarenal aorta are clamped, and the lon-

gitudinal aortotomy is made in the thoracoabdominal aorta to visualize 

the branches in case of branch thrombectomies. The dissection septum is 

excised up to the level of the celiac trunk and below the renal arteries. The 

aortotomy is then closed with a running suture.

Postoperative Management After Interventions for 

Acute Type B Aortic Repair

Postoperative management is performed in a similar way to acute type 

A aortic dissection repair. Strict blood pressure should be performed, in 

particular, in patients who had open aortic fenestration because of the 

long suture line in a thin and fragile aorta. In addition, monitoring for 

spinal cord injury is required. The care team should be informed of the 

level the aorta was treated, as risks of spinal cord injury are much higher 

with more extensive repair, and T8–T12 is involved in the treated lesion. 

When a cerebrospinal fluid drain is placed in the operating suite, it 

should be drained at the maximum rate of 15 mL/hour to maintain the 

cerebrospinal pressure below 10 mm Hg. Once the presence of spinal 

cord ischemia is suspected, the cerebrospinal fluid should be drained 

without a limit to target the pressure below 5 mm Hg. Systolic blood 

pressure is raised above 140 mm Hg, blood is transfused to maintain 

hemoglobin level above 10 mg/dL, and cardiac index is targeted above 

2.5 L/min/m2.

LONG-TERM MANAGEMENT OF 
AORTIC DISSECTION

Aortic disease is a lifelong, progressive illness. Patient education on com-

pliance with antihypertensive medications and imaging surveillance is 

imperative (Fig. 148.4). Compliance with beta-blocker use and blood 

pressure control is warranted to avoid future aortic events.79 A recent 

study from Sweden80 showed that long-term survival after type A aortic 

dissection repair had similar survival, up to 7 years, when compared with 

that of age- and sex-matched controls. However, mortality in patients 

with type A aortic dissection repair acutely rose after 8 years, with a  

10-year mortality of 130% compared with the control. The increased 

mortality is most likely from the progression of the disease. Again, the 

importance of lifelong surveillance cannot be overemphasized.

CONCLUSIONS

Recognition of patients with high-risk features for acute aortic dissec-

tions is essential for timely diagnosis. Chest/abdomen/pelvis CT an-

giogram is the gold-standard imaging modality to evaluate the aorta 

and for classifying type A and type B aortic dissections. Strict control 

of heart rate and blood pressure is initiated without delay, regardless of 

type. Patients should further be assessed for complications, such as 

malperfusion syndrome. Acute type A dissection warrants urgent sur-

gical repair, whereas acute type B dissection should be medically 

treated, unless complications are present or develop. Uncomplicated 

type B aortic dissection may be indicated for TEVAR to induce positive 

aortic remodeling and prevent future aortic events. However, before 

extending this indication, further data acquisition is warranted for 

feasibility and durability. Imaging surveillance is crucial to screen for 

aortic dilation during follow-up.

A

B

C

Fig. 148.4 Chronic residual type A aortic dissection (axial view). A proximal descending aortic aneurysm 

has developed (A), along with a celiac artery aneurysm (B). The left renal artery branches off from the false 

lumen, and a resultant atrophic left kidney is seen (C). Arrow, aneurysmal change; *, dissected celiac artery; 

**, atrophic left kidney.
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KEY POINTS

• Patients highly suspicious for acute aortic dissection should undergo urgent 

CT angiogram along with surgical consultation.

• After diagnosis is obtained for aortic dissection, anti-impulse therapy with 

beta-blockers as first-line agents should be initiated without delay. Vasodila-

tors should not be given before heart rate control.

• Open surgical repair remains the mainstay for acute type A aortic dissection.

• Complicated acute type B aortic dissection should undergo endovascular 

treatment when anatomically applicable.

• Uncomplicated acute type B aortic dissection may benefit from endovascular 

treatment in the subacute phase.

• Postoperative care of both type A and type B aortic dissection consists of 

blood pressure management, addressing coagulopathies, and monitoring 

for malperfusion complications.

• Lifelong imaging surveillance and blood pressure control are warranted in 

patients with any type of aortic dissection.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Charlton-Ouw KM, Sandhu HK, Leake SS, et al. Need for limb revasculariza-

tion in patients with acute aortic dissection is associated with mesenteric 

ischemia. Ann Vasc Surg. 2016;36:112–120.

This is an important paper that shows limb malperfusion in acute type A 

aortic dissection spontaenously resolves in 80% after central repair.

Hiratzka LF, Bakris GL, Beckman JA, et al. 2010 ACCF/AHA/AATS/ACR/ASA/

SCA/SCAI/SIR/STS/SVM guidelines for the diagnosis and management of 

patients with thoracic aortic disease. A report of the American College of 

Cardiology Foundation/American Heart Association Task Force on  

Practice Guidelines, American Association for Thoracic Surgery, American 

College of Radiology, American Stroke Association, Society of Cardiovas-

cular Anesthesiologists, Society for Cardiovascular Angiography and  

Interventions, Society of Interventional Radiology, Society of Thoracic 

Surgeons, and Society for Vascular Medicine. J Am Coll Cardiol. 

2010;55(14):e27–e129.

These are the guidelines established by the American societies in 2010, which 

continue to be the gold standard for diagnosisng and treating thoracic aortic 

disease.

Lombardi JV, Hughes GC, Appoo JJ, et al. Society for Vascular Surgery (SVS) 

and Society of Thoracic Surgeons (STS) reporting standards for type B 

aortic dissections. J Vasc Surg. 2020;71(3):723–747.

This is the new reporting system developed by the Society of Thoracic  

Surgeons and Society for Vascular Surgery for acute aortic dissection to better 

accomodate the modern era with endovascular aortic repair options. This  

system classifies aortic dissections into type A, type B, and type I, depending 

on the entry tear site and not the extension of the dissection.

Yang B, Patel HJ, Williams DM, et al. Management of type A dissection with 

malperfusion. Ann Cardiothorac Surg. 2016;5(4): 265–274.

This is a well-summarized paper containing many diagrams on how to  

manage patients with malperfusion in acute type A aortic dissection.
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INTRODUCTION

Mesenteric ischemia is a generic term that implies inadequate blood 

flow to the intestines. It is relevant from a clinical standpoint as two 

separate disease processes: acute mesenteric ischemia (AMI) and 

chronic mesenteric ischemia (CMI). Although the underlying process  

is similar (i.e., inadequate intestinal blood flow) between the two condi-

tions, the clinical presentation, diagnostic concerns, and treatment  

algorithms are different. CMI is usually related to mesenteric artery 

atherosclerotic occlusive disease and is relevant to intensive care physi-

cians primarily because of the multiple organ dysfunction syndrome 

(MODS) that occurs after revascularization. AMI can arise from a vari-

ety of underlying conditions, including arterial emboli, in situ throm-

bosis in the setting of mesenteric arterial occlusive disease, mesenteric 

venous thrombosis, nonocclusive mesenteric ischemia (NOMI), and 

acute aortic dissections. AMI is relevant to intensivists because it often 

develops in critically ill patients (e.g., post–coronary artery bypass, 

acute pancreatitis), and revascularization can lead to a profound in-

flammatory response. A thorough understanding of both clinical enti-

ties is essential for all intensive care physicians. The underlying patho-

physiology and treatment of CMI will be discussed first to provide a 

foundation for addressing AMI. Although not traditionally considered 

AMI, isolated colon ischemia will also be discussed for completeness.

CHRONIC MESENTERIC ISCHEMIA

Pathophysiology
The underlying pathophysiology of CMI is the inability to achieve 

postprandial hyperemic intestinal blood flow. Intestinal blood flow in 

the normal fasting state is fairly modest, but may increase up to 35% 

after eating, with the magnitude contingent upon the size and compo-

sition of the meal.1,2 The majority of the hyperemic changes occur in 

the pancreas and small bowel with a peak within 30–60 minutes after 

eating.3,4 In patients with significant mesenteric arterial occlusive dis-

ease, this postprandial hyperemia is not possible, and patients develop 

ischemic pain similar to angina pectoris, appropriately termed mesen-

teric angina.

The normal mesenteric circulation is fairly redundant and has a 

rich collateral network (Fig. 149.1). The celiac axis (CA) communi-

cates with the superior mesenteric artery (SMA) through the supe-

rior and inferior pancreaticoduodenal arteries. The SMA communi-

cates with the inferior mesenteric artery (IMA) via the meandering 

mesenteric artery that travels within the proximal mesentery. This 

collateral has multiple eponyms, but should be differentiated from 

the less significant collateral, the marginal artery of Drummond, that 

is located in the distal mesentery. Lastly, the IMA communicates with 

the internal iliac artery via the superior and middle hemorrhoidal 

arteries. The symptoms of mesenteric ischemia usually do not occur 

unless two of the three mesenteric vessels (i.e., CA, SMA, and IMA) 

are significantly diseased because of this rich collateral network. 

However, symptoms may occur with isolated SMA disease in the 

absence of adequate collaterals.5–7

The overwhelming majority of mesenteric artery stenoses are the 

result of atherosclerosis. A variety of other etiologies have been re-

ported, including neurofibromatosis, fibromuscular disease, rheuma-

toid disorders, aortic dissection, isolated mesenteric artery dissection, 

radiation, Buerger disease, and certain drugs, although these are col-

lectively less common. Clinically symptomatic mesenteric artery oc-

clusive disease (i.e., CMI) is relatively rare despite the prevalence of 

asymptomatic mesenteric artery stenoses. Indeed, a hemodynamically 

significant mesenteric artery stenosis (.50% diameter reduction) has 

been reported in up to 27% of patients with peripheral arterial oc-

clusive disease undergoing a catheter-based arteriography8 and in up 

to 5%–10% of unselected patients at autopsy.9 The atherosclerotic 

process usually involves just the origin of the mesenteric vessels.  

Patients with occlusive disease in the CA and SMA often have renal 

artery stenoses, along with disease in the cerebral and lower extremity 

arteries—these risk factors for atherosclerosis are similar for all  

vascular beds.

Clinical Presentation and Diagnosis
The appearance and presentation of patients with CMI is fairly char-

acteristic. The typical patients are cachectic, elderly women with a 

history of extensive tobacco use. Indeed, CMI is one of the few cardio-

vascular problems more prevalent in women than in men. A recent 

meta-analysis of almost 19,000 patients undergoing revascularization 

for CMI (both open and endovascular) reported that the mean age was 

68.7 years: 77.8% were women, the majority were smokers, hyperten-

sive, and had evidence of peripheral arterial disease.10

Abdominal pain is usually the presenting symptom. It initially oc-

curs postprandially, although it may progress to a persistent nature in 

the latter stages of the disease process. Unfortunately, the pain has no 

specific characteristics. As a result of the pain, patients develop a fear 

of food and avoid eating. The net result is a predictable weight loss 

with a mean of 20–30 lbs. in several recent clinical series.11–13 Notably, 

Mansukhani and colleagues14 reported that 35% of the patients under-

going mesenteric revascularization for CMI in their series had a body 

mass index (BMI) .25, and they attributed this to the epidemic of 

obesity in our country. It should be noted that the etiology of weight 

loss is presumably from poor nutrition rather than an abnormality in 

intestinal absorption, although the exact impact of chronic malperfu-

sion on the gut microbiome and enterocyte function has yet to be 

elucidated. In addition to postprandial abdominal pain, patients may 

develop nausea, emesis, constipation, and/or diarrhea. Patients with 

CMI frequently have evidence of diffuse peripheral vascular disease, 

although there are no characteristic physical examination findings.
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The diagnosis of CMI requires the appropriate clinical history and 

the presence of significant mesenteric artery occlusive disease. The 

diagnostic approach is a stepwise one with consideration of the more 

common problems first. Although the appearance and clinical presen-

tation of patients with CMI is fairly characteristic, the differential di-

agnosis of patients with abdominal pain and weight loss is extensive 

and includes gastrointestinal malignancy first and foremost. Indeed, 

CMI is usually not even considered by most primary care providers, 

and this is reflected by the fact that the mean duration from presenta-

tion to diagnosis oftentimes exceeds a calendar year and 2.8 diagnostic 

tests.15 The initial diagnostic work-up for patients with abdominal 

pain and weight loss should include esophagogastroduodenoscopy, 

colonoscopy, abdominal ultrasound, and an abdominal/pelvic com-

puted tomography (CT) scan.16,17 Notably, gastric ulcers are relatively 

common in patients with CMI and likely result from ischemia.18,19 A 

surprising number of patients are subjected to cholecystectomy as part 

of their work-up before the definitive diagnosis of CMI is made.

Mesenteric duplex is an excellent screening tool for mesenteric 

artery stenosis, with reported sensitivity and specificity rates of ap-

proximately 80%.20,21 However, it is technically challenging, operator 

dependent, and not available in all centers. A variety of criteria have 

been proposed to grade the severity of stenoses based upon the  

systolic/diastolic velocities or frequency shifts, with a peak systolic  

velocity of .275 cm/s and 200 cm/s being reliable predictors of a 

.70% stenosis in the SMA and CA, respectively.21,22 A variety of pro-

vocative tests have been proposed to unmask clinically significant 

mesenteric artery stenoses, although their utility is unclear and they 

have not achieved widespread use.23,24

Multidetector helical CT arteriography with 1-mm collimation and 

three-dimensional reconstructions has largely replaced catheter-based 

contrast arteriography as the diagnostic study of choice for patients 

with CMI (Fig. 149.2) and is usually sufficient to plan surgical revas-

cularization.16,17,25–28 CT arteriography is safe, noninvasive, readily 

available, and accurately identifies occlusive disease in the SMA and 

CA. Furthermore, it is useful for visualizing large, meandering collat-

eral vessels between the mesenteric vessels that suggest hemodynami-

cally significant stenoses. Additionally, CT is now the first-line diag-

nostic modality for many other intraabdominal processes.

Catheter-based contrast arteriography is useful for evaluating the 

mesenteric circulation and has traditionally been used as the definitive 

diagnostic test for CMI (Fig. 149.3A). The major advantage of catheter-

based arteriography over CT arteriography is that therapeutic interven-

tions can be performed at the time of the diagnostic procedure. Fur-

thermore, intraarterial pressure measurements can be obtained across a 

stenosis to determine their hemodynamic significance. However, it is an 

Gastro-

duodenal

collaterals

Inferior

mesenteric

artery

Hypogastric artery

(internal iliac artery)

Median arcuate

ligament of diaphragm

Celiac axis

Splenic artery

Superior

mesenteric artery

Sigmoidal

arteries

Mesenteric
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Fig. 149.1 Diagram of the collateral pathways for the mesenteric. The 

celiac axis and superior mesenteric arteries communicate through the 

superior and inferior pancreaticoduodenal arteries, respectively. The supe-

rior and inferior mesenteric arteries communicate through the meander-

ing artery and the marginal artery of Drummond, with the meandering 

artery serving as the dominant collateral. The inferior mesenteric artery 

communicates with the internal iliac artery through the hemorrhoidal ves-

sels. (Modified from Hanson KJ. Mesenteric ischemia syndromes. In 

Dean RH, Yao JST, Brewster DC, eds. Current Diagnosis and Treatment 

in Vascular Surgery. Englewood Cliffs, NJ: Appleton & Lange/Prentice 

Hall; 1995:264.)

A

B

Fig. 149.2 CT arteriograms in a patient with an occluded celiac axis 

and superior mesenteric artery (SMA).  A. The origin of the SMA 

is shown with the arrow. There is no contrast within the lumen of the 

vessel at this cross section. B, The SMA is shown with the arrow in this 

cross section that is 10 mm caudal to the first image. The artery is pat-

ent at this level, as reflected by the contrast within the lumen.
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invasive procedure with a small, yet finite complication rate. A lateral 

arteriogram is mandatory as part of the examination to accurately as-

sess the origins of the CA and SMA because of their location on the 

anterior aspect of the aorta. The significant findings on arteriogram 

include the presence of ostial stenoses of the CA and SMA, large mes-

enteric collaterals, and central aortic atherosclerosis. A small percentage 

of patients with CMI may have mesenteric artery aneurysms, presum-

ably from increased flow through the collateral vessels.

Magnetic resonance (MR) arteriography has been used as a diag-

nostic study for patients with CMI and offers many of the advantages 

of CT arteriography.29–31 However, it is not as universally available as 

CT arteriography. Furthermore, it is not practical and may be contra-

indicated for many patients, including those in the intensive care unit. 

Lastly, MR arteriography tends to overestimate the degree of stenosis 

in the mesenteric vessels.

Treatment Strategies
All patients with CMI require revascularization unless they are so de-

bilitated that intervention is not indicated or they have opted for pallia-

tive care.16,17 The natural history of the untreated CMI is death either 

from inanition or bowel infarction. The theoretical treatment options 

include medical management with total parenteral nutrition or revas-

cularization by either endovascular or open surgical techniques. The 

role of long-term parenteral nutrition is very limited given its complex-

ity, expense, and complications, particularly those associated with the 

infusion catheters. As such, revascularization via endovascular or open 

surgery is the mainstay of treatment. Endovascular treatment (i.e., an-

gioplasty with intraluminal stent) has been adopted by most centers as 

the initial revascularization option given its minimally invasive ap-

proach. Open surgical revascularization has been reserved for patients 

that are not amenable to endovascular treatment, endovascular failures, 

and a select group of younger, healthier patients. Several meta-analyses 

comparing open and endovascular revascularization for CMI have re-

ported that the endovascular approach is associated with a lower peri-

procedure complication rate and a higher longer-term recurrence rate, 

but no significant difference in perioperative or longer-term mortal-

ity.10,32–35 Notably, the development of recurrent stenoses and the need 

for remediation have not been associated with a decrease in survival 

and has not necessarily resulted in the development of AMI. The recent 

development of lower-profile (i.e., smaller-diameter) angioplasty  

balloon/stent systems has further extended the applications of the  

endovascular approach, and reasonable, short-term results have been 

reported for patients with occluded mesenteric vessels (vs. stenotic) and 

other complex lesions that have traditionally precluded endovascular 

intervention.36,37

Endovascular Revascularization

The preoperative evaluation before endovascular treatment is essentially 

the same for all catheter-based contrast arteriography. Patients with a 

contrast allergy should be treated with an appropriate steroid prepara-

tion, and patients with elevated serum creatinine levels (serum creati-

nine 1.5–2.0 mg/dL) should receive gentle periprocedural hydration.

Percutaneous arterial access can be obtained through either the 

femoral, brachial, or radial approach. The upper extremity approach is 

usually favored for therapeutic procedures given the downward orien-

tation of mesenteric vessels off the anterior aspect of the aorta and the 

vector forces associated with the catheters/sheaths. A flush aortogram 

is performed in both the anteroposterior and lateral projections. Be-

cause most lesions in the SMA and CA are orificial and located in the 

proximal 2 cm, selective catheterization is not usually necessary unless 

a distal lesion is suspected or the extent of the lesion cannot be deter-

mined. A .50% diameter reduction of the SMA is usually considered 

clinically significant regardless of whether or not the CA is involved. 

However, the diagnosis of CMI should be questioned in the presence 

of an isolated CA stenosis. Symptomatic stenoses can be treated at the 

time of the diagnostic catheter-based arteriogram (see Fig. 149.3B). 

The orificial stenoses in the mesenteric vessels are usually refractory to 

angioplasty alone, and primary stenting with a covered stent is recom-

mended.16,17 Balloon angioplasty with selective stenting is reserved for 

midsegment lesions. Balloon-expandable stents (vs. self-expanding 

stents) are preferred for the orificial stenoses because of their superior 

radial forces and controlled deployment mechanism. The benefit of 

covered stents in this location may be related to the physical barrier of 

the fabric that inhibits the intimal hyperplastic ingrowth.38–40

The postoperative care after mesenteric angioplasty/stenting is com-

parable to that for other peripheral endovascular procedures. Patients 

are typically observed in the hospital overnight and started on dual 

antiplatelet therapy. The optimal antiplatelet regimen and duration re-

mains unresolved, but most providers favor 1–6 months of dual anti-

platelet therapy.41,42 Patients should likely be maintained (or started) on 

a cholesterol-lowering agent (i.e., statin), and there may be a role for 

rivaroxaban, although the utility of this in the setting of CMI remains 

poorly defined.41,43 Most patients notice a marked improvement of 

their postprandial symptoms shortly after the procedure. A fasting 

mesenteric duplex ultrasound scan can be obtained on the morning 

after the procedure to serve as a baseline. Elevated velocities are occa-

sionally noted in the duplex scan despite a technically satisfactory arte-

riographic result and complete resolution of the preoperative symp-

toms.44–46 The explanation for these abnormal duplex findings is 

unclear, and thus the decision to reintervene is based on the presence of 

recurrent symptoms and/or a significant progression in the abnormal 

duplex findings. A repeat duplex examination is performed at 1 month 

and then every 6–12 months thereafter.17 Aspirin (81 mg/day) is contin-

ued indefinitely after the dual antiplatelet regimen is completed.

Open Surgical Revascularization

The preoperative work-up for patients undergoing open mesenteric 

revascularization is comparable to that for other major vascular surgi-

cal procedures and includes optimization of all organ systems. Multiple 

A B

Fig. 149.3 Lateral catheter-based aortogram of a patient with 

chronic mesenteric ischemia. A, There is a moderate stenosis in the 

proximal superior mesenteric artery (SMA), as shown with the arrow. 

B, No residual stenosis is seen in the superior mesenteric artery (SMA) 

after placement of a covered intraluminal stent.
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algorithms have been developed to reduce the cardiac risk for vascular 

surgical patients undergoing noncardiac procedures, including those 

from the American Heart Association and the American College of 

Cardiology.47 Importantly, the preoperative work-up should be expe-

dited given the severity of the underlying condition and the potential to 

progress to AMI. All patients should likely be on an antiplatelet agent 

and a cholesterol-lowering agent, preferably a statin.48 A CT or catheter-

based contrast arteriogram is mandatory to both confirm the diagnosis 

and plan the operative procedure.17 There is no clear role for extended 

preoperative parenteral alimentation to replete the nutritional stores 

and, indeed, it may be detrimental.

A variety of open surgical procedures have been reported, although 

the antegrade aortoceliac/SMA bypass (Fig. 149.4) and the retrograde 

aorto/iliac-celiac/SMA bypass (Fig. 149.5) are the most common.11,49 

Unfortunately, a randomized controlled trial comparing these two ap-

proaches has not been performed because of the relative infrequency of 

the underlying problem. The advantages of the antegrade aorto-CA/SMA 

bypass are that both mesenteric vessels are revascularized and the supra-

celiac aorta (the origin of the bypass) is usually free of atherosclerotic 

occlusive disease. The major disadvantage is the complexity of the proce-

dure related to aortic exposure and clamping along with tunneling of the 

bypass graft. In contrast, retrograde aorto/iliac-CA/SMA bypass entails a 

more straightforward exposure and avoids the need for an aortic cross-

clamp, provided that the graft comes off of the iliac artery. However, there 

is a theoretical concern that the graft is prone to kinking given its obliga-

tory retrograde course that traverses both caudal to cephalad and poste-

rior to anterior. The optimal choice for a specific patient is dictated by 

their anatomy (i.e., distribution of their occlusive disease), comorbidities, 

and provider expertise. Notably, neither configuration has been shown to 

be superior in terms of longer-term patency.11,17,49

The immediate postoperative care for patients undergoing revascu-

larization for CMI is frequently complicated by the development of 

MODS and is distinctly different from that associated with most other 

abdominal vascular surgical procedures such as aortobifemoral bypass 

for aortoiliac occlusive disease.11,50 This propensity to develop MODS 

likely accounts for the prolonged intensive care and total hospital 

length of stay and is one of the leading causes of death in the postop-

erative period. The responsible mechanism for this MODS is likely 

related to a mesenteric ischemia-reperfusion injury inherent to the 

revascularization. This process has been shown to induce a severe in-

flammatory response mediated by cytokines, interleukins, and other 

inflammatory mediators that can cause both local and distant organ 

injury.51 In a detailed study, Harward and colleagues50 characterized 

the individual organ system dysfunction after revascularization for 

both AMI and CMI. They reported that the serum hepatic transami-

nases (i.e., serum glutamic-oxaloacetic transaminase  [SGOT] and  

serum glutamic-pyruvic transaminase [SGPT]) increased 90- to 100-

fold immediately postoperatively and did not normalize for 7–10 days, 

the platelet counts fell below 40,000 units within 12–24 hours and re-

mained abnormal for the first 3–6 days, and the prothrombin time 

(PT) and partial thromboplastin time (PTT) became elevated and 

stayed elevated also for 3–6 days. Perhaps most notably, they reported 

that the overwhelming majority of patients developed a significant 

pulmonary injury characterized by an elevated mean shunt fraction 

and a radiographic picture of the acute respiratory distress syndrome 

that manifested between 1 and 3 days and persisted for 5–8 days. Ji-

menez and colleagues11 documented a 64% incidence of MODS and a 

53% incidence of prolonged mechanical ventilation after antegrade 

revascularization for CMI and further corroborated the findings by 

Harward and colleagues50

Fig. 149.4  Completed antegrade bypass from the supraceliac aorta 

to both the celiac axis and the superior mesenteric artery. (From 

Huber TS, Lee WA. Mesenteric vascular disease: Chronic ischemia. In 

Cronenwett JL, Johnston W, eds. Rutherford’s Vascular Surgery, 7th ed. 

Philadelphia, PA: Elsevier; 2010: Fig. 148.6.)

Fig. 149.5  Completed retrograde bypass from the terminal aorta/

proximal right common iliac artery to the superior mesenteric  

artery bypass. (From Huber TS, Lee WA. Mesenteric vascular disease: 

Chronic ischemia. In Cronenwett JL, Johnston W, eds. Rutherford’s 

Vascular Surgery, 7th ed. Philadelphia, PA: Elsevier; 2010: Fig. 148.7.)
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The optimal management strategy for patients in the early postop-

erative period after open mesenteric revascularization is to support the 

individual organ systems until the dysfunction resolves. Admittedly, not 

all patients develop organ dysfunction, but the incidence is moderately 

high and somewhat unpredictable. The optimal ventilator management 

remains unresolved. Patients are typically extubated in the early postop-

erative period when they satisfy the various weaning criteria and clini-

cians have been reluctant to maintain them on mechanical ventilation 

in anticipation that they may develop a lung injury. However, it is rela-

tively common that they need to be reintubated and started back on 

mechanical ventilation. The thrombocytopenia and coagulopathy are 

usually managed expectantly, with platelet and/or plasma transfusions 

reserved for severely depressed platelet counts and/or any clinical evi-

dence of bleeding. Notably, the report by Harward and colleagues50 

suggested that the inherent coagulopathy after mesenteric revascular-

ization was not responsive to vitamin K. Patients should be started and 

maintained on total parenteral nutrition throughout the postoperative 

period until their bowel function returns. This is particularly important 

given the fact that the majority of patients are severely compromised 

from a nutritional standpoint. Unfortunately, patients may have a pro-

longed ileus after revascularization, and total parenteral nutrition may 

be required until bowel function returns. The bypass should be inter-

rogated with a mesenteric duplex or axial imaging before discharge to 

confirm the technical adequacy of the reconstruction. Patients with 

acute changes in their clinical status should also undergo mesenteric 

imaging to confirm that their bypass is patent. It can be difficult to dif-

ferentiate between MODS that is a sequelae of the ischemia-reperfusion 

injury and AMI secondary to bypass graft thrombosis. Serum lactate 

levels may be helpful in this setting.

All patients who undergo revascularization for CMI require long-

term follow-up. Patients are seen frequently in the early postoperative 

period until all their active issues resolve and then every 6 months 

thereafter with a mesenteric duplex to confirm graft patency and to 

identify any graft- or anastomotic-related problems. The proposed 

surveillance protocol with serial imaging outlined after endovascular 

revascularization is appropriate after open revascularization.17 Objec-

tive assessment of graft patency is critical and significantly better than 

the return of symptoms that has been used as a surrogate marker.52 

Recurrent symptoms of CMI should be managed similar to the index 

presentation in terms of diagnosis and treatment.17

Diarrhea is a common complaint after revascularization for CMI 

and can persist for several months. It is more common in patients with 

perioperative diarrhea and can be so severe that it necessitates total 

parenteral nutrition. Notably, Jimenez and colleagues11 reported that 

33% of the patients in their series experienced significant postopera-

tive diarrhea, with 24% experiencing symptoms beyond 6 months. 

Furthermore, Kihara and colleagues53 reported that patients had al-

most 2 stools/day (1.9 ± 0.4) after revascularization for CMI. The  

etiology of the diarrhea is unclear but may be related to intestinal  

atrophy, derangements in the gut microbiome, or disruption of the 

mesenteric neuroplexus.

Outcome
The outcome after mesenteric revascularization for CMI is quite 

good.10,32–35 The perioperative mortality rate after open surgical re-

vascularization is ,5% in high-volume centers and ,15% in series 

reporting the nationwide experience.11,12,49,52–57 The mortality rate 

after endovascular treatment is consistently ,5%.13,58–63 The corre-

sponding complication rates are approximately 30%–50% and 15% 

for the open and endovascular treatments, respectively. The initial 

technical success rate for the endovascular treatment is approxi-

mately 90%. The objectively documented 5-year patency rates after 

open revascularization are approximately 75%; patency rates after 

endovascular treatment are not as well described, but likely fall short 

of those reported for the open treatment. The 5-year survival after 

either treatment is approximately 75%, and most patients return to 

their presymptom weight.

ACUTE MESENTERIC ISCHEMIA

AMI is the endpoint for several distinct disease processes. Mesenteric 

emboli and in situ thrombosis are the most common etiologies, ac-

counting for approximately 50% and 25% of AMI cases, respec-

tively.64,65 NOMI (20%), mesenteric venous thrombosis (5%), and 

aortic dissections account for the remaining cases. The underlying 

pathophysiology of AMI is that the impaired intestinal perfusion 

leads to mucosal compromise. This results in the release of the intra-

cellular contents, increased cellular permeability, and influx of sub-

stances (including bacteria and lipotoxins) from the lumen of the 

bowel into the circulation. This can lead to the massive activation of 

the systemic inflammatory response, resulting in both local and dis-

tant organ dysfunction (e.g., lung injury). If the impaired perfusion 

persists, bowel infarction with perforation and peritonitis ensues. The 

immediate clinical concerns for patients with AMI are to reverse the 

underlying clinical condition and prevent bowel infarction. The clini-

cal presentation, diagnostic approach, and treatment for the various 

causes of AMI are similar, but there are distinct differences that man-

date individual consideration. AMI from an embolus will be discussed 

in depth given the fact that it is the most common etiology, and the 

respective differences will be highlighted for the other causes. Fortu-

nately, the underlying etiology can usually be determined from the 

history and clinical setting. Not surprisingly, the morbidity and mor-

tality associated with AMI are significant.16 The optimal therapy re-

quires prompt diagnosis and definitive treatment, although this is 

often difficult given the susceptible patient population and common 

clinical scenarios. Indeed, AMI may be either the cause or the effect of 

the patient’s critical illness.

Embolus
Pathophysiology
The emboli responsible for AMI usually originate from the heart and 

lodge in the SMA. The intracardiac thrombus is related to atrial fibril-

lation, an acute myocardial infarction, or a ventricular aneurysm. Pa-

tients frequently have prior embolic events from the same source, al-

though they are not necessarily limited to the superior mesenteric 

artery (e.g., common femoral artery bifurcation presenting with acute 

lower extremity ischemia), and it is common to have synchronous 

emboli (e.g., splenic artery). Notably, the material that comprises these 

macroemboli is quite large in contradistinction to the micron-sized 

atheroemboli that commonly cause “blue toes” after invasive arterio-

graphic procedures (i.e., artery-to-artery emboli). These macroemboli 

tend to lodge at areas of narrowing in the arterial circulation, typically 

branch points (e.g., common femoral bifurcation, popliteal artery bi-

furcation). The extent of bowel ischemia and/or infarction after an 

embolus to the SMA is contingent upon the extent of the collateral 

circulation, the pattern of the arterial occlusion, and the duration of 

the ischemia. In this setting, the bowel progresses from ischemia to 

infarction in a time-dependent fashion, although it may remain viable 

for 6–12 hours. Acute embolic occlusion of the SMA usually results in 

ischemia/infarction from the midjejunum to the transverse colon be-

cause the embolic material frequently lodges at the distal SMA just 

beyond the origin of the middle colic artery. The duodenum and de-

scending colon are usually spared because they are supplied by 

branches of the CA and IMA, respectively.
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Clinical Presentation and Diagnosis

The diagnosis of AMI from an embolus (or other causes of AMI) may 

be difficult. The differential list of diagnoses includes all the more 

common causes of acute abdominal pain. The diagnosis is confounded 

by the fact that patients are often critically ill, and thus their history/

physical examination may not be reliable. Diagnosis requires a high 

index of suspicion and an aggressive approach because delays adversely 

affect outcome. This requires an appreciation of the types of patients 

and clinical scenarios in which AMI occurs, including patients with 

end-stage renal disease66 and those sustaining a myocardial infarction 

or undergoing coronary artery bypass grafting.67,68

Patients with AMI from an embolus usually present with diffuse 

abdominal pain. The classic description of the pain secondary to AMI 

is “pain out of proportion” to the physical examination findings, al-

though this scenario is not always present. Unfortunately, the pain is 

neither specific nor localized to a particular abdominal quadrant. Peri-

toneal signs can be present, but they usually occur late in the process 

and suggest bowel perforation. Patients often experience nausea, vom-

iting, and/or diarrhea, but again these are fairly nonspecific. Notably, 

AMI is a potent cathartic. Similar to the physical examination, the 

routine chemistry and hematologic laboratory studies are usually non-

specific and insensitive. Patients frequently have mild abnormalities of 

their laboratory values, including an elevated white blood count, a 

decreased platelet count, an elevated hematocrit, and a mildly elevated 

amylase level. The serum lactate level can be elevated, although the 

associated sensitivity and specificity in this setting are such that they 

are not recommended in the recent European guidelines.16 The hemo-

dynamic status of the patients at the time of presentation ranges from 

normovolemia to profound hypovolemic shock with acidosis and is 

contingent upon the status of the bowel and the duration of symp-

toms.

A variety of studies are available to help confirm the diagnosis of 

AMI secondary to an embolus. Plain abdominal radiographs have 

been used traditionally for patients with acute abdominal pain and can 

be helpful to demonstrate “free air” from a perforated viscus. However, 

patients with AMI frequently have either normal plain radiographs or 

demonstrate nonspecific findings (e.g., ileus). CT arteriography with 

1- to 2-mm cuts has emerged as the diagnostic study of choice for 

patients with AMI secondary to an embolus.16,20,69–71 The study is per-

formed using only intravenous contrast because both oral and rectal 

contrast potentially interfere with the arteriogram itself. Furthermore, 

the CT arteriogram is likely justified in this setting in patients with 

compromised renal function, despite the contrast load, given the sever-

ity of the underlying AMI. Both stenoses and occlusions in the mesen-

teric vessels are well demonstrated on CT arteriography. In patients 

with AMI secondary to an embolus, a “meniscus sign” can often be 

seen in the mid/distal SMA. The images obtained using the CT arterio-

gram protocol are also excellent for the nonvascular structures. The 

significant nonvascular findings of AMI include bowel wall thickening, 

pneumatosis, bowel/solid organ infarction, and portal venous gas. 

Notably, Paran and colleagues71 reported that the majority of patients 

with portal venous gas had mesenteric ischemia and that the associated 

mortality rate was 86%. Mesenteric duplex, although an excellent 

screening test for CMI, is not usually helpful in the majority of patients 

with AMI because abdominal distention/gas precludes the accurate 

interrogation of the mesenteric vessels.

Standard catheter-based contrast arteriography can be used as an 

alternative to CT arteriography, and, indeed, has been the traditional 

imaging study for the mesenteric vessels in the setting of AMI from an 

embolus or in situ thrombosis. Similar to patients with CMI, it can 

potentially serve as both a diagnostic test and therapeutic modality 

because an intervention can be performed at the same time. The major 

disadvantages are the obligatory time required to obtain the procedure 

and the small, but finite, complications associated with the contrast 

agent and arterial access. Given the availability of hybrid operating 

rooms, diagnostic catheter-based contrast arteriogram could be per-

formed in an operating room with a fixed imaging unit followed by a 

definitive operative procedure in the same setting/location should the 

arteriogram confirm the diagnosis.

Laparoscopy offers an additional diagnostic modality for patients 

with AMI, as it can be used to assess bowel viability, thereby aiding the 

diagnosis and treatment plan.72,73 Furthermore, it can be performed at 

the bedside in the intensive care unit with sedation at some institutions 

and therefore is feasible for unstable patients with a suspected intraab-

dominal process. However, laparoscopy likely has a limited role in the 

diagnosis of AMI but can be helpful if other diagnostic studies are in-

conclusive. Exploratory laparotomy remains the definitive diagnostic 

test for patients with AMI. However, the diagnostic studies outlined 

earlier are usually sufficient.

Treatment Strategies

Patients should be taken emergently to the operating room or imaging 

suite for definitive treatment once the diagnosis of AMI from an em-

bolus is made. An extensive preprocedure evaluation is unnecessary 

and potentially harmful in light of the narrow window for salvaging 

the bowel. There is essentially no role for medical management alone 

in this setting. Patients should be systemically anticoagulated with 

heparin to prevent further clot development and started on broad-

spectrum antibiotics against enteric organisms. Importantly, patients 

with AMI are frequently hypovolemic and should be volume resusci-

tated before the induction of anesthesia. This can be performed fairly 

expeditiously and should not delay transfer to the operating room or 

imaging suite.

Both midline and transverse abdominal incisions provide adequate 

exposure to the mesenteric vessels, and the choice is contingent upon 

surgeon preference. The diagnosis of AMI from an embolus is usually 

confirmed by the distribution of the ischemic/infarcted bowel that ex-

tends from the mid jejunum to the transverse colon. However, the diag-

nosis should be further substantiated by interrogating the mesenteric 

vessels with continuous wave Doppler. The embolus may be extracted 

from the SMA using a Fogarty thromboembolectomy catheter. Al-

though there are several approaches to the SMA, the easiest approach is 

to mobilize the duodenum by incising the ligament of Treitz. The SMA 

courses through the small bowel mesentery at this location and can 

usually be palpated immediately adjacent to the vein. The arteriotomy 

in the SMA may be performed either longitudinally or horizontally. 

Although a longitudinal arteriotomy needs to be closed with a vein 

patch to prevent narrowing its lumen, it is the preferred approach if the 

artery has some underlying atherosclerotic disease because it affords 

greater flexibility in case a bypass is required. Furthermore, the patch 

repair results in a patulous lumen and obviates any concerns about nar-

rowing the vessel with the transverse arteriotomy.

The management of the bowel for patients with AMI merits further 

comment. All of the bowel that is obviously dead should be resected, 

and intestinal anastomoses should be avoided in favor of proximal and 

distal stomas or simply a stapled closure. This mandates a second pro-

cedure to restore bowel continuity, but it allows the bowel (i.e., mucosa 

of the stoma) to be examined at the bedside during the postoperative 

period. Furthermore, it avoids using ischemic or borderline ischemic 

tissues for the anastomosis. Bowel that is ischemic, though not frankly 

necrotic, should be revascularized and then re-examined before any 

final decision about resection. A conservative approach is justified in 

this setting because many of the borderline areas will remain viable 

after revascularization. Admittedly, the differentiation between viable 
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and nonviable bowel is difficult. A variety of complicated modalities 

have been described to help differentiate viable from nonviable bowel 

in this setting, although they have not been universally adopted. Sim-

ple adjuncts include visual inspection for peristalsis, use of continuous 

wave Doppler to detect arterial signals within the mesentery, and intra-

venous fluorescein in combination with a Wood’s lamp. Notably, ap-

proximately 100–150 cm of small bowel is necessary for nutritional 

absorption.

A decision to perform a second-look operation to reassess the via-

bility of the bowel should be made at the time of the initial procedure. 

This is routinely performed 24–48 hours after the first procedure, a 

time sufficient for the marginal bowel to declare itself. A retrospective 

review has questioned the role of the second-look operation and re-

ported that survival was actually greater in those patients in which it 

was not performed.74 Admittedly, there was a tremendous selection 

bias in this review, and the authors conceded that the experience of the 

surgeon is likely the key factor regarding the decision to perform a 

second look. A “damage control” operation may be justified in a small 

subset of unstable patients with AMI, as suggested by Freeman and 

Graham.75 This includes emergent laparotomy, resection of obviously 

dead bowel, creation of proximal/distal stomas (or simply just stapling 

off the ends of the bowel), leaving the abdomen open with a negative-

pressure vacuum-assisted dressing, and deferring the definitive vascu-

lar/gastrointestinal procedure until later.

Endovascular treatment with aspiration embolectomy and SMA 

thrombolysis (particularly in the setting of in situ thrombosis) have 

emerged as an alternative to open surgical thrombectomy for patients 

with AMI.16,76–80 Notably, the endovascular approach has been recom-

mended as the first-line therapy in the European guidelines for pa-

tients with AMI from in situ thrombosis.16 However, the technical 

success rate for the endovascular thromboembolectomy and the requi-

site time for chemical lysis must be balanced against the acuity of the 

procedure and the potential to progress from ischemic bowel to in-

farcted bowel. Furthermore, a purely percutaneous approach (vs. a 

hybrid open and endovascular approach) does not allow direct assess-

ment of the bowel, and the chemical lysis may cause intestinal bleeding 

from mucosal sloughing. It is conceivable that the endovascular ap-

proach may have a role for patients with a subacute presentation.

The postoperative course after embolectomy for AMI is similar to 

that after revascularization for CMI, although the incidence of postop-

erative complications and MODS is greater. As noted earlier, revascular-

ization may cause an ischemia-reperfusion injury that affects both local 

and distant organ systems. Accordingly, patients are at risk for develop-

ing an abdominal compartment syndrome. Bladder pressures can be 

measured, and the abdomen closure can be dissembled if necessary. 

Patients should be continued on broad-spectrum antibiotics through-

out the early postoperative period. Furthermore, they need to be anti-

coagulated long term because of the potential for recurrent emboli.

Outcome

The mortality rate for patients with AMI is approximately 70%, and 

this rate has changed very little over the past several decades.65,81–83 

Unfortunately, the majority of the case series tend to encompass all of 

the etiologies rather than a specific one (e.g., embolus). A systematic 

review by Schoots and colleagues81 reported that the mortality rates of 

AMI from mesenteric venous thrombosis were better than those for 

arterial problems and that the mortality rates for mesenteric emboli 

were better than those for in situ thromboses. The aggregate mortality 

rates in their study by etiology are listed: mesenteric venous thrombo-

sis, 32%; embolus, 54%; NOMI, 74%; in situ thrombosis, 77%. A vari-

ety of predictable factors have been associated with mortality in the 

various case series, including patient age, time to definitive surgery, 

shock, acidosis, leukocytosis, cardiac status, and coagulopathy.82,84,85 

The majority of deaths in a recent report were related to MODS.57

In Situ Thrombosis
Patients with mesenteric artery occlusive disease may also present with 

AMI secondary to in situ thrombosis. The presentation is superim-

posed upon the symptoms of CMI in more than 50% of the patients86 

and can usually be differentiated from the other causes of AMI by the 

history and clinical setting. However, it is important to emphasize that 

patients may present with AMI as the initial symptom of their mesen-

teric occlusive disease. The clinical presentation, diagnostic approach, 

and immediate postoperative care of patients with AMI secondary to 

in situ thrombosis is similar to that outlined earlier for emboli, al-

though the operative approach is somewhat different.

Patients with AMI secondary to in situ thrombosis require a mesen-

teric revascularization, either open or endovascular. Although the choice 

of open revascularization options is somewhat equivocal in the setting 

of CMI (i.e., antegrade vs. retrograde bypass), retrograde bypass from 

the infrarenal aorta or common iliac artery is likely the optimal proce-

dure for AMI given the urgency of revascularization (see Fig. 149.5). 

Interestingly, Scali and colleagues87 compared the antegrade and retro-

grade bypass for AMI and reported no differences in perioperative out-

come, although the antegrade bypass was associated with a lower rein-

tervention rate long term. The objectives and treatment are somewhat 

different in the acute setting (i.e., AMI vs. CMI). The main objective is 

to restore blood flow to the ischemic vascular bed as safely and expedi-

tiously as possible. This usually requires only bypass to the SMA. Patients 

with isolated CA stenosis rarely develop AMI because the collateral 

blood flow to the foregut is so good and the liver may be sustained on 

portal blood flow alone. Prosthetic conduits are relatively contraindi-

cated in the setting of bowel infarction and/or perforation because of the 

potential for postoperative graft infection, but may be indicted in a 

“damage control” scenario. Autogenous conduits with either the sa-

phenous or superficial femoral vein are suitable, although the latter 

may be more durable, but the time to harvest these conduits must be 

considered.

The role of endovascular treatment for patients with AMI second-

ary to in situ thrombosis is evolving. The concerns about the urgency 

of revascularization and the effectiveness of the endovascular proce-

dure outlined previously are relevant, regardless of the etiology (i.e., 

embolus or in situ thrombosis). Retrograde open mesenteric stenting 

(ROMS) is a hybrid alternative (i.e., open and endovascular approach) 

that affords the advantages of both approaches.88,89 Specifically, it al-

lows assessment of the bowel and is potentially less morbid than the 

more traditional open revascularization.

Occasionally patients will undergo bowel resection for infarction 

by a nonvascular surgeon and the diagnosis of mesenteric ischemia 

will be missed, both preoperatively and intraoperatively. It is impor-

tant to emphasize that infarction of the bowel is not a spontaneous 

event, but rather an end-stage complication of another disease process; 

it is imperative that the etiology of all bowel infarctions be established 

in an attempt to prevent recurrences. An appropriate imaging study 

(i.e., CT arteriogram, catheter-based contrast arteriogram) should be 

obtained in the early postoperative period and the necessary treatment 

implemented, including anticoagulation and revascularization, in a 

timely fashion.

Nonocclusive Mesenteric Ischemia
Pathophysiology
NOMI represents an abnormal or paradoxical mesenteric vasocon-

striction characterized by the loss of autoregulation. Shock, or “circula-

tory stress,” normally causes mesenteric vasoconstriction in an attempt 
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to maintain cerebral and/or cardiac perfusion. The mesenteric vaso-

constriction ordinarily resolves when the underlying circulatory disor-

der is corrected; persistent vasoconstriction results in NOMI. There are 

multiple potential etiologies for NOMI, including cardiogenic shock, 

sepsis, burn injury, trauma, pancreatitis, digitals, vasopressors, and 

renal failure.90–95 Indeed, almost any underlying condition that can 

precipitate shock or “circulatory stress” may precipitate NOMI.

Clinical Presentation and Diagnosis

Similar to the other causes of AMI, the diagnosis of NOMI requires a 

high index of suspicion and the proper clinical setting. Patients may 

develop abdominal pain, although the physical examination is fre-

quently unreliable because of the other active medical issues and al-

tered sensorium. Laboratory abnormalities are common, including 

acidosis, leukocytosis, elevated lactate levels, and hyperamylasemia, 

but these are all relatively nonspecific markers of the underlying shock 

state. Catheter-based contrast arteriography remains the diagnostic 

study of choice and is also potentially therapeutic.16 The significant 

findings on the catheter-based arteriogram for patients with NOMI 

include segmental stenosis/narrowing of the SMA in a “string of 

beads” appearance. Furthermore, there is narrowing of the branches of 

the SMA at their origins, spasm of the mesenteric arcades, and im-

paired filling of the intramural branches. The catheter-based arterio-

gram can also be helpful to rule out the other potential causes of AMI. 

CT arteriography may have a role in the setting of NOMI96–98; however, 

it is somewhat limited by the inability to assess the flow dynamics 

through the mesenteric vessels. Similar to other settings, the CT arte-

riography may be helpful to exclude other intraabdominal concerns 

and other potential causes of AMI.

Treatment Strategies

The initial treatment of patients with NOMI is nonoperative and di-

rected at correcting the underlying condition that precipitated the “cir-

culatory stress.” Specifically, patients should be resuscitated in an at-

tempt to improve their cardiac output and systemic perfusion. All 

vasoactive drugs should be stopped (if possible), and patients should be 

started on broad-spectrum antibiotics directed against enteric organ-

isms. Furthermore, patients should be systemically anticoagulated unless 

contraindicated. Despite these efforts, the characteristic mesenteric va-

soconstriction may persist. Continuous intraarterial papaverine, admin-

istered through an infusion catheter placed into the SMA, may reverse 

the vasoconstriction.99,100 A 45-mg test dose of papaverine (i.e., short-

acting calcium channel blocker) should be given over 15 minutes and a 

continuous infusion of 30–60 mg/h should be started if no adverse reac-

tions are encountered. Serial mesenteric arteriograms should be per-

formed to monitor the response to papaverine, with the first performed 

1 hour after initiating therapy. The intraarterial infusion may be contin-

ued up to 24 hours. It should be noted that the infusion will reverse the 

mesenteric vasoconstriction only if the underlying hemodynamic insta-

bility is corrected. Operative treatment of NOMI should be reserved 

only for the clinical scenario when bowel infarction is suspected.

Mesenteric Venous Thrombosis
Pathophysiology
Mesenteric venous thrombosis may also result in AMI and is consid-

ered in this section for completeness. However, the associated degree 

of bowel ischemia is usually less than with arterial occlusion from ei-

ther an embolus or in situ thrombosis. The pathophysiology is similar 

to venous thrombosis in other vascular beds and may be explained in 

terms of the Virchow classic triad of stasis, intimal injury, and hyper-

coagulable states. Mesenteric venous thrombosis results in edema in 

the bowel wall and the mesentery with significant third-space fluid 

losses. This may result in bloody ascites and, indeed, a bloody tap at the 

time of paracentesis may be diagnostic. Progression to bowel infarc-

tion is contingent upon the magnitude of the thrombotic burden and 

its distribution. Clot localized to the portal or superior mesenteric vein 

does not usually lead to bowel infarction because of the collateral 

channels, whereas thrombus within the peripheral mesenteric veins is 

more likely to do so. The natural history of untreated mesenteric ve-

nous thrombosis is poor and almost universally progresses from bowel 

infarction to perforation and death.

Mesenteric venous thrombosis may result from abnormalities in 

any of the components of the Virchow triad (i.e., stasis, intimal injury, 

hypercoagulable state). Stasis may result from congestive heart failure 

or portal hypertension, whereas intimal injury may result from general 

anesthesia or any number of intraabdominal infectious processes. A 

hypercoagulable state is perhaps the strongest of the contributory fac-

tors and has been identified in up to 90% of patients with mesenteric 

venous thrombosis.101–103 Notably, the mesenteric venous thrombosis 

can be the first presentation of the hypercoagulable condition.

Clinical Presentation and Diagnosis

Patients with mesenteric venous thrombosis usually present with vague, 

mild abdominal pain. The pain is usually insidious in onset and frequently 

present for some time before patients seek medical attention. Further-

more, the pain is not usually localized to any specific quadrant. Physical 

examination is notable only for mild, diffuse abdominal pain. Peritoneal 

signs suggest bowel infarction, but are only found later in the disease pro-

cess. An abdominal CT scan is the diagnostic study of choice.20,104,105 The 

significant findings include bowel edema and thrombus within the mes-

enteric veins with inflammation of the vessel wall (Fig. 149.6). Plain 

abdominal radiographs may suggest abdominal wall edema and are help-

ful to rule out other causes of the abdominal pain. Standard catheter-

based contrast arteriography may be helpful, but is inferior to CT. The 

arteriographic findings that suggest mesenteric venous thrombosis  

include arterial spasm with a prolonged arterial phase, opacification of  

the bowel wall, extravasations of the contrast into the bowel lumen, and 

visualization of the venous thrombus.

Treatment Strategies

The primary treatment of patients with mesenteric venous thrombosis 

is anticoagulation to arrest the thrombotic process and potentially  

Fig. 149.6 CT scan of a patient with mesenteric venous thrombosis. 

Note the thrombus in the superior mesenteric vein at its confluence 

with the splenic vein, as shown with the arrow.
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facilitate recanalization. Patients should be aggressively anticoagulated 

with heparin when the diagnosis is made and should be maintained on 

long-term oral anticoagulation. Similar to patients with massive ilio-

femoral deep venous thrombosis, it may be difficult to achieve effective 

anticoagulation initially using the standard dosing schedules for hepa-

rin (i.e., 80–100 units/kg bolus, 18 units/kg/h drip), presumably sec-

ondary to the clot burden. Larger doses of heparin may be required, 

and the adequacy of heparinization (e.g., partial thromboplastin time) 

may need to be monitored more frequently. Although the required 

dosage of heparin may be unsettling, the potential clot propagation 

and its associated complications likely exceed any increased risk from 

bleeding. A hypercoagulable work-up for the standard hematologic 

abnormalities should ideally be performed before initiation of antico-

agulation; however, this laboratory work-up should not delay treat-

ment. Long-term anticoagulation should be continued even in the 

absence of an identifiable hypercoagulable state because it is likely that 

many of these patients have some type of hypercoagulable disorder 

even though it may not be characterized on initial screening. Addition-

ally, patients frequently require fluid resuscitation at the time of diag-

nosis because of the significant third-space losses from the bowel 

edema. Nasogastric decompression, broad-spectrum prophylactic an-

tibiotics, and repletion of electrolytes are all useful adjuncts.

Exploratory laparotomy should be reserved for cases in which bowel 

infarction is suspected. The intraoperative findings include edematous/

rubbery bowel, bloody ascites, and thrombus within the mesentery. A 

wide resection of the bowel should be performed in the presence of in-

farction. Primary enteric anastomosis is probably safe if the margins of 

resection are free of thrombus within the mesentery. Proximal and distal 

stomas (or temporary stapled closures) are advisable if the viability of 

the bowel at the margins of resection is questionable or if the bowel wall 

is edematous. Patients are at risk for additional or ongoing thrombosis, 

with the most common site being the margins of the resection and/or 

the anastomosis. Mechanical thrombectomy is not advocated at the time 

of laparotomy because of the extensive clot burden.

The role of endovascular treatment for patients with mesenteric 

venous thrombosis is evolving, similar to the other causes of AMI. 

Transhepatic thrombolysis is an option for patients with progressive 

symptoms despite anticoagulation and those that are not surgical can-

didates.105–108 Similar to the concerns with mechanical thrombectomy, 

the clot burden is very significant and usually extends from the small 

peripheral collaterals in the mesentery to the portal and mesenteric 

veins. Furthermore, the transhepatic approach is relatively compli-

cated and associated with a significant bleeding risk in the setting of 

therapeutic anticoagulation.

Outcome

As noted earlier, the mortality rate (approximately 30%) for mesen-

teric venous thrombosis is significantly less than for the arterial causes 

of AMI.81 Death has been associated with portal vein thrombosis, sys-

temic venous thromboembolism, and obesity. The increased mortality 

rate associated with venous thromboembolism underscores the im-

portance of early, adequate anticoagulation.

Aortic Dissection
Patients with acute aortic dissection can present with mesenteric mal-

perfusion and AMI. The management of acute aortic dissection is 

beyond the scope of this chapter, but the topic is included to empha-

size the importance of evaluating the status of the mesenteric vessels 

in all patients presenting with acute dissections. The presence of mes-

enteric malperfusion significantly increases the mortality rate.109,110 A 

variety of endovascular approaches have been used to treat mesenteric 

malperfusion in this setting.111,112 Endovascular revascularization is 

superior to the open approach, given the friability of an acutely  

dissected vessel wall, provided the patients are candidates from an 

anatomic and technical standpoint.

Protocols and Algorithms (Fig. 149.7)
Although patients frequently present with abdominal pain, their sen-

sorium may be altered. The diagnosis should be considered in the 

critical care setting when patients decompensate acutely. The differen-

tial diagnosis should be framed within the appropriate clinical setting. 

A CT arteriogram is the diagnostic test of choice, although a catheter-

based contrast arteriogram can be used. The CT findings are fairly 

characteristic for each of the diagnoses. Emergent revascularization is 

required in the setting of an embolus and in situ thrombosis; the bowel 

should be resected as necessary for ischemia/infarction. Preoperative 

evaluation should include broad-spectrum antibiotics, anticoagula-

tion, and resuscitation. Medical management alone is usually adequate 

for patients with NOMI and mesenteric venous thrombosis. Intraarte-

rial vasodilation may be required for persistent vasoconstriction in 

patients with NOMI. Lifetime anticoagulation is required for mesen-

teric venous thrombosis. Emergent endovascular revascularization is 

required for patients with acute aortic dissections and mesenteric mal-

perfusion. Exploratory laparotomy and bowel resection should be re-

served in patients with NOMI, mesenteric venous thrombosis, and 

aortic dissections for presumed bowel infarction.

Colon Ischemia
Isolated colon ischemia can occur after both open and endovascular 

aneurysm repair. Furthermore, it can develop as a complication of he-

modynamic shock, similar to NOMI. Ischemic colitis has been reported 

to occur in approximately 2%–13% of open aneurysm repairs.113 The 

reported incidence depends on the diagnostic algorithm and modality 

(routine sigmoidoscopy vs. selective sigmoidoscopy) and is dramatically 

increased after ruptured aneurysm repair. Indeed, the incidence of  

colonic ischemia after ruptured aneurysm repair in patients undergoing 

routine colonoscopy is approximately 25%–40%.113,114 The sigmoid 

colon is affected most frequently, although all the sections of the colon 

may be involved. The ischemia may result from inadequate resuscitation, 

disruption of collaterals, and/or failure to revascularize a hemodynami-

cally significant stenosis in the IMA. Interestingly, routine reimplanta-

tion of the IMA at the time of aortic reconstruction does not appear to 

prevent colon ischemia.115 The ischemic colitis associated with endovas-

cular aneurysm repair is more commonly related to atheroembolism 

than acute internal iliac artery occlusion, as might be suspected. The 

prognosis for ischemic colitis after endovascular aneurysm repair is 

worse than that for open repair.116

Patients with ischemic colitis usually present with bloody diarrhea in 

contrast to patients with AMI, who usually present with abdominal pain. 

In the most common scenario, patients develop bloody diarrhea on the 

first or second postoperative day after aortic reconstruction. However, 

the diagnosis should be considered after aortic reconstruction in the 

absence of bloody diarrhea in patients with thrombocytopenia, MODS, 

increasing abdominal pain/peritonitis, and generalized “failure to thrive.” 

The diagnosis may be confirmed by endoscopy. Although sigmoidos-

copy is used most frequently, a complete colonoscopy is likely optimal 

because of the potential involvement of the other colon segments.

Treatment depends on the endoscopic findings and clinical setting. 

The endoscopic findings range from mucosal ischemia to transmural 

necrosis. Unfortunately, it is often difficult to differentiate diffuse mu-

cosal ischemia from transmural necrosis. Patients with mucosal isch-

emia alone should be treated with bowel rest, broad-spectrum antibi-

otics, fluid resuscitation, total parenteral nutrition, and serial 

endoscopic examinations. Many of these lesions resolve spontaneously 
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Clinical presentation
Acute abdominal pain

Embolus NOMI DissectionVenous thrombosisIn situ thrombosis

Diagnostic study
CT arteriogram

(Catheter arteriogram)

Treatment

Emergent endovascular
revascularization

Treatment

Bowel resection for infarction,
possible damage control

Treatment

Medical management
(NOMI: consider

intraarterial
vasodilator;

Venous thrombosis: 
long-term) 

Treatment

Emergent open revascularization,
bowel resection for infarction,

possible damage control

Differential diagnosis/clinical setting
Arrhythmia/myocardial infarction – embolus

CMI – in situ thrombosis
Shock/vasopressors – NOMI

Prolonged/vague symptoms – mesenteric venous thrombosis
Aortic dissection – visceral malperfusion

Fig. 149.7  Algorithm for the evaluation of patients with acute mesenteric ischemia. CMI, Chronic 

mesenteric ischemia; CT, computed tomography; NOMI, nonocclusive mesenteric ischemia .

KEY POINTS

Chronic Mesenteric Ischemia

• The underlying pathophysiology of CMI is the inability to achieve postprandial 

hyperemic intestinal blood flow.

• The symptoms of CMI usually do not occur unless two of the three mesenteric 

vessels are significantly diseased because of the rich collateral network.

• Patients presenting with abdominal pain and weight loss should initially un-

dergo an expedited evaluation to rule out a gastrointestinal malignancy.

• The diagnosis of CMI is contingent upon the presence of the appropriate 

symptoms and the presence of significant mesenteric artery occlusive disease 

within the SMA and CA.

• CT arteriography has largely replaced catheter-based contrast arteriography 

as the diagnostic study of choice for patients with CMI.

• All patients with CMI require revascularization unless they are so debilitated 

that intervention is not warranted and/or they have opted for palliative  

care.

• Endovascular treatment with a covered intraluminal stent has emerged as the 

initial revascularization option, with open surgical revascularization reserved 

for patients with lesions nonamenable to endovascular treatment, endovas-

cular failures, and select, younger patients.

• The immediate postoperative care for patients undergoing revascularization 

for CMI is frequently complicated by the development of MODS.

• The optimal management strategy for patients in the early postoperative 

period after mesenteric revascularization is to support the individual organ 

systems until the dysfunction resolves.

without long-term sequelae, although colonic strictures may develop 

in a small subset of patients. Patients with transmural colonic necrosis 

should undergo laparotomy with resection of the involved segment, a 

proximal diverting colostomy, and a distal Hartmann pouch.

The reported mortality rate in patients with transmural colon ne-

crosis after aortic reconstruction is approximately 85%.113 Maintaining 

antegrade flow through the internal iliac vessels, routinely implanting 

the IMA, and preserving the colonic collateral circulation may reduce 

or prevent this adverse outcome. Evaluation of the patency of the mes-

enteric vessels should be part of the routine preoperative evaluation 

for aortic repair, and consideration should be given to staged or simul-

taneous revascularization for significant mesenteric stenoses.
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KEY POINTS—cont’d

• All patients who undergo revascularization for CMI require longer-term fol-

low-up with duplex surveillance.

Acute Mesenteric Ischemia

• The impaired intestinal perfusion associated with AMI leads to mucosal 

compromise that can lead to the activation of the systemic inflammatory re-

sponse and bowel infarction with perforation.

• The immediate clinical concern for patients with AMI is to reverse the under-

lying malperfusion to prevent bowel infarction.

• The etiology of AMI (i.e., embolus, in situ thrombosis, NOMI, mesenteric venous 

thrombosis, dissection) can usually be determined from the history and clinical 

setting.

• The emboli responsible for AMI usually lodge in the superior mesenteric artery 

and originate from the heart as a result of atrial fibrillation, an acute myocardial 

infarction, or a ventricular aneurysm.

• In patients with in situ thrombosis, the presentation of AMI is superimposed 

upon the symptoms of CMI in more than 50% of patients.

• NOMI represents an abnormal or paradoxical mesenteric vasoconstriction 

characterized by the loss of autoregulation.

• Mesenteric venous thrombosis is associated with a high incidence of hyper-

coagulable states and merits immediate and long-term anticoagulation, even 

in the absence of an identifiable condition.

• CT arteriography with 1- to 2-mm cuts has emerged as the diagnostic study 

of choice for most patients with AMI, whereas catheter-based arteriography 

remains the optimal imaging study for NOMI.

• Patients with AMI from an embolus or in situ thrombosis require emergent 

revascularization with inspection of the bowel viability.

• Operative treatment for patients with NOMI and mesenteric venous thrombo-

sis is reserved for cases that have failed conventional therapy and when 

bowel infarction is suspected.

• The postprocedure course for patients undergoing treatment for AMI is often-

times associated with the development of MODS, similar to the treatment  

of CMI.
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Abdominal Compartment Syndrome

Zsolt J. Balogh and Frederick A. Moore

HISTORICAL PERSPECTIVE

Pediatric surgeons closing omphaloceles have long recognized the le-

thal combination of pulmonary compromise and impaired renal func-

tion caused by increased intraabdominal pressure (IAP). Silo closure 

with gradual reduction of abdominal defect was recommended to 

prevent fulminant organ failure.1 Concurrent improved survival of 

patients with ruptured abdominal aortic aneurysms (AAAs) increased 

awareness of the adverse consequences of high IAP. Vascular surgeons 

popularized the use of high IAP as a criterion for re-exploration.2 In 

fact, the term abdominal compartment syndrome (ACS) was coined by 

vascular surgeons to describe the presentation of “increased ventilator 

pressure, increased central venous pressure (CVP), and decreased uri-

nary output (UO) associated with massive abdominal distension not 

due to bleeding” in four early survivors after ruptured AAAs.3 How-

ever, ACS did not become widely recognized until the mid-1990s, after 

an epidemic of ACS emerged in high-volume trauma centers as a result 

of fundamental advances in trauma care.4–6 With the development of 

trauma systems, severely bleeding patients were triaged into level 1 

trauma centers where the principles of the new Advanced Trauma Life 

Support course was being ingrained.7 Early isotonic crystalloid resus-

citation to achieve normal blood pressure became standard of care. It 

also became apparent that exploratory laparotomy with definitive re-

pairs of all injuries resulted in a prohibitively high on-table operating 

room (OR) mortality from exsanguination.8 Stone and colleagues in-

troduced the concept of an abbreviated surgery for these patients with 

the aim of acute restoration of physiology and later staged definitive 

surgery.9 This practice was exemplified by the widespread adoption of 

nonresectional management of major liver injuries with perihepatic 

packing and “towel clip” midline abdominal closure to enhance tam-

ponade.10 Survival notably improved, and this concept was extended to 

include all severely bleeding trauma patients, and the term damage 

control laparotomy gained popularity.11,12 Finally, Kern and Shoemaker 

promoted the presumptive placement of pulmonary artery catheters 

(PACs) to guide supranormal oxygen delivery resuscitation to prevent 

occult hypoperfusion.13 Because of these advances, more severely 

bleeding patients survived the first 24 hours. However, a substantial 

number of survivors progressed to develop ACS with organ dysfunc-

tions. After repeat laparotomy to open the abdomen and decreased 

IAP, organ dysfunctions improved dramatically, but unfortunately, 

many of these patients would later deteriorate into a new predominant 

phenotype of fulminant multiorgan failure (MOF). This was a major 

challenge for trauma intensivists.14

This epidemic spurred research in the late 1990s and early 2000s to 

clarify the epidemiology and pathophysiology of ACS. The World Soci-

ety of the Abdominal Compartment Syndrome (WSACS) was founded, 

which spurred international discussions and further research.15,16 Defi-

nitions were standardized, monitoring of IAP was optimized, and 

consensus treatment guidelines were developed. ACS was recognized to 

be largely an iatrogenic problem. The abandonment of PAC-directed 

supranormal ICU resuscitation substantially decreased, but did not 

eliminate ACS.17 Studies showed that the pathologic trajectory of ACS 

could be accurately predicted in the emergency department (ED).18 

Excessive crystalloids and failure to rapidly achieve hemorrhage were 

identified as the major contributing factors. This prompted the wide-

spread adoption of the focused abdominal sonography of trauma 

(FAST) examination in the ED to ensure rapid triage to the OR for se-

vere abdominal bleeding where liberal use of damage control and open 

abdomen surgery were used.19 Protocols were implemented to rapidly 

identify major pelvic fractures and ensure appropriate use of pelvic 

binding, pelvic packing, interventional radiology embolization, and 

orthopedic external fixation.20 Massive transfusion protocols (MTPs) 

enriched with fresh frozen plasma (FFP) were developed to ensure that 

transfusions were started as soon as possible after ED arrival and to 

minimize crystalloid use.21 Hypotensive resuscitation was selectively 

used. Trauma-induced coagulopathy was recognized to be a distinct 

entity, and the resulting research supported early 1:1:1 ratios of FFP/

platelets/packed red blood cells in MTPs and the use of fibrinogen and 

tranexamic acid. With these fundamental changes in initial manage-

ment, ACS has become a relatively uncommon event in trauma ICUs.22 

With this focus to understand ACS as an acute event after trauma, ACS 

was described in a variety of other scenarios such as extreme constipa-

tion,23 ovarian hyperstimulation,24 noninvasive ventilation,25 pancreati-

tis,26 and severe burns.27 With more timely diagnosis and treatment, 

more than 50% of afflicted patients are now surviving.

TERMINOLOGY

IAP is the pressure in the abdominal cavity. Clinical examination for 

monitoring IAP can provide inaccurate results.28,29 The intravesical 

technique involving the use of a standard urinary catheter is the most 

reliable and least invasive method for monitoring IAP.30 The intravesi-

cal technique has been shown to correlate well with IAP measured di-

rectly using a laparoscopic insufflator.31 The vesical route is more ac-

curate for monitoring IAP than rectal and gastric routes.31 Animal 

studies have shown that the pressure in the inferior vena cava corre-

lates well with the vesical pressure but is more invasive.32,33 Several 

proprietary devices are available to intermittently monitor urinary 

bladder pressure. Unfortunately, IAP measurements are rarely ob-

tained more often than every 4 hours because of logistic problems. 

These shortcomings have been overcome by developing and validating 

a continuous IAP measurement technique.34 The mean value of IAP in 

hospitalized patients is 6.5 mm Hg (range, 0.2–16.2 mm Hg).35 In 

critically ill patients, IAP is typically higher (12–16 mm Hg).18

Intraabdominal hypertension (IAH) is defined by abnormally high 

IAP and graded from I to IV based on IAP (grade I: 12–15 mm Hg; 
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grade II: 16–20 mm Hg; grade III: 21–25 mm Hg; and grade IV: above 

25 mm Hg).4

ACS is defined by the presence of sustained IAP of greater than  

20 mm Hg associated with attributable organ dysfunctions (described 

later). ACS can be classified based on its duration, presence or absence 

of intraperitoneal pathology, and cause of increased IAP (Table 150.1). 

Most of the available information related to ACS describes an acute 

syndrome in critically ill patients. However, ACS can be present in 

certain clinical conditions with chronic IAH, such as morbid obesity, 

chronic constipation, and pregnancy.36

Primary ACS is a condition associated with injuries or diseases in 

the abdominopelvic region. It typically develops after a damage-con-

trol surgery with temporary abdominal closure.15 Intraperitoneal 

packing to tamponade bleeding increases intraabdominal contents, 

and when these packs are placed to control major liver injuries, they 

can partially occlude the portal vein, which promotes bowel edema. As 

time progresses, intraabdominal bleeding and worsening gut edema 

with ascites (secondary to resuscitation) cause further increases in the 

volume of the intraabdominal contents that significantly increase IAP, 

thus precipitating organ dysfunctions that characterize ACS. Primary 

ACS can also occur in patients who fail nonoperative management of 

liver and spleen injuries because of bleeding.37

Secondary ACS occurs after injuries or conditions that do not originate 

in the abdominopelvic region in the setting of massive resuscitation.18 

Secondary ACS is more elusive and unexpected, which delays its diagno-

sis.38 It is typically associated with large-volume isotonic crystalloid resus-

citation for ongoing bleeding related to mangled extremity injuries or 

penetrating chest injuries39 and for severe burns or pancreatitis.27,40

DAMAGE CONTROL LAPAROTOMY

Patients undergoing laparotomy for major bleeding are at risk for en-

tering the “bloody vicious circle” physiology of progressive acidosis, 

hypothermia, and coagulopathy, and this results in exsanguination 

from diffuse bleeding.8 Prevention of this scenario is the rationale of 

damage control.41 Damage control laparotomy has two goals: (1) quick 

control of bleeding to prevent the lethal spiral of the “bloody vicious 

cycle” and (2) prevent further contamination from hollow viscous 

perforations. After these goals are accomplished, the abdomen is tem-

porarily closed without midline fascial approximation, and the patient 

is triaged to the intensive care unit (ICU) for resuscitation and correc-

tion of abnormal “bloody vicious circle” physiology. After this is ac-

complished, patients are returned to the OR (usually within 24 hours) 

for completion of the needed surgical interventions. The common use 

of damage control laparotomy necessitated the development of novel 

techniques of managing the open abdomen.

ABDOMINAL DECOMPRESSION

Traditionally, abdominal decompression has been achieved through a 

full midline laparotomy. Recently, other techniques such as transverse 

laparotomy and minimally invasive linea alba fasciotomy have been 

described as potentially useful methods in selected cases. Decompres-

sive laparotomy can be performed in ICUs in extreme cases. However, 

it is generally preferred to be done in the OR, especially when further 

intraabdominal procedures or need to control bleeding is anticipated.

PATHOPHYSIOLOGY

IAP: The volume of the abdominal cavity is limited by its least tensile 

component, the fascia. Increased pressure can be caused by an in-

crease in the volume of abdominal contents or because of a decrease 

in the volume of the “container” (Table 150.2). After IAP increases to 

greater than 20 mm Hg, the abdominal cavity is on the steep portion 

of its pressure-volume curve, and as a result, small increases in con-

tent volume or decreases in cavity volume can cause dramatic in-

creases in IAP. This is when close monitoring of IAP (preferably 

continuously) and organ dysfunction is essential for timely interven-

tion. In the 1990s it was popular to volume-load patients with  

impending ACS, but the result was a rapid increase in IAP with pro-

gression into full-blown ACS.

TABLE 150.1 Classification of Abdominal 
Compartments

SYNDROME

Basis of Classification Subcategories

Time frame Acute

Chronic

Relation to peritoneal cavity Primary

Secondary

Etiology Trauma

Burn

Postoperative

Pancreatitis

Bowel obstruction

Ileus

Abdominal aortic aneurysm

Oncologic

Gynecologic

TABLE 150.2 Causes of Intraabdominal 
Hypertension and Abdominal Compartment 
Syndrome

Increased Abdominal  

Contents

Decreased Abdominal  

Volume

Ascites Reduction of large, long-standing  

hernia

Hemoperitoneum Direct closure of large, long-standing 

abdominal wall defect

Visceral edema Circumferential abdominal wall burn

Abdominal packs Continuous positive-pressure  

ventilation

Peritonitis

Retroperitoneal edema (pancreatitis) Retroperitoneal edema (pancreatitis)

Large pelvic and retroperitoneal  

hematoma

Large pelvic and retroperitoneal  

hematoma

Intestinal obstruction

Ileus

Gastric distention (esophageal  

ventilation)

Abdominal aortic aneurysm

Severe constipation

Large abdominal tumor (chronic)

Morbid obesity (chronic)

Pregnancy (chronic)
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CEREBRAL PERFUSION

Increased IAP forces the diaphragm cephalad, thus increasing the in-

trathoracic pressure, which impedes venous return from the brain. 

This increases intracranial pressure (ICP) and consequently decreases 

cerebral perfusion.42,43

CARDIAC FUNCTION

Increased IAP impedes venous return to the heart, thus decreasing 

preload. However, high IAPs elevate CVP, falsely signifying euvolemia. 

Simultaneously, left ventricular afterload increases because of in-

creased systemic vascular resistance. Increased intrathoracic pressure 

also increases right ventricular afterload, leading to right dilation with 

leftward displacement of the ventricular septum and impairment of 

left ventricular filling.44–47 Low cardiac index (CI) is a typical finding 

associated with ACS. Contrary to traditional beliefs, low CI in the set-

ting of increased IAP (and CVPs) usually does not respond to fluid 

challenges; moreover, ongoing volume loading can lead to the “futile 

crystalloid cycle” (described later; Fig. 150.1). An increase in CI in re-

sponse to decompression is a predictor of improved outcome.18

Respiratory function: High-risk patients may develop acute lung in-

jury, and ongoing crystalloid resuscitation worsens pulmonary edema. 

Increased IAP pushes the diaphragm into the thoracic cavity, thus decreas-

ing thoracic compliance and lung volume. Therefore increased airway 

pressure is required to restore the lung functional residual capacity to 

improve oxygenation during mechanical ventilation.47,48 Airway pressure 

promptly decreases in response to abdominal decompression. However, 

this cannot be used to differentiate between survivors and nonsurvivors.18 

Monitoring of airway pressure is important during attempted primary 

fascial closure after laparotomy, when ACS is a possible complication.

RENAL FUNCTION

In the early reports, oliguria or anuria was the typical presenting diag-

nostic sign of ACS. Mechanisms responsible for decreased renal func-

tion include direct compression of the renal parenchyma, decreased 

perfusion of the kidneys, and increased water and sodium retention 

because of activation of the renin-angiotensin system.48–51 As high-

volume crystalloid resuscitation became standard of care, low UO be-

came a less reliable early sign of ACS.

GUT PERFUSION

Increased IAP impairs splanchnic perfusion by decreasing CI and by 

increasing splanchnic vascular resistance. Gut ischemia can occur in 

severe cases.52–54 In the 1990s gastric tonometry was frequently used in 

the ICU, and increased gastric regional partial pressure of carbon di-

oxide (PrCO2) or GAPCO2
 (PrCO

2
 2 PaCO2) became accepted indica-

tors of impaired intestinal perfusion. After damage control surgery to 

control major bleeding, PrCO2 was frequently high because of ongoing 

hypovolemic shock. With effective resuscitation, PrCO2 would de-

crease. However, with ongoing futile volume loading, IAP would in-

crease because of progressive gut edema with increasing PrCO2 into 

pathologic levels (.65 mm Hg) indicative of gut ischemia. Combined 

with concurrent IAP monitoring, tonometry to identify increasing 

PrCO2 proved to be an excellent adjunct for identifying impending 

ACS.16 Moreover, the physiologic response to effective decompression 

is a prompt decrease in PrCO2, reflecting gut reperfusion.18 Laboratory 

studies have shown that ACS induces gut ischemia and that decom-

pression-induced gut reperfusion primes circulating neutrophils and 

releases cytokines into portal circulation. This causes acute lung injury, 

which is similar to that induced after hemorrhagic shock and resusci-

tation.55,56 Therefore abdominal decompression in patients with very 

high IAPs can result in gut ischemia/reperfusion and serve as a “second 

hit” for early MOF.57

LOWER EXTREMITY PERFUSION

Increased IAP increases femoral venous pressure, increases peripheral 

vascular resistance, and decreases femoral artery blood flow by as much 

as 65%.58 This can be an important contributing factor in the develop-

ment of lower extremity compartment syndrome. ACS complicated by 

a lower extremity compartment syndrome is especially lethal.

PREDICTION

Potential risk factors of ACS include severe hemorrhagic shock, high-

volume crystalloid resuscitation, damage-control laparotomy, high in-

jury severity score, and markedly elevated PrCO2 level.59–61 Studies on 

secondary ACS have identified resuscitation fluid volume thresholds that 

warrant IAP monitoring. Maxwell and colleagues recommended that 

IAP be monitored when resuscitation volume exceeds 10 L of crystalloid 

fluid or 10 units of packed red blood cells.62 Ivy and colleagues suggested 

that the trigger to initiate IAP monitoring should be greater than 0.25 L/

kg of crystalloid resuscitation.40,63 Biffl and colleagues reported that both 

these cutoffs are ineffective and recommended the following thresholds: 

6 L of crystalloid fluid or $6 units of packed red blood cells in a 6-hour 

period in patients with a base deficit of greater than 10 mEq/L, especially 

when a vasopressor agent is required.64

Multiple logistic regression analysis was performed using a pro-

spective database of patients who experienced a major torso trauma 

and who underwent standardized shock resuscitation.18 An ED model 

(at 3 hours in patients discharged from the ED) and an ICU model (at 

6 hours in patients admitted to the ICU) were developed. Table 150.3 

lists independent risk factors of primary and secondary ACS that were 

determined using the ED and ICU models. A receiver operator charac-

teristic curve of 0.88 was a predictor of ACS in the ED model and of 

0.99 was a predictor of ACS in the ICU model.

Crystalloids

Intravascular effects
↓ Oncotic pressure

↑ Hydrostatic pressure

Low CO

O? C

↑ PCWP

+

−

CO

Successful
resuscitation

↑ Bowel
edema

↑ IAP
↓ 

Urine output
Oxygenation

↑ Venous
obstruction

Full-blown
ACS

Fig. 150.1 Futile crystalloid preloading. ACS, Abdominal compartment 

syndrome; CO, cardiac output; IAP, intraabdominal pressure; PCWP, pul-

monary capillary wedge pressure; h, increased; g, decreased; 1, positive 

effect; 2, negative effect.
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TREATMENT

Nonsurgical medical interventions: For patients with impending ACS, 

medical management should be initiated to reduce and prevent further 

increases in IAP.3,65,66 These include (1) reduce abdominal distention 

(e.g., nasogastric or rectal tubes, reduce enteral feeding),(2) improve ab-

dominal wall compliance (e.g., adequate pain/sedation followed by neu-

romuscular blockade), and (3) optimize fluid balance (e.g., minimize 

isotonic crystalloids, use hypertonic saline or colloids, start diuresis). Ad-

ditionally, treatment of early organ dysfunction by traditional ICU inter-

ventions is often necessary; however, these interventions may aggravate 

the underlying pathophysiology. For example, ventilator strategies for 

increasing mean airway pressure to improve oxygenation directly in-

crease IAH by pushing down the diaphragm. In addition, increased intra-

thoracic pressure impedes venous outflow from the abdominal cavity. 

This promotes gut edema with ongoing crystalloid resuscitation. Seminal 

studies performed in the mid-1990s advocated volume loading to im-

prove low UO in patients with moderately high IAP. Increased IAP falsely 

elevates CVP, resulting in the underestimation of ventricular end-dia-

stolic volume. Thus volume loading was recommended to increase pre-

load for improving CI to increase renal and gut perfusion.67 Although this 

makes physiologic sense, close monitoring in a standardized resuscitation 

protocol identified this to be ineffective in increasing CI, and if volume 

loading continued, it would precipitate full-blown ACS. This is referred 

to as the futile crystalloid cycle (see Fig. 150.1).67,68

PERCUTANEOUS METHODS

If ACS is caused by acute or chronic fluid collection, its symptoms can 

be relieved by initiating percutaneous drainage. Case reports have de-

scribed successful drainage of abdominal fluid in burn patients with 

secondary ACS and drainage of blood in patients with nonoperatively 

managed liver injuries.69–71

SURGICAL DECOMPRESSION

Surgical decompression by opening the midline fascia along its full length 

remains the primary recommended intervention. Almost all reports have 

described a very good physiologic response to decompression. However, 

this does not necessarily translate into better outcomes. The best pre-

dictors of survival are postdecompression improvement in CI and urine 

output.18,39 The decision to perform surgical decompression is a diffi-

cult one because it results in an open abdomen that is associated with 

numerous complications. This is especially true in patients with pan-

creatitis because delayed fascial closure is unlikely. These patients end 

up with a prolonged open abdomen and a large ventral hernia if they 

survive. On the other hand, case series in trauma patients have shown 

that early decompression is associated with better outcomes. However, 

patients with ACS are critically ill, and their intrahospital transfer can 

exert detrimental effects. Thus if no other intraabdominal surgical in-

tervention is anticipated, bedside decompression can be performed in 

the ICU. More recently, alternatives to midline laparotomy, such as 

transverse laparotomy and linea alba fasciotomy, were described. These 

approaches were popularized in cases of severe acute pancreatitis.72 The 

(subcutaneous) linea alba fasciotomy can prevent peritoneal contami-

nation in selected pancreatitis cases where laparotomy is not required, 

only reduction of IAP.73,74

MANAGEMENT OF THE OPEN ABDOMEN

Decompressive laparotomy results in an open abdomen, and tempo-

rary abdominal closure is performed to keep the fascia open. Several 

methods (towel clips, Bogota bag, synthetic mesh, vacuum-assisted 

closure, Velcro patch, and zipper) are available. The key goals are to 

prevent evisceration, allow swelling of abdominal contents, control 

peritoneal fluids, prevent contamination, and preserve the fascia for a 

possible later closure. It is important to note that patients with open 

abdomens can develop recurrent ACS. This is especially true with tem-

porary closure methods that decrease abdominal volume (e.g., vac-

uum-assisted closure, Velcro patch, and zipper) with the intention of 

promoting delayed fascia closure. Ongoing experience with a vacuum-

assisted closure technique has provided very promising results. In 

trauma patients, rate of delayed primary fascial closure is greater than 

85%. Moreover, use of the vacuum-assisted closure technique has dra-

matically improved the daily management of the open abdomen.75–77

TABLE 150.3 Independent Predictors of 
Postinjury Primary and Secondary Abdominal 
Compartment Syndrome

ED MODEL ICU MODEL

 Independent Predictors Independent Predictors

Primary  

ACS

To OR ,75 min Temp #34°C

Crystalloids $3 L GAPco2 $16

Hb #8/dL

BD $12 mEq/L

Secondary  

ACS

Crystalloids $3 L GAPco2 $16

No urgent surgery Crystalloids $.5 L

PRBC $3 units UO #150 mL

ACS, Abdominal compartment syndrome; BD, arterial base deficit; ED, 

emergency department; GAPco2, carbon dioxide gap; Hb, hemoglobin 

concentration; ICU, intensive care unit; OR, operating room; PRBC, 

packed red blood cells; Temp, temperature; UO, urine output.

 References for this chapter can be found at expertconsult.com.

• It is essential to distinguish between IAH and ACS through the early identi-

fication of organ dysfunction.

• IAP should be monitored during shock resuscitation requiring ongoing volume 

loading regardless of the cause of the shock (e.g., burn, sepsis, and trauma).

• Physical examination is unreliable at detecting ACS, and at present, the saf-

est and most feasible method to monitor IAP is the intravesical technique.

• ACS can occur without abdominal pathology or injury (secondary ACS).

• To date, the best-characterized types of ACS are postinjury ACS, burn-asso-

ciated ACS, and pancreatitis-associated ACS.

• Outcomes associated with ACS are very poor even after performing early 

decompression. Prevention, prediction, and surveillance are the keys to 

achieving successful management of ACS.

• Postinjury primary and secondary ACS can be accurately predicted 3–6 

hours after hospital admission through adequate monitoring.

• Efforts to limit excessive crystalloids during shock resuscitation have de-

creased the incidence of ACS.

• Outcomes with open abdomen are improving with the use of vacuum-as-

sisted closure techniques.

KEY POINTS

  

 

http://expertconsult.com
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ANNOTATED REFERENCES

Balogh Z, Lumsdaine W, Ernest E, et al. Postinjury abdominal compartment 

syndrome: From recognition to prevention. Lancet. 2014;384(9952):

1466–1475.

This article summarizes the knowledge on postinjury ACS, including epide-

miology, prediction, pathophysiology, individual organ responses, response  

decompression, and ongoing research.

Ivy ME, Atweh NA, Palmer J, et al. Intra-abdominal hypertension and abdom-

inal compartment syndrome in burn patients. J Trauma. 2000;49:387–391.

This is a prospective evaluation of patients with large burns, in whom  

secondary ACS is a frequent complication. The authors recommend IAP  

measurements after 0.25 L/kg crystalloid resuscitation and report a high  

success rate using conservative management of ACS in burn patients.

Kirkpatrick AW, Derek J, Roberts DJ, et al. Intra-abdominal hypertension and 

the abdominal compartment syndrome: Updated consensus definitions 

and clinical practice guidelines from the World Society of the Abdominal 

Compartment Syndrome. Intensive Care Med. 2013;39(7):1190–1206.

This article provided an overview of the international consensus concerning the 

current knowledge and guidelines related to the prevention and treatment ACS.

Malbrain ML. Abdominal pressure in the critically ill: Measurement and 

clinical relevance. Intensive Care Med. 1999;25:1453–1458.

This prospective clinical study describes the incidence of intraabdominal  

hypertension and ACS in a general medical ICU.
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EPIDEMIOLOGY

Extremity compartment syndrome occurs whenever the tissue pres-

sure within a limited space of the body reaches the point where the 

circulation, nerve function, and muscle function of that space are 

compromised. For compartment syndrome to occur, the body com-

partment should be enveloped by fascia that prevents inner tissue ex-

pansion, and there should be at least one cause of increased tissue 

pressure present, either externally or internally.

The German physician Dr. Richard Von Volkmann first described 

the late sequelae of compartment syndrome in 1881.1 He wrote: 

“The paralyses and contractures that follow tightly applied ban-

dages, chiefly in the forearm and hand, and less often in the lower 

extremity, are to be viewed as ischemic. They arise from the arterial 

supply being interrupted for too long.” Volkmann’s ischemic muscle 

contractures of untreated forearm compartment syndrome are 

named after him (eFig. 151.1). Later, in 1912, Wilson first described 

exertional compartment syndrome,2 and Mavor, in 1956, first re-

ported chronic exertional compartment syndrome in a football 

player.3 Since then, various cases of compartment syndrome have 

been reported in the literature, and the pathophysiology and treat-

ment options have been discussed. Compartment syndrome has 

been reported in a wide variety of clinical conditions, including 

tetanus, meningococcemia, malignant hyperthermia, frostbite, 

horseback riding, and childbirth.4–8 Typically, it occurs after trau-

matic events, most commonly those involving fractures or vascular 

trauma with subsequent ischemia-reperfusion injuries. The most 

commonly affected body compartments are lower extremity com-

partments. The literature describes an increasing incidence of 

around 2% in severely injured patients.9–11 This occurs with devel-

opments in shock resuscitation in a population of patients with 

otherwise noninjured extremities. The incidence of compartment 

syndrome varies depending on the patient population studied and 

the etiology of the syndrome. In a group of patients with leg pain, 

according to Qvarfordt and colleagues, 14% were noted to have an-

terior compartment syndrome.12 Compartment syndrome was also 

seen in 1%–9% of leg fractures.13

Common locations of compartment syndromes are in the upper 

and lower limbs. The most commonly affected are the four compart-

ments of the lower extremity (anterior, lateral, superficial posterior, 

and deep posterior), followed by two compartments of the forearm 

(volar and dorsal). Other compartments that may be affected are the 

deltoid and biceps compartments of the arm; interosseous compart-

ments of the hand; gluteal compartment of the buttock; quadriceps 

compartment of the thigh; and interosseous, medial, central, and lat-

eral compartments of the foot.14–17

The etiology of compartment syndrome varies and can be divided 

into three major groups: decreased compartmental volume, increased 

compartmental content and therefore pressure, and externally applied 

pressure. There are probably more than 40 causes that fit into one of 

these groups. Common causes in critical care surgical cases are pre-

sented in Table 151.1.18

The most common causes of extremity compartment syndrome are 

categorized based on increased compartmental content. The patho-

physiologic mechanism of bleeding is easy to understand. Most com-

monly, bleeding is caused by trauma, but recently, more reports of 

atraumatic bleeding caused by wide use of warfarin, low-molecular-

weight heparins, or recombinant tissue plasminogen activator (rtPA) 

have been reported.19–21

Increasing volume of blood in a space limited by noncompliant 

fascia results in an exponential rise in intracompartmental pressure. 

Postischemic swelling or reperfusion injury is more complex because 

it causes the so-called double ischemic insult. Initial ischemic insult 

from any cause leads to abnormal function of all tissues, including 

nerves, muscles, and capillaries. This results in abnormalities of neuro-

muscular function; this is the first insult. Increased permeability after 

the relief of initial ischemia leads to postischemic swelling and subse-

quently increased compartmental volume and pressure. This leads to 

the development of compartment syndrome, which causes additional 

injury to neuromuscular function; this is the second insult. This process 

has clinical consequences. The classic physical examination in patients 

with reperfusion injury can be unreliable because of loss of motor and 

nerve function.18,22,23

CLINICAL PRESENTATION

Most extremity compartment syndromes in patients who are able to 

cooperate can be diagnosed by a clinical examination. The most com-

mon clinical signs found in the literature are the classic 5 Ps: pain (out 

of proportion), pulselessness (or weak pulse), pallor, paralysis (numb-

ness and loss of motor function), and pressure (swelling and tenseness 

of compartment). Occasionally, poikilothermy (cold extremity) is also 

included (Fig. 151.1A). These signs are a consequence of increased 

intracompartmental pressure and loss of various tissue functions. 

Other signs include skin edema and blisters, swelling, and subcutane-

ous blood suffusions (see Fig. 151.1B).

To make the diagnosis, there must first be evidence of increased 

intracompartmental pressure. If so, these signs do not occur simul-

taneously but develop with time. One of the first signs is a swollen 

or tight compartment in combination with severe pain that is out of 

proportion to the injury and is not relieved by typical analgesia. 

Other signs present late and often, when present, represent irrevers-

ible damage to soft tissues. Numerous other pathophysiologic events 

can cause a similar clinical picture. In fact, a large meta-analysis of 

studies comparing clinical signs with the development of acute 

lower extremity compartment syndrome showed a sensitivity of 
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eFig. 151.1 Dr. Richard Volkmann. (Courtesy of the United States National Library of Medicine, Portrait no. 

6859.)
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13%–19%, specificity of 97%, positive predictive value of 11%–15%, 

and negative predictive value of 98%.24 Thus the absence of this sign 

rules out compartment syndrome, but the presence rarely confirms 

the correct diagnosis.

Nevertheless, clinical observation of the suspected compartment is 

what is recommended because the progress of the symptoms over 

hours is what should be noted first before making a definitive diagno-

sis and initiating definitive treatment. In traumatic cases, careful ob-

servation is required in open fractures as well. Although early surgery 

is usually indicated in this group of patients, they can still present with 

compartment syndrome. One animal study has confirmed the neces-

sity of careful monitoring of both open and closed tibial fractures.25 A 

useful tool for such monitoring could be a simple sheet with notes 

about date, time, location, pain level, and motor and sensory testing. 

To do this, one must know the anatomic position of various compart-

ments and their vascular and nerve content. A simple screening form 

of the most commonly observed acute lower extremity compartments 

is a useful tool for monitoring of the patient (eFig. 151.2).26 To focus 

on this relatively rare syndrome and prevent missed diagnoses, more 

complex systems for monitoring and recognition have been developed 

in some institutions, with better recognition and outcomes.27 In litera-

ture, special groups of patients with various etiology are described, 

where this condition occurs more often. Screening in these patients is 

highly recommended. In a large review study, stepwise logistic regres-

sion identified the presence of vascular injury, need for packed red 

blood cell (PRBC) transfusion, male gender, open fracture, elbow or 

knee dislocation, Gunshot Wounds (GSW), Injury Severity Score (ISS) 

greater than or equal to 16, and age less than 55 years as independent 

predictors for the need for extremity fasciotomy.28 Several statistically 

significant predictors of relevant compartment syndromes after surgi-

cal reperfusion were found, including lactate, uric acid, transcutaneous 

oxygen pressure, bilirubin, intrafascial pressure, and serum myoglo-

bin.29

DIAGNOSIS

To make a diagnosis of compartment syndrome, there must be evi-

dence of increased tissue pressure, inadequate tissue perfusion, and 

loss of tissue function. When all three factors are present, the diagnosis 

may be made with assurance; when one or more of these factors are 

absent, the diagnosis is less accurate. Evidence of increased tissue pres-

sure may include patient complaints of tightness or pressure in the 

involved area. By palpation, a physician may perceive tenseness of the 

compartmental envelope.30

Evidence of inadequate perfusion of local tissue pressure may  

include the symptom of pain out of proportion to what would be 

anticipated from the clinical situation. Increasing analgesia require-

ments in a properly immobilized leg should raise suspicion. Pain on a 

passive stretch of the intracompartmental muscles is another useful 

indication of increased pressure, especially if the muscles have not 

been injured. Reduced peripheral pulses are very late signs of com-

partment syndrome; in fact, studies have shown normal pulses with 

Doppler signals in otherwise severely elevated intracompartmental 

pressures. Arterial flow is rarely compromised in elevated tissue com-

partment pressures. On the other hand, diminished pulses could be a 

result of other causes (e.g., vascular lesions) and, in combination with 

reperfusion injury, could also lead to the development of compart-

ment syndrome.30

Evidence of abnormal tissue function includes weakness of the in-

tracompartmental muscles and nerves, including sensory branches, 

leading to hypoesthesia. Both nerve and muscle function may be al-

tered by direct injury; therefore evidence of progressive loss of func-

tion over time may be a more reliable sign.30

A

B

Fig. 151.1 A, A patient with right lower extremity compartment syn-

drome caused by isolated tibial fracture. On clinical presentation, pain, 

swelling, and inability of dorsal flexion of the toe were noted. B, Another 

patient with left lower extremity compartment syndrome after popliteal 

artery tear and revascularization in combination with proximal tibial frac-

ture was treated with external fixation. A few hours later after initial treat-

ment, there are obvious signs of developing compartment syndrome 

with swelling, skin discoloration, function loss, and fracture blisters.

Decreased  

compartmental 

volume

Application of excessive traction because of fracture 

immobilization

Closure of fascial defects after trauma

Increased  

compartmental 

content

Intracompartmental bleeding caused by fractures, vas-

cular injury, or bleeding disorders

Increased capillary filtration in reperfusion after isch-

emia, embolectomy, soft tissue trauma, burns, frac-

ture fixation

Externally applied 

pressure

Tight immobilization of fractures

Lying on limb

TABLE 151.1 Most Common Etiology of 
Increased Compartment Pressure in Critical 
Care Surgery

Adapted from Matsen FA. Compartmental Syndromes. New York, NY: 

Grune & Stratton; 1980.
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eFig. 151.2 An example of a screening form for acute lower extremity compartment syndrome observation. 

(From Kosir R, Morre FA, Selby LH, et al. Acute lower extremity compartment syndrome (ALECS) screening 

protocol in critically ill trauma patients. J Trauma. 2007;63:268–275.)

Strength Scale

Assess according to scale from 1 to 10

ScaleTouch
Sensation

Normal

Diminished

Absent

3

2

1

Neurologic Exam - Motor

Increased tissue pressure / swelling

CLINICAL DIAGNOSES

Pain

Start Date: ___/___/___

Start Time: __________

Vascular ExamYES / NO

Neurologic Exam - Sensory

Palpable

Diminished

Non-palpable,
Doppler positive

Non-palpable,
Doppler negative

Pulse

4

3

2

1

Scale

Movement against gravity with full
resistance

Movement against gravity with some
resistance

Movement against gravity only

Movement with gravity eliminated

Visible/palpable muscle contraction

Without movement, no contraction

6

5

4

3

2

1

Acute Lower Extremity Compartment Syndrome
Screening Form
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Swelling

Calf Pain

PPSF

PPSE

DPA

PTA

DPN-M

DPN-S

TN-M

TN-S

Patient Sticker

write N/AIf unable to assess –

YOUR Hospital Name

Your Department Name

Acute Lower Extremity Compartment Syndrome Screening

DPN - Deep Peroneal Nerve

DPN-M
Foot dorsiflexion

DPA – Dorsal Pedal
           Artery

PTA – Posterior Tibial
           ArteryCalf Pain - Calf pain at rest

PPSF - Pain with passive stretch, foot in plantarflexion

PPSE - Pain with passive stretch, foot in extension/dorsiflexion

TN - Tibial Nerve

TN-M
Foot plantar flexion

DPN
Deep Peroneal Nerve

DPN-S
1st to 2nd toe web space

TN
Tibial Nerve

TN-S
Sole
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To summarize, in awake and cooperative patients who can be reex-

amined frequently, the diagnosis of compartment syndrome is associ-

ated with the following findings:

• Painoutofproportiontowhatisanticipatedfromtheclinicalsitu-

ation

• Weaknessofthemusclesinthecompartment
• Painonapassivestretchofthemusclesinthecompartment
• Hypoesthesiainthedistributionofthenervescoursingthroughthe

compartment

• Tensenessofthecompartmentalenvelope
Because some clinical signs progress over time, the clinical decision 

making can be challenging.14,31–34 In addition, clinical symptoms and 

signs have well-documented poor sensitivity.24,35 Especially in critically 

ill patients who are unable to cooperate because of head trauma, seda-

tion, or even neuromuscular-blocking drugs, the diagnosis cannot be 

made based on the clinical examination alone.26 In the pediatric popu-

lation, compartment syndrome does not always present classically, 

making clinical diagnosis uniquely challenging.33

Although the clinical examination should be a cornerstone of the 

diagnosis of compartment syndrome, it has the disadvantage of being 

subjective and requiring patient cooperation.14,24,34 Therefore tissue 

pressure measurement should be performed to assist in establishing a 

diagnosis so that immediate treatment can be initiated. The normal 

compartmental interstitial tissue pressure is around 5 mm Hg. Capil-

lary blood flow becomes compromised at 20 mm Hg, and pain devel-

ops at pressures between 20 and 30 mm Hg. A tissue pressure of more 

than 45 mm Hg has been reported to be usually associated with com-

partment syndrome, and a pressure of more than 60 mm Hg can 

confirm the diagnosis.36–38 However, the tolerance of tissues for 

increased pressure may be reduced by other factors, such as arterial 

occlusion, limb elevation, and shock.37,39 In these conditions, compart-

ment syndrome may occur at significantly lower interstitial pressures. 

According to the arteriovenous gradient theory, the local blood flow 

(LBF) depends on the pressure gradient between arteries (Pa) and 

veins (Pv) and local vascular resistance to flow (R). This is described 

by the following formula40:

LBF Pa Pv R� �( )/

LBF should be maintained to deliver enough oxygen to the tissues. 

According to the previous relationship, increased resistance that cor-

relates with interstitial pressure is not the only factor that reduces LBF. 

The arterial pressure is also important, whereas venous pressure is 

somehow related to interstitial pressure. Increasing interstitial pressure 

also increases venous pressure and furthermore decreases blood flow.

Because tolerance of tissues to increased intracompartmental pres-

sure varies among different individuals, and as there are more factors 

that influence LBF, only one isolated measurement of interstitial pres-

sure may not be enough to diagnose compartment syndrome.41 For 

example, higher compartment pressures may be necessary before injury 

occurs to peripheral nerves in patients with systemic hypertension,37 

whereas compartment syndrome may develop at lower pressures in 

those with hypotension and/or peripheral vascular disease.39,42 It has 

been proposed that the difference between diastolic pressure and intra-

compartmental pressure is a better marker for compartment syndrome. 

DP is calculated as follows: DP 5 DBP (diastolic blood pressure) 2 IP 

(interstitial pressure), and values greater than 30–35 mm Hg suggest 

compartment syndrome, but a specific threshold does not exist.43–46

There are numerous methods of tissue pressure measurement.47–50 

The most commonly used are commercial handheld pressure monitors 

(e.g., the Stryker device); a simple needle manometer system (White-

sides technique); and the needle, wick, or slit catheter techniques. The 

question is accuracy because there are reports that an arterial line ma-

nometer is the most accurate device.51 The slit catheter, side-ported 

bevel-tipped needle, or an 18-gauge needle, when appropriately used 

with current electronic transducer monitoring, may be used clinically 

with confidence.52 The arterial line manometer device has an additional 

advantage of being able to monitor pressure continuously. This is re-

ported to be useful in tibial diaphyseal fractures, where the estimated 

sensitivity and specificity of continuous pressure monitoring are high 

and continuous monitoring should be considered.35,53 Independent of 

the method used to measure compartment pressures, accuracy depends 

on proper calibration of the measuring device and placement of the 

needle or pressure sensor at the level of the injured compartment. The 

principle of tissue pressure measurement in the case of acute lower ex-

tremity compartment syndrome is shown in Fig. 151.2.

Reported diagnostic performance characteristics of clinical symp-

toms and signs of acute compartment syndrome (ACS) and intracom-

partmental pressure monitoring are shown in Table 151.2.

Use of near-infrared spectroscopy (NIRS) for detection of low tissue 

oxygenation, and therefore the development of compartment syn-

drome, is controversial. It has been reported as a useful noninvasive tool 

in diagnosing compartment syndrome after surgical revascularization 

of lower limb ischemia and in traumatically injured patients. But some 

subsequent studies did not prove its utility in injuries because of severe 

edema of the soft tissues, and it cannot measure tissue hemoglobin 

oxygen saturation (StO2) inside the muscle compartment.31,45,54–61

In a large review of studies, several noninvasive diagnostics for ex-

tremity compartment syndrome after traumatic injury have been ana-

lyzed, including tissue hardness, ultrasound for fascial displacement, 

magnetic resonance imaging (MRI) and microwave tomography for 

tissue imaging, B-mode ultrasound for displacement, pulse oximetry 

for peripheral SpO2, infrared imaging for surface temperature, 

contrast-enhanced ultrasound for perfusion, Doppler ultrasound in 

AC

PC

DPC

SPC

Fig. 151.2 Example of pressure measurement in the lower leg. 

Cross section shows anatomic compartments and needle placement 

first in the anterior compartment and then proceeding into the deep 

posterior compartment. AC, Anterior compartment; DPC, deep poste-

rior compartment; PC, peroneal compartment; SPC, superficial poste-

rior compartment.
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brachial arterial flow, and NIRS for StO2 detection. Although NIRS has 

shown the most promise, whether such technologies will be of diag-

nostic benefit await the completion of ongoing clinical trials.62

In animal research, the role of intramuscular glucose and partial 

pressure of oxygen for detecting compartment syndrome has been 

evaluated. Intramuscular glucose concentration and partial pressure of 

oxygen measured with commercially available probes rapidly identi-

fied muscle ischemia with a high sensitivity and specificity after an 

experimentally induced compartment syndrome in an animal model.63

Ultrasound shear wave elastography for measuring intracompart-

mental pressure of compartment syndrome has been used in another 

recent animal study, and this noninvasive technology can potentially 

help surgeons with early detection, monitoring, and prognosis of in-

tracompartmental pressure.64

Another recent study described a noninvasive ultrasound compart-

ment fascia flattening pressure measurement method in a cadaver 

model of anterior lower leg compartment syndrome. In this study ul-

trasound is coupled with pressure transducer and fascia flattening is 

visualized and pressure is recorded. This method is reported to be as 

an adjunct to clinical examination and includes evaluating injured and 

noninjured extremities, is noninvasive, is easily reproducible, and can 

be performed quickly without patient discomfort.65

In establishing a diagnosis of compartment syndrome, other causes 

of pain-producing symptoms have to be ruled out or confirmed or a 

cause of elevated intracompartmental pressure should be determined. 

When facing traumatic injuries, a workup for rhabdomyolysis (creati-

nine phosphokinase [CPK], renal function, urinalysis, and urine myo-

globin) should be considered. In a group of patients with tibial fractures 

with or without compartment syndrome, a model combining maximal 

CPK level greater than 4000 U/L, maximal chloride level greater than 

104 mg/dL, and minimal blood urea nitrogen (BUN) level less than 10 

mg/dL had a 100% association with compartment syndrome.66

Moderate evidence supports that in patients with acute vascular 

ischemia, femoral vein lactate concentration samples during surgical 

embolectomy may assist in the diagnosis of ACS. On the other hand, 

there is little evidence supporting that serum troponin may assist in 

diagnosing ACS in patients with traumatic lower extremity injury.67

Extremity x-ray or computed tomography (CT) scans can confirm 

the presence of a fracture. MRI features of ACS include increased fas-

cial and intramuscular T2 signal reflective of edema, and bulging of 

the fascia may also be present postcontrast, and fat-suppressed T1-

weighted images demonstrate diffuse enhancement corresponding to 

the edema identified on the T2 sequences.68 Ultrasonography can show 

muscle or any other tissue tears. Doppler ultrasonography or arteriog-

raphy can detect vascular abnormalities.

MANAGEMENT

The objective of treatment of compartment syndrome is to minimize 

deficits in muscular and neurologic function by promptly restoring 

LBF. Certain nonoperative measures may be effective, such as eliminat-

ing external pressure and maintaining local arterial pressure. When 

there is external pressure that causes compartment syndrome, such as 

tight casts, it is essential to release the envelope immediately (remove 

and exchange for a noncircular splint) when only one symptom or sign 

is present. Usually, this is pain and is most often observed in patients 

with fracture splints several hours after treatment. Restoration of nor-

mal limb perfusion has priority over closed fracture treatment, and this 

can be postponed until perfusion returns to normal. Before resorting to 

operative methods for reducing tissue pressure, it is important to con-

sider improvement of LBF if it has been reduced by shock, peripheral 

vascular disease, or elevation of the limb above the heart. All causes of 

systemic hypotension should be treated. Limb elevation should be 

avoided because it lowers local arterial pressure and does not help in 

reducing swelling.69 Use of vasodilating drugs or sympathetic blockade 

appears to be ineffective because, in this condition, local maximal vaso-

dilatation is already present. The use of phosphodiesterase inhibitors in 

experimental animal models caused modulation of compartmental 

pressures.70 In a large study on trauma patients with isolated arterial 

injury, early anticoagulation with heparin was found to reduce the in-

cidence of compartment syndrome without significant bleeding as a 

consequence.71 Carbon monoxide–releasing molecule-3 displays a po-

tent protective/antiinflammatory action in an experimental model of 

compartment syndrome, suggesting a potential therapeutic application 

for patients at risk of developing compartment syndrome.72

The primary goal of treating compartment syndrome is to decrease 

intracompartmental pressures. Surgical decompression of all limiting 

envelopes is the gold standard of treatment, indicated in the presence of 

a characteristic clinical picture of compartment syndrome in a coopera-

tive patient. When the clinical examination is unreliable or difficult to 

obtain, pressure measurement should be obtained, where either pressure 

should not exceed 45 mm Hg or DP should not be below 30 mm Hg.

Standard treatment involves a long skin incision and fasciotomy of 

all involved compartments and debridement of obvious nonviable tis-

sue. Usually, this procedure is performed under general or spinal anes-

thesia. Bedside fasciotomy under local anesthesia has been described in 

select cases to be feasible and reliable.73 Fasciotomy should be per-

formed without a tourniquet to avoid prolonging ischemia and to 

permit the surgeon to assess the degree of viability and restoration of 

blood flow. The skin is incised through the entire length of the in-

volved compartment. Obvious muscle bulging is observed in true 

Symptom or Sign Sensitivity (%) Specificity (%)

Positive Predictive 

Value (%)

Negative Predictive 

Value (%)

Pain 19 97 14 98

Pain on passive stretch 19 97 14 98

Paralysis and motor changes 13 97 11 98

Paresthesia and sensory changes 13 98 15 98

Swelling 54 76 70 63

Intracompartmental pressure monitoring 94 98 93 99

TABLE 151.2 Reported Diagnostic Performance Characteristics of Clinical Symptoms and 
Signs of Acute Compartment Syndrome and Intracompartmental Pressure Monitoring

From Duckworth AD, McQueen MM. The diagnosis of acute compartment syndrome: A critical analysis review. JBJS Rev. 2017;5(12):e1. 

doi:10.2106/JBJS.RVW.17.00016
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compartment syndrome (Fig. 151.3). Only obvious necrotic muscle 

should be removed because the tissue may have the potential for reper-

fusion and recovery. The sign of contractility with electrostimulation 

should not be used initially. After fascial release, postischemic swelling 

should be anticipated; therefore the skin should be left open and the 

wound temporarily closed with a patch of compliant artificial tempo-

rary skin closures. If release of the compartment is not complete, “re-

bound” compartment syndrome may occur.

After surgical decompression and temporary skin closure, sterile 

dressings are applied and the extremity is usually splinted in a functional 

position. In the presence of fractures, one should consider fixation with 

external fixators, rarely with plates or intramedullary nails. This stabili-

zation is performed immediately after fascial decompression and greatly 

facilitates later care of the wound, limb, and fracture. Passive stretching 

exercises are performed to maintain range of joint motion. Skin closure 

may usually be performed 3–5 days after surgical decompression, usually 

by a mesh graft and rarely by direct suturing (Fig. 151.4). At that time, 

additional debridement of nonviable tissue can be performed. Fascial 

closure is not recommended because this requires closure under tension 

and can lead to redevelopment of compartment syndrome. Muscle her-

nia is left behind and should be large enough to not cause additional late 

problems. When an optimal cosmetic result is desired, one may 

progressively approximate the wound edges over 7–14 days with sutures 

or commercial devices to achieve direct skin closure.

Negative-pressure wound care closure devices can be useful in the 

management of fasciotomy wounds. Negative pressure decreases 

wound edema, facilitates approximation of the skin edges, enhances 

LBF, promotes granulation tissue, and decreases bacterial colonization. 

Conversely, in one animal study, negative pressure may be harmful to 

skeletal muscle after compartment syndrome.74 One randomized study 

compared vacuum-assisted closure (VAC) with the shoelace technique. 

Both techniques were safe, reliable, and effective methods for closure 

of leg fasciotomy wounds. VAC required a longer time for definite 

wound closure and was reported to be far more expensive than the 

shoelace technique, especially when additional skin grafting was re-

quired.75 In retrospective analyses, negative pressure led to significantly 

higher rates of complete skin closure and decreased time to skin clo-

sure.76,77 In a recent large meta-analysis the highest success rate for 

closure of the wounds without skin grafting was observed with dy-

namic dermatotraction and gradual suture approximation, whereas 

VAC had the lowest complication rate.78 Hyperbaric oxygen as an ad-

junct to management after fasciotomy is reported in some case reports 

and animal studies, but there is a lack of evidence suggesting that this 

is advantageous over current practices.79–83

FASCIOTOMY

Fasciotomy depends on the underlying condition or mechanism that 

caused compartment syndrome. The length of the lower extremity 

skin incisions has been debated for a long time. Minimal skin incisions 

with more extensive fascial incisions could place the patient at risk of 

recurrent compartment syndrome.84–86 The degree of muscle swelling 

after reperfusion cannot be predicted, and peak edema occurs several 

hours after surgery.

An example of a treatment algorithm that includes both conscious 

and unconscious groups of patients helping in making a decision when 

to perform emergency fascia release is shown in Fig. 151.5.

FASCIOTOMY OF THE UPPER EXTREMITY

The upper extremity is anatomically divided into the brachium, ante-

brachium, and hand. Each of the anatomic segments has a different 

number of compartments with various muscle functions. Techniques 

for release of these compartments have to be discussed separately, and 

combined fasciotomy is shown in Fig. 151.6.

Fasciotomy of the Brachium
The arm has two compartments: anterior, which includes the biceps 

and brachioradialis muscles, and posterior with the triceps muscle. 

Fasciotomy includes a lateral skin incision from the deltoid insertion 

to the lateral epicondyle. Care must be taken to avoid damage to the 

larger cutaneous nerves. At the fascial level, the intermuscular septum 

between the anterior and posterior compartments is identified, and 

fascia overlying each compartment is released with longitudinal inci-

sions. The radial nerve should be protected as it passes through the 

intermuscular septum from the posterior compartment to the anterior 

compartment just below the fascia (see Fig. 151.6).

Fasciotomy of the Antebrachium
The antebrachium has three muscular compartments: mobile wad 

proximally, volar compartment, and dorsal compartment. Fasciotomy 

consists of a longitudinal, centrally placed incision over the extensor 

compartment and a curvilinear incision on the flexor aspect beginning 

at the antecubital fossa (Fig. 151.7). A palmar incision is made between 

Fig. 151.3 The patient in Fig. 151.1A after fasciotomy of the ante-

rior and peroneal compartment and external fixation of the tibial 

fracture. Note obvious muscle bulging after release of fascial compart-

ments. Direct skin closure was not possible.

Fig. 151.4 Cosmetic result of the lower extremity compartment 

syndrome after mesh grafting of the lateral compartment.
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Patient exposed to possible cause of ACES

Patient conscious

Low clinical suspicion of ACES

Non-surgical measures and

serial reasessment

Clinical reassessment in 30 min

Condition worsens

No evidence of ACES

Patient unconscious, obtunded, uncooperative, sedated, has

received regional or epidural anaesthesia, or has distracting injuries

Call for surgical consultation

Non-surgical measures and ressessment

in 30 min

Call for surgical consultation for

consideration of emergency fasciotomy

Intracompartmental pressure >30 mm Hg.

Δp<30 mm Hg, or both

Emergency fascia release

Clinical diagnosis of ACES

Condition improves

Condition worsens

High clinical suspicion of ACES

Fig. 151.5 An example of a management algorithm. ACES, Acute extremity compartment syndrome; Dp, 

diastolic blood pressure 2 intracompartmental pressure. (From Keudell AG, Weaver MJ, Appleton PT, et al. 

Emergency surgery 3. Diagnosis and treatment of acute extremity compartment syndrome. Lancet. 

2015;386:1299–1310.)

A B

 Fig. 151.6

 

Clinical photographs of combined fasciotomy of the upper extremity.

 

Dorsal and volar aspects.
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outside compartments) in the thigh are less likely to occur but can  

be seen especially in patients with high-energy femoral fractures  

or hip fractures. Fasciotomy consists of lateral incisions made from 

the greater trochanter to the lateral condyle of the femur. The 

iliotibial band is incised, and the vastus lateralis is reflected off the 

intermuscular septum bluntly, thereby releasing the anterior com-

partment. The intermuscular septum is then incised over the length 

of the incision, releasing the posterior compartment. This release 

should not be done close to the femur because a series of perforating 

vessels pass through the septum posteriorly to anteriorly near the 

bone. The medial compartment is released through separate antero-

medial incisions (Fig. 151.9).

Volar

© Damian Rispoli, MD 2010

Dorsal

Forearm fasciotomy incisions

Fig. 151.7 Fasciotomy of antebrachium. Dorsal and volar aspects. 

(From Wheeless CR. Wheeless’ Textbook of Orthopaedics. Towson, 

MD: Data Trace; 2014. © 2010, Damian Rispoli, MD.)

the thenar and hypothenar muscles in the palm, where the carpal tun-

nel can be released if needed. The incision is extended transversely 

across the wrist flexion crease to the ulnar side of the wrist and then 

arched across the volar forearm back to the ulnar side at the elbow. At 

the elbow, the incision is curved just radially to the medial epicondyle 

across the elbow flexion crease, and the deep fascia is released. At the 

antecubital fossa, a fibrous band overlying the brachial artery and me-

dian nerve is carefully released. This incision allows for soft tissue 

coverage of underlying neurovascular structures at the wrist and elbow 

and prevents soft tissue contractures from developing at flexion 

creases. A second straight dorsal incision can be made to release the 

mobile wad if necessary.

Fasciotomy of the Hand
The hand has a unique anatomy with 10 separate fascial compartments: 

4 dorsal and 3 volar interossei, thenar muscles, hypothenar muscles, and 

the adductor pollicis muscle. Fasciotomy consists of four incisions (Fig. 

151.8). One incision on the radial side of the thumb metacarpal releases 

the thenar compartment. A dorsal incision over the index finger meta-

carpal is used to release the first and second dorsal interossei, to reach the 

ulnar-to-index finger metacarpal, and to release the volar interossei and 

adductor pollicis muscle. A dorsal incision over the ring finger metacar-

pal is used to release the third and fourth dorsal interossei and to reach 

down along the radial aspect of the ring finger and small finger metatar-

sal to release volar interossei. An incision placed at the ulnar aspect of the 

small finger is used to release the hypothenar muscles.

FASCIOTOMY OF THE LOWER EXTREMITY

The lower extremity is anatomically divided into three parts: thigh, 

lower leg, and foot. As in the upper extremity, each anatomic segment 

has a different number of compartments with various muscle func-

tions. Techniques for release of these compartments are discussed 

separately as well.

Fasciotomy of the Thigh
The thigh has three compartments: anterior (quadriceps), medial 

(adductors), and posterior (hamstrings) (eFig. 151.3). Because of the 

large potential volume, compartment syndrome and blending of 

fascial compartments with the hip (allows extravasation of blood 

A

B

Dorsal incisions
(In line with the 2nd & 4th

metacarpal) 

Thenar compartment
release

Finger release incision 

Finger/hand compartment release

Extensor hood

Incision

Hypothenar
release incision

Volar
neurovascular
bundle

Volar/carpal
tunnel release

incision

© Damian Rispoli, MD 2010

© Damian Rispoli, MD 2010

Fig. 151.8 Fasciotomy of the hand. Dorsal (A) and volar (B) aspects. 

 (From Wheeless CR. Wheeless’ Textbook of Orthopaedics. Towson, 

MD: Data Trace; 2014. © 2010, Damian Rispoli, MD.)

Anterior

Lateral

© Damian Rispoli, MD 2010

Fig. 151.9 Schematic presentation of fasciotomy of the thigh.  (From 

Wheeless CR. Wheeless’ Textbook of Orthopaedics. Towson, MD: Data 

Trace, 2014. © 2010, Damian Rispoli, MD.)
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eFig. 151.3 Anatomy of the compartments of the thigh. (From Standring 

S, Borley NR, Gray H. Gray’s Anatomy, 40th ed. Edinburgh, Scotland: 

Churchill Livingstone; 2008.)
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Fasciotomy of the Lower Leg
Lower extremity compartment syndrome is the most common be-

cause of the unique anatomy of compartments. Most of the studies on 

compartment syndrome have been conducted on this part of the 

body, and most of the current knowledge about epidemiology and 

treatment is based on lower extremity compartment syndrome stud-

ies. Reported predictors for developing ACS of the lower leg are pla-

teau fractures type Schatzker VI, especially when combined with shaft 

or fibular fractures, high energy mechanism, and fracture length.87 

The lower leg has four compartments: lateral (peroneal brevis and 

longus), anterior (extensor hallucis longus muscle, extensor digito-

rum longus muscle, tibialis anterior muscle, and peroneus tertius), 

superficial posterior (gastrocnemius and soleus), and deep posterior 

(flexor hallucis longus muscle, flexor digitorum longus muscle, and 

tibialis posterior muscle) (eFig. 151.4). The anterior compartment is 

the most commonly involved, followed by the deep posterior com-

partment. In the case of compartment syndrome of any of the com-

partments, release of all four is generally recommended. Some au-

thors recommend selective fasciotomy of only the affected 

compartment as a less invasive and feasible treatment option, but 

recommend further comparative studies.88

There are two surgical techniques for release of all four compart-

ments in the lower leg: the one-incision technique (Figs. 151.10 and 

151.11) and two-incision technique (Fig. 151.12). There is no strong 

evidence on which technique has an advantage over the other. The only 

retrospective study in the setting of tibial fractures comparing the two 

methods found similar infection and nonunion rates.89 The one-inci-

sion technique resulted in only one surgical wound and fewer related 

complications in one study.90 It seems that the choice for fasciotomy 

can be based on surgeon experience, and, because of simplicity, the 

two-incision technique is more often used.

One-Incision Technique

The one-incision technique is technically more difficult, as it is diffi-

cult to visualize the deep posterior compartment, and therefore there 

is an increased risk of injury to the peroneal artery and nerve. The 

technique starts with a skin incision 1–2 cm anterior and parallel to 

the fibula, just inferior to the fibular head, and 3–4 cm proximal to the 

lateral malleolus. An anterior flap enables exposure of the anterior 

and lateral compartments. Longitudinal incisions are made in the 

fascia, and care must be taken to avoid damage to the common, super-

ficial, and deep peroneal nerves at the fibular head. A lateral flap is 

exposed more posteriorly to visualize the superficial posterior com-

partment. The gastrocnemius muscle should be identified, and the 

fascia is incised longitudinally. The deep posterior compartment is 

identified later, after exposure of the posterior side of the fibula with 

dissection of the soleus muscle. Fasciotomy of the deep posterior 

compartment is performed at the medial border of the fibula. Here, 

peroneal vessels should be retracted and protected posteriorly to 

avoid injury (see Fig. 151.10).

A recently described variant of the one-incision technique uses a 

paratibial route to release the deep posterior compartment rather than 

a transfibular or parafibular route (see Fig 151.11). This affords a faster 

fasciotomy with a smaller flap and avoids potential damage to the neu-

rovascular bundle and lessens the risk of injury to the peroneal nerves, 

which could occur with dissection of the posterior aspect of the fibula.91

Two-Incision Technique

This technique uses medial and lateral longitudinal incisions that 

should be long enough to completely release all four compartments. In 

adults, incisions can be up to 30 cm long. The lateral incision starts 

about 5 cm lateral to the anterior border of the tibia. Underlying the 

incision are the fascial tissues of the anterior and peroneal compart-

ments; these are identified and released. The intermuscular septum 

should be identified to ensure that both compartments are released. 

Care must be taken to not damage the common peroneal nerve proxi-

mally as it passes around the fibular head; therefore skin incisions 

should not reach the fibular head level. Distally, the skin incision ends 

about 5 cm above the lateral malleolus. The medial incision of the two-

incision technique starts 2 cm medial to the tibial margin. It is used to 

release both posterior compartments. Care must be taken to avoid sa-

phenous nerve and vein damage, and these structures should be identi-

fied before fasciotomy of these compartments. The superficial poste-

rior compartment is decompressed by incising the gastrocnemius 

fascia in a longitudinal direction proximally to distally. The posterior 

compartment is decompressed by dividing the attachments of the so-

leus muscle to the tibia (see Fig. 151.12).

Fasciotomy of the Foot
Acute compartment syndrome of the foot most commonly occurs be-

cause of crush injury, and fasciotomy is rarely needed. There are four 

major compartments of the foot: intraosseus, lateral, central (calcaneal), 

and medial (eFig. 151.5). They are further divided into smaller muscle 

groups, so there are nine compartments in the foot, but this number is 

controversial (eFig. 151.5). Common needle insertion sites to measure 

the intracompartmental pressures of the foot are shown in Fig. 151.13. 

Whereas each of the compartments should generally be released, some 

debate exists whether the superficial compartment of the dorsal central 

compartment, which contains the flexor digitorum brevis muscle, should 

be included. A dorsal approach is most commonly used and requires less 

dissection than the other two. It begins with dual dorsal longitudinal inci-

sions over the medial side of the second metatarsal bone and the lateral 

side of the fourth metatarsal bone. Each of the four interosseous com-

partments is released first between the metatarsal bones. The medial 

A

B C D

Fig. 151.10 Single-incision fasciotomy of the lower leg. A, Lateral 

skin incision from the fibular neck to 3–4 cm proximal to the lateral mal-

leolus. B, The skin is undermined anteriorly, and a fasciotomy of the 

anterior and lateral compartments is performed. C, The skin is under-

mined posteriorly, and a fasciotomy of the superficial posterior compart-

ment is performed. D, An interval between the superficial posterior and 

lateral compartments is developed. The flexor hallucis longus muscle is 

dissected subperiosteally off the fibula and retracted posteromedially. 

The fascial attachment of the posterior tibial muscle to the fibula is in-

cised to decompress the muscle. (From Davey JR, Rorabeck CH, 

Fowler PJ. The tibialis posterior muscle compartment: An unrecognized 

cause of exertional compartment syndrome. Am J Sports Med. 

1984;12:391–397.)
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eFig. 151.4 Anatomy of the compartments of the lower leg. (From Black JM, Hawks JH. Medical-Surgical 

Nursing, 8th ed. Philadelphia, PA: Saunders; 2009.)
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A B

C D

Fig. 151.11 A variant of the approach for the single-incision fasciotomy. A, The initial skin incision is 

made halfway between the tibia and fibula to release the anterior compartment. B, Release of the lateral 

compartment. C, The superficial posterior compartment is released after retracting the peroneals anteriorly. 

A Cobb may be used for this purpose. D, The deep posterior compartment is released by retracting the tibi-

alis anterior laterally from the tibia and then incising the intraosseus membrane. (From Ebraheim NA, Siddiqui 

S, Raberding C. A single-incision fasciotomy for compartment syndrome of the lower leg. J Orthop Trauma. 

2016;30:e252–e255.)
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 Fig. 151.12

 

Two-incision technique for fasciotomy of the lower leg.

 

A,

 

A cross sectional view and (B)

position of skin incisions. Both wounds have been temporarily covered with an artificial skin graft. (A,

 

from

 

Cameron JL, Cameron AM.

 

Current Surgical Therapy,

 

10th ed. Philadelphia, PA: Saunders; 2011.)
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A B C D

Fig. 151.13 A, Needle insertion site to measure the intracompartmental pressure of the medial and calcaneal 

compartments (4 cm distal to the medial malleolus). B, Needle insertion site to measure the intracompart-

mental pressure of the superficial compartment (ventral and plantar aspect; penetration of the flexor digito-

rum brevis muscle). C, Needle insertion site to measure the intracompartmental pressure of the lateral 

compartment (plantar to the fifth metatarsal). D, Needle insertion site to measure the intracompartmental 

pressure of the interosseous compartment. (From Lutter C, Schöffl V, Hotfiel T, et al. Compartment syndrome 

of the foot: An evidence-based review. J Foot Ankle Surg. 2019;58[4]:632–640.)

Fig. 151.14 Fasciotomy of the foot. Medial and dorsal approaches. (From Banerjee R, Nickisch F, Easley 

ME, et al. Foot injuries. In Browner BD, Jupiter JB, Levine AM, et al, eds. Skeletal Trauma, 4th ed. Philadel-

phia, PA: Saunders; 2009.)

compartment may be released by accessing a space medial to the second 

metatarsal; the lateral compartment is released by accessing a space lateral 

to the fourth metatarsal bone. The calcaneal compartment lies under-

neath the second interosseous space and can be released through a medial 

incision. The superficial compartment is accessed through the calcaneal 

compartment by blunt dissection of the adductor hallucis muscle. Some-

times release of this compartment is not required, because it contains 

predominantly tendons of the finger flexors and is not a “true” muscular 

compartment. Fasciotomy approaches to the foot compartments are 

shown in Fig. 151.14.

POTENTIAL COMPLICATIONS

Delay of treatment of compartment syndrome can lead to irreversible 

complications and, left untreated, can lead to death. The initial manage-

ment should be focused not only on preservation of tissue viability in 

the compartment but also on the initial management of systemic  

complications of reperfusion injury. This requires restoration of intra-

vascular volume, prevention of hyperkalemia, and treatment of meta-

bolic acidosis and myoglobinuria, which may lead to acute kidney  

injury. Complications may also occur as a sequela of surgical proce-

dures performed and wound management. Late sequelae of compart-

ment syndrome include persistent hypoesthesia, dysesthesia, persistent 

motor weakness, infection, myoglobinuric renal failure, contractures, 

amputation, and death. In one study, persistent sequelae were reported to 

be associated with a higher number of operations, postfasciotomy com-

plications, closures with skin grafting, and increased time to closure.92

Technical complications of fasciotomy are preventable when con-

sidering the anatomy of important structures. Persistent or recurrent 

compartment syndrome can occur if fascial incisions are not adequate 

to permit complete decompression of the compartment or if selective 

fasciotomy has been performed.84

Persistent neurologic deficits after fasciotomy are common. Nerve 

injury can occur because of the initial traumatic event, prolonged 
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ischemia, or as a consequence of fasciotomy dissection and tissue dé-

bridement. The most common neuropathic syndrome is altered sensa-

tion at the margins of the incision; chronic pain syndromes are also 

described.93 Impaired neurologic function after lower extremity fasci-

otomy is described in 7%–36% of injured limbs.94–96

Wound complications after fasciotomy may occur immediately or be 

delayed for months to years. Early wound complications occur in up to 

40% of patients after lower extremity fasciotomy.94,97,98 Risk factors are 

related to the presence of vascular injury, lower extremity site, and prema-

ture or delayed closure of the wound.98 Wound infection occurs in 

4%–7% of extremity fasciotomies.94,97 Prophylactic antibiotics should be 

given at the time of fasciotomy and discontinued after 24 hours. Repeated 

débridement of devitalized tissue may protect from severe wound infec-

tions and sepsis. Late wound complications are reported in 4%–38% of  

limbs.93,94,97,98 Delayed wound complications include tethered scars and 

tendons, muscle hernias, and poor healing and ulceration, especially in 

patients with underlying vascular diseases. Venous insufficiency can pre-

dispose patients to chronic venous disease after fasciotomy. Tibial di-

aphyseal fracture healing in patients with compartment syndrome has 

been found to be delayed, and the rates of nonunion are reported to be 

higher compared with patients without compartment syndrome.99

Acute extremity compartment syndrome is associated with  

significant risk of limb loss.100 Major amputation will be required in 

5%–21% of limbs treated with fasciotomy.94,95,97,98,100 Combined or-

thopedic and vascular injury, other severe injuries, and systemic fac-

tors may contribute to the need for amputation in severely injured 

patients. The highest amputation rate occurs in patients with severe 

vascular injuries with occlusion.94 A large review of the National 

Trauma Data Bank for lower extremity vascular injury comparing 

early versus late fasciotomy findings suggests that appropriate imple-

mentation of early fasciotomy may reduce amputation rates.101 Ampu-

tation of the upper extremity after fasciotomy is rare.

The most severe cases of compartment syndrome left untreated 

may cause death. Reported mortality ranges from 11% to 25% and 

depends on the epidemiology of the compartment syndrome.84,95,97,102 

Mortality is most often the result of massive trauma, severe hypovole-

mic shock, and multisystem organ failure and cannot be attributed 

only to the need for fasciotomy. This is especially true in severely in-

jured patients with massive shock resuscitation where the mortality 

after fasciotomy in one study reached 67%.26

CONCLUSION

The patient who undergoes fasciotomy requires a physical therapy 

program to regain function. Postoperative care and rehabilitation are 

just as important as the procedure itself. During the immediate post-

operative period, weight bearing is limited, and assistive devices (e.g., 

crutches) are needed. Within a few days, and with adequate pain con-

trol, the use of crutches can be discontinued. The rehabilitation pro-

gram then involves range of motion (ROM) and flexibility exercises 

involving the muscles of the affected compartment. Adjacent joints 

need to be exercised to maintain their normal ROM.

Once the patient is able to ambulate with a normalized gait pattern, 

a program of graduated resistive exercises (depending on the patient’s 

regular activities or work) is initiated. In the case of athletes, sports-

specific exercises are started with the intention of returning to a regu-

lar athletic schedule. Cross training is also beneficial for these athletes. 

Activities such as swimming, pedal exercises, water jogging, or running 

help athletes regain muscle strength and flexibility without loading the 

affected compartment.

With surgical intervention for decompression, occupational therapy 

consultation should be considered early in the postoperative period. 

Appropriate treatment and assessment of the patient’s deficits with re-

gard to activities of daily living and for instruction in the use of any 

necessary assistive devices should be assessed.

KEY POINTS

• Compartment syndrome is a life-threatening condition and should be 

treated as soon as it is diagnosed.

• One of the first signs of compartment syndrome is a swollen extremity with 

pain out of proportion and increasing requirements for analgesia.

• Unfortunately, clinical signs alone are inadequate in the diagnosis of ACS 

because of well-documented poor sensivity.

• Critically ill patients, especially after severe trauma with massive fluid resus-

citation, and youth patients with high energy mechanism and an associated 

underlying fracture, require special attention and frequent evaluation.

• Diagnosis of compartment syndrome is very likely when intracompartmental 

pressure reaches 45 mm Hg or the difference between diastolic blood pres-

sure and intracompartmental pressure is less than 30 mm Hg for more than 

2 hours.

• Treatment of compartment syndrome is primarily surgical with prompt re-

lease of all affected muscle compartments by fasciotomy.

 References for this chapter can be found at expertconsult.com.
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tivity ranging from 13% to 54%.

Ebraheim NA, Abdelgawad AA, Ebraheim MA, et al. Bedside fasciotomy under 

local anesthesia for acute compartment syndrome: A feasible and reliable 

procedure in selected cases. J Orthop Trauma. 2012;13:153–157.

Standard compartment syndrome treatment involves a long skin incision and 

fasciotomy of all involved compartments and débridement of obvious nonvia-

ble tissue. Usually, this procedure is performed under general or spinal anes-

thesia. Various reasons can cause delay in performing the surgery. The authors 

of this study conclude that bedside fasciotomy under local anesthesia can be 

done safely and effectively to avoid delay in compartment release.

Hammerberg EM, Whitesides Jr. TE, Seiler III JG. The reliability of measure-

ment of tissue pressure in compartment syndrome. J Orthop Trauma. 

2012;26:24–31, discussion 32.

There are numerous commercially available methods of tissue pressure mea-

surement (e.g., the Stryker device). To achieve adequate accuracy when mea-

suring intracompartmental pressure without these devices, authors of this 

study concluded that the slit catheter, side-ported bevel-tipped needle, or an 

18-gauge needle, when appropriately used with current electronic transducer 

monitoring, may be used clinically with confidence.

Jauregui JJ, Yarmis SJ, Tsai J, et al. Fasciotomy closure techniques: A meta-

analysis. J Orthop Surg. 2017;25(1):2309499016684724.

The authors evaluated the risks and success rates of the three major tech-

niques for compartment syndrome fasciotomy closure by reviewing all litera-

ture published to date. Success was defined as all wounds that could be closed 

without skin grafting, amputation, or death. The highest success rate was ob-

served for dynamic dermatotraction and gradual suture approximation, 

whereas vacuum-assisted closure had the lowest complication rate.

Kosir R, Moore FA, Selby LH, et al. Acute lower extremity compartment syndrome 

(ALECS) screening protocol in critically ill trauma patients. J Trauma. 2007;

63:268–275.

In this study during a 6-month period, the incidence of acute lower extremity 

compartment syndrome (ALECS) in screened patients was surprisingly high 
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at 20% (nine patients). These were patients with severe injuries with an In-

jury Severity Score of 32.0 ± 12.5 who exhibited significant volume depletion, 

with a base deficit of 12.9 ± 5.9 mEq/L and a lactate level of 13.0 ± 5.2 

mmol/L, requiring large-volume resuscitation. Acute lower extremity com-

partment syndrome was associated with an exceedingly high mortality rate at 

67%. Mortality in severely injured patients is most often the result of massive 

trauma, severe hypovolemic shock, and multiple organ failure and cannot be 

attributed only to the need for fasciotomy.

Marchand LS, Working ZM, Rane AA, et al. Compartment syndrome in tibial 

plateau fractures: Do previously established predictors have external valid-

ity? J Orthop Trauma. 2020;34(5):238–243.

Injuries of the lower extremity are the most common cause of extremity com-

partment syndrome. In this retrospective review 513 patients with tibial pla-

teau fractures treated operatively over a 10-year period (OTA/AO 41B1-3 & 

41C1-3; Schatzker I-VI) were analyzed. This study confirms that several factors 

are associated with the development of ACS. Reported predictors for developing 

ACS of the lower leg are plateau fractures type Schatzker VI, especially when 

combined with shaft or fibular fractures, high energy mechanism, and fracture 

length. The presence of each independent predictor had a cumulative effect such 

that when more than one variable is present, the chance of ACS increases.

McQueen MM, Court-Brown CM. Compartment monitoring in tibial frac-

tures. The pressure threshold for decompression. J Bone Joint Surg Br. 

1996;78:99–104.

In this early prospective study of 116 patients with tibial diaphyseal fractures, 

continuous monitoring of anterior compartment pressure for 24 hours was 

studied. Three patients developed acute compartment syndrome (2.6%). In 

their series, the use of a differential pressure (DP) of 30 mm Hg as a thresh-

old for fasciotomy led to no missed cases of acute compartment syndrome. 

The authors recommend that decompression be performed if the the differen-

tial pressure level drops to under 30 mm Hg.

  

 



e1

REFERENCES

 1. Volkmann, R. (1881). Die ischaemischen muskellahmungen und kontrak-

turen. Zentralblatt fur Chirurgie, 51, 801–803.

 2. Freedman, B. J. (1953). Dr. Edward Wilson of the Antarctic; a biographical 

sketch, followed by an inquiry into the nature of his last illness. Proceed-

ings of the Royal Society of Medicine, 47, 23–30.

 3. Mavor, G. E. (1956). The anterior tibial syndrome. Journal of Bone and 

Joint Surgery British Volume, 38B, 513–517.

 4. Davies, M. S., Nadel, S., Habibi, P., Levin, M., & Hunt, D. M. (2001). The or-

thopedic management of peripheral ischemia in meningococcal septicemia 

in children. Journal of Bone and Joint Surgery British Volume, 82, 383–386.

 5. Jyothi, N. K., & Cox, C. (2000). Compartment syndrome following post-

partum hemorrhage. BJOG, 107, 430–432.

 6. Loren, G. J., Mohler, L. R., & Pedowitz, R. A. (2001). Bilateral compart-

ment syndrome of the leg complicating tetanus infection. Orthopaedics, 

24, 997–999.

 7. Nicholson, P., Devitt, A., Stevens, M., & Mahalingum, K. (1998). Acute ex-

ertional peroneal compartmental syndrome following prolonged horse 

riding. Injury, 29, 643–644.

 8. Johnson, I. A., Andrzejowski, J. C., & Currie, J. S. (1999). Lower limb com-

partment syndrome resulting from malignant hyperthermia. Anaesthesia 

and Intensive Care, 27, 292–294.

 9. Cara, J. A., Narvaez, A., Bertrand, M. L., & Guerado, E. (1999). Acute trau-

matic compartment syndrome in the leg. International Orthopaedics, 23, 

61–62.

 10. Tremblay, L. N., Feliciano, D. V., & Rozycki, G. S. (2002). Secondary ex-

tremity compartment syndrome. Journal of Trauma, 53, 833–837.

 11. Williams, P., Shenilikar, A., Roberts, R. C., & Davies, R. M. (1996). Acute 

non-traumatic compartment syndrome related to soft tissue injury. In-

jury, 27, 507–508.

 12. Qvarfordt, P., Christenson, J. T., Eklöf, B., & Ohlin, P. (1983). Intramuscu-

lar pressure after revascularization of the popliteal artery in severe isch-

aemia. British Journal of Surgery, 70, 539–541.

 13. McQueen, M. M., Gaston, P., & Court-Brown, C. M. (2000). Acute com-

partment syndrome. Who is at risk? Journal of Bone and Joint Surgery 

British Volume, 82, 200–203.

 14. Elliott, K. G., & Johnstone, A. J. (2003). Diagnosing acute compartment 

syndrome. Journal of Bone and Joint Surgery British Volume, 85, 625–632.

 15. Köstler, W., Strohm, P. C., & Südkamp, N. P. (2005). Acute compartment 

syndrome of the limb. Injury, 36, 992–998.

 16. Patel, R. V., & Haddad, F. S. (2005). Compartment syndromes. British 

Journal of Hospital Medicine (Lond), 66, 583–586.

 17. DeLee, J. C., & Stiehl, J. B. (1981). Open tibia fracture with compartment 

syndrome. Clinical Orthopaedics and Related Research, (160), 175–184.

 18. Matsen, F. A. (1980). Etiologies of compartmental syndrome. In F. A. Mat-

sen (Ed.), Compartmental syndromes (pp. 69–71). New York: Grune & 

Stratton.

 19. Zimmerman, D. C., Kapoor, T., Elfond, M., & Scott, P. (2013). Spontane-

ous compartment syndrome of the upper arm in a patient receiving anti-

coagulation therapy. Journal of Emergency Medicine, 44, e53–e56.

 20. Newman, P. A., & Deo, S. (2014). Non-traumatic compartment syndrome 

secondary to deep vein thrombosis and anticoagulation. BMJ Case Re-

ports, 2014, bcr2013201689.

 21. Freyer, M., Vachalova, I., Zirngibl, B., & Heckmann, J. G. (2014). Com-

partment syndrome following thrombolysis: clinical features and associ-

ated conditions. Journal of Thrombosis and Thrombolysis, 38, 201–207.

 22. Lawendy, A. R., Sanders, D. W., Bihari, A., Parry, N., Gray, D., & Badh-

war, A. (2011). Compartment syndrome-induced microvascular dys-

function: an experimental rodent model. Canadian Journal of Surgery, 

54, 194–200.

 23. Lawendy, A. R., Bihari, A., Sanders, D. W., McGarr, G., Badhwar, A., & Ce-

pinskas, G. (2015). Contribution of inflammation to cellular injury in 

compartment syndrome in an experimental rodent model. Bone & Joint 

Journal, 97-B, 539–543.

 24. Ulmer, T. (2002). The clinical diagnosis of compartment syndrome of the 

lower leg: are clinical findings predictive of disorder? Journal of Orthopae-

dic Trauma, 16, 572–577.

 25. Altay, M. A., Ertürk, C., Altay, N., Oztürk, I. A., Baykara, I., Sert, C., et al. 

(2013). Comparison of intracompartmental pressures in a rabbit model 

of open and closed tibial fractures: an experimental study. Bone & Joint 

Journal, 95-B, 111–114.

 26. Kosir, R., Morre, F. A., Selby, L. H., Cocanour, C. S., Kozar, R. A., Gonzalez, 

E. A., et al. (2007). Acute lower extremity compartment syndrome 

(ALECS) screening protocol in critically ill trauma patients. Journal of 

Trauma, 63, 268–275.

 27. Schaffzin, J. K., Prichard, H., Bisig, J., Gainor, P., Wolfe, K., Solan, L. G., et 

al. (2013). A collaborative system to improve compartment syndrome rec-

ognition. Pediatrics, 132, e1672–e1679.

 28. Branco, B. C., Inaba, K., Barmparas, G., Schnüriger, B., Lustenberger, T., 

Talving, P., et al. (2011). Incidence and predictors for the need for fasciot-

omy after extremity trauma: a 10-year review in a mature level I trauma 

centre. Injury, 42, 1157–1163.

 29. Mitas, P., Vejrazka, M., Hruby, J., Spunda, R., Pecha, O., Lindner, J., et al. 

(2014). Prediction of compartment syndrome based on analysis of bio-

chemical parameters. Annals of Vascular Surgery, 28, 170–177.

 30. Matsen, F. A. (1980). Diagnosis of compartmental syndrome. In F. A. Mat-

sen (Ed.), Compartmental syndromes (pp. 85–100). New York: Grune & 

Stratton.

 31. Shadgan, B., Menon, M., O’Brien, P. J., & Reid, W. D. (2008). Diagnostic 

techniques in acute compartment syndrome of the leg. Journal of Ortho-

paedic Trauma, 22, 581–587.

 32. Myers, R. A. (2000). Hyperbaric oxygen therapy for trauma: crush injury, 

compartment syndrome, and other acute traumatic peripheral ischemias. 

International Anesthesiology Clinics, 38, 139–151.

 33. Lee, C., Lightdale-Miric, N., Chang, E., & Kay, R. (2014). Silent compart-

ment syndrome in children: a report of five cases. Journal of Pediatric Or-

thopedics. Part B, 23, 467–471.

 34. Olson, S. A., & Glasgow, R. R. (2005). Acute compartment syndrome in 

lower extremity musculoskeletal trauma. Journal of the American Academy 

of Orthopaedic Surgeons, 13, 436–444.

 35. Duckworth, A. D., & McQueen, M. M. (2017). The Diagnosis of Acute 

Compartment Syndrome. A Critical Analysis Review. JBJS Reviews, 5(12), 

e1. doi:10.2106/JBJS.RVW.17.00016.

 36. Mubarak, S. J., & Owen, C. A. (1977). Double-incision fasciotomy of the 

leg for decompression in compartment syndromes. Journal of Bone and 

Joint Surgery American Volume, 59, 184–187.

 37. Newton, E. J., & Love, J. (2007). Acute complications of extremity trauma. 

Emergency Medicine Clinics of North America, 25, 751–761, iv.

 38. Matsen F. A., III., & Krugmire, R. B., Jr. (1978). Compartmental syn-

dromes. Surgery Gynecology & Obstetrics, 147, 943–949.

 39. Zweifach, S. S., Hargens, A. R., Evans, K. L., Smith, R. K., Mubarak, S. J., & 

Akeson, W. H. (1980). Skeletal muscle necrosis in pressurized compart-

ments associated with hemorrhagic hypotension. Journal of Trauma, 20, 

941–947.

 40. Matsen, F. A. (1980). Pathophysiology of increased tissue pressure. In F. A. 

Matsen (Ed.), Compartmental syndromes (p. 36). New York: Grune & 

Stratton.

 41. Whitney, A., O’Toole, R. V., Hui, E., Sciadini, M. F., Pollak, A. N., Manson, 

T. T., et al. (2014). Do one-time intracompartmental pressure measure-

ments have a high false-positive rate in diagnosing compartment syn-

drome? Journal of Trauma and Acute Care Surgery, 76, 479–483.

 42. Szabo, R. M., Gelberman, R. H., Williamson, R. V., & Hargens, A. R. 

(1983). Effects of increased systemic blood pressure on the tissue fluid 

pressure threshold of peripheral nerve. Journal of Orthopedic Research and 

Therapy, 1, 172–178.

 43. McQueen, M. M., & Court-Brown, C. M. (1996). Compartment monitor-

ing in tibial fractures. The pressure threshold for decompression. Journal 

of Bone and Joint Surgery British Volume, 78, 99–104.

 44. Owings, J. T., Kennedy, J. P., & Blaisdell, F. W. (2002). Injuries to the ex-

tremities. In D. W. Wilmore, L. Y. Cheung, A. H. Harken, J. W. Holcroft, J. 

L. Meakins, & N. J. Soper, (Eds.), ACS Surgery: principles and practice (pp. 

474–476). New York, NY: WebMD Corporation.

 45. Gentilello, L. M., Sanzone, A., Wang, L., Liu, P. Y., & Robinson, L. (2001). 

Near infrared spectroscopy versus compartment pressure for the diagno-

sis of lower extremity compartmental syndrome using electromyography 

  

 



e2

determined measurements of neuromuscular function. Journal of 

Trauma, 51, 1–8.

 46. White, T. O., Howell, G. E. D., Will, E. M., Court-Brown, C. M., & McQueen, 

M. M. (2003). Elevated intramuscular compartment pressures do not influ-

ence outcome after tibial fracture. Journal of Trauma, 55, 1133–1138.

 47. Whitesides, T. E., Haney, T. C., Morimoto, K., & Harada, H. (1975). Tissue 

pressure measurements as a determinant for the need of fasciotomy.  

Clinical Orthopaedics and Related Research, (113), 43–51.

 48. Mubarak, S. J., Owen, C. A., Hargens, A. R., Garetto, L. P., & Akeson, W. H. 

(1978). Acute compartment syndromes: diagnosis and treatment with the 

aid of the wick catheter. Journal of Bone and Joint Surgery American 

Volume, 60, 1091–1095.

 49. Rorabeck, C. H., Castle, G. S., Hardie, R., & Logan, J. (1981). Compart-

mental pressure measurements: an experimental investigation using the 

slit catheter. Journal of Trauma, 21, 446–449.

 50. Willy, C., Gerngross, H., & Sterk, J. (1999). Measurement of intracompart-

mental pressure with use of a new electronic transducer-tipped catheter 

system. Journal of Bone and Joint Surgery American Volume, 81, 158–168.

 51. Uliasz, A., Ishida, J. T., Fleming, J. K., & Yamamoto, L. G. (2003). Compar-

ing the methods of measuring compartment pressures in acute compart-

ment syndrome. American Journal of Emergency Medicine, 21, 143–145.

 52. Hammerberg, E. M., Whitesides, T. E., Jr., & Seiler, J. G., III. (2012). The 

reliability of measurement of tissue pressure in compartment syndrome. 

Journal of Orthopaedic Trauma, 26, 24–31, discussion 32.

 53. McQueen, M. M., Duckworth, A. D., Aitken, S. A., & Court-Brown, C. M. 

(2013). The estimated sensitivity and specificity of compartment pressure 

monitoring for acute compartment syndrome. Journal of Bone and Joint 

Surgery American Volume, 95, 673–677.

 54. Heppenstall, R. B., Sapega, A. A., Izant, T., Fallon, R., Shenton, D., Park, Y. 

S., et al. (1989). Compartment syndrome: a quantitative study of high-en-

ergy phosphorus compounds using 31P magnetic resonance spectroscopy. 

Journal of Trauma, 29, 1113–1119.

 55. Arbabi, S., Brundage, S. I., & Gentilello, L. M. (1999). Near-infrared spec-

troscopy: a potential method for continuous, transcutaneous monitoring 

for compartmental syndrome in critically injured patients. Journal of 

Trauma, 47, 829–833.

 56. Giannotti, G., Cohn, S. M., Brown, M., Varela, J. E., McKenney, M. G., & 

Wiseberg, J. A. (2000). Utility of near-infrared spectroscopy in the diagno-

sis of lower extremity compartment syndrome. Journal of Trauma, 48, 

396–401.

 57. Styf, J., & Wiger, P. (1998). Abnormally increased intramuscular pressure 

in human legs: comparison of two experimental models. Journal of 

Trauma, 45, 133–139.

 58. Roskosky, M., Robinson, G., Reisman, W., Ziran, B., Shuler, M. S., & 

Freedman, B. (2014). Subcutaneous depth in a traumatized lower extrem-

ity. Journal of Trauma and Acute Care Surgery, 77, S190–S193.

 59. Bariteau, J. T., Beutel, B. G., Kamal, R., Hayda, R., & Born, C. (2011). The 

use of near-infrared spectrometry for the diagnosis of lower-extremity 

compartment syndrome. Orthopedics, 34, 178.

 60. Hansen, E. N., Manzano, G., Kandemir, U., & Mok, J. M. (2013). Compar-

ison of tissue oxygenation and compartment pressure following tibia frac-

ture. Injury, 44, 1076–1080.

 61. Reisman, W. M., Shuler, M. S., Kinsey, T. L., Cole, A. L., Whitesides, T. E., 

Jr., Davila, M. G., et al. (2013). Relationship between near infrared spec-

troscopy and intra-compartmental pressures. Journal of Emergency Medi-

cine, 44, 292–298.

 62. Walters, T. J., Kottke, M. A., Hargens, A. R., & Ryan, K. L. (2019). Nonin-

vasive diagnostics for extremity compartment syndrome following trau-

matic injury: A state-of-the-art review. Journal of Trauma and Acute Care 

Surgery, 87, S59-S66.

 63. Doro, C. J., Sitzman, T. J., & O’Toole, R. V. (2014). Can intramuscular glu-

cose levels diagnose compartment syndrome? Journal of Trauma and Acute 

Care Surgery, 76, 474–478.

 64. Toyoshima, Y., Webb, J., Gregory, A., Fatemi, M., Alizad, A., & Zhao, C. 

(2020). Ultrasound shear wave elastography for measuring intracompart-

mental pressure of compartment syndrome using a turkey hind limb 

model. Journal of Biomechanics, 98, 109427. doi:10.1016/j.biomech.2019.

109427.

 65. Herring, M. J., Donohoe, E., & Marmor, M. T. (2019). A Novel Non-inva-

sive Method for the Detection of Elevated Intra-compartmental Pressures 

of the Leg. Journal of Visualized Experiments, (147), e59887, doi:10.3791/

59887.

 66. Valdez, C., Schroeder, E., Amdur, R., Pascual, J., & Sarani, B. (2013). Se-

rum creatine kinase levels are associated with extremity compartment 

syndrome. Journal of Trauma and Acute Care Surgery, 74, 441–445, discus-

sion 445–447.

 67. Osborn, P. M., & Schmidt, A. H. (2020). Management of Acute Compartment 

Syndrome. Journal of the American Academy of Orthopaedic Surgeons, 28(3), 

e108–e114

 68. Mehta, P., Morrow, M., Rusell, J., Madhuripan, N., & Habeeb, M. (2017). 

Magnetic Resonance Imaging of Muskuloskeletal Emergencies. Seminars 

in Ultrasound CT and MR, 38, 439–452.

 69. Matsen, F. A. (1980). Treatment of compartmental syndromes. In F. A. 

Matsen (Ed.), Compartmental syndromes (pp. 101–115). New York: Grune 

& Stratton.

 70. Hakaim, A. G., Cunningham, L., White, J. L., & Hoover, K. (1999). Selec-

tive type III phosphodiesterase inhibition prevents elevated compart-

ment pressure after ischemia/reperfusion injury. Journal of Trauma, 46, 

869–872.

 71. Guerrero, A., Gibson, K., Kralovich, K. A., Pipinos, I., Agnostopolous, P., 

Carter, Y., et al. (2002). Limb loss following lower extremity arterial 

trauma: what can be done proactively. Injury, 33, 765–769.

 72. Lawendy, A. R., Bihari, A., Sanders, D. W., Potter, R. F., & Cepinskas, G. 

(2014). The severity of microvascular dysfunction due to compartment 

syndrome is diminished by the systemic application of CO-releasing mol-

ecule-3. Journal of Orthopaedic Trauma, 28, e263–e268.

 73. Ebraheim, N. A., Abdelgawad, A. A., Ebraheim, M. A., & Alla, S. R. (2012). 

Bedside fasciotomy under local anesthesia for acute compartment syn-

drome: a feasible and reliable procedure in selected cases. Journal of Or-

thopaedics and Traumatology, 13, 153–157.

 74. Wilkin, G., Khogali, S., Garbedian, S., Slagel, B., Blais, S., Gofton, W., et al. 

(2014). Negative-pressure wound therapy after fasciotomy reduces mus-

cle-fiber regeneration in a pig model. Journal of Bone and Joint Surgery 

American Volume, 96, 1378–1385.

 75. Kakagia, D., Karadimas, E. J., Drosos, G., Ververidis, A., Trypsiannis, G., & 

Verettas, D. (2014). Wound closure of leg fasciotomy: comparison of vac-

uum-assisted closure versus shoelace technique. A randomized study. In-

jury, 45, 890–893.

 76. Zannis, J., Angobaldo, J., Marks, M., DeFranzo, A., David, L., Molnar, J.,  

et al. (2009). Comparison of fasciotomy wound closures using traditional 

dressing changes and the vacuum-assisted closure device. Annals of Plastic 

Surgery, 62, 407–409.

 77. Yang, C. C., Chang, D. S., & Webb, L. X. (2006). Vacuum-assisted closure 

for fasciotomy wounds following compartment syndrome of the leg. Jour-

nal of Surgical Orthopaedic Advances, 15, 19–23.

 78. Jauregui, J. J., Yarmis, S. J., Tsai, J., Onuoha, K. O., Illical, E., & Paulino, C. 

B. (2017). Fasciotomy closure techniques: A meta-analysis. Journal of Or-

thopaedic Surgery, 25(1), 2309499016684724.

 79. Wattel, F., Mathieu, D., Nevière, R., & Bocquillon, N. (1998). Acute pe-

ripheral ischaemia and compartment syndromes: a role for hyperbaric ox-

ygenation. Anaesthesia, 53, 63–65.

 80. Strauss, M. B., Hargens, A. R., Gershuni, D. H., Hart, G. B., & Akeson, W. 

H. (1986). Delayed use of hyperbaric oxygen for treatment of a model an-

terior compartment syndrome. Journal of Orthopedic Research and Ther-

apy, 4, 108–111.

 81. Tibbles, P. M., & Edelsberg, J. S. (1996). Hyperbaric-oxygen therapy. New 

England Journal of Medicine, 334, 1642–1648.

 82. Weiland, D. E. (2007). Fasciotomy closure using simultaneous vacuum-as-

sisted closure and hyperbaric oxygen. American Surgeon, 73, 261–266.

 83. Abdullah, M. S., Al-Waili, N. S., Butler, G., & Baban, N. K. (2006). Hyper-

baric oxygen as an adjunctive therapy for bilateral compartment syn-

drome, rhabdomyolysis and acute renal failure after heroin intake. Ar-

chives of Medical Research, 37, 559–562.

 84. Jensen, S. L., & Sandermann, J. (1997). Compartment syndrome and fasci-

otomy in vascular surgery. A review of 57 cases. European Journal of Vas-

cular and Endovascular Surgery, 13, 48–53.

  

 



e3

 85. Sheridan, G. W., & Matsen, F. A., III. (1976). Fasciotomy in the treatment 

of the acute compartment syndrome. Journal of Bone and Joint Surgery 

American Volume, 58, 112–115.

 86. Cohen, M. S., Garfin, S. R., Hargens, A. R., & Mubarak, S. J. (1991). 

Acute compartment syndrome. Effect of dermotomy on fascial decom-

pression in the leg. Journal of Bone and Joint Surgery British Volume, 73, 

287–290.

 87. Marchand, L. S., Working, Z. M., Rane, A. A., Elliott, I. S., Gilbertson, E., 

Rothberg, D. L., et al. (2020). Compartment Syndrome in Tibial Plateau 

Fractures: Do Previously Established Predictors Have External Validity? 

Journal of Orthopaedic Trauma, 34, 238–243.

 88. Hatz, B. A., Frima, H., & Sommer, C. (2019). Selective fasciotomy for 

acute traumatic lower leg compartment syndrome: is it feasible? Archives 

of Orthopaedic and Traumatic Surgery, 139, 1755-1762.

 89. Bible, J. E., McClure, D. J., & Mir, H. R. (2013). Analysis of single-incision 

versus dual-incision fasciotomy for tibial fractures with acute compart-

ment syndrome. Journal of Orthopaedic Trauma, 27, 607–611.

 90. Cooper, G. G. (1992). A method of single-incision, four compart-

ment fasciotomy of the leg. European Journal of Vascular Surgery, 6, 

659–661.

 91. Ebraheim, N. A., Siddiqui, S., & Raberding, C. (2016). A Single-Incision 

Fasciotomy for Compartment Syndrome of the Lower Leg. Journal of 

Orthopaedic Trauma, 30, e252–e255.

 92. Dover, M., Memon, A. R., Marafi, H., Kelly, G., & Quinlan, J. F. (2012). 

Factors associated with persistent sequelae after fasciotomy for acute 

compartment syndrome. Journal of Orthopaedic Surgery (Hong Kong), 20, 

312–315.

 93. Fitzgerald, A. M., Gaston, P., Wilson, Y., Quaba, A., & McQueen, M. M. 

(2000). Long-term sequelae of fasciotomy wounds. British Journal of Plas-

tic Surgery, 53, 690–693.

 94. Rush, D. S., Frame, S. B., Bell, R. M., Berg, E. E., Kerstein, M. D., & 

Haynes, J. L. (1989). Does open fasciotomy contribute to morbidity and 

mortality after acute lower extremity ischemia and revascularization? 

Journal of Vascular Surgery, 10, 343–350.

 95. Heemskerk, J., & Kitslaar, P. (2003). Acute compartment syndrome of the 

lower leg: retrospective study on prevalence, technique, and outcome of 

fasciotomies. World Journal of Surgery, 27, 744–747.

 96. Lagerstrom, C. F., Reed, R. L., II., Rowlands, B. J., & Fischer, R. P. (1989). 

Early fasciotomy for acute clinically evident posttraumatic compartment 

syndrome. American Journal of Surgery, 158, 36–39.

 97. Johnson, S. B., Weaver, F. A., Yellin, A. E., Kelly, R., & Bauer, M. (1992). 

Clinical results of decompressive dermotomy-fasciotomy. American Jour-

nal of Surgery, 164, 286–290.

 98. Velmahos, G. C., Theodorou, D., Demetriades, D., Chan, L., Berne, T. V., 

Asensio, J., et al. (1997). Complications and nonclosure rates of fasciot-

omy for trauma and related risk factors. World Journal of Surgery, 21, 

247–252, discussion 253.

 99. Reverte, M. M., Dimitriou, R., Kanakaris, N. K., & Giannoudis, P. V. 

(2011). What is the effect of compartment syndrome and fasciotomies 

on fracture healing in tibial fractures? Injury, 42, 1402–1407.

 100. Ojike, N. I., Roberts, C. S., & Giannoudis, P. V. (2010). Compartment 

syndrome of the thigh: a systematic review. Injury, 41, 133–136.

 101. Farber, A., Tan, T. W., Hamburg, N. M., Kalish, J. A., Joglar, F., Onigman, 

T., et al. (2012). Early fasciotomy in patients with extremity vascular in-

jury is associated with decreased risk of adverse limb outcomes: a review 

of the National Trauma Data Bank. Injury, 43, 1486–1491.

 102. Ritenour, A. E., Dorlac, W. C., Fang, R., Woods, T., Jenkins, D. H., Fla-

herty, S. F., et al. (2008). Complications after fasciotomy revision and de-

layed compartment release in combat patients. Journal of Trauma, 64, 

S153–S161, discussion S161–S162.

  

 



INTRODUCTION

Thrombolytic agents comprise a diverse group of compounds that 

indirectly initiate the lysis of a thrombus. After the initiation of the 

coagulation cascade, fibrinolytic mechanisms are concomitantly acti-

vated to prevent unconstrained thrombosis. Fibrinolysis begins with 

the cleavage of proenzyme plasminogen to plasmin, which hydrolyzes 

key bonds within a fibrin clot matrix, resulting in clot lysis (Fig. 152.1). 

Thrombolytic agents function by converting plasminogen to plasmin. 

Different thrombolytic agents vary in their specificity for plasminogen, 

metabolic half-life, and antigenicity (Table 152.1).

DRUGS

Streptokinase
Streptokinase, a protein produced by beta-hemolytic streptococci, was 

identified as having fibrinolytic properties in the 1930s and was the 

first compound to be used clinically as a thrombolytic drug.1,2 Strepto-

kinase complexes with plasminogen and converts it to plasmin. How-

ever, one of the major drawbacks of using streptokinase is its antige-

nicity, as streptococcal infection may induce antibody formation. Mild 

allergic reactions occur in 2%–5% patients; however, severe anaphylac-

tic reactions may also occur.3

Urokinase
Urokinase is a thrombolytic protein that was initially isolated from 

human urine and has been used clinically for over 30 years. At present, 

it is isolated from human fetal renal tissue cultures. Unlike streptoki-

nase, urokinase enzymatically cleaves plasminogen. In 1999 urokinase 

was removed from the U.S. market after concerns raised by the Food 

and Drug Administration (FDA) regarding its safety.4 It was reintro-

duced in the United States in 2002 after rigorous testing showed that 

urokinase preparations were free of human pathogens. However, at 

present, it is only approved for treating pulmonary embolism (PE). 

Pro-urokinase, also known as single-chain urokinase-type plasmino-

gen activator, is a single-chain precursor of urokinase that is converted 

into two-chain urokinase by hydrolysis.

Tissue Plasminogen Activator
Tissue plasminogen activator (tPA), which was first isolated in 1981, is a 

naturally occurring protein synthesized by human vascular endothelial 

cells.5 Several recombinant variants of tPA are available, including al-

teplase (rtPA, approved by the FDA in 1987) and duteplase. Other forms 

of tissue-type tPAs include reteplase (rPA), tenecteplase (TNK-tPA), and 

lanoteplase (nPA). Recombinant tPAs are nonantigenic and show speci-

ficity for fibrin-bound plasminogen. They also avoid the infectious risks 

associated with products isolated from cultured human tissues. Newer 

recombinant tPAs have improved pharmacokinetics that enable their 

convenient administration, such as bolus dosage.

Other Agents
Other compounds that have been developed and investigated include 

vampire bat plasminogen activator (isolated from the saliva of vampire 

bat), fibrolase (isolated from the venom of southern copperhead 

snake), and staphylokinase (isolated from Staphylococcus aureus). 

However, data on these compounds are relatively limited; hence, they 

are rarely used clinically.

CLINICAL INDICATIONS

Myocardial Infarction
Acute myocardial infarction (AMI) is associated with a significant 

healthcare burden in industrialized countries. Modern management of 

AMI focuses on rapidly restoring perfusion to optimize myocardial 

salvage. Primary percutaneous coronary interventions are superior to 

thrombolytic therapy when employed as an early reperfusion strategy 

after AMI and are the first-line therapy.6 However, logistic barriers 

hinder the access of patients with AMI who require interventional 

cardiology services to perform early percutaneous coronary interven-

tion (PCI). On the other hand, fibrinolytics are administered in almost 

all hospitals.

Lytic therapy was first used for treating AMI in the 1950s.7 The 

Fibrinolytic Therapy Trialists’ Collaborative Group performed a meta-

analysis by using results obtained from over 58,000 patients treated 

with thrombolytics.8 This meta-analysis showed that treatment with 

thrombolytics resulted in approximately 25% reduction in mortality 

in patients with ST-segment elevation or bundle branch block. Since 

then, numerous studies have evaluated the efficacies, dosage strategies, 

administration routes, and adjunctive therapies with these agents for 

rapidly restoring blood flow in thrombosed coronary arteries.

Early studies such as ISIS-2 and GISSI focused on the use of strep-

tokinase and showed 18% and 25% reduction in mortality after 3 and 

5 weeks, respectively.3,9 Similar results were obtained after 1- to 10-year 

follow-up.10 The efficacy of tPA was studied in the GUSTO-1 trial, 

which examined four dosing regimens for the treatment of MI in 

41,021 patients.11 This study used “accelerated” tPA dosage in which 

two-thirds of the total dose were administered in the first 30 minutes 

rather than over a 3-hour period. This dosage regimen resulted in a 

modest but significant reduction in 30-day mortality (6.3%) com-

pared with streptokinase (7.4%) or a combination of tPA and strepto-

kinase (7.0%). The GUSTO angiographic substudy showed that differ-

ing patency rates among patients treated with either agent accounted 

for this difference in clinical efficacy. However, a subsequent meta-

analysis of this approach failed to validate the survival advantage.12
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Newer-generation tPAs such as r-PA and TNK-tPA can be used 

to administer a bolus dosage. The GUSTO III trial compared re-

teplase, the recombinant deletion mutant of tPA, with accelerated 

tPA in 15,059 patients. This trial did not detect any survival advan-

tage with r-PA and showed that rates of intracranial hemorrhage 

(ICH) were similar after treatment with r-PA and tPA (0.91% and 

0.87%, respectively).13 The ASSENT-2 trial showed that 30-day 

mortality and ICH rates were identical in patients treated with 

TNK-tPA and those treated with accelerated tPA.14 Although r-PA 

and TNK-tPA are not superior to tPA in terms of safety and effi-

cacy, their pharmacokinetics allow simplified administration  

compared with that of accelerated tPA.

Adjunctive therapies such as aspirin, clopidogrel, and antithrombin 

agents improve the results of lytic therapy. Fibrinolysis strips fibrin 

from an occluding thrombus; the exposed thrombin then initiates 

platelet aggregation and subsequent rethrombosis.15 Antiplatelet 

agents are essential to reducing this process. Heparin is typically used 

to maintain activated partial thromboplastin time (aPTT) between 50 

and 70 seconds. If heparin-induced thrombocytopenia is suspected, 

direct thrombin inhibitors such as hirudin or bivalirudin are viable 

options.16 Another development is the introduction of glycoprotein 

IIb/IIIa receptor blockers such as abciximab (ReoPro), eptifibatide 

(Integrilin), and tirofiban (Aggrastat).17–19 Despite some promising 

early results, no randomized trial has yet to show a benefit of these 

agents on mortality.20–23 A meta-analysis of 11 randomized trials as-

sessing thrombolytic treatment with and without abciximab suggested 

a significantly increased risk of major bleeding events (5.2% vs. 3.1%, 

P , 0.001) with abciximab.24

The timing of diagnosis and institution of thrombolytic therapy is 

critical.25,26 Patients with AMI who are treated with thrombolytic 

agents at more than 4 hours after symptom onset have twofold to 

threefold higher 30-day and 6-month mortality rates than patients 

treated within 2 hours of symptom onset.27 The Late Assessment of 

Thrombolytic Efficacy study reported 1-year mortality rates of 17.6% 

and 15.8% in patients treated with rtPA at greater than 3 hours and less 

than 3 hours, respectively, after symptom onset.28 Therefore prehospi-

tal administration of thrombolytics is recommended in select patients 

showing ST-segment elevation on electrocardiogram.29,30

ADP inhibitors
(ticlopidine, clopidogrel)

Platelet
aggregation

Thrombolytics

Fibrin

Thromboxane A2

inhibitors (aspirin)

Glycoprotein IIb/IIIa

Receptor inhibitors

(abciximab, integrilin,
eptifibatide,

lamifiban, and tirofiban)

ThrombinProthrombin

Heparin, warfarin, LMWH,
bivalirudin, hirudin

Fibrinolysis

Fibrinogen

FDP

Plasminogen

Thrombus
Platelet

Coagulation

Plasmin

Fig. 152.1 Components of thrombus formation and effects of various antithrombotic and thrombolytic 

agents. FDP, Fibrin degradation products; LMWH, low-molecular-weight heparin.

TABLE 152.1 Properties of Commonly Used Thrombolytics

 Streptokinase Urokinase Tissue Plasminogen Activator (tPA)

Source Group C Streptococcus Human fetal kidney Recombinant

Lytic First First (prourokinase: second) Second (non-alteplase tPAs: third)

Generation Anistreplase

Available compounds APSAC (half-life, 70–120 min) Prourokinase Alteplase, duteplase, reteplase (rPA), tenecteplase (TNK-tPA), and 

lanoteplase (nPA)

Molecular weight (kD) 47 35–55 63–70

Half-life (min) 18–23 14–20 3–4

Metabolism Hepatic Hepatic Hepatic

Antigenicity Yes No No 

Fibrin specificity Minimal Moderate Moderate

Plasminogen binding Indirect Direct Direct

APSAC, Anisoylated plasminogen streptokinase activator complex.
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The currently accepted guidelines for lytic therapy of AMI are 

outlined by the American College of Chest Physicians in the eighth 

edition (2008) of Evidence-Based Clinical Practice Guidelines and by 

the American College of Cardiology/American Heart Association in 

their 2013 guidelines.31,32 A treatment algorithm for AMI is shown in 

Fig. 152.2. The established guidelines indicate that patients who are 

most likely to benefit from fibrinolytic therapy are those with ST-

segment elevation, symptoms that began within 3 hours, anticipated 

delay in reaching a PCI facility, and low bleeding risk. However, the 

value of thrombolytic agents in the management of unstable angina 

remains unproven thus far. At present, lytic therapy is not used for 

treating acute coronary syndrome without ST-segment elevation in 

two or more contiguous leads or without new-onset bundle branch 

block. Contraindications to lytic therapy in the setting of AMI are 

summarized in Table 152.2.

Since the development of thrombolytics, coronary angioplasty has 

become the gold standard for treating myocardial infarction (MI) 

with ST-segment elevation. A large meta-analysis of 7739 patients 

with ST-segment elevation who were randomized to receive thrombo-

lytic therapy (76% receiving fibrin-specific lytics) or primary percu-

taneous transluminal coronary angioplasty (PTCA) showed that 

short-term (4- to 6-week) mortality in patients in the PTCA group 

AMI

ASA 165-325 mg qd

β-blocker

Anti-thrombin agent

Consider PTCA ± CABG

ST elevation or new BBB
Contraindications 

to lytics
(see Table 152.2)

Medical therapy
±

PTCA or CABG

No ST elevation
or new BBB

No contraindications to lytics

Sxs 12-24 hSxs <12 h Sxs >24 h

Thrombolytics
(SK, anistreplase, 

t-PA*)

Thrombolytics
(SK, anistreplase, 

t-PA)†

Streptokinase, 
anistreplase

Alteplase, r-PA,
TNK-tPA

Low risk of TE High risk of TE‡

IV unfractionated heparin 48h

Target PTT 50-70 s

Bolus 60 U/kg with continuous
12 U/kg/h

Heparin 12,500

U SQ q12h for
48h

Fig. 152.2 Algorithm for treating acute myocardial infarction.*Preferred for symptom duration of ,6 hours; 

†grade 2b data; ‡anterior myocardial infarction, existing heart failure, previous embolus, atrial fibrillation, and 

left ventricular thrombus. AMI, Acute myocardial infarction; BBB, bundle branch block; CABG, coronary artery 

bypass grafting; PTCA, percutaneous transluminal coronary angioplasty; PTT, partial thromboplastin time; SK, 

streptokinase; SQ, subcutaneous; Sxs, signs and symptoms; TE, thromboembolism. (Data from 1999/2002 

ACC/AHA Guideline Update and 2001 ACCP Consensus Conference.)
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was 7% compared with 9% in patients in the lytic therapy group (P 5 

0.0003).6 Patients treated with primary PTCA showed lower rates of 

nonfatal reinfarction (3% vs. 7%) and stroke (1% vs. 2%) during 

follow-up in a smaller study.33 Short-term results of this meta-analysis 

are summarized in Fig. 152.3.

Potential advantages of angioplasty over thrombolysis as the pri-

mary therapy for AMI are tempered by the recognition that results of 

angioplasty are highly dependent on the volume of cases at a given 

treatment center.34–37 Moreover, many patients initially present to fa-

cilities where interventional cardiology services are not available for 

performing PCI, resulting in the use of thrombolytics before perform-

ing PCI. The Strategic Reperfusion Early After Myocardial infarction 

(STREAM) trial showed that fibrinolytic therapy, clopidogrel, and 

enoxaparin followed by PCI had improved outcomes as compared 

with primary PCI in patients with MI associated with ST-segment  

elevation who were unable to undergo PCI within 1 hour.38 Moreover, 

the Trial of Routine Angioplasty and Stenting after Fibrinolysis to 

Enhance Reperfusion in Acute Myocardial Infarction (TRANSFER-

AMI) trial showed a reduction in the composite endpoint of death, 

reinfarction, recurrent ischemia, new or worsened congestive heart 

failure, or cardiogenic shock within 30 days (11.0% vs. 17.2%; odds 

ratio [OR], 0.64; 95% confidence interval [CI], 0.47–0.87) in patients 

treated with early (,6 hours) PCI after thrombolytic therapy com-

pared with those treated with standard therapy.39 The ideal treatment 

for some patients may involve a combination of thrombolytic therapy, 

antithrombotic agents, antiplatelet agents, and PCI.

Stroke
Stroke is the third leading cause of death in the United States, affect-

ing over 700,000 people per year. The majority of strokes are ischemic 

and result from sudden occlusion of the arteries that deliver blood to 

the brain. Traditional therapy for ischemic stroke includes anticoagu-

lant and antiplatelet agents for medical support, followed by rehabili-

tation after the acute event. More recently, thrombolysis has emerged 

as a treatment for ischemic stroke. Similar to that for AMI, the efficacy 

of thrombolysis in the setting of stroke is highly time dependent  

because of the characteristics of the ischemic penumbra and is the 

highest when lytic treatment is initiated within 90 minutes after 

symptom onset.40,41

Use of thrombolytic therapies for ischemic stroke dates back to 

1995 when the National Institute of Neurological Disorders and Stroke 

(NINDS) published a study on rtPA for treating acute ischemic 

stroke.42 The trial examined the clinical efficacy of intravenous (IV) 

tPA administered within 3 hours of symptom onset. Administration of 

tPA did not improve neurologic function at 24 hours compared with 

administration of placebo. However, in the long term, patients who 

received tPA were 30% more likely to have minimal residual disability 

or were more likely to return to baseline functional status after 3, 6, 

and 12 months.43 However, patients treated with tPA showed a higher 

incidence of intracerebral hemorrhage (6.4% vs. 0.6%, P , 0.001) at 

36 hours. Nevertheless, mortality at 3 months was not significantly 

different (17% vs. 21%, P 5 0.30). The results of this study led to FDA 

approval of IV tPA for the treatment of acute ischemic stroke when 

diagnosed within 3 hours of symptom onset.

Other early randomized trials on IV tPA for treating acute stroke 

were the European Cooperative Acute Stroke Study (ECASS-I), 

ECASS-II, and ATLANTIS trials.40,44–46 Although these trials did not 

reach significance for their primary outcome measure, they did show a 

significant benefit of using tPA within 6 hours of symptom onset for 

improving alternative outcome measures, thus supporting its clinical 

use. More recently, the ECASS-III trial showed a significant but modest 

benefit of tPA compared with that of placebo when administered 

within 3–4.5 hours of symptom onset with no difference in mortal-

ity.47 Based on the results of this trial, Lansberg and colleagues calcu-

lated the number of patients deriving benefit per 100 treated as 28, 23, 

and 17 for the 0- to 1.5-, 1.5- to 3-, and 3- to 4.5-hour windows,  

respectively.48 As a result of the ECASS III trial, IV tPA for the treat-

ment of stroke within 3–4.5 hours has been supported by the Scientific 

Advisory Committee from the American Heart Association Stroke 

Council. The European Medicines Agency has approved the use of IV 

tPA within 4.5 hours of symptom onset even though the FDA has not 

approved tPA use at this time interval.49 The third International Stroke 

Trial evaluated whether tPA had beneficial effects in patients treated 

within 6 hours of symptom onset and in patients older than 80 years. 

The 18-month follow-up showed no improvement in mortality in 

those treated with alteplase versus standard care alone (34.9% vs. 

10-50 21-5

ThrombolyticPTCA better
therapy better

Death
Streptokinase
Fibrin-specific

Nonfatal reinfarction
Streptokinase
Fibrin-specific

Stroke
Streptokinase
Fibrin-specific

Death, non-fatal
reinfarction, or stroke

Streptokinase
Fibrin-specific

Fig. 152.3 Short-term clinical outcomes in patients treated with percu-

taneous transluminal coronary angioplasty and those treated with 

thrombolytic therapy. Odds ratios with 95% confidence intervals. (Re-

printed with permission from Keeley EC, Boura JA, Grines CL. Primary 

angioplasty versus intravenous thrombolytic therapy for acute myocar-

dial infarction: A quantitative review of 23 randomised trials. Lancet. 

2003;361:13–20.)

TABLE 152.2 Contraindications to 
Thrombolytic Therapy in the Setting of Acute 
Myocardial Infarction (With ST-Segment 
Elevation and/or New Bundle Branch Block)

Absolute Contraindications Relative Contraindications

.24 hours since symptom onset 12–24 hours since symptom onset

Prior intracranial hemorrhage Age .75 years

Stroke within the past year Systolic blood pressure of .180 mm Hg 

or diastolic blood pressure of  

.110 mm Hg

Intracranial neoplasm Bleeding disorder

Active bleeding/bleeding diathesis Prior allergic reaction to thrombolytics

Suspected aortic dissection Pregnant or lactating

Significant closed-head or facial 

trauma within 3 months

Prolonged cardiopulmonary resuscita-

tion (.10 min)

Recent internal bleeding (less than 

2–4 weeks)

Active peptic ulcer
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35.1%, P 5 0.85), but a modest statistically significant improvement 

was observed in patients with a low (0–2) Oxford handicap scale score 

(35.0% vs. 31.4%; OR, 1.28; 95% CI, 1.03–1.57; P 5 0.024).50

At present, IV tPA is the only drug and route of administration ap-

proved by the FDA for treating ischemic stroke. However, intraarterial 

(IA) administration of thrombolytics has also been investigated. This 

method requires a neurointerventionalist to place a catheter into the 

thrombosed vessel to directly infuse a thrombolytic. The Prolyse in 

Acute Cerebral Thromboembolism (PROACT II) study51 randomized 

180 patients with middle cerebral artery occlusion to receive IA prou-

rokinase plus heparin versus heparin alone. This study showed that 

over 40% of patients receiving IA prourokinase plus heparin had im-

proved modified Rankin score of #2 compared with only 25% of the 

patients receiving heparin alone. The Japanese MELT trial on IA uro-

kinase was halted early by the trial’s independent monitoring commit-

tee after the approval of IV tPA for stroke in Japan, and thus did not 

reach significance for its primary endpoint.52 Nevertheless, secondary 

analysis of this study and combined analyses with PROACT trials  

suggested a benefit of IA urokinase.53

Interventional Management of Stroke trialists conducted a phase 

III trial to compare a standard dose of IV tPA with that of an IV tPA 

bridge for endovascular treatment.54 The trial was stopped early be-

cause of futility. Patients treated with tPA and endovascular therapy 

did not show significant differences in 90-day mortality (19.1% vs. 

21.6%, P 5 0.52) or modified Rankin score of #2 (40.8% vs. 38.7%, 

absolute adjusted difference, 1.5 percentage points; 95% CI, 26.1 to 

9.1) when compared with patients treated with tPA alone. More recent 

data have demonstrated a benefit for endovascular therapy in anterior 

circulation ischemic stroke. A meta-analysis pooling patient-level data 

from five randomized controlled trials showed the benefit of mechan-

ical thrombectomy in this population when performed within 6 hours 

of symptom onset.55 Patients undergoing mechanical thrombectomy 

were more than twice as likely to have a modified Rankin score #2 at 

90 days (OR 2.35; 95% CI, 1.85–2.98; P , 0.0001). There was no dif-

ference in patient mortality. The 2019 American Stroke Association 

guidelines recommend that patients eligible for IV tPA treatment re-

ceive the treatment even if endovascular therapy is being considered.56 

At centers without neurointerventionalist availability, IV tPA adminis-

tration can be initiated before transfer to centers with endovascular 

capability. Standard contraindications for IV thrombolytic therapy in 

patients with acute ischemic stroke were included in the exclusion 

criteria used in the NINDS study (Table 152.3).

Pulmonary Embolism
PE is a major source of morbidity and mortality in hospitalized pa-

tients, accounting for up to 15% of in-hospital deaths.57 Anticoagula-

tion has been the mainstay of treatment for PE since it was first shown 

to be beneficial in 1960.58 This has been historically achieved with 

IV unfractionated heparin (UFH), although subcutaneous (SC) low-

molecular-weight heparin (LMWH), SC fondaparinux, and monitored 

or fixed-dose SC UFH may also be used.59 Despite the proven efficacy 

of anticoagulation for treating acute PE, a significant proportion of 

patients show incomplete resolution of their occlusion, with subse-

quent organization of the thrombus and obstruction of the involved 

pulmonary artery.60–62 Therefore thrombolysis as a treatment for PE to 

initiate rapid and complete resolution of thrombus became a thera-

peutic approach.

The Urokinase Pulmonary Embolism Trial (UPET) was one of the 

initial studies to evaluate thrombolytic therapy for treating PE.60 This 

prospective study did not show any improvement in mortality or per-

fusion rate after 5 days of lytic therapy. However, the UPET and the 

Urokinase-Streptokinase Embolism Trial showed improvements in 

small-vessel patency at 2 weeks and 1 year after thrombolytic therapy 

as compared with anticoagulation therapy alone.63,64 A 7-year follow-up 

of this cohort of patients suggested that the risk of pulmonary hyper-

tension decreased after thrombolytic therapy, presumably through clot 

dissolution.65

Current CHEST guidelines recommend thrombolytic therapy for 

the treatment of patients with massive PE with hemodynamic instabil-

ity.66 In addition, patients with right ventricular dysfunction or refrac-

tory hypoxemia in the setting of preserved systemic arterial blood 

pressure may benefit from thrombolytic therapy. Right heart strain is 

correlated with an intermediate risk of death.67 Patients with submas-

sive PE showed an improved clinical course after treatment with sys-

temic IV thrombolytic therapy compared with anticoagulation alone; 

however, systemic thrombolysis did not improve long-term mortal-

ity.68 Pulmonary Embolism Thrombolysis (PEITHO) investigators 

conducted a randomized trial involving 1006 patients with PE, right 

ventricular dysfunction, and cardiac enzyme elevation to compare 

TNK-tPA and heparin with placebo and heparin. The primary out-

come of death or hemodynamic compromise within 7 days was re-

duced in patients treated with TNK-tPA as compared with anticoagu-

lation alone (2.6% vs. 5.6%; OR, 0.44, 95% CI, 0.23–0.87; P 5 0.02), 

although not without complications—patients receiving thrombolytic 

therapy had higher rates of stroke (2.4% vs. 0.2%, P 5 0.003) and 

major bleeding (6.3% vs. 1.2%, P , 0.001). However, 30-day mortality 

was similar between the treatment arms (2.4% vs. 3.2%, P 5 0.42).69

Although no significant differences exist among different thrombo-

lytic regimens, IV tPA is preferred because of its short infusion 

time.70,71 FDA-approved regimens for treating acute PE are listed in 

Table 152.4. Major hemorrhagic complications occur in approximately 

12% of patients irrespective of the lytic agent used.72 Fear of bleeding 

after thrombolytic administration has led some centers to investigate 

the use of “half-dose” thrombolysis, which has a low bleeding rate, al-

though published series are small.73 Propensity-matched comparison 

of 548 pairs of patients with PE undergoing half-dose versus standard-

dose systemic thrombolysis revealed similar overall in-hospital mortal-

ity (13.0 vs. 15.1%, half-dose vs. full-dose, P 5 0.30), but a higher 

percentage of patients receiving half-dose therapy required escalation 

TABLE 152.3 Contraindications for 
Thrombolytic Therapy in Ischemic Stroke

Contraindications Relative Contraindications

Symptom duration of .6 hours Symptom duration of 3–6 hours

History of intracranial hemorrhage Witnessed seizure

Evidence of active bleeding Gastrointestinal or urinary

Platelet count of ,100,000/mm3 Hemorrhage within 3 weeks

Recent lumbar puncture, noncom-

pressible arterial puncture site

Prior stroke, head trauma, or  

intracranial surgery within  

3 months

Systolic blood pressure of .185 mm 

Hg or diastolic blood pressure of 

.110 mm Hg

Rapidly improving or only minor  

symptoms

Major surgery within 14 days

Mass effect or hypodensity of more 

than one-third of middle cerebral ar-

tery distribution on head computed 

tomography

Known arteriovenous malformation  

or intracranial aneurysm

Glucose level of ,50 or .400 mg/dL

Elevated partial thromboplastin time 

or international normalized ratio 

(.1.7)
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of treatment in the form of secondary thrombolysis or catheter-based 

thrombectomy.74 Costs were higher in the half-dose group as a result. 

Further, the theoretical benefit of lower intracranial bleeding risk was 

not realized in this series (0.5 vs. 0.4%, P 5 0.67).

Verstraete and colleagues performed the first trial to compare direct 

pulmonary artery thrombolytic infusion with IV infusion.75 However, 

this trial failed to show a benefit of pulmonary artery infusion. Other 

adjunctive techniques include use of ultrasound-producing catheters 

that may increase the permeability of tPA within a clot. A prospective 

randomized trial comparing the efficacy of ultrasound-assisted catheter-

directed thrombolysis (USAT) with that of anticoagulation alone in 

patients with right heart strain showed the superiority of USAT in re-

versing heart strain within the first 24 hours.76 Current guidelines do 

not support the use of catheter-directed thrombolysis (CDT) as a first-

line therapy for PE because of the paucity of published trials address-

ing this question. The CHEST guidelines recommend catheter-directed 

therapies in patients who are at high risk for bleeding with systemic 

thrombolysis, patients who have failed systemic thrombolysis, and 

patients with impending cardiovascular collapse who may die before 

systemic thrombolytics can take effect.66 Interest in catheter-directed 

therapy continues to rise. Catheter-based delivery of thrombolytics 

offers the potential to reduce hemorrhagic complications by dramati-

cally reducing the total dose of tPA required—often 20% of systemic 

dosing.77 Reported major hemorrhage rates were 1% or less.77 A pro-

pensity-matched comparison of data from the National Inpatient 

Sample found an equivalent mortality rate between systemic and CDT 

among 1430 matched pairs, with a significantly reduced rate of intra-

cranial hemorrhage in the catheter-directed lysis cohort (OR 0.47; 

95% CI, 0.27–0.82; P 5 0.01).78 Randomized trials are necessary to 

compare systemic thrombolysis with catheter-directed therapy in a 

prospective fashion.

Deep Venous Thrombosis
The formation of deep venous thrombosis (DVT) is common in acutely 

ill patients, occurring in as many as 30% of intensive care unit patients 

despite prophylaxis.79 Acute occlusion of the deep venous system leads 

to severe sequelae, such as venous gangrene (phlegmasia cerulea do-

lens), and long-term sequelae, including recurrent DVT and post-

thrombotic syndrome (PTS).80–83 PTS is characterized by persistent 

pain, edema, discoloration, and ulceration. Patients with iliofemoral 

DVT experience a higher incidence and severity of postthrombotic 

morbidity than those with infrainguinal DVT. The standard therapy for 

DVT focuses on the prevention of thrombus propagation, stabilization 

of thrombus, and prevention of PE. This is achieved with anticoagula-

tion. However, anticoagulation alone has limited efficacy in restoring 

venous patency and function. Thrombolytic therapy of DVT focuses on 

the dissolution of the clot to prevent PTS. The 2016 Cochrane review, 

which grouped both systemic and regional thrombolysis with antico-

agulation versus anticoagulation alone, found that patients receiving 

lytic therapy showed more complete clot resolution (risk ratio [RR], 

4.91; 95% CI, 1.66–14.53; P 5 0.004) and lower incidence of PTS (RR, 

0.66; 95% CI, 0.53–0.81; P , 0.0001). Thrombolysis carried a higher 

risk of bleeding complications (RR, 2.23; 95% CI, 1.41–3.52; P 5 

0.0006), but there was no significant difference in mortality.84

More recently, CDT and pharmacomechanical thrombolysis (PMT) 

have evolved as the first-line lytic therapies for DVT because they are 

theoretically associated with a reduced risk of bleeding complications. 

CDT involves catheter-directed infusion of thrombolytic agents into 

the affected venous bed and reduces the total dose of thrombolytic 

agent, which in turn decreases systemic side effects. The CaVenT study, 

a randomized controlled trial involving 209 patients, showed that pa-

tients with first-time iliofemoral DVT who were treated with CDT 

within 21 days of symptom onset showed improved iliofemoral pa-

tency at 6 months (65.9% vs. 47.4%, P 5 0.012) and reduction in PTS 

at 2 years (41.1% vs. 55.6%, P 5 0.047) compared with patients treated 

with anticoagulation alone. However, patients receiving thrombolytics 

also experienced 20 bleeding complications.85 The ATTRACT multi-

center randomized trial investigated the effect of PMT plus anticoagu-

lation versus anticoagulation alone in patients with proximal DVT 

involving the femoral vein, common femoral vein, and/or iliac veins.86 

There was no significant difference in the development of PTS at  

24 months of follow-up (47% PMT vs. 48% control, P 5 0.56). 

Although representing the largest trial on CDT for DVT to date, this 

study has been criticized for grouping together patients with iliofemo-

ral DVT and femoropopliteal DVT, the former of which are much 

more likely to develop PTS. This may have led to underestimation of 

the treatment effect of PMT on development of PTS in patients with 

iliofemoral DVT. Subsequent subgroup analysis of iliofemoral DVT 

patients in the ATTRACT trial did demonstrate a reduction in moder-

ate-or-severe PTS in patients undergoing PMT (Villalta scale $10 or 

ulcer: 18% vs. 28%; RR, 0.65; 95% CI, 0.45–0.94; P 5 0.021).87

The current guidelines put forth by the Society for Vascular Surgery 

and the American Venous Forum recommend CDT or PMT for treat-

ing patients with iliofemoral DVT diagnosed within 14 days of symp-

tom onset, good functional capacity, acceptable life expectancy, and 

low bleeding risk.88 The American College of Chest Physicians also 

recommended similar guidelines and reported that CDT was a more 

preferable approach than systemic thrombolysis.66 CDT and/or PMT 

are also recommended for patients with phlegmasia cerulea dolens. In 

addition to treating patients with lower extremity disease, CDT has 

been used for treating young patients with primary upper extremity 

DVT resulting from effort thrombosis (Paget-Schroetter syndrome) or 

idiopathic factors.89

Acute Peripheral Arterial Occlusion
Acute peripheral arterial occlusion (APAO) is a potentially fatal condi-

tion that can lead to amputation in 10%–30% of cases and is associ-

ated with a mortality rate of 15% at 30 days.90 Arterial occlusions arise 

from dissection, trauma, local thrombosis, or emboli. Various nonin-

vasive methods have been developed for treating thromboembolic 

diseases.

Thrombolysis has become a popular means of treating acute arte-

rial occlusion in certain settings, such as for those without an immedi-

ately threatened limb. This approach has been performed since the 

1950s.2 Initial attempts involved systemic delivery but were associated 

with high bleeding risks and poor clinical outcomes. Since the early 

1970s, catheter-directed infusion has become the standard of care, 

which allows higher local thrombolytic concentrations while decreas-

ing the systemic exposure to the medications.91 Various infusion meth-

ods have been developed, including low-dose infusion regimens, high-

dose infusion regimens, and high-pressure infusion (pulse spray). 

TABLE 152.4 Food and Drug Administration–
Approved Regimens for Treating Pulmonary 
Embolism

Drug Systemic Administration

Streptokinase 250,000 U over 30 minutes, followed by 100,000 U/hr for 

24 hours

Urokinase 4400 U/kg over 10 minutes, followed by 4400 U/kg/hr for 

12–24 hours

tPA (alteplase) 100 mg over 2 hours
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However, none of these methods have shown genuine benefit in terms 

of clinical outcomes.92,93

Although streptokinase was the first agent used for treating APAO, 

multiple studies have indicated that urokinase and tPA are more effec-

tive for treating APAO than streptokinase with fewer bleeding compli-

cations.94–96 Recently, tPA and its derivatives have supplanted uroki-

nase as the agents of choice for treating APAO. The safety and efficacy 

profiles of low-dose (,2 mg/hr, usually beginning at 0.5 mg/hr) tPA 

regimens are similar to those of urokinase, with adjunctive heparin 

infusion to maintain the aPTT at 1.5 times of that at baseline. With this 

regimen, over 60% of patients have shown complete resolution and 

30% of patients have shown partial resolution of thrombus within  

24 hours of treatment initiation.97 An advisory panel on CDT recom-

mended weight-based dosing (0.001–0.02 mg/kg/hr) or non–weight-based 

dosing (0.12–2.0 mg/hr), with total doses not exceeding 40 mg.98

Use of thrombolytics for treating APAO is part of a multifaceted 

approach that often involves additional endovascular techniques and/or 

surgical interventions. The Rochester Trial compared initial surgery 

with urokinase treatment in 114 patients with severely threatened 

limbs.99 Limb salvage rates in the two groups were identical (82%) at 

12 months; however, mortality was significantly lower in patients 

treated with urokinase (16% vs. 42%). The Surgery or Thrombolysis 

for the Ischemic Lower Extremity (STILE) trial examined 393 patients 

randomized to surgery or one of two lytic therapies (rtPA or uroki-

nase).100 At 30 days, limb loss rates (5% with lysis vs. 6% with surgery) 

and mortality rates (4% vs. 5%, respectively) were similar between the 

two groups. Subgroup analyses performed in this study showed a 

higher benefit of thrombolytic therapy in patients with graft occlusion 

than in those with native vessel occlusion and acute ischemia of less 

than 2 weeks.101,102 The TOPAS Trial compared recombinant urokinase 

therapy with surgery in 544 patients.103,104 Although it failed to dem-

onstrate an amputation-free survival benefit at 1 year (68% for uroki-

nase, 69% for surgery), it did show that over 30% of the patients 

treated with urokinase were not only alive without amputation but 

also had nothing more than a percutaneous procedure at 6 months. 

Thus a significant number of patients presenting with APAO and 

treated with thrombolysis can avoid surgery. A contemporary series  

by Taha and colleagues comparing the effectiveness of endovascular 

(154 limbs) with surgical (326 limbs) revascularization for acute limb 

ischemia also showed similar amputation rates at 1 year (13.0% vs. 

19.6%, P 5 0.074). In this study, 1-year mortality was significantly lower 

in patients in the endovascular group (12.9% vs. 33.8%, P , 0.001).105

A 2018 Cochrane review identified five prospective, randomized 

trials from the 1990s that compared surgery with thrombolytic 

therapy for the management of acute limb ischemia. The review did 

not show any overall difference in limb salvage or mortality at 1 year. 

As expected, patients treated with thrombolysis showed a higher rate 

of major hemorrhage (OR 3.22, 95% CI 1.79–5.78; P , 0.0001) and 

stroke (OR 5.33, 95% CI 0.95–30.11; P 5 0.06).106 Therefore throm-

bolytic therapy is still not considered the standard of care for treating 

APAO. However, it is useful for treating patients who are poor candi-

dates for surgery and may be best regarded as an adjunct to surgical 

therapy rather than a competing modality. In some cases, throm-

bolysis can aid in recanalization of distal vessels that are not patent 

at treatment initiation, thus permitting subsequent revascularization 

through bypass surgery. Moreover, it may be the best approach for 

treating patients with occluded bypass grafts (Fig. 152.4).100,101 A re-

cent review of available published data affirm the high rate of techni-

cal success for CDT in APAO, approaching 80%, and a pooled 30-day 

amputation-free survival of 88.5%.107 Use of thrombolysis is contra-

indicated in patients with early postoperative thrombosis, thrombo-

sis after penetrating or multiple trauma, or irreversible ischemia in 

the limbs.

Other Applications
In addition to the previously listed indications for thrombolytic therapy, 

another common application is the treatment of thrombosed dialysis 

grafts or central venous catheters. Although the ultimate goal is to rec-

ognize and treat a graft before it fails, thrombolytic treatment can play 

an important role once the graft is occluded. Several techniques have 

been used for treating acutely thrombosed grafts, including mechanical 

thrombectomy, surgical revision, and pharmacologic thrombolysis. A 

meta-analysis indicated that surgical thrombectomy remains the stan-

dard of care and is associated with superior patency, presumably because 

of anastomotic revision, which is performed concurrently.108 In patients 

with occluded central venous catheters, the instillation of 2-mg (1 mg/mL) 

aliquot of alteplase into each lumen for 2 hours may be used to restore 

patency of the catheters.109 Multiple studies have shown this regimen to 

be both safe (#1% bleeding risk) and efficacious (<90% patency after 

two treatments).109,110
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 Fig. 152.4

 

Successive angiograms showing occluded popliteal artery (arrow,

 

A) treated with thrombolytics.

 

After thrombolysis, a focal popliteal artery stenosis is observed (arrow,

 

B) along with patent distal vessels.
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D), with good distal arterial flow.
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MANAGEMENT/LABORATORY VALUES

Administration of thrombolytic agents decreases the circulating levels 

of plasminogen and fibrinogen. Fibrinogen is degraded during fibri-

nolysis, reaching nadir values between 5 and 7 hours after the initia-

tion of therapy.111 In most patients, these values return to baseline 

within 48 hours after lysis. Fibrin degradation products are a reliable 

indicator of fibrinolytic activity because degradation of fibrinogen or 

fibrin by plasmin is the only source of these products in humans.

Monitoring of fibrinogen levels every 6–8 hours is recommended dur-

ing lytic therapy, with a decrease in dose or discontinuation of infusion if 

levels decrease to below 100 mg/dL. In addition, platelet counts should be 

monitored daily. Thrombocytopenia occurs in as many as 10% of patients 

receiving rtPA compared with less than 1% patients receiving streptoki-

nase.112–114 If bleeding occurs, thrombolysis should be discontinued and 

blood products—namely, fresh frozen plasma or cryoprecipitate—should 

be administered to correct the patient’s coagulopathic state.

CONCLUSION

Although evidence strongly supports the use of thrombolytic agents for 

the treatment of various occlusive vascular disorders, this therapy is 

administered in relatively few patients. Increasing data support the 

safety and efficacy of thrombolytic therapy for a variety of disorders, 

which has substantially increased its use over the past two decades. One 

of the challenges in the coming years will be to more clearly define the 

patients who will benefit the most in terms of improved outcomes of 

the underlying disorder, decreased mortality, and prevention of hemor-

rhagic complications. Evolution of technology, including diagnostic 

modalities, mechanical thrombectomy devices, and adjunctive thera-

pies, will continue to expand the indications for thrombolytic therapy.
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• Thrombolytics comprise a diverse group of compounds that convert plas-

minogen to plasmin.

• Thrombolytic therapy is indicated within 6 hours of the onset of AMI, espe-

cially in patients who are not eligible for primary angioplasty.

• Patients with acute ischemic stroke receive the greatest long-term benefit 

from thrombolytic therapy when performed within 4.5 hours of symptom 

onset, and thrombolytic therapy may serve as a pharmacologic bridge to 

CDT in appropriate patients.

• The role of thrombolytic therapy in PE is primarily limited to patients with hemo-

dynamic instability based on currently available data. The choice of systemic 

versus catheter-directed therapy must be made based on patient bleeding risk, 

previous lysis attempts, hemodynamic status, and available local expertise.

• Thrombolysis in deep venous thrombosis is controversial outside of cases of 

phlegmasia. Proponents of catheter-directed techniques cite lower rates of 

post-thrombotic syndrome morbidity.

• Urokinase and tissue plasminogen activator are commonly used for manag-

ing acute peripheral arterial occlusion. Highest benefit is observed in pa-

tients with occlusions for less than 14 days duration and in those with 

previous extremity bypasses.

• Thrombolytic therapy requires intensive monitoring and follow-up radiogra-

phy. Fibrinogen levels should be monitored every 6 to 8 hours, and patients 

should be closely monitored for signs of major hemorrhage.

KEY POINTS

ANNOTATED REFERENCES

Hacke W, Kaste M, Bluhmki E, et al. Thrombolysis with alteplase 3 to 

4.5 hours after acute ischemic stroke. New Engl J Med. 2008;359(13):

1317-1329.

The publication of the ECASS III trial that demonstrated a clinical benefit for 

patients with acute ischemic stroke treated with fibrinolysis at up to 4.5 hours 

after symptom onset. This trial led to the expansion of the recommended 

window for treatment of acute ischemic stroke with thrombolytics from  

3 hours to 4.5 hours.

Hilleman DE, Tsikouris JP, Seals AA, et al. Fibrinolytic agents for the manage-

ment of ST-segment elevation myocardial infarction. Pharmacotherapy. 

2007;11:1558-1570.

A detailed review of currently approved thrombolytic agents in the treatment 

of acute ST-elevation myocardial infarction.

Keeley EC, Boura JA, Grines CL. Primary angioplasty versus intravenous 

thrombolytic therapy for acute myocardial infarction: A quantitative  

review of 23 randomised trials. Lancet. 2003;361(9351):13-20.

This meta-analysis summarizes the results of those trials comparing the use 

of lytics in acute myocardial infarction either with primary angioplasty or 

lytic therapy. It concludes that there is an overall benefit in the use of primary 

percutaneous thrombolytic coronary angioplasty.

Kwiatkowski TG, Libman RB, Frankel M, et al. Effects of tissue plasminogen 

activator for acute ischemic stroke at one year. National Institute of Neu-

rological Disorders and Stroke Recombinant Tissue Plasminogen Activator 

Stroke Study Group. New Engl J Med. 1999;340(23):1781-1787.

This is a follow-up study to the landmark NINDS study published in 1995 

examining the use of lytics in the treatment of acute ischemic stroke. This 

study documented a functional improvement in those patients treated with 

tPA within 3 hours of symptom onset compared with treatment with placebo, 

although no change in mortality was documented.

Meyer G, Vicaut E, Danays T, et al. Fibrinolysis for patients with intermediate-

risk pulmonary embolism. New Engl J Med. 2014;370(15):1402-1411.

Randomized, multicenter trial examining the effect of tenecteplase plus anti-

coagulation versus anticoagulation alone in patients with intermediate-risk 

pulmonary embolism. This study documented a mortality benefit in patients 

undergoing thrombolysis and found that thrombolysis prevented further  

hemodynamic decompensation.

Ouriel K, Veith FJ, Sasahara AA. A comparison of recombinant urokinase with 

vascular surgery as initial treatment for acute arterial occlusion of the legs. 

Thrombolysis or Peripheral Arterial Surgery (TOPAS) Investigators. New 

Engl J Med. 1998;338(16):1105-1111.

Randomized, multicenter trial examining intraarterial urokinase versus sur-

gery for acute (,14 days) arterial occlusion. This trial, along with the Roch-

ester and STILE trials, provides the cornerstone for the argument supporting 

the use of lytics in acute peripheral arterial occlusion.

Vedantham S, Goldhaber SZ, Julian JA, et al. Pharmacomechanical catheter-

directed thrombolysis for deep-vein thrombosis. New Engl J Med. 

2017;377(23):2240-2252.

The ATTRACT trial is the largest randomized study to date examining the 

effects of catheter-directed thrombolytic therapy for patients with proximal 

deep venous thrombosis.
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Atherosclerosis and its thromboembolic complications are leading 

causes of mortality and morbidity. This progressive disorder usually 

remains clinically silent until it causes end-organ damage resulting in 

stroke, ischemic heart disease, and/or peripheral vascular insufficiency. 

Atherosclerosis characteristically affects the aorta, with the abdominal 

aorta more widely involved than the thoracic aorta. Lower limb vessels 

are more frequently affected than upper limb vessels, whereas renal, 

pulmonary, and mesenteric vessels are the least susceptible.

Nearly half of all strokes were thought to result from cerebral vaso-

spasm until the 1950s, when Fisher stressed the etiologic importance 

of emboli from carotid artery atherosclerotic plaques.1 Although em-

bolization from the heart and major vessels accounts for a large num-

ber of ischemic cerebrovascular accidents, the cause of a significant 

proportion (40%) remains undetermined; nevertheless, after appro-

priate imaging studies, about 20% of them could be reclassified as 

embolic in origin.2 The following account will focus on the patho-

physiology, clinical consequences, detection, prevention, and manage-

ment of atheromatous embolization.

PATHOPHYSIOLOGY

Atherosclerosis
The process of atherosclerosis may begin as early as childhood, devel-

oping slowly with effects rarely manifesting before the fourth or fifth 

decades of life. Traditional risk factors include hypertension, diabetes, 

smoking, and hypercholesterolemia.

Atherosclerosis can affect any artery, but the most frequently affected 

are the large and medium-sized arteries. Intravascular sites of blood 

turbulence, such as bifurcations, favor the development of atheroscle-

rotic lesions. Initial changes in arterial wall morphology result in the 

formation of fatty streaks that consist of lipid-engorged macrophages in 

the arterial intima. Progression of such precursor lesions occurs second-

ary to an inflammatory process initiated by endothelial injury and  

dysfunction.3 Insufficient nitric oxide production results in increased 

adhesion and aggregation of platelets. Up-regulation of the expression 

of endothelial adhesion molecules and selectins leads to the accumula-

tion of monocytes and T lymphocytes. These cells become activated and 

produce growth factors, cytokines, and chemokines. Smooth muscle 

cells migrate from the media into the intima and proliferate. In time, 

these lesions develop into raised, fibrous plaques consisting of a fibrous 

cap covering a core containing necrotic material, lipids, and cholesteryl 

esters. This advanced plaque forms the base onto which the complex 

plaque develops, consisting of fissures, erosions, or ulceration. Interest 

has increased in the role of monocytes and macrophages in the patho-

genesis of plaque progression and rupture,4 processes that are related to 

thrombosis, embolism, and clinical manifestations.

Atheromatous Embolization
Atheromatous embolization is a descriptive term for embolization of 

any atheromatous material. Atheroembolization refers to the dislodg-

ment of vascular plaque material that contains cholesterol crystals, 

red blood cells, and fibrin.5 This “cholesterol emboli” syndrome com-

prises renal failure, skin lesions, blue toes, and neurologic manifesta-

tions. It can develop spontaneously (because of plaque rupture) or 

after the use of thrombolytics or anticoagulants,6 or result from arte-

rial manipulation (during surgical procedures, cardiac catheteriza-

tion, insertion of an intraaortic balloon pump [IABP], percutaneous 

aortic valve replacements [transcatheter aortic valve implantation 

(TAVI)], and aortic endo-stent placements [thoracic endovascular 

aortic repair/endovascular aortic repair (TEVAR/EVAR)]).7 Disrup-

tion of a vascular plaque results in the release of cholesterol crystals 

with subsequent downstream vascular obstruction and initiation of 

an inflammatory process with lymphocytic and mononuclear cell in-

filtration. Biopsy specimens of affected organs such as skin or kidneys 

are usually diagnostic.

Plaque Morphology and Embolic Risk
Severe atherosclerosis of the ascending aorta appears to be the most 

important morphologic indicator of an increased risk of atheroma-

tous embolization. The French Aortic Plaque in Stroke group identi-

fied a plaque thickness of 4 mm or greater on transesophageal echo-

cardiogram (TEE) as an independent predictor of recurrent 

embolization.8,9 Plaque ulceration and morphology may contribute 

to an increased risk of embolic events, with evidence of peduncu-

lated, mobile plaques and the absence of calcium conferring a higher 

risk.10,11 The cerebral embolic risk is also influenced by plaque loca-

tion; as complex plaques are more frequent distal to the ascending 

aorta, there is increased risk to the left cerebral hemisphere and the 

peripheral circulation.10

Macroembolization and Microembolization
Emboli can be divided into macroemboli and microemboli, also de-

scribed as thromboembolism and atheroembolism. Despite sharing the 

same underlying pathophysiology, clinical manifestations differ. 

Thromboemboli affect arteries larger than 200 mm in diameter, 

whereas atheroemboli affect smaller arteries, arterioles, and capillar-

ies.12 Macroemboli may cause overt clinical presentations (e.g., stroke 

or peripheral ischemia), whereas microemboli tend to be more occult 

in their manifestations of end-organ injury or dysfunction (e.g., renal 

injury, neuropsychological impairment). Embolization may arise 

spontaneously or be related to vascular interventions and cardiovascu-

lar surgery. The complex aortic plaque–related 3-year mortality is re-

ported to be as high as 20%.13
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CLINICAL CONSEQUENCES OF ATHEROMATOUS 
EMBOLIZATION

Cerebral
As the prevalence of aortic atherosclerotic disease increases with age, 

so does the rate of atheromatous embolization. Postmortem studies 

indicate that it affects 20% of patients in their fifth decade, increasing 

to 80% in those in their eighth decade.14 Emboli from the atheroscle-

rotic thoracic aorta commonly result in stroke (50%) and transient 

ischemic attack (35%),13 with the middle cerebral artery being the 

most frequent site of arterial embolism. Stroke has profound effects; 

outcomes from acute stroke are measured in terms of survival, func-

tional independence, and financial cost. Survival after stroke is signifi-

cantly poorer than after myocardial infarction (MI) or most cancers 

and is the leading cause of disability in developed countries.15

Cholesterol emboli (atheroembolization) are an important and 

frequently unrecognized cause of stroke.16 Microembolization is a 

recognized cause of more subtle, sometimes subclinical neurologic 

injury.17,18 This injury is manifested by subtle changes in cognitive 

function that may only be evident on detailed neuropsychological test-

ing19,20 and include amaurosis fugax, transient ischemic attack, and 

confusional state. Rarely, embolization to the spinal cord can lead to 

lower extremity paralysis. The importance of microembolization has 

increased over recent years, particularly in patients undergoing coro-

nary artery bypass surgery (CABG); nevertheless, the evidence suggests 

that the late cognitive decline between 1 and 5 years after surgery may 

be secondary to high rates of cerebrovascular disease among patients 

who need CABG. A history of hypertension and other cardiovascular 

risk factors are known to be associated with increased risk for long-

term cognitive decline.21

Cardiac
Atherosclerotic disease is the leading cause of death in developed 

countries. Every year it results in over 19 million deaths worldwide, 

and coronary heart disease accounts for the majority of those.22 Most 

acute coronary syndromes are caused by plaque rupture. Distal embo-

lization of cholesterol and atheromatous material may be important in 

the pathogenesis of some acute coronary syndromes.23 The occurrence 

of distal coronary embolization in the setting of acute coronary syn-

dromes has been followed using serum levels of cardiac troponins to 

detect small degrees of myocardial necrosis. Embolization after percu-

taneous coronary interventions is well recognized, and elevated tropo-

nins are seen in up to 44% of patients.24,25

Peripheral
Peripheral emboli most frequently lodge in the lower extremities. Cho-

lesterol atheroembolization may be subclinical or result in systemic 

effects. Although renal, neurologic, and cutaneous manifestations tend 

to dominate the clinical picture, involvement of most organs has been 

reported.

Cholesterol embolization frequently manifests as acute kidney in-

jury26,27 and can even lead to renal failure.26,27 In those cases, renal 

biopsy is diagnostic.28 Cutaneous manifestations, including livedo 

reticularis and “blue-toe” syndrome, are the most common signs of 

atheroembolism, occurring in up to 34% of cases.29 Atheroemboli 

from the carotid vessels give rise to retinal emboli,30 resulting in visual 

symptoms. The mesenteric circulation may also be affected, resulting 

in small bowel bleeding31 and intestinal infarction. The pancreas, 

spleen, liver, and gallbladder may also be involved.32 More rarely, in-

volvement of transplanted viscera such as the kidney may result in 

renal failure.33

DIAGNOSIS AND SCREENING

Full clinical assessment and screening of patients presenting with em-

bolic complications are essential in guiding management and preven-

tion strategies. Diagnosis of cholesterol embolization syndrome relies 

on clinical findings in patients with atherosclerotic disease and a his-

tory of recent vascular intervention. As different organs can be in-

volved, a high index of clinical suspicion is vital. It is important to 

differentiate between atheroembolism and thromboembolism, as the 

treatment may be guided accordingly.

Many imaging modalities have been used to visualize atheroscle-

rotic plaques—some in routine clinical practice and others reserved 

for research. Technologic advances in imaging have provided tools that 

allow primary prevention by identifying those at highest risk, enabling 

appropriate disease-modifying treatment to be initiated.

X-ray Angiography
X-ray angiography is an invasive procedure that allows assessment of 

the vascular lumen. However, it is not as sensitive in plaque detection 

as other imaging modalities and also confers an additional risk of 

plaque disruption secondary to instrumentation. Despite these limita-

tions, angiography is still regarded as the gold standard for imaging 

coronary, carotid, and peripheral arterial disease.34

Surface and Transesophageal Ultrasonography
Measurement of carotid and aortic wall thickness in addition to quali-

tative and quantitative assessment of atherosclerotic plaques can be 

determined using ultrasonography. The North American Symptomatic 

Carotid Endarterectomy Trial and the Asymptomatic Carotid Artery 

Stenosis Study have shown that the degree of stenosis and its hemody-

namic consequences are important in the development of stroke.35,36 

High-resolution, real-time B-mode ultrasound with Doppler flow 

imaging is currently considered the modality of choice in imaging the 

carotid arteries.37

With respect to screening, carotid intima-medial thickness (CIMT) 

measured by B-mode ultrasound is assessed as a risk factor and a 

marker for vascular disease risk. This marker most accurately represents 

subclinical vascular disease, but not plaque formation or atherosclerosis 

per se. Epidemiologic and clinical trial evidence, digitization, and stan-

dardization have made CIMT a validated and accepted marker for 

generalized atherosclerosis burden and vascular disease risk.38 CIMT is 

a predictor of coronary events and stroke, in addition to all-cause mor-

tality.39,40 The American Society of Echocardiography Carotid Intima-

Media Thickness Task Force recommends the use of CIMT measure-

ment by ultrasound in intermediate-risk asymptomatic patients, with a 

goal of predicting future coronary heart disease events.41

TEE is a quick and safe procedure with widespread use ranging 

from the operating theater to the bedside.42 TEE is the procedure of 

choice for the detection, assessment, and characterization of thoracic 

aortic atherosclerosis. TEE can reliably detect intimal thickening, ul-

ceration, calcification, and the presence of mobile components within 

the aortic plaque (Fig. 153.1). The French Aortic Plaque in Stroke in-

vestigators used TEE to assess aortic plaque thickness in patients with 

stroke, reporting that increased plaque thickness imparted a significant 

increase in stroke risk.8,9 Katz and colleagues used the following five-

grade ranking system to indicate the severity of aortic atherosclerosis 

as assessed using TEE in 130 patients undergoing cardiac surgery with 

cardiopulmonary bypass: grade 1, normal aorta; grade 2, flat intimal 

thickening; grade 3, protruding atheroma in the aortic lumen  

(,5 mm); grade 4, protruding atheroma (.5 mm); and grade 5, ath-

eroma with a mobile thrombus.43 Patients with grade 5 lesions were at 

highest risk of stroke. Logistic regression identified aortic arch atheroma 
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as the only variable that was predictive of stroke, with an odds ratio of 

5.8. Another study of 315 CABG patients undergoing intraoperative 

TEE also reported a significant increase in the risk of stroke in patients 

with aortic arch intimal thickening of greater than 5 mm.44

It is no surprise that patients with the highest-risk carotid lesions 

also have high-risk aortic plaques. Assessment of the carotid arteries 

and the aorta is prudent in the investigation of atherosclerotic patients 

who have suffered embolic events.

Intraoperative Epiaortic Ultrasound
Epiaortic ultrasonography involves intraoperative imaging of the ascend-

ing aorta using a sterile-sheathed transducer. This technique is noninva-

sive and has been used in the context of cardiac surgery to detect areas of 

ascending aortic atherosclerosis,45 thus allowing modification of the sur-

gical technique in an attempt to reduce potential embolic complica-

tions.46 The main disadvantage of this technique is suboptimal imaging 

of the aortic arch. Intraoperative epiaortic ultrasound can therefore be 

used to complement the information on the aortic arch obtained by TEE.

Transcranial Doppler
Transcranial Doppler (TCD) ultrasonography can be used to detect and 

quantify cerebral microemboli. Ultrasound probes are placed bilaterally 

on the temple, overlying the middle cerebral vessels. Emboli cause an 

increase in the reflected ultrasound, causing high-intensity transient 

signals (HITS). These HITS are the footprints of microemboli, which 

may consist of air, fat, atheromatous material, or platelet-fibrin emboli. 

In addition to detecting cerebral microemboli, TCD can be reliably 

used to assess cerebral vasomotor reactivity and autoregulation; to 

document the circle of Willis functional status; and to identify cerebral 

hypoperfusion and hyperperfusion, recanalization, and reocclusion.47

TCD can reliably detect HITS intraoperatively and has been used 

extensively in the context of cardiac and carotid surgery. During car-

diac surgery, microemboli can be detected after intraoperative aortic 

manipulation (aortic cannulation and application and removal of 

aortic cross-clamp) and during cardiopulmonary bypass; nevertheless, 

this study and others showed that advanced age is still the strongest 

predictor of postoperative neurocognitive impairment after surgery.48 

HITS have also been identified in patients with symptomatic carotid 

artery stenosis,49 patients with prosthetic heart valves,50 and those with 

aortic atherosclerosis.51 Their presence is a significant independent 

predictor of early recurrence of stroke.52

A major limitation is an inadequate acoustic window in 5%–20% 

of individuals.53 With multirange, multifrequency Doppler systems, 

automatic artifact rejection and differentiation between solid and gas-

eous microemboli have become possible with high sensitivity and 

specificity.54,55 A significant reduction in intraoperative cerebral mi-

croembolism and a reduction in the proportion of solid microemboli 

have been reported with TCD, with avoidance of cardiopulmonary 

bypass and minimizing manipulation of the ascending aorta during 

cardiac surgery.48,56

An exciting recent development with TCD ultrasonography is its 

therapeutic use in the treatment of stroke. This procedure involves the 

use of TCD ultrasound to augment the effect of fibrinolysis and has 

been shown to at least double the chance of early complete arterial 

recanalization.57

Computed Tomography
Computed tomography (CT) can be used for imaging the aorta and 

quantifying aortic wall calcification. Contrast-enhanced CT has been 

proposed as a valuable method for following the progression and re-

gression of atherosclerotic disease.58 The main advantage over TEE is 

the ability to completely image the thoracic and abdominal aorta. Dis-

advantages include radiation and contrast exposure with potential for 

renal damage, limiting its use in asymptomatic populations.

Coronary multidetector CT angiography (MDCTA) can be used in 

identifying patients at a particularly high risk of dying suddenly or 

suffering a nonfatal MI. It provides information on coronary artery 

stenosis and an estimate of calcification: coronary artery calcium 

(CAC). The latter is related to multiple risk factors of coronary artery 

disease. The importance of CAC screening lies in its potential to in-

crease the predictive power of testing for future events.40,59

Magnetic Resonance Imaging Techniques
Magnetic resonance imaging (MRI) has emerged as a leading noninva-

sive imaging modality for atherosclerotic disease. MRI can be used to 

image atherosclerotic plaques in aortic, carotid, peripheral, and coro-

nary arterial disease.60,61 Its major strengths rest in its ability to deter-

mine plaque morphology. Using a range of techniques, MRI can  

provide valuable information on the composition of the atheroscle-

rotic plaque by identifying the three main factors that determine 

plaque stability: (1) presence of a lipid core, (2) thickness of the fibrous 

cap, and (3) inflammation within the cap. MRI allows identification of 

Fig. 153.1 CT angiography demonstrating heavily diseased thoracic aorta (“shaggy aorta”). The arrows 

show atherosclerotic plaques. The difference between a normal vessel and a severely atherosclerotic one can 

be appreciated here in A, between the ascending aorta (1) and the descending aorta (2). A, Transversal view; 

B, sagittal view; C, coronal view.
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high-risk unstable plaques and thus guides intervention and therapy62 

in addition to monitoring response to therapy with statins.63 Magnetic 

resonance angiography has a high sensitivity and specificity and can be 

used to image the aorta, carotid, renal, and other peripheral vessels. 

Evolving magnetic resonance techniques include intravascular64 and 

transesophageal65 MRI.

Tissue Diagnosis
Cholesterol embolization can only be confirmed with biopsy, as the 

clinical manifestations are often subtle and nonspecific compared with 

those of thromboembolism. Cholesterol clefts in arterioles are evi-

dence of cholesterol crystal emboli that have dissolved during the 

process of fixation of the specimen. Intimal proliferation of the arterial 

vascular bed after cholesterol crystal embolization may be responsible 

for the end-organ malperfusion.66

VASCULAR MANIPULATION AND EMBOLIC EVENTS

Cardiac Surgery
Stroke, transient ischemic attack, and peripheral embolization are po-

tential complications after cardiac surgery. Atheroembolism results in 

a variety of clinical manifestations and can be fatal in about 20% of 

patients.67 Stroke affects less than 2% of CABG patients and is higher 

in those undergoing open heart procedures.68 The risk of perioperative 

stroke increases with advancing age, and those with concomitant car-

diovascular risk factors are at highest risk.69 Additionally, female sex is 

independently associated with a significantly higher risk of periopera-

tive stroke.70 Embolization from the atheromatous aorta is the single 

most important etiologic factor for stroke. This risk arises during in-

traoperative manipulation of the aorta, including cannulation for 

cardiopulmonary bypass, application and removal of an aortic cross-

clamp for administration of cardioplegia, and the use of side-clamps 

for anastomosis of the proximal end of the graft to the aorta. Special 

approaches such as single-clamp or touchless aortic techniques sig-

nificantly reduce this risk.71 Patients undergoing cardiac surgery with 

aortic plaque greater than or equal to 5 mm had a higher incidence of 

stroke.72 As previously mentioned, mobile plaques confer a greater risk 

of stroke. This effect was seen in an analysis of 130 patients undergoing 

CABG, with a higher incidence of stroke in the cohort in whom mobile 

plaques were identified.73 Roach and colleagues showed that athero-

sclerosis of the ascending aorta is the strongest independent predictor 

of perioperative stroke, with an odds ratio of 4.5.74

Cardiac Catheterization and Peripheral  
Vascular Intervention
Aortic manipulation during cardiac catheterization procedures or 

IABP insertion may cause embolization from aortic atheroma. In a 

report comparing 59 patients with atherosclerotic aortic debris under-

going transfemoral cardiac catheterization, an embolic event occurred 

in 17% of the patients with atherosclerotic aortas compared with 3% 

of controls.75 In the proportion of patients requiring IABP, 5 out of 10 

patients with atherosclerotic aortas had an embolic event compared 

with none of the 12 patients with IABP in the control group. When a 

transbrachial approach was used in patients with atherosclerotic aor-

tas, none of the 11 patients suffered an embolic event. Patients with 

mobile aortic atheromas on TEE are at the highest risk of catheter-re-

lated embolization.75 A recent study reported the rate of clinically sig-

nificant distal embolization in 2.4% of patients undergoing peripheral 

arterial intervention.76

Cholesterol embolization can complicate cardiac catheterization. Be-

cause it is commonly asymptomatic, the exact incidence is uncertain and 

mainly depends on the detection criteria used (clinical or pathologic). 

Cholesterol can be identified in the lumen of affected arterioles in up to 

12% of patients after cardiac catheterization.77 A prospective multicenter 

study reported cholesterol embolization in 1.4% of patients after cardiac 

catheterization based on evidence of peripheral cutaneous involvement 

or renal dysfunction.78 The syndrome occurred more frequently in pa-

tients with generalized atherosclerosis.

PREVENTION AND MANAGEMENT

Treatment of atheromatous embolization depends on the clinical 

manifestation. However, evidence of atherosclerotic disease with 

plaque should be considered a cardiovascular risk factor, and preven-

tive measures should be taken despite the symptomatic status of the 

individual. General measures include identification and modification 

of risk factors. Patients with the clinical syndrome of cholesterol em-

bolization have a generally poor prognosis, particularly when there is 

evidence of visceral and renal involvement. Supportive management 

with blood pressure control and, if necessary, renal replacement ther-

apy is indicated. Strategies for the general prevention and management 

of atheromatous embolization are discussed here.

Antiplatelet Agents and Anticoagulants
As thrombi can develop on and embolize from atherosclerotic plaques, 

it seems logical to use antiplatelet agents or anticoagulants to prevent 

these thromboembolic complications. Three studies have reported a 

reduction in the risk of stroke with anticoagulation.79–81 These studies, 

however, were not randomized and did not include long-term follow-

up. A randomized trial reported that in patients with stroke, large aortic 

plaques remain associated with an increased risk of recurrent stroke 

and death at 2 years despite treatment with warfarin or aspirin.82

The Aortic Arch Related Cerebral Hazard (ARCH) trial was an 

open-label trial where patients with aortic arch atheroma (4 mm or 

greater) and nondisabling stroke were assigned to warfarin (target in-

ternational normalized ratio [INR], 2.0–3.0) versus aspirin (75 mg/d) 

plus clopidogrel (75 mg/d) and followed longitudinally to determine 

which treatment was superior for secondary stroke prevention. Unfor-

tunately, the trial was stopped prematurely and was underpowered to 

determine a difference in the primary endpoints of cerebral infarction, 

MI, peripheral embolism, and intracranial hemorrhage, although vas-

cular death was significantly lower in the dual-antiplatelet cohort.83 

The main concern with anticoagulation is the risk of plaque hemor-

rhage and atheroembolization.84 However, the risk of clinical athero-

emboli syndrome during warfarin therapy in such patients appears to 

be low (only 1 episode in 134 patients according to the Stroke Preven-

tion in Atrial Fibrillation trial).79

In patients with atherosclerosis, acute ischemic events are usually 

precipitated by thrombosis, and antiplatelet agents play a fundamental 

role in thrombosis prevention. Routine use of aspirin in high-risk pa-

tients is universally recommended.85 The Antithrombotic Trialists’ 

Collaboration published a major meta-analysis with over 200,000 pa-

tients assessing the effect of antiplatelet therapy in patients with vari-

ous manifestations of atherosclerosis. This study reported a significant 

reduction in the rate of stroke, MI, or vascular death in those on anti-

platelet therapy.86

Aspirin is the most commonly used antiplatelet agent. It inhibits 

thromboxane-dependent platelet aggregation. Thienopyridines, in-

cluding clopidogrel and ticlopidine, act by blocking adenosine diphos-

phate (ADP)–dependent activation of platelets. There is evidence that 

thienopyridine derivatives are modestly but significantly more effec-

tive than aspirin in preventing serious vascular events in patients at 

high risk, but there is uncertainty about the size of the additional ben-

efit.86 The thienopyridines are also associated with less gastrointestinal 
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hemorrhage and upper gastrointestinal upset compared with aspirin 

but with an excess of rash and diarrhea.87 In the Clopidogrel in Un-

stable Angina to Prevent Recurrent Events (CURE) trial, a long-term 

benefit was observed with the use of clopidogrel in addition to aspirin 

in high-risk patients (unstable angina and non–Q-wave MI).88

Platelet activation leads to a conformational change in glycoprotein 

IIb/IIIa, the major fibrinogen receptor on platelets. Intravenous glyco-

protein IIb/IIIa inhibitors (e.g., abciximab) are generally reserved for 

the high-risk setting of percutaneous coronary intervention.

Dextran has antiplatelet and intravascular volume expansion ef-

fects. Postoperative or perioperative administration of 10% dextran 40 

reduces the rate of TCD-detected microembolic signals after carotid 

endarterectomy.89,90 Dextran, however, may interfere with crossmatch-

ing blood and cause bleeding, renal failure, or (occasionally) acute al-

lergic reactions.

The Guidelines for the Diagnosis and Management of Patients with 

Thoracic Aortic Disease have been published by the American College 

of Cardiology Foundation/American Heart Association (ACCF/AHA). 

Oral anticoagulation therapy with warfarin (INR, 2.0–3.0) or anti-

platelet therapy in stroke patients with aortic arch atheroma 4.0 mm 

or greater to prevent recurrent stroke was a class IIb recommendation 

(level of evidence, C).91 However, American College of Clinical Phar-

macy (ACCP) guidelines from 2012 recommend that patients with 

aortic disease with no previous neurologic event have no indication for 

anticoagulation.92

Statins
There is a clear association between elevated levels of plasma choles-

terol and atherosclerotic disease. Statins or 3-hydroxy-3-methylgluta-

ryl coenzyme-A (HMG Co-A) reductase inhibitors reduce the hepato-

cyte cholesterol content and increase expression of low-density 

lipoprotein (LDL) cholesterol receptors, resulting in a drop in serum 

LDL cholesterol. In addition, it has become evident in recent years that 

statins possess cholesterol-independent or pleiotropic effects. These 

include improvement of endothelial function by improving the bio-

availability of nitric oxide, decreasing vascular inflammation, and sta-

bilizing plaques.93 Statins are widely used in primary and secondary 

prevention of ischemic heart disease. A meta-analysis of randomized 

placebo-controlled double-blind trials with statins reported a 30% 

reduction in stroke risk with statin therapy.94 Another meta-analysis of 

data pooled from over 49,000 patients treated with statins in 28 trials 

reported a relative risk of stroke of 0.76 in statin-treated patients.95 

Tunick and colleagues showed that statin therapy was independently 

and significantly protective against the occurrence of embolic events 

(risk ratio, 0.39) in patients with severe thoracic aortic plaque.13

Plaque size reduction, stabilization, and prevention of plaque 

thrombosis may be the mechanisms leading to a reduction in athero-

matous embolization. Two randomized studies of low-dose and 

higher-dose statins in patients with aortic and/or carotid plaques 

showed significant regression in plaques seen on MRI.96,97

Minimal Aortic Manipulation
The use of smaller arterial catheters during cardiac catheterization 

may help reduce the risk of embolization.98 Reduction of embolization 

during cardiac surgery is possible with modifications to the operative 

technique. Avoidance of aortic manipulation intraoperatively is most 

important.71 This can be achieved in patients undergoing CABG by 

avoidance of cardiopulmonary bypass, which obviates the need for 

aortic cannulation and cross-clamping.99,100 For those patients where 

cardiopulmonary bypass and aortic cross-clamp cannot be avoided, 

there are some options using arterial cannulas with incorporated filter 

devices—the results using these kinds of devices have been promising 

in highly selected patients with preoperatively determined high risk for 

embolization.101 The use of composite arterial grafts (bilateral internal 

thoracic artery grafts with the radial artery anastomosed to the inter-

nal thoracic artery) avoids the need for proximal aortic anastomosis 

requiring a side-clamp.102 Off-pump surgery has been shown to offer a 

reduction in the risk of stroke in patients with atheromatous aortas.103 

We have reported a significant reduction in cerebral microemboliza-

tion by avoiding cardiopulmonary bypass and aortic manipulation.48,56 

A strategy for potential prevention of embolization in cardiac surgery 

is summarized in Box 153.1.

Surgical Treatment
Treatment of patients with symptomatic carotid atherosclerosis is well 

established. The European Carotid Surgery Trial (ECST) and North 

American Symptomatic Carotid Endarterectomy Trial (NASCET) in-

vestigators reported a clear benefit of carotid endarterectomy in the 

prevention of stroke in patients with high-grade, recently symptomatic 

carotid stenosis.35,104 This benefit is offset by the surgical risk of the 

procedure. The perioperative stroke and death rate for patients with 

high-grade stenosis was 8% at 30 days in ECST and 6% in NASCET. 

These rates are acceptable, given the absolute risk reduction by surgery 

of 10% and 17%, respectively. However, for patients with asymptom-

atic carotid disease, the risk-to-benefit ratio is narrower, and carotid 

endarterectomy is currently only recommended for high-grade carotid 

stenosis (70%–99%).

The International Carotid Stenting Study looked at angioplasty and 

stenting of the carotid vessels as an alternative to endarterectomy. 

However, they reported higher rates of stroke and mortality with ca-

rotid stenting compared with endarterectomy and therefore recom-

mended that carotid endarterectomy should remain the treatment of 

choice.105

Management of patients with recurrent embolic events caused by 

aortic atherosclerotic disease can be problematic. Aortic arch endarter-

ectomy in patients with severe aortic atherosclerosis has been re-

ported.106–108 This procedure is performed using deep hypothermic 

circulatory arrest and is associated with significant perioperative mor-

bidity and mortality. When performed during cardiac surgical proce-

dures using cardiopulmonary bypass, it resulted in a significantly 

higher rate of stroke and mortality. Therefore there is insufficient evi-

dence to recommend this mode of treatment for stroke prevention. In 

the context of cardiac surgery, replacement of the ascending aorta can 

be performed with acceptable mortality and morbidity,109 particularly 

in the intraoperative management of patients with so-called porcelain 

aorta110 (severe diffuse atherosclerosis and calcification of the ascend-

ing aorta that causes an eggshell appearance on x-ray or CT). System-

atic use of preoperative noncontrast CT of the chest in all patients  

BOX 153.1 Prevention of Embolization 
During Cardiac Surgery in Patients With 
Atherosclerosis

• Establish the patient’s preoperative risk factors.

• Image the ascending aorta and arch preoperatively.

• Assess the carotid arteries.

• Assess the ascending aorta using intraoperative epiaortic ultrasound.

• Use evidence-based decisions to reflect the operative technique.

• Decide the site and risk of cannulation.

• Avoid repeated aortic clamping.

• Consider no-touch aortic techniques.

• Perform off-pump surgery with composite arterial grafting where possible.
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70 years of age and older who undergo open heart surgery increases 

the chance of identifying aortic disease and accordingly allows for 

planning of operative strategies and risk stratification related to peri-

operative stroke.111

With increasing interest, dedicated endovascular procedures to 

treat atherosclerotic aortas with stents as a means of preventing subse-

quent embolization from aortic plaque have been explored with some 

success. This involves the use of covered stents to exclude the plaque 

disease. This minimally invasive approach may offer a treatment strat-

egy for patients who are unfit for conventional surgery despite its in-

herent risk of embolization secondary to instrumentation.112,113

Endovascular procedures to treat cardiac valve pathology, aortic 

aneurysms, dissection, hematomas, and so on have gained a leading 

role within the therapeutic armamentarium and open a whole new 

area of potential thromboembolic complications.

The presence of aortic wall thrombus (AWT) or its most aggressive 

entity better known as shaggy aorta syndrome can affect suitability to 

endovascular repair. A qualitative score classification system (0–10 

AWT) has been used.114 With aortic CT angiographic assessment, the 

number of affected aortic segments, thrombus type, thickness, area, 

and circumference can be identified and have a better quantification of 

the atherothrombotic burden (see Fig. 153.1). Modification of the 

surgical technique and use of filter devices can help to minimize po-

tentially devastating complications.114

Transcatheter Aortic Valve Replacement
Transcatheter aortic valve replacement (TAVR) has become the leading 

therapeutic strategy for the treatment of patients with aortic valve 

disease. Since the PARTNER trial results, TAVR became the procedure 

of choice not just for high-risk and intermediate-risk patients but also 

for low-risk patients with severe aortic stenosis. Stroke remains a con-

cerning complication and is associated with increased mortality and 

morbidity.115–123 Data from MRI post-TAVR has showed the presence 

of clinically “silent” brain embolic lesions that could be associated with 

neurocognitive disorders after the procedure.124–126 These perfusion 

defects can occur in up to 80% of patients after TAVR.127–130 It is a 

multifactorial problem; nevertheless, the presence of perfusion defect 

on MRI is proof of embolization of debris from the aorta or the aortic 

valve during the procedure.131–132 Previous exploratory studies at-

tempted to minimize procedural embolization by using either trans-

catheter filters or deflection devices.133–140 A randomized trial was de-

signed to assess the safety of transcatheter cerebral embolic protection 

(TCEP) during TAVR and the efficacy of TCEP in reducing the effects 

of cerebral embolization (Fig. 153.2). As we continue to operate on 

patients who are increasingly older and sicker and increase application 

of percutaneous techniques in the treatment of vascular diseases, the 

continued development of strategies to minimize atheroembolization 

continues to be of huge importance.

Fig. 153.2 Percutaneous antegrade cerebral filter protection device. The system is delivered through 

right radial artery percutaneous access and floated, under fluoroscopy guidance, to the desired position: with 

the proximal filter (D) deployed at the innominate trunk entrance and the distal filter (B), through a connecting 

sheath (C) into the proximal left common carotid artery. 1, Right subclavian artery; 2, right common carotid 

artery; 3, left common carotid artery; 4, left subclavian artery; 5, ascending aorta; 6, descending aorta; A, 

guidewire; B, distal filter; C, articulating sheath; D, proximal filter.
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KEY POINTS

• Atherosclerosis and its thromboembolic complications are a leading cause 

of death in the Western world.

• The risk of atheromatous embolization increases significantly with increas-

ing plaque thickness (.4 mm) and the presence of ulceration.

• Ultrasonography (transesophageal and surface) is one of the most fre-

quently used investigative techniques. CT provides information on coronary 

artery atherosclerosis and the degree of calcification. MRI provides very 

high resolution in imaging plaque morphology.

• The risk of embolization increases significantly during cardiac surgery and 

vascular interventions.

• The use of antiplatelet agents and statins is recommended in all patients 

with significant atherosclerotic disease.

• Perioperative aortic screening allied with minimal aortic manipulation dur-

ing cardiac surgery in high-risk patients may be associated with a signifi-

cant reduction in the rate of atheromatous embolization.

• The role of novel protective devices continues to evolve. Their benefits have 

been demonstrated in a selected group of high-risk patients

 References for this chapter can be found at expertconsult.com.
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ANNOTATED REFERENCES

Antithrombotic Trialists’ Collaboration. Collaborative meta-analysis of ran-

domized trials of antiplatelet therapy for prevention of death, myocardial 

infarction, and stroke in high risk patients. BMJ. 2002;324:71–86.

This large meta-analysis with more than 200,000 patients reported that aspi-

rin is protective in most patients at increased risk of occlusive vascular events, 

including those with an acute MI or ischemic stroke; unstable or stable an-

gina; previous MI, stroke, or cerebral ischemia; peripheral arterial disease; or 

atrial fibrillation.

Cohen A, Tzourio C, Bertrand B, et al. Aortic plaque morphology and vascular 

events: A follow-up study in patients with ischemic stroke. FAPS Investiga-

tors. French Study of Aortic Plaques in Stroke. Circulation. 1997;96(11):

3838–3841.

This study of 334 patients aged 60 years and above reported that in patients 

with brain infarction, the risk associated with aortic plaque thickness ($4 

mm) is markedly increased by the absence of plaque calcifications.

Evered LA, Silbert BS, Scott DA. Postoperative cognitive dysfunction and aor-

tic atheroma. Ann Thorac Surg. 2010;89(4):1091–1097.

In over 300 patients undergoing cardiac surgery, the incidence of early post-

operative cognitive decline was directly related to aortic atheroma burden 

(imaged using TEE and epiaortic ultrasound).

Haensig M, Kuntze T, Gonzalez-Lopez D, et al. Thromboembolic complica-

tions in transfemoral aortic valve implantation due to aortic wall throm-

bus and shaggy aorta syndrome. Eur J Cardiothorac Surg. 2021;60:253–260.

In a retrospective, single-center analysis,604 patients were used for a qualita-

tive 0–10 Aortic Wall Thrombus (AWT) score classification system. Severe 

and irregular thrombus of the descending thoracic and abdominal aorta has 

been strongly associated with acute respiratory failure and peri-interven-

tional stroke in transfemoral aortic valve implantation.

Kapadia SR, Kodali S, Makkar R, et al. Protection against cerebral embolism 

during transcatheter aortic valve replacement. J Am Coll Cardiol. 

2017;69:367–377.

A novel device: transcatheter cerebral embolic protection (TCEP). Nineteen 

centers randomized 363 patients undergoing TAVR to a safety arm (n 5 123), 

device imaging (n 5 121), and control imaging (n 5 119). TCEP was safe, 

captured embolic debris in 99% of patients, and did not change neurocognitive 

function.
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Pressure Ulcers

Laura J. Moore

EPIDEMIOLOGY

A pressure ulcer is any wound that develops in the upper, outer layers of 

the skin as a result of sustained, external pressure.1 Pressure ulcers are 

serious complications among hospitalized patients. They increase 

healthcare costs, decrease patient quality of life, and often result in pro-

longed hospital stays. Hospital-acquired pressure ulcers are generally 

considered to be preventable, and if allowed to progress to full-thickness 

skin loss must be reported as “never events” to the Centers for Medicare 

& Medicaid Services. Current estimates of the prevalence of pressure 

ulcers among hospital patients are highly variable but have been decreas-

ing across the United States.2 In the largest investigation to date, the in-

cidence of hospital-acquired pressure ulcers is 4.5% and the prevalence 

of pressure ulcers on admission is 5.8%. More significantly, in those 

admitted with a previously acquired pressure ulcer, almost one in five 

patients developed an additional pressure ulcer at a different site during 

their hospital stay.3,4 The prevalence of pressure ulcers is even higher 

among residents of long-term geriatric facilities, occurring in up to 30% 

of patients. Whereas the majority of the ulcers (50%) in hospitalized 

patients are stage I, the prevalence of stage III and IV ulcers is estimated 

to be as high as 4% in patients who reside in long-term care facilities.

Pressure ulcers result in a substantial financial burden, with an  

estimated cost ranging from $3.3 billion to $11 billion per year.5,6 

The Centers for Medicare & Medicaid Services has reduced the reim-

bursement for hospital-acquired pressure ulcers, with a single episode 

costing hospitals $500 up to $70,000.7

RISK FACTORS

There are multiple risk factors for the development of pressure ulcers; 

they can be categorized as intrinsic and extrinsic. Intrinsic risk factors 

are those related to the patient’s preexisting medical condition. Extrin-

sic factors are those related to the patient’s environment. Intrinsic risk 

factors include neurologic disease, motor impairment, cognitive im-

pairment, sensory deficits, malnutrition, and hypoperfusion caused by 

peripheral vascular disease or congestive heart failure. Extrinsic risk 

factors include inadequate mobilization by care providers, trauma, se-

dation, application of physical restraints, improper positioning (espe-

cially among patients under general anesthesia), moisture, and shearing 

forces. Among these risk factors, failure to frequently change position is 

thought to be the biggest contributor to pressure ulcer formation. The 

combination of improper positioning and moisture at the skin surface 

is a frequent cause of pressure ulcer formation in critically ill patients.

Because of the underlying pathophysiology of pressure ulcer forma-

tion, there are several high-risk areas for the development of pressure 

ulcers. Pressure ulcers are more prone to develop in bony or cartilaginous 

areas. These include any area of the body that has limited soft tissue  

coverage such as the coccyx, spinous processes, heels, elbows, and ankles. 

In patients who are frequently positioned on their side, the iliac crest and 

trochanters are considered high-risk areas. Additionally, patients with 

malnutrition and subsequent cachexia have significant loss of soft tissue 

and are more prone to the development of pressure ulcers at any location. 

Medical devices can also be associated with the development of pressure 

ulcers. Examples include masks for noninvasive positive-pressure venti-

lation, cervical collars, endotracheal tubes, nasogastric tubes, and nasal 

cannula tubing.

PATHOPHYSIOLOGY

Pressure ulcers form as a result of hypoperfusion to an area. The basic 

principle of pressure ulcer development is simple. When externally ap-

plied pressure exceeds the capillary perfusion pressure, flow becomes 

impaired and tissue ischemia occurs. If the hypoperfusion and ischemia 

are not reversed, necrosis of the involved tissue layers will occur. Ischemia 

to the area will initially present with erythema and induration. If this 

progresses to necrosis, tissue loss will occur. The critical duration of isch-

emia varies from patient to patient. However, it is generally accepted that 

pressure injury typically occurs between 30 and 240 minutes of hypoper-

fusion. In patients with preexisting peripheral vascular disease, the time 

to critical ischemia is shorter. Because of impaired arterial inflow, these 

patients experience significant delays in restoration of perfusion and re-

versal of tissue hypoxia after the external pressure has been removed. In 

addition, because of poor underlying tissue perfusion, these patients will 

experience longer healing times once pressure ulcers develop.

CLASSIFICATION

All pressure ulcers begin in the outer layers of the skin. With ongoing 

pressure, the ischemia progressively extends to deeper layers of the skin. 

Therefore the classification of pressure ulcers is based on the depth of 

skin involvement. Pressure ulcers are classified as stage I through IV, 

with stage I being the most superficial and stage IV being the deepest. 

The classification of pressure ulcers is listed in Table 154.1. Having a 

uniform, well-defined classification system for pressure ulcers is criti-

cal. It not only allows for standardization of wounds for research pur-

poses but also allows for accurate communication of wound staging 

among healthcare providers. Once a pressure ulcer develops, it is im-

portant to classify the wound and monitor the progress of the wound 

bed. Having a standard grading system allows for continuity of care 

and objective monitoring of the progression of the wound.

PREVENTION

Prevention of pressure ulcer formation should be standard practice. This 

is of particular importance when caring for critically ill patients, because 

they often possess multiple risk factors for pressure ulcer formation.
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Risk Assessment
Prevention programs should include an initial risk assessment of the 

individual patient. This assessment should include questioning about 

previous or preexisting pressure ulcers; a thorough skin inspection; 

evaluating the patient’s mobility/activity level, continence, and nutri-

tional status; and a review of comorbid conditions that may contrib-

ute to the development of pressure ulcers. Assessment of these risk 

factors should be standardized and documented on all patients.  

Several tools have been developed for pressure ulcer risk assessment. 

The Braden Scale (Fig. 154.1) assesses external pressure forces and 

skin-related factors in a standardized fashion.8 The scores on the 

Braden Scale range from 6 to 23, with a score of 15–18 indicating 

mild risk, a score of 13–14 indicating moderate risk, a score of 10–12 

indicating high risk, and a score #9 indicating very high risk. The 

Norton Scale assesses patient-specific risk factors (age, cognitive im-

pairment, mobility, incontinence) for pressure ulcer development.9 

The Waterlow Scale assesses both intrinsic and extrinsic risk factors 

and was initially developed for use in the pediatric population.10 

However, studies to date have shown little efficacy in reducing the 

incidence of pressure ulcers with these tools compared with non-

structured risk assessment.11

Prevention Plan
Once the individual patient risk assessment has been addressed, a 

plan for pressure ulcer prevention should be implemented. Regardless 

of the plan used, a frequent assessment of its efficacy must be per-

formed and any necessary adjustments made. The key elements of 

prevention include patient mobilization, patient positioning to pre-

vent/remove pressure, and the use of positioning aids to redistribute 

pressure. Among critically ill patients, this requires vigilance and team 

effort, particularly among those patients who are sedated for pro-

longed periods. Prevention also includes avoidance of skin damage by 

shearing forces and avoidance of maceration of the skin as a result of 

moisture from incontinence and heat accumulation. A variety of sup-

port services are available to help decrease the risk of pressure ulcer 

formation. These pressure-reducing surfaces include static support 

surfaces (mattresses, mattress overlays) and dynamic support surfaces 

that mechanically alter the amount of pressure applied to the patient’s 

skin. Examples of dynamic support surfaces include low-air-loss beds, 

air-fluidized mattresses, and alternating pressure mattresses. The use 

of foam mattress overlays can reduce the risk of pressure ulcer devel-

opment in high-risk populations.12 Although associated with higher 

costs, dynamic mattresses have not consistently been shown to be 

superior to static support surfaces. However, dynamic mattresses are 

better than standard hospital mattresses in preventing pressure ulcer 

formation.

TREATMENT

A variety of treatment options and products are available for the man-

agement of pressure ulcers. Very few of the currently available treatment 

options have been rigorously evaluated in randomized controlled  

trials.13,14 An in-depth discussion of all the currently available products 

is beyond the scope of this text, so general classes of treatment options 

are discussed rather than specific products.

Wound Débridement
Débridement of the wound bed is a critical step in the healing process 

of pressure ulcers. The purpose of débridement is to remove foreign 

material and devitalized tissue from the wound. After débridement, a 

wound bed of healthy tissue should be visible. Débridement of the 

wound bed reduces the production of inflammatory mediators that 

inhibit wound healing. A variety of techniques are used for wound 

débridement. These include surgical débridement, hydrotherapy, lar-

val therapy, and application of topical enzymatic débridement solu-

tions. The choice of débridement techniques used depends on multiple 

factors, including the size of the wound, comorbid conditions, and the 

presence of infection. Surgical débridement is most often required in 

large-volume wounds when extensive tissue débridement is needed. 

However, surgical débridement requires the patient be a suitable  

candidate for general anesthesia. The risk of subjecting a critically ill 

patient to general anesthesia and a trip to the operating room must be 

weighed against the benefits of sharp surgical débridement of a pres-

sure ulcer. Hydrotherapy, although commonly practiced, has not been 

rigorously evaluated in the setting of a large randomized controlled 

trial. However, some small studies of patients with stage III or IV pres-

sure ulcers have demonstrated faster wound healing among patients 

receiving hydrotherapy as compared with those who did not receive 

hydrotherapy.15,16

Larval therapy, also referred to as biosurgery, has been used for dé-

bridement of pressure ulcers. The basic concept is that application of 

larvae to wounds results in rapid débridement of necrotic tissues, with 

avoidance of the potential complications of surgical débridement such 

as pain and bleeding. Currently, there is evidence that compared with 

topical enzymatics, larval therapy significantly reduces the time to dé-

bridement of necrotic tissue. However, the use of larval therapy did not 

appear to have any effect on time to wound healing.17

A variety of topical enzymatic débridement products are commer-

cially available. These can be used alone or in conjunction with other 

débridement techniques. These agents are applied directly to the 

wound bed once or twice a day. Multiple randomized controlled trials 

have validated the efficacy of topical enzymatic débridement products 

for the removal of necrotic tissue from the wound bed.18 Before apply-

ing these agents, the wound bed should be cleansed with normal saline. 

The presence of any topical wound products containing metal will di-

minish the efficacy of topical enzymatics, and removing these agents 

from the wound bed is critical for the success of the enzymatics. In the 

event an eschar is overlying the wound bed, it is recommended that the 

eschar be cross-hatched with a surgical blade to allow for penetration 

of the topical enzymatic agent. Once applied, the wound bed should be 

covered with gauze. These agents are a viable and valuable therapy, 

particularly in those patients who are not candidates for alternative 

débridement methods.

Hydrocolloids
Hydrocolloid dressings are widely used in the management of pressure 

ulcers; their purpose is to absorb wound exudates. Typical hydrocol-

loid dressings contain some type of gel-forming agent placed in con-

tact with the wound bed, and this is covered with a membrane that 

National Pressure Ulcer Staging System

Stage I Nonblanching erythema of intact skin.

Stage II Partial-thickness skin loss involving the epidermis and/or  

dermis. The ulcer is superficial and presents clinically as an 

abrasion, blister, or shallow crater.

Stage III Full-thickness skin loss with damage and/or necrosis of the 

subcutaneous tissue. The wound extends down to, but not 

through, the underlying fascia.

Stage IV Full-thickness skin loss with extensive destruction and necrosis 

of overlying structures, including muscles, bone, or tendon

TABLE 154.1 Pressure Ulcer Staging
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BRADEN SCALE FOR PREDICTING PRESSURE SORE RISK 
 
Patient’s Name        Evaluator’s Name                                    Date of Assessment 

    

SENSORY PERCEPTION 

Ability to respond 
meaningfully to pressure-
related discomfort 
 

1. Completely Limited 
Unresponsive (does not moan, 
flinch, or grasp) to painful 
stimuli, due to diminished level 
of consciousness or sedation 
                 OR 
limited ability to feel pain over 
most of body. 
 

2. Very Limited 
Responds only to painful stimuli. 
Cannot communicate discomfort 
except by moaning or 
restlessness 
                   OR 
has a sensory impairment which 
limits the ability to feel pain or 
discomfort over ½ of body. 

3. Slightly Limited 
Responds to verbal commands, 
but cannot always communicate 
discomfort or the need to be 
turned 
              OR 
has some sensory impairment 
which limits ability to feel pain or 
discomfort in 1 or 2 extremities. 

4. No Impairment 
Responds to verbal 
commands. Has no sensory 
deficit which would limit ability 
to feel or voice pain or 
discomfort. 
 

    

MOISTURE 

Degree to which skin is 
exposed to moisture 

1. Constantly Moist 
Skin is kept moist almost 
constantly by perspiration, 
urine, etc. Dampness is 
detected every time patient is 
moved or turned. 

2. Very Moist 
Skin is often, but not always 
moist. Linen must be changed at 
least once a shift. 

3. Occasionally Moist 
Skin is occasionally moist, 
requiring an extra linen change 
approximately once a day. 

4. Rarely Moist 
Skin is usually dry, linen only 
requires changing at routine 
intervals. 

    

ACTIVITY 

Degree of physical activity 

1. Bedfast 
Confined to bed. 

2. Chairfast 
Ability to walk severely limited or 
non-existent. Cannot bear own 
weight and/or must be assisted 
into chair or wheelchair. 

3. Walks Occasionally 
Walks occasionally during day, 
but for very short distances, with 
or without assistance. Spends 
majority of each shift in bed or 
chair. 

4. Walks Frequently 
Walks outside room at least 
twice a day and inside room at 
least once every two hours 
during waking hours. 

    

MOBILITY 

Ability to change and control 
body position 

1. Completely Immobile 
Does not make even slight 
changes in body or extremity 
position without assistance. 

2. Very Limited 
Makes occasional slight changes 
in body or extremity position but 
unable to make frequent or 
significant changes 
independently. 

3. Slightly Limited 
Makes frequent though slight 
changes in body or extremity 
position independently. 

4. No Limitation 
Makes major and frequent 
changes in position without 
assistance. 

    

NUTRITION 

Usual food intake pattern 

1. Very Poor 
Never eats a complete meal. 
Rarely eats more than ½ of 
any food offered. Eats 2 
servings or less of protein 
(meat or dairy products) per 
day. Takes fluids poorly. Does 
not take a liquid dietary 
supplement 
                  OR 
is NPO and/or maintained on 
clear liquids or IVs for more 
than 5 days. 

2. Probably Inadequate 
Rarely eats a complete meal and 
generally eats only about ½ of 
any food offered. Protein intake 
includes only 3 servings of meat 
or dairy products per day. 
Occasionally will take a dietary 
supplement 
                   OR 
receives less than optimum 
amount of liquid diet or tube 
feeding. 

3. Adequate 
Eats over half of most meals. 
Eats a total of 4 servings of 
protein (meat, dairy products) per 
day. Occasionally will refuse a 
meal, but will usually take a 
supplement when offered 
                  OR 
is on a tube feeding or TPN 
regimen which probably meets 
most of nutritional needs. 

4. Excellent 
Eats most of every meal. Never 
refuses a meal. Usually eats a 
total of 4 or more servings of 
meat and dairy products. 
Occasionally eats between 
meals. Does not require 
supplementation. 

    

FRICTION & SHEAR 1. Problem 
Requires moderate to 
maximum assistance in 
moving. Complete lifting 
without sliding against sheets 
is impossible. Frequently slides 
down in bed or chair, requiring 
frequent repositioning with 
maximum assistance. 
Spasticity, contractures or 
agitation leads to almost 
constant friction. 

2. Potential Problem 
Moves feebly or requires 
minimum assistance. During a 
move skin probably slides to 
some extent against sheets, 
chair, restraints or other devices. 
Maintains relatively good position 
in chair or bed most of the time 
but occasionally slides down. 

3. No Apparent Problem 
Moves in bed and in chair 
independently and has sufficient 
muscle strength to lift up 
completely during move. 
Maintains good position in bed or 
chair. 

    

 
Total Score

    

 

Fig. 154.1 Braden Risk Assessment Scale. (© 2021 Health Sense Ai. All rights reserved. All copyrights and 

trademarks are the property of Health Sense Ai or their respective owners or assigns.)
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protects the wound against external contamination but allows for wa-

ter evaporation.18 Hydrocolloid dressings are typically applied every 

3–5 days, depending on the amount of exudates being produced by the 

wound. When compared with standard gauze dressings, hydrocolloids 

have been shown to be more absorptive and less painful.18

Negative-Pressure Therapy
The use of negative-pressure therapy for wound healing has become 

increasingly common in the past decade. The basic concept behind this 

therapy is that applying negative pressure to the wound bed both re-

moves edema fluid and increases blood flow to the area. Increased 

blood flow results in delivery of oxygen and nutrients, which promote 

wound healing. In addition, the application of negative pressure to the 

wound results in wound contracture. Compared with standard wet-to-

dry dressings, another benefit to patients of negative-pressure therapy 

is decreased frequency of dressing changes. The use of negative- 

pressure therapy for pressure ulcers has been associated with improved 

wound healing and decreased length of hospital stay.19 Traditionally, 

negative-pressure therapy has been applied to clean wounds that had 

very little slough or necrotic tissue. However, there is some evidence 

that the application of negative-pressure therapy to wounds that are 

covered with soft necrotic tissue is a viable option.20

Nutritional Support
The presence of malnutrition has a significant impact on wound  

healing. In fact, its mere presence results in weakening of the skin and 

• Prevention is critical. The key elements of prevention include patient mobiliza-

tion, patient positioning to prevent/remove pressure, and the use of position-

ing aids to redistribute pressure. Among critically ill patients, this requires 

vigilance and team effort, particularly among those patients who are sedated 

for prolonged periods. Avoidance of skin damage by shearing forces and 

avoidance of maceration of the skin because of moisture from incontinence 

and heat accumulation are also essential.

KEY POINTS

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Anders J, Heinemann A, Leffmann C, et al. Decubitus ulcers: Pathophysiology 

and primary prevention. Dtsch Arztbl Int. 2010;107(21):371–382.

In this article the authors performed a systematic review of the literature re-
lated to the pathophysiology and prevention of pressure ulcers. They identi-
fied age, presence of comorbid conditions, and immobility to be the highest 
risk factors for development of pressure ulcers. They found that the most use-
ful means for prevention and treatment of pressure ulcers is avoidance of  
excessive pressure by encouraging mobility. In addition malnutrition, tissue 
hypoperfusion, and impaired mobility must be recognized and addressed as 
part of a comprehensive strategy to prevent pressure ulcer development.

Baharestani MM, Houliston-Otto DB, Barnes S. Early versus late initiation of 

negative pressure wound therapy: Examining the impact on home care 

length of stay. Ostomy Wound Manage. 2008;54(11):48–53.

In this retrospective analysis of over 500 patients the authors evaluated the 
impact of early vs. late application of negative-pressure wound therapy to 
stage III and stage IV pressure ulcers. They found that earlier application of 
negative-pressure wound therapy was associated with shorter lengths of stay. 
In addition, for each day in delaying the application of negative-pressure 
wound therapy, almost 1 day was added to the total length of stay.

Barrett R, Tuttle V, Whalen E, et al. Pressure ulcers and nutritional support: A part-

nership to improve patient outcomes. J Nurs Care Qual. 2010;25(2):145–150.

This article describes the implementation of a targeted strategy to improve 
the provision of nutritional support for patients at risk of developing pressure 
ulcers. They identified three key lessons. First, pressure ulcer risk assessments 

increases the risk of pressure ulcer development. Unfortunately,  

nutritional assessment is often neglected, particularly in chronically 

institutionalized patients. Establishing nutritional assessment proto-

cols and treating malnutrition are essential in preventing and healing 

pressure ulcers. This is best accomplished by a multidisciplinary team 

that includes physicians, dieticians, and nursing staff.21

An initial nutritional assessment should be performed. Any recent 

weight loss, the current weight, and the patient’s dietary intake should 

all be evaluated. After the initial assessment is completed, a nutrition 

plan should be created and implemented to address any issues identi-

fied. Weekly monitoring of the patient’s nutritional status should oc-

cur to determine if the nutritional intervention is having the desired 

effect. Monitoring should include the patient’s weight and assessment 

of functional status. The use of biochemical tests, including serum 

prealbumin, transferrin, and nitrogen balance, is also helpful.

CONCLUSION

Pressure ulcers continue to be a common problem among critically ill 

patients. Constant vigilance and education of care providers are es-

sential components of pressure ulcer prevention. When pressure ulcers 

do occur, a multidisciplinary approach is needed to manage these de-

bilitating wounds. Management should include objective assessment 

of the scope of the wound, a multimodality treatment program spe-

cifically adapted to the patient’s needs, and optimization of nutritional 

status to promote wound healing.

• Perform a structured risk assessment to identify high-risk individuals upon 

admission. High-risk factors include difficulty with mobilization, improper 

positioning, moisture, and hypoperfusion. Repeat risk assessment at regular 

intervals.

• Develop a plan for prevention and care. This should include regular reposi-

tioning and use of dynamic support surfaces to relieve skin pressure.

can be used as an opportunity to trigger evaluation by a dietician for recom-
mendations to optimize nutritional status. Second, visual triggers and  
educational initiatives to increase staff awareness about the importance of 
nutrition and pressure ulcer assessment contribute to quality patient care. 
Third, interdisciplinary partnerships are an effective way to implement  
evidence-based care.

Reddy M, Gill SS, Rochon PA. Preventing pressure ulcers: A systematic review. 

JAMA. 2006;296(8):974–984.

This systematic review discusses interventions for pressure ulcer prevention. A 
total of 59 randomized control trials were included. Studies were grouped into 
three categories: mobility, nutrition, and skin health. The strategies found to 
be most useful for impaired mobility included use of support surfaces, mat-
tress overlays on operating room tables, and specialized foam or sheepskin 
overlays. For nutritional deficiency, dietary supplements were found to be 
beneficial. Finally, no clear benefit could be found for any specific topical 
agent for skin health.

Rondinelli J, Zuniga S, Kipnis P, et al. Hospital-acquired pressure injury. Nurs 
Res. 2018;67(1):16–25.

In this article the authors describe the incidence, risk factors, and risk- 
adjusted variation in hospital-acquired pressure ulcers within Kaiser Perma-
nente, an integrated healthcare delivery system in California. They analyzed 
over 1600 inpatients with hospital-acquired pressure ulcers and determined 
that age, severity of illness, comorbid conditions, and Braden Scale scores 
were all important predictors for pressure ulcer risk. They also demonstrated 
that female gender appeared to be protective against the development of pres-
sure ulcers.
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Burns, Including Inhalation Injury

Ian R. Driscoll and Julie A. Rizzo

INTRODUCTION

Patients with severe burns today are more likely to survive compared 

with those injured decades ago. Advances in early source control of 

deep burns, antimicrobial strategies, and critical care medicine are 

largely responsible, buoyed by translational research in burn-induced 

inflammation, hypermetabolism, and the wound environment. As 

survival rates improve, burn clinicians are challenged to address the 

sequelae of critical illness after recovery.

Designated burn centers and units are resource-intensive initiatives 

that thrive in a collaborative model of care. A wide variety of personnel 

provide specific expertise to ensure the survival and functional recov-

ery of injured patients. The burn team consists of surgeons, intensiv-

ists, anesthesiologists, nurses, physical and occupational therapists, 

respiratory therapists, nutritionists, psychiatrists and psychologists, 

chaplains, and child-life therapists, among others.1

Disasters, both natural and those caused by humans, repeatedly 

highlight the need for nonburn and nontrauma centers to develop 

plans for managing large numbers of casualties. In this setting, inten-

sivists and surgeons must have some familiarity with the acute resusci-

tation and stabilization of burn patients until safe transfer can occur.

INITIAL CARE OF THE BURN PATIENT

Although most burn patients encountered in the intensive care unit 

(ICU) arrive having been screened by a trauma team, simultaneous 

transfer of multiple casualties and other factors may curtail the atten-

tion these patients receive. Burn patients may have other injuries, and 

it is important for critical care clinicians to not be distracted by the 

visual appearance of the skin. Injuries noted on primary and second-

ary surveys causing hemorrhage, airway compromise, or other threats 

to life should be addressed before beginning burn-specific resuscita-

tion. Removal of contaminants, including fuel, should occur before 

transfer. Patients must be protected from hypothermia.

Early and serial assessments of the airway are critical. Smoke inhala-

tion injury is familiar as a risk for airway compromise. However, mucosal 

and soft tissue edema from burns to the face or over large surface areas 

alone may cause progressive airway narrowing, when volume resuscita-

tion is superimposed.2 Patients likely to require endotracheal intubation 

include those with symptomatic smoke inhalation injury, deep facial 

burns, or second- and third-degree injuries greater than 40% total body 

surface area (TBSA) (Box 155.1). Supraglottic devices fail in the setting of 

oral and laryngeal edema. Using as large an endotracheal tube as practical 

facilitates pulmonary toilet. Endotracheal tubes should be secured with 

cotton twill ties, which are adjusted as edema progresses during resuscita-

tion; many standard airway device holders do not adhere to burned skin 

(Fig. 155.1). Frequently reassess the depth of the tube during the acute 

resuscitation period. Urgent tracheotomy is not indicated.

Volume resuscitation can be reliably conducted via peripheral in-

travenous (IV) or intraosseous (IO) catheters, but soft tissue edema 

often leads to early failure of such devices. Consider transitioning to 

central venous access in burns .40% TBSA. Likewise, deep burn 

eschar and soft tissue edema make noninvasive blood pressure measure-

ments less reliable. For large burns, invasive arterial blood pressure 

measurement is recommended.

It is difficult to provide an early definitive visual diagnosis of burn 

depth. Soot and other debris may mask important visual cues, and 

progression of edema and cell death continue for hours.3 Clinicians 

should make their best estimate of burn depth upon initial survey and 

reassess periodically. Superficial burns (first degree) do not form blis-

ters and appear red and blanchable. Partial-thickness burns (second 

degree) form blisters and remain moist and sensate and are often quite 

painful. Not all second-degree injuries are created equal, however. Slow 

capillary refill in second-degree injuries may indicate deeper dermal 

damage. These deeper partial-thickness injuries often act more like 

full-thickness injuries in their healing trajectory and contribution to 

inflammation.4 Full-thickness burns (third degree) are insensate and 

form leathery eschar and thrombosed vessels.

Make an initial estimate using the rule of nines or Lund-Browder 

Burn Estimate and Diagram by adding the areas of all second- and 

third-degree burns (Fig. 155.2). Thus the percentage of TBSA reflects 

only second-degree and third-degree areas. For irregularly shaped ar-

eas, the patient’s hand (palm and fingers included) roughly estimates 

1% TBSA. Once wounds are cleansed, recalculate the injury size.

Antihypothermia measures such as a warm room, warm fluid infu-

sions, and convective forced-air blankets should take priority over an-

timicrobial dressings initially. Extremity escharotomy for circumferen-

tial burns, discussed later, is ideally completed by the most experienced 

clinician in the warmest, best-equipped, and best-lit location, often the 

operating room (OR) or dedicated burn ICU. This procedure may be 

deferred in patients with evidence of intact distal extremity perfusion 

until trauma surveys are completed. Thoracic escharotomy, however, 

can be a lifesaving procedure in a patient with deep circumferential 

torso burns who cannot be ventilated.

ACUTE BURN RESUSCITATION

Fluid resuscitation after acute burn injury remains challenging. At 

TBSA $20%, the intense inflammatory response at the injury sites 

becomes a global cytokine storm, resulting in profound capillary leak 

and severe hypovolemia. Burn shock is caused by hypovolemia cou-

pled with depression in cardiac function and low systemic vascular 

resistance.5 Resuscitation strategies during burn shock must restore 

intravascular preload with only as much fluid as is needed to reduce 

the risk of edema formation and resuscitation morbidity from capil-

lary leak. The pathophysiology of edema involves disruption of the 
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All resuscitation formulae require an accurate estimation of  

second- and third-degree burn size. Resuscitations of patients with 

$20% TBSA should be guided by one of the formulae, but clinicians 

must recognize that these formulae are initial estimates only.14 Typi-

cally, isotonic crystalloid fluid rates are increased or decreased each 

hour in response to urine output without boluses. The fluid volume a 

burn patient actually requires will vary widely based on many factors, 

including time from injury, the ratio of second-degree to third-degree 

burns, age, medical comorbidities, and presence of inhalation injury, 

among others.15,16 Administered fluid significantly outpaced recom-

mended estimates in burned casualties during the wars in Afghanistan 

and Iraq.17 The rule of 10 was developed in order to simplify the initial 

fluid rate calculation.18 The percentage TBSA is multiplied by 10, and 

the result is the initial crystalloid fluid rate in mL/h. For example, a 

patient with 40% TBSA would be initially given isotonic crystalloid at 

40 3 10 5 400 mL/h. The rule of 10 applies to patients between 40 and 

80 kg. For patients greater than 80 kg, 10 mL/h is added to the initial 

calculation for every 1 kg over 80 kg. The fluid rate is adjusted up  

or down by 20%–25% each hour to maintain normal urine output  

(0.5 mL/kg/h for adults). The rule of 10 does not give a 24-hour fluid 

estimate, but rather forces the clinician to monitor and adjust the re-

suscitation for the individual patient. A suggested algorithm for burn 

resuscitation is given in Fig. 155.3. Other endpoints of resuscitation are 

discussed later, although urine remains the standard method of titrat-

ing resuscitative fluids in burn patients (Table 155.1).

Balanced crystalloid solutions such as LR continue to be recom-

mended.19,20 The introduction of colloid should reduce the crystalloid 

fluid totals and subsequent tissue water deposition. The use, timing, 

and duration of the colloid fluid adjunct continue to be debated, and 

prospective observational trials are currently underway.21 Patients who 

would benefit from early colloid use are those at risk of overresuscita-

tion morbidities—historically burn size $30% TBSA. Common col-

loids include 5% or 25% human albumin solutions and fresh frozen 

plasma (FFP), with each choice reducing fluid totals, although conclu-

sions on mortality require further study.22–25

Vitamin C (ascorbic acid) is a pharmacologic adjunct thought to 

reduce resuscitation-related complications. As an antioxidant, it re-

generates vitamin E, which scavenges reactive oxygen species (ROS) in 

the cell membrane. ROS are plentiful during burn shock and contrib-

ute to endothelial injury.26 Preclinical studies and limited clinical data 

have shown that a high-dose vitamin C infusion during the early 

hours of burn resuscitation reduces the isotonic crystalloid require-

ment, decreases tissue water deposition, and improves respiratory 

function. The vitamin C dose (66 mg/kg/h) is infused in an LR solu-

tion and its rate calculated as part of the total LR resuscitation volume. 

This adjunct performs best when started early (within 6 hours of in-

jury) for burns .30% TBSA. Counterintuitively, increases in IV fluid 

rate may be required for a portion of the first 24 hours because of the 

diuretic effect of high-dose vitamin C. Savings in tissue water deposi-

tion result from the net 24-hour volume and reduction in oxidative 

stress.27,28

Other adjuncts to resuscitation include vasoactive medications, 

renal replacement therapy (RRT), and total plasma exchange (TPE). 

Vasoactive medications lack a clearly defined role, as the primary 

mechanism behind shock in these patients is hypovolemia. However, 

vasopressin (at 0.04 unit/min) and other vasoactive medications are 

useful for maintaining mean arterial pressure (MAP) .65 mm Hg in 

patients who appear to be receiving adequate volume.29 Vasopressors 

allow focused treatment of the vasodilatory component of burn 

shock. Crystalloid boluses in this setting contribute to overresuscita-

tion morbidity. Patients who demonstrate persistently decreased car-

diac function also may benefit from cardiac inotropic support during 

BOX 155.1 Endotracheal Intubation 
and Inhalation Injury Signs

Indications for Endotracheal Intubation

Symptomatic smoke inhalation injury

Deep facial burns

.40% TBSA

Inhalation Injury Signs

Deep facial burns

Stridor

Soot in nares and mouth

Carbonaceous sputum

Patient rescued from enclosed space

Fig. 155.1 Cotton twill-tie endotracheal tube. A twill-tie harness is a 

reliable way of securing the endotracheal tube. Protective pads may 

reduce injury to oral commissures. Tube security should be regularly 

assessed because reintubation can be very difficult in this setting.

interstitial scaffold and loss of the oncotic gradient.6 The amount and 

type of fluid given during burn resuscitation continue to be debated.7

Many developments in burn resuscitation occurred in the 20th 

century after large urban fires resulted in mass burn casualties. After 

the 1921 Rialto Theatre fire in New Haven, Connecticut, Underhill 

noted the composition of burn blister fluid was similar to plasma, sug-

gesting fluid losses be replaced with infusions containing protein.8 

Fluid replacement strategies based on percentage TBSA were intro-

duced after the 1942 Cocoanut Grove nightclub fire. Refined by Evans 

in 1952, early strategies included both colloids (plasma) and crystal-

loids as resuscitation fluids in addition to dextrose-containing crystal-

loids as maintenance fluids.9 A modification decreasing the amount of 

colloid fluid required became known as the Brooke formula.10 In the 

1960s Baxter and Shires used both human and canine data to generate 

an estimated fluid requirement of 3.5–4.5 mL per percentage TBSA per 

kilogram in the first 24 hours after injury, which became known as the 

Parkland formula.11 The Parkland formula and Modified Brooke for-

mula, two of the most widely cited strategies, provide lactated Ringer’s 

solution (LR) as the resuscitation crystalloid, use no colloid in the first 

24 hours after injury, and do not provide additional maintenance 

fluid.12 The previously discussed burn formulae rely on intravenously 

administered fluid. However, the enteral route may allow early initia-

tion of resuscitation fluids, especially in resource-constrained environ-

ments, and warrants further study.13

TBSA, Total body surface area.
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Fig. 155.2 Burn area diagrams. The rule of nines (A) and Lund-Browder Burn Estimate and Diagram (B)  

graphically display second- and third-degree burn burden and allow burn formula calculations. (From Artz CP, 

Moncrief JA. The Treatment of Burns, 2nd ed. Philadelphia, PA: Saunders; 1969.)

For ADULT burns�20% TBSA

Calculate initial fluid resuscitation rate (mL/h) using the Rule of 10:

(10 x %TBSA for 40–80 kg) + (10 x kg for�80 kg)

Increase or decrease fluid rate each hour by 20%–25% to maintain

urine output 0.5 mL/kg/hr

For PEDIATRIC burns�15% TBSA

Calculate initial fluid resuscitation rate using Modified Brooke Formula:

3 mL/kg/24 h estimate ½ in first 8 hours and ½ in second 16 hours

Increase or decrease fluid rate each hour by 20%–25% to maintain

urine output 0.5–1 mL/kg/h

Add maintenance fluid containing dextrose according to the 4:2:1 rule

(1–10 kg x 4) + (11–20 kg x 2) + (�20 kg x 1) mL/h

Evaluate for missed injury

Treat acidemia (ventilation, bicarbonate, RRT)

Replace calcium

Treat adrenal insufficiency with hydrocortisone

Do not bolus IV fluids

At 12 hours post-injury, estimate 24-hour fluid total assuming stable fluid rate

Warning signs: �250 mL/kg over 24 hours

Persistent oliguria

Hypotension (MAP�65 mmHg) refractory to fluid titration

Evaluate intravascular volume status

Begin vasopressin 0.04 unit/min, then norepinephrine 2–20 μg/min (goal MAP�65 mmHg)

For adults, begin colloid fluid (5% albumin or fresh frozen plasma) at the following rates:

INITIAL FLUID RESUSCITATION RATE CALCULATION (Lactated Ringer’s Solution, LR)

RESUSCITATION OF MAJOR BURNS

SHOCK REFRACTORY TO FLUID

TITRATION OR ADJUNCTS

COMPLICATED BURN RESUSCITATION

Establish vascular access

Establish definitive endotracheal airway if needed

Prevent hypothermia

Place urinary catheter

PATIENT ARRIVAL

Estimate patient weight (kg)

Estimate % TBSA (2nd- and 3rd-degree burns)

Screen for other injuries

% TBSA burn

Colloid infusion rate (mL/h)

30%–49% TBSA

50

50%–69% TBSA

100

�70% TBSA

150

Fig. 155.3 Burn resuscitation algorithm. A sample algorithm is provided to guide initial resuscitation fluid 

titration and the use of adjuncts in difficult cases. IV, Intravenous; MAP, mean arterial pressure; RRT, renal 

replacement therapy; TBSA, total body surface area.
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resuscitation. The use of vasoactive medications and inotropes must 

be guided by both invasive hemodynamic and laboratory monitoring. 

Failure to correct hypovolemia before using these agents often leads to 

worsening of the shock state. RRT and TPE have both been used dur-

ing burn resuscitation. They are believed to facilitate resuscitation by 

cytokine removal, thus blunting the proinflammatory “cytokine 

storm” of early burn shock.30,31

Monitoring a burn resuscitation requires serially evaluating a con-

stellation of physical examination findings, vital signs, laboratory data, 

and invasive monitors. Urine output remains the primary monitor, 

with a goal of 0.5 mL/kg/h (30–50 mL/h for most adults).32 However, 

confounding factors such as early oliguric acute kidney injury, prior 

dehydration, alcohol intoxication, use of diuretics, and glycosuria can 

make urine output an unreliable indicator of resuscitation progress. 

The vital sign derangements typically encountered in burn shock are 

caused by a massive release of catecholamines, which increase the heart 

rate to 130 bpm or greater. This effect can persist for months without 

intervention (see Table 155.1).33 Controversy remains over the most 

useful laboratory values during burn resuscitation. Serum lactate and 

base deficit have correlated with mortality and morbidity.34,35 Central 

venous oxygen saturation has crossed over from sepsis resuscitation 

into burn shock management.36 Hemoconcentration is observed early 

after burn injury and is late to correct. Titrating crystalloid fluid resus-

citation to endpoints other than urine output is quite difficult, and no 

one endpoint should take precedence. Instead, the trends of as much 

data as possible should be examined to determine if volume resuscita-

tion should be augmented versus other interventions such as vasopres-

sors to address vasodilation.

Examining the impact of burn resuscitation on cardiac function 

requires advanced monitoring. Although the pulmonary artery (PA) 

catheter has largely been replaced by other technologies such as echo-

cardiography and arterial waveform monitoring (stroke volume varia-

tion [SVV]), it may be required in patients with a history of heart 

failure or who require inotrope use.37 The hyperdynamic response to 

burn injury and poor correlation of preload and cardiac output esti-

mations with ultimate fluid requirements have challenged the univer-

sal adoption of these technologies in the burn ICU.38 Clinicians must 

take as many variables into consideration as possible when determin-

ing the adequacy of resuscitation.

The judicial use of fluid and accurate monitoring is essential to 

avoid overresuscitation morbidities, including extremity compartment 

syndrome, acute respiratory distress syndrome (ARDS), abdominal 

compartment syndrome (ACS), orbital compartment syndrome, and 

cerebral edema. These complications are associated with severe mor-

bidity or mortality. Patients at risk of receiving large resuscitation fluid 

volumes should be identified. One assessment is the “Ivy Index,” which 

associates patients who receive .250 mL/kg in the first 24 hours post-

burn with increased risk of ACS.39 Recognizing this trajectory allows 

initiation of fluid-sparing adjuncts, including colloids, vasopressin, 

RRT, or surgical intervention such as decompressive laparotomy.

INHALATION INJURY

Clinical evidence of inhalation injury includes deep facial burns, stridor, 

soot about the nares and mouth, or carbonaceous sputum. Patients 

evacuated from enclosed spaces (vehicles and buildings) are most at risk. 

Fiberoptic bronchoscopy in the intubated patient may confirm subglottic 

inhalation injury, although the visual grade of inhalation injury does not 

necessarily correlate with common sequelae, including increased resusci-

tative fluid requirements, airway obstruction, bronchospasm, pneumo-

nia, and ARDS.40 The burden of carbonaceous debris and epithelial 

sloughing are managed with aggressive pulmonary toilet. Nebulized ad-

juncts include unfractionated heparin (antiinflammatory and anticoagu-

lant), N-acetylcysteine (antioxidant), and beta-adrenergic agonists (anti-

inflammatory and treats bronchospasm).41,42 Prophylactic antibiotics are 

not recommended, but as pneumonia is common, clinicians should have 

a low threshold for obtaining cultures, including bronchoalveolar lavage 

samples, and starting antibiotic therapy in patients with new-onset fever 

and worsening respiratory function in the days after injury.

Adherence to lung-protective ventilation strategies is standard in 

most ICUs and should be extrapolated to most patients with burns and 

inhalation injury.43 However, hypercatabolism or inhalation injury 

may cause severe gas exchange derangements, necessitating higher-

than-expected mean airway pressures. Inverse ratio modes may not 

allow adequate expiratory time in the setting of hypercarbia. Special-

ized strategies, including high-frequency percussive ventilation 

(HFPV), have been used to obtain early bronchial clearance of debris, 

lower mean airway pressures, and provide tidal breaths and have found 

a niche in the burn population.44 Timing of tracheotomy in burn pa-

tients unable to liberate from mechanical ventilation varies among 

centers.45 Injury location, respiratory dysfunction, metabolic demands 

of large injuries, and refractory delirium all play a role in the decision 

and should become clear within 2 weeks of injury.

Patients with severe ARDS after inhalation injury are typically sup-

ported by lung-protective ventilation and adjuncts including reduction 

of excess fluids, early use of diuretics, neuromuscular blockade, prone 

positioning, and use of pulmonary vasodilators. Extracorporeal mem-

brane oxygenation (ECMO), long avoided in adult burn patients, is 

now applied more regularly. ECMO strategies without systemic antico-

agulation have seen successful use in burn patients requiring excision 

and grafting. Mortality in burn patients requiring ECMO is similar  

to nonburn patients.46

All patients with suspected inhalation injury should also be sus-

pected to have carbon monoxide (CO) exposure. Co-oximetry via ar-

terial blood gas is used to measure CO-hemoglobin levels. Symptoms 

of CO toxicity include confusion, stupor, coma, seizures, and cardiac 

ischemia. Administer 100% oxygen. Hyperbaric oxygen therapy may 

reduce the CO-hemoglobin half-life, but this therapy is cumbersome, 

particularly in the critically ill patient.47

Cyanide (CN) toxicity after smoke inhalation causes failure of oxygen 

utilization. Severe lactic acidosis is noted, although underresuscitated 

TABLE 155.1 Burn Resuscitation Endpoints

Endpoint Target Range

Urine output Adults: 0.5 mL/kg/h

Children: 0.5–1 mL/kg/h

Infants: 1 mL/kg/h

Mental status Follows commands, purposeful age-appropriate  

activity

Heart rate Adults: ,130 bpm

Children: ,140 bpm

Infants: ,160 bpm

Systolic blood pressure Adults: .90 mm Hg

Children: 70–90 1 (twice age in years) mm Hg

Infants: 60–70 mm Hg

Central venous pressure 6–10 mm Hg

Stroke volume variation ,13%

Lactate ,2

Base deficit Trend toward zero

Hematocrit Gradual dilution
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burn patients present in similar fashion.48 In addition to 100% oxygen, 

the antidote hydroxocobalamin should be administered.49 Sodium thio-

sulfate may be given via the intramuscular injection route.50

CIRCUMFERENTIAL EXTREMITY BURNS

Escharotomy may be required for circumferential full-thickness burns 

to extremities with evidence of distal ischemia. If the burn is partial 

thickness or not circumferential, first rule out hypovolemic or hemor-

rhagic shock. Burned extremities should be elevated 30–45 degrees to 

decrease edema. Repeat the vascular examination at least every hour. 

The requirement for escharotomy usually presents in the first 24 hours. 

If available, use a handheld Doppler probe to assess the palmar arch, 

dorsalis pedis, and posterior tibialis for a normal triphasic signal. Con-

sider performing escharotomy early, based on the vascular examination.

Escharotomy is performed by incising full-thickness burns just into 

the subcutaneous fat to allow the incision to visibly spring open. Pa-

tients will require analgesia, sedation, and usually intubation. Even 

though the eschar is insensate, deeper structures are not. Electrocau-

tery is recommended because blood loss can be significant. Although 

this procedure can be performed in the ICU or emergency department, 

the OR, with its lighting and equipment, may be the better option. 

Extend escharotomy incisions the entire length of the circumferential 

portion of full-thickness burn, crossing all affected joints (Fig. 155.4). 

Reassess circulation after performing each incision. Once perfusion is 

restored, control bleeding, perform dressing care, and elevate the  

extremity once again. Continue regular vascular assessments. Be  

prepared for late bleeding as the tourniquet effect of circumferential 

burns is released. Fasciotomies on burned extremities are rarely re-

quired. Patients at risk for requiring a fasciotomy often have associated 

vessel injury with delayed revascularization, massive transfusion, or 

crush injury.51

PERIOPERATIVE MANAGEMENT OF THE BURN 

PATIENT

Burn wound management is central to burn patient care, and the OR 

should be considered an extension of the ICU. A formal communica-

tion process between intensivists, surgeons, anesthesiologists, nurses, 

and OR staff is required. Continuation of ICU mechanical ventilators 

and continuous RRT should be strongly considered in the most criti-

cally ill patients to allow adequate surgical source control without  

interrupting needed therapy.

Hypothermia and intravascular volume depletion can occur rapidly 

via exposed surfaces. In addition to warming the OR air, convective 

warming blankets, IV fluid warmers, and esophageal warming devices 

should be used liberally.52,53 IV fluid replacement should be guided by 

hemodynamic monitoring, urine output, and serial laboratory data.

Blood loss during tangential excision of large burn surface areas 

can be enormous. Adequate crossmatched blood products should be 

available before the start of the case. Replacement of large volume 

losses should approximate a 1:1:1 ratio of packed red blood cells, FFP, 

and platelets. Burn patients should be monitored intraoperatively for 

coagulopathy by standard assays and thromboelastography (TEG) if 

available.54

WOUND COVERAGE

Early excision, within 1 week of injury, is fairly standard for deep burns 

today.55 Although wound care protocols vary widely, antimicrobials 

and grafts delay microbial recolonization while wounds close. An au-

tograft (split-thickness skin graft) is used for definitive closure of deep 

burns. It survives via diffused oxygen and nutrients from wound fluid. 

The autograft is usually meshed to expand the area each graft covers 

and to allow evacuation of fluid. Mesh ratios .2:1 require a second 

skin substitute layer to protect the autograft while its interstices (spaces 

in the mesh) close. Silver-impregnated dressings are gaining in popu-

larity, allowing for less frequent manipulation. The wound is consid-

ered “closed” once interstices are filled with a layer of epidermal cells. 

Although a grafted wound may close within a week, appearance and 

functionality continue to evolve over many months.

Much research effort is devoted to wound coverage, including 

spray-on autologous epithelial cells, laboratory-grown keratinocytes, 

and artificial skin substitutes.56–58 Common skin substitutes remain 

biologic ones. An allograft (split-thickness deceased donor skin) is 

used if the wound bed is not conducive to autograft survival. Although 

eventually rejected by the host, it buys precious time during periods of 

instability or while awaiting healing of donor sites.

ANALGESIA AND SEDATION

Pain, anxiety, and sedation are discussed daily. The largest burn inju-

ries lead to lengthy hospital stays and medication tolerance. Patients 

should be normalized as much as possible while providing adequate 

analgesia to accomplish procedures, therapy, and sleep. Continuous 

titratable analgesic and sedative infusions are used during periods of 

resuscitation and organ dysfunction. The use of ketamine as both pro-

cedural and maintenance sedation in adults has increased in recent 

years and is recommended during the hemodynamic instability of 

Fig. 155.4 Escharotomy. Properly performed escharotomy will result 

in immediate improvement in extremity blood flow. (From Steurer M, 

Chang T, Lancman B. Anesthesia for trauma. In Pardo MC, Miller RD, 

eds. Basics of Anesthesia, 7th ed. Philadelphia, PA: Elsevier; 2018:715–

723.e2, Fig. 56.7.)
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TABLE 155.2 Topical Antimicrobials

Agent Characteristics

Antibiotic ointments Oily preparations for partial-thickness burns,  

limited antibacterial activity, Bactroban  

(mupirocin) active against MRSA

Ionic silver dressings May be left for several days, broad-spectrum  

antibacterial

Dakin solution Dilute sodium hypochlorite, used in soiled wounds, 

broad spectrum, toxic to keratinocytes at 

strengths .0.0025%

Silver sulfadiazine Well tolerated and widely available, does not  

penetrate eschar

0.5% Silver nitrate Often used for SJS/TEN, stains black, causes  

hyponatremia

Mafenide acetate Used as a cream or dilute solution, penetrates  

eschar, can be painful, causes metabolic acidosis

MRSA, Methicillin-resistant Staphylococcus aureus; SJS, Stevens-

Johnson syndrome; TEN, toxic epidermal necrolysis.

acute postburn resuscitation.59 De-escalation to intermittent dosing 

and the addition of oral analgesic formulations and multimodal strat-

egies are used as patients become less critically ill and wound coverage 

progresses.60 Management of behavioral health (e.g., depression, anxi-

ety, and psychoses) is linked to adequate pain control. Have a low 

threshold to consult specialists in psychiatry and psychology, especially 

in the setting of preexisting disorders.

INFECTION IN THE BURN PATIENT

Prophylactic systemic antibiotics are not indicated for cutaneous 

burns alone. Early excision of deep burns and topical antimicrobials 

are the mainstays of infection prevention. However, associated trau-

matic injuries such as penetrating wounds, soiled lacerations, or open 

fractures do warrant systemic antibiotics. The choice and duration of 

this therapy should be selected according to institutional guidelines. 

Tetanus prophylaxis is given to all burn patients.

Deep, unexcised burn wounds are particularly susceptible to gram-

negative colonization and wound sepsis. A wide variety of topical an-

timicrobials exist to cleanse wounds and act as barriers to colonization 

(Table 155.2). These agents, however, do not replace prompt surgical 

excision of deep wounds followed by immediate coverage with autolo-

gous skin or temporary skin substitutes. All topical agents have advan-

tages and disadvantages. Although several topical agents allow for 

continuous use over many days, new-onset fever or organ dysfunction 

should prompt dressing removal and a complete wound examination.

The expected hyperdynamic response to major burns can be pro-

longed even months after injury, causing elevated thresholds for hy-

perthermia, tachycardia, and tachypnea.61 Suspected systemic infec-

tion should trigger a complete physical examination, including of all 

wounds and grafts. Antibiotics should be started while awaiting  

culture data if new organ dysfunction occurs.

Burn wound infection is a clinical diagnosis. Signs include cellulitis 

(expanding induration and tenderness), foul odor, purulent drainage, 

graft necrosis, and previously healing partial-thickness injuries that 

now appear full thickness. Diagnosis may be augmented by quantita-

tive cultures or wound histology showing invasion of organisms into 

viable tissue.62 These efforts are merely adjuncts, however, and wound 

biopsy is less frequently employed today. Swab cultures of wound sites 

are of little benefit, as they cannot differentiate between infection and 

colonization.

Once a wound infection is diagnosed, empiric systemic antibiotic 

therapy and topical antimicrobials should be directed against both 

gram-positive and gram-negative bacteria using known institutional 

susceptibilities. Pseudomonas species, including resistant strains, are 

common. The best prevention of burn wound sepsis is early excision 

of deep burns and autologous tissue coverage. If wound infection is 

diagnosed in previously excised wound beds, re-excision may be re-

quired. With hyperdynamic physiology and increasing use of extracor-

poreal organ support, serum levels of systemic antibiotics should be 

monitored closely to ensure adequate therapeutic ranges.

The inflammatory response after burn injury alters electrolyte ho-

meostasis. Hypocalcemia, hypomagnesemia, and hypophosphatemia 

are frequently encountered and are often severe. Tissue water deposi-

tion and insensible losses contribute to hypernatremia early after the 

acute resuscitation period, and liberal free water replacement is re-

quired. Later in the course of the hospitalization, hyponatremia is 

routinely noted.63

GASTROINTESTINAL STRESS ULCERATION

Historically, gastric acid–reducing medications have been associated 

with decreased incidence of Curling ulcer (burn-specific stress ulcer-

ation) and mortality from gastrointestinal bleeding in patients with 

large burns.64 Hemodynamic support, nutrition interventions, and 

wound sepsis prevention have also likely contributed to the low mod-

ern incidence of significant gastrointestinal hemorrhage. Patients with 

injuries $20% TBSA should receive stress ulceration prophylaxis with 

a proton pump inhibitor or other gastric-reducing agent.65 Advancing 

enteral nutrition as soon as practicable is recommended.

NUTRITION

It is challenging to provide adequate nutrition during the hypercata-

bolic response to large surface area burns. Early (even during resuscita-

tion) enteral feeding has become standard in many centers. Calculated 

calorie and macronutrient goals vary in the literature. Adult burn pa-

tient consensus guidelines suggest approximately 1.5–2 g/kg/day of 

protein, which many American Burn Association (ABA)–verified burn 

centers consider inadequate to meet the nutritional needs of the hy-

permetabolic burn patient. Nonprotein caloric load goals are no lon-

ger recommended.66 Indirect calorimetry repeated at intervals can 

provide metabolic data to assist with nutritional interventions. Ulti-

mately, the quality and rate of wound closure reflect the adequacy of 

nutrition. Admission screening of weight, HbA1c, vitamin D, calcium, 

and albumin levels provide important information about preinjury 

nutrition status. Micronutrients such as vitamin C, zinc, copper, and 

selenium play important roles in wound healing in the largest burns.67 

Anabolic steroids and beta-adrenergic blockade are routinely used to 

reduce the effect of hypercatabolism.68,69

Patients able to swallow effectively should receive a high-protein, 

high-calorie diet. Patients with $30% TBSA burns are often unable to 

attain adequate nutrition via oral intake alone. These and patients with 

dysphagia should have nasoenteric access. Percutaneous placement of 

gastric tubes (PEG tubes) must be weighed against the risks of site 

complications, particularly if torso burns are present.70 Enteral feeding 

should be continued in patients who are not exhibiting worsening 

shock. Meeting nutritional goals can be challenging when enteral infu-

sions are interrupted for frequent procedures. Postpyloric access is not 

necessary but may decrease perioperative interruptions in formula 

infusion. An increasing number of centers continue uninterrupted 
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Location Positioning Splinting

Neck/face Anterior neck burns: extension

Posterior neck burns: neutral

Ear burns: no pillows

Soft neck collar

Shoulder/axilla Keep arm elevated Abduction wedge

Chest Shoulder abduction, arms  

elevated

Abduction wedge or  

pillows

Elbows Elevate arms above heart Extension splint

Hands Elevate hands and arms  

above heart

Intrinsic plus splints: 

MCP joint flexion and 

PIP/DIP joint extension

Splints are worn at all 

times when not  

performing therapy

Hips Hips are extended and  

abducted; avoid hip flexion 

Legs Elevate legs above heart level

Check for Achilles and heel 

wound breakdown

Avoid pillows behind knees

Elevate legs above level 

of heart

Ankle dorsiflexion splint

Knee extension splints 

(knee immobilizer)

enteral feeding during operative cases.71 The enteral route is preferred 

for provision of nutrition, but supplemental parenteral nutrition 

should be considered in patients who are unable to reach a significant 

proportion of their estimated needs after 1 week.72,73

REHABILITATION IN THE BURN ICU

Physical and occupational therapists are essential members of the mul-

tidisciplinary team and inform daily ICU goals. Generally, injured ex-

tremities are elevated above the level of the heart to reduce edema. 

Check for skin and wound breakdown caused by pressure (e.g., sa-

crum, heels, elbows, and occiput). Splints are used to prevent flexion 

contractures (Table 155.3). Extremities with unexcised burns or those 

covered with temporary skin substitutes should be allowed full active 

and passive range of motion. Extremities receiving a split-thickness 

autograft, particularly over joints, may receive range-of-motion limita-

tions for several days, but these restrictions are increasingly being lib-

eralized at many centers.74 Patients should be given liberal access to 

sunlight, outdoor spaces, and even the gym.

PEDIATRIC PATIENTS

Although pediatric burn injuries are most associated with the need  

to screen for abuse or neglect, clinicians are reminded that all burn-

injured patients are potentially victims and should be alert to other 

traumatic injuries and evidence of malnutrition.

The smaller airways of pediatric patients are at risk for faster com-

promise.75 As with adults, IV and IO access can be used for resuscita-

tion, but central venous catheters are generally required for the largest 

burns. The relative surface areas of extremities, trunk, and head vary 

with age. Percentage TBSA may be estimated using the Pediatric Lund-

Browder Burn Estimate and Diagram (see Fig. 155.2), which has both 

infant and child estimates.

For burn sizes #15% TBSA, children may be given 1.5 times their 

expected maintenance rate while monitoring urine output and vital 

signs. Maintenance fluid needs may be estimated with the “4:2:1 rule.” 

For each kilogram in the range of 1–10 kg, provide 4 mL/h; for each 

kilogram in the range of 11–20 kg, provide 2 mL/h; and for each  

kilogram .20 kg, provide 1 mL/h.76 The enteral route should be used 

for at least some hydration if possible. Infants may be given breast milk 

or bottle feeds, and older children may be given nasoenteric infusions 

of oral rehydration formulas, such as the World Health Organization 

(WHO) Oral Rehydration Solution (ORS).77

For burn sizes .15% TBSA, place an appropriately sized urinary 

catheter. Anticipate volume requirements with the Pediatric Modified 

Brooke formula (3 mL/kg/%TBSA LR or other isotonic fluid divided 

over 24 hours, with one-half given during the first 8 hours). As with 

adults, the formula only provides a resuscitation starting point. In-

crease or decrease the IV isotonic fluid infusion rate by 20%–25% each 

hour to attain goal urine output: 0.5–1 mL/kg/h for children. Young 

children ,20 kg with large burns will require additional dextrose-

containing maintenance fluid (LR containing 5% dextrose) according 

to the 4:2:1 rule to compensate for inadequate glycogen stores. Unlike 

the isotonic fluid given for resuscitation, this maintenance infusion is 

not titrated.

To reduce the risk of overresuscitation, colloid fluid in the form of 

5% albumin should be added for children with burns .30% TBSA. 

Starting at 12 hours postinjury, give 5% albumin at the calculated 

maintenance rate using the 4:2:1 rule. Subtract this volume from the 

hourly isotonic fluid rate. This albumin infusion is not titrated. Con-

tinue the albumin infusion until 48 hours postinjury. Pediatric burn 

resuscitations are monitored using urine output, vital signs, and labo-

ratory data, which must be compared with age-related norms.

High-quality burn care in the pediatric population is particularly 

resource-intensive. Access to experienced consultants in addition to 

pediatric psychosocial support and physical and occupational thera-

pists is critical. Malnutrition is poorly tolerated in children, and enteral 

feeding with a pediatric formula should be given to all hemodynami-

cally stable patients.78 Tolerance to sedative and analgesic medications 

is common and monitored procedural sedation is standard for dress-

ing care and other manipulations that cause pain and anxiety.79

OPHTHALMIC INJURY

Patients with facial burns or exposure to blasts, flash fires, or chemicals 

may also have ophthalmic injuries. Eye examinations should be com-

pleted before significant facial edema occurs. Examination with the 

Wood’s lamp screens for corneal injury, which should prompt early 

ophthalmology specialist consultation. At a minimum, if no eye inju-

ries are identified, intubated patients should receive frequent lubricat-

ing eye drops. Lateral canthotomy should be considered in those  

patients demonstrating intraocular hypertension during resuscitation.

CHEMICAL BURNS

Patients with known or suspected chemical exposure should be 

cleansed with low-pressure water for at least 30 minutes. Litmus paper 

may be applied to affected areas to track the progress of decontamina-

tion. Obtain as much information about the exposure as possible to 

anticipate potential systemic effects. Fluid resuscitation of chemical 

burn casualties proceeds as for a similar area of flame burns. Visual 

declaration of wound depth may be delayed. Cement causes alkali 

contact burns after extended exposure, and patients often present in 

delayed fashion.80 Hydrofluoric acid exposure may result in severe 

systemic hypocalcemia and require subeschar injection of 10%  

TABLE 155.3 Splinting Recommendations

DIP, Distal interphalangeal; MCP, metacarpophalangeal; PIP, proximal 

interphalangeal.
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calcium gluconate as a bridge to urgent excision.81 Tar used for paving 

and other applications causes very high-temperature contact burns, 

and the material quickly solidifies. Cool water irrigation is followed by 

lipophilic solvent application and then operative excision.82

Chemicals and certain munitions may be encountered during 

periods of armed conflict or acts of terrorism. Medical providers 

must protect themselves from exposure to the very agents they are 

treating. Institutional protocols for decontamination of chemical 

exposure casualties should be developed and practiced. White phos-

phorus is an incendiary and antipersonnel compound that ignites in 

the presence of oxygen. Wounds should be covered with soaking wet 

cloth to prevent reignition of retained fragments. Urgent operative 

exploration addresses particles buried deeply in soft tissues, and cop-

per sulfate may aid in their identification.83 Vesicant compounds 

such as sulfur mustard, phosgene, and lewisite are used as chemical 

weapons and cause contact injuries to skin and epithelial surfaces.84 

Respiratory compromise may occur early, but skin lesions may take 

days to fully develop, depending on the agent. Patients are prone to 

ARDS, early pulmonary infection, wound sepsis, and pancytopenia. 

Fluid resuscitation needs are often less than those predicted by burn 

formulae.

ELECTRICAL INJURY

Electrical injuries are defined as “low-voltage” (110–220 volts) and 

“high-voltage” (.1000 volts) exposures. The distinction can be mis-

leading, however. Even low-voltage exposures may result in dysrhyth-

mias, wound complications, and neurologic sequelae.85 In addition to 

these problems, high-voltage exposures have the potential to cause 

even more widespread tissue injury and secondary effects such as 

rhabdomyolysis, flame burns, corneal injury, and blunt trauma. Pa-

tients presenting after significant electrical contact should have a full 

trauma evaluation.

Admission criteria after electrical exposure are not universal, but 

it is reasonable to observe patients with high-voltage exposures and 

no obvious injuries for 24 hours. A 12-lead electrocardiogram should 

be obtained to screen for cardiac dysrhythmias, even after low-voltage 

contact. Admitted patients will typically have evidence of cutaneous 

burns or other injury. Fluid resuscitation should proceed as for ther-

mal burns, but be prepared to increase the rate of isotonic crystalloid 

fluid in response to urine output and other indicators of perfusion. 

Urine output should be examined for gross pigmenturia (the color of 

red wine). If this is present, the crystalloid rate should be increased to 

target a urine output of 1 mL/kg/h. Acute kidney injury is common 

in this setting, and continuous RRT is an important adjunct to man-

agement.86 Rhabdomyolysis usually indicates deep tissue injury. Sus-

pected compartment syndrome in affected extremities should prompt 

urgent fasciotomy and excision of burns. In this setting, definitive 

coverage is best deferred until tissue necrosis is absent after several 

OR trips.

COLD INJURY

Cold injuries, often referred to burn centers, are classified as freezing 

or nonfreezing. Freezing injury, including frostbite, occurs in tissues 

exposed to below-freezing temperatures (#0°C). Nonfreezing injury, 

such as trench foot, results from prolonged exposure to wet and cold 

conditions (.0°C).87 Patients with comorbid conditions such as ad-

vanced age, dehydration, peripheral vascular disease, diabetes, and a 

history of alcohol overuse or nicotine dependence are at increased risk 

of cold injury. Hypothermia is managed by providing a warm environ-

ment, convective heating, and warm fluid infusions. Avoid lactated and 

potassium-containing fluids. Cardiac arrest in the hypothermic patient 

should be treated by external cardiac massage, warm fluid infusion 

(including lavage through gastric and rectal tubes), and correction of 

acidosis and hyperkalemia. As core temperature rises, defibrillation 

may be attempted.88

Frostbite occurs when tissue water crystallizes. Areas affected by 

frostbite may be warmed in a water bath of 40°C. Hemorrhagic bullae 

should be left intact.89 It is difficult to predict the extent of tissue loss; 

thus early débridement or amputation is discouraged until full demar-

cation of necrosis occurs, often over weeks to months. Multimodal 

analgesia is recommended. Given the high levels of prostaglandin F2a 

and thromboxane A2 in blister fluid, nonsteroidal antiinflammatory 

drugs (NSAIDs) are used routinely.90 Other adjuncts such as thrombo-

lytic therapy may be considered on an individual basis.91 Wounds are 

covered with loose antimicrobial dressings. Early physical and occupa-

tional therapy is required.

RADIATION INJURY

Exposure to ionizing radiation can occur during industrial accidents 

and armed conflict. Localized radiation injury from high-dose expo-

sure . 8–10 Gy causes burns with similar visual appearance to thermal 

burns. Erythema appears quickly and usually subsides only to reappear 

weeks later. This may be accompanied by hair loss and blistering. Skin 

necrosis may be significantly delayed from the index injury.92 Treat-

ment of partial-thickness burns is conservative and relies on moist 

antimicrobial dressings and skin substitutes until epidermal healing 

occurs. Full-thickness injuries are excised, followed by skin grafting 

only when granulation tissue appears adequate.

Whole-body radiation exposure results in critical illness after pro-

dromal and latent phases. The higher the cumulative radiation dose, the 

faster the onset of pancytopenia, gastrointestinal mucosal sloughing, 

neurologic deterioration, and cardiovascular collapse.93 Decontamina-

tion protocols are necessary to protect clinicians from secondary expo-

sure. The need for prolonged supportive care should be factored into 

triage decisions.94

DESQUAMATIVE DISORDERS

Burn centers are often asked to evaluate patients with desquamative 

disorders (severe cutaneous adverse reactions [SCARs]). Stewardship 

of limited burn beds mandates accurate diagnosis. The Stevens-John-

son syndrome/toxic epidermal necrolysis (SJS/TEN) continuum are 

T-cell immune reactions classified by extent of epidermal detachment. 

Many triggers have been reported, including anticonvulsant medica-

tions, antibiotics, and viral illnesses, among others. Often, a prodromal 

phase of fever, lethargy, and dysphagia is followed by sloughing of the 

epidermis, tracheobronchial tree, gastrointestinal tract, vaginal mu-

cosa, cornea, and oropharynx. Clinical suspicion should be corrobo-

rated by cutaneous punch biopsies.95,96

Stop all potential offending agents. Although the capillary leak is 

not as severe as for thermal burns, patients’ fluid status must be closely 

monitored. Comorbid organ dysfunction often worsens in the setting 

of the inflammatory response to SJS/TEN. Blisters may be left in place. 

Exfoliated areas may be covered with silver-based dressings while 

awaiting re-epithelialization, which should occur within 2–3 weeks. 

Specialist consultation in ophthalmology, dermatology, and gynecol-

ogy is recommended for affected structures. Early administration of 

immune adjuncts may benefit select patients and should be guided by 

experienced clinicians. This includes the use of intravenous immuno-

globulin (IVIg), corticosteroids, cyclosporin A, and granulocyte col-

ony-stimulating factor (G-CSF).97,98
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CONCLUSION

Patients with major burn injuries rely on aggressive management of 

their wounds combined with multidisciplinary critical care to increase 

their odds of a good outcome. Although resource-intensive, quality 

burn care is an investment that returns precious time to patients in 

their most productive years.

KEY POINTS

• Do not become distracted by the cutaneous injuries of burn patients; screen 

for other traumatic injuries per advanced trauma life support (ATLS) guide-

lines.

• Fluid resuscitation and hypothermia prevention are early priorities after 

burn patient arrival.

• Establish a definitive endotracheal airway in patients with symptomatic 

smoke inhalation injury, deep facial burns, and burns >40% TBSA; secure 

with cotton twill ties.

• Suture all IV and central venous and arterial catheters in place.

• Perform frequent neurovascular assessments of deep circumferential 

extremity burns and perform escharotomy early if required.

• All burn formulae provide starting points only; titrate isotonic crystalloid 

rates hourly to attain urine output and other resuscitation endpoints.

• Increased urine output should be targeted in the setting of electrical injury 

with gross pigmenturia.

• The hypercatabolic state after burn injury may last months.

• Early nutrition without frequent interruptions is required to heal large burns.

• Physical and occupational therapy must begin early in the hospital course.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Jeschke MG, Pinto R, Kraft R, et al. Inflammation and the Host Response to 

Injury Collaborative Research Program: Morbidity and survival probability 

in burn patients in modern burn care. Crit Care Med. 2015;43(4):808–815.

The authors provide a modern update on the relationship between burn size, 

mortality, and morbidity. It is a sobering reminder of the physiologic chal-

lenges of thermal burns.

Nitzschke SL, Aden JK, Serio-Melvin ML, et al. Wound healing trajectories in 

burn patients and their impact on mortality. J Burn Care Res. 35(6):2014;

474–479.

The authors use serial wound assessments to demonstrate the mortality cost 

of nonhealing wounds in patients with large burns. Thus the wound remains 

central in burn care.

Saffle JI. The phenomenon of “fluid creep” in acute burn resuscitation. J Burn 

Care Res. 2007;28(3):382–395.

The author notes that modern-era resuscitation fluid totals are increased for 

most burn patients when compared with historical reports. Possible causes  

include opioid analgesia, poor adherence to fluid titration strategies, and 

“goal-directed” resuscitation, among others.
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Thoracic trauma is responsible for approximately 20% of all trauma-

related deaths and is second only to central nervous system injury as 

the primary cause of death at the scene. For patients arriving at the 

emergency department (ED) alive, rapid diagnosis and treatment of 

potentially life-threatening injuries are required to prevent death dur-

ing the “golden hour” of initial resuscitation. However, many thoracic 

injuries that are not immediately life-threatening still have the poten-

tial for significant morbidity and mortality. The following is an over-

view of the diagnosis and management of thoracic trauma.

INITIAL ASSESSMENT

Primary Survey
The Advanced Trauma Life Support (ATLS) course of the American 

College of Surgeons Committee on Trauma1 provides basic tenets for 

the management of injured patients. The process begins with the pri-

mary survey, a stepwise evaluation of the “ABCs”: airway, breathing, 

and circulation.

Airway patency may be compromised by neurologic injury, facial 

injury, or obstruction (e.g., by the tongue, blood, vomitus, or tooth or 

bone fragments). Trauma to the larynx, trachea, or bronchus may also 

complicate or preclude airway control. Thoracic trauma may also 

cause life-threatening breathing (e.g., pneumothorax [PTX], pulmo-

nary contusion) and circulation (e.g., tension PTX, pericardial tam-

ponade, massive hemothorax) problems. These must be identified and 

treated rapidly.

Resuscitative Thoracotomy
Resuscitative thoracotomy (RT) is indicated for traumatic cardiac ar-

rest or persistent severe hypotension (e.g., systolic blood pressure 

[SBP] ,60 mm Hg). The primary objectives of RT are to (1) release 

pericardial tamponade and repair cardiac injuries, (2) control intra-

thoracic hemorrhage, (3) control bronchovenous air embolism or 

bronchial injury, (4) perform open cardiac massage, and (5) attenuate 

subdiaphragmatic hemorrhage and redistribute blood flow to the 

brain and myocardium.2 The critical determinants of survival after this 

procedure are the mechanism of injury and the patient’s condition. 

The best outcomes are seen in adult patients with isolated penetrating 

cardiac injuries who present with detectable SBP; survival averages 

35% in one large series. In contrast, RT is least beneficial in the treat-

ment of blunt injury without signs of life, with only 0.7% of patients 

surviving.3

An algorithm for resuscitation of moribund trauma patients is 

presented in Fig. 156.1.2 Patients arriving in extremis after blunt injury 

undergo thoracotomy if they have had less than 10 minutes of cardio-

pulmonary resuscitation (CPR). Penetrating trauma victims undergo 

thoracotomy if they have had less than 15 minutes (for torso injuries) 

or 5 minutes (nontorso injuries) of CPR. The pericardium is opened; 

if there is no organized cardiac activity and no blood in the pericar-

dium, the patient is pronounced dead. Otherwise, the descending 

thoracic aorta is occluded to limit subdiaphragmatic hemorrhage and 

redistribute perfusion to the myocardium and brain. Patients who do 

not respond with SBP .70 mm Hg are pronounced dead on the basis 

of futility. The value of thoracotomy in the resuscitation of a patient in 

profound shock is unquestioned. Its indiscriminate use, however, is 

not appropriate. Although the performance of RT only “costs” the 

price of a scalpel and sterilization of the instrument tray, it is critical to 

recognize futility and avoid initiating massive transfusion or transfer-

ring the patient to the operating room (OR). These costly resources 

should be reserved for potential survivors. Furthermore, although no 

cases have been specifically reported, there is a potential risk of trans-

mission of bloodborne disease to the healthcare team. An alternative 

approach to selective RT involves the use of focused ultrasonography 

to evaluate for meaningful cardiac activity. Inaba and colleagues 

showed in a prospective study of 187 patients that cardiac motion seen 

on focused assessment with sonography in trauma (FAST) examina-

tion was 100% sensitive for identification of survivors and organ do-

nors. Thus the performance of RT was deemed futile to both overall 

survival and survival to organ donation in patients without cardiac 

motion.4

Recently, the use of resuscitative endovascular balloon occlusion of 

the aorta (REBOA) has been proposed for traumatic cardiac arrest.5 

This has not been studied in adequately controlled prospective trials—

it takes precious time to deploy, and major thoracic hemorrhage is 

considered an absolute contraindication to its use.6 The patient pre-

senting in extremis secondary to subdiaphragmatic hemorrhage is 

most likely to benefit from REBOA if it can be deployed rapidly.5 For 

the patient presenting in cardiac arrest resulting from exsanguination 

or pericardial tamponade, open-chest CPR has proven superior to 

closed-chest CPR, and thus RT remains our recommendation in this 

setting.7

PLEURAL SPACE

Pneumothorax
PTX is common in thoracic trauma. Clinical diagnosis based on de-

creased breath sounds and hyperresonance to percussion is not accu-

rate, especially in the noisy trauma resuscitation bay. Chest x-ray 

(CXR) has long been considered the diagnostic standard, but ultraso-

nography performed as part of the extended focused assessment with 

sonography for trauma (E-FAST) has potentially greater sensitivity for 

a small PTX in the supine patient.8 An untreated PTX may progress to 

tension PTX, especially if the patient is receiving positive-pressure 

ventilation. In this setting, the mediastinal structures are shifted away 

from the affected side. Once venous return to the heart is impaired, 

cardiovascular collapse ensues. Immediate decompression of tension 
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PTX is imperative. If a patient arrives in extremis and has evidence of 

chest trauma (e.g., penetrating wound, subcutaneous crepitance, ten-

derness consistent with rib fractures), empiric tube thoracostomy for 

presumed hemopneumothorax is recommended.

An open PTX (aka “sucking chest wound”) results from a full-

thickness chest wall wound. If the wound diameter exceeds two-thirds 

of the tracheal diameter, negative intrapleural pressure associated with 

inspiratory effort results in air entering the pleural space preferentially 

through the wound. Because of the large hole, there is little chance of 

tension. However, this can be life-threatening because it prevents pul-

monary gas exchange. It is managed by an occlusive dressing secured 

on three sides to prevent sucking of more air but allowing decompres-

sion of the PTX until definitive wound closure, and tube thoracostomy 

should be performed.

With the growing use of thoracic computed tomography (CT), 

small PTXs are often discovered that are not seen on CXR. These “oc-

cult PTXs” generally do not require treatment but should be moni-

tored for progression. A prospective multicenter study of the American 

Association for the Surgery of Trauma (AAST) found that only 6% of 

patients with occult PTX ultimately required a chest tube. Moreover, 

consistent with earlier studies, fewer than 20% receiving positive-

pressure ventilation required chest tubes, and none of them had ten-

sion.9 Another recent study of small traumatic PTXs from both blunt 

and penetrating injuries found that a distance of #35 mm between the 

visceral and parietal pleura was a safe cutoff for observation.10

Tube Thoracostomy
Tube thoracostomy is the definitive treatment for PTX and hemotho-

rax. The procedure is not difficult and can be performed rapidly, but 

care must be taken to avoid malpositioning. The optimal position is 

posterior to facilitate dependent drainage of blood and is directed to 

the apex of the pleural cavity. The current trend is to place smaller-

diameter tubes (28–32F), as they cause less discomfort for the patient 

and are adequate to drain most nonclotted hemothoraces.11

In the setting of tension PTX, if tube thoracostomy is not immedi-

ately available, the chest can be quickly decompressed with finger thora-

costomy or needle decompression. Although many authors previously 

promoted needle thoracostomy via the second intercostal space in the 

midclavicular line, it has been recognized repeatedly that catheters may 

be kinked in the pectoralis major muscle or breast tissue, rendering them 

ineffective—often unbeknownst to the clinician. Recent literature has 

documented that the chest wall is, on average, 10–12 mm thinner in the 

anterior axillary line at the fifth intercostal space. This site allows rapid, 

reliable, safe entry into the pleural space and is currently promoted by 

ATLS.12

A recent meta-analysis of 12 randomized trials concluded that pro-

phylactic administration of antibiotics was associated with signifi-

cantly less risk of empyema and pneumonia. We thus recommend 

preprocedural administration of a first-generation cephalosporin with 

duration no longer than 24 hours.13

Pneumothoraces and air leaks should be resolved before removal of 

the tube, and ideally, drainage should be less than 2–3 mL/kg/day. After 

12–24 hours without an air leak, the tube may be removed while on 

suction. However, a 6- to 12-hour trial of water seal drainage is gener-

ally warranted to observe for an occult air leak.14 It has been recom-

mended that tubes be removed at maximal deep inspiration with a 

Valsalva maneuver, but recurrent PTX may occur in 6%–8% of pa-

tients regardless of respiratory phase. More than 20% of patients re-

quire longer than 3 days to resolve an air leak, in which case their 

hospital course may be expedited by the use of thoracoscopy.15
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Hemothorax
Blunting of the costophrenic angle on upright CXR requires 200–250 mL  

of blood, and in a supine patient, there may be only subtle haziness  

of the affected hemithorax. Whereas small, asymptomatic hemotho-

races may be managed expectantly, it is currently recommended that 

hemothoraces greater than 300 mL be drained by tube thoracos-

tomy.16 A massive hemothorax is usually the result of a major vascular 

injury and is life-threatening. Indications for thoracotomy include the 

immediate return of 1500 mL of blood via tube thoracostomy or 

continued output of more than 200 mL/h for 2–3 consecutive hours. 

The clinician should be wary of an initial high-volume chest tube 

output (.10 mL/kg) that is followed by an abrupt decrease in vol-

ume. If there is clinical suspicion of ongoing bleeding, a repeat CXR 

should be obtained to rule out a retained hemothorax. This can occur 

because of a malpositioned, kinked, or clotted chest tube and should 

prompt a second chest tube. If the hemothorax remains significant, 

thoracoscopy or thoracotomy is indicated.17 Occasionally, in pene-

trating trauma there will be a “caked hemothorax” where the original 

chest tube is well positioned, but there is ongoing arterial bleeding 

that is too rapid to be evacuated. The result is retained “tension” he-

mothorax with a mediastinal shift and mandates immediate thora-

cotomy. Additionally, hemothoraces associated with massive blunt 

chest wall trauma can pose special challenges. Ongoing bleeding sug-

gests the need for thoracotomy, but a large incision may compound 

the bleeding, and diffuse bleeding from bone and soft tissue disrup-

tion may prove difficult to control. In this setting, angioembolization 

of the intercostal vessels can be considered in the hemodynamically 

stable patient.

Rib Fractures
Rib fractures are present in 10% of trauma patients admitted to the 

hospital. Elderly patients are especially susceptible to diminished pul-

monary function and complications. Patients over the age of 65 have 

twofold to fivefold increases in morbidity and mortality compared 

with younger patients with similar injuries.18 In addition, it is impor-

tant to identify patients who are at risk for respiratory decompensation 

and admit them to units with closer monitoring. Fig. 156.2 shows our 

institutional algorithm for initial triage and management of rib frac-

ture patients.

Another key factor in the management of these patients is proto-

colized multimodal pain management. This allows facilitation of pul-

monary physiotherapy to avoid atelectasis and improve clearance of 

secretions. Epidural catheters have proved to be efficacious and supe-

rior to patient-controlled analgesia in this regard and may also modify 

the immune response.18 Often the polytrauma patient has contraindi-

cations to epidural catheters, such as spinal fractures and coagulopa-

thy.19 In these patients, intercostal nerve/rib blocks may provide im-

mediate relief in the ED or intensive care unit (ICU) while awaiting 

further therapy. Alternatively, paravertebral catheter infusion of bupi-

vacaine can provide significant relief of rib fracture pain and may be 

equivalent to epidural catheters in terms of efficacy. These catheters 

can also be used in patients who have contraindications to epidural 

catheters.20,21

Although pain and morbidity from rib fractures are often empha-

sized for hospitalized patients, there is a growing body of literature 

detailing the presence of prolonged pain and physical incapacity  

2–12 months after hospital discharge.22,23 Recently, the technique of 
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intercostal nerve cryoablation has become a topic of interest for pain 

management secondary to severe rib fractures, given its ability to pro-

vide longer-lasting (8–12 weeks) analgesia. The technique causes axo-

notmesis but leaves the perineural structures intact. In this manner the 

nerve regenerates and provides reinnervation over time in anatomic 

fashion. Preliminary studies in trauma patients have shown a signifi-

cant decrease in postoperative numerical pain levels.24 In addition, 

pediatric surgeons performing chest wall reconstruction have been 

able to show decreases in opioid use, pain levels, and hospital length of 

stay using this technique.25

Flail Chest
Three or more ribs fractured in two or more places produce a flail 

segment of the chest wall. In the nonventilated patient, this segment 

may move paradoxically—inward during inspiration, outward during 

expiration—and consequently impair ventilation. Additionally, flail 

chest is often accompanied by pulmonary contusion, which com-

pounds the degree of pathophysiology, as contused lung tissue cannot 

function in oxygenation. Treatment for pulmonary contusions is sup-

portive, including supplemental oxygen, analgesia, and pulmonary 

toilet. See further details in this chapter.

Surgical Stabilization of Rib Fractures
Although surgical stabilization of rib fractures (SSRF) has been under-

taken since the early 20th century, the wider adoption of the technique 

has only occurred in the past 20 years. As technology has improved 

with chest wall–specific tools and systems, muscle sparing and mini-

mally invasive techniques have replaced older thoracotomy incisions 

and associated morbidities. Although not definitive, the physiologic 

and functional benefits of SSRF have gained more acceptance in the 

past 10 years. A systematic review was performed by the Eastern As-

sociation for the Surgery of Trauma (EAST) showing decreased ICU 

length of stay, time on ventilator, pneumonia rates, tracheostomy rates, 

and mortality for patients with flail chest.26 For patients who have se-

verely displaced rib fractures without flail chest, a recent multicenter 

prospective randomized trial of the Chest Wall Injury Society (CWIS) 

demonstrated decreased numeric pain scores, pleural space complica-

tions, and narcotic consumption and improved quality of life.27 Over-

all indications for SSRF have been codified in recent CWIS consensus 

guidelines28 and can be summarized as a patient with either flail chest 

or severely displaced rib fractures, especially one who is concurrently 

experiencing physiologic deficits.

Sternal Fracture
An early series of sternal fractures described the “steering wheel syn-

drome” (rapid deceleration, with impact of the sternum on the steering 

wheel) as the most common cause of sternal fractures. Associated blunt 

cardiac injury was common, so sternal fractures were thought to be 

harbingers of significant thoracic injury. More recently, however, sternal 

fractures have been reported more commonly with the “seat belt syn-

drome” (in conjunction with three-point or bandolier seat belts).  

Associated injuries are less frequent, so stable patients without electro-

cardiogram (ECG) abnormalities can be safely discharged from the ED. 

For hospitalized patients with severely displaced sternal fractures, surgi-

cal fixation can be a consideration; however, the body of scientific lit-

erature remains weak and requires more robust studies in the future.29

BLUNT LUNG INJURY

The spectrum of lung parenchymal injury after blunt chest trauma 

ranges from simple contusions to frank lacerations. Pulmonary contu-

sion is by far the most common and is merely a bruise of the lung. The 

pathophysiologic changes fundamentally include alveolar hemorrhage 

with surrounding edema, with a broad range of severity. The clinical 

result is hypoxia and increased work of breathing because of ventilation/ 

perfusion mismatching and decreased pulmonary compliance. Pulmo-

nary contusions may not appear on initial chest radiographs, although 

they are usually seen by 6 hours after the injury; chest CT is more sensi-

tive at diagnosing early pulmonary contusions. Treatment is supportive, 

including supplemental oxygen, pain control, pulmonary toilet, and 

judicious fluid management. There is no role for either routine antibi-

otics or steroid therapy.30 Intubation and mechanical ventilation are 

employed only as necessary. The degree of pulmonary dysfunction can 

peak at 72 hours and generally resolves in the absence of associated 

nosocomial pneumonia.

Posttraumatic pulmonary pseudocysts (PPPs) are cavitary lesions 

that occur in approximately 3% of lung parenchymal injuries after 

blunt trauma.31 They are seen more often in children as an incident 

CXR finding after relatively minor trauma (e.g., fall from bicycle) and 

are more likely to occur because of their more compliant chest walls. 

The clinical course is benign (with occasional minimal hemoptysis and 

fever). In adults, however, PPPs occur after more severe blunt mecha-

nisms, appear as a dense pulmonary contusion on CXR, and most re-

solve spontaneously as a nonspecific infiltrate. However, occasionally, 

they will become infected, leading to an abscess that will be resistant to 

antibiotic therapy and require interventional radiologic drainage or 

surgical resection.32 In patients with previous severe chest trauma who 

develop delayed nonresolving sepsis, a CT scan of the chest should be 

obtained to rule out an infected PPP. A blunt pulmonary laceration is 

rare and typically presents as a major hemopneumothorax. The initial 

tube thoracostomy reveals severe bleeding with a significant air leak, 

and this often requires an emergency thoracotomy.

PENETRATING LUNG INJURY

After penetrating trauma, a laceration likewise presents as a hemo-

pneumothorax but with less severe bleeding that is usually self-limited. 

The vast majority are definitively managed by tube thoracostomy 

alone. Of the 10% of patients requiring thoracotomy, approximately 

20% need lung resection. Historically, anatomic resection patients ex-

perienced high morbidity and mortality, with mortality after pneumo-

nectomy approaching 100%. In 1998, Wall and colleagues introduced 

the concept of pulmonary tractotomy as a nonresectional means of 

managing penetrating lung injuries.33 It is indicated for deep through-

and-through injuries that do not involve central hilar vessels or air-

ways. The wound tract is exposed by passing clamps (as originally de-

scribed) or a stapling device (our preference) through the wound and 

dividing the bridge of lung tissue. Air leaks and bleeding points are 

sutured, and the wound tract is left open. Morbidity and mortality 

compare favorably with anatomic resections.34

In patients with multiple anatomic sites with active hemorrhage, 

including the thorax, the concept of damage control thoracotomy 

(DCT) has been described.35 Although this pertains to the minority of 

patients requiring thoracotomies (4%), the idea of lung clamping, 

tractotomy, and/or thoracic packing with temporary skin closure fol-

lowed by a second-look thoracotomy is a reasonable course of treat-

ment rather than immediate pulmonary resection.

MEDIASTINAL INJURIES

Pneumomediastinum
Pneumomediastinum has classically been considered a sign of aerodi-

gestive injury, particularly when seen on CXR; however, with expand-

ing use of chest CT, pneumomediastinum is seen with increasing  
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frequency. Recent analyses have found that pneumomediastinum is 

present on approximately 5% of chest CT scans after trauma but that 

only 10% of these patients actually have aerodigestive injuries.36,37 In 

the absence of signs or symptoms or additional suspicious findings on 

CT scan, further investigation is not necessary.

TRACHEOBRONCHIAL INJURY

Tracheobronchial injuries are uncommon but should be excluded in 

the presence of cervical subcutaneous emphysema, pneumomediasti-

num, or PTX with a persistent air leak. The definitive diagnostic test is 

bronchoscopy. Cervical injuries are approached via cervical incisions, 

with partial or complete sternotomy as needed. Blunt injuries often 

occur in the distal trachea or right mainstem bronchus and are ap-

proached via right thoracotomy. Tracheal injuries can usually be re-

paired primarily or by resection and reanastomosis without tracheos-

tomy; late stenosis is uncommon. On the other hand, laryngotracheal 

injuries often require tracheostomy as an adjunct to repair, and tra-

cheal stenosis is a common late complication. Absorbable monofila-

ment sutures are preferred. Bronchial injuries may be repaired, but 

severe disruptions or associated vascular injuries may necessitate 

pneumonectomy or lobectomy. Positive end-expiratory pressure is 

avoided postoperatively.38

ESOPHAGEAL INJURY

Esophageal perforation from blunt force trauma is a rare event caused 

by a sudden rise in intraluminal pressure or by the upper esophagus 

being crushed between the trachea and a vertebral body. More com-

monly, esophageal injury is the result of penetrating trauma. Early 

signs and symptoms of injury can be subtle. Pneumomediastinum 

should prompt consideration of this injury. Barium esophagography is 

considered the diagnostic study of choice and can be readily obtained 

in a stable, awake patient. However, video endoscopy can be done at 

the bedside virtually anywhere in the hospital and has excellent accu-

racy. Thus it is preferred in critically ill or unstable patients in the ICU 

or operating room.39

If the injury is identified within 24 hours, it can usually be treated 

with debridement, primary repair, and drainage. If a tension-free re-

pair is not possible, it is best managed with débridement and drainage, 

cervical esophagostomy, and feeding tube placement.39

CARDIAC INJURY

Blunt Cardiac Injury
Blunt cardiac injury (BCI) represents a wide spectrum of cardiac inju-

ries, ranging from occult and inconsequential to lethal dysrhythmias, 

pump failure, or cardiac rupture. It can occur after virtually any 

trauma to the chest.

The diagnostic criteria for BCI are not standardized; no test is 

100% predictive of the uncommon but life-threatening complications 

of ventricular dysrhythmias and cardiac pump failure—the so-called 

“significant BCI.” The pivotal issue is to identify patients at risk and 

have them in a setting where the complication can be identified and 

treated promptly.

The initial evaluation for BCI screening should include 12-lead 

ECG. The utility of routine cardiac enzyme testing has been an area of 

debate.36 Although a 2012 EAST practice management guideline40 

made a level 3 recommendation for routine troponin as a screening 

test, troponin levels have not been demonstrated to independently 

predict significant BCI. Their primary value is in identifying a patient 

with potential BCI who has a normal ECG, prompting a period of 

monitoring. We do not recommend serial troponin testing or routine 

echocardiography in the patient with suspected BCI. Patients with 

shock, ischemic changes on the ECG, or significant dysrhythmias are 

admitted to the ICU. If angina or ischemic ECG changes are noted, the 

diagnosis of acute coronary syndrome should be pursued. Patients 

with significant blunt chest trauma and nonspecific ECG findings 

(e.g., sinus tachycardia) who are being admitted for associated injuries 

should have cardiac monitoring for 24 hours.41 A subset of patients 

may not require admission for other injuries. These patients can be 

safely discharged from the ED if ECG normalizes and if a troponin-I 

level at 8 hours is less than 1.5 ng/mL.42

Dysrhythmias are treated by pharmacologic suppression. The 

management of cardiogenic shock from cardiac pump failure may 

include early placement of a pulmonary artery catheter to optimize 

fluid administration and inotropic support. An echocardiogram may 

be indicated to exclude septal or free wall rupture, valvular disruption, 

or pericardial tamponade. Patients with refractory cardiogenic shock 

may require placement of an intraaortic balloon pump to decrease 

myocardial work and enhance coronary perfusion.

Commotio cordis is a rare but well-described cause of sudden car-

diac death in young patients with sudden traumatic impact to the 

chest. This impact profoundly alters the electrical stability of the myo-

cardium, resulting in ventricular fibrillation.43 In a series of 70 cases, 

Maron and colleagues reported a 90% mortality rate in a young (mean 

age 12 years) population of patients.44 An experimental model demon-

strated that ventricular fibrillation is reproducibly triggered by a pre-

cisely timed blow during a narrow window within the repolarization 

phase of the cardiac cycle (15–30 ms before the peak of the T wave). 

The management of this pathology is primarily prevention, centered 

around adequate protective equipment and prompt defibrillation  

using readily available automated external defibrillators (AEDs).43

Pericardial Injury
Pericardial tears may result from direct thoracic impact or from an 

acute increase in intraabdominal pressure. Herniation of the heart 

through a large tear may be associated with significant cardiac dys-

function. A pericardial rub may be detected on physical examination. 

The CXR may demonstrate pneumopericardium, displacement of the 

heart, or bowel gas in the chest. Echocardiography or CT may be re-

quired to confirm the injury. In a stable patient, a subxiphoid pericar-

dial window should be performed, followed by sternotomy in the 

presence of large hemopericardium or a visible pericardial tear. An 

unstable patient may require RT. Pericardial lacerations should be re-

paired, but large holes that cannot be closed primarily should be left 

widely open to prevent future cardiac herniation. A late complication 

is the post-pericardiotomy syndrome, manifested by fever, chest pain, 

pericardial effusion, a pericardial rub, and ECG abnormalities; this is 

adequately treated with antiinflammatory agents.

Valvular Injury
Valve injuries are rare. Even in lethal cardiac trauma, the valves are 

injured in approximately 5% of patients. The most commonly injured 

valve is the aortic, followed by the mitral, tricuspid, and pulmonary. 

Aortic valve disruption may result in acute severe cardiac failure, but 

a mild injury may present with syncope or anginal symptoms. Mitral 

valve leaflet tears, or more commonly, rupture of papillary muscles or 

chordae tendineae, may also result in acute heart failure. A heart mur-

mur will generally be present, and echocardiography and/or cardiac 

catheterization are used to confirm the diagnosis. Most valve injuries 

are amenable to supportive care until other injuries have been stabi-

lized. Valve repair is generally preferred over valve replacement when 

feasible.45
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Septal Injury
Septal injuries are found in 5%–7% of patients dying from blunt 

trauma. Ventricular septal ruptures are much more common than 

atrial septal injuries; they usually occur in the muscular portion near 

the apex. Characteristic physical findings include a systolic thrill and a 

harsh holosystolic murmur heard best at the left sternal edge and radi-

ating to the right, but the symptoms may be delayed for hours or days 

as the defect enlarges. Atrioventricular conduction abnormalities may 

also be present, simulating myocardial ischemia, and severe hypoxemia 

may result from an acute left-to-right shunt. Prompt echocardiogra-

phy is indicated to establish the diagnosis; cardiac catheterization may 

be needed.

Small septal defects may heal primarily, allowing expectant man-

agement with periodic follow-up. Surgical repair—either primary or 

with a patch graft—is indicated if the patient is hemodynamically 

compromised or has a left-to-right shunt with a shunt ratio of 2:1 or 

greater. Repair of the defect is delayed for several weeks if possible.46

Coronary Artery Injury
Direct injuries to coronary arteries are rare. The left anterior descend-

ing artery is the most susceptible (76% of cases), followed by the right 

coronary artery (12%) and the circumflex coronary artery (6%). Sur-

gical revascularization or repair of delayed complications related to 

infarction, such as ventricular pseudoaneurysms, may be indicated.

Penetrating Cardiac Injury
Cardiac penetration is rapidly lethal in 90% of gunshot wounds and 

up to 50% of stab wounds. All patients in shock with penetrating chest 

injuries between the right midclavicular line and left anterior axillary 

line, in addition to the posterior left chest, should be considered to 

have a cardiac injury until proven otherwise.47 The right ventricle, with 

its maximal anterior exposure, is at greatest risk, followed by the left 

ventricle, right atrium, and left atrium. Multiple cardiac structures are 

involved in a third of patients. Stab wounds are more commonly as-

sociated with tamponade, whereas gunshot wounds often result in 

exsanguination through a large pericardial defect.

Repair of cardiac injuries can be accomplished through either a 

median sternotomy or anterolateral thoracotomy incision. In a hemo-

dynamically compromised patient, left anterior thoracotomy with 

transsternal extension is used for definitive repair. In a hemodynami-

cally stable patient, sternotomy is generally preferred. A limitation of 

sternotomy is access to posterior mediastinal injuries. Satinsky clamps 

are useful in isolating atrial or caval injuries, whereas small ventricular 

lacerations are controlled digitally. Larger wounds may be stapled. 

Wounds that are very large are occasionally reparable using temporary 

caval inflow occlusion.48

Pericardial Tamponade
Potential pericardial tamponade should be suspected in all patients 

sustaining penetrating injuries to the anterior chest wall. Pericardial 

tamponade can be a two-edged sword: although it may limit initial 

blood loss, it can prove fatal by restricting diastolic filling of the 

heart.49 Because the pericardium is not acutely distensible, as blood 

accumulates, the pressure in the pericardial sac rises to match that of 

the injured chamber. When the pressure approaches that of the right 

atrium, right atrial filling is impaired and right ventricular preload is 

reduced; ultimately, this leads to decreased right ventricular output. 

Increased intrapericardial pressure also impedes myocardial blood 

flow, which leads to subendocardial and later subepicardial ischemia, 

with a further reduction of cardiac output. This vicious cycle may 

progress insidiously with injury to low-pressure conduits, or it may 

occur precipitously with a ventricular wound. Acute tamponade of as 

little as 100 mL of blood within the pericardial sac can produce life-

threatening hemodynamic compromise.

Early diagnosis is key, as the ultimate cardiovascular collapse can be 

abrupt. Compensatory responses, including tachycardia and vasocon-

striction, can transiently stabilize the hemodynamic status of the pa-

tient. Similarly, vigorous fluid administration may improve the pa-

tient’s vital signs. The classic findings of the Beck triad (hypotension, 

distended neck veins, and muffled heart sounds) are present in less 

than 10% of patients; furthermore, Kussmaul sign (neck vein swelling 

with inspiration) and pulsus paradoxus (SBP drop with inspiration) 

are not reliable indicators of acute tamponade. In fact, neck veins may 

not become distended until hypovolemia is corrected.

In the setting of suspected pericardial tamponade, ultrasonography 

using subxiphoid and parasternal views (or formal echocardiography if 

immediately available) is extremely helpful if the findings are positive, 

although a negative ultrasonographic examination may be misleading 

if there is a pericardial laceration.50 If pericardial fluid is demonstrated, 

the patient should be transported immediately to the OR for explora-

tion. However, if ultrasonography is equivocal, a central venous pres-

sure line should be inserted promptly. Persistently elevated central  

venous pressure in a patient with thoracic trauma should prompt  

consideration of a subxiphoid pericardial window. If the pericardial 

ultrasonography is positive and there will be any delay in getting to the 

OR, pericardiocentesis should be done if there is any suggestion of 

cardiac compromise, because subclinical endocardial ischemia can lead 

to recalcitrant lethal dysrhythmias. The pericardial tap should be per-

formed with a pigtail catheter to allow repeated aspiration during 

preparation for thoracotomy. In the setting of shock, evacuation of as 

little as 15 mL of blood may dramatically improve the patient’s hemo-

dynamic profile. Pericardiocentesis is successful in decompressing 

tamponade in approximately 80% of cases; most failures are caused by 

clotted blood within the pericardium. If pericardiocentesis is unsuc-

cessful and the patient remains severely hypotensive (SBP ,70 mm 

Hg), RT should be performed. Recently, several studies have questioned 

the mandate for a sternotomy in patients who are hemodynamically 

stable. If, after irrigating the pericardium, there is no reaccumulation of 

blood and the patient remains stable, it appears reasonable and safe to 

forego the sternotomy. A drain should be placed, and the patient 

should have intensive postoperative monitoring. One potential pitfall is 

the presence of a posterior pericardial wound, so accumulation of 

blood in the plural space should be assessed. The pericardial drain is 

removed once output is minimal and clear.51,52

TRANSMEDIASTINAL PENETRATING TRAUMA

Transmediastinal trajectory of a bullet should be considered in the set-

ting of (1) entry and exit wounds on opposite sides of the thorax,  

(2) a single entry wound with the bullet ending up on the opposite side 

of the thoracic cavity or in close proximity to the mediastinum, or  

(3) multiple gunshot wounds to the thorax. Significant injury, espe-

cially to the heart or great vessels, often results in prehospital death or 

hemodynamic instability. There is little controversy regarding the 

management of unstable patients: they should have emergent thora-

cotomy. However, stable patients may harbor occult injuries to critical 

mediastinal structures (heart, great vessels, trachea, or esophagus). 

Helical CT angiography (CTA) of the chest has proved useful in dem-

onstrating the trajectory of missiles in the thorax.53 In the setting of a 

potential transmediastinal gunshot wound, a CT scan may confirm a 

trajectory remote from the mediastinum, obviating further testing.  

A proven transmediastinal trajectory mandates further evaluation, 

tailored to the specific structures at risk. Our current approach to 

evaluating these patients is outlined in Fig. 156.3.

  

 



1261CHAPTER 156 Thoracic Trauma

THORACIC GREAT VESSEL INJURY

Patients with penetrating injuries to extrapericardial thoracic great 

vessels often succumb in the field; however, patients can arrive with a 

contained hematoma. Early CXR is critical to identify hemothorax, in 

addition to a widened mediastinum or apical capping. Patients who 

are hemodynamically unstable should be taken directly to the OR; 

those in extremis should undergo RT. A reasonable approach can be 

inferred from the CXR and the location of the wounds. If the patient 

has a left hemothorax, a left anterolateral thoracotomy in the third or 

fourth intercostal space should be performed. Patients with a right 

hemothorax should likewise be approached via a right anterolateral 

thoracotomy. Unstable patients with injuries near the sternal notch 

may have large mediastinal hematomas or may have lost blood exter-

nally. These patients should be explored via a median sternotomy with 

cervical extension. Hemorrhage should be controlled digitally until the 

vascular injury is delineated. In a hemodynamically stable patient, 

CTA can facilitate a more directed approach. In the setting of pericla-

vicular trajectory, it must be remembered that collateral flow around 

the shoulder girdle can result in palpable pulses, even in the presence 

of a significant subclavian artery injury.

A median sternotomy, with appropriate extension, is used for expo-

sure of the aortic arch branch vessels. In patients who have undergone 

RT, the left anterolateral thoracotomy incision may have to be ex-

tended to a bilateral anterolateral thoracotomy (“clamshell”). In ex-

posing the proximal left subclavian artery, it may be necessary to create 

a full-thickness flap of the upper chest wall. This is accomplished with 

a partial sternotomy and supraclavicular extension. If necessary, the 

ribs can be transected laterally, allowing the flap to be folded laterally, 

but this is rarely required. This incision has been referred to as an 

open-book or trapdoor thoracotomy. The midportion of the subclavian 

artery is accessible via a supraclavicular skin incision.

The great vessels are rather fragile and can be easily torn during 

dissection or crushed with a clamp. For this reason, injuries adjacent 

to the aortic arch are oversewn, and a graft is inserted onto a new loca-

tion on the arch. The graft is then sewn (without tension) to the distal 

artery. Nonoperative management of nonocclusive peripheral arterial 

injuries has proved successful, and there are limited data supporting 

similar management within the thorax for certain patients. Similarly, 

lesions associated with severe neurologic injuries are usually managed 

nonoperatively. Experience with endovascular stenting is growing, al-

though long-term outcomes have not been reported.55 Clearly unstable 

patients require operative control and repair; however, it appears that 

stent graft treatment of subclavian artery injuries is preferred in stable 

patients and results in fewer morbidities.56

BLUNT THORACIC AORTIC INJURY

Blunt thoracic aortic injury (BTAI) typically results from sudden de-

celeration and shearing force resulting in varying degrees of aortic 

disruption. The injury usually occurs just distal to the left subclavian 

artery where the aorta is tethered by the ligamentum arteriosum. In 

5% of cases, the tear occurs in the ascending aorta, in the transverse 

arch, or at the diaphragm. An estimated 85% of thoracic aortic injuries 

are fatal at the injury scene.

CXR is considered the initial screening tool of choice for determin-

ing whether further investigation is needed for BTAI. Commonly as-

sociated radiographic findings include mediastinal widening, obscured 
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Fig. 156.3 Evaluation of suspected transmediastinal gunshot wounds (TMGSWs).54 Transmediastinal 

injuries should be suspected in the presence of entry and exit wounds on opposite sides of the thorax,  

a single entry wound with the bullet located in the contralateral hemithorax or adjacent to the mediastinum, 

or multiple gunshot wounds to the thorax. CTA, Computed tomography angiography; ED, emergency depart-

ment. (From Gunn ML, Clark RT, Sadro CT, et al. Current concepts in imaging evaluation of penetrating trans-

mediastinal injury. Radiographics. 2014;34[7]:1824–1841.)
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aortic knob, deviation of the left mainstem bronchus (downward) or 

nasogastric tube (rightward), and opacification of the aortopulmonary 

window. In a AAST multicenter study, widening of the mediastinum 

on the anteroposterior chest radiograph was present in 85% of cases. 

However, 7% of patients with aortic tears had normal chest radio-

graphs.57 Thus additional investigations are warranted in the setting of 

significant energy transfer. CTA of the chest has supplanted thoracic 

angiography as the primary diagnostic test. When hematoma adjacent 

to the thoracic aorta is considered a positive finding, the sensitivity of 

CT for aortic injury is 100%.

Over the past decade, the surgical treatment and medical manage-

ment of BTAIs have become more uniform and clearer. The Society of 

Vascular Surgery has classified BTAIs into four grades in increasing 

severity: I, minimal intimal injury; II, intramural hematoma; III, pseu-

doaneurysm; and IV, aortic rupture.58 A suggested treatment algo-

rithm based on grade is shown in Fig. 156.4. For grade I and II injuries, 

the mainstay of therapy is blood pressure control (,120 mm Hg), 

heart rate control (,90 bpm), antiplatelet therapy, and follow-up sur-

veillance imaging to assess for either resolution or progression. Grade 

IV injuries should undergo surgical repair, with endovascular tech-

nique preferred over traditional open thoracotomy. Grade III injuries 

represent a gray area that could be managed based on the risk of  

rupture. Smaller pseudoaneurysms in patients who are high-risk surgical 

candidates may be managed medically, whereas larger pseudoaneu-

rysms with increased risk for rupture should undergo endovascular 

repair. In addition, patients who are contraindicated for blood pres-

sure control (i.e., traumatic brain injuries with intracranial hyperten-

sion) should undergo surgical repair.59 Despite the lack of level 1 

evidence, the choice of endovascular repair over open repair is now 

well accepted. Systematic reviews of 37 comparative studies favor en-

dovascular repair with lower mortality (8% vs. 19%) and paraplegia 

rates (0.5% vs. 3%). The endovascular group did have a higher stroke 

rate (2.5% vs. 1%).60

Some debate remains regarding immediate versus delayed repair of 

BTAIs. Until the 1990s, BTAI was thought to require urgent repair to 

avoid early rupture. Recognizing significant morbidity and mortality 

in patients with severe associated injuries and comorbid medical con-

ditions, the concept of immediate repair was challenged. In fact, an 

AAST prospective multicenter trial found that delayed repair is associ-

ated with significant survival benefit.61 Although patients with major 

associated injuries are most likely to benefit, the study supported de-

layed repair in all patients, irrespective of risk factors. A current prac-

tice guideline by the EAST recommends delayed repair to reduce 

mortality and paraplegia.60
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Fig. 156.4 Lesion-Specific Management for Blunt Thoracic Aortic Injury. 1Antiplatelet therapy and beta-

blockade targeting a systolic blood pressure of 100–120 mm Hg and heart rate of 60–90 bpm with additional 

antihypertensive agents as required for blood pressure control; repeated computed tomography (CT) within 

48–72 hours for patients managed nonoperatively or by delayed repair to assess stability. 2High-risk factors 

include two or more of the following: signs of hypotension, large pseudoaneurysm, and extensive mediasti-

nal hematoma (refer to Table II). 3Small defined as ,50% aortic circumference or ,1 cm in maximal dimen-

sion.58 (From Harris DG, Rabin J, Starnes BW, et al. Evolution of lesion-specific management of blunt thoracic 

aortic injury. J Vasc Surg. 2016;64[2]:500–505.)
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ANNOTATED REFERENCES

Cothren CC, Moore EE. Emergency department thoracotomy. In DV  

Feliciano, KL Mattox, EE Moore, eds. Trauma, 6th ed. New York: McGraw-

Hill; 2008.

A comprehensive review of the literature on ED thoracotomy. It also provides 

detailed discussions and descriptions of the procedures.

Harris DG, Rabin J, Starnes BW, et al. Evolution of lesion-specific manage-

ment of blunt thoracic aortic injury. J Vasc Surg. 2016;64(2):500–505.

Most recent high-quality review of BTAI and a straightforward management 

and treatment algorithm.

Kasotakis G, Hasenboehler EA, Streib EW, et al. Operative fixation of rib frac-

tures after blunt trauma: A practice management guideline from the East-

ern Association for the Surgery of Trauma. J Trauma Acute Care Surg. 

2017;82(3):618–626.

The most recent systematic review and meta-analysis of high-quality trials in 

surgical stabilization of rib fractures. Excellent assimilation and presentation 

of pooled available data with supported recommendations and indications.

Wall MJ, Hirshberg A, Mattox KL. Pulmonary tractotomy with selective vascular 

ligation for penetrating injuries to the lung. Am J Surg. 1994;168:665–669.

The original description of pulmonary tractotomy.

Witt CE, Bulger EM. Comprehensive approach to the management of the pa-

tient with multiple rib fractures: A review and introduction of a bundled 

rib fracture management protocol. Trauma Surg Acute Care Open. 2017;

2(1):e000064.

An excellent review of rib fracture morbidities and how to implement a  

protocolized rib fracture triage and management system.

Wu JT, Mattox KL, Wall MJ. Esophageal perforations: New perspectives and 

treatment paradigms. J Trauma. 2007;63:1173–1184.

A good overview of a difficult problem.

KEY POINTS

• Resuscitative thoracotomy will not yield productive survival when patients 

(1) sustain blunt trauma and require more than 10 minutes of prehospital 

CPR without response, (2) have penetrating wounds and undergo more than 

15 minutes of prehospital CPR without response, or (3) manifest asystole 

without pericardial tamponade.

• Management of rib fractures include early triage based on risk factors for 

respiratory decompensation. Higher-risk patients should be initially ob-

served in the ICU setting.

• Surgical stabilization of rib fractures can reduce patient morbidity and 

mortality and should be considered in patients with flail chest and severely 

displaced rib fractures with physiologic deficits.

• In patients with a penetrating pulmonary laceration, pulmonary tractotomy 

results in favorable morbidity and mortality rates compared with lung resec-

tion for trauma. Damage control thoracotomy can be considered in patients 

with multicompartmental hemorrhage.

• Bronchoscopy should be performed for cervical subcutaneous emphysema, 

pneumomediastinum, or pneumothorax with a persistent air leak to rule out 

tracheobronchial injuries. For esophageal injuries, contrast esophagography 

is the preferred diagnostic study, but video endoscopy can also be per-

formed at the bedside in intubated patients and is superior in the pharyn-

geal area.

• Echocardiography is most useful in identifying pericardial tamponade or 

intracardiac injuries. Ultrasonography and central venous pressure monitor-

ing are critical adjuncts in diagnosing pericardial tamponade, as the classic 

findings of Beck triad are present in very few patients.

• Helical CT scanning is useful in delineating the trajectory of potential trans-

mediastinal gunshot wounds, allowing a truncated and cost-effective work-

up in stable, asymptomatic patients.

• In blunt thoracic aortic injury, helical CT is an excellent screening test and 

should be considered even in the face of a normal chest radiograph if there 

is severe energy transfer.

• Medical versus surgical treatment of BTAI is based on grade of severity. 

Medical management consists of SBP and heart rate control with a rapidly 

reversible beta-blocking agent. Surgical treatment should be performed 

endovascularly in a delayed fashion for optimum results.

 References for this chapter can be found at expertconsult.com.
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Abdominal Trauma

Nicole C. Toscano and Andrew B. Peitzman

INTRODUCTION

Trauma is the leading cause of death in patients between 1 and 44 years 

of age.1 The trauma patient requires rapid and systematic evaluation 

by a multidisciplinary team using principles defined by Advanced 

Trauma Life Support (ATLS).2 These principles allow the effective 

transition of care from the prehospital to hospital environment. Exter-

nal signs of abdominal injury can be absent; effective diagnosis relies 

heavily on recognizing patterns of injury and maintaining a high sus-

picion of injury to minimize the risk of morbidity and mortality. This 

chapter focuses on the evaluation, diagnosis, management, and com-

plications associated with abdominal injuries. Patients with abdominal 

injury will be admitted to the intensive care unit (ICU) for manage-

ment of concomitant brain or spine injury, chest wall injury/pulmo-

nary contusion, extremes of age, and nonoperative management of 

high-grade solid organ injury or after damage-control laparotomy.

ETIOLOGY OF INJURY

Abdominal trauma can be broadly categorized into blunt force or pen-

etrating mechanism of injury. Each mechanism produces different in-

jury patterns. A thorough understanding and early recognition of these 

patterns aid in rapid diagnosis and treatment, minimizing risk of mor-

bidity and mortality from abdominal injury. It is important to under-

stand that the early critical decision in management is recognizing that 

the trauma patient requires emergent laparotomy. Time spent on diag-

nostic evaluation, most often computed tomography (CT), or failure 

to recognize signs of abdominal injury delays definitive treatment, in-

creasing morbidity and mortality. The priority is to detect and correct 

abnormal physiology, not to define the specific anatomic injuries.

Blunt Abdominal Injury
Blunt abdominal trauma accounts for 80% of abdominal injuries. 

These injuries result from an external force that causes direct compres-

sion, shearing, rapid change in intraluminal pressure, or deceleration 

forces. These forces can cause injury to solid organs, hollow organs, or 

vascular injury within the abdominal cavity. Blunt trauma can be as-

sociated with single-organ injury or multisystem trauma, significantly 

increasing patient risk of morbidity and mortality. Common mecha-

nisms of injury include motor vehicle crash, motorcycle crash, bicycle 

crash, fall, pedestrian-automobile impact, abuse, and assault.

Evaluation

Clinical Evaluation. The initial resuscitation of an injured trauma 

patient begins with identification of the mechanism of injury and es-

tablishing patient stability. A proper handoff from emergency medical 

services quickly provides information regarding the mechanism of 

injury to guide assessment. Patients are further classified based on 

stability, with unstable patients exhibiting hypotension or tachycardia. 

Initial assessment of all patients, as defined by ATLS, begins with the 

primary survey to ensure a patent airway, breathing, and circulation 

(perfusion). The secondary survey is a head-to-toe examination, with 

special care taken to evaluate the abdomen. Although physical exami-

nation is often unreliable to identify abdominal injury, certain findings 

raise the suspicion for injury. Abdominal distention suggests massive 

hemoperitoneum from solid organ or vascular injury. Peritonitis is not 

typically associated with hemoperitoneum, but can be present with 

hollow viscus organ injury. Bruising across the lower abdomen or chest 

(seatbelt sign) suggests the presence of a hollow viscus injury or lum-

bar vertebral body spine (Chance) fracture. Physical examination is 

unreliable in the diagnosis of blunt abdominal trauma because of  

altered mental status or distracting injury. However, repeated abdominal 

examination helps identify missed injuries. The liver or spleen is the 

most common solid organ injured after blunt injury. As 85% of splenic 

and hepatic injuries are grades I to III, the vast majority of these pa-

tients are hemodynamically stable and managed nonoperatively. On 

the other hand, high-grade injury to the spleen or liver often produces 

active bleeding and a hemodynamically unstable patient. More details 

on specific organ injuries are discussed later in the chapter.

Diagnostic Tests. Limitations of the physical examination require 

appropriate use of adjunct testing for rapid diagnosis. These diagnostic 

tests include focused abdominal sonography for trauma (FAST), diag-

nostic peritoneal lavage/aspiration (DPL/DPA), plain radiography, and 

CT. Use of these modalities is ultimately dependent on patient stability.

Focused Abdominal Sonography for Trauma. FAST should be 

used in the assessment of all patients with blunt abdominal trauma. 

FAST both has bedside availability and is noninvasive, allowing detec-

tion of hemoperitoneum within minutes.3–7 However, FAST has a 

false-negative rate as high as 40%, often missing injury to the dia-

phragm, hollow viscus, or retroperitoneum.7 A positive FAST in a he-

modynamically unstable patient has the highest utility to allow prompt 

transfer to the operating room for definitive care. However, a negative 

FAST does not exclude abdominal injury and often requires further 

assessment with CT or DPL/DPA.

Diagnostic Peritoneal Lavage or Aspiration. Patients with a nega-

tive FAST, hemodynamic instability, and ongoing suspicion for in-

traabdominal hemorrhage are assessed with DPL/DPA. Of note, FAST 

and DPA have largely replaced DPL. Similar to FAST examination, 

DPL/DPA is limited in its ability to assess retroperitoneal or dia-

phragm injury. Although this procedure is invasive, risks of complica-

tions are low in experienced hands. A positive DPA is defined by return 

of blood on aspiration. A positive DPL is defined by the presence of  

10 cc gross blood on aspiration, .100,000 red blood cells/mm3, .500 

white blood cells/mm3, bile, or food particles. A positive DPL/DPA in 

the unstable patient requires immediate laparotomy.
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Computed Tomography. CT should be performed in the hemody-

namically stable patient who has sustained significant blunt abdominal 

trauma. Modern helical CT scanners have significantly reduced imag-

ing time and improved imaging quality. CT identifies and grades solid 

organ injuries and the presence of retroperitoneal injuries. However, 

CT is less reliable in the identification of hollow viscus, diaphragm, or 

pancreatic injury. Perform CT with intravenous contrast, with both 

arterial and portal venous phase images. Special care should be taken 

in the patient with known contrast dye allergy or chronic kidney dis-

ease. Patients with contrast dye allergy will require premedication to 

minimize the risk of allergic reaction or noncontrast studies. Oral 

contrast is not routinely used, as it may cause delay or place patients at 

risk for aspiration.

Laboratory Testing. Laboratory testing is routinely obtained on 

initial presentation to the trauma bay. The acutely hemorrhaging patient 

will rarely demonstrate anemia, as whole blood has been lost. A global 

assessment of perfusion is important, as patients in hemorrhagic shock 

may demonstrate a metabolic acidosis with an elevated base deficit or 

lactate level. Urinalysis with the presence of red blood cells suggests uro-

logic injury. Although initial laboratory testing is unreliable for diagno-

sis, trending values can aid in resuscitation or identification of missed 

injury. Patients with pancreatic or hollow viscus injury may initially have 

normal serum amylase levels, which later become elevated. Thrombo-

elastogram (TEG) assesses hemostasis and whole blood coagulation. It 

has been more routinely used in identifying trauma-induced coagulopa-

thy and guiding resuscitation.

Penetrating Abdominal Injury
A penetrating abdominal injury (PAI) is defined as a perforating injury 

that violates the abdominal cavity. Anatomically, injury from the nip-

ple line to the groins anteriorly or scapula tip posteriorly to the but-

tocks posteriorly should raise suspicion for possible thoracic and  

abdominal injury. These injuries result from high-velocity projectiles 

such as firearms or other mechanisms such as stabbings or impale-

ment. A thorough understanding of missile or wound trajectory is 

imperative in diagnosis and management. Penetrating trauma from 

high-velocity weapons with significant kinetic energy produces exten-

sive injury and tissue damage, some of which may progress over the 

first 24–48 hours postinjury.

Evaluation

Clinical Evaluation. Similar to the evaluation of patients sustaining 

blunt abdominal trauma, patients with PAI require rapid evaluation 

and assessment following the principles of ATLS. Initial identification 

of the mechanism of injury and patient stability further defines the 

diagnostic algorithm. Upon ensuring an intact primary survey, a pa-

tient should be examined head to toe to identify all injuries to help 

approximate missile trajectory. Take special care to examine the axilla, 

perineum, gluteal folds, rectum, and body creases to ensure no injuries 

are missed. Wounds should be counted, and an odd number of 

wounds suggests a retained foreign body (generally a bullet). Wounds 

are marked with radiographic markers or paperclips secured with tape. 

Plain radiographs of the chest, abdomen, and pelvis and cross-table 

lateral abdominal films then aid in determining the trajectory of mis-

siles. Physical examination should also assess for abdominal distention 

and the presence of peritonitis. Identification of visceral or omental 

evisceration, peritonitis, or hypotension is an indication for immediate 

exploratory laparotomy. Stable patients selected for nonoperative 

management (NOM) who can provide a reliable examination should 

undergo serial examination for a minimum of 24 hours. Those pa-

tients who develop a change in vital signs (fever or tachycardia), peri-

tonitis, or leukocytosis should undergo surgical exploration.

Diagnostic Tests.

FAST. FAST should be used in both stable and unstable patients 

who have sustained PAI. FAST may identify hemoperitoneum in PAI 

and, more importantly, hemopericardium in patients where the trajec-

tory puts the heart at risk. FAST remains unreliable in the diagnosis of 

hollow viscus injury, which is common with penetrating injury.

Computed Tomography. Patients who remain hemodynamically 

stable can be assessed by CT with intravenous and oral contrast. Rectal 

contrast is generally not recommended currently. Cross-sectional im-

aging can define the trajectory of injury and violation of the peritoneal 

cavity. However, evaluation of violation of the peritoneal cavity with 

CT is limited in patients who are thin.

SURGICAL EXPLORATION

Surgical exploration can be achieved by exploratory laparotomy or di-

agnostic laparoscopy (in selected patients). The hemodynamically un-

stable patient with concerning trajectory should undergo immediate 

exploratory laparotomy after assessment for hemopericardium via 

FAST. The exploratory laparotomy in the trauma patient is a systematic 

evaluation of abdominal injuries. The primary goals of the trauma 

laparotomy are to (1) control hemorrhage, (2) stop gastrointestinal 

contamination, (3) define all injuries, and (4) resect/repair injuries with 

consideration for damage control (discussed later). Diagnostic laparos-

copy should only be considered in the hemodynamically stable patient 

and has largely replaced DPL to exclude intraabdominal injury. It can 

be helpful in the assessment of diaphragmatic injuries and violation of 

the peritoneal cavity, especially with PAI. However, its utility to detect 

retroperitoneal or hollow viscus injury is limited by surgeon experience.

ORGAN-SPECIFIC INJURY

General Principles
As mentioned earlier, the essential decision in the management of ab-

dominal injury is recognizing the need for emergent laparotomy. The 

initial management of patients with suspected abdominal injury begins 

with appropriate triage and resuscitation. Ultimately, evaluation de-

pends on the mechanism of injury and hemodynamic stability of the 

patient. In the hemodynamically stable blunt trauma patient, CT with 

intravenous contrast is the diagnostic test of choice to determine the 

extent of injury (grade), presence of associated intraabdominal injuries 

and hemoperitoneum, and active extravasation. The majority of patients 

with blunt injury to the liver, spleen, or kidney are hemodynamically 

normal, and appropriate management will be observation.

Hemodynamically unstable patients or those with evidence of peri-

tonitis on examination require immediate laparotomy. FAST and plain 

radiography of the chest and pelvis are used in the unstable patient to 

detect hemoperitoneum and assess the chest as a site of blood loss.

Successful NOM requires appropriate patient selection; high-

quality CT; and the availability of an effective multidisciplinary team 

of intensive care physicians, experienced surgeons, and interven-

tional radiologists. Institutions should have well-established proto-

cols and consistent practice patterns to minimize risk of failure of 

NOM. Frequent evaluation upon admission to the ICU is necessary 

to monitor for complications, including bleeding, abscess, or bile 

peritonitis.

Hepatic Injury
With its anatomic position anteriorly in the right upper quadrant, the 

liver is the largest and one of the most commonly injured intraab-

dominal organs.8 The highest incidence of these injuries is secondary 

to blunt abdominal trauma from motor vehicle crashes.9 More than 
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85% of blunt hepatic injuries are low-grade injuries (American Asso-

ciation for the Surgery of Trauma [AAST] grade I–III) and 15% repre-

sent high-grade injuries (AAST grade IV–V). Mortality in patients 

with hepatic injury is dependent on the grade of injury and ranges 

from 10% in the low-grade injuries (AAST grade I–II) to greater than 

50% in high-grade injuries.10 Patients who present with hepatic injury 

are at high risk for concomitant injuries of the spleen (21%), kidney 

(9%), and bowel (4%).11

Measure serum transaminases, lactate dehydrogenase, and gamma-

glutamyl transferase (GGT) on admission and trend throughout the 

patient’s hospitalization. Abnormalities of these values have been as-

sociated with grade of hepatic injury and can serve as screening 

tests.12–14

NOM of hepatic injury in hemodynamically stable patients with-

out peritonitis is now routine.15,16 With appropriate patient selection, 

more than 85% of patients with liver injury can be managed success-

fully with NOM. Patients requiring immediate laparotomy for hemo-

dynamic instability typically have AAST grade IV or V injury. Hemo-

dynamic status remains the most important factor in predicting 

success of NOM. Other predictors of failed NOM in high-grade liver 

injuries include age, male gender, higher Injury Severity Scale (ISS), 

lower Glasgow Coma Scale, hypotension, and the presence of associ-

ated intraabdominal injuries.17,18

Frequent evaluation upon admission to the ICU is necessary to 

monitor for complications including bleeding, abscess, or bile perito-

nitis. Observation should include frequent physical examination,  

hemodynamic monitoring, and serial hemoglobin levels. It is of the 

utmost importance to prevent hypothermia and reverse coagulopathy 

in these patients.

Although NOM of hepatic injury has resulted in lower mortality 

rates, reduced transfusion requirements, and reduced length of stay, 

12%–24% will develop complications. These include early (,24 hour) 

and late (.24 hour) bleeding, bile leak, hepatic necrosis, gallbladder 

necrosis, abscess, biliary-venous fistula, hemobilia, and thrombosis or 

pseudoaneurysm of the hepatic vasculature. Increasing liver grade is 

associated with a higher complication rate. Complications can be rec-

ognized by the development of a variety of symptoms, including  

increasing abdominal pain, change in vital signs, leukocytosis, or  

abnormalities of liver function tests. Patients with these symptoms and 

laboratory abnormalities require definitive imaging to establish the 

appropriate diagnosis and treatment modality. CT with intravenous 

contrast is effective to assess for hepatic or gallbladder necrosis, ab-

scess, and pseudoaneurysm formation. Suspicion for bile leak can be 

confirmed with hepatobiliary iminodiacetic acid (HIDA) scan. Pa-

tients with hematemesis, melena, or jaundice should undergo angiog-

raphy for suspicion of hemobilia.

Management of complications associated with NOM of liver injury 

varies and can range from observation to surgical intervention. Only 

15% of complications will require operation. Small bilomas can typi-

cally be managed with observation. Bile leaks require endoscopic ret-

rograde cholangiography and stenting. Large bilomas and abscesses 

can be managed with percutaneous drainage. Approximately 2%–7% 

of patients will develop recurrent/late bleeding or ongoing transfusion 

requirements, typically managed with angiography and embolization. 

Angiography/embolization enhances the success of NOM but should 

only be used in patients who are hemodynamically stable without 

other indications for operative intervention. Complications associated 

with angioembolization include hepatic necrosis, gallbladder necrosis, 

bile leak, and abscess formation with rates ranging anywhere from 

29% to 80% (Fig. 157.1). Patients with active extravasation on CT are 

more likely to fail NOM and should undergo early angioembolization. 

Operative intervention is reserved for resection of devitalized or ne-

crotic liver, control of large bile leaks in the setting of biliary peritonitis, 

and drainage.

Splenic Injury
The spleen is the intraabdominal organ secondary to blunt abdominal 

trauma most likely to require operation. Patients may report left upper 

quadrant fullness or pain and left shoulder pain (Kehr sign). Left lower 

rib fractures have been associated with splenic injury in 25%. However, 

physical examination is largely unreliable for the diagnosis of splenic 

injury.

Ultimate management of splenic trauma depends on the hemody-

namic status of the patient. NOM of splenic trauma has become rou-

tine in the hemodynamically stable patient.19,20 Immediate laparotomy 

should be undertaken in hemodynamically unstable patients or those 

with evidence of peritonitis.21,22

Patients managed nonoperatively require close observation in hos-

pital or the ICU for high-grade injuries (AAST grade .III) with fre-

quent physical examination, serial hemoglobin measurements, and a 

A B

Fig. 157.1 A 52-year-old-male, motor vehicle crash, hemodynamically normal. A, C with contrast shows 

large active extravasation and clot in the right lobe of the liver. The right hepatic artery was embolized. The 

patient was managed nonoperatively and discharged from the hospital. B, The patient re-presented 

2 weeks later with an elevated white blood cell count. A liver abscess was drained percutaneously.
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period of immobility. Failure of NOM of splenic injuries in patients 

with blunt splenic trauma ranges from 3% to 38%, but generally under 

10%.23–32 Patients with high-grade injuries (AAST grade IV–V), high 

ISS, presence of pseudoaneurysm, arteriovenous fistula, active extrava-

sation, moderate to large amounts of hemoperitoneum, or subcapsular 

hematoma are at highest risk for failure of NOM.26,27 Ninety percent of 

patients who fail NOM will do so in the first 3 days after injury and 60% 

in the first 24 hours. Patients who undergo successful NOM with high-

grade injuries should undergo interval CT (generally 48 hours post 

initial CT) with intravenous contrast to evaluate for the development of 

pseudoaneurysm, which will require angioembolization. Chemical 

deep vein thrombosis (DVT) prophylaxis is initiated within 48 hours 

and has not been shown to increase the risk of failure of NOM.33,34

Angiographic embolization is an adjunct in the management of 

splenic injuries and can enhance the salvage rate of NOM. However, this 

should only be considered in the hemodynamically stable patient. Patients 

with contrast extravasation on CT, high-grade injury (grades IV and V) 

even without active extravasation, moderate hemoperitoneum, or con-

cern for ongoing bleeding should be considered for proximal or selective 

angioembolization.25,29–31 Complications of angioembolization include 

femoral access issues, pleural effusions, contrast-induced acute kidney 

injury, splenic infarction, splenic rebleeding requiring splenectomy, and 

splenic abscesses or cysts32 (Fig. 157.2).

After splenectomy, patients are at risk for overwhelming postsple-

nectomy infection (OPSI) secondary to encapsulated organisms, in-

cluding meningococcus, Haemophilus influenza, Streptococcus pneu-

moniae, Staphylococcus aureus, and Escherichia coli. This risk is highest 

in the pediatric population. However, both adult and pediatric patients 

require immunization within 2 weeks of splenectomy or before dis-

charge with Pneumovax, H. influenza, and meningococcal vaccines. 

Patients should be educated regarding revaccination schedules to en-

sure proper follow-up. Immune function in patients with high-grade 

injuries or after splenic artery embolization seems to be preserved. The 

need for vaccination after angioembolization remains controversial.

Pancreatic Injury
The retroperitoneal location of the pancreas makes injury uncommon, 

ranging in frequency from 0.2% to 12% in patients with abdominal 

trauma.35–38 These injuries typically occur from a crushing force to the 

abdomen that compresses the pancreas against the vertebral column or 

a gunshot wound. When pancreatic injury occurs, there is a high rate 

of associated intraabdominal injuries of solid organs, hollow organs, 

and vascular structures.

Early identification of pancreatic injury remains a diagnostic chal-

lenge, especially in the injured patient who does not require immediate 

laparotomy. Given the retroperitoneal location of the pancreas, FAST 

and DPL are unreliable in the detection of injury.39 Physical examina-

tion may reveal abdominal tenderness, ecchymosis, or no signs or 

symptoms and remains insensitive for the diagnosis of pancreatic in-

jury. Laboratory studies may reveal elevated serum amylase or lipase 

on admission. However, this is neither sensitive nor specific for the 

presence of a pancreatic injury.

Operative exploration of the pancreas with visual inspection and 

bimanual palpation is the most sensitive method to diagnose injury. 

CT remains the imaging modality of choice in the hemodynamically 

stable patient. However, the sensitivity of CT in identification of injury 

remains variable, ranging from 47% to 79%.40,41 Patients with normal 

pancreas architecture and without peripancreatic edema on CT should 

be closely observed with serial physical examination. Development of 

abdominal pain, leukocytosis, or change in vital signs should prompt 

immediate evaluation with repeat CT using a pancreatic protocol or 

laparotomy.

Endoscopic retrograde cholangiography (ERCP) may be used to 

diagnose and, at times, treat pancreatic ductal injury in the stable 

trauma patient with suspicion of pancreatic injury. Magnetic reso-

nance cholangiography (MRCP) may also be used for diagnosis, but 

does not offer the therapeutic advantages available during ERCP. Per-

forming an ERCP on the acutely injured patient can be challenging 

and can exacerbate inflammation of the pancreas.42

The status of the pancreatic duct, the location of injury (proximal 

versus distal), and the overall status of the patient determine the most 

appropriate management. Given the high incidence of concomitant 

injuries, patients with pancreatic injury generally require laparotomy. 

Pancreatic injury without evidence of ductal injury (AAST grade I and 

II) is managed with débridement and external drainage alone. Distal 

pancreatic injury (AAST grade III) is managed with distal pancreatec-

tomy and drainage. Proximal pancreatic ductal injuries and disruption 

of the pancreatic head (AAST grade IV and V) are difficult to manage. 

A B C

Fig. 157.2 A 54-year-old male presented 2 days after falling with abdominal pain and hemodynamically 

normal and benign examination. A, His computed tomography (CT) shows a splenic laceration with active 

bleeding. The splenic artery was embolized and the patient discharged from the hospital a week later. B, The 

patient re-presented 1 month later with fever, malaise, and mental status changes. White blood cell (WBC) 

was 35,000/mm3. CT showed extensive splenic infection. C, The patient was promptly taken for splenectomy. 

Gross pathology of the spleen. Microscopy revealed diffuse and chronic inflammation. Cultures grew heavy 

Propionibacterium granulosum and moderate Peptostreptococcus species. He did well postoperatively.
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Recommendations range from simple drainage to complex proce-

dures, including pancreaticoduodenectomy or on-lay pancreaticojeju-

nostomy. Pancreaticoduodenectomy is rarely required.43,44

Mortality from pancreatic injury ranges from 9% to 24%.43 Early 

mortality after pancreatic trauma is primarily associated with vascular 

injuries. Sepsis, multiple-organ failure, respiratory failure, and delay in 

the diagnosis of pancreatic injury account for late mortality.44 Compli-

cations related to pancreatic injury are dependent on the presence of 

ductal injury and the grade of injury or concomitant duodenal injury. 

Patients are at risk for developing pancreatic fistula, abscess, posttrau-

matic pancreatitis, pseudocysts, and hemorrhage of adjacent retro-

peritoneal vessels. Postoperative hemorrhage can be appropriately 

managed with angioembolization or laparotomy in the unstable  

patient. Pancreatic fistulae are typically managed conservatively and 

resolve spontaneously. Evidence regarding the use of somatostatin 

analogues for fistula prevention and management is variable. Abscesses 

are managed with percutaneous drainage and intravenous antibiotics. 

These rarely require surgical intervention. Patients with traumatic 

pancreatitis will need enteral nutritional support with nasojejunal 

feeding access or parenteral nutrition if this is unable to be obtained.

Hollow Viscus Injury
Hollow viscus injuries, including stomach, small bowel, duodenum, 

colon, and rectum, are most commonly secondary to penetrating 

trauma. Small bowel followed by the stomach have the highest inci-

dence of injury secondary to penetrating trauma. High-velocity pen-

etrating injury can cause a significant degree of tissue destruction, 

making management of these injuries challenging. Blunt trauma ac-

counts for only a fraction of hollow viscus injury and usually results 

from a sudden increase in intraluminal pressure and distention or 

deceleration forces that cause contusion, serosal injury, or hematoma.

Patients who have sustained penetrating trauma often require sur-

gical exploration via diagnostic laparoscopic or laparotomy to exclude 

hollow viscus injury. Blunt trauma poses a more difficult diagnostic 

challenge when assessing for hollow viscus injury. These challenges can 

result in a delay in diagnosis and significantly increase morbidity and 

mortality. Physical examination may reveal tenderness, seatbelt sign, or 

peritoneal signs. However, this is unreliable in the early diagnosis of 

injury, as definitive signs and symptoms of injury may not be present 

until later. Digital rectal examination should be performed if there is a 

high suspicion for rectal injury. The presence of blood on digital rectal 

examination is concerning for the presence of a rectal injury and 

should be interrogated in the operating room with proctosigmoidos-

copy at a minimum. However, the absence of blood does not exclude 

injury. Plain radiography of the chest or abdomen may reveal free air, 

which should prompt immediate exploration. However, the absence of 

free air on plain radiography does not exclude injury.45,46

The presence of free air and oral contrast extravasation on CT is 

highly suggestive of injury and requires surgical exploration. CT find-

ings of free fluid without evidence of solid organ injury, mesenteric 

hematoma or stranding, mesenteric blush, bowel wall thickening, or 

edema suggest injury. Intestinal injury may be present despite normal 

findings by CT. Should a high suspicion for hollow viscus injury re-

main, diagnostic laparoscopy can be used as an adjunct to CT. The 

sensitivity of diagnostic laparoscopy depends on surgeon skill, and 

injuries can be missed. Some authors suggest repeat abdominal CT 

scan with oral contrast in this setting.

Hollow viscus injury is managed with surgical exploration. Man-

agement strategies depend on the degree of destruction and range 

from primary repair, resection with primary anastomosis or proximal 

diversion, and wide drainage for rectal injuries. Antibiotics are admin-

istered in the perioperative period.

Postoperative complications after the management of hollow viscus 

injury include leak, abscess formation, and wound infection. Patients 

who develop increasing abdominal pain, tachycardia, or leukocytosis 

warrant evaluation with CT with oral and intravenous contrast to de-

tect leak or abscess formation. Tachycardia and abdominal pain in the 

early postoperative period are suggestive of leak.

Diaphragmatic Injury
Traumatic diaphragm injuries have an incidence of less than 1% with 

more than two-thirds of these injuries secondary to penetrating 

trauma.47 Blunt diaphragm injuries are more common on the left, as 

the liver offers a protective advantage on the right.

Diagnosis of diaphragm injuries is challenging. Chest radiograph is 

normal in 25% of all patients with a diaphragm injury.48 Occasionally, 

chest radiography may demonstrate a hollow viscus or a coiled nasogas-

tric tube in the left hemithorax, which is diagnostic for a diaphragm 

injury and requires surgical exploration. CT similarly is insensitive in 

the diagnosis of diaphragm injuries. Surgical exploration via diagnostic 

laparoscopy or laparotomy remains the most sensitive method for 

evaluation. Patients who have sustained a penetrating thoracoabdomi-

nal injury are at high risk for diaphragm injury and should undergo 

surgical exploration, generally laparoscopy in the stable patient. Dia-

phragm injuries can be missed at a patient’s initial presentation and may 

present years later with herniation of and entrapment of intraabdomi-

nal organs. Posterior diaphragm injuries can be particularly challenging 

to diagnose and can be missed even during surgical exploration.

Management of diaphragm injuries requires surgical repair either 

through the chest or abdomen. In the acute setting, repair is performed 

through the abdomen, as there is a high risk of associated injuries to the 

spleen, stomach, small intestine, and colon. Injuries are repaired primar-

ily with nonabsorbable sutures. Uncommonly, synthetic, nonabsorbable 

mesh or biologic grafts are required for large defects. Patients with con-

comitant hollow viscus injury and gross contamination of the abdomi-

nal and thoracic cavity are at risk for abscess formation. Development 

of fevers and leukocytosis postoperatively warrants imaging with CT 

with intravenous contrast to evaluate for abscess formation.

Genitourinary Injury
Genitourinary trauma occurs in 10% of all injured patients, with the 

kidney representing the majority of these injuries. More than 80% of 

renal injuries are secondary to blunt trauma.

Hematuria is the hallmark sign of injury to the genitourinary system 

and can be classified as macroscopic or microscopic. Gross hematuria is 

highly suspicious for genitourinary tract injury and warrants evalua-

tion of the upper and lower urinary tract. Patients with microscopic 

hematuria warrant further evaluation in the setting of blunt trauma, 

hypotension, lower rib fractures, flank tenderness or ecchymosis, spine 

fractures, or high ISS.49,50 Patients with pelvic fractures, difficulty void-

ing, perineal hematoma, high-riding prostate, or blood at the urinary 

meatus should be evaluated for the presence of urethral injury.

Selection of the appropriate imaging modality depends on the area of 

the genitourinary tract injured. Male patients with suspected urethral 

injury should undergo retrograde urethrogram (RUG) before Foley cath-

eter placement. Upper genitourinary tract injuries, including the kidney 

and ureters, are most effectively evaluated with CT of the abdomen/pelvis 

with excretory imaging. CT allows staging of renal injuries, evaluation of 

the collecting system, presence of contrast extravasation, and confirma-

tion of a normal contralateral kidney. One-shot intravenous pyelography 

can be performed intraoperatively in the patient who requires emergent 

laparotomy for evaluation of renal or ureteral injury. Retrograde cys-

tography or CT cystogram are the diagnostic modalities to evaluate 

intraperitoneal and extraperitoneal bladder injuries.
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Renal preservation is the goal when managing genitourinary 

trauma. NOM has become routine in hemodynamically stable patients 

with blunt renal trauma regardless of injury grade. Angioembolization 

can be used as an adjunct to NOM in select cases. Patients with renal 

trauma who undergo NOM successfully should undergo interval CT 

imaging at 48–96 hours to evaluate for urinoma or pseudoaneurysm. 

When operative exploration is required, renal salvage is attempted 

with renal reconstruction and renorrhaphy. However, hemodynami-

cally unstable patients with high-grade injuries not amendable to re-

pair will require nephrectomy. After renal trauma, patients are at risk 

for development of urinomas and perinephric abscesses, especially in 

high-grade injuries. Persistent urine leaks from collecting systems can 

be managed with stenting or percutaneous nephrostomy tube place-

ment. Abscesses are best managed with percutaneous drainage. Postin-

jury hypertension can develop months after injury and often requires 

antihypertensive therapy. In rare instances, refractory cases of hyper-

tension require nephrectomy.

Definitive management of bladder injuries depends on the location 

of the injury. Extraperitoneal bladder injuries are managed with blad-

der decompression with Foley catheter placement for a minimum of 

7–10 days. Intraperitoneal bladder injuries require surgical repair. 

These injuries are frequently associated with hollow viscus injury and 

have a higher degree of morbidity and mortality. A follow-up cysto-

gram is performed for both intraperitoneal and extraperitoneal blad-

der rupture before Foley catheter removal. Complications related to 

bladder injury include persistent bladder leak resulting in urinoma, 

abscess, and osteomyelitis. Furthermore, patients are at risk for incon-

tinence and urinary retention.

Ureteral injuries are rare, with the majority secondary to penetrat-

ing trauma. Ureteral injuries require surgical repair if patient stability 

allows. Postoperatively patients can develop persistent urine leak, stric-

ture, and fistula formation. Urethral injury is more common in men in 

the setting of pelvic fracture or direct crushing of the urethra from a 

straddle injury. Urethral injury requires surgical repair in a delayed 

fashion with bladder decompression via suprapubic tube. Patients who 

undergo early surgical repair are at high risk for incontinence, impo-

tence, and stricture formation.

Abdominal Vascular Injury
Major abdominal vascular injury typically occurs secondary to pene-

trating trauma. However, blunt trauma can produce avulsion or 

thrombotic injury to vasculature. Patients require prompt recognition 

of injuries and urgent intervention to minimize the morbidity and 

mortality associated with these injuries. Patients with penetrating ma-

jor abdominal vascular injury are generally unstable on presentation. 

On occasion, hemodynamically stable patients can be evaluated with 

CT with intravenous contrast.

Intraoperatively, patients may undergo aortic cross-clamping or 

ligation of major venous structures. Operative time is kept to a mini-

mum, and damage control laparotomy performed. Recognition of 

these intraoperative proceedings significantly affects patients postop-

eratively. Patients with prolonged aortic cross-clamping are at high risk 

for end-organ dysfunction, particularly acute kidney injury. These 

patients may require early initiation of continuous renal replacement 

therapy. Similarly, combined arterial and venous injuries affecting 

perfusion to the lower extremities can result in extremity compart-

ment syndrome. Frequent compartment checks and trending creatine 

phosphokinase can ensure early recognition of extremity compart-

ment syndrome and need for lower extremity fasciotomies. These pa-

tients often develop profound trauma-induced coagulopathy and 

should be kept warm with correction of coagulopathy.

Damage Control
Damage control refers to a truncated surgical operation to control im-

mediate life-threatening problems, including hemorrhage and gastro-

intestinal contamination.51 Prolonged efforts in the operating room 

for definitive repair of injuries subjects patients to a lethal triad of  

acidosis, hypothermia, and coagulopathy.51–53

Damage control laparotomy involves a truncated operation with 

placement of temporary abdominal closure, often performed in 1 hour 

or less, with coordinated resuscitative efforts by a multidisciplinary 

team before return to the operating room. The patient is subsequently 

scheduled to return to the operating room within 24–48 hours, unless 

the patient requires intervention more urgently. Reoperation involves 

removal of packs, resection of devitalized tissue, and definitive repair 

of injuries.

The postoperative management of a patient after damage control 

requires coordinated efforts between the intensivists and surgical team. 

The goal of this resuscitative period is to prevent the lethal triad by 

rewarming, reversing coagulopathy, and restoring adequate tissue per-

fusion. These patients are at high risk for missed injury. Thorough 

initial assessment upon arrival to the ICU includes a thorough physical 

examination and full laboratory studies to assess acid-base status, oxy-

genation, hemoglobin, and coagulation profile. Bedside radiographs 

should be used to assess line and tube positions that may have been 

placed under emergent conditions. If patient stability allows, central 

lines placed emergently under potentially unsterile conditions should 

be replaced. These patients often have not undergone complete radio-

graphic imaging to determine the extent of their injuries. Extremity 

injuries can be assessed with bedside radiographs. Patients should be 

kept in strict spine precautions and a cervical collar maintained. These 

patients are often too unstable for transport, and trips outside of the 

ICU should be minimized at all costs. These patients often require 

massive transfusion and ongoing resuscitation that places them at high 

risk for acute lung injury and acute respiratory distress syndrome. As 

a result, lung-protective ventilation strategies should be employed. At-

tempt to minimize crystalloid infusion. Use whole blood or 1:1:1 

transfusion of blood products. Patients should undergo frequent reas-

sessment. Failure to correct persistent acidosis, increasing vasopressor 

requirements, ongoing laboratory derangements, persistent transfu-

sion requirements, and changes in drain output should be immediately 

communicated to the surgical team. These changes may indicate the 

need for immediate return to the operating room. After damage con-

trol surgery, patients are at risk for abdominal compartment syn-

drome, even when the abdomen is managed with a temporary  

abdominal closure. The bladder pressure should be measured at least 

every 4–6 hours. A tertiary survey, involving a head-to-toe examina-

tion, should be performed, again looking for missed injuries. This ex-

amination should be repeated once the patient can participate in the 

examination without distracting injuries.

Patients who have undergone damage control present to the ICU 

with an open abdomen with placement of a temporary abdominal 

closure device. The abdominal wall fascia is left unapproximated to al-

low swelling and edema of the abdominal viscera and to minimize risk 

of development of abdominal compartment syndrome. These tempo-

rary closure devices are negative-pressure vacuum seal dressings that 

create a protective layer over the bowel and minimize fascial retraction 

(Fig. 157.3). Although this technique minimizes operative time and 

simplifies re-exploration, ultimate closure can prove to be challenging. 

Patients with an open abdomen are at risk for development of entero-

cutaneous fistula, enteroatmospheric fistula, and ventral hernia. At-

tempts should be made at abdominal closure as soon as patient condi-

tion allows. Often closure is complicated by massive resuscitation and 
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shock state, which results in abdominal wall and visceral edema. Diure-

sis when patient hemodynamics allow may improve attempts at fascial 

closure. Patients may require staged abdominal closure with multiple 

trips to the operating room, placement of mesh, and even complex 

abdominal reconstruction.53

Fig. 157.3 A, This picture shows the inner visceral protective layer of the ABThera open abdomen negative-

pressure system (KCI, San Antonio, TX). B, Completed VAC dressing with the outer sponge seen and external 

suction system.

BA

ANNOTATED REFERENCES

Ho VP, Patel NJ, Bokhari F, et al. Management of adult pancreatic injuries: A 

practice management guideline from the Eastern Association for the  

Surgery of Trauma. J Trauma. 2017;82(1):185–189.

Management guidelines for injury to the pancreas.

Peitzman AB, Yealy DM, Fabian TC, et al. The Trauma Manual. Philadelphia, 

PA: Wolters Kluwer; 2020.

An up-to-date review of all aspects of trauma management, including  

sections on care in the ICU and management of abdominal injuries.

Phelan HA, Velmahos GC, Jurkovich GJ, et al. An evaluation of multidetector 

computed tomography in detecting pancreatic injury: Results of a multi-

center AAST study. J Trauma. 2009;66(3):641–646.

Multicenter study corroborating the lack of sensitivity of CT in the diagnosis 

of injury to the pancreas and the pancreatic duct.

Rotondo MF, Schwab CW, McGonigal MD, et al. “Damage control”: An ap-

proach for improved survival in exsanguinating penetrating abdominal  

injury. J Trauma. 1993;35:375–382.

The seminal paper that popularized the term “damage control” in the man-

agement of abdominal injuries.

Ward J, Alarcon L, Peitzman AB. Management of blunt liver injury: What is 

new? Eur J Trauma Emerg Surg. 2015;41:229–237.

A concise review of diagnosis and management of injury to the liver.

Watson GA, Rosengart MR, Zenati MS, et al. Nonoperative management of 

severe blunt splenic injury: Are we getting better? J Trauma. 2006;61:

1113–1118.

A concise review of diagnosis and management of injury to the spleen.

KEY POINTS

• Abdominal injury can result in significant morbidity and mortality. These 

patients remain susceptible to delay in diagnosis and missed injury.

• Prompt evaluation, resuscitation, and recognition of injuries help minimize 

the risk of avoidable morbidity and mortality.

• Coordinated efforts with clear lines of communication between a multidis-

ciplinary team of intensivists and surgeons ensure patient safety and im-

prove outcomes.

• Eighty percent of abdominal injuries are produced by a blunt mechanism of 

injury. The most common penetrating mechanisms are gunshot wounds and 

stab wounds.

• Trauma patients with abdominal injury will be admitted to the ICU for man-

agement of chest wall injury/pulmonary contusion, extremes of age, nonop-

erative management of high-grade organ injury, after damage control lapa-

rotomy, or management of concomitant brain or spine injury.

 References for this chapter can be found at expertconsult.com.
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INTRODUCTION

Pelvic and long bone fractures are found frequently in trauma patients, 

especially in blunt polytrauma patients with significant injury burden. 

Initial intensive care management of severe pelvic fractures or long 

bone injury is similar: damage control resuscitation, hemorrhage con-

trol, antibiotic prophylaxis for open fractures, identification and treat-

ment of concomitant injuries, early nutrition, and supportive care for 

known complications like pulmonary embolism and fat embolism 

syndrome. In this chapter, we will examine overall management and 

specific considerations for pelvic and long bone fractures.

INITIAL MANAGEMENT

Damage Control Resuscitation
The most common manifestation of pelvic and long bone fracture in 

the intensive care unit (ICU) is hemorrhage. It is well established that 

severely injured trauma patients arrive at the hospital with coagulopa-

thy already present, and this is an independent predictor of mortal-

ity.1,2 The development of coagulopathy is a multifactorial process, 

theorized to stem from humoral activation of the coagulation cascade 

with consumption, systemic inflammation, and fibrinolysis. Acquired 

traumatic coagulopathy develops independent of resuscitation strat-

egy, but it is believed that subsequent resuscitation with crystalloid or 

packed red cells alone further exacerbates coagulopathy. Therefore 

management of hemorrhagic shock from trauma has shifted from 

liberal administration of early crystalloid and red blood cells (RBCs) 

to the concept of “damage control resuscitation,” or balanced resuscita-

tion with more plasma and platelet administration.3

Early data from military and civilian trauma centers demonstrates 

that increased plasma:RBC ratios are associated with survival to hospi-

tal discharge.4,5 Subsequent clinical trials have validated the use of 

balanced resuscitation strategies on mortality and hemostasis in mul-

titrauma patients. The Prospective, Observational, Multicenter, Major 

Trauma Transfusion study (PROMMTT) is a landmark study that 

demonstrated reduced mortality with early administration of plasma 

and platelets and higher plasma:platelet:RBC ratios in the early resus-

citation period.6 Further, the Pragmatic, Randomized Optimal Platelet 

and Plasma Ratios trial (PROPPR) assessed the efficacy of a 1:1:1 ratio 

of blood product administration vs. a 1:1:2 ratio; the trial found no 

difference in mortality between these two groups at 24 hours or 30 

days, but did find increased hemostasis and less death because of hem-

orrhage.7 Importantly, there was also no difference in rates of acute 

respiratory distress syndrome, multiple organ failure, venous throm-

boembolism, sepsis, or transfusion-associated complications. Overall, 

damage control resuscitation with a 1:1:1 ratio of platelets:plasma:RBC 

administration in patients suffering hemorrhagic shock decreased 

mortality and overall volume of resuscitation and has become the ac-

cepted standard for the resuscitation of trauma patients.5 Further re-

suscitation in the ICU consists of correction of coagulopathy as 

needed, with the aid of coagulation studies or viscoelastic testing if 

available.8

Another factor to consider during damage control resuscitation is 

the presence of hyperfibrinolysis. Initially, there was much excitement 

over the use of tranexamic acid (TXA)—an antifibrinolytic agent—

because of the Clinical Randomization of an Antifibrinolytic in Sig-

nificant Hemorrhage 2 (CRASH-2) study. This study examined adult 

trauma patients with hemorrhagic shock and found reduced mortality 

with administration of TXA within 3 hours.9,10 A subgroup analysis of 

the PROPPR trial also showed improved 6-hour mortality in patients 

with hyperfibrinolysis on admission who were given TXA without an 

increase in venous thromboembolism.11 However, there have been 

conflicting data regarding dosing TXA universally in trauma patients 

with hemorrhagic shock, with evidence that there may be an increase 

in mortality and venous thromboembolic phenomenon in a subset of 

patients who required operative intervention and presented early to a 

level 1 trauma center.12,13 It also appears late administration of TXA 

offers no mortality benefit compared with administration within 3 

hours of injury.10 Viscoelastic testing, such as thromboelastography if 

available, may help stratify hemorrhaging patients into those that do 

and do not have hyperfibrinolysis based on the LY30 value. LY30 

greater than 3% identifies hyperfibrinolysis, and this patient popula-

tion appears to benefit from TXA administration.14,15 The use of TXA 

and thromboelastography in trauma, however, is controversial; at pres-

ent both are tools available to the ICU physician and must be used 

based on clinical judgment while more research is performed.

Open Fractures
Whether a fracture is open or closed is an important distinction and 

should be a component of the initial assessment of any fracture. There 

are significant implications on the risk of wound infections, osteomy-

elitis, fracture nonunion, morbidity, and mortality depending on the 

presence of an open fracture and the degree of contamination.16–18 An 

open fracture is defined as any fracture with an overlying soft tissue 

defect that tracks to the fracture site. Open fractures can be further 

subclassified into grades, with higher grades associated with increased 

infectious complications and mortality. Broadly, grade I and II involve 

simple, clean lacerations without a crushing component or degloving 

injury, whereas grade III fractures involve much more complex and 

contaminated wounds and special cases such as farming accidents or 

arterial injury requiring surgical intervention.19 Infections typically 

involve gram-negative rods and gram-positive cocci.20 Though multi-

drug-resistant organisms have been implicated in some outbreaks of 

open fracture infections in the hospital, this is relatively uncommon 
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and not prevented by broader prophylactic antibiotic coverage. Antibi-

otics should be started within 3 hours of presentation. The use of a 

first-generation cephalosporin (e.g., cefazolin—or clindamycin if ana-

phylactic to penicillin) for 48–72 hours is adequate antibiotic prophy-

laxis for grade I–II fractures, and an aminoglycoside should be added 

for grade III fractures.21 In farm-related accidents, penicillin G or 

clindamycin should be added to the antibiotic regimen because of the 

higher risk of infection by Clostridium species. In addition to antibiot-

ics, open fractures require early operative exploration to wash out the 

tissues, stabilize the fracture, and cover the fracture with soft tissue to 

reduce the risk of infection.

Nutrition
After severe injury, patients frequently enter a state of hypermetabolism 

that progresses to catabolism that progresses rapidly to malnutrition. 

When evaluating all geriatric patients with hip fractures, an increasingly 

common patient population both in and out of the ICU, there is a sig-

nificant practice pattern variation with regard to nutritional supplemen-

tation. Specifically, there is a tendency to underfeed this population.22 

Underfeeding occurs despite evidence that in that patient population, 

malnutrition increases mortality, whereas adequate nutrition supple-

mentation leads to greater functional recovery.23 When evaluating the 

subset of critically ill trauma patients, inadequate nutrition has been 

shown to increase morbidity and mortality.24 Early enteral nutrition has 

been shown to have numerous benefits in the ICU setting. It promotes 

gut mucosal integrity, motility, and immunity and reduces nosocomial 

infections.25 Furthermore, in trauma patients specifically, early enteral 

nutrition has clearly been shown to decrease mortality.26 If enteral nutri-

tion cannot be administered, parenteral nutrition should be considered. 

A recent meta-analysis by the Cochrane Collaboration demonstrated no 

difference between enteral and parenteral routes with regard to mortal-

ity, aspiration, and pneumonia, although the enteral route may be asso-

ciated with decreased incidence of sepsis.27,28

The 2016 American Society for Parenteral and Enteral Nutrition 

Guidelines (ASPEN) and the 2019 European Society guidelines recom-

mend early initiation of enteral feeding (i.e., within 24–48 hours), 

provided the patient does not have any known bowel injury and is 

hemodynamically stable.29,30 The ASPEN guidelines recommend ad-

ministration of immune-modulating formulas containing arginine 

and glutamine in the trauma population because of decreased infec-

tion rates. These enteral formulas can be used in patients with open 

abdomens as well, provided they have intestinal continuity. Protein 

delivery is an especially important element of nutrition supplementa-

tion in this population; multitrauma patients will be on the upper end 

of the 1.2–2 g/kg/day protein that is recommended in the ICU. If en-

teral nutrition cannot be safely provided, or if it will not be able to 

meet the caloric needs of the patient, then parenteral nutrition should 

be initiated early in this high-risk population. Current guidelines rec-

ommend hypocaloric parenteral feeding initially at 80% basal energy 

expenditure, or ,20 kcal/kg/day, while still maintaining adequate pro-

tein feeding at 1.2–2 g/kg/day, increasing gradually to cover full basal 

energy expenditure with frequent clinical reassessment. A full discus-

sion regarding nutrition for ICU and trauma patients is outside of the 

scope of this chapter.

COMPLICATIONS OF PELVIC AND LONG  
BONE FRACTURES

Pulmonary Embolism
Trauma patients are known to be at increased risk of deep venous 

thrombosis (DVT) and pulmonary embolism (PE) because of intrinsic 

hypercoagulability, with an incidence of approximately 12% and 1.5%, 

respectively, and higher in patients who do not receive prophylaxis.31 PE 

in particular has a high associated mortality rate at 17%–26%.32 Pelvic 

and long bone fractures are independent risk factors for increased risk 

of venous thromboembolism (VTE) because of associated trauma-in-

duced hypercoagulability, immobility, venous stasis, and the need for 

major surgical procedures; these events often occur early in the hospital 

course, within 72 hours.32–35 Interestingly, it is unclear if VTE is the only 

cause for PE in trauma patients. For one, Allen and colleagues demon-

strated that DVT surveillance in high-risk trauma patients—with either 

therapeutic anticoagulation or inferior vena cava (IVC) filter if DVT 

was present—decreased the rate of VTE.36 At the same time, studies 

examining DVT surveillance after diagnosis of PE demonstrated that 

.20% of patients did not have concomitant lower extremity or pelvic 

DVT.37,38 It is unknown why, with the theory being either complete VTE 

without residual clot or de novo formation of pulmonary artery throm-

bus instead of VTE. Regardless of the method, balancing the need for 

blood products in the hemorrhaging fractured trauma patient and the 

bleeding risk with VTE pharmacologic prophylaxis versus the high risk 

of VTE or de novo PE in a patient with a known hypercoagulable state 

represents a significant management challenge for the ICU physician.

The preferred method of VTE prophylaxis is pharmacologic with 

subcutaneous heparinoids. The current body of evidence, including a 

Cochrane review by Barrera and colleagues, has demonstrated that sub-

cutaneous low-molecular-weight heparin specifically is better at reduc-

ing VTE than subcutaneous heparin and mechanical prophylaxis.39,40 In 

a trauma patient without significant bleeding risk or renal dysfunction, 

the most effective dosing for DVT prophylaxis is enoxaparin 30 mg twice 

daily. Unlike standard 40 mg once-daily dosing used in other settings, in 

a trauma patient without significant bleeding risk or renal dysfunction 

enoxaparin 30 mg twice daily is used, though there is evolving evidence 

that suggests a benefit from higher doses. Subcutaneous heparin can be 

used in the presence of renal dysfunction. In a patient who develops 

VTE, therapeutic anticoagulation should be initiated if there is no con-

traindication. Our preference is to start with a heparin drip, as this is 

easily reversed with protamine if the patient does develop a bleeding 

complication, unlike therapeutic Lovenox or direct oral anticoagulants 

(DOACs). If the patient tolerates a heparin drip without bleeding, they 

can be bridged with a heparin drip or therapeutic Lovenox to destina-

tion oral anticoagulation with warfarin or a DOAC such as apixaban.

What remains more controversial is the role of prophylactic IVC fil-

ters in a trauma patient with a high bleeding risk. It is established that 

placing IVC filters in all hospital patients who are on anticoagulation does 

not reduce mortality.41,42 Further, in the trauma population there is no 

high-quality evidence that shows a benefit to IVC filters, and more recent 

evidence has shown no decrease in mortality when using prophylactic 

IVC filters.43–47 Despite the fact that modern IVC filters are retrievable, 

the fact remains that the majority of filters are not retrieved, and there is 

associated morbidity with the long-term placement of IVC filters, includ-

ing erosion and DVT. Currently, there is no strong recommendation for 

prophylactic IVC filter placement because of the lack of benefit and in-

creased morbidity. Current American College of Chest Physicians guide-

lines recommend against IVC filters in patients on anticoagulation, but 

recommend IVC filter placement in patients with an established diagno-

sis of DVT or PE with contraindications to anticoagulation.41,48 Once a 

patient is able to receive therapeutic anticoagulation, however, it should 

be initiated even with an IVC filter in place. Ideally, an IVC filter should 

also be retrieved at a later point when it is no longer needed.

The latest technology for the prevention of VTE is the Angel cath-

eter. The Angel catheter is a vena cava filter permanently attached to a 

central venous line. Its intended use is for short-term (,30 days) VTE 

prophylaxis in high-risk patients. The thought is that the catheter can 
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be placed quickly via femoral access without fluoroscopy, and once the 

central line is removed, the vena cava filter is removed with it. Cur-

rently it is indicated for patients with PE with contraindications to 

anticoagulation or critically ill patients at high risk for VTE with in-

creased bleeding risk. The catheter has been primarily tested in all 

critically ill patients, though there are case reports in trauma patients.49 

Efficacy has been inferred from studies showing reduced in-hospital 

mortality in noncancer patients with acute PE and contraindication to 

anticoagulation.50,51 Feasibility studies have shown no increase in ad-

verse events with the use of the Angel catheter (Figure 158.1); however, 

at this stage more evidence is needed to support whether early use of 

the Angel catheter decreases mortality and VTE in high-risk patients 

with contraindications to anticoagulation.52–54

Fat Embolism Syndrome
Fat embolism after trauma was well described by Dr. Zenker in 1862.55 

It has been a relatively common finding at autopsy of posttraumatic 

patients, especially those with pelvic or lower extremity long bone 

fractures. The presence of fat embolism should not be confused with 

fat embolism syndrome (FES); pulmonary fat embolism occurs regu-

larly in patients with fractures—as high as 90%–100% on autopsy 

studies—but FES is relatively rare, with an incidence of less than 

2%.56,57 Diagnosis is based primarily on clinical examination, and it 

remains a diagnosis of exclusion. Signs and symptoms typically occur 

24–72 hours after injury. The classic triad for FES is petechial rash of 

the mucous membranes, conjunctiva, anterior neck, and/or thorax; 

hypoxemia with pulmonary edema; and mental status changes unre-

lated to head injury. However, petechial rash occurs in less than 50% 

of FES patients, and so it is not a reliable physical examination finding. 

Other associated findings include tachycardia greater than 110 beats 

per minute, fever greater than 38.5°C, retinal emboli, lipuria, or an 

unexplained drop in hemoglobin.58,59 Originally, it was suggested that 

patients with FES manifest with petechial rash and neurologic signs 

because of a patent foramen ovale leading to fat embolization into the 

systemic circulation.60,61 More recent evidence suggests, however, that 

these findings occur even in patients with a sealed foramen ovale,  

suggesting either a biochemical explanation for fat embolism or mi-

croembolization of fat particles through the capillary network into the 

systemic circulation.62

If there is suspicion for FES, initial testing involves exclusion of 

other causes. Patients with hypoxia will invariably get chest imaging, 

whether computed tomography (CT) or plain films, to evaluate for 

consolidation, effusion, or pneumothorax. Because of the neurologic 

symptoms, a CT brain is often done to rule out a missed head injury 

or stroke. CT angiography of the chest is not needed to diagnose FES 

but may help exclude thrombotic PE. Other invasive testing is not 

routinely indicated—such as bronchoscopy, transesophageal echocar-

diogram, or pulmonary artery catheter—unless being done to exclude 

another diagnosis. Treatment consists of supportive care, primarily 

with fluid resuscitation, circulatory support, oxygenation, and me-

chanical ventilation if needed. Early femur fracture fixation has also 

been shown in multiple studies to decrease the rate of pulmonary 

complications, including FES.63,64 If the patient has profound hypoxia 

despite maximal ventilatory support, venovenous extracorporeal 

membrane oxygenation has also been described and should be consid-

ered.65 There is evidence that corticosteroids may improve symptoms 

from FES, and possibly even prevent it; unfortunately, no reduction in 

mortality has been demonstrated, and the dosing required is unclear, 

varying from 6 to 90 mg/kg of methylprednisolone over 48 hours.66–68 

Furthermore, there are known risks of even short-term steroid use, 

including immune suppression leading to increased risk of sepsis, 

VTE, and impaired wound healing.69 With current evidence, we can-

not recommend routine steroids in patients with multiple long bone 

or pelvic fractures for prevention of FES.

PELVIC FRACTURE

In blunt trauma, pelvic fractures have an estimated incidence of 9%, 

with another 10% of those being classified as severe.70 Mortality in 

patients with pelvic fracture early on stems from hemorrhage, often 

from several sources and not just the pelvis. Deaths outside of 6 hours 

typically occur from other causes, such as head injury and multiple 

organ failure.71,72 The force required to fracture the pelvis has a high 

chance of causing other injuries that contribute to the morbidity and 

mortality of patients. Concomitant intraabdominal or urogenital in-

jury occurs in 11%–20% of patients with pelvic fractures, with a 

higher incidence in patients with more severe injury. Blunt trauma 

leading to combined pelvic fracture and thoracic trauma or head in-

jury is also common.73 Specific considerations for management of 

pelvic fractures in the ICU are control of pelvic hemorrhage and the 

diagnosis and management of associated intrapelvic injuries. The 

management of thoracic, abdominal, and head trauma must also be 

carefully considered, but is outside the scope of this chapter.

Pelvic Hemorrhage Control
Pelvic ring disruptions, the so-called “open book” pelvic fracture, can 

cause significant venous plexus bleeding or internal iliac branch arte-

rial bleeding. Although a minority of pelvic fractures involve unstable 

ring disruptions, patients with this injury pattern have an estimated 

mortality of 34%–50%.74,75 The majority of mortalities from pelvic 

fractures is related to early hemorrhage, from both pelvic and extrapel-

vic sources, and this has been the case for decades.71,72,76,77 Damage 

control resuscitation, as described earlier, and control of pelvic bleed-

ing points are critical in reducing morbidity and mortality in this 

population. One reason for profound hemorrhage in severe pelvic 

fracture is that the extraperitoneal pelvic space expands in size dra-

matically with pelvic ring disruption. A 5-cm diastasis, for example, 

increases the pelvic space by more than 20%, allowing a significant 

volume of blood to extravasate into the pelvic space without tampon-

ade.78 Initial maneuvers for pelvic hemorrhage control involve reduc-

ing the size of the potential retroperitoneal space to tamponade the 

bleeding via pelvic binding, extraperitoneal pelvic packing, or external 

fixation. This section will discuss these techniques and two additional 

supplementary techniques: resuscitative endovascular balloon occlu-

sion of the aorta (REBOA) and pelvic angiography.

The easiest early maneuver is placement of a pelvic binder or tying 

a sheet around the pelvis to externally close the pelvic space.79,80 It is 

important to place the binder in the proper position at the level of the 

acetabulum; the goal is to reduce the pubic symphysis and close the 

pelvic ring. Placing the binder higher on the pelvis, such as at the an-

terior superior iliac spine, will not reduce the fracture, and may even 

Fig. 158.1 Angel catheter. (Courtesy Mermaid Medical, Stenløse, 

Denmark.)
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worsen the fracture and associated hemorrhage. Correct binder place-

ment may be enough to tamponade pelvic venous bleeding and allow 

time for adequate resuscitation. If the patient continues to have signs 

of hemorrhagic shock despite this maneuver, more invasive means of 

hemorrhage control may be necessary. Early evaluation by a multidis-

ciplinary team consisting of trauma and orthopedic surgeons is critical 

to quickly and decisively intervene in the hemorrhaging patient with 

an unstable pelvic fracture. The Western Trauma Association also has 

a published algorithm for hemodynamically unstable pelvic trauma 

that serves as a useful guide in this case.81 After pelvic binder place-

ment or sheet stabilization, a focused abdominal ultrasound or direct 

peritoneal aspiration is performed to rule out abdominal trauma. If 

this is positive, the patient must go for laparotomy to control intraab-

dominal sources of hemorrhage. Alternatively, if there is no evidence 

of intraabdominal hemorrhage, then three options may be considered: 

preperitoneal pelvic packing in the operating room, external fixation, 

and REBOA, all of which can be done in conjunction with angio-

graphic embolization.

Extraperitoneal packing is an operative technique that involves di-

rect surgical packing of the pelvis to exert pressure and limit the size of 

the retroperitoneal space.82 It has been shown to be expeditious and 

efficacious in limiting hemorrhage when used by an experienced team 

as part of a pelvic hemorrhage algorithm.83,84 Another advantage is the 

ability to use this technique as a bridge to other adjuncts, namely ex-

ternal fixation and pelvic angiography. This is important because un-

stable pelvic fractures have a significant risk of arterial hemorrhage for 

which extraperitoneal pelvic packing alone is insufficient.85,86 The pel-

vic packs should be removed within 48 hours when the patient is sta-

bilized; otherwise, there is a risk of infectious complications.

One newer technique for pelvic hemorrhage management is  

REBOA. Originally described for noncompressible intraabdominal 

hemorrhage, REBOA is a technique that shows promise as a bridge to 

angioembolization in the hemorrhaging pelvic fracture patient with 

arterial bleeding.81 To perform REBOA, arterial access is obtained in the 

common femoral artery with ultrasound guidance. The catheter is then 

guided into the infrarenal aorta and the balloon inflated. This raises the 

systolic blood pressure and diminishes flow to the pelvic arteries in ad-

dition to the bilateral lower extremities. Because of the ischemia caused 

by REBOA, it is paramount that the patient be taken for further inter-

vention as soon as possible, with the goal of removing the REBOA as 

soon as a more definitive method of repair is performed, whether that 

is angioembolization or packing and fixation.87 Whether REBOA truly 

reduces mortality and morbidity requires further inquiry.

The goal of external fixation is fracture reduction to reduce the 

potential pelvic space and allow for bony alignment on a temporary or 

definitive basis to reduce bleeding from the cancellous bone.88 The 

benefit to external fixation, whether posterior fixation with a C-clamp 

or an anterior fixation device, is that it is more quickly applied than 

definitive internal fixation and has greater pelvic stability than a pelvic 

binder or preperitoneal packing because of the immobility of the de-

vice.89 Further, it decreases pain levels, reduces deformity, and im-

proves functional outcome in the long term.90 However, it is more time 

consuming than either pelvic binder placement or extraperitoneal 

Fig. 158.2 Pelvic hemorrhage control algorithm.
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packing; the decision of when and how to proceed with external fixa-

tion depends entirely on the patient’s condition. Again, using a binder 

or extraperitoneal pelvic packing may serve as a bridge to external 

fixation. In the hypotensive, bleeding unstable pelvic fracture patient, 

it is prudent to proceed with extraperitoneal pelvic packing, REBOA, 

and angiography before external fixation.

Pelvic angiography is the most effective way to manage arterial 

bleeding. Most pelvic arterial bleeding comes from branches of the 

internal iliac arteries, branches which are difficult to find and ligate 

surgically. Angiography allows for control of these vessels to staunch 

bleeding in patients in hemorrhagic shock, often after the adjuncts 

mentioned. If there is no intrabdominal bleeding suspected based on 

ultrasound or direct peritoneal aspiration, then angiography is indi-

cated and should be performed after one of the adjuncts.76,81,91 Fur-

thermore, if the patient is stable enough for a CT scan and is found to 

have intravenous (IV) contrast extravasation in the pelvis, this is an-

other indication for angioembolization regardless of hemodynamic 

stability, as this patient population has a high chance of continued 

bleeding.92 Angioembolization is effective between 85% and 99% of 

the time; if a patient continues to show signs of hemorrhage after em-

bolization and nonpelvic sources have been ruled out, repeat angioem-

bolization should be performed.93

Treatment of unstable pelvic fracture hemorrhage requires a mul-

tidisciplinary algorithm because of the numerous options available. 

Damage control resuscitation and early intervention to control hemor-

rhage are critical to mortality reduction. Often, patients will come into 

the ICU after many of these interventions have taken place, such as 

pelvic packing and angiographic embolization. It is at this point that 

continued reassessment and awareness of management strategies is 

important to ensure hemodynamic stability to move onto further 

management.

Urinary Tract and Rectal Injuries
Pelvic fracture patterns can be associated with specific injuries to or-

gans in the general vicinity, namely the lower urinary tract and rectum. 

Lower urinary tract injury is relatively rare—approximately 3%–6% of 

patients with pelvic fractures—and more commonly occurs in severe 

anterior pelvic ring disruptions.94,95 Rectal injuries are even more rare 

and are more likely to occur with penetrating pelvic trauma than blunt 

trauma.96 Neither of these injuries are immediately life threatening, so 

the management priorities still focus on pelvic stabilization and hem-

orrhage control first. However, after stabilization, identification can 

allow for early intervention by the appropriate surgical team and limit 

morbidity.

The lower urinary tract consists of the bladder and urethra, and 

each has a different series of findings on physical examination and 

imaging. Bladder injuries are commonly identified on CT imaging, 

especially on a delayed phase when IV contrast enters the urinary col-

lecting system and can be seen in the bladder. On physical examina-

tion, hematuria is also suggestive of injury to either the bladder or 

kidneys. If there is any concern for bladder rupture, then CT cystogra-

phy should be performed.97 Bladder ruptures may occur in the extra-

peritoneal or intraperitoneal space. Intraperitoneal bladder ruptures 

require repair in the operating room. Extraperitoneal bladder ruptures 

often can be treated with Foley decompression, with the rupture site 

healing on its own with time. However, in an unstable pelvis where 

definitive repair will involve hardware insertion, there is some evidence 

that operative repair may reduce the risk of morbidity, such as hard-

ware infection.98,99 Urethral injuries are much more common in men 

than in women, and classic signs are perineal bruising or hematoma, 

displaced pubic ramus fracture, blood at the urethral meatus, and a 

high riding or impalpable prostate.100 If perineal bruising or blood at 

the urethral meatus is found, Foley should not be attempted and in-

stead a retrograde urethrogram should be performed.101 If this is posi-

tive, a Foley catheter should not be placed and a urologist called to 

evaluate the patient. Depending on the degree and type of urethral 

injury found, treatment can range from catheterization and time to 

complex surgical approaches.102

Rectal injuries are more common in penetrating trauma, which 

accounts for greater than 70% of all rectal injuries. The remainder are 

associated with less than 5% of pelvic fracture patients.96 On physical 

examination, typically rectal injuries are found by the presence of rec-

tal bleeding and a high index of suspicion. If one is found, regardless 

of whether it is intraperitoneal or extraperitoneal, surgical consulta-

tion is indicated for diverting colostomy and rectal repair; missed 

rectal injuries in this setting can lead to disastrous pelvic sepsis, includ-

ing abscess formation and osteomyelitis.

LONG BONE FRACTURE

Initial priorities in the management of long bone fractures are like 

pelvic fractures: hemorrhage control and identification of associated 

injuries. Extremity fractures can lead to significant hematoma and 

hemorrhage from the bone itself in addition to concomitant vascular 

injury, which may require damage control resuscitation as mentioned 

earlier. In addition, limb viability must be assessed continuously be-

cause of complications related to vascular injury and compartment 

syndrome. Patients with long bone fractures are also at risk for rhabdo-

myolysis, particularly if they suffer a crush injury or reperfusion injury.

Hemorrhage Control Adjuncts, Vascular  
Injury, and Limb Viability
Hemorrhage control for long bone fractures ultimately depends on the 

source. The bony break itself and associated soft tissue damage are the 

most common sources and can lead to a surprising amount of bleed-

ing. Femoral fractures, for example, can have a significant amount of 

bleeding into the soft tissue space. In addition, long bone fractures can 

lacerate or crush major arteries and veins that travel alongside them. 

Key steps first involve assessment for external compressible hemor-

rhage, for which control often can be obtained by applying direct pres-

sure above the bleeding point.103 If this maneuver fails, hemostatic 

agents and/or a tourniquet can be safely applied in the prehospital set-

ting to increase limb salvage and reduce mortality.104–106 This could 

theoretically be extended to the ICU in an emergency with the under-

standing that quick action must be taken afterwards to definitively 

control bleeding; tourniquets cannot be left on indefinitely without 

consequence, and early surgical involvement is paramount to assess 

limb viability and reduce morbidity. Improperly placed tourniquets 

can cause major harm: placement for longer than 6 hours leads to 

profound ischemia and reperfusion injury, and a venous tourniquet, 

with intact arterial flow, promotes compartment syndrome and ampu-

tation. It cannot be overemphasized that tourniquet placement is a 

bridge to operative interventions that are primarily helpful in the pre-

hospital setting and should be removed as soon as possible; tourni-

quets should not be used for long-term hemorrhage control.

Assessment of limb viability starts with looking for “hard signs” of 

vascular injury and performing a complete pulse examination. If a 

tourniquet is present, this should be loosened for evaluation and tight-

ened again if the patient begins to hemorrhage. “Hard signs” of vascular 

injury include a rapidly expanding hematoma, obvious arterial bleed-

ing, thrill from a traumatic arteriovenous fistula, or a pulseless extrem-

ity. The presence of any of these signs warrants operative exploration 

without any imaging required.107 If these signs are not present, the pa-

tient should be evaluated for “soft signs” of vascular injury. “Soft signs” 
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include neurologic deficit, a nonexpanding hematoma, and wound 

proximity to an artery.108 If “soft signs” are present or pulses feel dimin-

ished, noninvasive vascular testing should be performed (i.e., ankle-

brachial index or brachial-brachial index). An ankle-brachial index or 

brachial-brachial index ,0.9 is an excellent noninvasive test that has a 

sensitivity and specificity of more than 95% for major arterial injury.109 

If the patient is hemodynamically normal and the patient’s noninvasive 

testing is consistent with vascular injury without “hard signs,” CT an-

giogram of the affected extremity should be done as part of the workup. 

Blunt trauma patients are less likely to have vascular injury, but when 

present, they often are seen with crush or stretch injury, dissection, or 

even arterial compression from fracture fragments.110–112 In these cases, 

fracture reduction and splinting may allow return of flow, and perfu-

sion should be reassessed afterwards. In penetrating trauma, the likeli-

hood of a direct arterial injury is higher, but in select cases minimally 

invasive methods may be more appropriate. Additionally, CT angio-

gram is less invasive than traditional angiography, with sensitivity and 

specificity approaching 100%. In the setting of combined fracture and 

vascular injury, management can prove particularly challenging be-

cause patients need urgent fracture fixation and vascular repair. This 

often will involve temporary vascular shunting and external fixation, 

with subsequent definitive vascular repair.113,114 Postoperatively after 

vascular repair for trauma, we do not recommend routine hepariniza-

tion for these patients, as the risk of bleeding must be carefully weighed 

against the risk of graft thrombosis.

After assessing for vascular injury, fracture stabilization should be 

performed. Plain films should be performed of the suspected fracture 

site in addition to a joint above and below the injury to assess for oc-

cult fractures. If significantly displaced, reduction should be attempted 

by an experienced practitioner, with subsequent splinting. This may 

require sedation, but reduction can help reduce hemorrhage in addi-

tion to pain. Depending on the extremity, other techniques may be 

indicated, such as traction in femur fractures. Traction has previously 

been used extensively throughout history to reduce fractures, with the 

thought that it can reduce pain and bleeding from fracture sites. Dis-

placed femur fractures, in particular, can bleed substantially into the 

thigh compartment. There have not been sufficient clinical data in fa-

vor of or against traction, and so it should be performed on a case- 

by-case basis in the hands of an experienced practitioner. Early fixation 

of long bone fractures, especially femur fractures in the elderly, is par-

ticularly important, as there is reduced morbidity compared with  

delayed repair.63,115–117

Acute Compartment Syndrome and Rhabdomyolysis
All extremity fractures need to be continuously assessed for limb via-

bility and compartment syndrome, whether in a preoperative splint or 

after temporary or definitive fixation postoperatively. The most com-

mon site is the lower leg, though thigh and arm compartment syn-

dromes can occur. Acute compartment syndrome of the extremity  

requires a high index of suspicion and frequent evaluation to detect.118 

Crush injury, limb ischemia, vascular reperfusion, open fractures, and 

even overly tight dressings are at particular risk for progressive edema 

of the leg. This increases compartment pressures and reduces  

perfusion leading to tissue hypoxia and, ultimately, myonecrosis and 

rhabdomyolysis.119 Acute compartment syndrome is notoriously dif-

ficult to diagnose. The classic symptoms are the “five Ps”: pain, pallor, 

paresthesia, pulselessness, and poikilothermia, with pain often described 

as occurring with passive stretch. Unfortunately, although these signs 

may be specific, they are not particularly sensitive for the diagnosis.120 

In an obtunded ICU patient, compartment syndrome can be particu-

larly difficult to diagnose, as these clinical signs cannot be assessed 

easily, and pulselessness is known to be a very late sign of compart-

ment syndrome. There also are no specific biomarkers that can be 

checked for compartment syndrome. In this situation, compartment 

pressure measurements may be indicated with appropriate clinical 

suspicion. Unfortunately, an “elevated” compartment pressure is ill 

defined, though accepted values are an absolute pressure .30 mm Hg 

or a perfusion pressure (i.e., diastolic blood pressure minus compart-

ment pressure) ,20 mm Hg. Compartment syndrome is a surgical 

emergency requiring fasciotomy, and the more delay there is in recog-

nition, the higher the morbidity and rate of limb loss, highlighting the 

need for continuous limb assessment in this patient population.

Rhabdomyolysis is related to myonecrosis resulting in the release of 

myoglobin in the blood. It is often associated with compartment syn-

drome, though it may also occur in ischemia-reperfusion from vascu-

lar injury and from severe crush or burn injuries. It is thought that 

rhabdomyolysis is primarily propagated by oxygen-free radicals with 

subsequent release of myoglobin.121 The circulating myoglobin then 

causes renal toxicity by tubular obstruction, vasoconstriction, or direct 

toxic effects.122 This may be exacerbated by prerenal azotemia second-

ary to hypovolemia in the bleeding or severely injured trauma patient. 

Numerous therapies have been suggested: mannitol for oxygen free 

radical scavenging and osmotic effects, loop diuretics to dilute the 

urine, and sodium bicarbonate to alkalinize the urine with the hope of 

preventing tubular obstruction. However, to date the only therapy that 

appears to reduce the incidence of kidney injury from myoglobinuria 

is early and aggressive fluid resuscitation with isotonic fluid.123 Patients 

with rhabdomyolysis will also have hyperkalemia because of the re-

lease of intracellular potassium with myonecrosis. Hyperkalemia com-

bined with associated kidney injury may necessitate the use of renal 

replacement therapy. Continuous renal replacement therapy does not 

offer any advantage over intermittent hemodialysis but may be more 

appropriate in the hypotensive severely injured trauma patient, de-

pending on the clinical picture.124

CONCLUSION

Pelvic and long bone fractures are common injuries in the trauma 

population, particularly in the blunt polytrauma patient. The first 

management consideration is evaluation for shock and the necessity 

for damage control resuscitation and hemorrhage control. Hemor-

rhage control may require numerous adjunctive therapies, such as a 

binder for pelvic fractures or a tourniquet for lower extremity frac-

tures, and even interventional or operative intervention. Additionally, 

these fracture patterns can have numerous associated injuries that 

must be diagnosed and addressed once the patient is stabilized. Finally, 

there are several complications that one must be vigilant in diagnos-

ing: PE, FES, and acute extremity compartment syndrome.
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KEY POINTS

• “Damage control resuscitation” using a 1:1:1 ratio of plasma:platelets:packed 

red blood cells should be initiated for hemorrhage related to pelvic or long bone 

fractures. Early blood product use is favored over crystalloid administration.

• Fractures should be assessed for overlying soft tissue defects and contami-

nation. Open fractures should be treated with prophylactic antibiotics for 

48–72 hours.

• When possible, early enteral nutrition should be initiated to reduce the risk 

of nosocomial infections, promote intestinal mucosal integrity and immu-

nity, and prevent catabolism.

• Major trauma patients, especially those with pelvic and/or long bone frac-

tures, are at high risk for VTE and should be started on chemical prophylaxis 

as soon as it is possible and safe.

• FES is a rare but potentially deadly complication of major orthopedic trauma 

that presents with tachycardia, hypoxia, and altered mental status. Treat-

ment is supportive care.

• Pelvic fracture hemorrhage requires multidisciplinary management. Adjuncts 

to controlling hemorrhage include short-term binder or sheet stabilization, 

preperitoneal pelvic packing, angioembolization, REBOA, and external fixation.

• Pelvic fracture patients should be assessed for associated injuries, includ-

ing the lower urinary tract and rectum.

• Assessment of major long bone fractures starts with assessment of vascu-

lar injury and limb viability first, followed by early fracture stabilization.

• Clinicians should assess patients with extremity fractures for compartment 

syndrome and rhabdomyolysis to prevent morbidity.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Aihara R, Blansfield JS, Millham FH, et al. Fracture locations influence the 

likelihood of rectal and lower urinary tract injuries in patients sustaining 

pelvic fractures. J Trauma. 2002;52(2):205–208; discussion 208–209.

The authors, from Boston University, performed a retrospective review of 

362 patients and found certain fracture patterns were particularly likely to 

be associated with either rectal or lower urinary tract injuries, especially pu-

bic symphysis and sacroiliac fractures. The presence of these injuries should 

increase suspicion for these associated injuries.

Bone LB, Johnson KD, Weigelt J, et al. Early versus delayed stabilization of 

femoral fractures. A prospective randomized study. J Bone Joint Surg Am. 

1989;71(3):336-340.

In this randomized study, a group of orthopedic surgeons from University of 

Texas Southwestern in Dallas, Texas, examined the difference between early 

and delayed femoral stabilization in 178 patients. They found that delayed 

stabilization resulted in an increased risk of pulmonary complications, in-

creased ICU and hospital length of stay, and increased cost.

Holcomb JB, del Junco DJ, Fox EE, et al. The prospective, observational, mul-

ticenter, major trauma transfusion (PROMMTT) study: Comparative ef-

fectiveness of a time-varying treatment with competing risks. JAMA Surg. 

2013;148(2):127-136.

Landmark observational study in which the authors demonstrated reduced 

mortality with early administration of plasma and platelets and higher 

plasma:platelet:RBC ratios in the early resuscitation period. This study led to 

further investigation into RBC/plasma ratios and popularized damage con-

trol resuscitation.

Johansen K, Lynch K, Paun M, et al. Non-invasive vascular tests reliably ex-

clude occult arterial trauma in injured extremities. J Trauma. 1991;31(4):

515–519; discussion 519–522.

A landmark study from Harborview Medical Center in Seattle, Washington, 

this study demonstrates that the measurement of ankle-brachial index can re-

liably exclude major occult arterial injury in extremity injuries. This study 

was performed before widespread use of CT arteriogram, when formal angi-

ography had to be performed to evaluate for arterial injuries; however, non-

invasive vascular tests are still an excellent initial assessment to decide if fur-

ther workup is needed.

Tran TL, Brasel KJ, Karmy-Jones R, et al. Western Trauma Association Critical 

Decisions in Trauma: Management of pelvic fracture with hemodynamic 

instability – 2016 updates. J Trauma Acute Care Surg. 2016;81(6):

1171-1174.

This article by the Western Trauma Association enumerates an algorithm for 

the management of hemodynamically unstable pelvic fracture. It is based on 

the most up-to-date literature at the time of publication and expert consen-

sus. The algorithm includes the use of damage control resuscitation and or-

ganizes the numerous adjuncts for pelvic hemorrhage control in a logical 

manner.
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Determination of Brain Death and 
Management of the Brain-Dead Organ Donor

Helen I. Opdam, Rohit L. D’Costa, Dale Gardiner, and Sam D. Shemie

INTRODUCTION

The diagnosis of death using neurologic criteria is recognized as the 

complete and irreversible loss of capacity for consciousness and all 

brain function as a consequence of catastrophic brain injury.1

 Historically and in many countries, this diagnosis is called “brain 

death.” Some countries and academic papers have moved away from 

this term, which can be a source of confusion, especially in the me-

dia.2–4 Although supportive of this move, for the purposes of this 

chapter, the historic and shorthand “brain death” is used.

The pathophysiologic sequelae of brain death include hemody-

namic changes, activation of inflammatory and coagulation pathways, 

metabolic and endocrine effects, and loss of autoregulatory brain 

functions, all of which can affect multiple organ systems.

The physiologic care and management of the patient with brain 

death are important for optimizing donation and transplantation out-

comes. Approximately 80% of worldwide organ donation after death 

occurs in individuals determined deceased using neurologic criteria.5

DETERMINATION OF BRAIN DEATH

The Concept and Definition of Brain Death
Brain death is accepted as death throughout most of the world, al-

though there exists international variability in both the definition and 

process of determining brain death.6 There is general consensus regard-

ing brain death as the complete and irreversible loss of brain function 

resulting from a devastating brain injury with the features of unrespon-

sive coma, brainstem areflexia, and apnea.4

Before the 1950s, catastrophic brain injury would inevitably lead to 

inadequate spontaneous respiration and rapid cardiorespiratory arrest. 

The advent of mechanical ventilation and cardiopulmonary resuscita-

tion disrupted the interdependent linkage between these three functions. 

Complete cessation of brain function could occur and yet by intensive 

care support, respiration and circulation could be maintained.

Published case series from France in the 1950s first described ven-

tilator-dependent patients in an irreversible state of apneic coma with 

absent brainstem reflexes and absence of electroencephalographic 

(EEG) activity, and the term “le coma dépassé” (a state beyond coma) 

was used.7,8 In 1968 a committee of Harvard University faculty pro-

posed criteria to diagnose this state, which they called “irreversible 

coma,” and asserted that despite the presence of mechanically sup-

ported respiration, and consequent circulation and organ function, 

people with permanent loss of all functions of the entire brain were 

dead.9 The Harvard report heralded the successive worldwide accep-

tance of brain death and the clinical approach to its determination.

The Harvard report described the requirement for “whole brain 

death,” inclusive of the cerebral hemispheres, cerebellum, and brain-

stem, and this approach was accepted within the United States and 

most other countries. At a similar time in the United Kingdom (UK) 

the “brainstem death” concept was evolving, with a focus on the vital 

role of the brainstem in consciousness and respiration.10 This became 

the legally accepted standard in the UK and in some other countries 

with historical colonial links.11 Despite these differences, in practice, 

the occurrence and process for determining death are very similar in 

both circumstances.4,12

Recent publications have sought to move from an historical and 

anatomic focused view of brain death to definitions that attempt to 

unify all diagnoses of human death (both neurologic and circulatory) 

around a concept of the permanent loss of brain function.1,13,14

The vast majority of brain death arises from severe cerebral injury 

culminating in increased intracranial pressure (ICP), rostral-caudal 

herniation, reduced cerebral perfusion pressure, and finally the ab-

sence of brain blood flow. The loss of brainstem function is caused by 

ischemia and compression through uncal herniation.

The most common etiologies are hemorrhage (e.g., subarachnoid 

or intracerebral hemorrhage), ischemic stroke, traumatic brain injury, 

and hypoxic-ischemic brain injury after a resuscitated cardiac arrest. 

Other causes include central nervous system infection (e.g., bacterial 

meningitis, viral encephalitis, brain abscesses); neoplasms (primary 

brain tumors or metastases); obstructive hydrocephalus; and cerebral 

edema from hyponatremia, liver failure, or other metabolic conditions. 

The pathophysiology of raised ICP with loss of brain blood flow and 

perfusion is facilitated by the rigid nonexpanding nature of the skull 

and thus can be less likely or slower in onset in patients post-craniec-

tomy and children younger than 2 years with nonfused skull sutures.

In the uncommon circumstance of an isolated brainstem or cere-

bellar injury, jurisdictions that require whole brain death need to en-

sure loss of supratentorial blood flow, as it cannot be presumed that 

“whole brain” death criteria have been met through clinical examina-

tion alone. Of note the majority of patients with posterior fossa lesions 

will with time go on to lose cerebral blood flow through the develop-

ment of hydrocephalus or by other mechanisms.15

Given the linkage between brain and cardiorespiratory function, 

with cessation of the latter in the setting of devastating brain injury, the 

development of brain death requires, at a minimum, the provision of 

mechanical ventilatory support. The setting for brain death is therefore 

almost exclusively in-hospital and usually within intensive care units.

The fundamentals of the clinical examination for brain death are 

relatively consistent throughout the world. Most variability in the pro-

cess of brain death determination relates to aspects such as the qualifi-

cations of the examiners and number of examinations; time intervals 
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between examinations; and the prerequisites for blood pressure, tem-

perature, and drug levels, in addition to the indications and recom-

mended techniques for ancillary testing. Healthcare providers should 

be knowledgeable about jurisdictional laws and guidelines and ensure 

their practice is consistent with local requirements.

Making a diagnosis of brain death has benefits irrespective of the 

potential for organ donation, as it establishes whether a patient is alive 

or dead. This can eradicate doubt for the family and hospital staff and 

allow futile and/or inappropriate treatment to cease.16 Brain death 

should therefore be determined whenever it has occurred and regard-

less of whether donation is being considered.

Process for Determining Brain Death
Although individual jurisdictional requirements may vary, the general 

principles outlined here do not.

The consideration of brain death requires there to be definite clini-

cal and neuroimaging evidence of acute brain pathology sufficient to 

result in the complete and irreversible loss of brain function. In coun-

tries that require “whole brain death,” evidence of sufficient cerebral 

pathology to cause loss of all brain function must be present.

The patient must have observed unresponsive coma, brainstem 

areflexia, and lack of spontaneous breathing effort in the absence of 

reversible conditions. Some conditions other than a devastating brain 

injury may result in reversible loss of brain function mimicking brain 

death, such as severe Guillain-Barré syndrome, snake bite, and botu-

lism. The diagnosis of brain death must not be entertained in such 

situations.

Even in jurisdictions that require ancillary investigations, the diag-

nosis of brain death requires a clinical examination to demonstrate the 

absence of brainstem function.

Preconditions to Clinical Examination

The absence of confounders is important to ensure that the clinical 

examination accurately reflects the absence or presence of brainstem 

function. If confounding factors are present (e.g., inability to exclude 

sedative effects), or if a portion of the examination cannot be ade-

quately undertaken (e.g., inability to adequately examine all brainstem 

reflexes or perform apnea testing), a clinical examination that is as 

complete as possible should be conducted, as evidence of residual 

brain function will exclude the presence of brain death. Where con-

founders exist, ancillary testing will be necessary in addition to the 

clinical examination to determine brain death (see later).

The following preconditions should be met before and throughout 

the clinical examination:

• Exclusionofhypothermia(e.g.,temperature$35°C).

• Exclusion of hypotension (e.g., mean arterial pressure [MAP] 
70–100 mm Hg in an adult and age-appropriate blood pressure in 

children).

• Exclusionofeffectsof sedativemedications (self-administeredor
otherwise). The time taken for plasma concentrations of sedative 

medications to fall below levels with clinically significant effects 

depends on the dose and pharmacokinetics of medications used 

and on hepatic and renal function, especially in the case of barbi-

turates, which take many days to metabolize. Measurement of 

blood levels to ensure they are below that of clinically significant 

effects may be necessary. Particular care should be taken to ensure 

the absence of continued sedative medication effect in patients who 

have been hypothermic (e.g., therapeutic hypothermia post cardiac 

arrest). If there is any doubt about the persisting effects of opioids 

or benzodiazepines, an appropriate medication antagonist should 

be administered at the time of examination, or ancillary investiga-

tions must be carried out.

• Absenceofsevereelectrolyte,metabolic,orendocrinedisturbances.
These include marked derangements in plasma concentrations of 

glucose, sodium, phosphate, magnesium, and urea and severe endo-

crine dysfunction (e.g., severe hypothyroidism or hypoadrenalism).

• Absenceofacuteliverfailureordecompensatedchronicliverdisease.
• Absence of neuromuscular-blocking drugs. A peripheral nerve

stimulator should be used to confirm that neuromuscular conduc-

tion is normal unless it is certain that neuromuscular-blocking 

medications have not been administered.

• Abilitytoadequatelyexaminethebrainstemreflexes(e.g.,maynotbe
possible if major facial trauma prevents eye and/or ear examination).

• Absenceofacervicalspinalcordinjury.Thismayprecludeapnea
testing that is reflective of brainstem function.

• Absenceof severecardiopulmonary injuryordisease,whichmay
preclude the safe undertaking of apnea testing.

Observation Period and Establishing Irreversibility

It must be established that the loss of brain function is constant over 

time and irreversible. This is achieved by knowledge of the mecha-

nism and natural history of the devastating brain injury and a period 

of observation (e.g., a minimum of 4–6 hours of features consistent 

with brain death). When brain death is suspected after a resuscitated 

cardiac arrest, a longer period of 24 hours observation is recom-

mended before brain death testing, as there can be slow recovery of 

brainstem function after successful resuscitation. Similarly, after 

prolonged hypothermia, such as therapeutic cooling post cardiac 

arrest, a period of 24 hours post-rewarming is recommended be-

cause of the effects of hypothermia on neurologic function and  

the impact cooling may have on drug metabolism, as demonstrated 

by case reports that support a more conservative approach in such 

circumstances.17,18

In patients who are unresponsive with nonreactive pupils but  

appear to be spontaneously breathing, care must be taken that the 

ventilator is not autocycling/autotriggering on a spontaneous mode 

secondary to cardiac pulsations.

Situations Requiring Extra Caution

The UK has identified “red flag” categories where additional diagnostic 

caution is advised19:

 1. Testing ,6 hours of the loss of the last brainstem reflex

 2. Testing ,24 hours of the loss of the last brainstem reflex, where the 

etiology is primarily anoxic damage

 3. Hypothermia—24-hour observation period after rewarming to 

normothermia recommended

 4. Patients with any neuromuscular disorders 

 5. Steroids given in space-occupying lesions such as abscesses

 6. Prolonged fentanyl infusions

 7. Etiology primarily located to the brainstem or posterior fossa

 8. Therapeutic decompressive craniectomy.

Clinical Examination

The following three clinical criteria need to be established for the neu-

rologic determination of death:

• Unresponsivecoma
• Absentbrainstemreflexes
• Apnea(absenceofspontaneousbreathing)

A generic process for undertaking the clinical examination is sug-

gested in Table 159.1. A number of countries have published education 

videos to assist clinicians.20–22

Protocols vary in the requirement of whether it must be possible to 

reliably test each of the brainstem reflexes bilaterally, or at a minimum 

unilaterally. Ancillary testing is required if it is not possible to meet the 
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TABLE 159.1 Process for the Clinical Examination in the Determination of Brain Death

Test Response Consistent With Brain Death Considerations

Responsiveness

There should be unresponsive coma with no evidence of arousal or movement after noxious stimulation, other than spinal-mediated reflexes.

Noxious stimuli should be applied in the cranial nerve distribution  

and all four limbs and trunk, observing for centrally mediated motor 

responses (e.g., pressure over the supraorbital  

nerve, sternal rub, and deep nail bed pressure). 

There should be no motor response within the cranial 

nerve distribution or any response in the limbs second-

ary to cranial nerve stimulation.

This equates to a Glasgow Coma Score (GCS) of 3.

Spinal reflexes may be present in patients with brain death (see later) and 

are not to be confused with a pathologic flexion or extension response.

Brainstem Reflexes

The cranial nerves should be examined sequentially and bilaterally.

All testable brainstem reflexes must be absent for brain death to be determined.

The presence of a brainstem reflex means brain death is not present and testing is then ceased.

Pupillary light reflex—cranial nerves II and III

Shine a bright light into the eye and look for a pupillary constrictor response.

There should be absence of ipsilateral and  

contralateral pupillary response, with pupils fixed  

in a midsize or dilated position (~4–6 mm), in both  

eyes.

Constricted pupils are not consistent with brain death and suggest the  

possibility of drug intoxication or locked-in syndrome.

Pupils can be any shape (round/oval/irregular).

Ancillary testing is recommended if eye trauma or anophthalmia limits  

examination.

Corneal reflex—cranial nerves V and VII

Touch the corneas, applying light pressure with sterile soft cotton wool or  

gauze, and examine the eyes for blinking or other response. 

No eyelid movement should be seen. Touching the sclera is not sufficient.

Care should be taken to avoid damaging the cornea.

Ancillary testing is recommended if eye trauma, anophthalmia, severe  

orbital edema, or prior corneal transplantation limits examination.

Reflex response to pain in the trigeminal distribution—cranial 

nerves V and VII

Apply pain over the trigeminal distribution (e.g., pressure over the supraorbital 

nerve). 

No facial or limb movement should be seen. Ancillary testing is recommended in the presence of severe facial trauma 

and swelling that may preclude evaluation.

Oculovestibular reflex—cranial nerves III, IV, VI, and VIII

Inspect the external auditory canal with an otoscope to confirm that the  

eardrum is visible. If the eardrum is not visible, the canal must be cleared  

before testing can occur.

Elevate the head to 30 degrees to place the horizontal semicircular canals  

in the true vertical position. Irrigate with $30 mL of ice water using a 

syringe or a syringe attached to a catheter placed inside the auditory canal.  

Hold eyelids open and observe for eye movement for a minimum of 60 seconds.

Test both sides separately. 

No eye movement should occur in response to the  

cold water.

A ruptured eardrum does not preclude the test.

Ancillary testing is recommended in the setting of severe eye trauma,  

anophthalmia, or a fracture of the base of the skull or petrous temporal 

bone that may obliterate the response.

Testing for the oculocephalic reflex (rotating the head briskly horizontally  

to both sides) examines the same reflex pathways and is not required in 

addition to the oculovestibular reflex and should not be undertaken in  

the presence of a cervical spine injury.

Gag reflex—cranial nerves IX and X

Touch the posterior pharyngeal wall, on both sides, with a tongue depressor  

or cotton swab. A laryngoscope or video laryngoscope may assist in  

obtaining a good view of the pharynx for stimulation. 

No gag response should be seen. If the patient is orally intubated, the gag reflex may be difficult to discern.

Cough/tracheal reflex—cranial nerve X

Stimulate the tracheobronchial wall to the level of the carina with deep  

endotracheal placement of a soft suction catheter. 

No cough response should be seen. The efferent limbs for this reflex are the phrenic nerve and the nerves of 

the thoracic and abdominal muscles. Therefore it cannot be assessed in 

patients with high cervical cord injury; in this setting, ancillary testing is 

recommended.
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Apnea Testing

The test seeks to demonstrate a lack of spontaneous breathing in the setting of a sufficient respiratory center stimulus. Many guidelines suggest reaching a partial pressure of carbon dioxide in 

arterial blood (PaCO2) of 60 mm Hg (8 kPa).

Apnea testing should be undertaken ONLY if all the earlier reflexes are absent.

Preoxygenate (inspired oxygen concentration 100%) for >5 minutes to  

prevent hypoxemia during the test, and adjust the ventilator settings 

such that the PaCO2 normalizes at 40–45 mm Hg (5.3–6 kPa). Throughout 

the procedure, monitor the patient’s percentage blood oxygenation  

saturation (SpO2).

Disconnect the endotracheal tube (ETT) from the ventilator, with or  

without the provision of oxygen. Common methods for providing  

oxygen include the use of a self-inflating bag with attached continuous 

positive airway pressure (CPAP) valve to prevent atelectasis or inserting 

a small cannula via the ETT to approximately the level of the carina to  

deliver oxygen at 4–6 L/min.

Expose the chest and abdomen and observe continuously for any spon-

taneous breathing. End-tidal CO2 monitoring can be very helpful.

An arterial blood gas (ABG) is taken after approximately 8–10 minutes to 

document the rise in PaCO2 to above 60 mm Hg (8 kPa). If the patient is 

stable and point-of-care ABG testing is available, await the return of 

the result  before reconnecting the ventilator in case  the required 

change in PaCO2 has not been achieved.

At the end of testing, return the patient to mechanical ventilation. 

If any respiration attempts are seen (that is, abdominal  

or chest excursions or activity of accessory respiratory  

muscles, or if there is end-tidal CO2 evidence of a breath), 

the test is ceased and the patient is reconnected to the  

ventilator, as the criteria for brain death have not been 

met.

Usually PaCO2 rises by ~3 mm Hg (0.4 kPa) for every minute of apnea.

Some protocols require that a pH goal is also met, (e.g., ,7.30) and/or that in 

the setting of prior CO2 retention that a rise (e.g., increase of .20 mm Hg 

5 2.7 kPa) above a known chronic baseline is achieved.

If starting from normocapnia, the PaCO2 is likely to be .60 mmHg (8 kPa) 

after 8–10 minutes.

Patients may become hypoxic or develop hemodynamic instability. If hy-

poxia (SpO2 ,88%) occurs, give 1–2 mandatory breaths and continue 

apnea testing. Vasopressors may be adjusted to support blood pressure.

If the test cannot be completed due to cardiorespiratory instability, it should 

be ceased and an alternative approach to undertaking the test be used or, 

alternatively, an ancillary test may be needed. Alternative approaches to 

achieving the PaCO2 goal while maintaining oxygenation include providing 

oxygen via a self-inflating bag with CPAP valve, preapnea recruitment ma-

neuvers, and induction of hypercarbia with CO2 or carbogen before discon-

necting from the ventilator.

Care must be taken if a tracheal catheter is used, as wedging, trauma, or a 

size that is large relative to the tracheal diameter may result in baro-

trauma. High oxygen flow rates can cause CO2 washout with failure of 

the PaCO2 to rise.

If the CPAP circuit on the ventilator is used, care must be taken to identify 

autotriggering/autocycling, which may be misinterpreted as spontaneous 

breathing.

TABLE 159.1 Process for the Clinical Examination in the Determination of Brain Death—cont’d
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local standard because of inability to adequately examine at least one 

or both eyes and ears.23

Family presence during the clinical examination should be offered, 

with appropriate explanation and support, as family members may 

find witnessing the testing useful to their acceptance and understand-

ing of death, especially the apnea test component. Diagrams, the use of 

nationally endorsed testing forms, and viewing neuroimaging and re-

ports may also assist the family in their understanding of the patient’s 

prognosis and the concept of brain death.

When preconditions are satisfied, then clinical examination alone is 

preferable for the routine determination of brain death without reli-

ance on ancillary testing (see later).

Number of Examinations

A single clinical examination, including apnea testing, is the minimum 

standard for determination of brain death in adults.24 Most jurisdic-

tions require two examinations. If two examinations are performed, an 

intervening period is unnecessary because the prerequisite of irrevers-

ibility will have already been demonstrated by knowledge of the 

mechanism and natural history of the devastating brain injury, along 

with a suitable observation period before initiating testing. All that 

may be required is enough time to allow for physiologic stabilization 

between tests. Many clinicians will use this time to update the family 

and invite them to witness the second examination.

Spinal Reflexes

The preservation of spinal reflexes after brain death has been described 

for decades.25 Spinal reflexes can be either spontaneous or provoked by 

noxious stimuli such as pain, passive neck movement, hypotension, 

and hypoxemia after terminal removal of the ventilator or during the 

apnea test.26 They never involve the brainstem cranial nerves.

Prevalence is up to 50% of patients with brain death and is the re-

sult of a functioning spinal arc with loss of higher center inhibitory 

control.

Spinal reflexes can be simple or complex and may be upsetting 

when observed by family members and staff.27 It is essential that these 

movements are explained and forewarned to families and staff.

The most common movements described are finger and toe jerks, 

the undulating toe reflex, triple flexion response, pronation-extension 

reflex, facial myokymia, and myoclonus.26,28 Rarely, marked upper ex-

tremity and torso movements may occur, such as the Lazarus sign, in 

which there is bilateral arm flexion; shoulder adduction; and some-

times flexion of the trunk, hips, and knees.

Other physiologic signs that are compatible with brain death in-

clude sweating, blushing, tachycardia, normal blood pressure with-

out the need for pharmacologic support, and an absence of diabetes 

insipidus.29

Observations that are incompatible with brain death include decer-

ebrate or decorticate posturing, true extensor or flexor motor re-

sponses to painful stimuli, seizures, and limb movement elicited by 

stimulation of the cranial sensory nerves or facial movement elicited 

by stimulation of the body or limbs.

Ancillary Testing

Ancillary testing is required if the preconditions for clinical examina-

tion alone to determine brain death cannot be met. This may include 

the presence of confounding conditions that cannot be resolved or the 

inability to complete all aspects of the clinical examination, including 

the apnea test. Ancillary tests may also be required if there is uncer-

tainty in the interpretation of aspects of the clinical examination, in-

cluding whether movements are centrally or spinal-mediated. Other 

reasons for undertaking ancillary tests include a desire to determine 

brain death earlier than the required observation period allows,  

if national policies or practices require them, and, for some families, 

ancillary tests may assist in providing greater understanding and cer-

tainty of brain death, especially if they have not witnessed the clinical 

examination.30 It is recommended that the clinical examination be 

completed to the fullest extent possible before undertaking an ancillary 

test.

Most ancillary testing is on the premise that demonstrating absence 

of cerebral blood flow and/or perfusion in a person with a supported 

somatic circulation correlates with permanent loss of brain function. 

An exception is EEG, which measures brain activity. The ideal test 

would have no false positives (incorrect diagnosis of brain death) or 

false negatives (incorrect ruling out of brain death). Various tech-

niques have been described and validated, generally against clinical 

brain death testing. Local availability and preferences tend to guide 

use6:

 1. Digital subtraction angiography (three- or four-vessel cerebral an-

giography)—Long regarded as the gold-standard ancillary test for 

this purpose, cerebral angiography in brain death demonstrates 

flow obstruction at the level of the carotid siphon and the foramen 

magnum.31,32 Even cerebral angiography is subject to interoperator 

variability because of, for example, the vigorousness of contrast 

injection, but it is widely accepted as specific and sensitive.33

 2. Radionuclide imaging (cerebral scintigraphy)—Radiotracer uptake 

should not occur in brain parenchyma in the setting of brain death. 

Intravenous injection of an agent such as Tc-99m labeled hexa-

methylpropyleneamine oxime (HMPAO), which normally crosses 

the blood-brain barrier and persists in brain parenchyma, together 

with planar or single-photon emission computed tomography 

(SPECT) detection is used.34 Although there have been case reports 

of false-positive tests, the specificity is thought to be high.35

 3. Computed tomography (CT) angiography/perfusion—Being rela-

tively easily available and noninvasive, CT has obvious appeal as an 

ancillary modality. It was evaluated initially using a 7-point and 

then a more sensitive 4-point scoring system.36,37 A Cochrane re-

view identified only moderate sensitivity and therefore could not 

recommend CT angiography as a mandatory investigation.38

 4. Transcranial Doppler (TCD)—Although portable and noninvasive, 

TCD is operator dependent and reliant on detection of a suitable 

acoustic window.39 A systematic review and meta-analysis reported 

very high sensitivity and specificity when compared with clinical 

brain death testing.40

 5. Magnetic resonance imaging (MRI)—Various techniques involv-

ing MRI have been evaluated in brain death (e.g., diffusion-

weightedimaging[DWI],susceptibility-weightedimaging[SWI],
gradient-recalled echo [GRE], magnetic resonance angiography
[MRA]), but techniques suffer from uncertain specificity and 
the logistic impediments of transporting ventilated patients to the 

MRI scanner.31

 6. EEG—In contrast to the aforementioned techniques, EEG is a test 

of cerebral function and not blood flow. It is a common mandatory 

test in algorithms for brain death determination in some jurisdic-

tions and importantly requires clinical preconditions to be met 

(e.g., normothermia and absence of confounding sedative or meta-

bolic effects).6,41 Because of its limited utility and case reports 

where overreliance upon it has contributed to misdiagnosis, some 

countries now advise against its use.17,23,42,43

Repeat Testing

If clinical examination or ancillary tests demonstrate that complete 

and irreversible loss of brain function has not yet occurred, consider-

ation should be given to repeating these tests after a suitable interval.
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Brain Death Determination in Children and Neonates

International guidelines for the diagnosis of brain death in children 

and term infants are consistent with those for adults, particularly in 

their preference for clinical determination, with ancillary testing hav-

ing a similar secondary role when clinical testing alone is not possible 

or reliable.3,23,44,45 In these guidelines the observation periods, require-

ments for repeat testing, and other criteria are generally more conser-

vative in the newborn and early infant period.

MANAGEMENT OF THE BRAIN-DEAD  
ORGAN DONOR

As discussed earlier, the diagnosis of brain death is independent of any 

organ donation considerations. When patients and families have 

agreed to donation after death, the optimal physiologic support of 

potential donors maximizes donation and transplant outcomes.

In 1995 Wheeldon and colleagues published the experience of a UK 

center of standardized donor cardiorespiratory optimization instituted 

by the retrieval team upon arrival at the donor hospital that increased 

the number of hearts and other organs recovered and transplanted.46

In 1999 the United Network for Organ Sharing (UNOS) in the 

United States introduced the Critical Pathway for the Organ Donor that 

recommended defined physiologic goals and a consistent and active 

approach to donor management. In a pilot introduction of the pathway, 

the numbers of organs transplanted per brain-dead donor increased by 

11.3%, including a 19.5% increase in hearts transplanted.47

Since that time various guidelines and bundles of care have been 

developed to guide the physiologic management of patients with the 

potential to donate organs for transplantation after brain death.23,48–54 

Studies have also confirmed that being able to meet prespecified donor 

management goals, including in more marginal or expanded-criteria 

donors, results in more organs transplanted per donor, as has also been 

observed with the involvement of intensivists in leading donor man-

agement, particularly in optimizing lung use.55–58

In addition to general supportive care, specific treatment to counter 

the common sequelae of brain death such as hypotension, hypother-

mia, and diabetes insipidus is usually required. The provision of specific 

hormonal therapy (thyroid hormone, vasopressin, and steroids) is con-

troversial because of a lack of high-level evidence to support its efficacy.

Pathophysiology of Brain Death
The pathophysiologic sequelae of brain death include hemodynamic 

changes, activation of inflammatory and coagulation pathways, and 

loss of autoregulatory brain functions, including the hypothalamic – 

pituitary axis, all of which can affect multiple organ systems.

During the development of brain death, raised ICP may lead to the 

classic physiologic responses first described by Cushing, with compen-

satory arterial hypertension and bradycardia.59 Brainstem compres-

sion and ischemia can result in a marked sympathetic response, with 

tachycardia and tachyarrhythmias, hypertension, and high blood levels 

of catecholamine resulting in intense vasoconstriction and increased 

afterload—the “autonomic storm.” Acute myocardial ischemia with 

dysfunction, electrocardiographic changes, and myocyte necrosis have 

been demonstrated in animals and humans.60,61 Raised pulmonary 

hydrostatic pressure may cause neurogenic pulmonary edema that is 

accentuated by capillary endothelial damage. This is followed by loss of 

autonomic function and respiratory drive, leading to hypotension and 

apnea, and hypothalamic – pituitary dysfunction, with loss of tem-

perature regulation and the development of diabetes insipidus.

Not all patients exhibit these classic features, and occasionally brain 

death can develop without any instability and is only recognized by the 

loss of neurologic function.

General Principles of Management
The approach to managing the potential organ donor is similar to that 

of other intensive care patients. The same expert treatment should be 

provided following the general principles of critical care management.

Awareness of the specific perturbations that may occur in brain 

death, in addition to consideration of the patient’s underlying condi-

tion, will help with anticipating problems and the timely institution of 

appropriate treatment.

The physiologic goals are similar to those in any other critically ill 

patient, and the usual spectrum of monitoring and interventions 

should be employed, including the use of central venous and arterial 

vascular access.

Communication may be required between the intensive care team 

and transplant and/or surgical retrieval team regarding organ suitabil-

ity and assessment or provision of specific physiologic supports and 

can be facilitated via the donor coordinator.

The use of coordinated care guidelines, bundles of care, and check-

lists increases the likelihood of medical suitability of donors and 

maximizes successful organ transplantation. Box 159.1 provides guid-

ance and suggests aims for the clinical management of potential do-

nors with brain death.

Cardiovascular Effects and Support
Cardiac arrhythmias occur commonly during the development of 

brain death as a result of the autonomic changes, endogenous cate-

cholamines, and myocardial ischemia, and subsequent to brain 

death from hypovolemia, electrolyte abnormalities, hypothermia, 

and inotropes.63

All types of arrhythmias can be seen, including bradycardia and 

both supraventricular and ventricular tachyarrhythmias. Cardiac ar-

rest has been reported to occur in 1%–25% of potential donors with 

brain death, and this can be reduced in frequency with careful physi-

ologic management.57,64,65

Hypotension and circulatory shock develop in the majority of pa-

tients with brain death and may have multiple causes, including loss of 

sympathetic tone leading to vasodilatation; hypovolemia from diabetes 

insipidus, osmotic agents for prior treatment of raised ICP, and blood 

loss; cardiac dysfunction that is either acute or preexisting; and poten-

tially hypothalamic – pituitary function.

Treatment Approach

The hypertension and tachycardia associated with the development of 

brain death are usually self-limited, and no treatment is required. If 

antihypertensives are used, short-acting agents are preferable (e.g., es-

molol, nitroglycerin, sodium nitroprusside, nicardipine, labetalol), as 

longer-acting agents may exacerbate subsequent hypotension. It is 

unknown whether reducing hypertension and tachycardia protects the 

heart or other organs from catecholamine-mediated injury.

Arrhythmias can be minimized by maintaining normal serum elec-

trolyte concentrations, body temperature, and blood pressure. Stan-

dard treatment (e.g., amiodarone, cardioversion) is used for atrial and 

ventricular arrhythmias. Bradycardia in patients with brain death is 

resistant to the vagolytic effects of atropine.66 In the situation of bra-

dycardia associated with low cardiac output, epinephrine, isoprenaline, 

dobutamine, dopamine, and/or pacing are recommended.

In the event of a cardiac arrest, cardiopulmonary resuscitation may 

result in recovery of cardiac function and successful transplantation, 

although some local policies require informed consent for its use from 

families of patients planned for donation.

Vasoactive agents are required in 80%–90% of brain-dead organ 

donors.67,68 Arterial pressure goals should maintain organ perfusion 

based on individual patient characteristics (often MAP .70 mm Hg). 
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This is achieved by intravenous fluid administration to target eu-

volemia and vasopressor agents. There is little evidence for the prefer-

ential use of either colloids or crystalloids, noting that hydroxyethyl 

starch should be avoided, given it can cause renal injury.69 Vasopressin 

may be preferable if there is concurrent diabetes insipidus, and nor-

epinephrine and phenylephrine are other vasopressor agents fre-

quently used. In patients with low cardiac output, inotropic agents 

such as epinephrine, dobutamine, dopamine, or milrinone are recom-

mended. A single prospective multicenter study demonstrated im-

proved kidney graft function after transplantation when the donor 

received a dopamine infusion before donation, but this finding has not 

been repeated.70

Echocardiography or invasive cardiac function monitoring may be 

necessary in hemodynamically unstable patients or those for whom 

cardiac function assessment and optimization are high priorities.

If cardiopulmonary instability is refractory to these interventions, 

initiation of extracorporeal membrane oxygenation (ECMO) or place-

ment of an intraarterial balloon pump can be considered, noting 

ECMO use is increasingly common in some jurisdictions in donation 

procedures such as normothermic regional perfusion.71–73

Diabetes Insipidus and Fluid and Electrolyte Therapy

In normal health, vasopressin, also known as antidiuretic hormone 

(ADH), is released by the posterior pituitary gland and has both vaso-

pressor and antidiuretic effects through acting on V1 and V2 receptors, 

respectively. In brain death there is commonly, but not universally, a 

deficiency in ADH resulting in diabetes insipidus, as evidenced by 

brisk hypo-osmolar polyuria leading to hypovolemia, hyperosmolality 

with hypernatremia, and hemodynamic instability if left untreated.74,75

Early human studies indicate that deficient vasopressin occurs in 

up to 80% of brain-dead individuals.76,77 Current outcome registries in 

Australia and New Zealand indicate that 77% of brain-dead organ 

donors develop diabetes insipidus that requires treatment with vaso-

pressin or the synthetic vasopressin analogue desmopressin (1-D 

amino-8Dargininevasopressin[DDAVP]).68

Treatment Approach

Treatment of diabetes insipidus is vital for donor stability. Attempts to 

treat with intravenous fluid alone leads to hypothermia because of the 

infusion of relatively cool fluids, electrolyte disturbance, and donor 

instability.

Diabetes insipidus is best treated early before significant hypovole-

mia and metabolic derangement develop. Polyuria (e.g., urine output 

$3 mL/kg/h) and/or rising serum sodium are sufficient triggers to 

begin treatment, as formal confirmation with paired urinary and se-

rum osmolarity can delay treatment, resulting in donor instability.

Suitable agents include either vasopressin or DDAVP. DDAVP is 

highly selective for the V2 renal receptor subtypes, has no significant 

vasopressor activity, and may be the preferable agent to treat diabetes 

insipidus in the absence of hypotension. It is usually given as an intra-

venous bolus of between 2 and 6 µg every 6–8 hours or as required, 

noting it has a much longer half-life than vasopressin.

BOX 159.1 Donor Care and Physiologic Goals

General

• Monitoring: ECG, pulse oximetry, intraarterial pressure, CVP, core tempera-

ture, urine output (hourly), ABGs (4-hourly), consider cardiac function moni-

toring

• Routine tests: Daily or as required: CXR; ECG; full blood examination; 

clotting profile; urea, creatinine, electrolytes, including magnesium, calcium 

and phosphate; liver function tests

• Core temperature 36–38°C*

• Elevate head of bed at 30 degrees, eye care, mouth care, other routine care

Cardiovascular

• MAP 70–100 mm Hg

• Euvolemia, with CVP 4–10 mm Hg

• Adequate cardiac output and organ perfusion: urine output ,1 mL/kg/h 

(range 0.5–3 mL/kg/h); lactate ,2 mmol/L; good capillary refill

• If hypotension: IV infusion of vasopressin (#2.4 U/h) and/or norepinephrine 

or phenylephrine

• If bradycardia with low cardiac output – IV infusion of epinephrine or iso-

prenaline or dobutamine or dopamine and/or pacing

• If low cardiac output – IV infusion of epinephrine or dobutamine or dopamine 

or milrinone

Respiratory

• Regular tracheal suctioning; positioning side-to-side; maintain tracheal tube 

cuff inflation

• Prevent atelectasis – PEEP .5 cm H2O; lung recruitment maneuvers; bron-

choscopy as required

• Maintain ventilation and prevent lung injury – PaCO2 35–45 mm Hg; tidal 

volume of 6–8 mL/kg predicted body weight; plateau pressure ,30 mm Hg

• Maintain oxygenation – SpO2 92%–95% by adjusting FiO2 and PEEP (PEEP 

.5 cm H2O)

Intravenous Fluid and Metabolic Management

• Sodium 135–145 mmol/L: if sodium .145 mmol/L give additional free water 

(intravenous 5% glucose, or sterile water via a central venous catheter)

• Urine output <1 mL/kg/h (range 0.5–3 mL/kg/h)

• If polyuric .300 mL/h ± rising serum sodium, assume diabetes insipidus and 

give DDAVP 4 mg every 6 hours or as required and/or commence vasopressin 

IV infusion (#2.4 U/h)

• Potassium 3.5–5 mmol/L; phosphate .0.7 mmol/L; magnesium .0.7 mmol/L 

– supplement as required

• Blood glucose level 4–14 mmol/L; if .14 mmol/L – IV infusion of insulin

• Continue enteral feeding or total parenteral nutrition

• Hb .70 g/L: consider blood transfusion if Hb ,70 g/L and/or if bleeding; if 

bleeding, consider transfusion of clotting factors and other hemostasis strat-

egies

Additional Hormonal Supportive Treatment†

• Give methylprednisolone 15 mg/kg IV single bolus and/or hydrocortisone 

50 mg every 6 hours if requested by lung transplant team and/or if hemody-

namic instability despite previous measures

• Give triiodothyronine (T3) 4 mg IV bolus followed by 3 mg/h by IV infusion if 

requested by heart transplant team and/or if hemodynamic instability despite 

previous measures

ABGs, Arterial blood gases; CVP, central venous pressure; CXR, chest x-ray; DDAVP, 1-D amino-8 D arginine vasopressin desmopressin; ECG, 

electrocardiogram; FiO2, fraction of inspired oxygen; Hb, hemoglobin; IV, intravenous; MAP, mean arterial pressure; PaCO2, partial pressure of car-

bon dioxide in arterial blood; PEEP, positive end-expiratory pressure; SpO2, percentage blood oxygen saturation.

*Some protocols recommended hypothermia (34–35°C) if the kidneys will be used for transplantation.62

†Hormonal supportive treatment may include steroids, thyroid hormone, vasopressin, and insulin.
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Vasopressin may be used to treat both diabetes insipidus via its ac-

tion on V2 renal receptors and hypotension through its pressor effect 

by acting on V1 receptors on vascular smooth muscle. It must be given 

by intravenous infusion because of a short half-life (10–35 minutes). 

The usual dose range is 0.5–2.4 units per hour titrated to blood pres-

sure and urine output. Although some guidelines suggest dose ranges 

of up to 4 units per hour, there is concern that doses higher than  

2.4 units per hour may cause potentially deleterious vasoconstriction 

of renal, mesenteric, pulmonary, and coronary vasculature.48,78

Whether vasopressin to treat hypotension in brain death provides 

any advantage over other vasoactive agents in terms of efficacy in do-

nor support and transplant outcomes is not known.

Both vasopressin and DDAVP can be administered concurrently in 

the potential organ donor to control diabetes insipidus and hypotension.

Hypernatremia and fluid volume loss resulting from diabetes in-

sipidus should be corrected with salt-free fluid such as intravenous 5% 

glucose or with sterile water administered via a central venous catheter 

if there is resistant hyperglycemia.

Serum electrolytes should be monitored every 2–4 hours to guide 

fluid and electrolyte replacement, and electrolytes should be main-

tained within the normal ranges.

Endocrine Effects and Hormonal Supportive Treatment
There is less certainty about the frequency and impact of anterior pi-

tuitary gland dysfunction in brain death. Blood flow to the anterior 

pituitary can remain intact through perfusion from subsidiaries of the 

external carotid arteries, and there is uncertainty as to the occurrence 

and clinical relevance of reduced levels of thyroid hormone and corti-

sol in brain death.79

Observational studies in human donors with brain death tend to 

report a reduction in the free plasma triiodothyronine (T3) concentra-

tion, but findings are variable with respect to changes in thyroxine (T4) 

and thyroid-stimulating hormone (TSH).76,77,80,81 These changes in 

thyroid hormone levels and TSH in brain death may simply constitute 

sick euthyroid syndrome, which is commonly seen in critically ill pa-

tients without brain injury.

Studies have also failed to identify a consistent association between 

circulating thyroid hormone concentrations in the brain-dead donor 

and the donor hemodynamic status, requirement for vasoactive drugs, 

or cardiac function.80–83

Published case series and retrospective audits of the effect of thy-

roid hormone in brain-dead donors tend to find a beneficial effect of 

thyroid hormone administration on donor hemodynamics, number of 

organs procured or transplanted, and/or graft survival.84 In contrast, 

all randomized controlled trials have reported no benefit of thyroid 

hormone administration either alone or in combination with other 

hormonal therapies.85–91

Two recent systematic reviews, which included meta-analyses of 

placebo-controlled randomized controlled trials, concluded that thy-

roid hormone does not add hemodynamic benefits or result in an 

improved number or quality of organs procured for transplantation 

and cannot be recommended in the routine management of the brain-

dead potential organ donor.92,93

Despite this, the use of thyroid hormone in brain-dead organ donors 

in the United States increased from 25% to 75% during 2000–2012.94

As with thyroid hormone, there is controversy as to the occurrence 

of clinically significant adrenal hypofunction in human brain death.  

A number of small studies in potential donors with brain death have 

found normal or high levels of cortisol and adrenocorticotropic hor-

mone (ACTH), no association between serum cortisol levels and  

severity of hypotension, and no serial fall in serum cortisol with the 

development of brain death.76,77,80

In contrast, other small studies have found brain death is associated 

with low cortisol levels, along with deficient response to ACTH stimu-

lation, as compared with patients with less severe brain injuries.95,96 

Studies of steroid administration to brain-dead patients with a poor 

response to synthetic ACTH have, however, been inconsistent in terms 

of the reported hemodynamic benefit.96,97

In a European multicenter observational study, steroid use in organ 

donors with brain death was associated with a lower dose and shorter 

duration of vasopressor support.97

Recent systematic reviews of the use of steroids in brain-dead po-

tential donors have similarly found positive associations on donor 

hemodynamic and oxygenation status, organs procured, and graft 

function in observational studies, but neutral outcomes in the small 

randomized controlled trials that have occurred.98,99

In contrast, two large, double-blinded, placebo randomized con-

trolled trials on steroid use (50 mg hydrocortisone every 6 hours) in 

critically ill patients with septic shock found steroids improved blood 

pressure and facilitated earlier weaning of vasopressor agents.100,101

Apart from hemodynamic reasons, other rationales for administer-

ing steroids to potential donors with brain death include their immu-

nomodulatory and antiinflammatory effects.

Brain death is associated with high levels of cytokines, higher than 

those that occur in patients with similar types of injury though without 

brain death.102 Activation of inflammatory cascades in the donor may 

affect organ function and likelihood of rejection episodes in the recipi-

ent.103–105 A neutrophilic pulmonary infiltration is observed in brain 

death, and elevated concentrations of interleukin (IL)-8 in donor bron-

choalveolar fluid correlate with early graft failure.106,107 Higher plasma 

donor IL-6 concentrations are associated with fewer transplanted organs 

and reduced recipient survival.108

High-dose steroids may modulate immune function and decrease 

inflammation in the donor, with the potential to improve recipient 

graft function. High-dose methylprednisolone administration to the 

donor has been associated with improved donor lung oxygenation and 

increased organ retrieval rates, in addition to less ischemia-reperfusion 

injury and acute rejection in liver recipients, although no benefit on 

posttransplantation acute renal failure was observed in a double-

blinded, placebo-controlled study when 1000 mg of methylpredniso-

lone was administered to brain-dead kidney donors.109–111

Treatment Approach

The available evidence does not support the routine administration of 

thyroid hormone in potential organ donors with brain death. Thyroid 

hormone administration may provide benefit in donors who are he-

modynamically unstable and/or heart donor candidates who have 

borderline cardiac function (e.g., ,45% left ventricular ejection frac-

tion) despite optimization of volume state with fluid therapy, vasoac-

tive agents, and other general supportive care, including correction of 

electrolyte abnormalities.

It is suggested that replacement thyroid hormone improves the 

metabolic and hemodynamic status in brain death by reactivation of 

mitochondrial energy metabolism.112

Although the use of thyroid hormone in these circumstances is 

based on low-level evidence, T3/T4 use may be justified in that there is 

little indication that thyroid hormone causes harm.

Despite this uncertainty, thyroid hormone, in conjunction with 

other hormonal therapies, remains part of the recommended manage-

ment of cardiothoracic organ donors in the UNOS Critical Pathway 

for the Organ Donor.113

T3 may be initiated with a 4-µg intravenous bolus followed by infu-

sion of 3 µg/h.48,51 Intravenous T3 may be preferable to other formula-

tions because of its biologic potency and immediate availability to 
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tissues. Alternatively, T4 may be given initially with a 20-µg intravenous 

bolus followed by infusion of 10 µg/h. Thyroxine requires conversion 

to the biologically active T3, and so its onset of action and efficacy are 

less certain. Thyroxine may also be administered enterally if the intra-

venous formulation is not available, although impaired enteral absorp-

tion may further limit efficacy.

Physiologic stress-dose steroids (e.g., intravenous hydrocortisone 

50 mg every 6 hours) may improve blood pressure and reduce vaso-

pressor doses required. High-dose corticosteroid administration (e.g., 

methylprednisolone 1000 mg or 15 mg/kg intravenously) may reduce 

the potential deleterious effects of the inflammatory cascade that fol-

lows brain death on donor organ function and improve transplant 

recipient outcomes. It has been suggested, however, that low-dose as 

compared with high-dose steroids may have no different effect in 

terms of organs retrieved and transplanted.114

Blood for tissue typing should be collected before high-dose steroid 

administration, as steroids have the potential to suppress human leu-

kocyte antigen expression.

Respiratory Effects and Support
Patients with brain death, as with other critically ill patients, are at risk 

of pulmonary atelectasis, aspiration, sputum retention, pneumonia, 

and edema from fluid overload; cardiac dysfunction; and neurogenic 

mechanisms.

During the development of brain death, the autonomic storm leads 

to systemic vasoconstriction and increased vascular resistance, which 

causes decreased left ventricular output and increased retrograde pul-

monary venous pressure, resulting in increased hydrostatic pressure 

across pulmonary capillary membranes.

Deterioration of the donor’s respiratory status can result in the 

lungs becoming unsuitable for transplantation, in addition to jeopar-

dizing donor maintenance and donation in general.

Treatment Approach

Routine respiratory care should continue, including suctioning, posi-

tioning side-to-side and turning, and keeping the head of the bed at 30 

degrees elevation, with attention to maintaining tracheal tube cuff in-

flation to avoid pulmonary aspiration. Techniques that reduce atelec-

tasis and lung-protective ventilation strategies should be used such as 

lung recruitment maneuvers, positive end-expiratory pressure (PEEP) 

5–10 cm H2O, tidal volumes of 6–8 mL/kg of predicted body weight, 

plateau pressure less than 30 cm H2O, and maintaining the fraction of 

inspired oxygen (FiO2) at the lowest level to keep an oxygen saturation 

(SpO2) of 92%–95%.115–117

Fiberoptic bronchoscopy can be considered for suctioning and 

clearing bronchial obstructions and may be requested by lung trans-

plant teams. Secretions should undergo microscopy and culture and 

antibiotics started if there is suspicion of a pulmonary infection, al-

though there is no role for routine antibiotic prophylaxis.

Higher rates of lung donation are associated with a minimal donor-

positive fluid balance, and diuretics may be used to treat pulmonary 

edema.118 Euvolemia is compatible with donation of all organs, includ-

ing lung and kidneys.

As there is an association between steroid use, donor lung oxygen-

ation, lung recovery, and transplantation, some lung retrieval teams 

will request methylprednisolone 15 mg/kg, but this lacks support from 

randomized controlled trials.109

Hypothermia and Temperature Management
Loss of hypothalamic thermoregulation, reduced heat production, 

and inability to conserve heat by vasoconstriction or generate it by 

shivering renders the brain-dead individual poikilothermic (body 

temperature varies with ambient temperature). The tendency to  

hypothermia is exacerbated by exposure and administration of intra-

venous cold fluids. Adverse effects include cardiac dysfunction,  

arrhythmias, platelet dysfunction, coagulopathy, and a leftward shift 

of the oxyhemoglobin dissociation curve, with reduced oxygen deliv-

ery to tissues.

Treatment Approach

Hypothermia is easier to prevent than reverse. Keep room temperature 

$24°C and use warming blankets, humidification and heating of inhaled 

gases, and warmed intravenous fluids if large volumes are required.

A recent multicenter randomized controlled trial in brain-dead 

donors showed a reduction in the incidence of delayed kidney graft 

function in recipients when mild hypothermia (34°C–35°C) in the 

donor was induced and maintained until retrieval surgery.62 Concern 

about the potential negative impact of donor hypothermia on other 

organs has been raised, although a follow-up and safety analysis dem-

onstrated no adverse effects on donor physiology or extrarenal graft 

survival and improved 1-year graft survival for kidneys from standard-

criteria donors who received mild hypothermia.119,120 Many published 

protocols, however, continue to recommend targeting normothermia, 

and widespread uptake of induced hypothermia for donor manage-

ment may not occur until further evidence is available to support its 

utility.23,54

Other Aspects of General Care and Nutrition
Continuing enteral feeding in the donor up until the time of organ  

retrieval surgery may have beneficial effects on organ function in trans-

plant recipients by restoring energy reserves, reducing cytokine genera-

tion, and protecting against ischemia and reperfusion injury.121,122

Hyperglycemia is common after brain death because of catechol-

amine surges and infusion of glucose-containing fluids.48,67 Hypergly-

cemia should be treated as per standard approaches for critically ill 

patients and insulin be given by infusion to maintain blood glucose 

within the normal range. High doses may be required because of insu-

lin resistance, in which case glucose-containing intravenous fluids 

should also be avoided.

Transfusion of blood and blood products is occasionally necessary. 

Anemia is commonly the result of intercurrent bleeding exacerbated 

by coagulopathy, and hemodilution the result of fluid administration 

and repeated blood sampling. Coagulopathy may occur secondary to 

tissue damage in trauma, particularly neurotrauma-induced fibrinoly-

sis and thrombocytopenia, or it can be caused by hemodilution and is 

worsened by hypothermia.123 Transfusion of blood, coagulation fac-

tors, and platelets may be required to correct severe anemia or coagu-

lopathy, especially in the setting of active bleeding, hypotension, or 

shock. Procurement should be expedited if there is a worsening coagu-

lopathy and bleeding.

  

 



1287CHAPTER 159 Determination of Brain Death and Donor Management

KEY POINTS

• Brain death is the complete and irreversible absence of brain function charac-

terized by loss of capacity for consciousness, unresponsive coma, brainstem 

areflexia, and apnea.

• Brain death may result from a devastating brain injury caused by hemorrhagic 

or ischemic stroke, traumatic brain injury, hypoxic-ischemic brain injury, tumor, 

infection, and other causes of intracranial hypertension or cerebral edema.

• The neuroprotective phase of care in the management of devastating brain 

injury requires mechanical ventilation to prevent cardiorespiratory arrest after 

the loss of central control of breathing. Therefore brain death occurs in pa-

tients receiving mechanical ventilation almost exclusively in the hospital and 

usually within intensive care units.

• Brain death is associated with somatic physiologic changes that include he-

modynamic instability, activation of inflammatory pathways, and loss of the 

autoregulatory functions of the brain.

• After the diagnosis of brain death, provision of optimal supportive treatment 

of potential donors is important in maximizing donation opportunities, organ 

function, and transplant recipient outcomes.

• Donor management includes careful hemodynamic and respiratory support; 

maintaining normal electrolytes and euvolemia; and specific treatment to 

counter the common sequelae of brain death that include hypotension, hypo-

thermia, and diabetes insipidus. The provision of specific hormonal therapies 

such as thyroid hormone, steroids, and vasopressin is of uncertain benefit.

 References for this chapter can be found at expertconsult.com.
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Donation After Cardiac Death  
(Non–Heart-Beating Donation)
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HISTORICAL PERSPECTIVE

The increasing gap between the number of organs available for trans-

plantation and the number of patients listed for transplantation has 

become a rate-limiting step in reducing both wait times and wait list 

deaths in patients awaiting transplantation. Before the passage of the 

first US brain death law in the state of Kansas in 1970,1 donation after 

cardiac death (DCD, or donation after circulatory death) was the pri-

mary mode of organ donation in the United States. Donor death was 

determined according to traditional cardiopulmonary criteria—that 

is, absence of pulse and blood pressures without cardiac activity.

Early organ procurement strategies were relatively crude and vari-

able, which in turn prolonged warm DCD ischemia time (time from 

donor circulatory arrest to cold perfusion) and resulted in poor out-

comes.2 The impact of the variability of circumstances surrounding 

donor death, and thus the duration of ischemic time, on DCD graft 

outcomes did not become apparent until experiences with organs do-

nated after brain death (DBD) increased.

The need for diagnosing brain death was a culmination of critical 

care physicians’ growing ability to maintain physiologic organ func-

tion in patients with little or no hope of neurologic recovery after 

central nervous system (CNS) insults. The concept was first intro-

duced at a CIBA Foundation meeting in England in 1965 and was 

subsequently endorsed with formal diagnostic criteria by Harvard 

Medical School in 1968.1,3 A new debate was sparked over the precise 

definition and timing of death and the concept of futile care. Accep-

tance of this medically, philosophically, and legally novel concept of 

certifying death while maintaining perfusion in a potential donor to 

guarantee procurement with minimal warm ischemia time4 and graft 

damage revolutionized transplantation. Because early experience with 

DBD organs showed superior outcomes, use of DCD organs declined 

and was subsequently abandoned.5

The success of DBD organs along with the refinements in medical 

and surgical techniques exponentially increased the number of trans-

plants performed in the United States. The 1984 National Organ 

Transplant Act led to the formation of the United Network for Organ 

Sharing (UNOS), a nonprofit entity that provided a basis for standard-

izing organ procurement organizations (OPOs) throughout the United 

States, and the Organ Procurement and Transplantation Network 

(OPTN). Early national OPTN data showed that 10,794 deceased do-

nor transplants were performed in 1988.6 Six years later, these numbers 

increased by nearly 50% to 15,210 transplants. Moreover, the number 

of lung grafts from deceased donors increased annually from 33 to 

708.6 Intestinal transplantation also increased with the introduction of 

DBD donors. The first intestinal transplant was performed in 1990; by 

1994, 96 patients with intestinal failure received intestinal transplants.6 

Concomitant advances in critical care reduced mortality in patients 

with end-stage organ disease, thereby resulting in increasing wait lists 

and decreased attrition. This is referred to as the growing “gap” be-

tween organ supply and transplantation demand. For example, despite 

the increased number of transplant centers and use of living donors in 

1995, only 33% of registrants waiting for kidney transplant underwent 

transplantation.6 However, the rate of transplantation decreased to 

10% during 1998 to 2002.7

Moreover, the numbers of young and previously healthy DBD 

donors stagnated because of several statutory changes in areas of gun 

control, automobile safety (airbags, seatbelts, and lowering of legal 

blood alcohol limits), and helmet use. This decreased traumatic fa-

talities and changed the face of DBD organ donors.8 The demograph-

ics of a typical DBD donor transitioned from a young healthy person 

who was rendered brain dead because of a devastating head trauma 

to an older person with medical problems who was rendered brain 

dead because of a neurovascular insult. This transformation eroded 

some benefit of using a DBD donor and prompted a search for other 

options.

Because the use of live donor organs has not kept pace with the 

growing deficit of organ donors, strategies such as regenerative medi-

cine, mechanical devices, and xenotransplantation (use of grafts derived 

from animal donors) for treating end-organ diseases have been ex-

plored. However, these strategies are not ready to replace durable organ 

replacement. Further, the activity surrounding social and legislative ap-

proaches, including increased public awareness, donor registration ac-

tivities, and interest in presumed consent (requiring individuals to opt 

out of organ donation to prevent consideration for donation at death), 

may have peaked because of cultural and philosophical objections. 

Therefore transplantation is again being performed using organs pro-

cured from DCD donors.

In the early 1990s, the Maastricht German transplant group re-

kindled interest in DCD organs9 by showing equivalent long-term 

outcomes in recipients receiving both DCD and DBD renal trans-

plants.10,11 Similar findings from preliminary data have been made 

regarding DCD liver,12 lung,13,14 heart,15 and pancreas transplants.16 

The University of Pittsburgh Medical Center (UPMC) introduced the 

nation’s first institutional policy to permit and regulate DCD.17 The 

need for such a policy arose when several patients/families were asked 

to participate in donation after previously electing withdrawal of life-

sustaining treatment. This request fell outside the current parameters 

of donation policies and guidelines. The UPMC policy became the 

first concrete model to use cardiopulmonary criteria to determine 

death for organ procurement.18 This policy highlighted a milestone 

in the evolution of transplantation. Since then, DCD has been ad-

opted by many OPOs and hospitals nationwide. By December 2006 

OPTN bylaws required that all OPTN members have a DCD donor 

protocol in effect.18 Currently, The Joint Commission now requires 

that all accredited institutions develop and implement standardized 

DCD policies.19
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After more than a decade of ongoing scrutiny surrounding ethical 

issues and outcome assessment, several key issues regarding DCD re-

main controversial in both the lay and medical communities. These 

include (1) criteria for identifying potential DCD donors, thus avoid-

ing the financial and emotional burden of “failed” DCD; (2) optimiza-

tion of DCD donor management; and (3) standardization of DCD 

procurement protocols to ensure a successful multidisciplinary effort 

with reproducible results. These issues are explored in this chapter  

after a brief discussion on the definition and current status of DCD.

IDENTIFICATION AND CATEGORIZATION OF 
POTENTIAL DONATION AFTER CARDIAC  
DEATH DONORS

Although seemingly straightforward, successful use of a DCD donor 

involves identification and classification of potential donors, appropri-

ate diagnosis of death, and compliance with local policy of mandated 

wait time between pronouncement of death. The initial step in DCD 

organ transplantation is the recognition of potential donors with suf-

ficient time to prepare and preserve optimal organ function before 

procurement. DCD is defined as organ procurement after the determi-

nation of death, which is characterized by an irreversible cessation of 

cardiopulmonary functions.20 Critical care physicians and OPO staff 

must be familiar with diagnoses and clinical circumstances that qualify 

a patient as a potential DCD donor. Candidates are patients in whom 

withdrawal of futile life-sustaining treatment is being planned. Be-

cause optimal preservation of organ function is facilitated by coordi-

nated perimortem care, graft quality can be compromised in situations 

where a patient’s wishes regarding organ donation are unknown or 

where DCD is not offered as an option until late. Organ suitability may 

decline while attempts are being made to educate staff and families. 

Moreover, a treating physician must ensure that for patients on life 

support, withdrawal of life support must be independent of the deci-

sion to donate organs. At present, an OPO is responsible for coordinat-

ing surgical recovery and for preserving and transporting organs and 

tissues.21 An OPO should be notified within 1 hour as soon as a pa-

tient’s death is imminent from natural causes or withdrawal of life 

support.

The once-popular practice of managing potential DCD donors by 

placing vascular and/or intraperitoneal catheters to infuse cold organ 

preservation solution before the availability of consent for procure-

ment22 has now largely been abandoned. This practice stimulated 

contentious debate from both the medical and lay communities. Un-

like several European countries, no US state adopted this presumed 

consent into law.

Management of DCD donors is facilitated by a classification 

scheme developed by the Maastricht group in 199423 and revised in 

2000.24 An international consensus conference was held in Paris in 

2013 to clarify the Maastricht classification.25 Maastricht categories 

define potential donors by circumstances under which cardiovascular 

death occurs. A distinction is made between donors whose cardiopul-

monary failure is uncontrolled or emergent (categories 1, 2, and 4) and 

those whose death according to cardiopulmonary criteria occurs in a 

controlled manner after withdrawing futile life-sustaining support 

(category 3). Prior versions of the classification had a category 5, which 

is medically assisted cardiocirculatory death or euthanasia. This cate-

gory has been mostly removed, except in Belgium and the Netherlands, 

where euthanasia is legal. The revised Maastricht classification is out-

lined in Table 160.1. Recent initiatives in the northeast United States 

involve training prehospital personnel to rapidly converse with pre-

consented victims of unsuccessful resuscitation after cardiopulmonary 

arrest (category 2) to determine potential DCD donors.26 Category 3 

donors constitute the majority of US and European DCD donors.24 It 

is difficult to compare DCD outcomes according to Maastricht catego-

ries because few authors use this classification when reporting DCD 

results. Therefore, for uniformity, the remainder of this chapter focuses 

on category 3 donors.

Category 3 standardization is outlined in Fig. 160.1 (the UNOS 

Critical Pathway for DCD).27 Typical patients may have the following 

characteristics: absence of or hyperactive respiratory drive, lack of ade-

quate respiratory muscle strength, and severe hypoxemia or inadequate 

circulation in the absence of treatment with inotropic or vasopressor 

drugs. These patients are usually supported using ventilators or me-

chanical circulatory assistance such as ventricular-assist devices (VADs) 

or intraaortic balloon pumps. These patients may have also experienced 

severe neurologic insults but may not have met brain death criteria. 

Conscious patients usually develop degenerative neuromuscular diseases 

or end-stage cardiopulmonary diseases and are often ventilator or VAD 

dependent. These patients or their families may decide to discontinue 

life-sustaining support and request their organs to be donated.

The other category of potential DCD donors includes patients with 

impending cardiopulmonary death, the timing of which is either pre-

dictable based on patient-/family-requested withdrawal of care or 

unpredictable because of premature cardiac arrest before withdrawal. 

Given the lack of perfusion in DCD donors, prompt identification of 

death is needed to minimize organ ischemia, especially if uncontrolled 

cardiac arrest occurs. Organ procurement from DCD donors under 

uncontrolled conditions is technically feasible but is not physiologi-

cally ideal because of the inherent ischemic insult.

Various modalities have been proposed to help physicians identify 

death based on the absence of cardiac sounds, pulse, respiration, and 

response to stimuli. Confirmatory tests such as intraarterial monitor-

ing or Doppler studies recommended by the Institute of Medicine 

(IOM)28 can be used to expedite the confirmation of death; however, 

these tests are not widely accepted at present. A DCD work group as-

sembled in 200620 indicated that electrocardiographic silence was not 

required for determining death but was sufficient to show the absence 

of circulation.

However, there is no agreement on the observation time required to 

rule out spontaneous unassisted cardiopulmonary resuscitation or au-

toresuscitation. The DCD work group20 and the Society of Critical Care 

Medicine (SCCM)29 recommend that potential donors be observed for 

TABLE 160.1 Maastricht Donation After 
Cardiac Death Categories

Category Description Condition

1 

• 1A

• 1B

Cardiac arrest outside hospital and no  

resuscitation attempted

• Out of hospital

• In-hospital

Uncontrolled

2 

• 2A

• 2B

Cardiac arrest followed by unsuccessful resus- 

citation either inside or outside hospital

• Out of hospital

• In-hospital

Uncontrolled

3 Cardiac arrest after planned withdrawal of  

life support

Controlled

4 Cardiac arrest in a brain-dead patient  

awaiting organ procurement

Uncontrolled

Controlled

 Adapted from Thuong M, Ruiz A, Evrard P, et al. (2016). New classifica-

tion of donation after circulatory death donors definitions and terminol-

ogy. Transpl Int. 2016;29(7):749–759.
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Critical Pathway for the Organ Donor
Patient name: __________________________________________

ID number: ____________________________________________

The following professionals
may be involved to enhance
the donation process.

Check all that apply.
❍ Physician
❍ Critical care RN
❍ Organ Procurement 

Organization (OPO)
❍ OPO coordinator (OPC)
❍ MedicalExaminer (ME)/ 

Coroner
❍ Respiratory 
❍ Laboratory 
❍ Pharmacy
❍ Radiology
❍ Anesthesiology
❍ OR/Surgery staff
❍ Clergy
❍ Social worker

❍ Notify physician regard-
ing OPO referral

❍ Contact OPO ref: 
Potential donor with 
severe brain insult

❍ OPC on site and begins 
evaluation
Time _____ Date  _____

❍ Ht_____ Wt _____
as documented

❍ ABO as documented _____
❍ Notify house supervisor/ 

charge nurse of presence 
of OPC on unit

❍ Brain death documented
Time _____ Date _____ 

❍ Pt accepted as potential 
donor 

❍ MD notifies family of death
❍ Plan family approach 

with OPC
❍ Offer support services to 

family (clergy, etc)
❍ OPC/Hospital staff talks 

to family about donation
❍ Family accepts donation
❍ OPC obtains signed consent

& medical/social history
Time _____ Date  _____

❍ ME/Coroner notified 
❍ ME/Coroner releases body

for donation
❍ Family/ME/Coroner denies 

donation—stop pathway—
initiate post-mortem 
protocol—support family.

❍ Obtain pre/post transfusion
blood for serology testing 
(HIV, hepatitis, VDRL, 
CMV)

❍ Obtain lymph nodes and/or
blood for tissue typing

❍ Notify OR & anesthesiology
of pending donation

❍ Notify house supervisor of 
pending donation

❍ Chest & abdominal 
circumference

❍ Lung measurements per 
CXR by OPC

❍ Cardiology consult as 
requested by OPC (see 
reverse side)

❍ Donor organs unsuitable 
for transplant—stop path-
way—initiate post-mortem
protocol—support family.

❍ OPC writes new orders
❍ Organ placement
❍ OPC sets tentative OR time
❍ Insert arterial line/ 2 large-

bore IVs
❍ Possibly insert 

CVP/Pulmonary Artery 
Catheter

❍ See reverse side

❍ Checklist for OR
❍ Supplies given to OR
❍ Prepare patient for 

transport to OR
❍ IVs             ❍ Pumps
❍ O2 ❍ Ambu
❍ Peep valve

❍ Transport to OR
Date  ______
Time  ______

❍ OR nurse 
❍ reviews consent form
❍ reviews brain death 

documentation
❍ checks patient's 

ID band

Respiratory ❍ Pt on ventilator
❍ Suction q 2 hr
❍ Reposition q 2 hr

❍ Prep for apnea testing: set
FiO2 @ 100% and antici-
pate need to decrease rate 
if PCO2 < 45 mm Hg

❍ Maximize ventilator 
settings to achieve SaO2

98 - 99%
❍ PEEP = 5cm O2 challenge

for lung placement 
FiO2 @ 100%, 
PEEP @ 5 X 10 min

❍ ABGs as ordered 
❍ VS q 1°

❍ Notify OPC for
____ BP < 90 systolic
____ HR < 70 or > 120
____ CVP < 4 or > 11
____ PaO2 < 90 or 
____ SaO2 < 95%

❍ Portable O2 @ 100% 
FiO2 for transport to OR

❍ Ambu bag and PEEP valve
❍ Move to OR

Collaborative
Practice

Phase I
Referral

Phase II
Declaration of Brain Death

and Consent

Phase III
Donor Evaluation

Phase IV
Donor Management

Phase V
Recovery Phase

Treatments/ 
Ongoing Care

❍ Use warming/cooling 
blanket to maintain 
temperature at 36.5° C - 
37.5 °C

❍ NG to low intermittent 
suction

❍ Check NG placement  & 
output 

❍ Obtain actual Ht _____ 
& Wt _____ if not previ-
ously obtained

❍ Set OR temp as directed 
by OPC

❍ Post-mortem care at 
conclusion of case

Optimal Outcomes The potential donor is iden-
tified & a referral is made to
the OPO.

The family is offered the
option of donation & their
decision is supported.

The donor is evaluated &
found to be a suitable candi-
date for donation.

Optimal organ function is
maintained.

All potentially suitable, con-
sented organs are recovered
for transplant.

Copyright© 2002, 2001, 1998 UNOS (United Network for Organ Sharing) All rights reserved.Shaded areas indicate Organ Procurement Coordinator (OPC) Activities.

Labs/Diagnostics ❍ Review previous lab results
❍ Review previous hemody-

namics

❍ Blood chemistry
❍ CBC + diff
❍ UA         ❍ C & S
❍ PT, PTT
❍ ABO        ❍ A Subtype
❍ Liver function tests
❍ Blood culture X 2 / 15   

minutes to 1 hour apart
❍ Sputum Gram stain &   

C & S
❍ Type & Cross Match 

______# units PRBCs
❍ CXR         ❍ ABGs
❍ EKG        ❍ Echo
❍ Consider cardiac cath 
❍ Consider bronchoscopy

❍ Determine need for 
additional lab testing

❍ CXR after line placement 
(if done)

❍ Serum electrolytes
❍ H & H after PRBC Rx
❍ PT, PTT
❍ BUN, serum creatinine 

after correcting fluid 
deficit

❍ Notify OPC for
___ PT >14___ PTT < 28
___ Urine output 

___ < 1 mL/Kg/hr
___ > 3 mL/Kg/hr

___ Hct < 30 / Hgb >10
___ Na >150 mEq/L

❍ Labs drawn in OR as per 
surgeon or OPC request

❍ Communicate with 
pathology: Bx liver and/
or kidneys as indicated

This Critical Pathway was developed under contract with the U.S.
Department of Health and Human Services, Health Resources and
Services Administration, Division of Transplantation.

Medications ❍ Medication as requested 
by OPC ❍ Fluid resuscitation—con-

sider crystolloids, colloids, 
blood products

❍ DC meds except pressors 
& antibiotics

❍ Broad-spectrum antibiotic
if not previously ordered

❍ Vasopressor support to 
maintain BP > 90 mm 
Hg systolic

❍ Electrolyte imbalance: 
consider K, Ca, PO4, Mg 
replacement

❍ Hyperglycemia: consider 
insulin drip

❍ Oliguria: consider diuretics
❍ Diabetes insipidus: con-

sider antidiuretics 
❍ Paralytic as indicated for 

spinal reflexes

❍ DC antidiuretics
❍ Diuretics as needed
❍ 350 U heparin/kg or as 

directed by surgeon

Fig. 160.1 UNOS donation after cardiac death critical pathway.  (From United Network for Organ Sharing. 

Critical pathway for donation after cardiac death. 2011. https://unos.org/wp-content/uploads/unos/Critical_

Pathway_DCD_Donor.pdf.)
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at least 2 minutes but not more than 5 minutes to ensure the absence of 

spontaneous circulation. These recommendations pertain to the period 

between the loss of circulation and declaration of death and not between 

the declaration of death and organ procurement. Fugate and colleagues 

identified variability among DCD protocols within the United States, 

particularly for defining the observation of potential donors to rule out 

autoresuscitation.30 Although most centers followed the 2- to 5-minute 

observation period, there was variability in the definition of the period 

starting either before or after declaration of death, thus implying a total 

of 10 minutes. A prospective study by Dhanani and colleagues on the 

timing of determination of death in DCD donors showed that the lon-

gest period of arterial blood pressure31 resumption after declaration of 

death was 89 seconds.32 Moreover, only 4 of 41 patients examined 

showed return of blood pressure after cessation; however, this only 

lasted between 1 and 172 seconds. Given the variability and limited data 

on the duration of observation, specific guidelines for the precise mini-

mal duration of irreversible circulation are warranted. At present, local 

protocols are used to stipulate the requirements of the determination of 

death and duration of observation time before organ procurement.

An important part of identifying potential DCD donors includes 

predicting the occurrence of rapid physiologic deterioration and death in 

less than 30–60 minutes (depending on the organ to be procured) after 

withdrawing life-sustaining treatment.20 Failure of a potential donor to 

progress to cardiac death within the prescribed time disqualifies the do-

nor because of the extent of organ warm ischemia time (WIT). Factors 

such as age, comorbidities, and preterminal vasopressor requirement can 

be used as predictors; however, no strict criteria have been universally 

adopted.33 Lewis and colleagues from the University of Wisconsin devel-

oped a tool that uses clinical parameters to predict the suitability of DCD 

candidates.34 This resulted in the development of guidelines to predict 

the likelihood of circulatory death within 2 hours after withdrawing life 

support. The authors proposed four readily obtainable clinical criteria: 

(1) requirement for vasopressors to support blood pressure, (2) absence 

of primary brain injury, (3) history of mechanical ventilation for $6 

days, and (4) respiratory rate of less than 20 breaths/minute (in the ab-

sence of mechanical ventilation). They noted that presence of two or 

more of these indicators accurately predicted death within 60 minutes 

after withdrawing life-supporting treatments, with a sensitivity and 

specificity of 81% and 78%, respectively. Munshi and colleagues observed 

that controlled ventilation, oxygenation, vasopressor use, Glasgow Coma 

Scale/Score, and brainstem reflexes consistently predicted time to death 

in DCD donors.35 Other novel predictors, such as physician opinion and 

simultaneous withdrawal of all support, are promising and warrant ad-

ditional study. Robust analysis of retrospective DCD data would enable 

intensivists and OPO staff to more precisely identify potential DCD do-

nors, help minimize the financial impact on hospitals and donors that 

“fail to progress,” and prevent unnecessary stress and disappointment for 

families during a psychologically vulnerable time.

Familiarity with relative and absolute contraindications for DCD, 

some of which overlap those associated with DBD, is important. These 

include the multiple-operated abdomen, active sepsis, active or recent 

extracranial primary malignancy, and active infections such as hepati-

tis B or COVID-19. With regard to virologic status, OPOs are well 

versed in performing rapid serologic testing to rule out latent viral 

infections and should be involved as early as feasible to initiate testing.

CURRENT STATUS OF DONATION AFTER 
CARDIAC DEATH

Volume
UNOS disseminates US transplant-related data and has reported  

DCD statistics since 1994.6 Data are available on the UNOS website 

(www.unos.org) and in UNOS annual reports. The annual number of 

DCD donors increased steadily from the mid-1990s to the early 21st 

century (Table 160.2). In all, 42 DCD recoveries were performed in 

1993, which represented ,1% of the total recoveries in that year. In 

2012 DCD recoveries showed a 12-fold increase of 12% of all organ 

procurements. The rate of DCD donations in the United States contin-

ues to increase steadily from 2012, comprising nearly 20% of all donors 

in 2018.6

Outcomes
Despite ethical controversies, the real barrier to the widespread accep-

tance of DCD graft use is the poor outcome observed in early DCD 

experiences. Suboptimal organ function characterized by primary 

nonfunction, delayed graft function (DGF), and/or abbreviated graft 

survival have traditionally threatened the success of DCD organs be-

cause of the ischemic insult associated with cardiopulmonary arrest.5 

Although these observations were valid at that time, they accumulated 

during early experiences with transplantation and were thus inherently 

confounded by era bias.

On a cellular level, DBD and DCD organs show different injury 

profiles. DBD is characterized by a surge in serum catecholamines be-

cause of brain death, which induces hypotension and subsequent or-

gan hypoperfusion. Animal studies have shown that hemodynamic 

instability of DBD organs may be further exacerbated by inflammatory 

cytokines such as interleukin (IL)-1, IL-6, and IL-8 that directly affect 

renal grafts.36 In vivo studies evaluating DCD kidney grafts have shown 

less upregulation of inflammatory markers37; however, these studies 

showed that prolonged WIT induced alternative pathways of injury, 

such as those related to hypoxia. Rosenberger and colleagues found 

that hypoxia-inducible factors were correlated with renal allograft 

TABLE 160.2 Number of Donations After 
Cardiac Death Organs as a Percentage of Total 
Deceased Donor Organs Procured by Year6

Year

# Deceased  

Donors

# DCD  

Donors

DCD as a Percentage 

of Total Donors

1993 4861 42 0.86

1995 5362 64 1.20

1997 5478 78 1.43

1999 5825 87 1.49

2000 5985 104 1.74

2001 6080 169 2.77

2002 6190 156 2.52

2003 6456 268 4.15

2004 7150 319 4.15

2005 7593 556 7.32

2006 8019 538 6.71

2007 8086 793 9.80

2008 7990 728 9.11

2009 8022 803 10.01

2010 7943 831 10.46

2011 8125 956 11.77

2012 8144 993 12.19

2017 10,286 1883 18.31

2018 10,721 2130 19.87

DCD, Donations after cardiac death.

  

 

https://www.unos.org
https://www.unos.org


1292 PART XIII Surgery/Trauma

ischemia time.38 The increased incidence of DGF with DCD renal 

grafts was associated with a hypoxia-specific injury. The primary les-

son from the early DCD era was that the metabolically active renal 

cortex, biliary epithelium, pulmonary alveoli, and pancreatic islets 

were sensitive to ischemia, with warm ischemic injury manifesting as 

acute tubular necrosis, ischemic-type biliary strictures (ITBSs), pul-

monary fibrosis, and impaired beta-cell function, respectively. These 

manifestations were postulated to result in both poor initial graft func-

tion and long-term complications.39–41 However, contemporary out-

comes for each organ have improved.

Kidneys

Recent data have shown equivalent outcomes for DCD vs. DBD grafts. 

Early experience with DCD kidneys showed that graft survival in re-

cipients of controlled DCD kidney grafts is equivalent or comparable 

to that of DBD.42 Long-term outcomes of DCD kidneys also had simi-

lar graft outcomes to DBD kidneys.42,43 A recent study by Gill and 

colleagues observed slightly improved allograft survival from DCD 

kidneys compared with DBD if warm ischemia time was less than 48 

minutes.44 Similarly, Butler and colleagues did not observe a difference 

in likelihood of graft loss for DCD vs. DBD allografts.45 Although 

DCD kidneys have comparable graft survival rates to DBD kidneys, 

DCD kidneys have higher rates of DGF. Donor age of .60 years (com-

pared with donors’ age of ,40 years)46 and prolonged cold ischemia 

time (CIT; .24 vs. ,12 hours) have been cited as factors affecting 

DCD graft function.47

Pancreas

Much of the available outcome data on the transplantation of DCD 

pancreatic grafts are derived from cases of simultaneous pancreas-kid-

ney (SPK) transplants. These data show that graft and patient survival 

rates in recipients of DCD pancreatic grafts are similar to those in re-

cipients of DBD pancreatic grafts.16,48–50 Transplantation of DCD pan-

creas-alone grafts by using the same protocols as those used for DCD 

SPK grafts has provided favorable results, although there was a higher 

odds of graft thrombosis compared with DBD organs.16 Fortunately, 

these findings were not observed in the setting of heparin administra-

tion. Donor selection (i.e., age) had a higher impact on graft outcomes 

vs. DCD status. More experience is needed to confirm these findings.

Liver

Early studies on recipients of DCD liver grafts have provided mixed 

results, with both graft and patient survival rates being significantly 

lower compared with those in recipients of DBD liver grafts.51 In addi-

tion, these studies reported higher recipient morbidity and mortality 

rates.52,53 Recent studies have observed equivalent patient and graft 

outcomes54; however, outcomes may be influenced by recipient and 

donor selection.55 DCD liver grafts are more sensitive to WIT, thus 

requiring experienced personnel to complete a procurement limit of 

25–30 minutes after circulatory arrest (compared with 60 minutes for 

renal grafts).

Lungs

Rapidly increasing use of DCD lung grafts, with improved outcomes, 

has encouraged clinicians to consider using these previously declined 

grafts.56–58 Registry data from the Internal Society for Heart and Lung 

Transplantation (ISHLT) showed a 30-day mortality rate of ,3% and 

1-year survival rate of 89% that were not statistically different com-

pared with those observed with DBD grafts.59 Updated ISHLT registry 

data demonstrated excellent long-term survival among lung trans-

plant recipients who received a DCD organ vs. DBD.58 Additional data 

from the United Kingdom Steering Group for DCD lung transplants 

showed equivalent 1-year survival outcomes for DCD and DBD grafts 

(P 5 .9).60

Heart

Data describing DCD cardiac transplantation are scarce. The first 

DCD heart transplant was performed in 1967, but this technique was 

abandoned largely because of organ quality and use of DBD donors. 

With growing wait lists, the use of DCD heart organs is currently being 

revisited. Farr and colleagues estimated that in the United States, al-

most 60% of DCD donors had hearts that met criteria for transplanta-

tion but were being discarded.61 The UK has one of the largest experi-

ences with DCD heart donors. Messer and colleagues described the 

early experience in the UK of 50 DCD heart transplants, reporting a 

100% 30-day survival rate in recipients who received DCD and 

matched DBD organs.62 The same group also reported comparable 

1-year survival (85% vs. 88%, P 5 .98) in DCD and DBD heart trans-

plant recipients, respectively.63 In the United States, the first DCD adult 

heart recipient was performed in 2020 as part of a multicenter clinical 

trial.64 Australia,65 Spain,66 and Belgium67 have also published case re-

ports describing their early experience.

Innovation in DCD

Pulsatile perfusion pumps are being widely used to improve the quality 

of donor organs, especially in the context of DCD. The different types 

of perfusion pumps include normothermic machine perfusion (NMP), 

normothermic ex vivo machine perfusion, and hypothermic machine 

perfusion. The goal of perfusion pumps is to reduce ischemic injury to 

the allograft before implantation. Hypothermic, or cold perfusion 

pumps, are used with DCD kidney grafts. Lodhi and colleagues re-

ported a decreased risk of DGF associated with pulsatile perfusion 

compared with cold storage in recipients of DCD kidney grafts.68 A 

meta-analysis by Bathini and colleagues on the use of cold perfusion 

pumps suggested an improved trend of 1-year graft survival.69 A recent 

Cochrane review also observed hypothermic machine perfusion as  

being superior to static cold storage.70 NMP leverages the circulation 

of warm, oxygenated blood to reduce kidney injury. In an early study 

by Valero and colleagues, NMP was observed to considerably reduce 

primary graft non-function (PGNF) and DGF.71 There are emerging 

data that pharmacologic intervention during NMP may provide or-

gan-directed therapy against renal ischemia-reperfusion injury.72

To combat the ischemic-reperfusion injury to the liver allograft, 

machine perfusion is being studied as a way to optimize DCD liver 

allografts. Schlegel and colleagues observed less graft loss in DCD liv-

ers treated with hypothermic oxygenated perfusion compared with 

standard cold storage.73 Dutkowski and colleagues observed similar 

findings, including decreased liver enzymes, biliary complications, and 

1-year graft survival.74 Although machine perfusion continues to be 

investigational, more centers are enrolling in trials investigating DCD 

liver pumps.

One evolving strategy for maximizing DCD graft function in lung 

donors is ex vivo or extracorporeal lung perfusion (EVLP). There are 

growing data on DCD lungs.75 EVLP allows for the assessment of the 

graft after resolution of edema via the biochemical markers. The lung 

allograft is connected to a circuit, which allows oxygenation and perfu-

sion into the procured organ.76 Cypel and colleagues reported similar 

rates of primary graft dysfunction, 30-day mortality, and 1-year sur-

vival with EVLP compared with those with control lung grafts.77,78 

Long-term outcomes from the Toronto Lung Transplant Program 

demonstrated no difference in chronic lung allograft dysfunction and 

allograft survival up to 9 years posttransplant.79

The use of normothermic preservation (NRP) is being studied as a 

means to reduce ischemic injury at the time of procurement for DCD 
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heart organs. There are four techniques for DCD heart procurement: 

direct procurement and cold storage, direct procurement and ex situ 

heart perfusion, NRP and ex situ machine perfusion, and NRP with 

cold storage. Proponents for NRP with cold storage have demonstrated 

that this technique allows for a functional assessment of the heart be-

fore retrieval and transplantation.80 This allows for a less stringent time 

constraint for organ implantation with no significant consequences to 

outcome.81

PRINCIPLES OF DONATION AFTER CARDIAC DEATH 
DONOR MANAGEMENT

Because every organ from a DCD donor sustains some degree of un-

avoidable ischemic damage, several protective strategies to increase 

graft viability have been proposed. Interventions can be considered in 

premortem or intraoperative phases.

Premortem
During the premortem phase, early placement of large-bore arterial 

and venous catheters for perfusing cold preservation solution in  

the donor can help minimize ischemia time.21 This is followed by 

administration of systemic anticoagulants such as heparin (such as 

30,000 units) along with recombinant tissue plasminogen activator 

(50 mg) to prevent vascular thrombosis during the low flow state.82,83 

The use of vasodilators such as phentolamine can prevent agonal  

vasospasm induced by hypoxia and surging catecholamine levels.84 

Lastly, ischemic preconditioning via brief ischemic challenges can trig-

ger protective mechanisms that allow compensatory tissue physiology 

at the time of cardiac arrest, which is suggested to be mediated by heat 

shock proteins.85,86

The use of these premortem measures is limited because they are 

not a part of standard end-of-life care and because some authors sug-

gest that these measures potentially hasten death.87 The SCCM and 

IOM indicate that these medications and devices can be used as long 

as they do not cause any significant harm to the patient29,88 and as long 

as family consent is obtained wherever practical. That they are of no 

direct benefit to the patient is countered by the fact that they improve 

the likelihood that the patient’s wish of organ donation will ultimately 

be realized.

Operative
The conduct of operative procedure is dictated by the tenets men-

tioned earlier. The procurement team is not physically present at the 

time of death, and recovery of organs is accomplished expeditiously 

with careful coordination of numerous personnel, equipment, and 

resources. To do so, the operative team prepares and drapes the patient 

upon arrival to the operating room (OR). The team outlines the neces-

sary instruments and maneuvers requested by OPO staff to ensure a 

seamless procedure. The team is then escorted from the OR and is 

notified by the OPO staff if the patient is pronounced within the pre-

scribed time frame. After withdrawal of life support and before inci-

sion, the OPO staff will complete a monitoring form that details 

minute-by-minute hemodynamic and oxygenation data.

Once the patient has been pronounced, the operative team returns 

gowned and gloved and infuses cold perfusate through a cannula or a 

standard terminal aortic cannula placed during the premortem phase 

after rapidly accessing the abdomen. Next, rapid but careful in situ 

cold dissection is performed because the potential for vascular injury 

increases without the benefit of pulsatile flow to assist the identifica-

tion of aberrant anatomy. Finally, organs are packaged and implanted 

in the recipient as soon as possible to mitigate the added negative 

impact of CIT.

The two most common contingencies that the team must be pre-

pared for are unexpected cardiac arrest while awaiting withdrawal of 

life support and failure to progress after withdrawal. Appropriate in-

travenous access, a ventilator, and a special supply cart must be avail-

able and stocked with an oxygen tank, cardiac monitor, and adequate 

supply of sedatives and narcotics. The patient’s wishes regarding resus-

citation leading to donation must be determined from the patient or 

family as early as possible.

Approaches to DCD in European Union Countries

DCD donors are increasingly used in Europe, making up upwards of 

40% of deceased donor organs in countries where DCD is accepted.89 

In Belgium, France, Spain, and the UK, DCD organs have nearly dou-

bled between 2008 and 2016.90 The highest DCD activity has been re-

ported in the UK, Spain, Russia, the Netherlands, Belgium, and France. 

Table 160.3 summarizes the activity of European countries with DCD 

programs.

DCD policies vary among the countries who use DCD donors. The 

“no touch” period, or time between cessation of circulation and respi-

ration and determination of death, ranges from 5 to 30 minutes. Italy 

has a 20-minute “no touch” period policy, which some attribute as the 

reason for slow DCD program development. The overall time for re-

trieval also ranges from 1 to 4 hours. In the UK Potential Donor Audit, 

successful retrieval after 4 hours without transplant compromise was 

reported.91 This resulted in a 30% increase of available DCD organs. In 

contrast, Australia limits the withdrawal time to 90 minutes.

Both controlled and uncontrolled DCD are used in Europe, with 

better outcomes in the controlled cohort. Spain, France, Italy, the UK, 

the Netherlands, Belgium, Switzerland, Austria, and Russia have proto-

cols for uncontrolled DCD. As mentioned previously, Belgium and the 

Netherlands consider DCD after euthanasia. In controlled DCD, prac-

tices regarding antemortem and postmortem interventions also vary. 

Types of antemortem interventions are cannulation of vessels and 

heparin before withdrawal of life support. Manara and colleagues ar-

gue that use of cannulas in this setting is justified based on the donor/

recipient risk-benefit profile.91 Not all countries request donor family/

representative authorization for cannulation or other antemortem in-

tervention.

The use of NRP to reduce warm ischemic injury has invigorated the 

use of DCD organs in both thoracic and abdominal transplant in  

Europe.92,93 This is most evident in regions where longer “no touch” 

times have previously discouraged DCD programs. In Italy, NRP has 

allowed DCD donors to increase nearly threefold over the last 2 years.94 

NRP has also been used to improve posttransplant outcomes in DCD 

livers, kidneys, hearts, and lungs. Spain and the UK have demonstrated 

improved graft survival and decreased biliary complications in the re-

cipient.95 The UK has the largest series in the successful use of NRP for 

DCD heart transplantation.62

DETERMINATION OF DEATH: THE EXACT 
SCIENTIFIC CONCEPT?

The 1980 Uniform Determination of Death Act (UDDA) established 

that death is determined when there is irreversible cessation of circula-

tory and respiratory functions.96 Most often, death is declared based 

on the cessation of cardiac and pulmonary functions; however, the 

required asystole is perhaps the single most contentious issue in the 

debate surrounding DCD.83,97 Simply, the longer you wait, the more 

uncertainty there is about quality of the organs, and the shorter you 

wait, the more uncertainty there is on whether the person is dead.98

As the limits of life-sustaining practices are expanded, medical 

professionals are encouraged to maintain focus with reference to the 
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UDDA. The term irreversible can be interpreted as a shifting paradigm 

or, as per Wilner and colleagues, a concept that is subject to serial dis-

placement by advancing clinical science. Wilner and colleagues further 

highlighted that the question of death is thus reformulated to explore 

whether the morally relevant time of death is reached when death is 

certain despite the administration of all possible medical interventions 

or whether death is assured once all ethically permissible remedies 

have been used.7 Lizza argued that because of medical and technologic 

advances, death cannot be solely understood on the basis of biologic 

factors.99 As the debate continues regarding the time at which death is 

irreversible, it is logical that once a principled decision is made not to 

correct a loss of function, the loss becomes irreversible.100

No investigator has documented autoresuscitation after .89 sec-

onds of combined circulatory and respiratory arrest.32,101 However, the 

standard applied by most US hospitals ranges from a 2- to 5-minute 

asystolic interval (pulselessness, apnea, and unresponsiveness). This 

broad standard is addressed by American Society of Anesthesiologists’ 

statement that the “2 to 5 minute time interval takes into consideration 

that there is no literature to support auto-resuscitation of the heart 

following two minutes of circulatory arrest, while observing an end-

point of five minutes minimizes warm ischemic damage to perfusable 

organs.”102 Because of the paucity of empiric evidence, IOM continues 

to encourage investigators to perform additional studies on this matter.

A final logistic issue in the determination of death is the management 

of patients who progress very slowly to be considered for donation. This 

occurs in approximately 5%–10% of potential donors.33 Most programs 

disqualify donors from solid organ donation if cardiac activity is noted 60 

minutes after withdrawal of life support because these donors do not 

meet the criteria for death and their organs would have sustained exces-

sive warm ischemic injury. Therefore contingency plans should be devised 

so that these patients receive appropriate end-of-life care.

Vincent and colleagues summarized this into the following: identi-

fication of no reasonable hope or survival for the patient and recogniz-

ing their organs may benefit others.103 Thus the terminal phase should 

be kept at a minimum. These authors believed that an open discussion 

is necessary to help facilitate such action, so that these bioethical prin-

ciples remain relevant for both donors and recipients.

DCD IN THE ICU SETTING

Although use of DCD organs has gained acceptance within the in-

ternational transplant community,90 it is less common in the United 

States compared with other countries. Kidney transplantation from 

DCD donors is nearly half that in the United States compared with 

the UK, in which 40% of donors are DCD.89 Although the primary 

barriers to DCD use include concern for inferior graft quality and 

outcomes compared with DBD, there are additional barriers from a 

systems standpoint that may also affect utilization rates. This sec-

tion will review some of these barriers attributed to low use of DCD 

organs.

As the majority of DCD donors are in the intensive care unit (ICU) 

setting, healthcare professionals are on the front line for identification 

and referral for the DCD donation process. One of the barriers to 

DCD acceptance in the ICU setting may be psychological distress 

caused by the process of DCD. In a pilot study by Zellweger and col-

leagues, caregivers in the ICU expressed feelings of conflict and stress 

during the withdrawal decision and donation process.104 Less than 

half did not feel completely supported during the withdrawal process. 

However, 94% of respondents believed that DCD was a viable means 

for increasing organ donation. This study highlights the importance 

of psychological support for caregivers in managing the demands  

of DCD.

TABLE 160.3 Activity of European Countries With DCD Programs From 2008 to 201690

DCD DONORS (N) TRANSPLANTS FROM DCD DONORS (N)

uDCD cDCD Kidney Liver Lung Pancreas Heart

Austria 14 20 63 5 4 0 0

Belgium 16 633 870 440 326 37 0

Czech Republic 0 23 40 1 0 0 0

France 457 62 716 48 0 0 0

Ireland 21 42 0 3 0 0

Israel 8 0 11 0 0 0 0

Italy 29 9 45 14 4 0 0

Latvia 115 0 71 0 0 0 0

Lithuania 2 0 3 0 0 0 0

Netherlands 47 1048 1785 336 418 29 0

Norway 10 18 4 0 0 0

Poland 10 0 18 0 0 0 0

Portugal 10 0 12 0 0 0 0

Spain 997 757 2348 339 164 3 0

Switzerland 1 70 96 45 21 3 0

Russia 1280 0 2171 0 0 0 0

United Kingdom 3 4060 6630 1268 441 401 32

Total 2989 6713 14,939 2500 1381 473 32

DCD, Donation after cardiac death; cDCD, controlled DCD; uDCD, uncontrolled DCD.

 Data from Lomero M, Gardiner D, Coll E, et al. Donation after circulatory death today: An updated overview of the European landscape. Transpl 

Int. 2020;33(1):76–88.
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In a qualitative study by Squires and colleagues, specific barriers to 

DCD organ donation among frontline ICU workers in Canada in-

cluded the need for DCD education, a systematic and standardized 

screening process for DCD donors, and communication templates for 

family discussions about DCD.105 In a subanalysis, intensivists re-

ported three additional barriers to DCD donation: public perception 

that DCD donation is unethical, personal religious views, and lack of 

legislation mandating DCD. In an early study by Vincent and col-

leagues, ICU nurses felt inadequately informed, which may have been 

associated with their unease toward DCD donors.106 These identified 

barriers are useful in creating educational tools and policy regarding 

public acceptance of DCD.

In the United States, there is variation in DCD practices among 

OPOs. A survey by Choubey and colleagues showed substantial differ-

ences in DCD procurement practices across OPOs, with many centers 

not conforming to current societal recommendations regarding 

DCD.31 This has led to a push for creating best practice guidelines and 

standardizing DCD protocols across OPOs.107 The intention is to op-

timize outcomes in an effort to increase use of these organs.

FINAL CONSIDERATIONS

Despite the success of DCD kidney, liver, lung, and pancreatic grafts, 

several unmet challenges and questions remain regarding the trans-

plantation of these grafts. These fall within the realms of medical and 

ethical concerns. One area of likely future research concerns the real 

numeric advantage of using DCD grafts. Although the number of 

DCD grafts used in the United States has increased, there is still a sig-

nificant gap between DCD and DBD grafts6 (Fig. 160.2). It is unclear 

whether the identification of DCD donors will convert would-be DBD 

donors to DCD donors. In addition, it is unclear whether the decrease 

in the number of wait-list recipients will shift the cost and burden 

from wait-list complications to posttransplant complications, with 

longer lengths of stay, increased readmissions, increased complexity of 

diagnostic evaluations and immunosuppressive drug regimens, and 

increased rate of recipient morbidity and mortality. These questions 

can be better answered as more prospective data are collected.

Another issue of concern is in the evaluation of pediatric donors 

for DCD. This is a field in which there has been resistance, given ethical 

concerns with DCD, although the current professional consensus is 

that pediatric DCD donation can be practiced in an ethical manner 

similar to adults.4 It had been estimated that use of DCD organs from 

pediatric donors may increase organ donation by 42% if these patients 

were evaluated for DCD.108 This is another growing area that may see 

more traction in the near future.

Lastly, public perception also plays a role in the acceptance of DCD 

donation. An emphasis on patients’ and families’ wishes is paramount 

for the success of any DCD program. There is public concern that the 

likelihood of receiving aggressive life support will be compromised by 

consenting for organ donation.109 These misperceptions are particu-

larly damaging when the overriding goal of the transplant community 

is to maintain and build public support of maximizing organ dona-

tion. Such misconceptions can be remedied by larger educational 

programs and standardization of practices across OPOs.

CONCLUSION

An Opportunity for Standardization
Appropriate management of DCD donors requires the integration of 

several fundamental principles for protecting the rights and interests of 

donors and for preventing the care of DCD organs from superseding the 

care of the dying patient. Debate arises in the paradox that can emerge 

from attempts to protect those interests while preserving the suitability 

of potential grafts. Hence, the role of an intensivist and/or palliative care 

physician (terminal care of patients and pronouncement of death) and 

managing OPO must be rigidly defined. The two factions must travel 

distinct paths to achieve their shared ultimate goal. Ozark and colleagues 

summarize this by stating “as a general rule two discussions—whether 

to forego life-sustaining therapy and whether to donate organs—must 

be made separately and on their own individual merit.”110 Ideally, dis-

cussion regarding the withdrawal of life-sustaining treatment should 

come first to prevent bias by the issue of transplantation.

The push for optimal palliative care is the hallmark of recent critical 

care management initiatives.29,111,112 Dying patients who also wish to be 

DCD donors present a special challenge because they require care that 

is not only comparable to that given to all dying patients but also sensi-

tive to the concerns described earlier. The SCCM has offered recom-

mendations specific to DCD.113 These guidelines are supplemented by 

individual transplant center reports and the UNOS Critical Pathway 

(see Fig. 160.1) and provide direction for intensivists caring for patients 

who wish to become DCD donors. It is vital that all healthcare providers 

involved in this process be comfortable with, and knowledgeable about, 

their specific role so that the patient’s wishes can be respected.

Because pain relief is the single most important goal in palliative 

care in the final hours of life, there is a firm ethical, legal, and medical 

justification for using analgesics and anxiolytics in this scenario. As 

some patients require higher doses than others, medications should be 

given with the knowledge that unintended effects such as hypotension 

or respiratory depression may compromise organ viability. Therefore 

it is critical that the interest of the dying patient be represented by a 

completely different entity than that responsible for representing the 

interests of the donor. If any question arises regarding the practitio-

ner’s ability to maintain an objective position, consultation from hos-

pitals’ palliative care and ethics teams should be obtained.

In 2006 in the first criminal case against a transplant surgeon for 

the death of a donor, the defendant allegedly administered high doses 

of an analgesic and anxiolytic to a potential donor to hasten his death 

before organ procurement.97 Although the surgeon was acquitted, the 

case highlighted the potential legal ramifications of recovery teams’ 

involvement in the care of a dying patient. There is a consensus that 

“medications given to provide comfort are reasonable, even if they 

might hasten death,” but “no medication whose purpose is to hasten 
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Fig. 160.2 The number of transplants in the United States per-

formed using donation after brain death (DBD) and donation after 

cardiac death (DCD) grafts.6 (From Israni AK, Zaun D, Hadley N, et al. 

OPTN/SRTR 2018 annual data report: Deceased organ donation. Am J 

Transplant. 2020;20[s1]:509–541.)
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death should be given to the patient.”19 Failure to attend to potential 

DCD donors’ comfort in contemporary practice is considered subop-

timal end-of-life care and should be managed only by the physicians 

caring for the patient.

The need for data collection during DCD evaluation is to standard-

ize definitions of death without variability among hospitals or OPOs. 

For instance, the definition of the start of WIT remains variable, with 

some advocating a threshold of systolic blood pressure of ,80 mm Hg, 

a mean arterial pressure of 50 mm Hg, a systolic blood pressure of ,50 

mm Hg, or a decrease in arterial oxygen saturation to ,80%.114 The 

lack of a universal definition renders comparison of outcomes between 

centers and organs difficult. Although the asystolic interval to be ob-

served remains a matter of institutional policy, it is prudent to recom-

mend the development of standardized criteria. Highly sensitive  

maneuvers used to document the absence of circulation, such as intra-

arterial pressure monitoring or echocardiography, may be helpful if a 

short asystolic interval is used.

There is debate regarding the optimal location of life-support with-

drawal. Arguments for ICU withdrawal stem from proponents who 

prefer to provide families a normal setting to grieve, albeit briefly, at 

the bedside of their loved one. Others argue that effective and expedi-

ent progression to donor status allows for a more successful procure-

ment and can only occur in the operating room. At present, there is no 

standard protocol, and each facility is responsible for dictating a pro-

tocol for their institution.

The widening gap between suitable donors and patients in need of 

transplant continues to be the only issue that keeps solid organ trans-

plantation from achieving its complete potential in offering improved 

survival to patients with end-stage organ disease. Because current 

practices and outcomes have shifted the paradigm of binary cadaveric 

donor (DBD vs. DCD) to a spectrum of standard criteria to extended 

criteria, the ultimate impact of the estimated 22,000 DCD donors an-

nually115 on the actual number of organs available for transplantation 

will remain unclear until sufficient data are obtained under similar 

protocols. Although ethical questions regarding DCD persist, the pro-

cess, which is increasingly practiced among transplant centers, accom-

modates the needs of dying patients and those of patients awaiting 

transplantation. Several organizations, including the SCCM,113 

American Society of Transplant Surgeons (ASTS),83 UNOS, IOM,88 

and World Health Organization (WHO) have endorsed the concept 

and issued relevant guidelines. As experience grows, attitudes change, 

and outcomes improve, DCD may have a significant impact on the 

number of organs available for transplantation and thus the quality of 

life of patients awaiting and receiving cadaveric organs.

ANNOTATED REFERENCES

Choi E-K, Fredland C, Zachodni C, et al. Brain death revisited: The case for a 

national standard. J Law Med Ethics. 2008;824–836.

This review provides a comprehensive evaluation of the current status of 

brain death determination and identifies the shortcomings of the brain death 

determination process, including the lack of standardized definitions. The au-

thors present viable solutions to the most troubling problems with the current 

status of brain death determination.

Howard RJ, Missed opportunities: The Institute of Medicine Report: Organ 

donation: Opportunities for action. Am J Transplant. 2007;7(1):14–16.

This commentary summarizes the current landscape of deceased organ dona-

tion and highlights the author’s opinion that the “Institute of Medicine Re-

port, Organ Donation: Opportunities for Action” paper misses many oppor-

tunities for organ donation. The author identifies specific verbiage in the 

report that does not aim to change public perception regarding the opportuni-

ties for donation, especially with DCD, and provides an argument for incen-

tives in donation.

Kotloff RM, Blosser S, Fulda GJ, et al., Management of the potential organ do-

nor in the ICU: Society of Critical Care Medicine/American College of 

Chest Physicians/Association of Organ Procurement Organizations con-

sensus statement. Crit Care Med. 2015;43(6):1291–1232.

Stemming from a multidisciplinary task force, 13 subcommittees from the So-

ciety of Critical Care Medicine, the American College of Chest Physicians, 

and the Association of Organ Procurement Organizations provided a consen-

sus statement regarding death determination using neurologic criteria, dona-

tion after circulatory death determination, authorization process, general 

contraindications to donation, hemodynamic management, endocrine dys-

function and hormone replacement therapy, pediatric donor management, 

cardiac donation, lung donation, liver donation, kidney donation, small 

bowel donation, and pancreas donation. Their recommendations are summa-

rized in this important document, which provides critical care practitioners 

with essential information and practical recommendations related to man-

agement of the potential organ donor, based on the available literature and 

expert consensus.

Siminoff LA, Alolod GP, Wilson-Genderson EYN, et al. A comparison of re-

quest process and outcomes in donation after cardiac death and donation 

after brain death: Results from a national study. Am J Transplant. 

2017;17(5):1278–1285.

This qualitative study evaluated factors associated with family consent for 

DCD or DBD based on OPO communication. Sociodemographic characteris-

tics and race were statistically associated with the likelihood of DCD or DBD 

donation; however, distinction between the two types of donation may not be 

notable to families. This paper proposes communication strategies to improve 

the public acceptance of DCD.

Solomon M. Maximizing Benefits, Minimizing Harms: A National Research 

Agenda to Assess the Impact of Non-Heart-Beating Organ Donation, Non-

Heart Beating Organ-Transplantation: Practice and Protocols. By the Com-

mittee on Non-Heart-Beating Transplantation II: The Scientific and Ethical 

Basis for Practice and Protocols, Division of Health Care Services, Institute of 

Medicine. Washington, DC: National Academy Press; 2000.

This report summarizes the discussions and insight from an important organ 

donation workshop organized by the Department of Health and Human Ser-

vices held in Washington, DC, on May 24–25, 1999. During the workshop, 

hospital and organ procurement members provided recommendations for the 

development and implementation of non–heart-beating-donor protocols. The 

committee developed these recommendations as steps towards an approach to 

non–heart-beating-donor organ donation and procurement consistent with 

underlying scientific and ethical guidelines, patient and family options and 

choices, and public trust in organ donation.

KEY POINTS

• Before DBD, procurement of organs from donors was referred to as non–

heart-beating donation or DCD.

• DCD organs are subjected to a variable duration of WIT, which negatively 

affects early and late graft function.

• DCD organ procurements were reintroduced to expand the donor pool and 

reduce wait times and wait-list deaths.

• DCD kidney, liver, pancreas, lung, and heart grafts are increasingly used, 

and outcomes have now improved with experience.

• In the contemporary era of ICU care and donor shortages, DCD may be the 

only effective method of organ donation for terminally ill patients who do not 

meet DBD criteria but wish to donate organs.

 References for this chapter can be found at expertconsult.com.
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PART XIV Ethical and End-of-Life Issues

Nearly a quarter of the deaths in the United States occur in the inten-

sive care unit (ICU),1 and the majority of patients who die in the ICU 

have had life-sustaining measures limited or withdrawn.2,3 A decision 

to withhold or withdraw life support is often preceded by a family 

conference addressing the goals of care and treatment plans. Family 

conferences addressing the care of critically ill patients can be water-

shed events, clarifying the prognosis, defining goals of care, and pro-

viding support to family members and surrogate decision makers. 

Because most critically ill patients lack decisional capacity,4 families 

and other surrogates are often centrally involved in medical decision 

making; in fact, 95% of the time, the decision to withhold or withdraw 

life support is made with the help of a surrogate.5 Coping with a criti-

cally ill family member is challenging for surrogate decision makers, 

and many feel ill equipped to be involved in decisions on behalf of 

their loved ones. The care of most critically ill patients should involve 

explicit discussions with surrogate decision makers about goals of care 

and treatment plans. Skilled communication by an interdisciplinary 

ICU team is associated with improved outcomes for patients and 

family members.6,7

Leading an effective family conference requires specific teachable 

clinical skills, and our aim is to present an evidence-based approach to 

communication with families of critically ill patients. This chapter first 

provides an introduction to medical decision making, with a particular 

emphasis on shared decision making. We discuss a rationale for the 

importance of family conferences for all critically ill patients and ad-

dress practical issues, including the considerations of physician reim-

bursement and billing. We then present an evidence-based approach for 

family conferences, highlighting competencies and protocols that have 

been developed to improve physician-family communication. Finally, 

we address issues of culture, language, and spirituality as they relate to 

the care of critically ill patients and their families.

MEDICAL DECISION MAKING

Models of Medical Decision Making
Physician-patient or physician-surrogate involvement in decision 

making regarding life-sustaining treatments can be conceptualized on 

a spectrum, with parentalism at one end, autonomous decision mak-

ing at the other, and shared decision making in between. Shared deci-

sion making describes a relationship in which information is passed 

back and forth between physician and patient or surrogate, and both 

parties share opinions about treatment choices before a decision is 

jointly reached. There is a consensus among multiple critical care soci-

eties in Europe and North America that shared decision making 

should be the default model for physician-patient and physician-sur-

rogate decisions regarding continuing, withholding, or withdrawing 

life support in the ICU setting.8,9 Although most patients and family 

members prefer a shared decision-making approach,10 there is consid-

erable heterogeneity among patients and families with regard to their 

desired level of decision control. In the interest of patient- and family-

centered care, it is imperative to individualize one’s approach. One 

study showed that American physicians use the full spectrum of deci-

sion-making models but do not routinely assess the surrogates’ desired 

level of involvement in medical decision making: rather than individu-

alizing their approach to match surrogate preferences, individual phy-

sicians often have one approach that they use with all surrogates.11

Surrogate Decision Makers
The experience of family caregivers and surrogate decision makers is 

undeniably challenging. Surrogates struggle with emotional conflict 

and competing values, attempting to honor the wishes of their loved 

one, meet their own psychological needs, and promote harmony 

within the broader family.12 Caregivers are often under tremendous 

stress and have higher rates of psychological symptoms than the gen-

eral public.13 Specifically, the prevalence of anxiety and depression 

symptoms in family members of critically ill patients is remarkably 

high,6,14 and the symptoms of posttraumatic stress have been shown to 

be present in a majority of family members of critically ill patients.

In addition to the affective difficulty inherent in coping with a sick 

loved one, surrogate decision makers are asked to participate in com-

plex medical decision making with which they may have very little 

prior experience. One study showed that 82% of family members who 

were asked to participate in medical decision making demonstrated 

symptoms of posttraumatic stress 90 days after patient discharge or 

death.15 Communicating clearly about the goals of care and the 

withdrawal of life-sustaining interventions, in addition to exploring 

patients’ and families’ wishes, can contribute to family support and 

satisfaction.16 Interprofessional family support interventions involving 

regular family conferences and emotional support in between meetings 

have been shown to improve surrogate ratings of communication qual-

ity and patient-centered care and a reduction in ICU length of stay.17
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Though clinicians may be familiar and comfortable with the fast 

pace of ICUs, the tempo of medical decision making can pose a par-

ticular challenge to surrogate decision makers. One study showed de-

creased family satisfaction associated with a longer ICU stay, but also 

showed increased satisfaction when the process of withdrawing life-

sustaining interventions was prolonged, suggesting family members 

may need time to adjust.18 This indicates that families may benefit 

from time to come to terms with medical decisions and their personal 

feelings of loss.

Substituted Judgment and Best-Interest Standards
Substituted judgment is upheld as the highest standard for surrogate 

decision makers.19,20 In the absence of an existing and specific health-

care directive, clinicians ask that surrogate decision makers imagine 

what the patient would want were they able to participate actively in 

decision making. Despite widespread endorsement of the substituted 

judgment standard by the medical community, ethical and practical 

concerns have been raised,21 including the fact that patients frequently 

change their minds regarding medical decisions and preferences, mak-

ing an estimation of a patient’s wishes more difficult. This is especially 

true among patients who have not completed an advance directive.22–24 

That said, though many patients evolve and change with regard to 

treatment preferences, most studies evaluating preference stability 

have shown that a majority maintain consistency in their wishes re-

garding medical decisions,25,26 particularly patients who have engaged 

in advance care planning and those who are seriously ill.27

Some authors have raised concerns about the accuracy with which 

surrogate decision makers can predict what choices patients would 

make.21 A meta-analysis by Shalowitz and colleagues28 found that sur-

rogate decision makers were 68% accurate in their predictions regarding 

patient treatment preferences. In cases in which surrogates are inaccu-

rate in substituted judgments, their stated preferences on behalf of the 

patient more closely represent their personal beliefs about end-of-life 

care.29,30 A majority of seriously ill and older patients prefer to defer 

complex decision making to their physicians and family rather than 

having their advance directive strictly followed,31 perhaps reflecting the 

understanding that it can be difficult to imagine what one’s preferences 

might be given the many variables and perhaps unimaginable subjective 

experience of being critically ill.

Although there is significant variability in the amount of decisional 

leeway that patients would like their designated surrogates to have, the 

majority of patients prefer the implementation of a substituted judg-

ment standard over the best-interest standard.32 Furthermore, there is 

heterogeneity in the factors weighed by surrogates in medical decision 

making, including substituted judgment, but also factors such as 

shared experiences with the patient and the personal values and prefer-

ences of the surrogate decision maker.33,34 Most of the time, clinicians 

do not explicitly frame the roles and responsibilities of surrogates.35 

Although this is a complex issue, substituted judgment should be a 

preferred standard for decision making when possible. By using 

phrases such as “Your role is to bring the voice of [the patient] into the 

room. What do you think they would say if they could be a part of this 

decision today?,” the more abstract principles of substituted judgment 

can effectively frame a surrogate’s responsibility.

Role of Advance Directives
The absence of an advance directive has been identified as a barrier to 

effective end-of-life care in the ICU setting,36 although significant and 

valid concerns have been raised as to their usefulness and relevance.37 

Advance directives were not widespread in the past, with some prior 

studies describing rates of advance directive use between 5% and 

11%.38–40 More recent data suggest that about a third of patients in the 

United States have completed some type of advance directive.41 Al-

though advance directives have not consistently been shown to change 

the type of care provided to dying patients,37,42 some studies have 

shown that the presence of an advance directive is associated with 

higher family assessment of the quality of the dying process for pa-

tients in the ICU,43 greater use of hospice, improved communication,44 

an increased frequency of do not attempt to resuscitate (DNAR) or-

ders, and better quality of life in the final week of life.45 Advance direc-

tives can be helpful to surrogate decision makers, lessening the burden 

involved in attempting to employ accurate substituted judgment. Im-

portantly, advance directives should be completed as part of a process 

of advance care planning that allows patients, their family members, 

and clinicians to explore the patient’s values, goals, and preferences 

before documenting those preferences in an advance directive. There-

fore although more progress needs to be made in the role advance di-

rectives play in guiding end-of-life care, there is value in advance care 

planning for those patients who ultimately require critical care.

FAMILY CONFERENCES IN THE ICU

Importance of Family Conferences for All 
Critically Ill Patients
Robust communication among clinicians (physicians, nurses, and 

other clinicians) and families of all critically ill patients is important, 

not only for families of patients who are imminently dying. Family 

members who felt that communication in the ICU was inadequate 

were at higher risk for posttraumatic stress disorder,15 even those with 

loved ones who survived their ICU stay. Furthermore, families of pa-

tients who survived their ICU stay are actually more likely to be dis-

satisfied with their ICU care with respect to domains such as inclusion 

in decision making, communication, emotional support, and respect 

and compassion shown to family, in addition to the consideration of 

family needs.46

Practical and Logistic Considerations
Practical and logistic issues can shape the experience of surrogate deci-

sion makers in a critical care setting. Even physical space can have an 

important effect: a French study47 found that family members of pa-

tients in private ICU rooms had a lower incidence of anxiety and de-

pression symptoms compared with families of patients in multibed 

rooms. The same group also found that the absence of a dedicated 

room for family conferences was associated with increased anxiety 

symptoms among family members of critically ill patients.14 Accessi-

bility of physicians and the access to information also correlate with 

family satisfaction; inaccessibility has been correlated with conflicts 

related to prognosis,48 suggesting that surrogate decision makers are 

more satisfied when clinicians are accessible, clear, and comprehensive 

in their communication.

Evidence-Based Approach to Communication 
During Family Conferences
Patients and families are consistent in defining high-quality care in the 

ICU: timely, clear, and compassionate communication by clinicians; 

clinical decision making focused on patients’ values; patient care main-

taining comfort and dignity; and family care with open access and 

proximity to patients, interdisciplinary support in the ICU, and be-

reavement care for families of patients who die.49

Family conferences in the ICU setting are challenging, both for 

families and clinicians, but it is important to remember that the opti-

mal skills to facilitate these sessions are both teachable and can be 

rooted in evidence. Using these skills has the potential to improve 
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outcomes for both patients and family members. Studies suggest that 

planning conferences early in the ICU stay is beneficial50: family con-

ferences held within the first 72 hours of ICU stay are associated with 

both decreased use of critical care resources among patients who die51 

and higher family assessments of the quality of death and dying.43 

Consistent communication across the medical team is also important; 

having a “preconference” before family meetings can ensure that fami-

lies are given a consistent message.52 As discussed earlier, having a 

dedicated room for family conferences is also associated with de-

creased anxiety among family members.14

It should come as no surprise that empathic communication is one 

of the cornerstones of leading an effective family conference. Focusing 

on listening to concerns of family members is particularly important. 

Most physicians spend a majority of time talking rather than listening 

when meeting with patients and families.53 Families have been shown 

to have higher levels of satisfaction and lower levels of perceived con-

flict with clinicians who speak less and listen more.6,53 Family satisfac-

tion is associated with the use of empathic statements, although this is 

a commonly missed opportunity: one study found that one-third of 

physicians in the ICU missed an opportunity to use empathic state-

ments in family meetings.54 Table 161.1 summarizes categories and 

examples of empathic statements that can be used by clinicians in fam-

ily conferences. The “Ask-Tell-Ask” approach advocated by Back and 

colleagues55 (Table 161.2) is a helpful tool to assess baseline knowledge 

and evaluate the understanding of the information provided.

Assurances to families and surrogates that patients will not be aban-

doned before death and that efforts will be made to provide comfort and 

minimize suffering and statements of explicit support for medical deci-

sions to either continue or withdraw life-sustaining interventions are as-

sociated with higher levels of family satisfaction.56 The use of the VALUE 

mnemonic (value, acknowledge, listen, understand, and elicit, summa-

rized in Table 161.3) to enhance clinician-family communication has 

been shown to improve mental health outcomes, including symptoms of 

depression, posttraumatic stress disorder, and anxiety in family mem-

bers.6 Interestingly, family meetings using this tool were somewhat longer 

than the usual care meetings, and the percentage of family speech was 

also higher. In addition, patient-centered interventions such as the Three 

Wishes Project (3WP), which allow patients and families to express  

TABLE 161.1 Empathic Communication in Family Conferences

Category Sample Statements

Empathy about surrogate decision making Withholding or Withdrawing Life Support: “This is really hard. There’s not a right answer to this situation.”

Determining Patient’s Wishes: “It is very difficult to be in a position like this where you have to put your 

own personal feelings aside and try to advocate for what you think he would want.”

Fear of Making a Mistake: “Many families in your situation worry they will look back and think, was there 

something we missed or something that could’ve been done earlier? In her case, I do not think that 

would be true.”

Empathy about critical illness in a loved one Making Sense of the Disease Process: “I know it is very important to try and understand as best as 

possible what happened to see if we can make sense of this.”

Difficulty in Understanding Medical Information: “This is a lot of information to take in. Please feel free 

to ask any questions you might have.”

Physical Changes: “It must be really hard to see your loved one like this.”

Receiving Bad News: “It is hard to understand why something bad just can happen to anyone, and when 

it is someone you love and care for, that is even more difficult.”

Uncertainty: “We pretty much have to take it day by day, and I know that this 

uncertainty makes things even more challenging.”

Empathy about confronting death in a loved one Helplessness: “It must be so difficult facing this loss and feeling like there is nothing you can do to 

change things.”

Dying: “Letting go is so difficult, but I believe you are doing her a great service by honoring her wishes at 

this time.”

 Adapted from Selph RB, Shiang J, Engelberg R, et al. Empathy and life support decisions in intensive care units. J Gen Intern Med. 2008;23:1311–1317.

TABLE 161.2 “Ask, Tell, Ask” Approach to Discussing Difficult Communication Tasks

Step Function Sample Phrases

Ask Ask the patient/patient surrogate to describe his or her understanding of  

the medical disease and prognosis.

“It would help me to know what your other doctors have told you about 

your father’s illness.”

Tell Explain to the patient/patient surrogate, using simple, straightforward  

language, what you understand about the medical disease and prognosis.

“Unfortunately, it looks like your father’s illness is getting worse. With a 

disease as serious as his, 9 out of 10 patients will die within 1 month, 

and 1 out of 10 will be alive at 1 month. If your father survives this  

illness, it is very likely he will have significant disability and will likely  

be unable to live independently.”

Ask Assess the patient’s/patient surrogate’s understanding. “I want to make sure that I explained things clearly. Can you tell me,  

in your own words, what I just told you about your father’s illness?”

 Adapted from Back AL, Arnold AM, Baile WF, et al. Approaching difficult communication tasks in oncology. CA Cancer J Clin. 2005;55:164–177.
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individual wishes in the ICU at the end of life (including examples such 

as dressing in one’s own clothing and postmortem tributes), have been 

found to be valuable to families, staff, and providers.57

Box 161.1 provides a summary of an approach to conducting and 

teaching family conferences adapted from prior publications.58,59 This 

can be a helpful guide, although it should be adapted to the individual 

goals and circumstances of each family conference.

Discussing Prognosis
Despite the ethical responsibility to inform patients about prognosis, 

many clinicians are uncomfortable doing so and identify this task as one 

of the most difficult parts of their job.60 In one study,61 clinicians did not 

discuss the survival prognosis in over one-third of family conferences in 

which the attending physician anticipated there would be a discussion of 

withholding or withdrawing life-sustaining interventions or discussing 

serious news. Because patients with a poor prognosis are more likely to 

decline life-sustaining treatments,62,63 discussion of the prognosis is 

critically important. Interestingly, surrogates rely upon far more than 

just the prognostic information provided to them by physicians,34 al-

though most try to balance their assessment of the patient with the  

information provided by physicians in understanding prognosis. Surro-

gates also report that they understand and appreciate explanations of the 

uncertainty involved in prognostication,64 although evidence suggests 

that the surrogates’ understanding of prognostic information is low, even 

when they rate the quality of prognostic communication highly.65

Experts recommend framing prognosis numerically rather than using 

nonspecific terms (e.g., “1 in every 10 patients” rather than “uncommon” 

or “low risk”), framing prognosis both positively and negatively, and using 

consistent denominators when presenting rates of risk (e.g., “9 in every 

10 patients with illnesses as severe as your father’s will die before leaving 

the hospital” and “1 in every 10 patients with illnesses as severe as your 

father’s will survive to leave the hospital”).66 In addition, family members 

of critically ill patients report that they prefer numeric estimates.67 De-

spite these recommendations and preferences of family members, a mi-

nority of critical care physicians use numeric estimates in discussing 

prognosis68 and/or verify whether or not surrogate decision makers have 

understood the information provided (e.g., such as using a “teach-back” 

method). Using an empathetic approach with statements such as “I hope” 

and “I worry” can also be an effective method of building trust and con-

nection and capturing the uncertainty in estimating prognosis.69

Discussing Resuscitation
Most patients and their families have little personal experience with 

the critical care setting or with cardiopulmonary resuscitation (CPR). 

Knowledge of the probability of survival from CPR affects patients’ 

choices about code status.63 Unfortunately, many people base their as-

sumptions on the likelihood of surviving CPR on information from 

the lay media, such as medical dramas on television, which dramati-

cally overrepresent favorable resuscitation outcomes.70,71 Consensus 

guidelines have highlighted specific recommendations in discussing 

resuscitation with patients,72 some of which may also help guide dis-

cussions with surrogate decision makers. The authors recommend 

that, among other events, admission to a critical care unit should serve 

as a trigger for a discussion of resuscitation preferences.

Another important recommendation is that the discussion be 

framed to review the overall goals of care rather than merely focusing 

on code status. It is also important to make a distinction between life-

sustaining interventions and CPR, describe cardiac arrest and care 

plan options (including palliative care) in detail, and offer quantitative 

information about the patient’s likelihood of surviving to hospital 

discharge. Discussing longer-term survival and functional status after 

resuscitation, offering a code status recommendation, and focusing on 

trust and rapport building are also important. In summary, CPR in the 

critical care setting is best addressed in the context of the greater goals 

of care, including a candid discussion of the likelihood of CPR survival 

and care alternatives, such as palliative and symptom-focused care.

Billing and Reimbursement
According to the guidelines from the Center for Medicare & Medicaid 

Services (CMS), US physicians are permitted to bill for time spent 

Box 161.1 Protocol for Conducting a 
Family Conference With Key Steps in  
Bold

Before the Conference

• Plan the specifics of the location and setting: a quiet, private place.

• PRE-MEET: Conduct a “preconference” with all interdisciplinary team 

members to review the conference, ensuring that team members share a 

similar understanding of medical details, the prognosis, the treatment op-

tions, and the goals of the discussion.

During the Conference

• INTRODUCE: Review names and roles of the team members and the family.

• ASSESS: Ask the family for their understanding of the current situation to 

gauge their level of understanding.

• UPDATE: Provide an update to the family and ask the family about the 

patient’s values and goals.

• Discuss the prognosis frankly in a way that is meaningful to the family.

• Review the principle of substituted judgment: “What would the patient want?”

• Make a recommendation about treatment.

• EMPATHIZE: Provide empathy and support the family’s decision.

• Acknowledge strong emotions, and use reflection to encourage patients or 

families to talk about these emotions.

• PRIORITIZE: Help the family prioritize important issues and potentially 

conflicting values or goals.

• ALIGN: Explicitly align the clinician’s, patient’s, and family’s goals wherever 

possible.

Summarizing the Conference

• Summarize the discussion and plans.

• Ask what questions the family might have.

• Ensure a basic follow-up plan, and make sure the family knows how to 

reach you for questions.

• Document the discussion in the medical record.

Adapted from Whitaker K, Kross EK, Hough CL, et al. A procedural  

approach to teaching residents to conduct ICU family conferences.  

J Palliat Med. 2016;19:1106–1109 and Curtis JR, Patrick DL, Shannon 

SE, et al. The family conference as a focus to improve communication 

about end-of-life care in the ICU: Opportunities for improvement.  

Crit Care Med. 2001;29:N26–N33.

TABLE 161.3 VALUE Tool to Enhance 

Communication in the ICU

V Value family statements

A Acknowledge family emotions

L Listen to the family

U Understand the patient as a person

E Elicit family questions

 Adapted from Lautrette A, Darmon M, Megarbane B, et al. A commu-

nication strategy and brochure for relatives of patients dying in the 

ICU. N Engl J Med. 2007;356:469–478.
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consulting with surrogate decision makers either in person or by tele-

phone. Furthermore, critical care clinicians are permitted to bill for 

critical care time for these discussions, provided that the patient is  

unable to participate in giving a history and/or making treatment de-

cisions and the discussion is necessary for determining a treatment 

decision. Documentation for these conversations must include:

• Themedicallynecessarytreatmentdecisionsforwhichthediscus-

sion was needed

• That the patient is unable to participate in giving history and/or
making treatment decisions

• Thenecessityofthediscussionandasummaryofthemedicalde-

tails to support this necessity73

Palliative care clinicians in the United States are recognized as an 

independent medical subspecialty by Medicare and, as such, can bill 

for their consultative services. Previously, prolonged service codes, 

frequently used in palliative care billing, required that additional time 

is spent “face-to-face” with the patient, meaning that time spent in 

meetings outside of the patient’s room between clinicians and sur-

rogate decision makers was not compensated. This changed in 2009, 

such that clinicians can now bill for prolonged service time spent 

charting, reviewing records, coordinating care with other clinicians, 

and importantly, meeting with surrogate decision makers outside of 

the patient’s room.74 Claims have been denied for palliative care spe-

cialists who are credentialed in the same specialty as the primary 

team physician, although these denials have been successfully ap-

pealed.74 Of course, specifics regarding the billing for both critical 

care and palliative care specialists change over time, so clinicians will 

be well served to familiarize themselves with the most updated billing 

guidelines.

Role of the Interdisciplinary Team
The complexity of critical care requires the involvement of a multidis-

ciplinary team, and interprofessional shared decision making has 

emerged as a standard for high-quality critical care.75 However, con-

flicts between nurses and physicians are common,76 particularly in the 

setting of end-of-life care, and are a source of significant work stress 

and burnout.77–79 Enhanced nurse-physician communication and col-

laboration have been associated with higher patient satisfaction80,81 

and a lower incidence of anxiety and depression symptoms among 

families of critically ill patients,14 in addition to lower rates of burnout 

among nurses and physicians.77,78 Improving communication among 

the multiple clinicians within the ICU (i.e., physicians, nurses, respira-

tory therapists, social workers, and spiritual care providers) would 

undoubtedly improve not only workplace relationships and stress but 

also patient care and integrated communication with families and sur-

rogate decision makers.82

Palliative care specialists are an increasingly common hospital re-

source. Involvement of a multidisciplinary palliative care team is as-

sociated with increased patient satisfaction and decreased rates of ICU 

admission after hospital discharge and significant cost savings.83

Role of Protocols and the Importance of 
Individualization
Many of the communication strategies that have shown efficacy were 

implemented using interventions designed with specific protocols. 

The tenets of patient-centered care affirm the importance of tailor-

ing communication and interactions to specific patients and their 

families, rather than resorting to a scripted dialogue. However, given 

the many missed opportunities in the current level of communica-

tion with patients and surrogate decision makers in the critical care 

setting,84 it is reasonable to look to communication approaches that 

have been rigorously developed and studied. Specific guidelines on 

communication techniques and strategies are intended as a starting 

point, and clinicians are encouraged to integrate these with their 

personal approach and authentic voice and to adapt their approach 

to the individual patient or family.

Culture, Language, and Spirituality
Cultural considerations are fundamental in talking with families and 

surrogate decision makers from diverse backgrounds. Using language 

interpreters and cultural mediators is critical in facilitating communi-

cation with patients and families who speak different primary lan-

guages than clinicians. Ideally, the role of an interpreter transcends 

mere strict literal translation. Interpreters with additional training can 

assume the role of a cultural mediator, helping to interpret content 

bidirectionally, bearing in mind that patients and families frequently 

participate in many cultures simultaneously, with intersectionality 

mediating how these cultures manifest in beliefs and actions. Although 

cultural competence be helpful in designing structures and systems 

that can best help a diverse group of patients, cultural humility—a 

stance of openness and curiosity about an individual patient—protects 

against generalizations, biases, and assumptions and promotes patient-

centered care.

Even with the most skilled cultural mediators, there are challenges 

inherent when language discordance exists. Interpretation of family 

conferences is a difficult process that can include critical errors, and it 

is difficult to provide emotional support for families in this circum-

stance.85,86 Implementing best practices (e.g., a preparatory meeting 

with interpreters before the clinical encounter, speaking slowly, con-

firming the patient’s or family’s understanding, and debriefing with 

the interpreter after the clinical encounter) can facilitate better com-

munication and decrease the potential for misunderstandings.87,88

Spiritual Issues
Spiritual needs figure prominently for many critically ill patients and 

their families, often explicitly or tacitly shaping decision making about 

medical care,89 although these considerations are rarely discussed in 

family conferences.90 Increased family satisfaction has been associated 

with the assessment of spiritual needs.16 Exploring underlying spiritual 

beliefs and values can be extremely important in supporting families 

and in finding common ground on medical decisions through shared 

decision making. In addressing spiritual concerns, clinicians should 

use caution in not stepping beyond one’s role as a clinician or trying to 

resolve existential and spiritual questions89; rather, the focus should be 

on assessing potential spiritual needs and then making referrals for 

spiritual care providers.91

CONCLUSION

Conferences with families of critically ill patients are crucial and are 

one of the more formidable clinical challenges faced by critical care 

clinicians. Many approaches to medical decision making exist, and 

there is significant variability among patients and patient surrogates 

regarding their preferred role. There is a consensus that shared deci-

sion making should be the preferred approach of clinicians, although 

care must be taken to assess the family’s desired role in medical deci-

sion making and individualize one’s approach accordingly. Having a 

critically ill family member and functioning as a surrogate decision 

maker are incredibly challenging for families, but stress associated with 

this situation can be mitigated through integrated, thoughtful, and 

empathic communication by physicians and other members of the 

critical care team.
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ANNOTATED REFERENCES

Curtis JR, White DB. Practical guidance for evidence-based ICU family con-

ferences. Chest. 2008;134:835–843.

An evidence-based review offering pragmatic suggestions for leading effective 

family conferences.

KEY POINTS

• The quality of family conferences can have an important impact on out-

comes for patients and families.

• Shared decision making is an optimal default strategy, though some pa-

tients and families may prefer more or less decision control.

• Meeting frequently with patients and family members throughout an ICU 

stay is associated with higher satisfaction.

• Framing the role of surrogate decision makers, specifically related to the 

substituted judgment standard, is important.

• Allowing families to speak more, using empathic statements, and providing 

expressions of nonabandonment are associated with higher family satisfac-

tion after family conferences.

• Using other members of the healthcare team, including translators and 

spiritual care providers, can help bridge gaps in understanding during and 

after critical illness.

 References for this chapter can be found at expertconsult.com.
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port in the intensive care unit and association with family satisfaction. Am 
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was associated with increased family satisfaction.

Lautrette A, Darmon M, Megarbane B, et al. A communication strategy and 

brochure for relatives of patients dying in the ICU. N Engl J Med. 

2007;356:469–478.

This study demonstrated that a proactive communication strategy, including 

longer conferences and a higher percentage of family speech and a brochure 

on bereavement, significantly lessened the rate of complicated grief among 

family members of patients who died in the ICU.

McDonagh JR, Elliott TB, Engelberg RA, et al. Family satisfaction with family 
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proportion of family speech is associated with increased satisfaction. Crit 
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speech is associated with improvements in family satisfaction. 
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INTRODUCTION

Two truisms of economics are that the supply of goods and services is 

finite and that supply is never sufficient to meet all demands. The ten-

sion between supply and demand for food, water, energy, education, 

and other goods and services creates economies. All societies must 

determine how goods and services will be allocated to individuals. Al-

though the term rationing connotes a specific process of allocation 

during circumstances of severe resource limitation (for example, ra-

tioning coupons to allocate gasoline during World War II), rationing is 

just a synonym—an emotionally laden synonym—for resource alloca-

tion. In this chapter the terms are used interchangeably. Although 

rarely recognized as such, rationing decisions occur every day in all 

aspects of medicine.1 Critical care services are uniquely poised to raise 

difficult questions about allocation. First, this high-technology, labor-

intensive area of health care is a major driver of rising healthcare 

costs.2 Second, the evidence for many intensive care services, including 

the evidence for admission to the intensive care unit (ICU) itself, is 

limited. Finally, the decision not to provide intensive care services 

compared with, for example, the decision not to get magnetic reso-

nance imaging (MRI) for low back pain or not to provide antibiotics 

for an apparently viral respiratory infection is a rationing decision 

with an identifiable life in the balance.

Market-based economies allocate many resources on the basis of 

ability to pay, but other strategies exist (Table 162.1).1 In developed 

nations, some goods and services—for example, health care and edu-

cation—are treated differently than luxury goods and are allocated by 

society using criteria other than an individual’s purchasing ability. 

Because medical resources are finite, it is impossible to provide every 

effective treatment in every case where it might offer benefit and the 

patient desires the care. That does not mean that clinicians are aware 

on a daily basis of the burden of this reality. Sometimes the decisions 

are explicit with immediate repercussions—for example, the selection 

of one patient to receive a heart transplant when several might benefit 

from the sole available organ—or the decision to admit one patient to 

the last ICU bed when several patients are critically ill who would 

benefit from ICU admission. More frequently, the decisions are subtle 

and occur even when the supply of the therapy is not absolutely lim-

ited (e.g., the decisions to use cheaper antibiotics, sedative medication, 

imaging modalities, or nursing ratios) when more expensive options 

might be beneficial or, more frequently, the decision to use an ICU bed 

in cases of small benefit (e,g., observation of low-risk surgical patients 

for complications). Finally, allocation decisions can be completely 

implicit and almost hidden because they occur at a system level. For 

example, the decision to build an ambulatory care clinic instead of 

adding ICU beds is an allocation decision with profound implications 

for the delivery of critical care services that is nearly hidden to the 

individual clinician.

Although common and necessary, allocation decisions are stigma-

tized in medicine. Allocation decisions bring two major ethical principles 

into conflict. The principle of beneficence guides clinicians to act solely 

in their patient’s best interests, whereas the principle of justice directs 

clinicians to act fairly.2 This conflict may explain why euphemisms are 

frequently used to describe decisions that are essentially decisions to ra-

tion resources. For example, “triage,” “optimization,” “prioritization,” 

“cost-effective,” “waste,” and “basic health care” all indicate some form of 

allocation decision.3–5 The purpose of this chapter is to explore these 

decisions in their many guises as they occur in critical care and to offer 

some guidance to the clinician for constructing processes for allocating 

resources in their ICU.

ALLOCATION VERSUS EVIDENCE-BASED MEDICINE

Decisions based solely on the evidence of efficacy of medical care are 

not rationing decisions. There is no medical obligation to provide and 

no societal obligation to pay for care that is harmful or ineffective. In 

fact, clinicians use special terms to describe interventions that fall into 

these categories, including “futile,” “not standard of care,” “medically 

inappropriate,” “wasteful,” or “experimental.”3,4 For example, an inten-

sivist who decides not to transfuse a critically ill patient with blood 

with a hemoglobin of 73 g/L is not rationing blood even though blood 

is an expensive and limited resource because there is evidence that this 

transfusion in many critically ill patients is of no benefit and may be 

harmful.5 The decision not to use human growth hormone, an expen-

sive medication, in chronically critically ill patients is not a rationing 

decision because this treatment has not been shown to be effective and 

may be harmful.6

Unfortunately, the assessments of benefit and harm are not as 

straightforward as the terms would suggest, and the line between effec-

tive, ineffective, and experimental often lies in the eyes of the individ-

ual clinician. Decision science has taught us that medical decision 

making is a complex process that frequently obscures the true rationale 

of the choice.7 In fact, judgments allegedly based solely on objective 

evidence of safety and benefit often incorporate a variety of subjective 

values and biases.8 These may include the value the clinician assigns to 

being wrong; the value assigned to trying to “rescue” a patient in im-

minent danger of death; the clinician’s tolerance for uncertainty; the 

impact of the decision on the clinician’s finances; biases about the pa-

tient’s race, gender, functional status, or age; and the cost or availability 

of the resource.9 These transitions from statements that summarize the 

evidence of benefit to recommendations that incorporate cost and 

other values are often very subtle. This is particularly problematic for 

many treatments in critical care where there is an absence of evidence 

of efficacy, no clear harm, and, for individual clinicians, strong beliefs 

about efficacy. For example, the authors of a recent systematic review 

of colloid resuscitation in critical care conclude that “there is no evi-

dence from randomized controlled trials that resuscitation with col-

loids reduces the risk of death compared with crystalloids in patients 

with trauma, burns and following surgery.”10 This is a statement of 

their summary of evidence of efficacy. Like many treatments in critical 
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care, the evidence neither supports nor completely refutes the use of 

colloids as resuscitation fluids in the critically ill. However, the authors 

conclude, “As colloids are not associated with an improvement in sur-

vival, and as they are more expensive than crystalloids, it is hard to see 

how their continued use in these patient types can be justified outside 

the context of randomized controlled trials.” Although the first state-

ment may be a fair summary of the evidence, the recommendation 

against using colloids in the second sentence is fundamentally a ration-

ing or allocation assessment based on cost-effectiveness. It incorpo-

rates an implicit strategy that only recommends treatments that have 

demonstrated benefit related to their cost. One might conclude from 

the authors’ review that colloid resuscitation is experimental or that its 

benefit is likely to be small; however, the reasoning for recommending 

against its use is based on the cost of the treatment. Presumably, if col-

loid fluids were the same price as crystalloids, the authors might reach 

different conclusions even though the cost does not change the evi-

dence of efficacy.

The preceding example shows how assessments of cost can creep 

into evidence-based recommendations for therapy even without for-

mally discussing allocation. Because clinicians and payers may be re-

luctant to admit that they are incorporating cost or availability into 

the rationale for a decision, they may find decisions of futility or ap-

propriateness less ethically problematic than rationing. In fact, these 

judgments may implicitly contain assessments of cost by incorporat-

ing cost into the definition. Because scientific studies can never statis-

tically prove a therapy is ineffective, when is there sufficient evidence 

to move a treatment or diagnostic device from experimental care to 

standard care? Does this distinction matter if the person is paying for 

their own care or if it is paid for by a third party? Given the statistical 

challenges of proving inefficacy, when is there sufficient evidence, in 

the absence of demonstrated harm, that a treatment is ineffective as 

opposed to not yet of proven efficacy? These decisions are frequently 

made by consensus bodies using subjective or poorly characterized 

criteria but usually avoiding an explicit assessment of cost. In 1989 the 

Oregon Health Plan attempted to extend healthcare benefits to more 

people by creating a prioritized list of health benefits—essentially ra-

tioning care. To develop this list, the Oregon Health Services Commis-

sion was convened.11 It ranked treatments by their effectiveness from 

therapy for acute head injury with loss of consciousness (#1), anal fis-

sure (#579), and hepatorenal syndrome (#743, near the bottom) and 

funded them in order based on available resources. Interestingly, al-

though treatments were selected based on funding and the overall 

process was essentially a rationing plan based on cost-effectiveness, the 

rank list itself was not particularly correlated with formal cost-effec-

tiveness assessment, indicating that other, potentially subjective, fac-

tors took precedence.12

At the bedside, clinicians also tend to subtly incorporate cost into 

their assessment of evidence-based recommendations. The amount of 

evidence required to convince clinicians to adopt treatments that are 

risky or expensive will always be more than treatments that are safe 

and cheap. For example, consider the decision to elevate the head of 

the bed of mechanically ventilated patients to prevent ventilator-asso-

ciated pneumonia. Although the evidence supporting its effect on re-

ducing mortality or ICU length of stay is limited, it is inexpensive and 

safe and has become part of routine ICU care. Conversely, kinetic beds, 

topical prophylactic antibiotics, and special endotracheal tubes, which 

are more expensive and may raise safety issues, have had considerably 

less uptake despite evidence supporting their use.13

Judgments about the evidence-based efficacy of treatments that are 

supposed to be independent of cost are further complicated by the 

motivation of the decision maker. It would be difficult for an insurance 

company that is assessing whether a specific therapy is experimental or 

standard of care to be unbiased when its decisions affect its profits.14 

Alternatively, surgeons who developed a procedure may be committed 

to its benefits in a way that compromises an objective evaluation. The 

complexity of the assessment of efficacy and costs points to the impor-

tance of making allocation decisions as objective, explicit, and public 

as possible.

ALLOCATION STRATEGIES

Given that an intervention is effective, clinicians will face decisions to 

allocate resources at the bedside. These decisions are usually separated 

into macro-allocation decisions (involving groups of people and usu-

ally made at a managerial or health policy level) and micro-allocation 

decisions (made at the bedside and involving identifiable specific cases). 

A hospital’s decision not to hire additional ICU nurses is a macro- 

allocation decision. A nurse manager’s decision to allocate a specific 

patient to share a nurse in the ICU rather than to receive 1:1 nursing is 

a micro-allocation decision. This chapter is primarily concerned with 

bedside allocation, or micro-allocation decisions, which clinicians 

make on a routine basis. There is an important interaction between 

micro- and macro-allocation decisions because macro-allocation deci-

sions ultimately affect individuals, and macro-allocation regulations are 

an effective strategy for implementing allocation (Table 162.2).

There are a number of approaches to allocating resources (see 

Table 162.1). Although these are all feasible, they are not all equally 

ethical. The principles of equality, fairness, justice, and due process 

make some strategies less acceptable. The principle of utilitarianism 

directs resource allocation to maximize the “utility,” or benefit, of the 

most people for any given amount of resources. To the extent that 

“utility” can be measured by measuring patient outcomes like health-

related quality of life and to the extent that we can estimate the effects 

of medical treatments on utilities, we can theoretically calculate ex-

actly which set of medical treatments to pay for to maximize the 

benefit to the population. These studies are called cost-effectiveness 

analyses and are the quantitative realization of the philosophic theory 

of utilitarianism. Allocating medical resources through cost-effective-

ness analyses has important limitations. First, medical cost-effective-

ness analyses cannot tell how much money to allocate to medical as 

opposed to other goods and services, just how to maximize health 

outcomes for any selected outlay of resources. Second, cost-effective-

ness analyses may not fully account for some factors that society val-

ues. For example, cost-effectiveness analysis routinely treats all hu-

man lives as equally valuable; however, society often places a very high 

value on identifiable lives in imminent danger of death and may not 

value additional years of life in the elderly as much as years of life in 

the young.15 Cost-effectiveness and other utility-based allocation 

TABLE 162.1 Strategies for Allocating 
Resources

Principle Definition

Autocracy To each according to the will of one

Democracy To each according to the will of the majority

Equality To each according to an equal share

Lottery To each according to an equal chance

Capitalism To each according to their ability to buy

Personal worth To each according to their contribution to the community

Utilitarianism To each so that the utility of the community is maximized

  

 



1305CHAPTER 162 Resource Allocation in the Intensive Care Unit

strategies fail to account for the value society places on rescuing lives 

in imminent peril—a not uncommon occurrence in the ICU.16 Stan-

dard economic analyses may not value equal distribution as much as 

optimal distribution and, to this end, may discriminate in settings 

that society finds unacceptable.17 Finally, cost-effectiveness analysis is 

a mathematical technique that generates comparative outcomes for 

populations of patients rather than an evaluation in single cases. It is 

worth pointing out that the term cost-effective is frequently misused 

both in informal clinical conversation and in the literature.18 It is in-

correct to speak of a treatment as being “cost-effective” without a 

comparator. Cost-effective does not necessarily, and actually rarely, 

means cost saving. Cost-effective does not necessarily mean the least 

expensive or the most effective of treatment options.

Cost-effectiveness analysis is a methodology that provides a rank-

ing of treatments, which provides someone who has the authority to 

make decisions with the information to compare various strategies.19 

For example, one can compare the cost-effectiveness of captopril ver-

sus no captopril in survivors of myocardial infarction with using 

fluoxetine versus imipramine for major depression to decide whether 

to use captopril, fluoxetine, both, or neither. Cost-effectiveness analy-

ses provide a ruler, a shared metric, usually in terms of dollars per 

life-year or dollars per quality-adjusted life year (QALY) that allows 

treatments to be compared with allocation (rationing) decisions on 

which treatments to provide when all effective treatments cannot be 

paid for. Valid cost-effectiveness ratios require an estimate of a nu-

merator (the cost of one therapy compared with another) and a de-

nominator (the effect of the therapy on survival or quality of life). 

Without evidence of effectiveness from randomized trials, estimates of 

cost-effectiveness are problematic and must be modeled on other data. 

Although we have data in critical care on strategies to reduce gastroin-

testinal bleeding, duration of mechanical ventilation, and ICU- 

acquired infections, the number of treatments that can demonstrate an 

improvement in QALYs is very limited.20–22 Therefore the denominator 

for cost-effectiveness analyses in critical care can frequently only be 

expressed as dollars per event: for example, dollars per gastrointestinal 

bleed or ventilator-associated pneumonia prevented.23 These ratios, 

sometimes referred to as cost-benefit analysis, cannot be used to com-

pare a treatment to prevent gastrointestinal bleeding with a treatment 

to prevent catheter-related infections or with a treatment to improve 

weaning because they are all expressed with different denominators. 

Cost-effectiveness analyses with non-QALY denominators can be help-

ful in bedside rationing decisions when the intervention is known to 

be safe and equally or more effective and reduces cost. For example, 

special beds in the ICU have been shown both to prevent decubitus 

ulcers and to reduce the overall costs of care even when the cost of the 

bed is factored in. Therefore the cost-effectiveness ratio, expressed in 

dollars per decubitus ulcer prevented, is a negative number.24

ILLUSORY COST SAVINGS

If cost-effectiveness analyses are difficult in critical care because of a 

paucity of data for the denominator, the numerator—cost—is also 

challenging to calculate.25 Since the earliest days of intensive care, tech-

nologic, workforce, and organizational innovations have been pro-

posed as opportunities to reduce the exorbitant cost of critical care. In 

1972 an optimistic author wrote, “[The] more promising approaches 

to cost reduction are all in an early stage of development now. Both 

deprofessionalization of the ICU by wider use of allied health person-

nel, and the automation of therapeutic functions are just beginning to 

be applied.”26 Despite implementation of both of these measures, there 

is little evidence that cost increases in hospital or ICU-based care have 

been curbed by technologic innovation. In fact, the opposite has oc-

curred. This is not surprising because technologic innovation in other 

areas of health care, although often associated with better outcomes, is 

rarely a source of cost savings.

Cost analyses are problematic in medical care, and critical readers 

must be able to identify cost savings that are real and that will appear 

in their budgets as opposed to savings in indirect costs that will be  

TABLE 162.2 Allocation Decisions at Different Levels

Decision Maker Decision Rationale

Not an allocation decision Physician Not to use human growth hormone in chronically 

critically ill patients

Evidence of harm in critically ill patients

President of insurance 

company

Not to offer routine chest computed tomography 

screening for lung cancer

Lack of sufficient evidence of benefit

Healthcare minister Not to offer basic medical coverage to all  

people in the country

Endorses other goals than equal access to health care: 

for example, the importance of choice or the value  

of free market

Macro-allocation decision Physician Not to admit routine postcoronary artery  

bypass patients to the intensive care unit (ICU)

Limited ICU beds used for patients with more severe  

illness

President of insurance 

company

Not to increase reimbursement for septic shock 

when new, expensive drug is approved

Hopes to limit cost of care for patients to increase  

profitability of insurance company

Healthcare minister To capitate reimbursement for hospital care By providing single fee for all care, hopes to limit costs 

so that increased outpatient services can be provided

Micro-allocation decision Physician Decision not to admit a debilitated, elderly man 

with urosepsis to the ICU despite a request  

by the patient’s primary care physician

The intensivist felt the patient was moribund and that 

the ICU’s resources could be used to better effect on 

other patients

President of insurance 

company

Denial of claim to pay for lung transplant for 

73-year-old man with pulmonary fibrosis

Treatment specifically not covered by contractual  

arrangement with insured patient.

Healthcare minister Not applicable Not applicable
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accrued elsewhere.27 There are several common, but problematic, ar-

guments about cost reduction in critical care: (1) that reduced ICU 

length of stay will reduce the cost of care in the ICU, (2) that reduced 

test ordering will reduce the cost of care in the ICU, and (3) that fewer 

admissions of futile-care patients will save money. It is important to 

recognize that not all calculated cost savings will be realized at the ICU 

or hospital level.

ICU costs are frequently inferred from length of stay. For example, 

in a cost-effectiveness analysis of antibiotic-coated catheters, the au-

thors assigned a cost of $9738 to a catheter-related bloodstream infec-

tion.28 Epidemiologic studies show that patients with catheter-related 

infections spend more time in the hospital, even after controlling for 

severity of illness.29 The cost of a catheter-related infection is, in part, 

derived by simply multiplying the estimated number of extra days 

patients with such infections spend in the hospital by the cost (based 

on hospital charges) of a day in the ICU or ward. In fact, we do not 

really know whether using antibiotic catheters shortens ICU length of 

stay because the randomized trials demonstrating that antibiotic-

coated catheters prevent infection were not sufficiently powered or did 

not show a reduction in mortality or length of stay.22 Even if the anti-

biotic-coated catheters reduce length of stay, money “saved” by reduc-

ing length of stay is a different kind of money than money spent in 

buying the catheters. By reducing length of stay, the ICU will be able to 

care for more patients, but they will be sicker and more expensive pa-

tients.

Identifying treatments for specific conditions in the ICU that re-

duce overall costs, even if they have no effect on QALYs, is extremely 

useful to the intensivist allocating resources. Implementing economi-

cally dominant strategies is an easy allocation decision, as they do not 

worsen patient outcomes and reduce costs. However, predicting the 

actual effect of any decision on actual costs in an ICU or hospital is 

complex because each hospital performs cost-accounting and budget-

ing in idiosyncratic ways. The effect of different payor mixes, contracts 

for nursing and respiratory therapist labor, allocation of indirect costs, 

and whether the ICU budget is fixed or grows with the number of 

patients served all influence whether allocation decisions accrue sav-

ings that can be appreciated at the ICU level. For example, the drug 

acquisition costs of once-daily medications are frequently higher than 

medications given more frequently. However, labor costs are associated 

with administering medication more frequently that may offset the 

costs of the once-daily medication. Unfortunately, unless there is a suf-

ficient workload reduction from changing to once-daily medication to 

actually firing a nurse, there will be little realized savings. This is be-

cause labor costs are not infinitely scalable. If there is 15% less work to 

do, you may not be able to hire 15% less nursing hours. Patients who 

need 1:1 nursing care will continue to need this level of care regardless 

of whether the nurses are administering once-daily medication or not. 

It may be that changing medication routines improves care by more 

efficient use of nursing time, but this may not be reflected in a cost 

reduction. A reasonable question for ICU managers who are consider-

ing a cost-saving intervention is whether it will reduce the amount of 

staff that need to be hired or whether it can reduce acquisition costs for 

equipment or medication. If it will not, then cost savings is not likely 

to be realized in the ICU.

The cost estimate used in many cost-effectiveness analyses assumes 

that every day in the ICU costs the same. This is certainly true for what 

the hospital charges, from which these ICU costs were derived. How-

ever, this is not true in reality. The first few days in the hospital and 

ICU are far more expensive than the last days.30 Patients are more likely 

to require active interventions and closer nursing care in the early days 

in the ICU. Clearly, interventions that reduce ICU length of stay can-

not reduce early days in the ICU and simply eliminate later lower-cost 

days. This is rarely accounted for in the cost analyses. This was vali-

dated at the national level as US healthcare costs peaked during a pe-

riod when hospital inpatient days declined by 40%.31 Therefore cost 

analyses may overestimate cost savings likely to be realized by reducing 

length of stay when this leads to a reduction in marginal low-cost days, 

and these days are merely shifted to other areas with similar or greater 

costs.

Reducing test ordering in the ICU has been offered as a technique 

for cost reduction. This, too, is a perfectly reasonable option to be 

offered on clinical grounds. Overtesting yields increased false posi-

tives, which may lead to clinical complications in search of diseases 

that never existed. However, the actual cost reduction that will be 

seen at the ICU level by reducing test ordering is likely to be overes-

timated in a simple charge-based analysis of test ordering. The actual 

marginal cost of performing the 101st arterial blood gas once you 

have already purchased the analyzer and paid for the technician time 

to perform 100 arterial blood gases is minimal. If reductions in test 

ordering are of sufficient magnitude to staff the laboratory with 

fewer people or to forego purchasing new equipment, then signifi-

cant cost reductions can be realized. In fact, depending on how indi-

rect costs in the hospital are allocated, it is possible that a reduction 

in test ordering will place the clinical laboratory under considerable 

budgetary constraints. Fewer tests may reduce the amount of money 

that the laboratory director receives to cover staff costs, which may 

not decrease in the same proportion as test ordering. Therefore clini-

cians should be wary of bedside testing device claims of reduced 

testing costs. There may or may not be valid clinical reasons to have 

bedside laboratory testing; reducing overall hospital costs is unlikely 

to be one of them.

Patients may be admitted to the ICU even when they have a negli-

gible chance of survival. It seems reasonable to assume that if these 

patients receive care outside the ICU that the resources that would 

have been expended without benefit in the ICU would be saved. On its 

face, this appears to be the sort of painless cost saving that intensivists 

should look for. Unfortunately, a careful analysis of the potential sav-

ings from limiting care at the end of life shows that it is a relatively 

small amount of overall healthcare spending; that implementing these 

strategies may worsen overall health outcomes by affecting care that 

nonterminal patients receive; and that care would have to be withheld 

from young patients, some of whom would have had prolonged sur-

vival, to achieve any savings.32

STRATEGIES FOR BEDSIDE ALLOCATION OF 

RESOURCES IN THE ICU

Ultimately, allocation decisions will occur at the bedside in the ICU. 

A number of studies demonstrate that under settings of restricted 

access to ICU beds, physicians allocate these beds on the basis of 

severity of illness. In these situations the average severity of illness 

in the ICU increases as it does on the hospital ward.33 The empiric 

research on ICU bed rationing is limited and complex because some 

authors do not distinguish between allocation made for efficacy 

(futility) from those made because of lack of beds or cost-effective-

ness.34 In fact, most clinicians in the United States do not perceive 

that they do any rationing at all and, if anything, feel that too much 

intensive care is provided to patients.35 When they occur, rationing 

decisions may not always be driven by bed availability and prognosis 

and are also guided by arbitrary factors including age, gender, reim-

bursement, and physician power in the institution.36 One of the few 

studies to actually document rationing through “revealed prefer-

ences” (actual behavior as opposed to stated rationale) looked at 

goals-of-care conversations with patients who had a sudden 
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decompensation on the ward. The more ICU beds were available, the 

less likely physicians were to have goals-of-care discussions to avoid 

ICU admission and the more likely they were to admit to the ICU.37 

However this study failed to find an association with mortality, sug-

gesting that within the limits of the study, the physicians’ rationing 

of ICU beds when limited had no negative effect. This study also 

suggests that similar rationing could occur safely when ICU beds 

were not limited but physicians did not behave that way. It is impor-

tant that clinicians plan in advance of these difficult decisions so 

that their deliberations are explicit, open, and guided by principles 

rather than ad hoc case-by-case decisions.

SPECIAL SCENARIOS

Pandemic and Disaster Triage

The pandemics of SARS (2002), H1N1 (2009), Western African Eb-

ola (2014), and COVID-19 (2019) and disasters like Hurricanes 

Katrina and Sandy (2005, 2012) and the Tohoku earthquake (2011) 

have focused policy makers on the demands these can place on the 

public health system in general and on critical care systems in par-

ticular. In developed countries, it is rare for critical care providers to 

have to choose between patients, both of whom could benefit from 

critical care. Although investments in preparedness are ongoing in 

many developed countries that include stockpiling of medication 

and ventilators, the likelihood that clinicians will have to ration 

lifesaving ICU resources during a disaster is real. There have been 

several responses to this inevitable clinical challenge: ethical,  

empiric, and legal.

Bioethicists have long struggled with the “lifeboat” scenario where 

only one person can be saved out of many who could be saved. In fact, 

the “ethics committee” was born out of the need to allocate dialysis and 

organ transplants.38 There has been rapid growth of publications and 

online resources devoted to pandemic planning and ethical triage.39 

The issues are complex and extend beyond resource allocation—for 

example, whether healthcare professionals have a duty to provide 

treatment during an outbreak that poses risks to themselves and fami-

lies or how care for severely ill patients not affected by the disaster 

should proceed. Conceptually, the allocation solutions are no different 

from the ones outlined at the beginning of this chapter; however, the 

absolute scarcity of resources, youth of the afflicted, and medical risk 

to providers make the decisions significantly more pressing. The issues 

relate to whether one should include factors other than prognosis in 

deciding on allocation: for example, social value, service value during 

the crisis, and age.40,41 The principles are far from resolved, and per-

haps the most valuable contribution of these deliberations is their fo-

cus on the need for transparent processes to be developed in advance 

of the crisis. Whether or not any of these rules can be enforced under 

the incredible pressures of life and death decisions at the bedside, 

where some of the critically ill patients may very well be colleagues 

who are ill after an infection acquired during the care of other patients, 

is completely untested.

Empiric solutions to disaster triage that rely on objective estimates 

of prognosis to guide end-of-life decisions are not new.42 Unfortu-

nately, previous attempts to ration intensive care based on computer-

ized prognostication in any formal fashion has met with public disap-

proval.43 Because of their inherent uncertainty, the literature on 

objective probability estimates in critical care generally criticizes their 

use as tools to make individual decisions about withdrawing life- 

sustaining treatments. Nevertheless, objective prognostic tools have 

been proposed for pandemic triage. They are clinically intuitive, rely-

ing on inclusion criteria (respiratory failure requiring mechanical 

ventilation or hypotension requiring vasopressors) and exclusion  

criteria (severe chronic comorbidities, age .85, metastatic cancer). 

Then patients are assigned a triage category based on the Sequential 

Organ Failure Assessment (SOFA) score and its trajectory.44 Applying 

these criteria requires training and external adjudication in some 

cases.45 Not surprisingly, patients excluded from the ICU and those 

who had life-sustaining treatment withdrawn under the hypothetical 

implementation of these triage criteria had significant survival rates, 

emphasizing that these triage rules will result in deaths that otherwise 

could have been avoided.45

Primarily as a result of Hurricane Katrina and subsequent lawsuits, 

there has been an interest in developing a legal framework about insti-

tutional and personal liability during disasters. If a clinician makes a 

triage decision to withdraw life support from one patient and provide 

it to another, can she be sued or prosecuted? The legal framework for 

resolving these issues derives from Good Samaritan statutes that pro-

tect civilian volunteers from legal liability related to their activities. 

Three laws passed in Louisiana after Katrina protect physicians and 

nurses from civil liability in the absence of gross negligence or willful 

misconduct and require a review panel before criminal indictment for 

activities that occur during a declared disaster.46

Global Critical Care

Getting accurate data on the burdens of global critical illness is almost 

impossible because many countries have insufficient resources to have 

ICUs or track these illnesses. Estimates of the rates of critical illness 

globally based on epidemiology in developed countries, which may be 

gross underestimates of what would be seen in developing countries, 

are astounding.47 There are even more limited data on the availability 

of critical care services globally. However, viewed on a global level, it 

certainly appears that health care, and particularly critical care, is al-

located based primarily on the wealth of the country.48

CONCLUSION

Allocation of resources in medicine is an unavoidable process. Clini-

cians do have control over whether these decisions are implicit or ex-

plicit, are made after open discourse or with no discussion, and 

whether the decisions are informed by evidence or not. Clinicians in 

the ICU may, in fact, face fewer implicit allocation decisions than their 

colleagues in other areas because of the imminent risk of death in the 

ICU and society’s value for protecting those lives. In fact, there is rela-

tively little empiric evidence of how often intensive care services are 

rationed. The effect of different interventions on actual costs will vary 

depending on local factors, including reimbursement and indirect cost 

allocation. Allocating ICU beds is the most challenging allocation deci-

sion most intensivists will face. The best time to handle these decisions 

is before they occur. Public, explicit triage and discharge criteria that 

are developed in collaboration with ICU users (emergency depart-

ment, surgery, oncology) well in advance of the actual decisions are 

essential for fair and efficient use of intensive care resources. It is im-

portant that when cost-saving decisions are considered that the entire 

healthcare system be evaluated. Formal economic evaluation is crucial, 

as some treatments in the ICU, despite their expense, are likely to be 

more cost-effective than diagnostic and therapeutic regimens rou-

tinely offered.

THE FUTURE

Predictions about rationing of healthcare services are particularly 

challenging. In addition to making predictions about the future of 

critical care and critical illness, one must make predictions about the 

funding and delivery of healthcare services, international migration, 
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and disasters. My crystal ball makes several assumptions. The ICU of 

the near future will look very familiar to the intensivist of today.  

Patients will have more noninvasive monitoring, their complex infor-

mation will be better organized, they will be more likely to receive 

noninvasive ventilation, and they will be managed with less sedation 

and more mobilization; but there will be no magic bullets for sepsis, 

genomics and personalized medicine will not make it to the routine 

care of critically ill patients, and patients will still require intensive and 

expensive nursing care. The aging population at risk for sepsis and 

respiratory failure will drive demand for critical care services. Suc-

cesses in other fields—notably cardiovascular medicine, transplant 

medicine, and oncology—will turn rapidly fatal diseases into slowly 

fatal diseases marked by multiple visits to the ICU, some of which will 

be successful. Finally, the changes in healthcare funding will be incre-

mental. At some point, and it may be quite soon for the United States, 

the costs of providing limitless and frequently wasteful health care to 

some and inadequate health care to others will become politically un-

tenable. Although advocates for healthcare reform in the United States 

argue that shifting to a single-payer model will solve these problems 

painlessly, these benefits will be one-time savings in overhead costs. 

Countries with single payers like Canada and the United Kingdom are 

facing medical inflation curves that are similar to the United States. It 

is likely that only a crisis will drive explicit discussions about allocation 

of expensive, marginally effective life-sustaining treatments.

ANNOTATED REFERENCES

Hadorn DC. Setting health care priorities in Oregon. Cost-effectiveness meets 

the rule of rescue. JAMA. 1991;265(17):2218–2225.

A rigorous application of cost-utility analysis fails to capture the value we place 

on saving identifiable lives. Whether this value is rational and whether it should 

be perpetuated is an important question; however, this analysis shows why res-

cue must be considered in any attempt to prioritize healthcare spending.

Luce JM, Rubenfeld GD. Can health care costs be reduced by limiting intensive 

care at the end of life? Am J Respir Crit Care Med. 2002;165(6):750–754.

Challenges the notion that significant reductions in ICU costs can be achieved 

by limiting intensive care at the end of life. The authors argue that although 

there are many very good ethical and medical reasons not to continue care for 

patients in the ICU when their prognosis is grim, the cost savings from these 

decisions are not likely to be enormous.

Marshall MF, Schwenzer KJ, Orsina M, et al. Influence of political power, medical 

provincialism, and economic incentives on the rationing of surgical intensive 

care unit beds. Crit Care Med. 1992;20(3):387–394.

An interesting and honest analysis of what happened when ICU beds were  

in scarce supply without an explicit plan for their allocation. The power and  

income generation of individual surgical attendings drove ICU allocation  

decisions.

Mehlman MJ. The legal implications of health care cost containment: A sympo-

sium: Health care cost containment and medical technology: A critique of 

waste theory. Case W Res Law Rev. 1986;36:778–877.

A scholarly analysis that brings rigor to terminology used loosely by medical 

professionals.

Reinhardt UE. Spending more through “cost control”: Our obsessive quest to 

gut the hospital. Health Aff (Millwood). 1996;15(2):145–154.

A leading health economist challenges the notion that reducing hospital 

length of stay will reduce overall healthcare expenditures. Data from the 

United States show that marked reductions in hospital length of stay were not 

associated with a reduction in the rate of growth of medical expenditures. In-

stead, the author argues that costs were merely shifted from the hospital to 

other settings.

KEY POINTS

• Allocation of resources is synonymous with rationing and is an inevitable 

part of medical practice.

• Clinicians often use a variety of euphemisms, including triage, optimization, 

prioritization, and cost-effective care, to obscure what are essentially allo-

cation decisions.

• Clinical decisions that are based solely on the evidence of risk, benefit, or 

patient utilities are not rationing decisions because they do not incorporate 

cost or availability.

• Clinicians may implicitly incorporate cost or availability into their judgments 

of the evidence of risk or benefit in an attempt to avoid an explicit decision 

incorporating cost.

• Allocation can occur at the macro level, where decisions affect populations 

of patients, or at the micro level, where decisions affect individually identi-

fiable patients.

• Cost-effectiveness analysis is a quantitative methodology that applies a 

utilitarian approach to allocating resources to maximize the benefit to a 

population for any specified cost.

• Cost is difficult to measure in complex endeavors like medical care.

• Claims to reduce cost by reducing the length of stay, ordering tests, or ad-

mitting patients who will likely die should be examined critically.

 References for this chapter can be found at expertconsult.com.
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BACKGROUND

Since the inception of the practice of medicine, there have been ethical 

challenges for doctors and other health care professionals. Many of the 

challenges, such as who has the authority to make key decisions (au-

tonomy vs. paternalism) and what the boundaries of life are at the 

beginning and the end, have existed for a long time. However, the ever-

changing landscape of modern technology has presented new and 

unforeseen questions surrounding when new technologies should be 

applied and when they exceed ethical boundaries—technologies such 

as life support and genetic manipulation. Finally, changes in society 

and its values have led to new ethical challenges. Ethics exist as a per-

ceived set of rules that are formed and judged by the culture in which 

they exist. Different cultures can have very different ethical systems. In 

many countries, not only are there very diverse cultures but these cul-

tures continue to change and evolve. The net result of these forces is 

that modern ethics can change as well. Things once thought unethical 

may become ethical or vice versa.

The practice of medicine in intensive care units (ICUs) has been 

the source of many ethical challenges. These are often driven by con-

flicts surrounding death, a common occurrence in ICUs. Our ability to 

keep human beings alive has increased steadily, and thus rules and 

beliefs surrounding when not to continue life support have been tested 

on a regular basis. Once firmly fixed concepts, such as death or “brain 

death,” are now coming under increasing attack. In other areas, the 

concept of patient autonomy has been used to request life-prolonging 

therapies once thought “futile.” Finally, ICU physicians are increasingly 

finding themselves caring for patients who are unable to express their 

wishes and must rely on some kind of surrogate decision maker, which 

can add further ethical challenges.

GOALS OF CARE AND MEDICAL DECISION MAKING

Surrogate Decision Making
Modern medicine has embraced the concept of shared decision mak-

ing between patients and their physicians based on the principles of 

autonomy honoring the patient’s wishes, beneficence (trying to help), 

and nonmaleficence (not doing harm).1,2 This approach, as noted, is 

often more complicated in the ICU. Whether decisions are made to 

continue with aggressive and likely quite burdensome care or to with-

draw such care,3 there will often be some tension within the care team 

or between the care team and members of the patient’s family (who 

may be conflicted themselves).4 In the ICU, as in other medical situa-

tions, this model of shared decision making affirms that patients have 

an ethical (and in many places a legal) right to determine the goals of 

their medical care. Choosing which health-related goals to pursue for 

a patient who has temporarily or permanently lost decision-making 

capacity is an imperfect science, but an individual patient’s wishes re-

garding care may have been made known in advance of a serious 

medical illness to the physician or to a specific preferred surrogate 

decision maker or to family or friends. The process by which patients, 

with or without the assistance and participation of their physicians, 

family members, or other close personal relations, plan for future 

medical care is called advance care planning.5 In general, the results of 

these deliberations are known as advance directives; defined broadly, 

they may be verbal or written and may be quite specific or very general. 

In this process, the patient may designate a preferred decision maker 

or health care proxy, may lay out general goals and values related to 

illness and medical treatment, and may determine what kind of care he 

or she would want in the settings of some anticipated situations. Sub-

sequently, the advance directive helps direct medical care in the case of 

the patient’s incapacity and comes into play only if the patient is un-

able to make his or her current wishes known.6 For example, a patient 

who awakens after a surgical procedure and is deemed to have deci-

sion-making capacity (see later) is asked outright about his or her 

wishes, and the advance directive is no longer necessary.

Advance directives have ethical authority in whatever form (includ-

ing verbal), as long as the directive was promulgated within the re-

quirements of valid informed decision making (see later) as a tool for 

formally bringing the patient’s values into consideration at a time 

when the patient is not capable of supplying them himself or herself. 

As noted, this method of approximating the patient’s goals and values 

in times of serious illness is not perfect, and the reliability of a specific 

advance directive as “authentic representations of autonomous patient 

choices” is often suspect.7 Advance directives specific enough to guide 

the day-to-day clinical decision making in the ICU are rare; more com-

monly, the ICU physician is left to work with a surrogate to understand 

the priorities of the patient and then to make shared decisions for the 

patient. Even in situations in which the physician “knows what the 

patient would want,” the prudent clinician will seek counsel from indi-

viduals who know the patient well to mitigate the risk of paternalism. 

Who then may and should act as surrogate? How should that surrogate 

make decisions for the ill patient?

In some cultures, physicians often turn to the “next of kin” for sur-

rogate decision making. However, the legal status of surrogates varies 

from country to country, and in many jurisdictions this individual has 

no de facto legal or even ethical grounds for assuming this role. (How-

ever, in some cultures, religion, and legal traditions, serious decisions 

about life-sustaining care are not made by individuals, but rightfully 

by the religious authority or clan leadership.) In a culture that favors 

individual autonomy, the best surrogate decision maker is the one 

chosen in advance by the patient.8 Often this individual comes from 

the patient’s valued community; usually, this individual is a member of 

the patient’s family or close social circle. In those jurisdictions in which 

such a hierarchy has been determined by law, a typical sequence might 
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be (1) spouse, (2) eldest child, (3) next child, (4) parent, (5) sibling, 

and (6) close friend. Once a surrogate decision maker has been named, 

it may be helpful for the patient to clarify the role of the surrogate, 

from simply “tell the doctors what I want” to “use your judgment to 

make the best decision about my care.” Interestingly, when asked 

whether they would prefer that their advance directives be followed no 

matter what or that their care be discussed with their chosen surrogate, 

a majority of patients would cede authority to the surrogate along the 

lines of “use your judgment.”9

Even in situations where the appropriate decision maker is not the 

patient, it is helpful to have documented that the patient agrees with 

this approach. Similarly, some statement of the values to be used when 

deciding about medical treatment can be helpful.

Documentation of advance directives allows patients to make their 

values regarding and wishes for future care known, either formally or 

informally. As noted, these directives may also designate a specific sur-

rogate decision maker who then has ethical and often legal standing to 

make medical decisions for the patient. In the absence of advance di-

rectives, the legally appointed surrogate or, in the absence of such a 

surrogate, those who know the patient well make decisions for the 

patient using substituted judgment based on his or her knowledge of 

the patient’s health-related values. When no information is available 

about a patient’s wishes or values, the decision makers should apply a 

“reasonable-person” or “best-interest” standard. In such cases, consul-

tation with an ethics committee may be helpful.

Advance Directives
As noted, advance directives are formal or informal instructions to 

health care providers, family members, or others involved in a patient’s 

care regarding treatment that may be required while the patient is un-

able to participate in medical decision making. The earliest form of 

advance directive was the “living will.” Classically, the living will is re-

stricted in terms of both scope and applicability. Living wills are usu-

ally reserved for patients with terminal illnesses and are typically re-

stricted to statements about forgoing medical treatments that would 

“only prolong my dying”; they typically make explicit statements about 

the acceptability of discontinuing intravenous fluids and artificial nu-

trition if death is imminent and there is no significant hope for recov-

ery. They usually do not provide instructions in the case of nontermi-

nal illness and typically do not name a surrogate. A more generally 

useful legal document is the one that gives statutory authority to an 

individual to make medical decisions for a patient in the case of inca-

pacity. This document is sometimes referred to as a durable power of 

attorney for health care. Similar to a durable power of attorney that 

provides legal decision-making authority for financial and other mat-

ters in the case of incapacity, this document provides legal standing to 

a named surrogate with regard to health care decisions. These docu-

ments typically provide an opportunity for an individual to give gen-

eral information about health care preferences in a variety of situa-

tions. Some also provide an opportunity for the person to make a 

statement about the quality of life and the kind of life that would and 

would not be worth living. Preferences for organ donation, wishes for 

spiritual care, and even funeral arrangements are sometimes included.

Additionally, a number of advisory documents have been devel-

oped, including “values histories” and the medical directive developed 

by Linda and Ezekiel Emanuel.10 These documents may present a series 

of increasingly dire scenarios and ask about overall preferences (“do 

everything possible to prolong life,” “continue aggressive care but re-

evaluate often,” “keep me comfortable, but do not provide care that 

prolongs my life”), or they may ask more general questions about what 

makes the person’s life “worth living.” It is hoped that this information 

will be helpful to a surrogate who must decide whether to continue 

supportive care in the case of irreversible injury or damage or even to 

continue disease-oriented care in the case of critical illness and im-

paired decision-making capacity.

For a variety of reasons, advance directives have not achieved wide 

popularity. When they exist, they are often not specific enough to pro-

vide meaningful guidance.11 Even when a detailed directive exists, 

questions often remain about whether the individual was adequately 

informed and, in some cases, whether the individual had decisional 

capacity at the time. For example, a patient’s advance directive says that 

she would never want to be on life support, but when she is asked 

about mechanical ventilation in the case of reversible respiratory fail-

ure from pneumonia, she says of course she would want that. Thus 

following a legally executed advance directive without verifying what 

was meant by the patient and whether the written wishes apply to the 

current illness can be quite problematic. It could in fact result in a 

preventable death in a patient who, with proper education, would wish 

to be treated.

A more limited form of advance directive, known as a code status, 

is frequently sought on admission to the hospital. A code status is an 

advance directive that is specifically limited to a patient’s (or surro-

gate’s) preferences regarding cardiopulmonary resuscitation (CPR) 

and other measures in the event of a cardiopulmonary arrest. In many 

hospitals and other health care institutions, as a matter of policy, any 

patient who suffers a cardiac arrest is treated with interventions de-

signed to attempt to reverse the life-threatening derangement, includ-

ing CPR, electrical defibrillation, and intubation and mechanical ven-

tilatory support. Because a patient who suffers a cardiopulmonary 

arrest will die in a very short time without interventions, the discus-

sion about code status is as much about how a patient wishes to die as 

it is about whether he or she wishes to live. Tomlinson and Brody dis-

tinguished three distinct rationales for a do-not-resuscitate (DNR) 

status12: (1) CPR has such a low likelihood of producing the desired 

outcome that it is effectively “futile,” (2) there would be an unaccept-

able quality of life after CPR, and (3) there is already an unacceptable 

quality of life and cardiopulmonary arrest would be a welcome deliver-

ance. Although often conflated with wishes for treatment of a variety 

of current or future medical conditions, a decision about CPR may not 

give much useful information about a patient’s preferences regarding 

other aspects of his or her illness. A patient may choose aggressive 

disease-oriented measures well into a severe illness but still choose to 

forgo resuscitation in the event of an arrest. This approach may be 

voiced in a statement such as, “I want to fight this thing with all I have, 

but when it is my time, I want to go quickly without suffering.” Such a 

statement would be an opportunity to address resuscitation status in 

addition to addressing overall goals of care (see later).

Many ICU patients who are actively receiving intensive disease-

oriented care have a DNR code status. Such a directive may save sur-

rogates and family members from the emotionally difficult task of  

removing life-supporting care. A patient’s acceptance of DNR status 

may signify acceptance of the limits of medical science; refusal of DNR 

status in the setting of progressive irreversible illness may be an indica-

tion that the patient has an incomplete and perhaps unrealistic under-

standing of the illness. Further discussion addressing knowledge  

deficits or unspoken fears may increase the likelihood that the patient’s 

true wishes will be followed.

A number of common errors may occur when discussing the code 

status. The first is failure to convey accurate information about the 

likelihood of success after an attempt at resuscitation. Many patients 

have an unrealistic impression of the utility of this intervention.13 

Another type of error is failure to address postresuscitation issues, 

when caregivers mistakenly assume that “do everything in the case of a 

cardiopulmonary arrest” also means the patient wishes the care team 
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to continue to “do everything” afterward. Patients who undergo CPR 

will most likely be incapacitated for at least a period after the resuscita-

tion, even in the best scenarios. A third type of error is to not take the 

opportunity to identify a preferred surrogate decision maker, given the 

significant risk of temporary or even permanent brain injury after the 

attempt at resuscitation.

Any discussion of advance directives should attempt to answer at 

least three questions: (1) In the event of a cardiac arrest, do you want 

the health care team to attempt resuscitation? (2) If you become inca-

pacitated, who do you want to make decisions for you? (3) If you were 

left significantly impaired after an attempt at resuscitation, under what 

circumstances would you want us to discontinue life-sustaining care? 

Additionally, preferences for resuscitation are best understood in the 

context of an individual’s values, beliefs, relationships, and culture.7

Many problematic end-of-life issues can be traced to a focus on 

interventions (“Would you wish to be intubated?”) without an ade-

quate exploration of values (“What do you value about your life? What 

are the things that make your life worth living?”). It is also a mistake to 

think about advance directives as an issue limited to end-of-life situa-

tions. Advance directives are really just part of informed consent for 

any treatment, and discussion of advance directives is an important 

aspect of good medical care.

Informed Decision Making (Informed Consent)
In the United States, individuals are free to develop their own concep-

tions of happiness or a good life. By extension, choices about medical 

tests or treatment are made by patients in ways that maximize the 

likelihood of that good being achieved. This is called patient autonomy, 

and some would call it one of the core principles that define the rela-

tionship between a doctor and a patient. Respecting autonomy re-

quires respect for the values and wishes of the individual. Additionally, 

the exercise of autonomy requires adequate information, the power of 

reason, and freedom of choice. Shared decision making happens when 

an autonomous individual has a conversation with the physician that 

incorporates the patient’s values (autonomy) and the values of the 

physician.

Brock discussed the basic requirements for informed consent and 

identified three critical elements: the person giving consent must be 

competent, informed, and able to make a decision free from coer-

cion.13 Competence has several critical elements.14 First, the decision 

maker must be capable of understanding relevant information, which 

involves both memory and mental processing. Second, it requires the 

ability to attend to and retain information, the ability to manipulate 

information, and the ability to foresee consequences. The third ele-

ment is the ability to formulate and communicate choice. Some stan-

dards of competency strengthen this requirement by demanding the 

ability to communicate a stable choice (in this case, ambivalence may 

be a sign of incompetence).

To adequately participate in medical decision making, patients 

must have enough information to weigh the risks and benefits of vari-

ous medical interventions. In the past, the standard for being informed 

was the standard practice of other physicians in the community.15 

Subsequently, informed came to mean what a “reasonable person 

would want to know.” Because the main point of informed consent is 

to respect the rights and values of individuals, it is most appropriate to 

address this issue in terms of what a particular patient needs to know.16 

In general, patients need to know about the illness and its natural his-

tory to make informed decisions about medical care. They need infor-

mation about the effectiveness of treatment, the risks of treatment, and 

the likelihood of success with treatment. This information must be 

presented in a way that is understandable to the patient, at an appro-

priate educational level, and is in the patient’s language. Whether 

enough information has been transmitted can be assessed at the most 

basic level by simply asking a patient whether he or she has any ques-

tions. Brock writes of “informed understanding” and notes that this 

“permits an informed exercise in self-determination and promotes a 

decision most in accord with the patient’s well-being.”13 In addition, 

this approach values autonomy.

The decision must also be voluntary—that is, free of coercion. The 

decision maker must have the freedom to accept or refuse the interven-

tion or test being proposed. Consent given as a result of undue coer-

cion is generally not valid.

Informed consent in the ICU raises some special issues. First, as 

mentioned earlier, the decision maker is often a surrogate rather than 

the patient. The surrogate decision maker should have access to all 

relevant information the patient would need to make informed deci-

sions; however, the surrogate should not routinely be given confiden-

tial information simply because the patient is no longer competent. An 

example may be helpful in illustrating this point. An HIV-positive 

patient in the ICU has designated a family member as his surrogate; 

however, the family is unaware of his HIV status. The ICU physician 

believes a central line is indicated for continued care and seeks in-

formed consent from the family member. In this case, it may be pos-

sible to obtain true informed consent for the procedure without di-

vulging the patient’s HIV status. Alternatively, a decision about a test 

or treatment specifically related to the patient’s HIV status may require 

that this information be divulged to the surrogate for him or her to 

make an informed decision.

The adequacy of a properly designated surrogate is usually assumed 

but should be questioned in two situations. The first is when the sur-

rogate acts in contrast to the patient’s known wishes. Anyone who 

knows that the surrogate’s directions conflict with the patient’s ex-

pressed wishes has an obligation to work with the surrogate to come to 

a treatment decision more in keeping with the patient’s wishes or to 

seek outside assistance from the hospital ethics committee or the hos-

pital’s legal department. The second situation occurs when there is 

doubt about the surrogate’s competence, specifically his or her ability 

to retain and process information. Again, the ethics committee or the 

risk management department can be of help in this situation. An im-

portant study by Schneiderman and colleagues17 demonstrated the 

value of ethics consultation for ICU patients in whom a conflict arose 

regarding a value-based treatment decision. In that randomized con-

trolled trial, patients receiving an ethics consultation had shorter ICU 

and hospital stays and a decrease in the use of “nonbeneficial treat-

ments.” This study led to a call in the literature for more frequent use 

of ethics consultations in the ICU.18–20

FUTILITY

It is often said that “it is futile to define futility,” and this has never been 

truer than in the current era of medical care. Many diseases that were 

once thought to be untreatable are becoming treatable, and diseases 

with high mortality rates are seeing a decline. It is now common for 

ICUs to have patients who would have been considered too old or too 

sick to warrant critical care decades ago. As more of these patients go 

on to survive the ICU, the boundaries of medical futility get pushed 

back even further.

There are many definitions put forth for the term medically futile, 

but most prove inadequate for practical use. The term has been gener-

ally used to describe either a patient who simply could not be kept 

alive (i.e., refractory shock) or a patient in whom death was inevitable 

in the near future (i.e., advanced cancer). The term terminally ill prob-

ably better describes the second situation. Nevertheless, these con-

cepts have often been invoked as a justification for limiting lifesaving 
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interventions or denying admission to the ICU. However, this has 

become problematic. With modern medical interventions such as ex-

tracorporeal membrane oxygenation and others that can support vital 

organ functions, there are fewer times when physicians cannot keep a 

patient alive. Additionally, as patients with advanced illnesses are in-

creasingly treated in ICUs with the goal of only a few more weeks or 

days of life, it becomes clear that one person’s definition of terminally 

ill may not be the same for another.

In 2015 several key professional societies (American Thoracic Soci-

ety, American Association of Critical Care Nurses, American College of 

Chest Physicians, European Society for Intensive Care Medicine, and 

Society of Critical Care Medicine) jointly produced and published a 

statement addressing conflicts of this nature. Notably, the authors 

chose to avoid using the word futility whenever possible, given its sub-

jective nature, and instead use the wording requests for inappropriate 

care to describe situations in which patients or family request care that 

the physicians feel is of no benefit based on poor prognosis. The state-

ment made several recommendations for physicians addressing such 

requests.

First, institutions should try to prevent intractable treatment con-

flicts through proactive communication and early involvement of ex-

pert consultants. The term potentially inappropriate should be used, 

rather than futile, to describe treatments that have some chance of ac-

complishing the effect sought by the patient but clinicians believe that 

competing ethical considerations justify not providing them. If there is 

disagreement, clinicians should explain and advocate for the treatment 

plan they believe is appropriate. Conflicts regarding potentially inap-

propriate treatments that remain intractable despite intensive com-

munication and negotiation should be managed by a fair process of 

conflict resolution; this process should include hospital review, at-

tempts to find a willing provider at another institution, and opportu-

nity for external review of decisions. Finally, when time pressures make 

it infeasible to complete all steps of the conflict resolution process and 

clinicians have a high degree of certainty that the requested treatment 

is outside accepted practice, they should seek procedural oversight to 

the extent allowed by the clinical situation and need not provide the 

requested treatment.

The group further recommended that the use of the term futile 

should be restricted to the rare situations in which surrogates request 

interventions that simply cannot accomplish their intended physio-

logic goal. Clinicians should not provide futile interventions. The 

medical profession should lead public engagement efforts and advo-

cate for policies and legislation about when life-prolonging technolo-

gies should not be used.21

Controversies Emerging From New Technology and 
Cultural Change
Advances in medicine and cultural changes have introduced new ethi-

cal challenges. Technologies such as extracorporeal membrane oxygen-

ation (ECMO) and continuous venovenous hemofiltration (CVVH) 

can keep patients who would otherwise have died alive longer, forcing 

physicians to consider limited resources—distributive justice—and 

balance an obligation to respect the patient’s wishes—autonomy—

with concerns by some providers that the care may only be inflicting 

harm—nonmaleficence. Postmortem gamete retrieval (PMGR) now 

helps people create life under circumstances that otherwise would have 

been impossible, while introducing ethical questions pertaining to in-

formed consent, surrogate decision making, and conflicts of interest. 

At the same time, the rules and beliefs surrounding these new tech-

nologies are being tested on a regular basis.

In addition to the challenges posed by new technologies, the in-

creasing interest in complementary and alternative medicine (CAM) 

presents ethical issues. Given the incredible variety of therapies sought 

by patients that exist outside traditional medicine, assessing the poten-

tial efficacy and harm of the therapies can be difficult. On the one 

hand, a patient’s decision to pursue an alternative medicine such as 

acupuncture falls within the realm of autonomy, yet on the other hand, 

if the CAM is used at the exclusion of an effective therapy, a physician’s 

tacit approval may test the principle of nonmaleficence. Today, medical 

pluralism, or the use of CAM practices in conjunction with conven-

tional medical practices, is widely encouraged, and thus these ethical 

challenges are unlikely to disappear.

In summary, ethics in critical care are founded on the same four 

primary directives common to all disciplines of medicine. Critical care 

decision making presents special challenges because these decisions 

often involve the life or death of patients who are unable to participate 

in the decision-making process. Although the balance between physi-

cian and patient responsibility for decision making may vary across 

cultures, the primary directive for physicians to act in the best interest 

of their patients is universal.

ANNOTATED REFERENCES

Applebaum PS, Grisso T. Assessing patients’ capacities to consent to treat-

ment. New Engl J Med. 1988;319:1635–1638.

This paper outlines four tasks a patient must be able to execute to be consid-

ered competent: communicating a choice, understanding relevant informa-

tion, appreciating the current situation and its consequences, and manipulat-

ing information rationally.

Brock DW. Informed consent. In Regan T, VanDeVeer D, eds. Health Care Eth-

ics. Philadelphia, PA: Temple University Press; 1987:98–126.

In this chapter, Brock outlines with great clarity the ethical and practical con-

siderations underlying the doctrine of informed consent.

Brock DW. Surrogate decision making for incompetent adults: An ethical 

framework. Mount Sinai J Med. 1991;58:388–392.

An excellent overview of a philosophically sound approach to surrogate deci-

sion making.

Burns JP, Edwards J, Johnson J, et al. Do-not-resuscitate order after 25 years. 

Crit Care Med. 2003;31:1543–1550.

A review of the development, implementation, and present standing of the 

DNR order. Emphasizes the usefulness of the DNR order to clarify a patient’s 

wishes with regard to end-of-life care.

KEY POINTS

• Ethics in medical care is based on four fundamental principles: beneficence, 

nonmaleficence, autonomy, and justice.

• In the United States, competent patients have the right to make their own 

decisions about health care.

• The process of making known one’s wishes regarding future care is called 

advance care planning.

• In the absence of an advance directive, a surrogate decision maker attempts 

to make medical decisions for a patient using substituted judgment. When 

no specific information is available about a patient, decision makers apply 

a “reasonable-person” standard and sometimes resort to a “best-interest” 

standard.

• Discussions about advance directives should be rooted in the patient’s val-

ues and goals for medical care and the appropriateness of specific interven-

tions.

• Shared decision making is a process that combines patient autonomy and 

physician judgment.

• New technologies are introducing ethical challenges for physicians and 

patients.

 References for this chapter can be found at expertconsult.com.
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Cantor NL. My annotated living will. Law Med Health Care. 1990;18:115–119.

This is an excellent example of an annotated advance directive.

Prendergast T. Advance care planning: Pitfalls, progress, promise. Crit Care 

Med. 2001;29:N34–N39.

Review of the (largely disappointing) literature on the usefulness of advance 

directives but makes the point that “preferences for care are not fixed but 

emerge in a clinical context from a process of discussion and feedback within 

the network of the patient’s most important relationships.”

Schneiderman LJ, Gilmer T, Teetzel HD, et al. Effect of ethics consultations on 

nonbeneficial life-sustaining treatments in the intensive care setting: A 

randomized controlled trial. JAMA. 2003;290:1166–1172.

A seminal randomized controlled trial that demonstrated reduced hospital 

and ICU length of stay and decrease in “nonbeneficial treatment” in patients 

who received ethics consultation while in the ICU.
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The intensive care unit (ICU) is a complex environment with multiple 

professionals practicing together to provide patient care. Although 

technology and care options for critically ill patients have advanced, 

resulting in improved patient outcomes, they add to the complexity of 

care and knowledge needed by critical care providers. Nontechnical 

skills, such as teamwork and communication, are also essential for ef-

fective, efficient, and safe care provided by a multitude of professionals 

in a variety of roles. This chapter addresses the importance of team-

work in critical care, components of effective teamwork, the impact of 

teamwork on outcomes, strategies to build effective teamwork, and 

barriers to teamwork in critical care.

THE IMPORTANCE OF TEAMWORK IN  
CRITICAL CARE

Patients admitted to the ICU have a high acuity, are older, and require 

complex and costly care by interdisciplinary critical caregivers. The 

caregivers’ charge is to carry out evidence-based protocols and guide-

lines of care while meeting the individual needs of the patient and 

family. This takes place in a fast-paced environment with constant 

change and states of readiness. Care requires considerable coordina-

tion across caregivers working in concert, executing their contribution 

to the care of patients in this complex environment. With the in-

creased need for ICU beds, efficient use of resources and throughput 

of patients across the healthcare system are of high priority. The em-

phasis on using current best evidence to guide practice, advances in 

critical care research, and knowledge makes keeping up with best prac-

tices difficult. With the challenge of providing quality care in the 

complex ICU environment, teamwork is essential for efficient care in 

the ICU.1–3

Healthcare regulatory agencies, commissions, and professional or-

ganizations also value team collaboration to achieve quality outcomes. 

The Society of Critical Care Medicine (SCCM) focuses on delivering 

the right care at the right time with an integrated team of dedicated 

experts. In 2015 the American College of Critical Care Medicine up-

dated the 2001 guideline on processes of care and ICU structure,4 reaf-

firming recommendations for intensivist-led, high-performing multi-

disciplinary teams as a key part of delivering effective care. Further, an 

expert panel conducted a systematic review on shared decision making 

in the ICU and recommended that clinicians consider using a interpro-

fessional decision-making process whereby information is exchanged, 

there is deliberation among the team, and treatment decisions are 

made jointly.5 In a concise definitive review, Donovan and colleagues3 

(2018) found robust literature to support an interprofessional ap-

proach as part of achieving high quality of care in the ICU. They il-

lustrated the patient and family surrounded by a host of interprofes-

sional care team members, integrating care through an intersection of 

unique expertise with valued contributions toward a common goal.

 The importance of teamwork and collaborative practice extends to 

health professional education. The Association of American Medical 

Colleges (AAMC), along with five other health professional programs, 

created the Interprofessional Education Collaborative (IPEC) to ad-

vance interprofessional education. The IPEC revised their expert re-

port in 2016,6 outlining core competencies related to teamwork across 

interprofessional teams. Currently, a multitude of health professions 

include interprofessional teamwork in their accreditation standards 

and competencies. These include but are not limited to nursing, phar-

macy, respiratory therapy, nutritional support, physical and occupa-

tional therapy, and social work.7 Goldman and colleagues2 (2017) 

found interprofessional competencies are important for affecting 

competencies in skills and beliefs, but that organizational, environ-

mental, and resource factors greatly affect the ability of team members 

to enact these competencies in the real-world setting.

Leaders are gaining an appreciation for how organizational struc-

tures and processes affect patient outcomes and the importance of 

highly functional teams. The best systems are those that allow teams 

to function at the highest level to reduce costs and improve patient 

outcomes. Successful hospitals are those that attract, train, and retain 

expert team members in an environment where they experience 

meaningful work and thrive within effective teams. Top hospitals 

build environments with top-notch teamwork, are intolerant of poor 

performance, and are supportive of team members who vocalize 

concerns.

COMPONENTS OF EFFECTIVE TEAMWORK

Broadly, teamwork is defined as two or more people working dynamically 

together to accomplish a common goal. Important components include 

communication, competence, trust, cooperation, coordination, respect, 

interdependence, accountability, conflict resolution, and shared decision 

making.8,9 Although the term teamwork is widely used to describe inter-

ventions across teams and is valued by caregivers,10,11 results from some 

qualitative and ethnographic studies indicate that in their work together, 

critical caregivers are performing activities that are more indicative of 

interprofessional communication interactions such as collaboration, co-

ordination, and networking,12 rather than what are considered “idealized” 
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definitions of teamwork, as defined by a shared team identity, interdepen-

dence, integration, and shared responsibility.13,14

Historically, healthcare professionals have practiced as individuals, 

demonstrating autonomy in their respective field of practice sup-

ported by its own body of research. ICU patients require complex and 

multifaceted interventions by an interdisciplinary team of experts. 

This process requires moving away from isolated practice toward col-

laborative practice with other healthcare providers. Ongoing interac-

tion among the interdisciplinary team focused on patient-centric goals 

fosters greater collaboration and communication and can optimize 

patient care and outcomes. Through the exchange of ideas and exper-

tise, practitioners become familiar with the nature and scope of one 

another’s practice and are able to assess individual competence. This 

can build trust and promote the understanding of the unique contri-

butions of team members and their interdependence for providing 

care. Focusing on the common goal to provide the best possible care 

for patients is key to minimizing team conflict.8,15–17

Over time, trust and open communication promote respect. Team 

members begin to appreciate each other’s skills, knowledge, and judg-

ment. In collaborative practice, responsibility is shared, so that goal 

setting and decision making occur jointly.

Being a good team player is key to a team’s success. Given the ethical 

obligation to provide the best care for patients, every team member has 

the responsibility to make an optimal contribution during team com-

munications or rounds, speaking up and providing relevant input, and 

listening actively to others’ input while maintaining an open mind. 

Mutual support among the team (encouraging expression of ideas and 

positive professional communication) is important to build confidence 

in and perceived value of the team. These actions can lead to collective 

intellectual capital by the team and potentiate clinical effectiveness.

Team leadership is also critical to performance. Good leaders gen-

erate two-way trust, respect, and communication. They have vision, 

self-confidence, enthusiasm, tolerance, and a commitment to excel-

lence. They are organized and prepared, fulfill commitments, inspire 

shared missions, grow new leaders, model behaviors, challenge pro-

cesses, tolerate ambiguity, and remain calm. Leaders who think out 

loud help novices develop their teamwork skills and competence. 

Leaders set the tone for the function of the group and must demon-

strate respect for the collective contribution of its members. Team 

members must ask for help when needed and express concerns with-

out retribution in an environment that is psychologically safe. To have 

high-quality ICU teamwork, each team member should possess some 

leadership characteristics, as team leadership often changes, depending 

on the issue at hand.

IMPACT OF TEAMWORK ON OUTCOMES

Despite the support for teamwork and the development of an interdis-

ciplinary team model for the care of critically ill patients, research on 

the relationship to outcomes is limited.4,11,18 ICU patients are highly 

susceptible to medical errors. Severity of illness, intervention complex-

ity and number, invasive devices, and ICU length of stay (LOS) put 

critically ill patients at a higher risk for adverse events and errors. One 

comprehensive review of critical incidents in intensive care showed an 

increased incidence of adverse events when there was a deficit in non-

technical skills, including elements of teamwork.19

Ineffective communication and poor teamwork have been identi-

fied as significant contributors to patient errors and critical incidents 

in the ICU.8,9 Improved communication may reduce adverse events 

and errors.20,21

A systematic review and meta-analysis demonstrated improve-

ments in outcomes with pharmacist participation on the ICU team. 

Interventions by pharmacists during ICU team rounds were associated 

with reduced odds of mortality, lessened LOS, and reduction in pre-

ventable/nonpreventable adverse drug events.22 Another initiative was 

aimed at improving early mobility in ICU patients through active en-

gagement of the multidisciplinary team. Multidisciplinary team en-

gagement significantly improved rates of mobilization within the first 

24 hours of ICU admission.23 A pediatric study on the effect of team 

training for resuscitation demonstrated that training increased the 

chance of survival after in-hospital cardiopulmonary arrest.11

Whereas some studies have shown improvement of team perfor-

mance outcomes associated with improved teamwork, research on 

patient outcomes are less often seen.11
 Intensivist-led multidisciplinary 

teams have been espoused as an ideal model for critical care. However, 

insufficient numbers of trained intensivists exist to meet current or 

future demands, and a limited number of ICUs have implemented 

intensivist staffing.18 Furthermore, outcome studies on intensivist-led 

care demonstrate mixed findings.4,18 One large patient cohort study 

compared the mortality outcomes from hospitals with daily multidis-

ciplinary team rounds with and without intensivist models.18 Hospi-

tals with high intensivist staffing and multidisciplinary team care had 

the greatest reduction in odds ratio of death. Interestingly, hospitals 

with multidisciplinary care but low physician staffing also had signifi-

cant odds reduction in mortality, reinforcing the idea that patients 

benefit from care by a multidisciplinary team. Mortality has been sig-

nificantly reduced in patients with acute lung injury cared for by 

multidisciplinary teams led by full-time critical care physicians.24 A 

literature review summarized that the team model for ICU care deliv-

ery was associated with reduced mortality, ICU and hospital LOS, and 

cost of care.25

One hospital in Illinois implemented evidence-based bundles of 

care and a multidisciplinary daily goals rounding tool, resulting in 

decreased ICU LOS, improved protocol compliance, reduced ventila-

tor-acquired pneumonia (VAP), bloodstream infections, falls, and 

pressure ulcers in surgical ICU patients.26 Multidisciplinary teams 

developed to respond to shock in nontrauma patients resulted in  

decreased time to treatment, intensivist arrival, and admission to the 

ICU.27 This led to a significant reduction in mortality and improved 

patient outcomes.

Teamwork and Team Outcomes
Engaging in interprofessional teamwork has an overall impact on the 

team itself. In a narrative review of the effects on team training in 

critical care, Low and colleagues11 summarized several outcomes. 

Overall, interdisciplinary team members were positive and satisfied 

with the programs and found them useful for clinical practice. Most 

often, team members acquired new skills and abilities to manage dif-

ficult clinical situations, frequently augmented by simulation. When 

using team tools such as checklists, they had improved behavioral 

outcomes, including role clarity, improved communication, and con-

flict resolution. Overall, although the clinical skills and behaviors were 

enhanced, other aspects, such as sustainability of learning or compari-

son of training programs, were less studied.

Hellyar and colleagues28 implemented a case study investigation 

process in the ICU that included interprofessional peer review as a 

means of improving teamwork and optimizing patient outcomes from 

learnings achieved. This strategy demonstrated significant increases in 

the percentage of team members who felt free to speak up on issues 

that could potentially affect patient care, more open communication 

between nurses and physicians, and perceived improvement of team-

work across the interprofessional team. Additionally, there was a re-

duction in caregiver burnout and an accompanying reduction in 

central line– and catheter-related urinary tract infections.
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When teamwork increases the efficiency of care, an increased sense 

of accomplishment can occur.29,30 Research has shown that nurses 

preferred communicating with attending physicians over first-year 

residents and valued shared understanding and open, accurate com-

munication, citing this as a predictor of nurse job satisfaction.31 When 

a higher level of nurse-physician communication was reported, medi-

cation errors were reduced,32 and when the timeliness of communica-

tion improved, the prevalence of pressure ulcers decreased through 

timely reporting of relevant information.33 This further reinforces the 

notion that good communication and teamwork may translate into 

better overall care.

STRATEGIES TO ESTABLISH BETTER TEAMWORK

Because teamwork is so important for practice in the ICU, it is vital 

that steps be taken to implement team structures and processes that 

can help build teamwork in critical care. Models to develop strong 

teamwork have come from industries with high risk for errors, includ-

ing aviation, the military, and nuclear power. In these industries, effec-

tive teamwork is an important mechanism used to maintain safety, 

reduce errors, and increase efficiencies.34,35 Team members use specific 

processes for communication, leadership, coordination, and decision 

making to achieve positive team performance outcomes.

Although health care is different from these industries, lessons can 

be learned to improve teamwork in critical care.34 Applicable strategies 

include standardizing work processes and using checklists to ensure 

patients are consistently receiving care based upon the best current 

scientific evidence and to improve teamwork skills, collaborative en-

gagement, and communication. All interdisciplinary team members 

should be able to speak up when they identify potential patient safety 

hazards, and mechanisms should be developed to openly identify areas 

of high risk for errors and harm. A blame-free culture encourages team 

members to recognize, report, and thus minimize errors and learn 

from mistakes. Much like in an assembly line, when one team member 

recognizes the potential for harm, it must be pointed out and managed 

expeditiously.

Reader and colleagues35 consolidated the research literature on the 

relationship between teamwork and patient outcomes in critical care. 

They emphasized that effective teamwork is crucial to provide optimal 

patient care in the ICU and good leadership is vital for team interac-

tion and coordination. Four key performance competencies are needed 

to build effective teams in the ICU: (1) communication, (2) coordina-

tion, (3) leadership, and (4) decision making.

Another strategy to engage ICU interdisciplinary teams is involve-

ment in quality improvement initiatives.4 Participation in quality efforts 

is known to improve patient safety, reduce mortality, and decrease costs 

and LOS, among others. Adoption of evidence-based guidelines is also 

associated with coordinated care by the interdisciplinary team and  

improved outcomes.4

Barriers to Team Performance
Implementing teamwork strategies within health care has its chal-

lenges. Barriers to implementing a critical care team model can include 

local customs, hospital patterns, and reluctance to change despite 

proven benefit.25 Hierarchic and status differences can present a bar-

rier to team function and the ability of team members to openly con-

tribute to the plan of care if they are not convinced that their input is 

valued.8,36

Several factors may influence the ability of teams to function at the 

highest level. Although the intensivist-led model for high-performing 

interprofessional teams is recommended,4 there remain insufficient 

numbers of qualified physicians trained in critical care to meet demands. 

Costa and colleagues37 found that having daytime high-intensity physi-

cian staffing did not show a significant impact on mortality, and other 

studies show mixed results with regard to intensity of intensivist staffing. 

Sufficient evidence, however, concludes that an intensivist-led highly 

functional team improves ICU care and may improve outcomes. The 

benefit of high-intensity 24/7 intensivist staffing remains unclear. In-

creasing reliance on team function for protocolized and systematic care 

and engagement of advanced practice professionals in the ICU may re-

duce the continuous need for supervised care by an intensivist-led 

team.9,37 Other recently identified barriers are at the organizational level, 

where the environment is not conducive to practicing learned team 

competencies. Insufficient space for interaction, time, and resources to 

carry out team-related activities may reduce the ability to make optimal 

impacts from teamwork interventions and training. Organizational pri-

orities on patient throughput and LOS, staffing concerns, and efficient 

workflow influence the overall environment where teamwork takes place 

and the ability to enact effective teamwork and collaboration across the 

team.2,12,14 Even when intensivists are engaged with the interprofessional 

team, organizational characteristics and environment can affect the de-

gree of effective teamwork and communication. Ensuring that the inten-

sivist or other team leader can overcome barriers to effective communi-

cation is important to foster an environment of open communication 

and psychological safety.9

Educational Programs Used to Develop  
Teamwork in the ICU
Many practitioners in the ICU have not been trained in teamwork 

activities and are unfamiliar with the nontechnical skills required to 

perform well on a team.19 Individual team members’ knowledge, 

skill, and personality characteristics influence their effectiveness on 

teams. Because teamwork competency is being promoted as an es-

sential practice needed by healthcare providers, interprofessional 

team training and experiential learning are needed, particularly in 

high-risk units like ICUs. Dirks38 summarized key components in a 

comprehensive teamwork training program for the interprofes-

sional team. This program emphasized strategies and structures to 

support teams and major components on teamwork behaviors and 

communication skills.

Programs to improve patient safety and collaboration in the ICU 

have been developed using a crew resource management (CRM) ap-

proach.11,39 One group identified five key components needed for 

hospital CRM training: communication, task management, situational 

awareness, decision making, and leadership.40 Program content in-

cluded interpersonal communication; conflict resolution; nonthreat-

ening critique of team performance; and methods to improve system 

processes for care, such as checklists, handoff improvements, and de-

briefing after errors.

Simulation-based learning is another mechanism for training the 

team to function under specific circumstances and is widely used in 

medical professional education.41 Team learning in scenario-based 

simulation exercises allows professionals to learn their roles and prac-

tice safely under circumstances outside of stressful clinical settings.

Examples of using simulation for team training include managing 

septic shock using high-fidelity mannequins and scenario-based vid-

eos,42 resuscitation and management of acute respiratory failure, air-

way management, myocardial ischemia, trauma, and shock.43 Simula-

tion-based learning can be used to improve handoff communication 

and reduce errors in relaying critical information across teams,44 build 

teamwork competencies, and CRM. In one study, a critical event simu-

lation was used for an interprofessional team in a surgical-trauma-

burn ICU, which resulted in significant improvement in retention of 

teamwork skills and knowledge. Using simulation for team training is 
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an effective strategy for emphasizing roles and responsibilities across 

the interprofessional team.41

Multiprofessional Support for Teamwork in Critical Care
Key professional organizations support teamwork enhancements to 

drive improvements in practice. SCCM promotes an intensivist-led 

model for care by a team of multidisciplinary experts with supportive 

guidelines for characteristics of multidisciplinary teamwork (sccm.org).

The American Association of Critical Care Nurses actively supports 

teamwork within their healthy work environment initiative. Their web-

site has tools to evaluate and promote teamwork (aacn.org). The Insti-

tute for Healthcare Improvement promotes quality improvement with 

teamwork as a key component in their initiatives, and their website (ihi.

org) also has many useful team-building tools. The Agency for Health-

care Research and Quality has a comprehensive, evidence-based pro-

gram to improve communication and teamwork skills among healthcare 

professionals called TeamSTEPPS. Information on this comprehensive 

program is housed on their website (teamstepps.ahrq.gov).

EXAMPLES OF INITIATIVES REQUIRING  
AN INTERPROFESSIONAL APPROACH IN  
CRITICAL CARE

Adoption and Implementation of Evidence-Based Care 
Guidelines and Protocols
Many opportunities exist for collaboration and teamwork in develop-

ing and executing patient care initiatives. Examples where interdisci-

plinary team members intersect for care include sedation awaking with 

agitation/delirium management, ventilator management and the use 

spontaneous breathing trials, palliative care, sepsis and other emergent 

care, and early mobility.3

Collaborative Practice Teams
Collaborative practice teams (CPTs) are groups of interdisciplinary 

team members assembled for a particular patient population to ad-

dress issues related to clinical practice and outcomes. They design 

initiatives to drive evidence-based practice and improve quality of 

care. Critical care CPT composition depends on the patient population 

and disciplines involved in the care of those patients and should cap-

ture expertise from multiple disciplines (e.g., physicians, nurses, respi-

ratory therapists, physical therapists, pharmacists, nutritionists, social 

workers, clergy, administrators, risk managers, infection control, and 

quality and safety personnel). Examples of CPT initiatives are disease-

specific protocols, care “bundles,” order sets, and quality programs. 

Some teams are formed to manage urgent clinical conditions, such as 

medical emergency response teams who respond to calls on clinical 

deterioration, sepsis,42 stroke, and shock.27

Daily Interdisciplinary Team Rounds
Daily ICU rounds provide a forum for the individual interprofessional 

team members, with their respective roles, to exchange information 

and make decisions about the patient care plan.3,9 Daily rounds also 

provide opportunities to augment new clinical initiatives. O’Brien and 

colleagues45 redesigned multidisciplinary rounds using a structured 

approach and Lean-inspired methods. After soliciting barriers and in-

sufficiencies from team members, the team implemented a tool kit to 

standardize key elements for discussion during rounds. Results showed 

improved communication and participation of nurses in rounds and 

reduced communication errors. Communication regarding the plan of 

care by the team can be facilitated by using a daily goals checklist during 

rounds. Checklists and protocols for care facilitate team functioning 

and provide a structure and guidelines for team actions and streamlin-

ing care.9 Team accountability for assignments and goals established 

during rounds occurs during reviews for completion at day’s end. This 

approach has demonstrated improved team and patient outcomes.26,46,47

CONCLUSION

As we struggle to increase patient safety, prevent harm, decrease chaos, 

and improve outcomes, mechanisms to integrate complex behavior 

into functional teamwork have become increasingly important. Har-

monious and efficient integration of personnel and their respective 

expertise in the complex critical care environment is key to the delivery 

of high-quality intensive care. Ideally, care will be coordinated and 

delivered by a team with a high degree of mutual respect, who values 

and listens to all contributions, resulting in care that is optimized,  

efficient, and timely.

KEY POINTS

• An emphasis on collaborative teamwork to improve outcomes and reduce 

costs has increased as the care of the critically ill has become more com-

plex and resources more limited.

• Key skills required for teamwork include communication, competence, trust, 

cooperation, coordination, respect, interdependence, accountability, conflict 

resolution, and shared decision making.

• Barriers to ICU teamwork include increasing patient acuity, rapidly evolving 

evidence-based practice, lack of teamwork competencies and training,  

insufficient physician-led multidisciplinary teams, and the stressful nature 

of intensive care practice.

• With the increased focus on teamwork, several models of teamwork in the 

critical care environment and increased resources have become available.

• Research shows that improved processes in teamwork and communication 

can lead to improved patient outcomes and healthcare team satisfaction.

• The interdisciplinary team has an opportunity to partner together through 

adoption and implementation of evidence-based care guidelines and proto-

cols, CPTs, and daily rounding teams to drive quality improvements in the 

care of the critically ill.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Alexanian JA, Kitto S, Rak KJ, et al. Beyond the team: Understanding inter-

professional work in two North American ICUs. Crit Care Med. 2015;43:

1880–1886.

The authors of this paper conducted an ethnographic, qualitative study  

to evaluate ways that healthcare professionals work together in the ICU  

setting. They used direct observations and interviews of members of the  

multidisciplinary team. They found that although the term “teamwork” is 

used often to describe the interactions in the ICU, the type of work that they 

observed was more like interprofessional work, such as collaboration, coordi-

nation, and networking, as compared with teamwork behaviors, which in-

clude shared team identity, clarity, interdependence, integration, and shared 

responsibility.

American Association of Critical Care Nurses. AACN’s Healthy Work Envi-

ronments Initiative. Available at http://www.aacn.org/wd/hwe/content/

hwehome.pcms?pid51&&menu5.

The AACN has established an initiative to promote healthier work environ-

ments that allow teamwork to flourish. The website includes descriptions of 

ingredients for success in creating healthy environments, tools for assessing 

teams, and links to many other helpful resources.
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Donovan AL, Aldrich JM, Gross AK, et al. Interprofessional care and team-

work in the ICU. Crit Care Med. 2018;46:980–990.

This concise definitive review was conducted to determine the importance of 

interprofessional care in the current intensive care unit setting. They defined 

interprofessional care as the care that a team of multiple healthcare profes-

sionals with overlapping expertise provide in partnership with other members 

of the healthcare team towards a common goal. They emphasize that all dis-

ciplines play an important role to meet the complex needs of patients. They 

advocate for inclusion of patients and families as partners in their care. In 

summary, they found a robust body of evidence to support the inclusion of 

the interprofessional team as a care model in the ICU.

Institute for Healthcare Improvement (IHI). http://www.ihi.org/ihi.

The IHI has been very successful in teaching teams to use a rapid-cycle 

change process to improve care delivery and patient outcomes. The website 

includes information on process improvement, tools for implementing change 

and evaluating progress, and guidance for addressing specific patient and sys-

tem problems.

Michalsen A, Long AC, Ganz FD, et al. Interprofessional shared decision-mak-

ing in the ICU: A systematic review and recommendations from an expert 

panel. Crit Care Med. 2019;47:1258–1266.

This systematic review of four papers evaluating the effect of interprofessional 

decision making on quality of care was done and recommendations for action 

were made. Interprofessional shared decision making should be a collabora-

tive process regarding decisions for patient care. Clinicians should engage in 

interprofessional decision making to foster balanced treatment decisions. Cli-

nicians and hospitals should develop a climate conducive to shared decision 

making. Clinicians involved in decision making should have a structured ap-

proach for interdisciplinary collaboration. The authors concluded that further 

studies are needed to determine the impact of interprofessional shared deci-

sion making in the ICU.

Weled BJ, Adzhigirey LA, Hodgman TM, et al. Critical care delivery: The im-

portance of process of care and ICU structure to improved outcomes: An 

update from the American College of Critical Care Medicine task force on 

models of care. Crit Care Med. 2015;43:1520–1525.

This article outlines a revision in a previous guideline from 2001 on practice 

models of care in the ICU. After the task force review, four key recommenda-

tions were made: (1) an intensivist-led, high-performing, multidisciplinary 

team dedicated to the ICU is an integral part of effective care delivery; (2)

process improvement is the backbone of achieving high-quality outcomes of 

care; (3) standardized protocols, bundles of care, and order sets are useful to 

measure processes and outcomes and are recommended for use; and (4) sup-

port by institutions for a comprehensive quality improvement program, in-

cluding tele-ICU programs, should be implemented.
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publication, and education, while having some issues with patient ex-

perience and wait times. Some metrics, such as mortality rate and LOS, 

will be determined primarily by a patient’s underlying physiology and 

health status. Thus rates are normalized using the ratio of observed to 

expected events and creating standardized rates.

Designation as an ICU, 24-hour availability of consultants, an ad-

verse event reporting system, routine multidisciplinary rounds, a 

standardized handover process, rate of catheter-related bloodstream 

infections, unplanned extubation rates, ICU readmission rate, and 

reporting and analysis of the standardized mortality rate (SMR) have 

been considered key indicators.14 The SMR is one of the most fre-

quently used adjusted outcomes measured worldwide.6

Mortality is a commonly chosen ICU and hospital outcome because it 

is unambiguous and readily available from a variety of data sources. Mor-

tality, although clearly important, does not necessarily reflect quality of 

care or other important issues such as patient/family satisfaction, return to 

work, quality of life, or even cost, as early death results in a lower cost than 

prolonged hospitalization.15 There is a poor correlation between hospital 

rankings based on death and those based on other complications.16 A 

retrospective cohort study from 138 US ICUs contributing to Project IM-

PACT from 2001 to 2008 found that none of the 10 common performance 

indicators (e.g., mortality, readmission, LOS, bundle compliance) consis-

tently correlated with the other 9.17 There is also little standardization on 

how mortality should be defined—traditional ICU or hospital rates are 

subject to discharge bias,13 but time-based outcomes (30-day, 1-year mor-

tality rates) require intensive manual processes. Regionalized health infor-

mation organizations or health information exchanges could make data 

collection easier but are not yet widely available.18

Other potential outcomes of interest include morbidity, organ fail-

ure, complications, ICU or hospital LOS, ICU or hospital readmission, 

and health-related quality of life after hospital discharge.19 With elec-

tronic medical records (EMRs) and good coding, comorbidities may be 

identified by International Classification of Disease (ICD-9) and ICD-10 

codes,20 but administrative records may not reflect all relevant events.21 

ICU LOS is difficult to use as a proxy for quality of care because the 

frequency of distribution is usually skewed by long-stay outliers.22 In 

addition, early death shortens the LOS, resulting in competing risk ef-

fects. It is difficult to develop accurate models for ICU LOS at admis-

sion,23 and discrimination is usually inferior to that of mortality models 

based on the same database. A variety of regression methods have been 

applied to LOS prediction, with somewhat disappointing results.24 More 

success has been achieved by combining variables from ICU day 1 and 

day 5; variables with the most impact include mechanical ventilation, the 

PaO2:FiO2 (arterial oxygen partial pressure/fraction of inspired oxygen) 

ratio, physiologic components, and day 5 sedation.25

Predicting outcome is a time-honored duty of physicians, dating back at 

least to the time of Hippocrates.1 The need for a quantitative approach 

to outcome prediction, however, is more recent. Although a patient or 

family members will still want to hear a prognosis, there is increasing 

pressure to measure and publicly report medical care outcomes and as-

sess the value of care.2,3 deliver comparative information website (www.

leapfroggroup.org).4 enacts penalties and provides incentives for provid-

ers based on quality.5 Public reporting of intensive care unit (ICU) per-

formance, in the form of risk-adjusted mortality rates, is now mandated 

in some European countries6 and Veterans Administration (VA) hospi-

tals in the United States7 and used in many ICUs in the United States.8 

Thus clinicians need to understand the science behind these systems9 

and how risk adjustment models may properly be applied. Risk adjust-

ment systems allow performance (process of care) to be evaluated inde-

pendent of the presenting condition (baseline risk).

Prognostication based on clinical observation is affected by heuris-

tic bias, inaccurate estimation of the relative contribution of multiple 

factors, false beliefs, and human limitations such as fatigue.10 Outcome 

prediction models, on the other hand, will consistently replicate an 

estimate when considering relevant data. This presupposes that the 

model has been well developed and includes the most important pre-

dictive variables. Over time, we have learned that accepting patients in 

transfer,11 sociodemographic factors,12 and the point at which an out-

come is assessed13 can lead to misinterpretation of supposedly objec-

tive measures. This chapter discusses what can (and should) be mea-

sured, how benchmarking models are created and assessed, how they 

are applied in clinical practice, how this information may be used, and 

the pitfalls and confounders associated with their use.

WHAT SHOULD BE MEASURED

What is perceived as “quality” depends not only on individual subjec-

tive experience but also on integrating multiple perceptions and under-

standing the limitations of any one observation. Table 165.1 lists over 

80 potential metrics categorized into process measures (what is done) 

or outcomes (what is achieved) in three categories: quality, efficiency, 

and patient/family experience. Process measures are important insofar 

as they provide guidance to interpreting outcomes that are out of range. 

A high urinary catheter utilization rate will affect the rate of catheter-

associated urinary tract infections. Fig. 165.1 displays a “radar” plot 

where every variable has been normalized, such that 1.0 indicates per-

formance at benchmark and the red-shaded areas indicate concern. In 

this hypothetical example, the neuro ICU appears to have issues with 

prolonged hospital length of stay (LOS), possibly related to hospital-

acquired conditions. The medical ICU appears to excel at research, 
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Process Measures Quality Metrics Efficiency Experience Optional (Local)

Daily wakeup/screen for weaning readiness ICU SMR ICU LOS Patient satisfaction Trainee performance

Glucose control Hospital SMR Hospital LOS Family satisfaction Publications

Lung protective ventilation (Vt/IBW) 1-year SMR ICU occupancy (95% CI) Delirium rate Funded research

Semirecumbent position (HOB at 30) Sentinel events Bed turnover rate Tracheostomy rate Local research

Stress ulcer prophylaxis CNS events (CVA) ED to ICU transfer time % transfer to SNF Regional transfers in

Mobilization of patients Cardiac events (MI) ICU to SD/floor time Rehabilitation days Workload (TISS)

Communication (daily goal transfer) Respiratory events Readmission to ICU 1-year QOL/PICS Organ donation rate

Antibiotic stewardship Renal events (AKI) Hospital readmission Noise levels in ICU Autopsy rate

Medicine reconciliation GI events (GIB) Cost/discharge EOL care and DNR rate

Handwashing EMR (no cut/paste) Cost/day N:P staffing ratio

DVT prophylaxis DVT and HIT rates Transfusion rates MD:patient ratio

Central line use and insertion CLABSI rate Ratio acute/LTAC days Provider engagement

Foley use and early removal CAUTI rate Palliative care referrals Collaborative practice

Ventilator and NIV utilization rates VAP rate Ventilator days Procedure complications

Assessing sedation RASS/CAMICU 

TABLE 165.1 Possible Metrics for Evaluating ICU Performance

AKI, Acute kidney injury; CAMICU, confusion assessment method–intensive care unit; CAUTI, catheter-associated urinary tract infection; CLABSI, 

central line–associated bloodstream infection; CVA, cerebrovascular event; DVT, deep venous thrombosis; ED, emergency department; EMR, 

electronic medical record; GIB, gastrointestinal bleeding; HIT, heparin-associated thrombocytopenia; ICU, intensive care unit; LOS, length of stay; 

MI, myocardial infarction; N:P, nurse to patient; RASS, Richmond Agitation-Sedation Scale; SMR, standardized mortality ratio; SNF, skilled nursing 

facility; TISS, Therapeutic Intervention Severity Score; VAP, ventilator-associated pneumonia.

Hospital LOS

Hospital SMR
ICU SMR

ICU LOS

HAC index (1 = no events)

Indexed readmissions

Indexed cost per day

Ventilator day index

Patient experience index

Staffing ratio index

Research index

Publication index

Education index

Documentation index

Billing index

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

Bundle adherence

MICU

SICU

CVICU

NICU

Incoming waitOutgoing wait

Provider engagement
index

Fig. 165.1 Radar display of three hypothetical intensive care units, demonstrating a balanced score-

card approach to outcome assessment. Domains include metrics for quality of care (standardized mortality 

and hospital-acquired conditions); efficiency (standardized length of stay, readmissions, costs); subjective 

experience (family satisfaction, provider engagement, quality of life, wait times); and unit-specific measures 

such as publications, education, and quality of documentation. CVICU, Cardiovascular intensive care unit; 

HAC, hospital-acquired conditions; ICU, intensive care unit; ICU SMR, intensive care unit standardized mortality 

ratio; LOS, length of stay; MICU, medical intensive care unit; NICU, neuro intensive care unit; SICU, surgical 

intensive care unit.
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Patients readmitted to ICUs have increased hospital mortality and 

LOS. However, readmission rates are difficult to interpret without careful 

case-mix adjustment.26 Readmission rates are affected by triage decisions 

when ICU beds are constrained, but one study suggests that readmissions 

are only slightly higher with bed constraints, and, in any case, do not ap-

pear to affect short-term patient outcomes.27 In a retrospective study of 

263,082 first-admission patients in 105 US hospitals, the median unit 

readmission rate was 5.9% (interquartile range [IQR], 5.1%–7.0%). Hos-

pitals with high readmission rates, however, did not have higher stan-

dardized mortality rates or LOS after case-mix adjustment.28

Patient satisfaction is an outcome highly valued by purchasers of 

health care, but it is subjective and requires substantial effort to quan-

tify successfully.29 Evaluation of ICU performance requires a combina-

tion of indicators, but risk adjustment has mostly been developed for 

short-term mortality outcomes, with only a few studies risk-adjusting 

for other indicators.

DATABASES AND DEFINITIONS

The quality of a risk stratification system largely depends on the qual-

ity of the underlying database. Retrospective studies using existing 

data are quicker and less expensive but may be compromised by miss-

ing data, imprecise definitions, interobserver variability,30 and changes 

in medical practice over time. Data derived from discharge summaries 

or insurance claims do not always capture the presence of comorbid 

disease31 if the number of reportable events is truncated. Such coding 

bias is most apparent in severely ill patients.22 A variety of methods can 

assess the quality of the database, such as reabstraction of a sample of 

charts by personnel blinded to the initial results. Kappa analysis is a 

method for quantifying the rate of discrepancies between measure-

ments (values) of the same variable in different databases (i.e., original 

and reabstracted). A kappa value of 0 represents random agreement 

and of 11.0 represents perfect agreement, but this statistic must be 

interpreted in light of the prevalence of the factor being abstracted.32

MODEL DEVELOPMENT

Once data integrity is ensured, there are several possible approaches to 

relate outcome to the presenting condition.9 The empiric approach is to 

use a large database and subject the data to a series of statistical manipu-

lations (Box 165.1). Typically, death, one or more specific morbidities, 

and resource consumption (LOS) are chosen as outcomes (dependent 

variables). Factors (independent variables) thought to affect outcome 

are then evaluated against a specific outcome using univariate tests to 

establish the magnitude and significance of any relationship.9

WHAT INDEPENDENT VARIABLES AFFECT OUTCOME?

ICU-specific systems typically adjust for patient physiology, age, and 

chronic health condition. They may also assess admitting diagnosis, 

location before ICU admission or transfer status, cardiopulmonary 

resuscitation (CPR) before admission, surgical status, and mechani-

cal ventilation use. An ideal approach would use only variables that 

characterize a patient’s initial condition, can be statistically and 

medically related to outcome, are easy to collect, and are indepen-

dent of treatment decisions. There is also benefit to serial assessment 

of the condition, as the influence of independent variables may vary 

throughout the hospitalization.33 The Glasgow Coma Scale34 (GCS) 

is frequently used as a component of ICU severity scores but can be 

difficult to calculate correctly in sedated patients. The Full Outline 

of UnResponsiveness score,35 which includes information on brain-

stem reflexes and respiration, may be an alternative as a mortality 

predictor.

Measured variables such as “cardiac index” or “hematocrit” are 

preferred over “use of inotropes” or “transfusion given” because the 

criteria for intervention may vary. Widely used models rely on com-

mon measured physiologic variables (heart rate, blood pressure, and 

neurologic status) and laboratory values (serum creatinine level and 

white blood cell count). Models may consider age and chronic health 

status and include interaction terms when variables are not indepen-

dent. Items chosen for inclusion in a scoring system should be readily 

available and relevant to involved clinicians. Specialized scoring sys-

tems become necessary for specific patient populations (pediatric, 

burn, trauma, cardiac surgery) whose underlying physiology or treat-

ment course differs from that of the general adult ICU population. For 

example, left ventricular ejection fraction and reoperative status are 

important predictors of outcome in the cardiac surgical population 

but are neither routinely measured nor directly relevant to other 

population groups.36

If the independent variable is dichotomous (yes/no, male/female), 

a two-by-two table can be constructed to examine the odds ratio and 

a chi-square test performed to assess significance (Table 165.2). If 

multiple variables are being considered, the level of significance  

is generally set smaller than P 5 .05, using a multiple comparison 

correction.37

BOX 165.1 Steps in Developing a Severity-
of-Illness Model

• Precisely define outcome(s) of interest.

• Identify and define candidate predictor variables (data analysis, expert opinion).

• Collect data, and ensure its accuracy (reabstraction, kappa analysis).

• Examine continuous variables, and transform or dichotomize as necessary.

• Perform univariate analysis (chi-square, Fisher’s exact, Student’s t-test) 

against outcome(s).

• Perform multivariate analysis (logistic regression, neural nets, Bayesian, others).

• Examine and adjust for interactions among variables.

• Develop a score or equation that relates independent variables to outcome.

• Test calibration of model (goodness of fit, typically Hosmer-Lemeshow method).

• Test discrimination of model (ROC area C-statistic, sensitivity, and specificity).

• Validate model with independent data, split sample, or jackknife techniques.

• Obtain external validation in new settings, and customize as needed.

• Publish in peer-reviewed journal.

Predictor Variable:  

History of CHF

OUTCOME VARIABLE: MOF

Yes No

Yes 121 846

No 166 2697

TABLE 165.2 Two-by-Two Contingency 
Table Examining Relationship of MOF After 
Open Heart Surgery (Outcome) to a History 
of CHF (Predictor) in 3830 Patients*

*The odds ratio is defined by cross-multiplication (121 3 2697)  

(846 3 166). The odds ratio of 2.3 indicates patients with CHF are 

2.3 times as likely to develop postoperative organ system failure as 

those without prior CHF. This univariate relationship can then be  

tested by chi-square for statistical significance.

CHF, Congestive heart failure; MOF, multiple organ failure.

Data from Higgins TL, Estafanous FG, Loop FD, et al. ICU admission 

score for predicting morbidity and mortality risk after coronary artery 

bypass grafting. Ann Thorac Surg. 1997;64:1050–108.

ROC, Receiver-operating characteristic.
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If the independent variable under consideration is continuous (e.g., 

age), a Student’s t-test is an appropriate choice for statistical comparison. 

With continuous variables, consideration must be given to whether the 

relationship of the variable to outcome is linear, exponential, or seg-

mented across its range. Fig. 165.2 shows the relationship of ICU admis-

sion serum bicarbonate to mortality outcome in cardiac surgical pa-

tients38; data points have been averaged with adjacent values to produce 

a smoothed graph.39 Serum bicarbonate values higher than 22 mmol/L 

at ICU admission imply a relatively constant risk. Below this value, the 

risk of death rises sharply. Analysis of this locally weighted smoothing 

scatterplot graph suggests two ways for dealing with the impact of serum 

bicarbonate on mortality. One would be to make admission bicarbonate 

a dichotomous variable (i.e., .22 mmol/L or ,22 mmol/L). The other 

would be to transform the data via a logarithmic equation to make the 

relationship more linear. Cubic splines analysis40 can be helpful when the 

relationship between independent and dependent variables is not linear 

or cannot be described by a simple transformation.

Univariate analysis assesses the forecasting ability of variables with-

out regard to possible correlations or interactions between them. Lin-

ear discriminant and logistic regression techniques can evaluate and 

correct for overlapping influences on outcome. For example, both a 

history of heart failure and depressed left ventricular ejection fraction 

predict poor outcome in patients presenting for cardiac surgery.41 As 

might be expected, there is considerable overlap between the popula-

tion with systolic heart failure and those with low ejection fraction. 

The multivariate analysis in this specific instance eliminates history of 

heart failure as a variable and retains only measured ejection fraction 

in the final equation to avoid double-counting of this general risk.

Because linear discriminant techniques require certain assump-

tions about data, logistic techniques are more commonly used.9 Mul-

tiple logistic regression produces an equation with a constant, a beta 

coefficient and standard error, and an odds ratio that represents each 

term’s effect on outcome. Table 165.3 displays the results of the logistic 
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Fig. 165.2 A locally weighted smoothing scatterplot (LOWESS) 

analysis of the relationship between intensive care unit (ICU) ad-

mission bicarbonate level (x-axis) and mortality (y-axis). Individual 

patient data are grouped and averaged with surrounding data to pro-

duce a smooth plot. In this instance, the mortality rate appears to be 

stable with admission serum bicarbonate levels of 22 mmol/L and 

above but rises rapidly with lower values. Admission bicarbonate level 

of less than 21 mmol/L was given prognostic weight in the model that 

used these data. (Data from Higgins TL, Estafanous FG, Loop FD, et al. 

ICU admission score for predicting morbidity and mortality risk after 

coronary artery bypass grafting. Ann Thorac Surg. 1997;64:1050–1058.)

regression used in the Mortality Probability Model III ICU admission 

model (MPM0 III).42 There are 17 variable terms, and a constant term, 

each with a beta value that, when multiplied by the presence or absence 

of a factor, becomes part of the calculation of mortality probability 

using a logistic regression equation. The odds ratios reflect the relative 

risk of mortality if a factor is present.

Variable

Odds Ratios  

(95%  

Confidence  

Intervals)

Coefficients  

(Robust  

Standard  

Errors)

Constant NA 25.36283 (0.103)

Physiology
Coma/deep stupor (GCS 3 or 4) 7.77* (5.921, 10.201) 2.050514 (0.139)

Heart rate $150 bpm 1.54 (1.357, 1.753) 0.433188 (0.065)

Systolic BP #90 mm Hg 4.27* (3.393, 5.367) 1.451005 (0.117)

Chronic Diagnoses
Chronic renal insufficiency 1.71 (1.580, 1.862) 0.5395209 (0.042)

Cirrhosis 7.93* (4.820, 13.048) 2.070695 (0.254)

Metastatic neoplasm 24.65* (15.970, 38.056) 3.204902 (0.222)

Acute Diagnoses
Acute renal failure 2.32 (2.137, 2.516) 0.8412274 (0.042)

Cardiac dysrhythmia 2.28* (1.537, 3.368) 0.8219612 (0.200)

Cerebrovascular incident 1.51 (1.366, 1.665) 0.4107686 (0.051)

GI bleed 0.85 (0.763, 0.942) 20.165253 (0.054)

Intracranial mass effect 6.39* (4.612, 8.864) 1.855276 (0.166)

Other
Age (per year) 1.04* (1.037, 1.041) 0.0385582 (0.001)

CPR before admission 4.47* (2.990, 6.681) 1.497258 (0.205)

Mechanical ventilation within 

1 hour of admission

2.27* (2.154, 2.401) 0.821648 (0.028)

Medical or unscheduled  

surgical admit

2.48 (2.269, 2.719) 0.9097936 (0.046)

Zero factors (no factors other 

than age from previous list)

0.65 (0.551, 0.777) 20.4243604 (0.088)

Full code 0.45 (0.416, 0.489) 20.7969783 (0.041)

Interaction Terms
Age 3 Coma/deep stupor 0.99 (0.988, 0.997) 20.0075284 (0.002)

Age 3 Systolic BP #90 0.99 (0.988, 0.995) 20.0085197 (0.002)

Age 3 Cirrhosis 0.98 (0.970, 0.986) 20.0224333 (0.004)

Age 3 Metastatic neoplasm 0.97 (0.961, 0.974) 20.0330237 (0.003)

Age 3 Cardiac dysrhythmia 0.99 (0.985, 0.995) 20.0101286 (0.003)

Age 3 Intracranial mass effect 0.98 (0.978, 0.988) 20.0169215 (0.003)

Age 3 CPR before admission 0.99 (0.983, 0.995) 20.011214 (0.003)

TABLE 165.3 Variables in the MPM0 III 
Logistic Regression Model

BP, Blood pressure; bpm, beats per minute; CPR, cardiopulmonary 

resuscitation within 24 hours preceding admission; GCS, Glasgow 

Coma Scale; GI, gastrointestinal; 3, interaction between each pair of 

variables listed.

Odds ratios for variables with an asterisk (*) are also affected by the 

associated interaction terms.

Reprinted with permission from Higgins TL, Teres D, Copes WS, et al. As-

sessing contemporary intensive care unit outcome: an updated mortality 

probability admission model (MPM0-III). Crit Care Med 2007;35:827–835.
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The challenge in building a model is to include sufficient terms to 

deliver reliable prediction while keeping the model from being cumber-

some to use or too closely fitted to its unique development population. 

Generally accepted practice is to limit the number of terms in the logis-

tic regression model to 10% of the number of patients having the out-

come of interest to avoid “overfitting” the model to the developmental 

data set. It is important to identify interaction among variables that 

may be additive, subtractive (canceling), or synergistic and thus require 

additional terms in the final model. In the earlier example, seven inter-

action items were added to reflect important observations in elderly 

patients,43 where the very old without significant comorbidity fre-

quently have better outcomes than unhealthy younger individuals.

The patient’s diagnosis is an important determinant of outcome,44 

but conflicting philosophies exist on how disease status should be ad-

dressed by a severity adjustment model. One approach is to define 

principal diagnostic categories and add a weighted term to the logistic 

regression equation for each illness.45 This acknowledges the different 

impact of physiologic derangement by diagnosis. For example, patients 

with diabetic ketoacidosis have markedly altered physiology but a low 

expected mortality; a patient with an expanding abdominal aneurysm, 

conversely, may show little physiologic abnormality and yet be at high 

risk for death. Too many diagnostic categories, however, may result in 

too few patients in each category to allow statistical analysis for a typi-

cal ICU, and such systems are difficult to use without sophisticated 

(and often proprietary) software.

The other approach is to ignore disease status and assume that fac-

tors such as age, chronic illness, and altered physiology will suffice to 

explain outcome in large groups of patients. This method reduces 

manual data collection and avoids issues with inaccurate labeling of 

illness in patients with multiple problems and the need for lengthy lists 

of coefficients but could result in a model that is less accurate46 and 

somewhat dependent on having an “average” case mix.47 Regardless of 

the specific approach, age and comorbidities (metastatic or hemato-

logic cancer, immunosuppression, and cirrhosis) are given weight in 

nearly all ICU models to help account for the patient’s physiologic re-

serve or ability to recover from acute illness. Yet many influential 

variables (e.g., frailty48 in elders, mental illness,49 paraplegia) increase 

the risk of poor outcome but are seldom incorporated into models. For 

example, acutely intoxicated patients tend to have low in-hospital 

mortality but striking rates of long-term mortality, particularly when 

street drugs are the intoxicating agent.50 Do-not-resuscitate (DNR) 

orders are a strong confounder in mortality evaluations51 but have only 

been included as a scoring variable in more recent models.42

VALIDATION AND TESTING MODEL PERFORMANCE

Models may be validated on an independent data set or by using the de-

velopment set with methods such as jackknife or bootstrap validation.52 

Two criteria are essential in assessing model performance: calibration and 

discrimination. Calibration refers to how well the model tracks outcomes 

across its relevant range. A model may be very good at predicting good 

outcomes in healthy patients and poor outcomes in very sick patients yet 

unable to distinguish outcomes for patients in the middle range. The 

Hosmer-Lemeshow goodness-of-fit test53 assesses calibration by stratify-

ing the data into categories (usually deciles) of risk. The number of  

patients with an observed outcome is compared with the number of 

predicted outcomes at each risk level. If the observed and expected out-

comes are very close at each level across the range of the model, the sum 

of chi-squares will be low, indicating good calibration. The P value for the 

Hosmer-Lemeshow goodness-of-fit increases with better calibration and 

should be nonsignificant (i.e., ..05). Special precautions apply when us-

ing the Hosmer-Lemeshow tests with very large databases,54 where mas-

sive numbers can produce significance without clinical importance.

The second measurement of model performance is discrimination, 

or how well the model predicts the correct outcome. A classification 

table (Table 165.4) displays four possible outcomes that define sensi-

tivity and specificity of a model with a binary (died/survived) predic-

tion and outcome. Sensitivity (the true-positive rate) and specificity 

(the true-negative rate, or 1 minus false-positive rate) are measures of 

discrimination but will vary according to the decision point chosen to 

distinguish among outcomes when a model produces a continuous 

range of possibilities. The sensitivity and specificity of a model when 

using 50% as the decision point will differ from that using 95% as the 

decision point. The classification table can be recalculated for a range 

of outcomes by choosing various decision points: for example, 10%, 

25%, 50%, 75%, and 95% mortality risk. At each decision point, the 

true-positive rate (proportion of observed deaths predicted correctly), 

the false-negative rate (proportion of survivors incorrectly predicted 

to die), and overall correct classification rate can be presented. The 

C-statistic, or area under a receiver-operating characteristic (ROC) 

curve, is a convenient way to summarize sensitivity and specificity at 

all possible decision points. A graph of the true-positive proportion 

(sensitivity) against the false-positive proportion (1 minus specificity) 

across the range of the model produces the ROC curve (Fig. 165.3). 

Predicted Outcome

ACTUAL OUTCOME

Died Survived

Died a c

Survived b d

TABLE 165.4 Classification Table

True-positive ratio 5 a/(a 1 b) (sensitivity)

False-positive ratio 5 c/(c 1 d)

True-negative ratio 5 d/(c 1 d) (specificity)

False-negative ratio 5 b/(a 1 b)

Accuracy (total correct prediction) 5 (a 1 d)/a 1 b 1 c 1 d

Adapted from Ruttiman UE. Severity of illness indices: Development 

and evaluation. In Shoemaker WC, ed. Textbook of Critical Care 

Medicine, 2nd ed. Philadelphia, PA: Saunders; 1989.

Fig. 165.3 Relative operating characteristic (ROC) curves. A coin 

toss gives an ROC of 0.5. In models that discriminate outcome, an  

increasing area under the curve, also called the C-statistic, is enclosed. 

(From Swets JA. Measuring the accuracy of diagnostic systems.  

Science. 1988;240:1285–1294.)
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A model with equal probability of producing the correct or incorrect 

result (e.g., flipping a coin) will produce a straight line at a 45-degree 

angle that encompasses half of the area (0.5) under the curve. Models 

with better discrimination will incorporate increasingly more area 

under the curve to a theoretical maximum of 1.0. An area under the 

ROC curve (auROC) higher than 0.70 is acceptable, with higher than 

0.80 considered excellent, and higher than 0.90 outstanding.8 Most 

ICU models have ROC areas of 0.8–0.9 in their development set, al-

though the ROC area usually decreases when models are applied pro-

spectively to new data sets. The ROC analysis is valid only if the model 

has first been shown to be well calibrated.

A model may discriminate and calibrate well on its development 

data set yet fail when applied to a new population.55 Discrepancies in 

performance can also relate to differences in surveillance strategies and 

definitions55 and can occur when a population is skewed by an unusual 

number of patients having certain risk factors, as could be seen in a 

specialized ICU.47 Large numbers of low-risk ICU admissions will 

result in poor predictive accuracy for the entire ICU population.56 

The use of sampling techniques (i.e., choosing to collect data ran-

domly on 50% of patients rather than all patients) also appears to bias 

results.57 Models deteriorate over time58 owing to changes in popula-

tions and medical practice. These explanations should be considered 

before concluding that quality of care is different between the original 

and later applications of a model.

STANDARDIZED MORTALITY RATIO

Application of a severity of illness scoring system involves comparison 

of observed outcomes with those predicted by the model. The SMR is 

defined as observed mortality divided by expected mortality and is 

generally expressed as a mean value ±95% confidence intervals (CIs), 

which will depend on the number of patients in the sample. SMR val-

ues of 1.0 (± the CI) indicate that the mortality rate, adjusted for pre-

senting illness, is at the expected level. SMR values significantly lower 

than 1.0 indicate performance better than expected. Small differences 

in scores, as could be caused by consistent errors in scoring elements, 

timing of data collection, or sampling rate, cause important changes  

in the SMR.58,59 Different models applied to the same data set may 

produce discordant results, with the same hospital being identified  

as performing better than expected by one model and worse than  

expected by another.46

MODELS BASED ON PHYSIOLOGIC  
DERANGEMENT

Three widely used general-purpose ICU outcome systems are based 

on changes in patient physiology: the Acute Physiology and Chronic 

Health Evaluation (APACHE II,60 APACHE III,61 APACHE IV44), the 

Mortality Probability Models (MPM0-II,62 MPM24-II,33 MPM0-III),42 

and the Simplified Acute Physiology Score (SAPS II,63 SAPS III64,65). 

MPM0-II and SAPS II were developed from the same data set and 

initially shared variables. All models have been regularly updated and 

are in at least their third generation. Although variables and weighting 

differ, all are based on the premise that as critical illness increases, 

patients will exhibit greater deviation from physiologic normal for a 

variety of common parameters such as heart rate, blood pressure, 

neurologic status, and laboratory values. Risk is also assigned for  

advanced age and chronic illness. Variables from these models have 

also been incorporated into the US VA hospital system model66 

(based on APACHE) and the California Outcomes Study67 (similar to 

MPM0-II and -III), in addition to models customized for interna-

tional populations.

Acute Physiology and Chronic Health Evaluation
APACHE II was developed from data on 5815 adult medical and surgi-

cal ICU patients at 13 hospitals between 1979 and 1982; patients  

undergoing coronary artery bypass grafting, coronary care, or burn 

treatment were not part of the initial analysis. Severity of illness was 

assessed with 12 routine physiologic measurements plus the patient’s 

age and previous health status.61 Scoring was based on the most abnor-

mal measurements during the first 24 hours in the ICU, with a maxi-

mum score of 71 points. The physiology score was then combined with 

coefficients to adjust the score for 29 nonoperative and 16 postopera-

tive diagnostic categories, producing a mortality estimate.

APACHE II does not control for admission source or pre-ICU 

management, which could restore a patient’s altered physiology and 

lead to a lower score and thus underestimate a patient’s true risk.68 

Mortality estimates are most accurate for patients admitted directly 

from the emergency department and less so for interhospital  

and intrahospital transfers. Failure to consider the location before 

ICU admission could thus lead to erroneous conclusions about the 

quality of medical care.69 Although the developers now consider 

APACHE II to have significant limitations based on its age, it is still 

in widespread use.

APACHE III, published in 1991, addressed limitations of APACHE 

II, including the impact of treatment time and location before ICU 

admission.62 The number of separate disease categories was increased 

from 45 to 78. APACHE III was developed on a representative database 

of 17,440 patients at 40 hospitals, including 14 tertiary facilities that 

volunteered for the study and 26 randomly chosen hospitals in the 

United States. APACHE III went through several partial updates be-

tween 1991 and 2003.45 Compared with APACHE II, the ranges of 

physiologic “normal” are narrower; deviations from normal are asym-

metrically weighted to be more clinically relevant. Interactions be-

tween variables were considered, and five new variables (blood urea 

nitrogen, urine output, serum albumin, bilirubin, and glucose) were 

added, whereas the APACHE II variables serum potassium and bicar-

bonate were dropped. Information was also collected on 34 chronic 

health conditions, of which seven (AIDS, hepatic failure, lymphoma, 

solid tumor with metastasis, leukemia/multiple myeloma, immuno-

compromised state, and cirrhosis) were significant in predicting out-

come. Customized models were developed for patient populations 

(e.g., cardiac surgery)70 excluded from APACHE II. Overall correct 

classification for APACHE III was much improved over the prior 

model, and for the first time sequential scoring was introduced to up-

date the daily risk estimate. APACHE III scores were also correlated 

with predictions for ICU LOS, need for interventions, and nursing 

workload.

APACHE IV was published in 200644 with refinements to address 

the impact of sedation on GCS, expand the number of diagnostic 

groups, and add or rescale predictive variables (Table 165.5). APACHE 

IV, based on a sample of 110,558 patients in the United States, has ex-

cellent discrimination (ROC area 5 0.88) and impressive calibration 

(Hosmer-Lemeshow C-statistic 16.8, P 5 .08). Outcome assessment 

using the revised model differed substantially from prior versions. A 

hospital using APACHE III software in 2006, for example (calibrated 

to 1988–1989 results), might have congratulated themselves on a su-

perb SMR of 0.799, whereas using APACHE IV would have revealed 

their SMR to be not different from the average at 0.997.

APACHE IV relies on physiologic abnormalities to account for 66% 

of the model’s explanatory power. ICU admission diagnosis (using 116 

categories) accounts for about 17%, with the remainder accounted for 

by age, chronic illness, location before admission, and interaction 

terms. There are limitations to the use of APACHE IV. First, the in-

creased complexity of the model makes it impossible to use without 

dedicated software. The data entry burden, however, can be mitigated 
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Mortality Probability Models
The original MPM was developed on 755 patients at a single hospital 

using multiple logistic regression to assign weights to variables pre-

dicting hospital mortality.72 The MPM-II models were developed on 

an international sample of 12,610 patients and then validated on a 

subsequent sample of 6514.33 A subscript (0, 24, 48, 72) designates 

time of the evaluation in approximate hours post admission. MPM-II, 

as with APACHE II, excluded pediatric, burn, coronary, and cardiac 

surgical patients and estimated hospital mortality risk based partly on 

physiologic derangement, using a smaller number of variables. How-

ever, MPM puts more weight on chronic illness, comorbidities, and age 

and less on acute physiologic derangement compared with APACHE. 

MPM models can use data obtained at ICU admission (MPM0) and 

also at the end of the first 24-hour period (MPM24), with the latter 

covering a time interval more comparable to APACHE. Whereas 

APACHE generates a score and then, with additional information, 

converts that score into a probability estimate of survival, MPM di-

rectly calculates a probability of survival from the available data. Be-

cause this involves a logistic regression equation, it is difficult to ac-

complish at bedside without a computer or programmable calculator.

The MPM24 variables account for differences in patients who re-

main in the ICU for 24 hours or longer versus those who die early or 

recover rapidly. This line of reasoning has been further extended to 

create 48- and 72-hour models,73 although these have not yet been 

updated from MPM-II to MPM-III. Additional variables in MPM24, 

MPM48, and MPM72 but not MPM0 are prothrombin time, urine out-

put, creatinine, arterial oxygenation, continuing coma or deep stupor, 

confirmed infection, mechanical ventilation, or intravenous vasoactive 

drug therapy. Probability of death increases at 48 and 72 hours even if 

the MPM variables and coefficients are unchanged, implying that mor-

tality risk is increasing in patients whose clinical profile remains un-

changed over time.74 The most important difference between MPM 

and APACHE is that the MPM0 produces a probability estimate that is 

available at ICU presentation and is independent of ICU treatment. 

MPM also does not require specifying a diagnosis, which can be an 

advantage in complex ICU patients but may also make it more suscep-

tible to error with changes in case mix47 and generates, on average, a 

lower auROC.

MPM0-II became the mortality benchmarking component for the 

Society of Critical Care Medicine’s (SCCM) Project IMPACT database 

launched in 1996. By 2002 it was apparent that mortality predictions 

based on mid-1980s results were outdated, and average SMRs in Proj-

ect IMPACT hospitals had drifted to 0.85.74 MPM0-III was developed 

from a population of 124,855 patients in 135 ICUs at 98 Project  

IMPACT hospitals. Hospital mortality in this population was 13.8% 

versus 20.8% in the MPM0-II cohort.42 All of the 15 variables from 

MPM0 -II remained associated with mortality, but the relative impact 

had changed. For example, gastrointestinal bleeding was no longer a 

serious risk factor, presumably because of advances in resuscitation, 

endoscopic procedures, treatment of Helicobacter pylori, and availabil-

ity of proton pump inhibitors since the original study. Additionally, 

two new variables were added: “full code” resuscitation status at ICU 

admission and “zero factor” or absence of all MPM0-II risk factors 

except age. Seven age interaction terms were added to reflect the de-

clining marginal contribution of acute and chronic medical conditions 

to mortality risk in the elderly.43 MPM0-III calibrated well (Hosmer-

Lemeshow goodness-of-fit 11.62; P 5 .31) with an auROC of 0.823, 

similar to that of MPM0-II. Although the ROC area is lower than with 

APACHE, MPM users do not need to specify a diagnosis, which may 

be difficult in a complex patient with multiple problems. The simplic-

ity of data collection and ability to generate a prognosis soon after  

arrival (rather than at 24 hours) are advantages.

Variable Coefficient Odds Ratio

Emergency surgery 0.2491 1.28

Unable to access GCS 0.7858 2.19

Ventilated on ICU day 1 0.2718 1.31

Thrombolytic therapy for 

acute myocardial infarction

20.5799 0.56

Rescaled GCS (15-GCS) 0.0391 1.04

15-GCS 5 0 1.00

15-GCS 5 1, 2, 3 1.04–1.12

15-GCS 5 4, 5, 6 1.17–1.26

15-GCS 5 7, 8, 9 1.31–1.42

15-GCS 5 10, 11, 12 1.48–1.60

PaO2/FiO2 ratio 20.00040 1.00

#200 1.00–0.92

201–300 0.92–0.89

301–400 0.89–0.85

401–500 0.85–0.82

501–600 0.82–0.79

Chronic health items
AIDS 0.9581 2.61

Cirrhosis 0.8147 2.26

Hepatic failure 1.0374 2.82

Immunosuppressed 0.4356 1.55

Lymphoma 0.7435 2.10

Myeloma 0.9693 2.64

Metastatic cancer 1.0864 2.96

Admission source
Floor 0.0171 1.02

Other hospital 0.0221 1.02

Operating/recovery room 20.5838 0.56

TABLE 165.5 Variables Used in Acute 
Physiology and Chronic Health Evaluation IV

AIDS, Acquired immunodeficiency syndrome; GCS, Glasgow Coma 

Scale; ICU, intensive care unit; PaO2/FiO2, arterial oxygen partial pres-

sure/fraction of inspired oxygen. 

Adapted with permission from Zimmerman JE, Kramer AA, McNair 

DS, et al. Acute Physiology and Chronic Health Evaluation (APACHE) 

IV: Hospital mortality assessment for today’s critically ill patients. Crit 

Care Med. 2006;34:1297–1310.

by porting data into APACHE from a hospital’s clinical information 

system. Second, APACHE IV was developed and validated in ICUs in 

the United States, and international differences in ICU resources, tri-

age policies, models of care, and bed availability affect benchmarking 

performance in a new environment.71 The authors also stress that 

“prediction for an individual contains variance” and that “a prediction 

is only an approximate indicator of an individual’s probability of mor-

tality.”44 As an example, they mention that the 95% CIs around a pre-

dicted mortality of 5% would typically be 3.9%–6.5% and that the 

absolute ranges of CIs widen as the predicted rate increases. APACHE 

IV has been recalibrated to APACHE IVa, and APACHE V is currently 

under development.
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Limitations of the MPM0-III include lower discrimination and use 

of a self-selected population of Project IMPACT participants in North 

America. Although in theory, extreme case-mix differences might af-

fect MPM performance, in practice, SMRs obtained using MPM0-III 

versus specially constructed subgroup models were nearly identical in 

the 135 ICUs studied, suggesting specialized subgroup models are not 

usually necessary.75 MPM0-III has been prospectively validated on an 

additional 55,459 patients at 103 adult ICUs in North America and 

calibrates well with more contemporary Project IMPACT hospitals  

(78 units participating in both studies plus 25 new participants).76 The 

Project IMPACT database was also used to update the resource utiliza-

tion “Rapoport Teres” graph that plots severity-adjusted mortality 

versus severity-adjusted LOS77 (Fig. 165.4).

The California Intensive Care Outcomes Projects (CALICO) was 

developed to produce public reports comparing outcomes for pa-

tients treated in California ICUs as part of the larger California 

Hospital Outcomes Project mandated by the state of California.68 

After evaluating risk models available in the early 2000s, the Califor-

nia Healthcare Foundation and the National Quality Forum en-

dorsed a modified and recalibrated version of the MPM0-II model 

termed “ICU Outcomes Model,” or ICOMmort,
78 which has an auROC 

of 0.84 in prospective validation. The model includes 28 additional 

interaction terms and differs in patient exclusions from MPM-II and 

MPM-III. An additional model (ICOMLOS) considers LOS. The CAL-

ICO project yielded several important findings, most notably that 

substantial (twofold) variation exists in mortality rates among hos-

pitals, even after risk adjustment.68 Beginning in 2007, California 

required every ICU in the state to report severity-adjusted mortality 

rates. A recent study of 936,063 patients comparing the California 

experience with that of Arizona, Nevada, and Texas (which did not 

have public reporting requirements) concluded that while outcomes 

in California had improved, mortality rates also decreased in the 

control states.79

Simplified Acute Physiology Score
SAPS II64 was developed on 13,152 patients at 137 adult medical or 

surgical ICUs in Europe and North America, sharing the MPM-II data 

set. Like MPM and APACHEII, SAPS excluded burn patients, patients 

younger than 18 years, coronary care patients, and cardiac surgery 

patients. The outcome measure for SAPS II was vital status at hospital 

discharge. Seventeen variables were used in the SAPS II model: 12 

physiologic variables; age; type of admission; and the presence of 

AIDS, metastatic cancer, or hematologic malignancy.

Not surprisingly, the SAPS II model also drifted out of calibration 

over time.65 SAPS III, a multicenter, multinational study, collected data 

on 19,577 patients from 307 ICUs during the fall of 2002. When ap-

plied to this cohort, SAPS II underestimated hospital mortality, and 

although it discriminated well (ROC area, 0.83), calibration was poor, 

and model performance differed by geographic region. The final SAPS 

III model (Box 165.2), created based on 16,784 patients using logistic 

regression methods, contains 20 variables and has good discrimination 

(ROC area 0.848) and calibration (Hosmer-Lemeshow C-statistic 5 

14.29; P 5 .16).66 Customized models were generated for seven world-

wide regions to address geographic variation in population outcomes.

Intensive Care National Audit and Research  
Center Model
As noted earlier, risk adjustment models require validation and reca-

libration if they are to be applied in a new geographic setting.55,80 The 

Intensive Care National Audit and Research Center (ICNARC) col-

lected data on 216,626 critical care admissions in 163 adult general 

critical care units in England, Wales, and Northern Ireland from 

December 1996 to August 2003.81 Logistic regression techniques were 

used to create the ICNARC model (Box 165.3), which includes 12 

physiologic variables, age, source of admission, diagnostic category, 

and CPR status. This model has an ROC area of 0.863 and a Hosmer-

Lemeshow C-statistic of 64.2. This study also evaluated performance 

Fig. 165.4 Project IMPACT consolidates the display of mortality 

probability model (MPM) severity-adjusted mortality data (x-axis) 

with standardized resource use (weighted hospital days, y-axis). 

Hospitals within the 1 and 2 standard deviation boxes (most observa-

tions) are performing as expected. One hospital in the upper-right cor-

ner has superior performance in both dimensions. Four hospitals have 

longer-than-expected length of stay (negative numbers on standardized 

resource use), while being within range for mortality. Three hospitals 

have worse-than-expected adjusted mortality, whereas two have better-

than-expected mortality; all are still within expected resource use. 

ICUs, Intensive care units. (From Nathanson BH, Higgins TL, Teres D, et 

al. A revised method to assess ICU clinical performance and resource 

utilization. Crit Care Med. 2007;35:1853–1862.)
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BOX 165.2 Variables Used in Simplified 
Acute Physiology Score III

• Age (in years)

• Comorbidities: cancer, cancer therapy (scored separately), chronic heart 

failure (NYHA IV), hematologic cancer, cirrhosis, AIDS

• Length of stay before intensive care unit (ICU) admission, days

• Intrahospital location before ICU admission

• Use of major therapeutic options before ICU admission (e.g., vasopressors)

• ICU admission: planned or unplanned

• Reason for ICU admission

• Surgical status at ICU admission: emergency, elective, or none

• Anatomic site of surgery

• Acute infection at ICU admission

• Lowest estimated Glasgow Coma Scale score (points)

• Total bilirubin (highest)

• Body temperature (highest)

• Creatinine (highest)

• Heart rate (highest)

• Leukocytes (highest)

• Hydrogen ion concentration (lowest pH)

• Platelet count (lowest)

• Systolic blood pressure (lowest)

• Oxygenation (P/F ratio)

AIDS, acquired immunodeficiency syndrome; ICU, intensive care unit; 

NYHA, New York Heart Association. P/F, arterial oxygen partial pres-

sure/fraction of inspired oxygen (PaO2/FiO2).
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of APACHE II, APACHE III, SAPS II, and MPM-II on the same 

population. The ICNARC outperformed all other models in terms of 

discrimination (ROC area), but SAPS II had better calibration and 

MPM-II had the best accuracy of average prediction, although these 

differences were all relatively minor. ICNARC, having no exclusions, 

may be applied to all critical care admissions regardless of diagnosis, 

and it calibrates well in the United Kingdom. ICNARC has recently 

been externally validated in 23,269 patients in 24 Scottish critical 

care units, with good discrimination (0.848) and calibration.82

Veterans Affairs Intensive Care Unit Risk  
Adjustment Model
Arguably, the VA population in the United States could represent a spe-

cialized population, owing to being predominantly male (.97%). In 

1996–1997, the VA developed a customized, automated ICU risk adjust-

ment tool67 based on APACHE variables; this model has been validated, 

updated, and recalibrated.83 Risk predictors include age, mutually exclu-

sive ICD-9 diagnosis/procedure groups, comorbid disease groups, ad-

mission source, and 11 laboratory values measured during the 24 hours 

surrounding ICU admission. Revisions to the model refit the predictor 

coefficients and expanded the number of diagnostic categories from 38 

to 84. The model has an impressive ROC area (0.874–0.877) in two data 

cohorts and calibrates well by Hosmer-Lemeshow statistics. SMRs de-

rived from the VA ICU model correlate well (r2 5 0.74) with those of the 

National Surgical Quality Improvement Performance (NSQIP) tool de-

veloped for surgical postoperative assessment. The VA model, however, 

has not yet been tested internationally or outside of the VA population.

Specialized Models
MPM, SAPS, and early versions of APACHE excluded patients younger 

than age 18, burn patients, and coronary care and cardiac surgical pa-

tients. Murphy-Filkins and colleagues47 reported that performance of 

severity of illness models deteriorates when critical population values 

are reached for individual scoring variables, as might be seen in a 

highly specialized ICU. For example, 20% of the patients in the MPM-

II database were aged 75 or older. When this percentage of elderly  

patients was experimentally increased to 42%, the model became un-

stable. Similar changes were seen if the proportion of patients with 

cardiac dysrhythmias, cerebrovascular disease, intracranial mass ef-

fects, coma, CPR before ICU admission, emergency admission, or 

gastrointestinal bleeding differed substantially from baseline values. 

Thus severity of illness scoring systems should be used with caution 

when units become highly specialized to care for subsets of patients.

To address this issue, specific models have been developed for pedi-

atric,84 trauma,85 and cardiac surgical populations.41,86–88 ICU admis-

sion physiologic values in the cardiopulmonary bypass population are 

determined by routine hypothermia, hemodilution, and deliberate 

control of hemodynamics by the operating room team. Important 

variables for predicting outcome after cardiac surgery are ventricular 

function, coronary anatomy, and heart valve pathology and reopera-

tion status.36 The Cooperative CABG Database Project, analyzing 

172,000 patients, identified seven core variables (urgency of operation, 

age, prior heart surgery, gender, ejection fraction, percent stenosis of 

the left main coronary artery, and number of major coronary arteries 

with .70% stenosis) to be predictive of mortality.89 The independent 

variables predicting morbidity do not perfectly overlap those predict-

ing mortality or LOS, suggesting that different scores may be required 

to best predict various outcomes. Currently, the two most widely used 

preoperative cardiac surgical models are the Society for Thoracic Sur-

geons model90 in the United States and the EuroSCORE-II91 in Europe; 

both have been updated from their original iterations.

The preoperative cardiac surgical models are useful for evaluating the 

results of an entire hospitalization but do not specifically address the 

ICU component of care. Operating room events can neutralize or am-

plify preoperative risk, depending on such events as reopening the chest, 

hemodynamic management in an emergency patient, and the degree of 

myocardial protection. In 5000 patients undergoing CABG, eight risk 

factors available at ICU admission appeared to predict hospital mortal-

ity, and an additional five factors also predict morbidity.38 APACHE has 

also been successfully modified for use in cardiac surgical patients.71

Patients receiving prolonged mechanical ventilation (MV) are re-

source-intensive, and although their mortality can be accurately esti-

mated, they have a disproportionate effect on ICU and hospital LOS, 

which is magnified with high hospital MV volume.92 The ProVent model, 

measured on day 21 of MV, predicts overall 1-year mortality (48%) with 

acceptable discrimination and calibration93 by assigning points for four 

categorical variables: age, platelet count, vasopressors, and hemodialysis.

SEQUENTIAL ORGAN FAILURE  
ASSESSMENT SCORE

The Sequential Organ Failure Assessment (SOFA) score was developed 

to quantify organ dysfunction of the respiratory, cardiovascular, he-

patic, coagulation, renal, and neurologic systems. One to four points 

are assigned based on the degree of physiologic derangement; high 

scores imply poor outcome. A maximum SOFA higher than 15 is as-

sociated with more than 90% mortality.94 SOFA is intended to be used 

sequentially, in part to address the issue that a first-day severity score 

has limited ability in predicting outcome when patients have a longer 

ICU experience with attendant events or complications. Although de-

veloped to assess organ failure rather than prognosis, SOFA (and 

similar scores, such as the Logistic Organ Dysfunction System [LODS]95 

and the Multiple Organ Dysfunction Score [MODS])96 correlates with 

mortality. The change in score during the first 96 hours can help with 

prognosis: regardless of the initial score, an increasing score is associ-

ated with more than 50% mortality.97

BOX 165.3 Elements in ICNARC Score

• Highest heart rate

• Lowest systolic BP

• Highest temperature

• Lowest respiratory rate

• Mechanical ventilation (yes/no)

• Lowest PaO2/associated FiO2 (P/F ratio)

• Lowest pH

• Highest serum urea

• Highest serum creatinine

• Highest serum sodium

• Urine output (24 hours)

• Lowest WBC

• Paralyzed/sedated (yes/no)

• Lowest Glasgow Coma Scale score

• Age (years)

• Source of admission

• Diagnostic category

• CPR (yes/no)

BP, Blood pressure; CPR, cardiopulmonary resuscitation; PaO2/FiO2, 

arterial oxygen partial pressure/fraction of inspired oxygen; WBC, 

white blood cell count.

Adapted with permission from Harrison DA, Gareth JP, Carpenter JR, 

et al. A new risk prediction model for critical care: The Intensive Care 

National Audit & Research Centre (ICNARC) model. Crit Care Med. 

2007;35:1091–1098.
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Most risk-adjustment models provide initial estimates for both ICU 

and hospital mortality, with the potential for updating predictions  

during the ICU stay. Although subjective, the Sabadell score allows ICU 

clinicians to categorize patients at ICU discharge into good prognosis 

(0 points), poor long-term prognosis (.6 months) with unlimited ICU 

readmission (1 point), poor short-term prognosis (,6 months) with 

debatable ICU readmission (2 points), and death expected during hos-

pitalization (3 points). Age and the Sabadell score correlate with ward 

mortality after ICU discharge with good calibration (auROC, 0.88) and 

discrimination.98 Patients with high predicted ward mortality would 

likely benefit from palliative care consultation. Conversely, less than 2% 

of patients with good prognosis die on the ward after ICU discharge.

ADMINISTRATIVE MODELS

Initial versions of the most popular models were developed by research 

teams using data largely collected manually using trained abstractors.45 

There has been interest in automating this process,99 and with the 

widespread availability of electronic health records, real-time calcula-

tions have become routine. Although extracting relevant clinical vari-

ables can still be an informatics challenge, successful models based on 

administrative data have been developed for predicting in-hospital 

mortality for community-acquired pneumonia100 and sepsis.101 With 

automated data collection, these models can extend beyond just ICU 

admissions to encompass all hospitalized patients. The next iteration 

of APACHE will reportedly address outcomes across venues and allow 

automated outcome predictions for all hospitalized patients. The Mul-

tiparameter Intelligent Monitoring in Intensive Care II (MIMIC-II) 

database promises to promote research in epidemiology and clinical 

decision-rule creation by establishing a public-access, deidentified da-

tabase.102 Caution is raised by a large Dutch study, however, where 

SMRs calculated using administrative data were unfavorable to those 

calculated using modified SAPS II clinical data, especially in institu-

tions with a more severely ill population.103

COMPARISONS AMONG MODELS

A number of papers have compared relative performance of the three 

most widely used ICU systems.104–106 Using data from 11,300 patients 

in 35 hospitals participating in the CALICO Project, APACHE IV, 

MPM0-III, and SAPS II all showed adequate discrimination and 

calibration, with APACHE IV delivering the best predictive accuracy, 

albeit with longer data collection time.107 Substantial variation oc-

curred in ICU risk-adjusted mortality rates between ICUs, regardless 

of the model used.

Performance of three models based on 24-hour data (APACHE II, 

APACHE III-J, and SAPS II) was compared with that of three models 

based on admission data (MPM-II, SAPS III, and SAPS III-A using  

Australian coefficients) for 1741 patients in an urban university- 

affiliated teaching hospital in Australia.108 SAPS II and SAPS III-A ful-

filled predetermined calibration and discrimination criteria, APACHE II 

failed both criteria, and the remaining models discriminated well but 

overpredicted mortality risk. There did not appear to be an advantage in 

using 24-hour data versus data available at admission. The improved 

results with SAPS III-A versus SAPS III again underscores the benefit of 

customizing models with local coefficients. A Brazilian study found 

APACHE IV, MPM0-III, and SAPS III to have good discrimination 

(auROC 0.883, 0.840, and 0.855, respectively) but uniformly poor  

calibration, leading to overestimates of in-hospital mortality.109 Calibra-

tion was particularly problematic with SAPS III, but APACHE IV and 

MPM0-III also performed poorly at higher predicted mortality rates.

More recently, MPM0-III, the ICOMmort modification of MPM 

(also known as the National Quality Forum or NQF model), and 

APACHE IVa were compared based on a database of 174,001 ICU ad-

missions from 2008 to 2012 at 38 US hospitals.110 Only 109,926 pa-

tients (63%) met inclusion criteria for all three models. APACHE IVa 

offered the best discrimination and calibration and excluded fewer 

patients than the other models. APACHE IVa overpredicted mortality 

by 1.5%, MPM0-III overpredicted by 3.1%, and the ICOM-NQF 

model underpredicted by 1.2%. Calibration was best for APACHE IVa, 

which has implications for benchmarking using SMR when case mix 

varies among hospitals; this will be discussed later.

Table 165.6 summarizes the results of nine studies in which two or 

more of the risk-adjustment models were applied to a specific regional 

population. There is no consistent pattern to accuracy (discrimina-

tion), with examples of observed mortality higher than predicted, 

lower than predicted, as predicted, or predicted differently by different 

systems. There is also no consistent leader in calibration; it tends to be 

poor in many studies. Ratios of observed-to-expected mortality rates 

are influenced by case mix and by quality of care.111

Study Country Systems Findings

Arabi et al.112 Saudi Arabia APACHE II Predicted mortality similar to that observed for all systems (SMR 1.0–1.09)

n 5 969 MPM-II0 and -II24 Calibration best with MPM-II24

SAPS II Discrimination best with MPM-II0 followed by MPM-II24, APACHE II, and SAPS; all ROC .0.79

Capuzzo et al.113 Italy APACHE II ROC area .0.8 both models

Single center SAPS II Mortality in high-risk patients overpredicted by SAPS II and underpredicted by APACHE II

n 5 1721

Katsaragakis et al.114 Greece APACHE II Good discrimination but poor calibration with both models

Single center SAPS II Better performance with APACHE II

n 5 661

Livingston et al.80 Scotland APACHE II Discrimination adequate (ROC areas 0.74–0.795)

22 centers APACHE III

n 5 10,393 UK APACHE II Observed mortality significantly different from that predicted by all systems

MPM-II0 APACHE II had best calibration followed by MPM-II24 and SAPS II

MPM-II24

TABLE 165.6 Regional Application of Severity Scoring Models
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UTILITY OF SEVERITY OF ILLNESS INDICES

There are four major applications for severity of illness scoring systems:

 1. Assessing ICU performance for quality improvement

 2. Predicting and planning resource use and staffing

 3. Comparing or stratifying populations in clinical research

 4. As one factor to consider in guiding individual patient care

Risk-adjusted outcomes data will be shared with a variety of “cus-

tomers,” each of whom will have a different focus. In broad terms, cli-

nicians and quality leaders will use data to drive improved care and 

efficiency, whereas patients, governments, and funders will be more 

interested in comparing performance among institutions.15

Quality Improvement and Benchmarking
Meaningful evaluation of ICU performance must consider both se-

verity of illness of the patient population and characteristics of the 

institution. Benchmarking refers to the process of comparing an indi-

vidual unit’s performance against established case mix–adjusted 

standards with similar ICUs or with the units’ own data over time. 

Benchmarking need not be for morbidity and mortality outcomes 

alone; severity adjustment also helps explain variations in cost and 

ICU LOS.120 Outlier LOS status is only partially predicted by severity 

of illness, and factors such as long ward stays before ICU admission 

and absence of an intensivist-directed multidisciplinary care team 

increase LOS.121

The mortality rate and LOS for patients transferred to a referral hos-

pital is higher than that of nontransferred patients,122 and this referral 

bias123 has implications in profiling hospital quality. Medical patients 

transferred from another hospital have higher acute physiology scores, 

but even after adjustment for case mix and severity of illness, experience 

longer hospital and ICU stays and have more than twice the risk of  

hospital mortality compared with directly admitted patients.11 These au-

thors suggest that a referral hospital with a 25% transfer-in rate would 

suffer a penalty when undergoing profiling. Conversely, transferring pa-

tients to a tertiary care center has beneficial effects to the exporting hospi-

tal, because death is attributed to the receiving hospital.124 Transfer of 

mechanically ventilated patients from ICU long-term acute care (LTAC) 

facilities also significantly affects reported mortality and LOS.125 Intrahos-

pital transfers to a higher level of care after admission are also associated 

with excess mortality and LOS.126 As noted earlier, discharge practices af-

fect risk-adjusted rates, with a greater impact on large hospitals and when 

in-hospital, rather than 30-day mortality rates, are considered.13

Factors unrelated to quality of medical care or patient severity of ill-

ness thus affect public reporting of SMR results. Does the benchmarking 

tool play a role? SMR was calculated for 47 ICUs at 36 US hospitals using 

APACHE IVa and the ICOM-NQF models. Overall SMR was 0.89 using 

APACHE IVa and 1.07 using the NQF model. Disturbingly, the two mod-

els agreed on the significance and direction of the SMR only 45% of the 

time (Fig. 165.5). Units caring for more severely ill patients and with a 

higher percentage of patients receiving MV had the highest discor-

dance.127 SMR and SMR rank position of ICUs also depend on whether 

the endpoint is in-hospital mortality or mortality at 1, 3, or 6 months 

after ICU admission.128 In an age of outcome-driven reimbursements, 

these discrepancies are financially important and also ethically trou-

bling.129 Public disclosure and rank-ordering ICUs on the basis of SMR 

or other metrics is thus highly problematic. Identifying hospitals with 

higher-than-expected mortality has no effect on market share130 and, re-

portedly, does not improve process-of-care indicators.131 Benchmarking 

relative performance among ICUs should likely be replaced by comparing 

improvement in performance over time. Furthermore, discrepancies be-

tween observed and expected outcomes should primarily be a marker to 

prompt more careful review.132

Study Country Systems Findings

Markgraf et al.71 Germany APACHE II Observed mortality higher than predicted by any model

Single center APACHE III Worst discrepancy with trauma, respiratory, neurologic, and renal disease

n 5 2661–2795 SAPS II Best calibration with APACHE II

ROC area .0.8 all models

Moreno et al.115 Europe MPM-II0 Discrimination adequate (ROC 0.822 for SAPS II, 0.785 for MPM0)

89 centers SAPS II Both models overestimated risk of death

n 5 16,060 Large variations across subgroups of patients

Nouira et al.116 Tunisia APACHE II Observed mortality higher than predicted except with MPM0

3 centers MPM-II0 and II24 Good discrimination, poor calibration for all models

n 5 1325 SAPS II

Tan et al.117 China (Hong Kong) APACHE II Discrimination good (ROC area 0.87–0.88) but calibration poor

Single center SAPS II Both models overpredict mortality

n 5 1064

Metnitz et al.118 Austria SAPS III Original SAPS III overestimated mortality even with Central and Western Europe equation

22 ICUs Calibration improved with customization

n 5 2060

Poole et al.119 Italy SAPS III Discrimination good

147 ICUs Calibration poor—general and South Europe

n 5 28,357 Mediterranean equations overestimated hospital mortality (SMR 0.73)

TABLE 165.6 Regional Application of Severity Scoring Models—cont’d

ICU, Intensive care unit; ROC, receiver-operating characteristic; SMR, standardized mortality ratio.

  

 



1331CHAPTER 165 Severity of Illness Indices and Outcome Prediction

Case volume is an important consideration for evaluation and 

reporting. SMR should not be presented as a single number, but 

rather as a range that encompasses the 95% Cis based on sample 

size. Units with a low mortality rate require larger numbers of pa-

tients; this is well illustrated in a study by Dimick and colleagues 

examining the problems with small sample size when evaluating 

surgical mortality.133

Risk-adjusted mortality rates can be displayed over time—usually 

quarterly in smaller units and monthly in larger facilities. Standard 

statistical quality control charts and cumulative sums (CUSUM, a se-

quential technique) can be used to detect changes requiring investiga-

tion.134 Exponentially weighted moving average control charts are said 

to signal the fastest compared with other types of risk-adjusted control 

charts.135 For comparisons among institutions, funnel plots (Fig. 

165.6) are preferable to league tables, as they incorporate volume-

based control limits that reduce the risk of spurious interpretation 

inherent in a ranked list.136 Other investigators have argued that funnel 

plots have difficulty identifying outliers with small volumes, while 

identifying divergence of statistical, but not clinical, importance when 

the numbers are large.137

Predicting and Planning Resource Use
The Therapeutic Intervention Scoring System (TISS) was developed as 

a method for quantifying patient care and severity of illness.138 TISS 

was supplanted as a prognostic tool by the newer scoring systems once 

it was realized that application of technology depended on local avail-

ability and local practice. TISS is now used primarily to quantify nurs-

ing workload and costs.139 The Rapoport-Teres graph (see Fig. 165.4) 

displays MPM risk-adjusted mortality on the x-axis and resource use 

(LOS) on the y-axis.78 Similar displays are possible using other risk 

adjustment systems.

Use of Severity Indices In Clinical Research
Existing databases permitting severity adjustment make possible hy-

pothesis-generating observations and conclusions about therapeutic 

choices in situations where randomized, prospective evaluations might 

not be permitted or funded. For prospective studies, severity scoring 

indices can be used to risk-stratify the population before randomiza-

tion, thereby reducing the number of patients recruited and the cost of 

clinical trials. Clinical studies have also used scoring systems as part of 

inclusion criteria and to show that control and study groups have 

similar disease burdens.140 Cytokine profiles correlate with APACHE 

and MPM scores in septic individuals141; however, severity scores were 

not designed for this purpose, and calibration has not been assessed in 

the clinical trial population. There is the danger that inclusion of age 

and chronic health points may exclude younger, previously healthy 

patients from trial entry.142

Uses of Severity Adjustment for Individual Predictions
The short answer is that risk-adjustment models are designed for evalu-

ating groups and not for determining care of individuals. The problems 

with using scoring systems for individual patient care decisions arise 

from attempts to apply a probability estimate, which may range from 0 

to 1, to an individual for whom the result will be 0 or 1. No model is 

accurate enough to predict that a given patient will certainly survive or 

invariably die, so scoring systems alone cannot dictate decisions to  

direct or withhold therapy. Sequential risk estimates, an approach  

explored by APACHE,143 MPM,33 and SOFA,144 improve prognosis by 

incorporating data reflecting patient response to therapy over time. 

Objective predictions of the need for next-day life support are used by 

APACHE III and IV to guide triage and discharge decisions.145 Increases 

in organ dysfunction scores after admission generally carry a poor 

prognosis,146 although others have reported limited ability of the SOFA 

and MODS tools to discriminate outcome.147 A meta-analysis of 46 

studies suggests that 3%–7% of patients discharged from the ICU will 

die before hospital discharge148; ICU readmissions in this same popula-

tion were 4%–6%.

Use of scoring systems to individualize therapy has not been well 

studied. Recombinant human activated protein C (rhAPC), now off 

Fig. 165.6 Example of a funnel plot, using hypothetical data. The 

ratio of observed to expected deaths is plotted on the y-axis, with 

number of deaths on the x-axis. Two- and three-standard deviation 

(2SD and 3SD) limits are plotted, which helps identify two hospitals (A 

and B) as significant outliers (P ,.001). Three hospitals (“high per-

formers”) have significantly fewer deaths than expected. Note that 

the observed count relative to expected (similar to the standardized 

mortality ratio [SMR]) is 150% (SMR 1.5) for the lowest-volume hos-

pital, which is still within the 95% confidence intervals. Hospital B has 

a lower SMR at 1.35 (135%) but, because of volume, can be identified 

as a significant outlier. ICU, Intensive care unit. A template for gener-

ating funnel plots like this can be downloaded from http://www.apho.

org.uk/resource/item.aspx?RID=47242.

0.50 1.5 2.5 321

Standardized mortality ratio

Fig. 165.5 Standardized mortality ratio (mean and 99% confidence 

interval) for 47 intensive care units (ICUs) evaluated using APACHE 

IVa (blue) and the ICOM-NQF (red) models. Over half of the perfor-

mance assessments are discordant. (From Kramer AA, Higgins TL, 

Zimmerman JE. Comparing observed and predicted mortality among 

ICUs using different prognostic systems: Why do performance assess-

ments differ? Crit Care Med. 2015;43:261–269.)
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the market, considered an APACHE II score higher than 25 as a crite-

rion for drug administration based on post hoc subgroup analysis of 

the PROWESS trial.149 However, issues with this approach include 

wide variability in severity score between ICU admission and time of 

drug administration,150 the confounding effect of DNR orders,51 and 

bias against younger, previously healthy patients.143 Further, an effi-

cient emergency department may well stabilize the patients and lower 

the APACHE II score before arrival in the ICU.151

Objectively calculated severity scores are not necessarily more ac-

curate than physician or nurse intuition when dealing with individual 

patients.152,153 Accurate prognosis may be most difficult for patients 

with the highest risk of death. A multicenter study addressing the issue 

of medical futility found that divergent judgments on patient prognosis 

by doctors and nurses increased with higher SAPS II scores and longer 

ICU stays.154 ICU physicians discriminate between survivors and non-

survivors more accurately than SAPS II, MPM-I, or APACHE II.153

APACHE, SAPS, and MPM scores are specific, having more than 

90% ability to predict survival, but are relatively insensitive in predict-

ing death. Such information should not be taken as a rationale to rely 

on clinical judgment alone and forgo the use of formal scoring. The 

existing severity indices, despite their flaws, provide useful, objective 

information that can supplement clinical judgment for prognosis and 

triage, bearing in mind that patient autonomy and medical ethics also 

influence these decisions. Surrogates of critically ill patients generally 

appreciate reliable prognostic information but cope with unfavorable 

news in a variety of ways, including seeking information from other 

sources and avoiding or disbelieving prognostic information.155

PITFALLS IN THE APPLICATION OF SEVERITY 
OF ILLNESS INDICES

The use (and abuse) of databases for profiling ICUs and/or individual 

physicians is growing, despite flaws in administrative databases and 

problems identified with the application of statistical models21 and 

physician profiling.156 Assuming a properly developed model is ap-

plied, potential pitfalls in application fall into four major categories: 

data collection and entry errors,157 misapplication of the model,11,47,58 

use of mortality as the sole criterion of outcome, and failure to ac-

count for sample size and chance variability56,108,120 when reporting 

results (Box 165.4).

Errors in the EMR tend to propagate and become immortalized in 

the absence of a data collector who might note and correct artifacts 

and out-of-range values.8 Upgrading hardware or software can lead to 

obscure errors. Determination of the diagnosis is prone to bias,158 but 

using a system that is blind to diagnosis will be inaccurate if case mix 

is markedly skewed.47 Less obvious is the fact that many models start 

the “clock” with ICU admission, the timing of which is not standard-

ized159 and frequently influenced by local conditions such as ICU bed 

availability.160 ICUs also do not function in isolation in the process of 

care,152 and the growing trend toward aggressive use of step-down 

facilities and offsite chronic ventilation and rehabilitation units raises 

the question of whether hospital mortality is valid when patients may 

be transferred to other facilities alive but are still technology depen-

dent.13,161 The issue of lead-time bias (pre-ICU stabilization) requires 

consideration; assessment is further complicated for patients with 

multiple ICU admissions,161 whose second ICU admission during a 

single hospitalization is frequently excluded from subsequent analy-

sis.26 It is, for example, unclear which ICU stay should be counted for 

a patient who has a period of ICU observation after an uneventful 

vascular procedure and then develops complications requiring ICU 

readmission on the fifth postoperative day. It is increasingly necessary 

to evaluate the performance of an ICU system, which includes 

pre-ICU, ICU, and post-ICU care. Models now in development will 

address outcomes across the entire arc of care.

RECENT DEVELOPMENTS

The collection of large national databases has become established in 

several jurisdictions such as the United Kingdom, Finland, Australia, 

and New Zealand.162 They have led to the accumulation of large bodies 

of illness severity scoring data exceeding .1 million patients, which 

has enabled the development of local recalibration of predicted mor-

tality risk. For example, in the UK, the Intensive Care National Audit 

and Research Centre (ICNSARC) has developed a locally relevant pre-

diction model (ICNARCH-2018), which is calibrated to the UK critical 

care patient.163 Similarly, the Australian and New Zealand Intensive 

Care Society (ANZICS) Centre for Outcome Research and Evaluation 

(CORE) has developed a risk prediction model for mortality calibrated 

to the local population (the ANZ Risk of Death model: ANZROD).164 

In each population such model outperforms generic US-developed 

models in accurately predicting outcomes. It is likely that such models 

will become more common as other national bodies create and main-

tain locally relevant ICU databases.

In the opposite direction, in the field of sepsis and of relevance to 

ICU clinicians, rapid assessment of severity with minimal information 

BOX 165.4 Potential Pitfalls in the Application 
and Reporting of Severity-Adjusted Outcome

Data Collection and Entry

• Inclusion of ineligible patients

• Missing variables and data management errors

• Substitution of available for properly timed data

• Transcription and data entry errors

• Improper communication between hospital clinical and risk adjustment ap-

plications

• Wrong diagnosis selected

• Administrative data reflective of clinical situation

• Deliberate “gaming” of the system—upcoding of comorbidities

Models

• Case-mix differences (critical threshold exceeded)

• Application to subsets of development population

• Changes in influence of variable with improving medical care

• Small clinical changes become large risk increments when continuous data 

are categorized.

• Lead-time bias

Outcomes

• Insufficient range of outcomes reported

• Use of proxy outcomes that inadequately reflect true status

• Patient lost to follow-up

• Chance variability masquerading as true difference

• Relationships of scores to resource use and costs reflect observed practice, 

not ideal

Reporting

• Confidence intervals not reported

• Inadequate sample size

• Physician of record misidentified

• Computational errors

• Misapplication of group data to individuals

• Misinterpretation of statistical significance as clinical significance
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has become relevant on a global scale outside of high-income coun-

tries and, in high-income countries, in the setting of emergency  

departments. In this regard, there has been much interest in the useful-

ness of a simple assessment of severity in patients with suspected infec-

tion called qSOFA (quick Sequential Organ Failure Score), which relies 

on the rapid assessment of patients with suspected infection by ob-

serving their respiratory rate, mental state, and blood pressure.165 Such 

assessment allows the identification of patients with a higher illness 

severity and a high risk of requiring prolonged ICU stay and/or mor-

tality and is being promoted as clinically useful.166

Finally, the increasing availability of EMR data, which is now rou-

tinely collected in many hospitals, can expand the data sources, their 

granularity, and their breadth and may allow a further evolution in 

prediction in the next decade in addition to providing electronic real-

time information as the patient’s condition changes.167 More work in 

this field of dynamic digital illness severity scoring is expected in the 

next decade.

PEDIATRIC ILLNESS SEVERITY SCORES

Illness severity scoring systems developed for adults do not apply to 

children because the diagnoses are different, comorbidities are differ-

ent, and normal physiologic values (e.g., heart rate, blood pressure, re-

spiratory rate) are different and change according to age. Over the last 

30 years several pediatric illness severity scoring systems have been ap-

plied children to specific populations and to a general severity of illness 

scoring system. Among such generic scoring systems are the Pediatric 

Index of Mortality (PIM),168 the Pediatric Logistic Organ Dysfunction 

(PELOD) score,169 and the Pediatric Risk of Mortality (PRISM).170 Such 

systems carry similarities with the adult systems in terms of the prin-

ciples applied, the use of physiology, the generation of predictive equa-

tions, and the probability of death. The SMR is also calculated and used 

to benchmark performance. However, pediatric illness severity scores 

have unique challenges because the databases used for their generation 

tend to be smaller in size and because mortality is a rare event. For ex-

ample, the PRISM update of 2015 involved 10,078 admissions with a 

mortality rate of only 2.7%.168 Despite such challenges, it achieved good 

model fit and validation and an auROC curve of between 0.88 and 0.9. 

Thus this new version (PRISM IV) provides a useful structure for an 

updated illness severity assessment in children, and the algorithm is 

now in the public domain for other users to take advantage of such 

improvements in prediction. However, the low mortality in pediatric 

ICUs of high-income countries has raised concern about the clinical 

validity of focusing on mortality as the outcome of interest and concern 

about the value of such information to low-income countries, where 

mortality is up to 10-fold higher. Given these observations, it is likely 

that high-income pediatric ICUs will focus on predicting functional 

outcomes rather than mortality, whereas low- or middle-outcome 

countries will need to develop locally relevant models.

CONCLUSION

APACHE, MPM, and SAPS are highly developed, prospectively vali-

dated tools useful for comparison of ICU performance in the care of 

groups of patients. Specialized models are available for burn, trauma, 

sepsis, cardiac surgery, and pediatric patients. When used as intended, 

these models allow stratification of patients for performance assess-

ment, utilization management, clinical research, and dissemination of 

outcome results. Important implementation considerations include 

careful data collection, appropriate matching of the model and the 

population under study, and use of proper sample sizes and CIs in re-

porting results.

None of the models can perfectly predict the outcome for an indi-

vidual patient.169 However, this limitation is true of almost any test 

used in medicine and need not preclude the use of prognostic esti-

mates for clinical decision support. Physicians must be alert to the 

limitations of severity-adjustment models in performance-based as-

sessment because case-mix differences, inadequate sample sizes, or 

systemic errors in data collection can generate erroneous conclusions 

about the quality of care. In the end, what is measured is less important 

than what is done with the measurement. The encouraging news is 

that despite an increase in severity of illness between 1988 and 2012, 

risk-adjusted hospital mortality for patients admitted to ICUs has de-

creased significantly, an observation that would have been impossible 

without the benefit of severity of illness scoring systems.170
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• Stratification of outcome based on risk factors is necessary when compar-

ing outcomes obtained by different institutions, intensive care teams, and 

treatment strategies.

• Although mortality is readily defined and easily captured, it is insufficient as 

the sole measure of clinical outcome and does not capture other important 

endpoints such as complications, quality of life, or costs.

• Administrative data are plentiful but are typically less reliable than carefully 

collected clinical information. The quality of administrative databases can 

be improved by including laboratory information.

• Most outcome stratification models are developed empirically by perform-

ing univariate analysis of independent variables against a chosen outcome 

and are then refined using multivariate techniques.

• Model performance is assessed by measuring discrimination (typically by 

ROC-curve area) and calibration (typically by goodness-of-fit procedures).

• The SMR is created by dividing observed by expected mortality rates. Values 

less than 1.0, if statistically significant, suggest performance better than 

expected. SMR rankings can be problematic because of chance variation.

• The APACHE II through APACHE IV, the MPMs, and the SAPS are well-de-

veloped, prospectively validated models useful in adult general critical care 

units. The ICNARC and VA ICU models are also available. Customized mod-

els are useful in highly specialized ICUs or when evaluating population 

subsets such as pediatric, trauma, or cardiac surgery patients.

• Outcome predictions are intended for groups, not individuals. Mortality 

probability estimates range from 0 to 1.0, but an individual patient will ei-

ther live or die. Mortality predictions also vary depending on when the data 

were geographically and temporally collected; results at ICU or hospital 

discharge do not necessarily correlate with 30-, 60- or 365-day results. Use 

of scoring systems to direct therapeutic choices has not been adequately 

studied, and risk-adjustment systems should never be the sole criteria for 

directing or withholding therapy in an individual patient.

KEY POINTS

ANNOTATED REFERENCES

Harrison DA, Gareth JP, Carpenter JR, et al. A new risk prediction model  

for critical care: The Intensive Care National Audit & Research Centre  

(ICNARC) model. Crit Care Med. 2007;35:1091–1098.
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The ICNARC model uses patient physiology in addition to age, diagnostic cate-

gory, source of admission, and the use of CPR before admission. In a population 

of 216,626 patients from England, Wales, and Northern Ireland between 1995 

and 2003, this model discriminated better (ROC area 0.86) than APACHE II, 

APACHE III, SAPS II, or MPM-II. This study offers further evidence that geo-

graphic variation occurs and that misleading SMR results may occur when 

models developed in one environment are applied to a new population.

Higgins TL, Teres D, Copes WS, et al. Assessing contemporary intensive care 

unit outcome: An updated mortality probability admission model 

(MPM0-III). Crit Care Med. 2007;35:827–835.

MPM-III was developed on 124,855 patients admitted to 135 ICUs at 98 

hospitals in the United States (94), Canada (3), and Brazil (1) between 2001 

and 2004. It corrects the drift in calibration since MPM-II and adds terms for 

“full code” resuscitation status at admission and for the absence of any 

MPM-II risk factor except age to account for better-than-expected outcomes 

in otherwise healthy elderly patients. Discrimination by ROC is 0.82, and the 

model calibrates well. Subsequent publications have prospectively validated 

the model, examined patient subgroups, and updated the “Rapoport-Teres” 

resource utilization graph used by MPM and Project IMPACT.

Kramer AA, Higgins TL, Zimmerman JE. Comparing observed and predicted 

mortality among ICUs using different prognostic systems: Why do perfor-

mance assessments differ? Crit Care Med. 2015;43:261–269.

Two widely used contemporary models (APACHE IVa and the National 

Quality Forum–endorsed ICOM modification of MPM) were evaluated in a 

common data set of 89,353 consecutive unselected ICU admissions from 2008 

to 2013. SMR was assessed and compared for each of the 47 ICUs. Surpris-

ingly, the two models agreed on the significance and direction of the SMR 

only 45% of the time. Differences were most pronounced in units with a high 

percentage of mechanically ventilated and/or severely ill patients. Four hospi-

tals were assessed as having inferior performance using the NQF model but 

superior performance using APACHE. In addition, two more hospitals would 

have been stigmatized by NQF results while being acceptable using APACHE. 

This study highlights the risk inherent in stigmatizing hospitals when perfor-

mance depends on the benchmarking system used.

Metnitz PG, Moreno RP, Almeida E, et al. SAPS 3—From evaluation of the 

patient to evaluation of the intensive care unit. Part 1: Objectives, methods 

and cohort description. Intensive Care Med. 2005;31:1336–1344.

Moreno RP, Metnitz PG, Almeida E, et al. SAPS 3—From evaluation of the 

patient to evaluation of the intensive care unit. Part 2: Development of a 

prognostic model for hospital mortality at ICU admission. Intensive Care 

Med. 2005;31:1345–1355.

The SAPS 3 study used an international population of 19,577 patients in 307 

ICUs. Regional variation in outcomes occur, and SAPS 3 has customized ad-

mission equations for Australasia, Central/South America, Central/Western 

Europe, Eastern Europe, North Europe, Mediterranean countries, and North 

America. ROC area is 0.85 with satisfactory calibration.

Nathanson BH, Higgins TL. An introduction to statistical methods used in bi-

nary outcomes modeling. Semin Cardiothorac Vasc Anesth. 2008;12:153–166.

This report is for those who enjoy getting “under the hood” of risk-adjust-

ment models.

Render ML, Deddens J, Freyberg R, et al. Veterans Affairs intensive care unit 

risk adjustment model: Validation, updating, recalibration. Crit Care Med. 

2008;36:1031–1042.

In total, 36,420 consecutive ICU admissions in 1999–2000 and a second co-

hort of 81,964 cases in 2002–2004 were used to update the VA-ICU model. 

ROC areas were good. The VA-ICU population is overwhelmingly male 

(97.2%) and somewhat older. ROC area was 0.89, comparable to APACHE 

IV in this population, and better than MPM24-II (ROC 0.84), SAPS III 

(ROC 0.86), or the SOFA score (ROC 0.81).

Seferian ED, Bekele A, Ognjen G, et al. Comparison of community and refer-

ral intensive care unit patients in a tertiary medical center: Evidence for 

referral bias in the critically ill. Crit Care Med. 2008;36:2779–2786.

Patients referred to the Mayo Clinic medical ICU between 1996 and 2004 

were more severely ill, had higher mortality and longer length of stay, and 

were more likely to receive an active ICU intervention compared with local 

patients. When adjusted for severity of illness, mortality was as expected. 

Unadjusted differences were not seen in the surgical ICU, although hospi-

tal mortality rate was lower in referral surgical patients. Referral bias 

likely occurs because of differences in prior care or the transfer process that 

are not captured by risk adjustment. This bias has potential impact on 

clinical trials.

Sinuff T, Adhikari NKJ, Cook DJ, et al. Mortality predictions in the intensive 

care unit: Comparing physicians with scoring systems. Crit Care Med. 

2006;34:878–885.

This analysis of observational studies (one using SAPS II, two using MPM-II, 

six using APACHE II, and three computer models) found that ICU physicians 

and objective models have moderate accuracy in the first 24 hours of ICU stay 

but that physicians better discriminate between survivors and nonsurvivors 

(physician ROC area 0.85 1 0.03 versus 0.63 1 0.06 for scoring systems). 

The conclusion that neither physicians nor scoring systems are sufficiently ac-

curate to determine end-of-life decisions in the first 24 hours of ICU care is 

well supported by the data.

Timmers TK, Verhofstad MHJ, Moons KGM, et al. Intensive care performance: 

How should we monitor performance in the future? World J Crit Care 

Med. 2014;3:74–79.

Mortality is a limited outcome; health-related quality of life is another im-

portant benchmark to be followed after ICU or hospital discharge. Items that 

we do not routinely measure at present (both clinical and nonclinical) should 

be quantified and addressed by future systems.

Vincent JL, Opal SM, Marshall JC. Ten reasons why we should NOT use sever-

ity scores as entry criteria for clinical trials or in our treatment decisions. 

Crit Care Med. 2010;38:283–287.

Whereas the seemingly objective nature of scores make it tempting to apply 

their predictions to individuals, it is important to remember that these tools 

were designed for evaluating large groups of patients, not for individual prog-

nosis or decision making. The authors point out that interobserver variability 

in score calculation, age bias, and issues with the starting time of critical care 

call into question the use of these scores for patient enrollment into clinical 

trials.

Zimmerman JE, Kramer AA. A history of outcome prediction in the ICU. 

Curr Opin Crit Care. 2014;20:550–556.

A firsthand account of how APACHE evolved between 1979 and the present. 

Key points about model complexity, advances in computer technology, gov-

ernment support, and risk adjustment in the public realm are considered.

Zimmerman JE, Kramer AA, McNair DS, et al. Acute Physiology and Chronic 

Health Evaluation (APACHE) IV: Hospital mortality assessment for to-

day’s critically ill patients. Crit Care Med. 2006;34:1297–1310.

APACHE was the first widely used prognostic scoring system and has been 

periodically updated over the past 30 years. The latest iteration was developed 

on 110,558 patients in 2002–2003. APACHE IV has very good discrimination 

(ROC area 0.88) and calibration and corrects the systematic overestimation 

of mortality that developed since publication of APACHE III.
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Long-Term Outcomes of Critical Illness

Florian B. Mayr and Sachin Yende

Despite a continuous increase in the incidence of critical illness syn-
dromes such as sepsis and acute respiratory distress syndrome (ARDS), 
improvements in supportive care have resulted in improved survival 
over the past few decades.1–4 For example, sepsis is estimated to affect 
between 30 and 50 million people each year worldwide.5,6 Global sepsis 
mortality has declined from 30% in 1990 to 20% in 2017,5 resulting in 
an increasing number of sepsis survivors with variable prognosis.7,8 
Half of patients recover, one-third die during the following year, and 
one-sixth have severe persistent impairments.7 Impairments include 
development of an average of one to two new functional limitations; a 
threefold increase in prevalence of moderate to severe cognitive im-
pairment; and a high prevalence of mental health problems, including 
anxiety, depression, or posttraumatic stress disorder, for which survi-
vors will seek care from many types of clinicians (Table 166.1).8–11 
Current guidelines provide no recommendations on management for 
these complex patients after discharge, and there is a desperate need 
for improvement. According to an international survey of 1731 critical 
illness survivors, the majority reported dissatisfaction with or com-
plete lack of support services after hospital discharge.12

Patients who survive their initial acute illness but consequently 
experience persistent organ failures necessitating prolonged intensive 
care meet the definition of chronic critical illness (CCI).13,14 This ill-
ness is characterized by high hospitalization costs, frequent post–acute 
care use, and poor long-term survival. For example, a third of sepsis 
survivors are readmitted within 90 days, and rehospitalization after 
sepsis accounts for 12.2% of all US hospital readmissions and 14.5% 
of readmission costs.15 The clinical and financial burden of CCI is ex-
pected to increase in the coming years because of both an aging popu-
lation and improvement in short-term survival. In a population-based 
sample of five US states, we found that the prevalence of CCI based on 
a consensus definition has been increasing over time, with associated 
in-hospital costs exceeding $25 billion per year.16 These findings un-
derscore the importance of CCI to the field of critical care, particularly 
for healthcare policy and planning. Spending on CCI is likely to rise 
further as the population ages, because the prevalence of CCI increases 
dramatically with age.16 The most common initial diagnoses that lead 
to CCI are acute respiratory failure requiring mechanical ventilation 
and sepsis. Hospital-acquired infections may contribute to mortality 
among hospitalized patients and to the burden of CCI.17

With this shift in critical illness epidemiology, traditional outcomes 
such as short-term mortality need to be complemented by patient-
centered outcomes that capture long-term health-related quality of life 
(HRQoL), physical and mental functioning, time spent at home, hos-
pital readmissions, and morbidity and mortality (Fig. 166.1).

In this chapter, we review recent advances in our understanding of 
long-term outcomes after critical illness. Most literature focuses on long-
term outcomes after ARDS and sepsis. We describe the epidemiology, 

risk factors, clinical manifestations, management, and outcomes for each 
domain of post–intensive care syndrome (PICS).

COGNITIVE IMPAIRMENTS AFTER CRITICAL ILLNESS

Critical illness frequently results in new cognitive impairment, including 
deficits in memory, attention, and concentration. The reported incidence 
has been highly variable depending on study population and trial size, 
ranging from 4% to 62%.18 Cognitive impairment after intensive care 
unit (ICU) admission is also taxing to patients and their families and car-
ries an enormous societal cost estimated at $18 billion per year. 19

Risk factors for long-term cognitive impairment, particularly prevent-
able ones, are not well understood. A complicating factor is the uncer-
tainty of whether critical illness and/or its treatment is the cause of the 
observed neurocognitive impairments or if it worsens preexisting sub-
clinical disease. A prospective cohort study in elderly adults who had no 
known cognitive dysfunction at baseline showed that acute care or ICU 
hospitalization resulted in a greater cognitive decline and incident de-
mentia compared with individuals who did not require hospitalization.20 
Similarly, Pandharipande and colleagues reported new severe cognitive 
deficits affecting memory, attention, processing speed, and executive 
function in a broad population of 328 ICU survivors that were detectable 
at 3 and 12 months after critical illness.21 The etiology of cognitive im-
pairments after critical illness is likely multifactorial and results from 
various factors that interact dynamically with preexisting and acute ill-
ness variables to produce adverse outcomes. Acute illness severity alone 
does not explain the cognitive impairments experienced by ICU survi-
vors. Although current data do not suggest a clear association between 
age, acute illness severity scores, cumulative doses of analgesia and seda-
tion, hypoxia, hypotension, hyperglycemia, and inflammation with ad-
verse neurologic sequelae, the duration and severity of acute delirium 
have emerged as the strongest predictors of adverse cognitive outcomes 
in several recent studies.

In the study by Pandharipande and colleagues, longer duration of 
delirium was independently associated with worse cognitive perfor-
mance at 3 and 12 months in tests of global cognition and executive 
function.21 Similar findings were reported in a small prospective study 
of 77 patients with ARDS who had in-person cognitive testing 3 and  
12 months after ICU discharge. The duration of delirium was an inde-
pendent risk factor for cognitive decline at both time points even after 
adjusting for preexisting cognitive impairment, age, severity of illness, 
level of education, severity of sepsis, and cumulative exposure to seda-
tives.20 Interventions to prevent or shorten delirium in critically ill pa-
tients are therefore much needed and center around promoting and 
improving the quality of sleep.22 Ziprasidone and haloperidol, two 
drugs commonly used to treat ICU delirium, neither increased the 
number of days alive without coma or delirium nor reduced 90-day 
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Fig. 166.1 Conceptual Model of Factors Contributing to Long-Term Outcomes After Critical Illness. 

EHR, Electronic health record.

Neurocognition Behavioral Neuromuscular Immune System Caregiver & Family

Cognitive dysfunction Depression Polymyopathy Immunosuppression Caregiver burden/burnout

Attention deficits Anxiety Polyneuropathy Inflammation PTSD

Impaired executive function Posttraumatic stress disorder (PTSD) Chronic pain Recurrent infection Anxiety

Chronic fatigue Insomnia Exacerbation of chronic disease Depression

TABLE 166.1 Common Sequelae in Survivors of Critical Illness

mortality, time to freedom from mechanical ventilation, and time to 
ICU or hospital discharge in a large multicenter placebo-controlled 
trial.23 Nocturnal administration of low-dose dexmedetomidine (aver-
age dose 0.36 µg/kg/h) was recently reported to prevent delirium, re-
duce days spent with coma, and have an opiate-sparing effect in a ran-
domized placebo-controlled trial in critically ill adults.24 Interestingly, 
dexmedetomidine did not improve patient-reported sleep quality. An 
earlier systematic review also suggested potential for dexmedetomidine 
and quetiapine to prevent ICU delirium, but neither drug influenced 
long-term outcomes.25

Early identification of cognitive impairment should in theory 
expedite appropriate evaluations and treatment. Evaluation for cog-
nitive dysfunction in the critical care setting must be brief, easy to 
administer, and widely applicable. Currently available tests such as 
the modified mini-mental state examination (MMSE) and Montreal 
Cognitive Assessment (MoCA), however, cannot be used to predict 
long-term cognitive dysfunction.26,27 Evolving research suggests that 
patients who experience critical illness–induced delirium and persis-
tent cognitive dysfunction may have a variety of abnormal findings 

on neuroimaging, including brain atrophy; leukoencephalopathy; 
and neuronal loss in the insula, frontal lobes, and thalamus.28 In ad-
dition, a multicenter prospective cohort study in 321 critically ill 
patients showed generalized slowing on routine clinical electroen-
cephalography (EEG) correlated with delirium severity, length of 
hospitalization, functional outcomes, and mortality and may be a 
promising biomarker to identify patients at high risk for adverse 
outcomes early during hospitalization.29

Integrated approaches specifically geared toward the management 
of mechanically ventilated patients have proven useful, with the most 
widely applied being the ABCDEF bundle.30 Initially focusing on daily 
sedation interruption and spontaneous breathing trials, this bundle 
also emphasizes the importance of delirium management, delirium 
prevention, early mobility, and family engagement.30 Despite never 
being formally tested in clinical trials, clinical practice suggests that 
the ABCDEF bundle is safe and may improve delirium outcomes in 
real-world settings.31,32 These findings were confirmed in a recent 
prospective multicenter cohort of over 15,000 adults from the ICU 
Liberation Collaborative, in which use of the ABCDEF bundle was 
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associated with a reduced incidence of delirium along with improve-
ments in other patient-centered outcomes.33

PSYCHIATRIC SEQUELAE OF CRITICAL ILLNESS

Psychiatric disorders, including depression, anxiety, and posttraumatic 
stress disorder (PTSD), are common among critical illness survivors. 
For instance, in a recent systematic review, Rabiee and colleagues re-
ported that approximately 30% of ICU survivors had clinically signifi-
cant depression.34 Early post-ICU depressive symptoms were a strong 
risk factor for subsequent depressive symptoms, and post-ICU depres-
sive symptoms were associated with substantially lower HRQoL.  
Patients exposed to mechanical ventilation and longer ICU lengths of 
stay are at higher risk for developing a new diagnosis of “mental ill-
ness” compared with noncritically ill hospitalized patients. Further 
study is necessary to better understand patient predisposition, illness, 
and treatment-specific determinants of affective morbidity and ap-
propriate tools for diagnosis and monitoring. Another important and 
understudied area is the frequency of suicide after critical illness, par-
ticularly given the increasing prevalence with age and burden of 
chronic illness.35–37

Several studies have examined the relationship between critical ill-
ness and the development of PTSD. Schelling and colleagues were the 
first to introduce the concept of PTSD resulting from critical illness and 
traumatic experiences in the ICU.38,39 Among their cohort of 80 long-
term ARDS survivors, almost one-third reported impaired memory, 
nightmares, anxiety, and sleeping difficulties after ICU discharge, with 
a PTSD prevalence rate of 28%. A recent meta-analysis of prevalence, 
risk factors, and prevention/treatment strategies for PTSD symptoms in 
critical illness survivors reported clinically important PTSD symptoms 
in approximately one-fifth of critical illness survivors at 1-year follow-
up.40 Patients with underlying psychiatric comorbidities, benzodiaze-
pine use, or early memories of frightening ICU experiences had the 
highest prevalence of PTSD. A randomized controlled trial in 35 French 
ICUs studied the use of an ICU diary filled by caregivers and family 
members on PTSD symptoms, anxiety, and depression in patients and 
family members at 3 months after ICU discharge. In this study, the 
overall prevalence of significant PTSD symptoms was 29.9% among 
ICU survivors and was not reduced by an ICU diary.41 Equally disap-
pointing, a nurse-led complex psychological intervention that was initi-
ated in the ICU did not reduce the prevalence of self-reported PTSD 
symptoms at 6 months.42

CRITICAL ILLNESS–ASSOCIATED 
NEUROMUSCULAR DYSFUNCTION

ICU-acquired weakness is common in patients with ARDS and other 
complex critical illness. Regardless of disease process, muscles and 
nerves are injured, resulting in prolonged mechanical ventilation and 
poor functional outcomes. Previous research has highlighted the con-
cept of a continuum of weakness that begins with muscle injury docu-
mented within hours of mechanical ventilation that may persist with 
incomplete recovery for years after ICU discharge.43 Muscle weakness 
and impaired function constitute an important morbidity of severe 
critical illness.44 In a recent prospective cohort study that used daily 
point-of-care ultrasound to measure diaphragm thickness in me-
chanically ventilated patients, almost 50% of patients had a 10% re-
duction in diaphragm thickness by ICU day 4. Diaphragm atrophy was 
associated with prolonged mechanical ventilation and ICU length of 
stay. Interestingly, development of increased diaphragm thickness as a 
marker of excessive inspiratory effort was also associated with pro-
longed mechanical ventilation.45

Critical Illness Polyneuropathy
Critical illness polyneuropathy (CIP) primarily manifests itself as a 
mixed sensorimotor neuropathy. CIP is quite common in patients with 
systemic inflammatory response syndrome and sepsis, with an occur-
rence of 70%–100% of patients with a longer ICU stay.46 It affects limb 
and respiratory muscles, whereas facial muscles are usually spared.46 
Limb involvement is symmetric and most prominent in the proximal 
muscle groups of the lower extremities. Detection of the true incidence 
of CIP is complicated by lack of consensus on surveillance, timing, and 
nature and limitations of testing because of patient sedation or poor 
cooperation, formal definition, and diagnostic criteria.47 Weakness may 
initially be absent or difficult to detect clinically in these patients, but 
subsequent electromyography testing will demonstrate abnormalities 
showing an initial primary axonal degeneration of the motor neurons, 
followed by the sensory neural fibers, and this coincides with acute and 
chronic changes of denervation noted on muscle biopsies in affected 
patients.48

In sepsis, the pathogenesis of CIP is linked to a perturbation in 
the microcirculation, with resultant axonal injury and degeneration. 
There is also evidence for a disruption of nerve action potential, 
which may be reversible over the course of the disease.49 Other risk 
factors associated with the development of CIP include hyperglyce-
mia, and tight glycemic control has been shown to reduce the inci-
dence of CIP in critically ill patients.50 The exact pathophysiologic 
link between glucose control and neuroprotection remains unclear 
but may involve preservation of mitochondrial functioning, calcium 
homeostasis, or modulation of nitric oxide production.51–53 In con-
trast to earlier associations between neuromuscular dysfunction and 
use of neuromuscular blockers, subsequent research has not been 
able to corroborate this previous association.54,55 Data on the asso-
ciation between glucocorticoid use and weakness remain controver-
sial; however, a national multicenter prospective trial in acute lung 
injury survivors reported a significant association between mean 
daily corticosteroid dose with impairments in physical outcomes af-
ter 1 year.56

Critical Illness Myopathy
The reported incidence of critical illness myopathy (CIM) varies be-
tween 48% and 96% in prospective studies that have included muscle 
biopsy as part of their diagnostic evaluation.47 Pathologically, CIM is 
characterized by a diffuse, nonnecrotizing myopathy associated with 
fatty degeneration of muscle fibers, fiber atrophy, and fibrosis.43 This 
has been described in patients with sepsis and in those treated with 
corticosteroids and neuromuscular blockers. Patients clinically appear 
weak and paretic and are difficult to wean from the ventilator. They 
may be indistinguishable from patients with CIP. Muscle biopsy allows 
differentiation among these lesions.43,47

The pathophysiology of CIM entails catabolism, inflammation, 
and derangement of membrane excitability. Protein catabolism and 
an increase in urinary nitrogen loss are observed in CIM.57 Muscle 
biopsies in affected patients show low glutamine, protein, and DNA 
levels. There is evidence for the upregulation of the calpain, caspase-3, 
and ubiquitin proteolytic pathways in concert with an increase in 
apoptosis,57–59 but mitochondrial dysfunction and oxidative stress 
likely do not play a significant role.60

Early Mobility and Rehabilitation
The results of studies examining the effects of early mobilization and 
physical rehabilitation in ICU patients do not suggest any improve-
ment in short- and long-term outcomes. Most recently, a single-
center randomized controlled study in 312 mechanically ventilated 
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adults that evaluated early in-bed cycling and electrical stimulation 
of the quadriceps muscles in addition to standard early rehabilita-
tion did not result in greater muscle strength at ICU discharge, 
more ventilator-free days, better walking capability, or better 
HRQoL at 6 months.61 The heterogeneity of critically ill popula-
tions, inability to risk-stratify patients because of the lack of de-
tailed understanding of underlying pathophysiology, and resulting 
lack of standardization are potential explanations for the negative 
results to date.62

CRITICAL ILLNESS–ASSOCIATED MORBIDITY AND 
PERSISTENT IMMUNE DYSFUNCTION

Critical illness survivors face a substantially elevated mortality after 
discharge from the hospital, a problem best documented for sepsis.63,64 
In addition, most severe sepsis survivors are either diagnosed with a 
new health condition or have worsening of existing health conditions, 
such as cardiac disease (including heart failure), chronic kidney dis-
ease, and chronic pulmonary disease, among others.7

More recent work suggests that patients with CCI experience con-
current immunosuppression and inflammation that are associated 
with persistent protein catabolism. Despite early enteral nutrition, 
there is a tremendous loss of lean body mass with proportional func-
tional decline and poor wound healing. An estimated 30%–50% of 
patients with CCI progress into PICS.65 Clinically, patients with PICS 
have recurrent nosocomial infections and poor wound healing and are 
often discharged to long-term acute care facilities where they experi-
ence recurrent infections, hospital readmissions, failure to rehabilitate, 
and an indolent death.

Acute sepsis is characterized by concurrent inflammation and 
immunosuppression, which persists in two-thirds of survivors and 
has been associated with an increased risk of hospital readmission 
and cardiovascular death, including atrial fibrillation, myocardial 
infarction, stroke, need for coronary revascularization, diabetes, and 
new-onset seizures.66–70 Indeed, severe sepsis is a complex disease 
process with a plethora of potential mechanisms to explain how dif-
ferent aspects of sepsis and the short-term care of patients with 
sepsis may drive late sequelae. Some of these pathways may be more 
relevant to sepsis (i.e., immunosuppression), whereas others may be 
shared with other acute illnesses (i.e., inflammation). The recogni-
tion of persistent immunosuppression in many sepsis survivors has 
resulted in exciting and novel therapeutic approaches.71–73 Several 
early clinical trials have demonstrated the safety and efficacy of im-
munomodulatory drugs such as interleukin-7 and immune check-
point inhibitors in reversing biomarkers of immunodeficiency.74–76 
Whether these immunomodulatory drugs modify clinical disease 
trajectories and improve clinical outcomes is uncertain and an area 
of active research.

QUALITY OF LIFE

Each of the outcomes described earlier may adversely affect the 
quality of life after critical illness.77 Approximately a third of sepsis 
survivors have significant impairments in various domains of qual-
ity of life 6 months after hospital discharge.77 The impairments in 
cognition and physical function described earlier may persist, lead-
ing to problems in mobility and performing activities of daily living 
and lasting disability. Furthermore, although many sepsis survivors 
return home, approximately one-third require additional help at 
home or are in a skilled nursing facility, acute care hospital, or reha-
bilitation facility. 7

CAREGIVER AND FAMILY BURDEN IN  
CRITICAL ILLNESS

Caregiver outcomes and their interaction with ICU survivors have 
gained importance in understanding the effect of critical illness on 
the family unit.78 There is a considerable body of work evaluating 
these interactions in other medical conditions, such as stroke or can-
cer.79,80 These data show that caregivers who are challenged in their 
caregiving contribute to poor outcomes and threaten home care for 
survivors. Studies indicate that most ICU survivors who received 
long-term mechanical ventilation required the assistance of a family 
caregiver 1 year after their critical illness.81 Providing such care may 
result in PTSD, emotional distress, depression, anxiety, and reduced 
HRQoL.22,82,83 In addition, caregivers experience significant burden 
because of a patient’s physical and psychological dysfunction and life-
style disruption associated with the challenges of managing complex 
care at home.

MODELS OF AFTERCARE FOR CRITICAL  
ILLNESS SURVIVORS

Most ICU survivors are discharged home and return to their primary 
care physicians and subspecialists for aftercare. Alternative care models 
such as ICU survivor clinics are rapidly expanding, where integrated 
care is provided at a single location focused on treating sequelae of 
critical illness.84–86 Most of these programs are associated with large 
academic medical centers, and wide variation in staffing exists. Some 
clinics are led by a single discipline; others embrace a multidisciplinary 
team approach, including health and social services to address the 
frequent socioeconomic problems that patients and their caregivers 
experience during recovery from critical illness. However, clinic-based 
care may not be accessible to debilitated patients or those with poor 
social support. Innovative aftercare delivery models are currently being 
explored to address these barriers, including the use of mobile ICU 
recovery programs and of telemedicine services.87,88 In addition, the 
importance of peer support has been recognized through which survi-
vors and their families can facilitate their own recovery and improve 
their quality of life by relating to others with shared experiences.  
Several different models of peer support are currently being developed 
and piloted to help patients and families recover and grow in the  
postcritical care setting.89

PALLIATIVE CARE FOR CRITICAL  
ILLNESS SURVIVORS

One-third of older adult ICU survivors are discharged to post–acute 
care facilities, nearly half are rehospitalized, and 25%–65% die 
within the following year.7 Baldwin and colleagues demonstrated in 
their single-center analysis that 90% of elderly ICU survivors that 
were discharged to a post–acute care facility had at least one poten-
tial palliative care need, but less than 3% of patients had received a 
palliative care consultation during their hospitalization. Since then, 
larger multicenter studies have confirmed that palliative care services 
are underused in both medical and surgical patients who are seri-
ously ill and at high risk of poor long-term outcomes.90–93 Palliative 
care focuses on providing relief from pain and stress to patients with 
serious illness and is often provided simultaneously with curative or 
life-sustaining treatments.94 Palliative care also seeks to align treatment 
plans with patients’ goals and therefore may facilitate transitions  
to hospice in older ICU survivors who often have high end-of-life 
healthcare resource use. Indeed, recent studies have demonstrated 

  

 



1339CHAPTER 166 Long-Term Outcomes of Critical Illness

that palliative care can have a meaningful effect on patients’ quality 
of life and end-of-life care, reduce end-of-life use of acute care re-
sources, and prolong survival.91,95,96

FUTURE DIRECTIONS

The findings that a large proportion of patients who survive critical 
illness have poor long-term outcomes, which may be attributed to a 
combination of CCI and preexisting poor baseline health, have impli-
cations for endpoints of future clinical trials. Traditionally, primary 
endpoints included only mortality. However, a comprehensive evalua-
tion of new therapies should include assessment of long-term morbid-
ity and mortality. Because such an assessment is time-consuming and 
often cost-prohibitive, particularly given decreasing federal funding 
for clinical trials,97 short-term surrogate endpoints as proxies for long-
term patient-centered outcomes are increasingly important in the 
early evaluation of novel therapeutic interventions.98 With increasing 
insight into the pathophysiology of CCI,65,66,99 future studies that com-
bine big data, artificial intelligence, and wearable health technology to 
augment medical decision making,100,101 in addition to refined ap-
proaches to clinical trial design,102,103 are necessary to maximize 
chances of identifying successful novel interventions for distinct sub-
groups of critical illness survivors.

CONCLUSION

With the growth of intensive care and concurrent improvements in 
supportive care, patients are more likely to survive their initial episode 
of critical illness. Critical illness survivors subsequently face a wide 
array of problems, including developing functional deficits, neuro-
muscular and neuropsychological morbidity, and worsening of exist-
ing chronic diseases or development of new chronic diseases, which 
often result in permanent functional impairment. This results in ongo-
ing high healthcare use, frequent hospitalizations, and substantial 
strain on families and caregivers. Despite exciting advances in the last 
few years, future research is needed to better understand the patho-
physiology of CCI, to develop innovative ways to engage with patients 
and their caregivers to optimize the delivery of post-ICU care, and  
to improve patient selection and clinical trial design in a way that 
maximizes our chances of identifying interventions that will improve  
patient-centered outcomes.
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• Despite a continuous increase in the incidence of critical illness syndromes 

such as sepsis and ARDS, improvements in supportive care have resulted in 

improved survival over the past few decades. Current guidelines provide 

few recommendations on how to manage these complex patients after 

hospital discharge.

• CCI is associated with in-hospital costs of .$25 billion per year, which 

underscores its importance to the field of critical care, particularly for 

healthcare policy and planning.

• Most ICU survivors are discharged home and return to their primary care physi-

cians and subspecialists for aftercare. Innovative aftercare delivery models are 

currently being explored to reduce barriers to high-quality post-discharge care, 

including the use of mobile ICU recovery programs and telemedicine services.

• The recognition of persistent immunosuppression in many critical illness 

survivors has resulted in exciting and novel therapeutic approaches. Several 

early clinical trials have demonstrated safety and efficacy of immunomodu-

latory drugs such as interleukin-7 and immune checkpoint inhibitors on re-

versing biomarkers of immunodeficiency.

• Future studies that combine big data, artificial intelligence, and wearable 

health technology to augment medical decision making, in addition to re-

fined approaches to clinical trial design, are necessary to maximize chances 

of identifying successful novel interventions for distinct subgroups of criti-

cal illness survivors.

KEY POINTS
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Early Ambulation in the ICU

Erika L. Brinson, Angela K.M. Lipshutz, and Michael A. Gropper

Bedrest has historically been prescribed as an adjunct to the treat-
ment of acute illness and to rehabilitation after surgery. Even as 
physicians and researchers began to realize the “evil sequelae of com-
plete bed rest”1 in both medical and surgical patients, this therapy 
remained commonplace in the intensive care unit (ICU). Indeed, 
healthcare providers in the ICU have traditionally focused their at-
tention on normalizing the physiologic derangements that threaten 
their patients’ survival. However, therapeutic advances and improve-
ments in the management of critically ill patients have improved the 
outcomes in this patient population.2–4 As survival from critical ill-
ness has improved, the long-term complications and associated 
therapies have become more apparent. A large proportion of these 
patients experience long-term cognitive, psychological, and physical 
disability, with less than half of critical illness survivors returning to 
their prior functional status 1 year after discharge.5–8 Early mobiliza-
tion and ambulation of critically ill patients are feasible, safe, and 
cost-effective interventions that improve physical, functional, and 
neuropsychiatric outcomes.9–18

THE PHYSIOLOGY OF BEDREST

Bedrest has, at one time or another, been promoted as therapy for al-
most all ailments. Hippocrates suggested that all pain could be relieved 
by bedrest.19 However, as early as the 1940s, it was recommended that 
“the physician . . . always consider complete bed rest as a highly un-
physiological and hazardous form of therapy.”1 Nonetheless, it was not 
until recently that the medical community began to acknowledge the 
ill effects of complete inactivity and immobility during critical illness.

Inactivity and immobility have profound effects on skeletal muscle. 
Disuse leads to reduced protein synthesis, accelerated proteolysis, and 
increased apoptosis, ultimately resulting in a catabolic state, atrophy, 
and physical weakness.20,21 In a study of young, healthy volunteers, 
28 days of bedrest resulted in a 0.4 ± 0.1 kg loss of lean leg mass and a 
22.9 ± 3.5% reduction in leg extension strength.22 When healthy 
volunteers were subjected to 28 days of bedrest and hydrocortisone  
to achieve plasma cortisol levels mimicking trauma or critical illness, 
leg extension strength decreased even further (28.4 ± 4.4%, P 5 .012), 
and the loss of lean leg mass was increased threefold compared with 
bedrest alone (1.4 ± 0.1 kg, P 5 .004).23 Therefore it is apparent that 
both immobility and the systemic effects of critical illness contribute 
to the development of weakness in ICU patients.

ICU-ACQUIRED WEAKNESS

Neuromuscular weakness is a common complication of critical illness. 
Approximately half of ICU patients with sepsis, multiorgan failure,  
or prolonged mechanical ventilation have electrophysiologic evidence 

of neuromuscular dysfunction.24 In patients with both sepsis and mul-
tiorgan failure, the incidence can approach 100%.25 Electrophysiologic 
(EP) testing can detect weakness as early as 18–24 hours into the onset 
of critical illness.25,26 Clinical evidence of weakness is present in a 
smaller, but significant, portion of ICU patients. The duration of  
bedrest is associated with worsening muscle weakness. Muscle strength 
has been estimated to decrease by 3%–11% with each additional 
day.27,28 Many ICU survivors continue to have significantly impaired 
physical function and decreased quality of life for years after their 
hospitalization.8,27

One of the many causes of generalized weakness in the critically ill 
population is intensive care unit–acquired weakness (ICUAW), a 
clinical syndrome of acquired neuromuscular dysfunction with no 
identifiable causative factors other than critical illness and its treat-
ment.29 ICUAW is an umbrella term for different pathophysiologic 
entities, including muscle atrophy, critical illness polyneuropathy 
(CIP), critical illness myopathy (CIM), or a combination of polyneu-
ropathy and myopathy called critical illness neuromyopathy 
(CINM).28,30 The pathophysiology of ICUAW is complex and not 
well-understood; it includes the sequelae of bedrest and the effects of 
critical illness–induced cytokine production such as impaired micro-
circulation, metabolic derangements, increased protein catabolism, 
and changes in nerve and muscle membrane excitability.31

Diagnosis
The lack of a gold-standard diagnostic test has made it difficult to 
study ICUAW. Diagnosis of the pathophysiologic entities of CIP, CIM, 
and CINM requires advanced and/or invasive testing; EP evidence of 
axonal polyneuropathy confirms the diagnosis of CIP, whereas either 
EP and/or histologic findings of myopathy are used to diagnose CIM.32 
The Medical Research Council (MRC) muscle strength score is one of 
the most commonly used clinical evaluations of ICUAW.29 It involves 
grading the strength of different muscle groups in each extremity on a 
scale from 0 to 5. The MRC sumscore, initially developed to assess 
muscle strength in patients with Guillain-Barré syndrome, involves 
testing strength in six different muscle groups bilaterally and adding 
these 12 scores together.33 The result can range from 0 (paralysis) to 
60 (normal strength), and the diagnosis of ICUAW requires a score less 
than 48. The MRC sumscore is nonspecific for ICUAW; therefore other 
causes of weakness in critical illness must be excluded. In addition, the 
MRC sumscore has many limitations in the critically ill, most notably 
the need for an awake, cooperative patient who is able to maximally 
contract all extremities.29

Routinely performing EP studies and muscle biopsies on all at-risk 
patients presents an obvious challenge, and using manual strength 
testing requires active participation. Developing a single diagnostic 
test that could be used even on comatose patients would facilitate 
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uniformity in study design and help determine the incidence, risk 
factors, and outcomes of ICUAW. Limited nerve conduction studies 
(NCS) and quantitative neuromuscular ultrasound have both been 
evaluated, and limited NCS in particular shows promise as a sole di-
agnostic tool. Peripheral muscle ultrasound may be able to detect 
muscle weakness and assist with early diagnosis, but further studies 
are needed to help standardize this technique.34 Because of the cur-
rent lack of an effective therapeutic option, making the early diagno-
sis of ICUAW does not affect outcomes, and as such, routine use of EP 
studies or quantitative muscle ultrasound in the ICU has not become 
standard practice.30

Risk Factors
A number of risk factors have been implicated in the development of 
ICUAW. Some of the earliest and most frequently identified factors are 
related to severity of illness and include the systemic inflammatory 
response syndrome, sepsis, and multiorgan failure.28,30,35–42 The 
relationship between ICUAW and other factors, such as age, gender, 
corticosteroids, hyperglycemia, aminoglycosides, or neuromuscular 
blocking agents, is inconsistent.4,24,27,28,42–45 Few, if any, studies have 
examined whether prehospital factors such as frailty or poor func-
tional status are associated with developing ICUAW.30 The presence of 
multiorgan failure as one of the most consistently associated risks 
lends support to the hypothesis that ICUAW may be another manifes-
tation of multiple organ dysfunction syndrome (MODS).28,30,37–40

Implications
ICUAW increases the duration of mechanical ventilation, ICU and 
hospital lengths of stay (LOSs), healthcare–related costs, and mortal-
ity.24,46–48 In addition, ICUAW is associated with significant long-term 
sequelae. As treatment of critical illness has improved, many more 
patients are surviving their acute illness but continue to suffer serious 
long-term effects, a phenomenon called post–intensive care syndrome 
(PICS).49 PICS includes new or worsened impairments in many areas 
that affect quality of life, including physical, mental, and social health.50 
ICUAW is an important contributor to PICS.49 Patients with respira-
tory failure requiring mechanical ventilation who were living indepen-
dently before ICU admission rarely return to this level of functioning 
at 6-month follow-up.51 Survivors of acute respiratory distress syn-
drome report poor functional status at 1 year after discharge despite 
normalization of their pulmonary function tests. Only 49% of such 
previously employed patients are able to return to work within 1 year 
of their critical illness as a result of muscle loss, weakness, and fatigue.7 
Five years after ICU discharge, 100% of survivors reported subjective 
weakness and decreased exercise capacity compared with their status 
before ICU admission.8 Similarly, survivors of severe sepsis with no 
functional limitations before ICU admission developed significant 
limitations in their ability to perform activities of daily living and 
continued to develop functional limitations at a more rapid rate after 
hospital discharge.5

Prevention
Despite the serious long-term consequences of ICUAW, there have 
been few investigations aimed at prevention.31,52 Because longer dura-
tion of bedrest is associated with increased severity and duration of 
ICUAW, early mobilization and ambulation have been suggested as 
possible interventions to prevent the weakness and functional decline 
associated with critical illness.27,31 Studies assessing the amount of 
physical activity performed by patients in the ICU using actigraphy 
have demonstrated that patients are “profoundly inactive,” suggesting 
there is significant room for improvement.53 Decreasing the level of 
sedation may be one step to help facilitate this goal.40 Minimizing 

sedation as much as possible offers a host of benefits,54 including im-
proving a patient’s ability to participate in rehabilitation.

Neuromuscular electrical stimulation (NMES), whole-body vibra-
tion, and passive tilting have also been investigated as preventive mea-
sures that could be used with even heavily sedated or comatose pa-
tients, but the results thus far have been variable, and there are not 
enough data to recommend widespread use.55–61 Passive movement in 
particular does not appear to produce the intensity needed to consti-
tute an effective early rehabilitation intervention.62

In addition to mobilization and other attempts at neuromuscular 
stimulation, a small number of randomized controlled trials (RCTs) 
have evaluated interventions aimed at reducing or avoiding other pos-
sible risk factors of ICUAW.40 Two older studies showed that intensive 
insulin therapy (IIT) may reduce ICUAW,44,63 but because IIT is associ-
ated with increased risk of severe hypoglycemia and death, this ap-
proach is not recommended.64 Corticosteroids have also been trialed, 
but have not been shown to reduce (and may even increase) the risk of 
ICUAW.65 Attempts at improving nutritional support have also been 
unsuccessful in decreasing muscle wasting.66

EARLY MOBILIZATION AND AMBULATION  
IN THE ICU

Safety and Feasibility
Multiple studies have confirmed the safety and feasibility of physical 
therapy in the medical ICU population. Morris and colleagues per-
formed a prospective cohort study of 330 patients in a university-
based medical ICU and showed that an ICU mobility team was able 
to initiate an early mobilization protocol within 48 hours of me-
chanical ventilation, without observing any adverse events or accru-
ing increased cost.67 Similarly, in a study by Pohlman and colleagues, 
patients were successfully mobilized as early as 1 day after the initia-
tion of mechanical ventilation.9 Physical therapy was successfully 
provided on 90% of medical ICU days during mechanical ventila-
tion, despite a potential barrier to mobilization (e.g., acute lung in-
jury, administration of vasoactive medications, delirium, renal re-
placement therapy, or obesity) being present at 89% of the sessions. 
Minor adverse events, such as oxygen desaturation, increased heart 
rate, agitation, or ventilator dyssynchrony, occurred in 16% of ses-
sions, but required cessation in only 4%. No unplanned extubations 
occurred. A prospective observational study of 1110 medical ICU 
patients, in which 5267 physical therapy sessions were conducted on 
4580 patient days, revealed a physiologic abnormality or potential 
safety event in only 0.6% of sessions.12 Only four (0.1%) of these 
occurrences required additional treatment or increased cost, and 
LOS was not increased.

A recent systematic review of safety data from 48 studies of early 
mobilization showed an incidence of 2.6% for potential patient safety 
events and that events requiring intervention were even more rare 
(0.6%).68 The authors point out that adverse events are quite common 
in the ICU, even in the absence of mobilization. A quality improve-
ment study by de Jong and colleagues found an adverse event fre-
quency of more than 37% during routine morning turning of patients 
in a medical-surgical ICU.69

Furthermore, ICU rehabilitation programs aimed at reducing the 
time from ICU admission to active physical therapy are both feasible 
and sustainable in the long term. One RCT demonstrated that the  
introduction of a structured program led to earlier mobilization in 
sicker patients, who then achieved higher levels of mobility by time of 
discharge from the ICU.70 Another RCT evaluated the effect of a reha-
bilitation program in a medical ICU and showed a sustained decrease 
in time to mobilization over a 5-year period.71
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Some centers may not have the necessary staff or equipment to 
routinely ambulate patients who are mechanically ventilated. In these 
settings, or as an adjunct to other techniques, methods of early mobi-
lization that can be performed in bed, such as cycle ergometry, are 
feasible.58,72,73

Fewer studies have evaluated the safety and feasibility of early mo-
bilization and ambulation in surgical ICU patients, where issues such 
as wound healing, fractures, weight-bearing limitations, and incisional 
pain must be considered. A review of the evidence for early mobiliza-
tion in critically ill trauma patients concluded that there is a lack of 
evidence in this population, but outlined injury-specific guidelines.74 
In a retrospective study of early mobilization in a trauma and burn 
ICU, Clark and colleagues reported no adverse events with physical 
therapy.75 A prospective observational study of early mobilization in a 
surgical ICU showed that early mobilization can occur safely as early 
as ICU day 1,76 and more recently, a multicenter RCT of 200 surgical 
ICU patients reported no serious adverse events with early mobiliza-
tion.77 Another small study showed intensive early rehabilitation was 
safe and feasible after liver transplantation.78

Early mobilization also appears to be safe in the neuro intensive 
care unit (neuro-ICU) populations.79 The implementation of a com-
prehensive mobility initiative in a neuro-ICU resulted in a 300% in-
crease in mobility among patients, with no significant adverse events, 
such as falls or inadvertent line disconnections.80 Patients with a 
Glasgow Coma Scale of 8 or less can safely undergo early mobilization 
without incurring additional harm and are more likely to achieve 
functional independence at hospital discharge.81 Patients with external 
ventricular drains (EVDs) can also safely be mobilized.82,83 Case re-
ports suggest that even patients with left ventricular assist devices84 
and those on extracorporeal membrane oxygenation (ECMO)85–88 can 
safely participate in physical therapy programs. At our institution we 
routinely ambulate patients on ECMO and other extracorporeal life 
support systems.

One commonly cited barrier to early mobilization and ambula-
tion is the femoral catheter. However these, too, need not be a barrier 
to safe physical rehabilitation. In a cohort of 239 patients with femo-
ral venous, arterial, and hemodialysis catheters, 101 patients received 
physical therapy interventions for a total of 253 sessions over 210 ICU 
days.89 The highest daily activity level was standing or walking, which 
occurred on 23% of days, and no adverse events were reported. How-
ever, only six patients had femoral hemodialysis catheters, and none 
of these patients achieved a level of standing or walking. Another 
cohort of 77 patients with 92 femoral catheters underwent a total of 
210 physical therapy sessions with 630 mobility activities and simi-
larly encountered no adverse events.90 However, ambulation ac-
counted for less than 10% of mobility activities, and it is unclear if 
any patients with hemodialysis catheters stood or walked. A more 
recent study of patients on continuous renal replacement therapy 
included only 4 physical therapy sessions with a femoral hemodialysis 
catheter in place; although there were no significant complications 
during these sessions, the authors concluded that the data are insuf-
ficient to draw conclusions regarding safety.91 Based on these studies, 
femoral catheters need not be viewed as prohibiting mobilization, but 
caution must be taken with femoral hemodialysis catheters until 
there is more convincing evidence of safety. At our institution, we 
cautiously mobilize even patients with femoral venoarterial ECMO 
cannulae, with great care taken to minimize movement of the leg at 
the hip joint (Fig. 167.1).

Outcomes
Observational studies have shown that early mobilization and ambu-
lation are associated with decreased ICU and hospital LOS,67,92–94 

in addition to decreased incidence of delirium,93 without an increase 
in cost.18,67 Early mobilization and ambulation can even lead to cost 
savings.16,17,94 In the trauma and burn population, early mobilization 
and ambulation have been associated with decreased airway, pulmo-
nary, and vascular complications, including ventilator-associated 
pneumonia (VAP) and deep vein thrombosis.75 In the neurosurgical 
ICU, increased mobility resulted in decreased restraint use, reduced 
infections (including VAP), and decreased ICU and hospital LOS.80 
For patients recovering from cardiac surgery, early mobilization  
can help prevent postoperative complications, improve functional 
capacity, and reduce hospital LOS.95 Patients also report some less 
tangible benefits of rehabilitation, such as helping them to adapt  
to their new situation and regain a sense of autonomy after critical 
illness.96

Results of RCTs examining the outcomes of early mobilization in 
the ICU have been mixed. Two of the first RCTs to specifically look at 
early mobilization in the ICU showed significant benefits for critically 
ill patients. Burtin and colleagues randomized 90 medical and surgical 
ICU patients on ICU day 5 to bedside ergometry with standard treat-
ment, including respiratory physiotherapy and active motor sessions 
of the upper and lower limbs, compared with standard treatment 
alone.97 At hospital discharge, a 6-minute walking distance and the 
subjective feeling of well-being were significantly higher in the treat-
ment group. Schweickert and colleagues randomized 104 medical ICU 
patients who had been mechanically ventilated for less than 72 hours 
to either daily sedation interruption plus early exercise/mobilization or 
daily sedation interruption plus therapy as ordered by the primary 
medical team.13 Patients in the intervention group had less delirium, 
more ventilator-free days, and a faster return to independent func-
tional status at the time of hospital discharge.

Over the past decade, numerous additional RCTs have examined the 
risks and benefits of early mobilization in the ICU,58,59,70,72,73,77,78,98–110 
but the results have been variable because of significant heterogeneity. 
But compared with standard therapy, early mobilization has been  
consistently shown to increase the number of patients who can stand, 

Fig. 167.1 Patient Awaiting Lung Transplant Mobilizing While on 

Femoral Venoarterial extracorporeal membrane oxygenation (ECMO).
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increase ventilator-free days, decrease the incidence of ICUAW, increase 
walking distance at hospital discharge, and increase the likelihood of 
discharge to home from the hospital.111 Additional RCTs of early mobi-
lization, such as the TEAM trial,112 are ongoing, as are investigations of 
early in-bed cycle ergometry, either alone or combined with amino acid 
supplementation,72,113,114 and bedside treadmill training.115

One reason that recent studies may not have shown consistent 
benefit is the increasing prevalence of early mobilization in the ICU 
as part of standard care, particularly in units that have dedicated 
physical therapists116—the same ICUs are those most likely to take 
part in these studies. In some recent RCTs both the intervention and 
control groups had similar access to rehabilitation with only small 
differences in timing or frequency. For example, in one pilot study 
the intervention group received a specific physical therapy protocol 
within 48 hours of admission for sepsis, but 42% of patients in  
the standard care group also received physical therapy within  
48 hours.103,117 A Cochrane review of very early mobilization after 
stroke that failed to show a benefit found that the median delay to 
beginning mobilization was 18.5 hours in the intervention group, 
but was only 33.3 hours in the control group.118 The design of these 
studies could make it difficult to detect significant differences in 
patients receiving early mobilization.

The Society of Critical Care Medicine, European Society of Inten-
sive Care Medicine, American College of Chest Physicians, and Amer-
ican Thoracic Society have endorsed ICU liberation guidelines that 
include minimizing sedation and beginning physical therapy early in  
a patient’s stay.119–122 The ideal timing of early mobilization is still 
unclear, but recent reviews suggest initiation within 48–72 hours of 
admission to the ICU.123,124 Rehabilitation should only begin once the 
patient has stable cardiovascular, respiratory, and neurologic status, 
but mechanical ventilation or infusion of vasoactive medications 
should not preclude mobilization. Caution must be exercised during 
each session. Major indicators for stopping include development of 
new clinical instability (cardiovascular, respiratory, neurologic, etc.), 
accidental device removal or malfunction, fall, or patient distress.121 
The most beneficial frequency and duration of rehabilitation sessions 
are currently unknown and require further study.125

EARLY MOBILIZATION PROGRAMS IN THE ICU

Implementation and Monitoring
Implementation of an early mobilization and ambulation program is 
an iterative process that requires a structured approach, transdisci-
plinary team, collaborative environment, and support from adminis-
tration and senior management.124 The use of a vetted framework, 
such as the Plan-Do-Study-Act (PDSA) model, the Six Sigma model,126 
or the four-step model for large-scale knowledge translation suggested 
by Pronovost and colleagues127 increases the likelihood of success and 
sustainability of an intervention.

Planning and Engaging Phase
The first stage begins with summarizing and publicizing the evidence 
of early mobilization, including its safety, feasibility, sustainability, and 
effectiveness. Next, an interdisciplinary team, including physicians, 
nurses, physical therapists, respiratory therapists, senior executives, 
and other stakeholders, should be created. Social influence appears to 
be important for implementing and sustaining change, so identifying 
“champions” and having the support of local opinion leaders can be 
useful.128,129 Once created, the team works with the frontline staff to 
navigate the early mobilization process and ensure a supportive and 
collaborative culture within the unit. Culture is of utmost importance, 
as “unnecessary immobilization” is a perception (sometimes justified) 

that may occur in ICUs where early mobilization is not ingrained in 
the culture.130 The team should then create a protocol for early mobi-
lization, explicitly defining inclusion and exclusion criteria, with the 
goal of capturing as many patients as possible and avoiding unneces-
sary exclusions. Implementing a formal protocol has been shown to 
decrease the time to first initiating mobilization and increase the num-
ber of rehabilitation sessions.131

Of course, clinicians should consider each patient’s baseline, current 
clinical status, and clinical trajectory within the context of the pre-
specified criteria. Fig. 167.2 provides a sample algorithm for the delivery 
of physical therapy in critically ill patients.93 Note that the type of 
physical activity performed depends on the status of the individual 
patient. Various methods of physical activity have been used success-
fully in the ICU, including traditional activities such as sitting on the 
edge of the bed, standing, sitting in a chair, and ambulating. However, 
other activities, such as cycle ergometry58,72,73,97 and even video games,132 
are also safe and feasible. Careful consideration should be given to cer-
tain populations (e.g., trauma patients, neurosurgical patients, patients 
with open abdominal wounds)133 and may require consultation with 
specialty services to delineate the appropriate activity level for these 
patients.74 Additionally, the team should consider whether early mobi-
lization will be implemented on its own or as part of a larger bundle  
of care processes such as the awakening and breathing, coordination, 
delirium monitoring and management, and early exercise and mobility 
(ABCDE) bundle11,133 or the ABCDEF bundle, which also includes fam-
ily engagement.134,135

Once a preliminary protocol has been identified, a sample patient 
can be used to assess workflow and potential barriers. Potential bar-
riers should be discussed with all stakeholders, as perceived barriers 
may differ among disciplines. Table 167.1 describes a number of 
potential barriers to early mobilization and ambulation in addition to 
associated solutions.93,136 Note that these barriers include not only 
patient-related variables (e.g., the presence of lines, tubes, and drains) 
but also the organizational, cultural, and environmental barriers.  
The latter include the lack of appropriate equipment (e.g., portable 
monitors and ventilators) and default bedrest orders. Cost is also  
a common concern, particularly among hospital administrators,  
despite evidence that early mobilization can be implemented with no 
additional cost and may indeed prove cost-saving.16,17,94 Perceived 
barriers tend to decrease as providers gain more experience with early 
mobilization.137,138

The planning and engaging phase also includes the development of 
a measurement plan and specification metrics used to evaluate the 
program. These can be either process or outcome measures. Process 
measures include the percentage of patients being referred to physical 
therapy, the number of physical therapy sessions occurring per ICU 
day, and the time from ICU admission to ambulation. Possible out-
come measures include the highest activity level achieved, incidence  
or duration of delirium, functional status at time of ICU discharge, 
ICU or hospital LOS, cost, patient and family satisfaction, hospital 
discharge destination, and mortality. The metrics chosen should be 
easily measured and reproducible. Ideally, data should be collected 
both before and after implementation of the program to ensure that  
a pre/post analysis can be performed. Adverse events should also be 
defined and recorded to ensure that the program is safe for patients, 
family, and staff.

Executing Phase
Pilot testing of the program in a subset of ICU beds may be prudent 
to help identify issues and optimize the protocol before dissemination 
to all critically ill patients. Unit-based marketing campaigns advertis-
ing and supporting the initiative should precede the initial rollout to 
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Fig. 167.2 Sample daily mobility assessment and treatment algorithm.93 Vital sign parameters are on a 

case-by-case basis. CAM-ICU, Confusion Assessment Model for the Intensive Care Unit; CNS, central ner-

vous system; CVA, cerebrovascular accident; FiO2, fraction of inspired oxygen; ICH, intracerebral hemor-

rhage; MAP, mean arterial pressure (mm Hg); PEEP, positive end-expiratory pressure (cm H2O); PT, physical 

therapy; RASS, Richmond Agitation-Sedation Scale; SAH, subarachnoid hemorrhage. (From Engel HJ, Need-

ham DM, Morris PE, et al. ICU early mobilization: From recommendation to implementation at three medical 

centers. Crit Care Med. 2013;41[9 Suppl 1]:S69–80.)

Does the patient present with any of the exclusion criteria?
(See the chart* below)

Does the patient open eyes to verbal or manual stimulation
(+1 ≥ RASS > –2)

Consult with MD/NP and assess
ability to tolerate and participate in
mobility

Reassess after 24 hours

Limit PT treatment to bed level

Attempt to decrease sedation via
• Interrupting continuous infusion
• Changing from continuous infusion
 to “as needed” bolus doses
• Using anti-psychotic medication for
 treatment of hyperactive delirium

Limit PT treatment to edge of bed or
bed level activity
Place the patient in full chair position
in bed for orthostatic training

Does the patient meet all of the following?
• Remaining alert and oriented
• Demonstrating trunk control
• Vital signs within acceptable parameters

• Significant dose of vasopressors for hemodynamic stability (maintain MAP >60)
• Mechanically ventilated with FiO2>0.8 and/or PEEP>12, or acutely worsening respiratory
 failure
• Neuromuscular paralytics
• Currently in an acute neurologic event (CVA, SAH, ICH)
• Unstable spine or extremity fractures
• Grave prognosis, transitioning to comfort care
• Open abdomen, at risk for dehiscence
• Active bleeding process
• Bedrest order

Does the patient meet all of the following?
• Remaining alert and oriented
• Demonstrating trunk control
• Vital signs within acceptable parameters

Does the patient appropriately attend to the tasks?

Bed level assessment
1. Orient the patient and perform CAM-ICU
2. Assess baseline vital signs
3. Bed exercises (passive, active, active assisted, resisted
 range of motion exercises to all extremities)

Standing assessment
5. Perform sit-to-stand and static standing at the bedside

Sitting assessment
4. Dangle the patient at the edge of the bed

6. Proceed with standing activities, transferring to chair
 and gait training

Exclusion criteria*

No

No

No

No

Yes

Yes

Yes

Yes

Start here

Yes

Sedation-
related

medication

Primary
CNS

etiology

Limit PT treatment to edge of bed or
standing at bedside

No
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Barrier Solution

Endotracheal tubes, central venous 

catheters, other lines and drains

Secure device

Train staff in best practices

Hemodynamic derangements Educate staff on evidence of safety

Provide specific exclusion guidelines

Sedation Integrate daily sedation holiday into PT/OT protocol

Encourage sedative administration on an as-needed basis instead of continuous infusion

Use validated sedation scoring system to evaluate sedative needs

Delirium Normalize sleep-wake cycle

Expose patient to sunlight during daytime hours

Redirect and reorient patient frequently

Minimize benzodiazepines and narcotics

Monitor for delirium with validated scoring system

Inappropriate equipment Purchase necessary equipment (portable monitors, portable ventilators)

Consider options for bedside or in-room PT/OT if equipment purchase is not feasible

Insufficient staffing Hire additional personnel

Reorganize staff (example: shifting one nurse from night to day shift because PT/OT is more likely to occur during the day)

Train and use nursing students and PT students taking an ICU elective

Implement technologic solutions to maximize staff efficiency

Lack of physician referrals for  

physical therapy

Streamline physical therapy orders

Use computerized order entry

Make default activity order “ad lib”

Perform joint PT/nursing/ICU team rounds to identify patients appropriate for mobilization

Implement automatic referral for PT

Fear of intervention/cultural  

roadblock

Create ongoing dialogue to address stakeholder concerns

Educate staff on safety and benefits of intervention

Incorporate early mobilization into ICU culture

Lack of leadership Recruit transdisciplinary team

Identify PT champion

Include senior management/hospital administrators

TABLE 167.1 Potential Barriers to Early Mobilization and Suggested Solutions

ICU, Intensive care unit; OT, occupational therapy; PT, physical therapy.

alert providers and remind staff of the benefits of physical therapy in 
the ICU. Members of the interdisciplinary team should be readily 
available to encourage and support frontline providers, answer ques-
tions, and quell anxieties associated with ambulating critically ill  
patients. Additionally, team members should continuously request 
feedback on the implementation process and the algorithm in use. 
They should also attempt to identify barriers not previously recog-
nized, with the goal of rapidly making changes to address concerns 
and improve the program. Early achievements should be applauded 
and celebrated, acknowledging staff, patients, and families for their 
efforts. Once providers and staff are comfortable with early mobiliza-
tion, consideration should be given to involving family in these  
efforts. Family engagement increases patient- and family-centered 
care, provides a sense of personhood to patients, gives meaning to the 
intervention, and has been shown to increase compliance with early 
mobilization protocols.139

Evaluating and Improving Phase
The evaluation phase continues indefinitely. Evaluation can be both 
qualitative (e.g., in the form of informal interviews, focus groups, 

and surveys) or quantitative. The quantitative assessment is com-
posed of the metrics previously defined in the planning phase.  
One feasible and reliable way to evaluate the success of an early  
mobilization and ambulation program is to use an ICU mobility 
scale. Hodgson and colleagues developed and validated an 11-point 
mobility scale.140 This scale (Table 167.2) describes the highest level 
of activity achieved by a patient on a given day, ranging from a score 
of 0, which indicates no activity (patient lying in bed), to 10, which 
indicates being able to walk independently without an assistance 
device. In a study of 100 medical, surgical, and trauma ICU patients, 
the scale was a feasible tool with high interrater reliability among 
nurses and physical therapists of various levels. Other important 
metrics include the incidence of delirium, ICU and hospital LOS, 
hospital discharge destination (i.e., home versus rehabilitation facility 
or skilled nursing facility), and incidence of adverse events. Ongoing 
improvement should take place in response to issues, staff concerns, 
or poorly performing metrics. Metrics that improve initially and then 
show a decrement indicate a problem with sustainability and should 
trigger an in-depth review of the program and re-engagement of 
frontline staff.
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 Classification Definition

0 Nothing (lying in bed) Passively rolled or passively exercised by staff but not actively moving.

1 Sitting in bed, exercises in bed Any activity in bed, including rolling, bridging, active exercises, cycle ergometry, and active assisted exer-

cises; not moving out of bed or over the edge of bed.

2 Passively moved to chair (no standing) Hoist, passive lift, or slide transfer to the chair, with no standing or sitting on the edge of the bed.

3 Sitting on edge of bed May be assisted by staff, but involves actively sitting on the side of the bed with some trunk control.

4 Standing Weight bearing through the feet in the standing position, with or without assistance. This may include 

use of a standing lifter device or tilt table.

5 Transferring bed to chair Able to step or shuffle through standing to the chair. This involves actively transferring weight from one 

leg to another to move to the chair. If the patient has been stood with the assistance of a medical de-

vice, they must step to the chair (not included if the patient is wheeled in a standing lifter device).

6 Marching on spot (at bedside) Able to walk on the spot by lifting alternate feet (must be able to step at least four times, twice on each 

foot), with or without assistance.

7 Walking with assistance of two or more people Walking away from the bed/chair by at least 5 m (5 yards) assisted by two or more people.

8 Walking with assistance of one person Walking away from the bed/chair by at least 5 m (5 yards) assisted by one person.

9 Walking independently with a gait aid Walking away from the bed/chair by at least 5 m (5 yards) assisted by a gait aid, but no assistance from 

another person. In a wheelchair-bound person, this activity level includes wheeling chair independently 

5 m (5 yards) away from the bed/chair.

10 Walking independently without a gait aid Walking away from the bed/chair by at least 5 m (5 yards) without a gait aid or assistance from another 

person.

TABLE 167.2 ICU Mobility Scale

From Hodgson C, Needham D, Haines K, et al. Feasibility and inter-rater reliability of the ICU Mobility Scale. Heart Lung. 2014;43(1):19–24.

CONCLUSION

ICUAW is a common complication of critical illness and adversely af-
fects the long-term function of ICU survivors. Although current un-
derstanding of the most effective means of preventing and treating 
ICUAW is limited, early mobilization and ambulation appears to be an 
important component. When performed with care, early mobilization 
of critically ill patients is safe, feasible, and cost-effective with very few 
contraindications. Taking a structured approach to implementing an 
early mobilization and ambulation program increases the likelihood of 
success and sustainability.

 References for this chapter can be found at expertconsult.com.

• A large proportion of survivors of critical illnesses experience long-term 

cognitive, psychological, and physical disability, with less than half of  

survivors returning to prior functional status and/or work by 1 year after ICU 

discharge.

• Prolonged periods of inactivity and immobility lead to reduced protein syn-

thesis, accelerated proteolysis, and increased apoptosis. This ultimately 

results in a catabolic state, atrophy, and clinical weakness.

• Early mobilization and ambulation have been suggested as possible 

interventions to prevent weakness and functional decline associated with 

critical illness.

• Early mobilization is safe, feasible, and sustainable in various ICU 

populations.

• Mobilization is beneficial, decreasing the incidence and duration of 

delirium, reducing ICU and hospital LOS, improving functional status, and 

increasing the likelihood of being discharged home from the acute care 

hospital.

• Early mobilization therapy should be considered in all critically ill patients.

KEY POINTS

ANNOTATED REFERENCES

Burtin C, Clerckx B, Robbeets C, et al. Early exercise in critically ill patients 
enhances short-term functional recovery. Crit Care Med. 2009;37(9):
2499–2505.
The first randomized controlled trial evaluating the practicality and  

effectiveness of early exercise in select medical and surgical ICU patients.  

Patients who received early exercise training had increased functional  

capacity, self-perceived functional status, and muscle force at hospital  

discharge.

Devlin J, Skrobik Y, Gélinas C, et al. Clinical practice guidelines for the 
prevention and management of pain, agitation/sedation, delirium,  
immobility, and sleep disruption in adult patients in the ICU. Crit Care 

Med. 2018;46(9):e825–e873.
The Society of Critical Care Medicine practice guidelines, which include  

the recommended management of immobility in the ICU. They suggest that 

rehabilitation and mobilization are safe and should be performed on criti-

cally ill adults, even those who are mechanically ventilated or on vasopressors, 

provided they are otherwise stable.

Needham DM, Korupolu R, Zanni JM, et al. Early physical medicine and 
rehabilitation for patients with acute respiratory failure: A quality  
improvement project. Arch Phys Med Rehabil. 2010;91(4):536–542.
A before and after paper demonstrating the effectiveness of a quality im-

provement project aimed at reducing deep sedation and delirium to facilitate 

mobilization in mechanically ventilated patients. Delirium was reduced and 

physical rehabilitation frequency and functional mobility were markedly  

increased, along with decreased length of ICU and hospital stay.

Nydahl P, Sricharoenchai T, Chandra S, et al. Safety of patient mobilization 
and rehabilitation in the intensive care unit. Systematic review with  
meta-analysis. Ann Am Thorac Soc. 2017;14(5):766–777.
An excellent review of the safety data regarding mobilizing critically ill  

patients. Because safety concerns are often a barrier to widespread  

implementation of early mobilization, this paper importantly showed  

that few significant adverse events happen during rehabilitation sessions.

Schaller SJ, Anstey M, Blobner M, et al. Early, goal-directed mobilisation in the 
surgical intensive care unit: A randomised controlled trial. Lancet 
2016;388(10052):1377–1388.
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The first multicenter international randomized controlled trial of early,  

goal-directed mobilization in surgical ICU patients. The authors showed  

that early mobilization improved patients’ mobilization throughout their  

ICU admission, shortened length of stay in the ICU, and improved functional 

mobility at discharge.

Schweickert WD, Pohlman MC, Pohlman AS, et al. Early physical and 
occupational therapy in mechanically ventilated, critically ill patients:  
A randomised controlled trial. Lancet. 2009;373(9678):1874–1882.

One of the first randomized controlled trials of early mobilization, which  

included mechanically ventilated patients in medical ICUs. They found  

that early rehabilitation was safe and well-tolerated and resulted in better 

functional outcomes at hospital discharge, shorter duration of delirium, and 

more ventilator-free days.
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Natural and man-made disasters have always been a part of life and are 

occurring with increasing frequency. They create varied degrees of 

chaos owing to mismatch of resources and needs, and they place a 

huge burden on healthcare systems. Restoring an affected society to its 

present status requires extraordinary efforts and incurs substantial 

costs. Thousands of people are injured physically and emotionally as 

the result of such events, and their effects continue long after world-

wide attention has disappeared.

The devastating events of September 11, 2001, in the United States, 

subsequent acts of bioterrorism, and emerging infectious disease pan-

demics have brought new challenges to the field of disaster manage-

ment and multidisciplinary hazard mitigation. Even though war- and 

terrorism-related disasters have gathered much attention, natural di-

sasters have occurred with increasing frequency over the past decades. 

This has been attributed to the growth of human population in geo-

graphically disaster-prone areas, rapid industrialization, and increas-

ing exposure to toxic and hazardous materials (HazMat).1–3

Analyses of the response of different healthcare systems to major 

disasters in the past have demonstrated the need for a more clearly 

identified planning process to attend to the response to multihazard 

events.4 This provides a basic understanding of common disaster sce-

narios and highlights the role of intensivists in the medical response to 

disasters. It is important for practicing critical care clinicians to keep 

in mind that their role is first and foremost as a first receiver rather 

than a first responder; well-trained intensivists may be of much greater 

value remaining in the hospital setting rather than quickly mobilizing 

to the field, where their lack of situational preparedness may make 

them more of a hindrance than an asset.5

BACKGROUND

Major disasters occur regularly and cause widespread human death 

and suffering.. In the last decade, over 2.6 billion people have been af-

fected by disasters and emergencies, with an annualized mortality of 

90,000 people.6 Even though the numbers of geophysical disasters such 

as earthquakes and volcanic eruptions have remained fairly constant, 

recent years have seen the highest number of weather-related disas-

ters.6 As populations grow and occupy spaces that are vulnerable to 

different hazards, disasters will increase in severity and impact. Events 

since the September 2001 terrorist attacks have brought attention to 

the effects of man-made disasters on the healthcare system and the 

need to anticipate and plan for such low-probability yet catastrophic 

events. Although there is basic similarity in the response to them, each 

type of disaster presents responders with unique demands. After any 

disaster, healthcare systems are tasked with preventing excessive deaths, 

mitigating suffering, and dealing with an often overwhelming inade-

quacy of resources. Over the past few years, disaster medicine has 

grown into a unique specialty to deal with planning and preparing for 

such cataclysmic events. It shares a common ideal with public health: 

“greatest good for the greatest number.”3

A fundamental part of designing a medical response to disasters is 

to coordinate with healthcare personnel across the hospital system so 

that they overcome natural differences associated with each group and 

maximize efficient use of scarce resources. Because the sickest of all 

viable patients will require intensive care, critical care physicians can 

play an invaluable part in coordination efforts. In addition to their 

usual role of being caregivers for patients in the intensive care unit 

(ICU), intensivists will be expected to help in triage decisions, trans-

port critically ill patients, and treat the multitude of injured in a ratio-

nal order. They can also help by providing essential medical care at the 

actual disaster site via mobile ICU teams. It is thus important for 

critical care physicians to be familiar with the basics of disaster man-

agement, acquire organizational and leadership skills, practice delivery 

of unconventional critical care, and be familiar with different disaster-

related medical syndromes.

TERMINOLOGY

Physicians and healthcare personnel should be familiar with the basic 

nomenclature and terminology in disaster medicine. Clear, common, 

and concise definitions are important to effective communication 

and evoking appropriate responses in disaster situations. Uniform 

use of terminology across healthcare systems provides a basis for 

analyzing and constructing an effective disaster plan and response  

by all responders.7 Controversies surrounding the definitions of di-

sasters, hazards, and casualties are included in the discussions that 

follow.

The word disaster connotes a subjective assessment that has various 

meanings to different people and has an inherent bias, depending on 

the person using it. For example, a local, state, or federal “disaster  

declaration” implies commitment of financial and other resources. 

Similarly, a disaster in one community is not necessarily the same in 

another. Currently, there is no uniformly accepted definition for the 

word disaster.7 De Boer and colleagues recognize the lack of a mean-

ingful definition for the word and instead propose the term medical 

severity index.8 This term, however, has not gained sufficient accep-

tance for routine use. Different modifiers can lead to different defini-

tions of the term disaster. They include the type of disaster; geographic 

area involved; timing; onset of the event; size of the community  

affected; baseline resources available; and physical, psychosocial, and 

economic injuries caused by the event. However, from a healthcare 

standpoint, the most important variable that defines a disaster is its 

functional impact on the healthcare facility.7 Despite various attempts 

to clear this confusion, the issue remains unresolved.7,9,10 What follows 
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are the commonly used definitions in disaster medicine from a health-

care perspective:

Hazard. An event with the potential to cause catastrophic damage. It 

may be a “naturally” occurring phenomena, such as volcano erup-

tions, or “man-made,” such as nuclear power plant accidents.11

Emergency. A natural or man-made event that significantly disrupts 

the environment of care (e.g., damage to an organization’s build-

ings caused by severe winds, storms, or earthquakes), resulting in 

disrupted care and treatment (e.g., loss of utilities, such as power, 

water, or telephones, because of floods, civil disturbances, acci-

dents, or emergencies within the organization or in its commu-

nity); or resulting in sudden, significantly changed, or increased 

demand for the organization’s services (e.g., bioterrorist attack, 

building collapse, or plane crash in the organization’s community).

Disaster. A hazardous event causing physical, psychological, social, 

economic, or even political effects on a scale such that the stricken 

community needs extraordinary efforts to cope with it and often 

outside help or international aid.9,10 Medical disasters form a subset 

of this category, in which physical and/or psychosocial injuries ex-

ceed the medical response capabilities of the community affected.

Casualty. Any person suffering from physical and/or psychological 

damage by outside violence leading to death, injuries, or material 

losses. Again, the word has no standard definition and is sometimes 

used to imply injury, death, or both. It may also bear financial im-

plications, because federal reimbursement may be approved only 

for people classified as casualties.7,9,10

Potential injury-creating event (PICE) system. A new system devel-

oped to overcome the differences in disaster nomenclature. It uses 

the functional impact on the healthcare facility as the only deter-

mining factor to define an “emergency” or “disaster.” It uses four 

modifiers to communicate the impact caused by the situation on 

the healthcare facility.7

Multicasualty incident. A hazardous event that, regardless of its size, 

is containable by local emergency medical services (EMS). From an 

operational standpoint, an event becomes a multicasualty incident 

when its impact exceeds the day-to-day response routine to the 

EMS. Adjustments within the local response system are required to 

cope with this demand without the need to request outside help 

(level 1 response).12

Mass-casualty incident. A hazardous event that overwhelms local re-

sponse capability. It is likely to impose a sustained demand for 

health services rather than a short, intense peak typical of many 

smaller-scale disasters. This may require a level 2 response (neigh-

boring and regional resources are activated) or a level 3 response 

(state, interstate, and federal resources are activated in the rescue 

and recovery process).13

Hazard vulnerability analysis (HVA). The identification of potential 

emergencies and the direct and indirect effects these emergencies 

may have on the organization’s operations and the demand for its 

services.14

CLASSIFICATION OF DISASTERS

Natural disasters arise from the forces of nature and include earth-

quakes, volcanic eruptions, hurricanes, floods, fire, and tornadoes. In 

addition, infectious disasters can be classified as epidemic or pan-

demic. Man-made disasters are the result of identifiable human causes 

and may be further classified as complex emergencies (e.g., terrorist 

attacks) and technologic disasters (e.g., industrial accidents).15 Other 

classifications include those based on onset (acute vs. insidious disas-

ters), predictability, duration, and frequency. From a public health 

perspective, disasters must be defined by their effect on people and the 

healthcare system. The concept of functional impact to the healthcare 

system is paramount.15,16

The PICE system attempts to create uniformity to address the 

wide spectrum of situations.7 The two major aims of this system are 

to communicate both the operational consequences to a hospital or 

community and the type and amount of outside assistance needed. 

Four modifiers for an event are chosen from a standardized group of 

prefixes, and a stage is assigned (Table 168.1). Column A (first prefix) 

describes the potential for additional casualties. For example, a finite 

number of people injured in an airplane crash is a “static event,” 

whereas an ongoing fire is a “dynamic” event. Column B (second 

prefix) describes whether local resources are sufficient (“controlled”) 

or overwhelmed. If they are overwhelmed, the two modifiers “disrup-

tive” and “paralytic” indicate whether they must be simply augmented 

or totally reconstituted. Paralytic PICEs are the most daunting of  

all situations, and they can be either destructive or nondestructive 

(Table 168.2). Column C describes the extent of geographic involve-

ment. The PICE stage refers to the likelihood that outside medical 

help is required (Table 168.3). This PICE model provides important 

concepts for disaster planners, researchers, and responders. Using 

this system, disasters can be described both prospectively and retro-

spectively. PICE is a valuable tool for use in planning and disaster 

mitigation, but the system warrants validation on a wider scale. It 

may also require further refinement to delineate the type of aid 

needed by an affected community.7 Regardless of the type of classifi-

cation used to categorize disasters, certain unique features are associ-

ated with each kind of disaster. It is important to understand the 

common effects of different natural and man-made disasters to pre-

dict their impact and plan effectively. Some common disaster situa-

tions are reviewed next.

A B C

Static Controlled Local

Dynamic Disruptive Regional

Paralytic National

International

TABLE 168.1 PICE Nomenclature

Data from Koenig KL, Dinerman N, Kuehl AE. Disaster nomenclature—

a functional impact approach: The PICE system. Acad Emerg Med. 

1996;3:723–727.

PICE, Potential injury-creating events.

Destructive Nondestructive

Bomb explosion Snowstorm

Earthquake Employee strike

Tornado Power failure

Civil unrest Water supply cutoff

HazMat spill

Fire

Building collapse

TABLE 168.2 Paralytic PICE

Data from Koenig KL, Dinerman N, Kuehl AE. Disaster nomenclature—a functional 

impact approach: The PICE system. Acad Emerg Med. 1996;3:723–727.

HazMat, Hazardous materials; PICE, potential injury-creating events.

  

 



1350 PART XV Organization and Management

NATURAL DISASTERS

Earthquakes
Earthquakes are a model of a disaster that results in significant mortal-

ity,17 as can be seen in Fig. 168.1. A homogeneous population well 

trained in both basic trauma and life support and the architectural 

design of the housing and public facilities of the stricken area are the 

two major determinants of outcomes for earthquake victims. The mas-

sive earthquakes in recent years in Turkey, Taiwan, Sumatra, Kashmir, 

Sichuan, and Haiti have shown us that a sound engineering design for 

earthquake resistance in civil structures such as schools and hospitals 

has a major impact on outcomes. In addition, urban earthquakes gen-

erate massive fiscal impact on the world in terms of reconstruction 

grants provided by wealthier countries for devastated urban areas. 

Moderately destructive earthquakes in the developing world usually 

cost up to $10 billion in reconstruction; the needs of developing coun-

tries with urban earthquakes may cost an order of magnitude more.

Despite extensive experience and published literature dealing with 

medical response to earthquakes, the earthquake in Haiti shows that 

we are frequently doomed to relearn the lessons forgotten.

The Haiti earthquake occurred on January 12, 2010, and was of 

magnitude 7.0 on the Richter scale, resulting in some 230,000 mor-

talities and 1.5 million homeless. Let us consider first the military 

medicine response delivered, especially in the face of continuous expo-

sure of the military medicine establishment to mass-casualty manage-

ment in the wars in the Middle East.

Responders from the very experienced Israel Defense Forces (IDF) 

were air-deployed within 48 hours of the Haiti earthquake. This team 

has had extensive experience over the years with international response 

and consists of 230 people. The team unpacked and built their portable 

hospital within 8 hours, and during 10 days of operation treated more 

than 1100 patients in a facility designed to provide 60 inpatient beds, 

including 4 intensive care beds and one operating room.18 Most of 

the first wave of casualties presented with crushed limbs with open in-

fected wounds, and the later arrivals presented with sepsis and poor 

chance of outcome. Despite the repeated experience from prior earth-

quakes showing that victims of crush syndrome and acute renal failure 

require emergency dialysis to prevent death, this facility relied on other 

international teams for dialysis. Their major dilemmas were practical 

implementation of the triage algorithm by military personnel to a civil-

ian population. The simple priorities were urgency, resources available, 

and probability of saving life. Patients with brain injury, paraplegia 

caused by spine injuries, or a low Glasgow Coma Scale score were  

immediately transferred to other facilities, because no neurosurgical 

capabilities were available. A triage panel of three senior physicians  

relieved individual physicians of personal accountability. Half of the 

intensive care capability was always dedicated to postoperative care, 

with the remaining two beds used for prolonged intensive care; only 

patients who were expected to stabilize within 24 hours were placed in 

these beds. The very early discharge policy permitted this facility to 

treat more than 100 patients per day.

Second, let us consider the response of the US military, which had 

a considerable portfolio on providing disaster relief in catastrophic 

events such as the Indonesian tsunami that devastated Sumatra. The 

US Naval Ship (USNS) Comfort, one of the hospital ships of the 

Military Sealift Command, was deployed as part of the mission 

termed Operation Unified Response. It started accepting casualties 

within 7 days of the earthquake. The ship is a 1000-bed facility that 

includes 75 ICU beds, blood bank, hemodialysis, pathology, physical 

therapy, morgue, and radiology with computed tomography and  

ultrasonography capability. It is staffed with 1000 active-duty US 

medical personnel, including three physician intensivists, and it was 

allocated to stay up to 6 months.19,20 The first wave of casualties were 

critically ill trauma patients airlifted from field hospitals by US heli-

copters. Within 72 hours, the Comfort admitted 254 patients, and the 

census rapidly increased to 430, more than a third of them pediatric 

cases. A team of six internists provided 24/7 coverage. Dozens of  

patients underwent mechanical ventilation simultaneously; the open-

bay design did not allow for isolation, and the nurse-to-patient ratio 

Fig. 168.1 Deaths from earthquakes since 1900. The toll of the Haiti 

quake is more than twice that of any previous magnitude 7.0 event and 

fourth worst since 1900. (From Hough SE, Bilham R. After the Earth 

Quakes: Elastic Rebound on an Urban Planet. New York, NY: Oxford 

University Press; 2006; and Bilham R. The seismic future of cities. Bull 

Earthq Eng. 2009;7:839–887.)
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Earthquake magnitude

Chile
1960

Agadir
1960

Latur 1993

Bam 2003

Messina 1908

Haiti 2010

Tangshan 1976
Haiyuan

1920
Sumatra

2004

Tokyo 1923

Sichuan 2008

Kashmir 2005

Alaska
1964

Stage

Projected Need  

for Outside Help

Status of 

Outside Help

0 Little to none Inactive

I Small Alert

II Moderate Standby

III Great Dispatch

EXAMPLES OF PICE STAGING

 1. Multiple-vehicle crash in a 

big city

Static, controlled, local PICE, stage 0

 2. Multiple-vehicle crash in a 

small town

Static, disruptive, local PICE, stage I

 3. Los Angeles civil disturbance Dynamic, disruptive, regional PICE, stage II

 4. SARS outbreak in China Dynamic, disruptive, national PICE, stage III

TABLE 168.3 PICE System Staging With 
Examples

From Koenig KL, Dinerman N, Kuehl AE. Disaster nomenclature—a 

functional impact approach: The PICE system. Acad Emerg Med. 

1996;3:723–727.

PICE, Potential injury-creating events; SARS, severe acute respiratory 

syndrome.
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was about 7:1. A large volume of hemodialysis was provided to  

patients with crush syndrome, leading to rapid depletion of dialyzers 

and dual-lumen dialysis catheters. The discharges exceeded admis-

sions in about 2 weeks, and after a total of 629 admissions, the ship 

completed its mission. Although the standard of care exceeded com-

munity expectations, the US Navy personnel followed naval protocol 

and standards.

Third, let us consider the relearning of the lessons of civil-military 

collaboration in disaster response.21 A volunteer medical team with 

civilian personnel under the auspices of the international medical 

corps flew to the Dominican Republic and reached the Hôpital de 

l’Université d’Etat d’Haïti in Port-au-Prince after a long bus ride on 

January 17, 2010. There were more than 800 injured in the partially 

destroyed facility, with the primary diagnoses being crush injuries, 

compartment syndrome, infected fractures, and hemorrhagic shock. 

One physician and one nurse were covering up to 80 critically ill  

patients in the wards. An aftershock of 5.9 magnitude resulted in an 

exodus of casualties and higher rates of heat stroke in dehydrated hy-

povolemic patients exposed to tropical temperatures. Destruction of 

the prison system released 4000 criminals into the community, and no 

security was available until the arrival of a US airborne infantry regi-

ment. With the arrival of the USNS Comfort on January 20, evacuation 

of the most critically ill patients started, but a triage list developed 

rapidly, with ship facilities accepting preferentially complicated inju-

ries, obstetric patients, and maxillofacial injuries. Patients with pelvic 

fractures, closed head injuries, complete spinal cord lesions, and me-

chanical ventilation cases were of too high acuity for the USNS Com-

fort. Family structures became fragmented, as separation of children 

from parents occurred. Yet the collaboration of civilian and military 

medical personnel was considered a success.

Next, let us consider the experiences of academic centers delivering 

care to victims of the Haitian earthquake onsite.22 The Miller School of 

Medicine of the University of Miami and Project Medishare had the 

advantage of long experience of collaboration with Haiti and close 

geographic proximity, and they were able to provide emergency relief 

within 20 hours. Within 8 days, they were able to establish a field hos-

pital at the city airport, and by January 21, 140 patients were trans-

ferred into the upgrade facility. The well-organized command center 

with satellite links for telephone and Internet access was available. A 

joint adult-pediatric triage team accompanied by Creole-speaking 

medical staff of Haitian origin was used. Multiple surgeries were per-

formed under local peripheral nerve blocks, with guillotine amputa-

tions being frequent. The highest-acuity patients were transferred to 

the IDF field hospital or the USNS Comfort. The command center 

eventually provided psychiatrists to manage the posttraumatic stress 

syndrome and a buddy system for the follow-up support.

Finally, one must consider the critical care response from New York 

City. Although many small teams and a large volume of supplies were 

dispatched, an organized response was delivered under the leadership 

of Dr. Ernest Benjamin, division chief of critical care in surgery at Mt. 

Sinai Hospital. Dr. Benjamin arrived in Port-au-Prince 3 days after the 

initial event, and after rapid assessment of needs and resources, orga-

nized the deployment of the 27-member critical care team to his home 

country, which arrived on January 20. The team remained onsite for  

2 weeks and was responsible for postanesthesia and postoperative care 

delivery, with Dr. Benjamin being deputized as the director of critical 

care and recovery at the national hospital. The home institution ef-

fectively secured anonymous donations of private jets able to transport 

the team personnel and some 3000 pounds of medical supplies per 

flight. The team delivered intensive care with minimal technology but 

with kindness and dignity toward the suffering population. This was a 

truly integrated response with both language and cultural sensitivities 

and capabilities, which are very important in catastrophic situations 

that will take decades for the local population to recover from.23

Experience in managing catastrophic international disasters con-

tinues to accumulate with unfortunate regularity. The preceding dis-

cussion suggests that combinations of dialysis, orthopedic surgery, 

pediatric trauma, security, transportation, posttraumatic stress treat-

ment, and cultural and language sensitivities are crucial in earth-

quakes. Disasters produce well-defined syndromes with well-defined 

mortalities. It is the recovery phase that continues to require persis-

tence and improvement. One of the most experienced managers and 

thought leaders in disaster management, Dr. Eric Noji, enumerated the 

most important factors in public health after disasters: environmental 

health, epidemic management, immunization, controlling the spread 

of human immunodeficiency virus/acquired immunodeficiency syn-

drome, management of dead bodies, nutrition, maternal and child 

health, medical services, and thorough public health surveillance. It is 

a common error to deliver a few weeks of heroic quality care and then 

abandon the population to the ravages of destroyed infrastructure, 

including public health organization.24

Volcanic Eruptions
A volcano is a hill or a mountain built around a vent that connects 

with reservoirs of molten rock below the earth’s surface.25 Different 

types of eruptive events occur, including pyroclastic explosions, hot 

ash releases, lava flows, gas emissions, and glowing avalanches (gas and 

ash releases). Lava flows tend not to result in high casualties because 

they are easily avoidable. The “composite” type of volcano is associated 

with a more violent eruption from within the chimney. These erup-

tions are associated with air shock waves, rock projectiles (some with 

high thermal energy), release of noxious gases, pyroclastic flows, and 

mud flows (lahars). Pyroclastic flows and lahars are often fast moving 

and are the main cause of damage and deaths from volcanoes, as evi-

denced by the small eruption of the Nevado del Ruiz in Colombia that 

killed more than 23,000 people.26 The release of ash and its subsequent 

rapid buildup on building structures can be substantial, causing them 

to collapse within hours. Ash is also responsible for the clogging of 

filters and machinery, causing electrical storms and fires, and interfer-

ing with communications. Ash is a main cause for respiratory-related 

syndromes and conjunctival and corneal injury. A variety of toxic gases 

(e.g., carbon dioxide, hydrogen sulfide, sulfur dioxide, hydrogen chlo-

ride, hydrogen fluoride, and carbon monoxide [CO]) are released 

during eruptions, causing bronchospasm, pulmonary edema, hypox-

emia, cellular asphyxiation, topical irritation of skin and other mucosal 

surfaces, and death.27 Damage to health infrastructures and water sys-

tems can be severe. Problems related to communication (ashes cause 

serious interference) and transportation (poor visibility and slippery 

roads) are likely. On the basis of the initial assessment, various needs 

can be anticipated. Reducing the risk for vulnerable groups of being 

exposed to ash, raising awareness of the risk associated with ash 

(health and mechanical risk), and maintaining food security condi-

tions over the long term (lava, ash, and acid rain cause damage to crops 

and livestock) can help limit suffering.28

Hurricanes, Cyclones, and Typhoons
The large rotating weather systems that form seasonally over tropical 

oceans are variously named, depending on their geographic region of 

origin.29–31 They consist of a calm inner portion called the eye, sur-

rounded by a wall of rain and high-velocity winds. On the basis of 

central pressure, wind speed, storm surge, and potential destruction, 

their severity is graded on a scale of 1–5 (Saffir-Simpson scale).30 They 

are among the most destructive natural phenomena. Cyclones during 

1970 and 1991 in Bangladesh claimed 300,000 and 100,000 lives,  
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respectively, because of flooding.32 The most devastating hurricane 

ever to hit the United States occurred in 1900 at Galveston, Texas. It 

claimed an estimated 8000–12,000 lives.33 The greatest damage to life 

and property is not from the wind but from secondary events such as 

storm surges, flooding, landslides, and tornadoes. Ninety percent of all 

hurricane-related deaths occur from storm surge–related drowning.1 

The most common injury patterns include lacerations (during the 

cleanup phase), followed by blunt trauma and puncture wounds. Late 

morbidity can be the result of postdisaster cleanup accidents (e.g., 

electrocution), dehydration, wound infection, and outbreaks of com-

municable diseases.31,34 Data from Hurricane Katrina confirmed data 

from previous meteorologic events. The leading mechanisms of inju-

ries are fall, lacerations, and piercing injuries, with cleanup being  

the primary activity at the time of injury.35 Resources may have to be 

provided for an extended period after the initial inciting event, and 

significant resources may have to be provided for patients with chronic 

medical illnesses.34,36

Floods
There are three major types of floods: flash floods (caused by heavy 

rain and dam failures), coastal floods, and river floods. Together, they 

are the most common types of disasters and account for at least half of 

all disaster-related deaths.37,38 The primary cause of death is drowning, 

followed by hypothermia and injury caused by floating debris.39,40 The 

impact on the health infrastructures and lifeline systems can be mas-

sive and may result in food shortages. Interruption of basic public 

services (e.g., sanitation, drinking water, and electricity) may result  

in outbreaks of communicable diseases.38,40 Another concern is the 

increase in both vector-borne diseases (e.g., malaria and St. Louis  

encephalitis) and displacement of wildlife (e.g., poisonous snakes and 

rodents).39,40

Landslides
Landslides are more widespread than any other geologic event. They 

are defined as downslope transport of soil and rock resulting from 

natural phenomena or man-made actions. Landslides can also occur 

secondary to heavy storms, volcanic eruptions, and earthquakes. Land-

slides cause high mortality and few injuries. Trauma and suffocation 

by entrapment are common. Pending an assessment, needs can be 

anticipated, such as search and rescue, mass-casualty management, 

and emergency shelter for the homeless.41,42

Pandemic 2009 H1N1 Influenza A Virus
Pandemic H1N1 2009 is a new strain of influenza A virus that was first 

identified in Mexico and the United States on March 18 and April 15, 

2009, respectively. It originated from the quadruple reassortment 

swine influenza (H1N1) virus closely related to the North American 

and Eurasian swine lineage. However, this new virus circulated only  

in humans, with no evidence of transmission between humans and 

animals.

Within weeks, the virus quickly spread worldwide through human-

to-human transmission. On April 26, 2009, the Strategic National 

Stockpile of the Centers for Disease Control and Prevention (CDC) 

began releasing 25% of the supplies in the stockpile for the treatment 

and protection from influenza.43 On June 11, 2009, the World Health 

Organization (WHO) declared the 2009 H1N1 influenza a global pan-

demic, generating the first influenza pandemic of the 21st century, 

with more than 70 countries reporting cases of H1N1 infection. By 

June 19, 2009, all 50 states in the United States, the District of Colum-

bia, Puerto Rico, and the US Virgin Islands had reported cases of 2009 

H1N1 infection. More strikingly, the CDC Emerging Infections Pro-

gram estimated the number of hospitalizations and deaths in people 

aged 64 years and younger. The virus was most likely to strike children, 

young adults, and those with underlying pulmonary and cardiac  

disease. Pregnant women in their second and third trimester were also 

at high risk. Patients requiring intensive care had a remarkable preva-

lence of obesity.43

Influenza vaccines are most effective not only to prevent but also to 

mitigate the severity of illness. The pandemic H1N1 influenza vaccine 

was promptly developed by the WHO and national authorities. A na-

tional influenza vaccination campaign was launched in the United 

States in October 2009, and the first H1N1 vaccine was made available 

at that time. Despite the rapid response of the authorities, developing 

countries in the Southern Hemisphere experienced delays and short-

ages of the vaccines. Thus research and developmental work have been 

encouraging for developing a “universal” influenza vaccine that could 

provide efficacious cross-reactive immunity and induce broad protec-

tion against different variants and subtypes of the influenza virus.44

Data show that about 8% of H1N1 patients were hospitalized  

(23 per 100,000 population); 6.5%–25% of these required being in the 

ICU (28.7 per million inhabitants) for a median of 7–12 days, with a 

peak bed occupancy of 6.3–10.6 per million inhabitants; 65%–97% of 

ICU patients required mechanical ventilation, with a median ventila-

tor duration in survivors of 7–15 days; 5%–22% required renal re-

placement therapy; and the 28-day ICU mortality was 14%–40%.45–51 

Critical care capacity is a key element of hospital surge capacity plan-

ning.10 The proportion of ICU beds occupied by patients with H1N1 

varied. In Australia and New Zealand, it peaked at 19%,7 whereas in 

Mexico, many patients required mechanical ventilation outside the 

ICUs.6 To match the surge capacity with increasing ICU demands 

during a pandemic is a difficult task, because uncertainty exists for 

many of these parameters. The disease brought a surge of not only 

critically ill patients but also patients who required prolonged me-

chanical ventilation and ICU management. Hospitals should maxi-

mize the number of ICU beds by expanding ICUs and other areas with 

appropriate beds and monitors. Elective procedures should be mini-

mized when resources are limited, and critical care capacity should be 

augmented.

Safe practices and safe respiratory equipment are needed to mini-

mize aerosol generation when caring for patients with influenza. These 

measures include handwashing and wearing gloves and gowns; using 

N95 respirators, which reduce the transmission of epidemic respira-

tory viruses; staff training in personal protective equipment (PPE); 

minimizing the use of bag-mask ventilation and disconnection of the 

ventilator circuit; and avoiding the use of heated humidifiers on venti-

lators, Venturi masks, and nebulized medications.52

When the number of critically ill patients far exceeds a hospital’s 

traditional critical care capacity, modified standards of critical care to 

provide limited but high-yield critical care interventions should be  

the goal to accommodate far more patients. Triage criteria should  

be objective, transparent, and ethical and applied justifiably and pub-

licly disclosed. The ICU triage protocols for pandemics should only be 

triggered when ICU resources across a broad geographic area are or 

will be overwhelmed despite all reasonable efforts to extend resources 

or obtain additional resources.53 The Sequential Organ Failure Assess-

ment score, though not validated, has been proposed to determine 

qualification for ICU admission during mass critical care.

The major characteristics of 2009 H1N1 influenza A infection were 

the rapidly progressive lower respiratory tract disease leading to acute 

respiratory distress syndrome (ARDS) with refractory hypoxemia.  

A substantial number of H1N1 ICU patients required advanced venti-

latory support (ranging from 1.7% to 11.9%) and rescue therapies, 

including high levels of inspired oxygen and positive end-expiratory 

pressure (PEEP), inverse ratio ventilation, airway pressure release  
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ventilation, neuromuscular blockade, inhaled nitric oxide, high- 

frequency oscillatory ventilation, extracorporeal membrane oxygen-

ation (ECMO), volumetric diffusive respiration, and prone-positioning 

ventilation.46,49,51,54 ECMO was successful in managing refractory hy-

poxemia in these patients in two studies. The median durations  

of therapy and survival rates to ICU discharge were 10 days and  

15 days—71% and 67%, respectively.55,56

As of March 13, 2010, the CDC estimates of 2009 H1N1 influenza 

cases, hospitalizations, and deaths in the United States since April 2009 

were 60 million cases, 270,000 hospitalizations, and 12,270 H1N1- 

related deaths, respectively.57 The virus did not mutate during the 

pandemic to a more lethal form. Widespread resistance to oseltamivir 

did not develop. The WHO declared an end to the H1N1 pandemic on 

August 10, 2010. The H1N1 virus is expected to take on the behavior 

of a seasonal influenza virus and to circulate for some years.

Ebola Outbreak (2014–2016)
In late 2013, Ebola virus disease (EVD) became an international disas-

ter of crisis proportion in West Africa, primarily in the countries of 

Liberia, Sierra Leone, and Guinea. This became the largest outbreak of 

EVD in history, greater than all previous epidemics combined, with a 

total number of 28,616 suspected cases and 11,310 deaths, all in the 

aforementioned countries; additionally, there were 36 suspected cases 

and 15 deaths outside of those countries.58–61 This point cannot be 

overemphasized: although the mortality of confirmed cases has been 

documented to be as high as 68% in the affected nations of West Af-

rica, if patients are quickly recognized and given appropriate aggressive 

supportive care, the case fatality ratio drops dramatically. There are, to 

date, no specific approved pharmacotherapeutic interventions avail-

able to cure EVD; however, the VSV-EBOV Ebola vaccine has been 

shown to be safe and highly effective and was fast-tracked to use by the 

epidemic.62 The dramatically decreased case fatality ratio noted in de-

veloped nations is related to strict enforcement of isolation, hygiene, 

and use of supportive care.

With regard to the scope of the issue, the CDC predicted that the 

number of confirmed EVD cases would double approximately every  

20 days, with estimated cases ranging as high as 1.4 million. From a 

mass-casualty perspective, it rapidly became clear that the aforemen-

tioned nations of West Africa did not have an adequate governmental 

infrastructure to create Ebola treatment units, nor were they able to 

strictly implement the necessary public health infrastructure of  

hygiene and isolation. At that point, important nongovernment orga-

nizations (NGOs) such as Médecins Sans Frontières, Red Cross, WHO, 

and worldwide military support intervened to create the lacking infra-

structure.63,64

From the initial outbreak to December 2015 the WHO, with its 

partners, achieved unprecedented progress in combating the disease. 

From an environment of minimal diagnostic tools and scant medical 

personnel emerged 24 rapid diagnostic laboratories, a phase III trial of 

the VSV-EBOV vaccine, and a global network of thousands of health-

care professionals ready for rapid deployment in the Foreign Medical 

Teams (FMTs) Registry. These efforts were achieved through a three-

phase approach. Phase 1 (August–December 2014) was of a rapid 

scale-up of the response. This consisted of increasing the number of 

treatment centers, rapidly hiring and training teams in safe dignified 

burials, empowering social mobilization, and launching the UN Mis-

sion for Ebola Emergency Response (UNMEER). Phase 2 (January–

July 2015) emphasized increasing capacities for case finding, contact 

tracing, and community engagement. Phase 3 (August 2015–2016) 

focused on interrupting all chains of transmission. This was achieved 

by rapidly identifying all cases, contacts, and deaths; establishing safe 

facilities; developing multidisciplinary response teams; incentivizing 

local communities to comply with public health goals and local re-

sponse; supporting survivors; and ending human-to-human transmis-

sion of the virus in the affected populations and countries.65

When patients with EVD first started appearing in the United 

States, it required some fundamental reevaluation of the role of the 

CDC in such events. Normally the agency is tasked with providing 

information and guidance to both healthcare facilities and state and 

local health departments, but given the rapid, complex, and interna-

tional nature of this particular epidemic, the routine approach of hav-

ing state health departments manage these situations with oversight by 

the CDC was not particularly effective. The president created the role 

of “Ebola Response Coordinator” to help provide a coordinated federal 

oversight for the US approach to this disease. In addition, the CDC 

created Ebola “SWAT teams” that were sent in real time to appropriate 

locations to ensure appropriate resource allocation to hospitals, and, if 

necessary, transfer patients with suspected EVD to properly equipped 

regional centers. For example, in New York State, the governor man-

dated that eight medical centers (five in New York City alone) were to 

be designated centers for patients with suspected EVD and that all 

hospitals needed to develop strategic plans for initial management of 

patients with suspected EVD.66

The CDC’s response to the Ebola virus epidemic was the largest  

in the agency’s history, in an area of the world with little operational 

experience. The CDC developed relationships with health ministries of 

local West African governments, US governmental agencies, and NGOs 

and developed a Global Rapid Response Team in June 2015.67

Interestingly, despite the extremely low number of actual patients 

who were diagnosed with EVD in the United States, a challenging 

problem was media management; an initial lack of clear federal leader-

ship rapidly led to confusion, fear, and misinformation being spread 

throughout the country. As an example, the PPE recommendations 

from the CDC were not aligned with the recommendations from the 

WHO. This left hospital officials confused about the best manner in 

which to protect their employees. Eventually, the recommended ap-

proach became more aggressive, and there was agreement between the 

CDC and WHO regarding PPE.61,68–73

In conclusion, major important lessons were learned during the 

outbreak of EVD, many of which have clear-cut implications for  

future epidemics. First, it became clear that for many developing  

nations, the existing governmental infrastructure is inadequate to 

provide appropriate containment, public health infrastructure, and 

treatment facilities; early aggressive intervention by a combination of 

NGOs and militaries is required to quell the spread. Second, the stan-

dard existing paradigm of local and state health agencies providing 

adequate resources, information, and guidance to health facilities may 

not be adequate; a rapid top-down federalized approach may be re-

quired. Clearly, more resources must be allocated to our federal and 

international health agencies to prepare for such possible events in the 

future.

OTHER NATURAL DISASTERS

Tornadoes occur most commonly in the North American Midwest. 

Over 4115 deaths and 70,000 injuries have been ascribed to them dur-

ing the years 1950–1994. They cause widespread destruction of com-

munity infrastructure. Injuries most commonly seen are complex 

contaminated soft tissue injury (50%), fractures (30%), head injury 

(10%), and blunt trauma to the chest and abdomen (10%).74,75 Fire-

storms, wildfires, tsunamis, winter storms, and heat waves are other 

natural phenomena capable of creating mass injuries from thermal 

burns, airway injury, smoke inhalation, heat-related disorders, and 

hypothermia.76–79
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MAN-MADE DISASTERS

Transportation Disasters
Transportation accidents can produce injuries and death similar to 

those seen in major natural disasters. Some of the largest civilian disas-

ters in North America have been related to the transportation of 

HazMat.80 Motor vehicle accidents, railway accidents, airplane crashes, 

and shipwrecks are some of the common transportation accidents. 

They cause a wide range of injuries, including multiple trauma, frac-

tures, burns, chemical injuries, hypothermia, dehydration, asphyxia-

tion, and CO inhalation. The hazard risk to a healthcare facility in-

creases with its proximity to a chemical plant or highway, and such 

factors should be considered in the emergency preparedness plan of a 

hospital.81

Weapons of Mass Destruction
Weapons of mass destruction (WMDs) are those nuclear, biological, 

chemical, incendiary, or conventional explosive agents that pose a po-

tential threat to health, safety, food supply, property, or the environ-

ment. Since the terrorist attacks in September 2001 and intentional 

release of anthrax spores in the United States, there is growing concern 

around the world about the possible threat of chemical, biological, or 

nuclear weapons being used against a civilian population. The inci-

dence of use of WMD to cause death and injury is rare. However, bio-

logical and chemical weapons are relatively accessible, and WMDs are 

thought to be available to most foreign states and terrorist groups. In 

response to a WMD incident, healthcare personnel will be called on to 

manage unprecedented numbers of casualties in an environment of 

panic, fear, and paranoia that accompanies terrorism. Because most 

attacks occur without warning, the local healthcare system will be the 

first and most critical interface for detection, notification, rapid diag-

nosis, and treatment. The best defense in reducing casualties will 

therefore rest on the ability of medical and public health personnel to 

recognize symptoms and provide rapid clinical and epidemiologic di-

agnosis of an event. This requires that healthcare providers be well 

informed of potential biological, chemical, and nuclear agents. They 

must have a heightened index of suspicion and be able to identify un-

usual disease patterns to determine whether WMDs are the etiologic 

agents of illness. Physicians will need to practice appropriate surveil-

lance and reporting and develop knowledge of mass decontamination; 

use of proper PPE; and safety protocols related to a biological, chemi-

cal, or radiologic event.82–84 Salient characteristics and brief manage-

ment strategies of different WMD are discussed here.

Biological Weapons

Biological weapons can be either pathogens (disease-causing organ-

isms such as viruses or bacteria) or toxins (poisons of biological 

origin). Compared with other WMDs, biological weapons are char-

acterized by ease of accessibility and dissemination, difficulty in 

detection because of their slow onset of action, and their ability  

to cause widespread panic through the fear of contagion. They can 

be spread through various means, including aerial bombs, aerosol 

sprays, explosives, and food or water contamination. Multiple  

factors, including particle size of the agent, stability of the agent, 

wind speed, wind direction, and atmospheric conditions, can alter 

the effectiveness of a delivery system. The CDC has classified bio-

logical weapons into three categories (Table 168.4) based on the ease 

of dissemination; ability to cause high mortality, public panic, and 

social disruption; and requirement for special action for public 

health preparedness.85 Category A agents are of particular concern 

because they can cause widespread disease through their ease of 

transmission, result in high mortality rates, cause panic and social 

disruption, and require special attention during public health  

preparedness. General features that should alert healthcare provid-

ers to the possibility of a bioterrorism-related outbreak include86 the 

following:

 1. A rapidly increasing disease incidence (e.g., within hours or days) 

in a normally healthy population

 2. An epidemic curve that rises and falls during a short period

 3. An unusual increase in the number of people seeking care, espe-

cially with fever or respiratory and gastrointestinal complaints

 4. An endemic disease rapidly emerging at an uncharacteristic time or 

in an unusual pattern

 5. Lower attack rates among people who had been indoors, especially 

in areas with filtered air or closed ventilation systems, versus people 

who had been outdoors

 6. Clusters of patients arriving from a single locale and large numbers 

of rapidly fatal cases

 7. Any patient presenting with a disease that is relatively uncommon 

and has bioterrorism potential (e.g., pulmonary anthrax, tularemia, 

or plague)

The main steps involved in managing a bioterrorist attack are 

containment, notification, confirmation, and directed antibiotic 

treatment and prophylaxis. In the event of a suspected bioterrorist 

attack, the CDC has issued protocols for early notification of local 

and state public health department agencies.87 The Association for 

Professionals in Infection Control and Epidemiology in cooperation 

with the CDC devised the “Bioterrorism Readiness Plan,” with a 

template for healthcare facilities to serve as a reference document to 

facilitate preparation of bioterrorism readiness plans for healthcare 

facilities. This tool guides infection-control professionals and health-

care epidemiologists in the development of practical and realistic 

response plans for their institutions in the event of a bioterrorism 

attack.88 The reader is referred to other documents for a review of 

Groups Color Symbol Type of Injury

Priority I (emergent) Red R CRITICAL: likely to survive if simple* care given within minutes

Priority II (catastrophic) Blue B CATASTROPHIC: unlikely to survive and/or extensive or complicated care needed within minutes

Priority III (urgent) Yellow Y URGENT: likely to survive if simple† care given within hours

Priority IV (nonurgent) Green G MINOR: likely to survive even if care delayed hours to days

Priority V (none) Black X Dead

TABLE 168.4 Triage Classification

*Simple: Care that does not require unusual equipment or excessive use of time or personnel.

†Assigned THIRD priority (after YELLOWS) when there are so many casualties that if resources are used in vain to try to save BLUE cases, the 

YELLOWS will needlessly die.
From Auf Der Heide E. Disaster Response: Principles of Preparation and Coordination. St. Louis, MO: Mosby; 1989.
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bioterrorism and critical care,89,90 in addition to other resources and 

websites (Box 168.1).

Chemical Weapons

Chemical incidents are accidental or intentional events that threaten to 

or do expose responders and members of the public to a chemical 

hazard. Agents that have been commonly used as chemical weapons 

are also used in industrial processes. Most industrial incidents occur at 

an interface between transport, storage, processing, use, or disposal of 

hazardous chemicals, where these systems are more vulnerable to fail-

ure, error, or manipulation. The catastrophic effect of these agents has 

been used several times in the past for military purposes, and with the 

proliferation of these weapons, civilian populations are now faced with 

a significant threat.91 Typically, chemical warfare agents are classified 

into the following categories92:

Nerve agents (e.g., tabun, sarin, VX, and soman) are organophosphates 

that inhibit an enzyme, anticholinesterase, resulting in the over-

stimulation of both muscarinic and nicotinic receptors. Muscarinic 

symptoms include lacrimation, bronchorrhea, bronchospasm, mio-

sis, salivation, rhinorrhea, vomiting, and diarrhea. Nicotinic receptor 

stimulation produces muscle fasciculations, flaccid paralysis, tachy-

cardia, and hypertension. They can also produce central nervous 

system effects (i.e., seizures and coma). Death is usually from respi-

ratory failure. They are extremely toxic and have a rapid effect. Sarin 

presents as a vapor threat, and the onset of symptoms is within 

seconds, with a peak effect in 5 minutes. Exposed victims who are 

asymptomatic after 1 hour are unlikely to be contaminated. VX 

represents a liquid exposure, with as little as a drop being lethal.  

The onset to action and death is less than 30 minutes. The cardinal 

rule in decontaminating patients is to remove and dispose of all 

articles of clothing. Therapy is directed toward the predominating 

symptoms. Atropine is used for the relief of muscarinic symptoms, 

pralidoxime chloride (2-PAM) is used for nicotinic effects, and ben-

zodiazepines are used for the central nervous system manifestations. 

Most of the care is supportive and includes mechanical ventilation 

for respiratory failure and treatment of arrhythmias.93

Vesicants (e.g., mustard gas and lewisite) cause wounds on the skin 

and mucosal surfaces. They are capable of causing second-degree 

burns of the skin within 4–8 hours. Airway injury and edema can 

be severe and are dose dependent. Of concern to the ICU physician 

is the need for correcting fluid losses and maintaining the airway.

Pulmonary agents (e.g., chlorine gas and phosgene gas) mainly affect 

the respiratory system, inducing inflammation of the airway and 

the lung and leading to ARDS and death. Treatment is mainly sup-

portive.

Cyanides bind to cytochromes in the mitochondria and inhibit cellu-

lar oxygen use. In smaller doses they cause tachypnea, headache, 

dizziness, anxiety, and vomiting. With higher doses, seizures, respi-

ratory arrest, and cardiac arrest occur. They are highly toxic, and 

sufficient levels can cause death within 5 minutes of inhalation. 

They are most commonly inhaled but can also be absorbed through 

the skin. Care is primarily supportive with supplemental oxygen. 

Specific therapy is with amyl nitrates, sodium nitrite, and sodium 

thiosulfate.

Unlike biological weapons, disease secondary to release of chemical 

agents is likely to be more obvious, rapid in onset, and homogeneous. 

However, they pose serious problems for emergency care providers 

because of their potential to cause a large number of casualties rapidly 

and their potential for secondary contamination. Any emergency 

medical or public health response to a major incident involving a 

chemical warfare agent will require coordination among local, state, 

and federal organizations. First responders should be aware of access 

to specialized local and federal response teams, basic triage, demarca-

tion of the contaminated area, use of handheld devices for agent detec-

tion and identification, use of PPE, and knowledge of appropriate 

medical treatment and antidotes.

Nuclear Weapons and Radiation Accidents

A variety of terrorist applications of radiation exist that could produce 

varying degrees of damage to public infrastructure and operations, 

human casualties and illnesses, and most important, fear.

Radiation devices include radionuclides from the healthcare indus-

tries (e.g., brachytherapy and radiation oncology sources). The 

consequences of the exposure are dose and source dependent.

Radionuclide dispersal devices are also known as dirty bombs. These 

have limited nuclear yield but can contaminate a wide area.

Improvised nuclear devices are made of uranium or plutonium con-

structed by a nongovernmental source and limited by the critical 

mass of nuclear material. They yield less destructive power than a 

conventional nuclear warhead but are still capable of contamina-

tion effects.

Tactical and strategic nuclear weapons are those that are created 

by governments and vary in yields from 0.5 kiloton to greater than 

1 megaton. Their destructive capacities are enormous, and they 

contaminate a vast perimeter of space depending on the yield.

Approximately 50% of the energy released from a nuclear bomb is 

from the blast and shock waves, giving a majority of the survivors 

blast-related injuries and creating extensive infrastructure damage. 

About 35% of the energy released is thermal radiation (in orders of 

tens of millions of degrees), giving rise to high-degree skin burns. 

Depending on the size of the device and the altitude of detonation, an 

electromagnetic pulse is generated with the explosion. This is capable 

of disrupting all electrical equipment within 20 kilometers to several 

hundreds of kilometers.94 The radiation-related energy released gives 

rise to external contamination, systemic irradiation, and internal con-

tamination-related illness. Immediate ionizing radiation consists of 

gamma, beta, neutron, and a small amount of alpha radiation. Resid-

ual radiation occurs in the forms of induced radiation and fallout. 

Induced radiation occurs because of neutron-induced gamma activity 

of the immediate soil, silicon, manganese, aluminum, zinc, copper, and 

sodium. The half-lives of the various substances are a few minutes to 

15 hours. Fallout is the fusion of various radionuclides generated in the 

fission reaction with condensation, producing a snowflake-like debris 

BOX 168.1 Additional Disaster Information 
Resources

General Disaster Resources and Websites

 1. Centers for Disease Control and Prevention. Emergency preparedness and 

response. Available at https://emergency.cdc.gov/

 2. World Health Organization. Natural disaster profiles. Available at http://

www.who.int/health-topics

 3. Federal Emergency Management Agency. Disaster management. Available 

at http://www.fema.gov/ or http://www.ready.gov

Resources for Radiation Accidents

 1. Centers for Disease Control and Prevention. Radiation emergencies. 

Available at https://emergency.cdc.gov/radiation/

Resources for Bioterrorism

 1. Centers for Disease Control and Prevention website for bioterrorism. 

Available at http://emergency.cdc.gov/bioterrorism
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that falls to earth. Fallout is a potential form of delayed radiation ex-

posure and can cause internal contamination.94

Surviving hospitals and staff near an impact area should serve as a 

triage center and transport victims to unaffected centers elsewhere 

through the notification of the National Disaster Medical System  

Hospital Activation System.95 Other agencies that have to be notified 

include the Federal Bureau of Investigation, Nuclear Regulatory  

Commission, Department of Energy, and Department of Defense. 

Large-scale decontamination should be managed outside the hospital 

area as far as is possible, but plans for indoor decontamination should 

also be in place. A radiation emergency area (both in and out of the 

hospital) should be designated, with checkpoints nearing the cold 

zone. Management plans for the safe disposal of human waste and 

bodies should be in place so as not to increase the exposure risk. Triage 

of patients should be done on the basis of doing the greatest good  

for the greatest number. On the basis of predictive models, isolated 

irradiation, burns, and blast-related injuries would constitute 40% of 

injuries. Combined injuries would account for the rest. Attending to 

trauma victims should take precedence over all other medical issues, 

because a given patient is not likely to succumb immediately from  

radiation injury.

Patient care should begin with the use of universal precautions and 

PPE.94 Dosimetry readings of the area may help during triage, defining 

those with systemic irradiation injury (possibly received .450 rad expo-

sure). In determining patient viability, three parameters are of the most 

use: time of onset of vomiting, decrease in the absolute lymphocyte 

count over a 24-hour period, and presence of conventional trauma 

burns.96 Victims who are not viable or who have lethal doses of radiation 

exposure are likely to benefit from supportive/palliative care.

Hazardous Materials Disasters

HazMat are substances potentially toxic to the environment or living 

organisms. Full-scale disasters from HazMat are relatively rare, but 

isolated incidents are among the most common in the community 

and are not limited to chemicals but can include various biological 

and radiologic materials. Knowledge of the types of industries present 

in the community would be helpful in developing a potential plan to 

deal with likely HazMat situations. Management of a HazMat situa-

tion requires attention to several key points: identification of the of-

fending agent, appropriate PPE of responders, prompt containment 

of the agent, demarcating areas for decontamination (including re-

moval and disposal of clothes and waste from the decontamination), 

and resuscitation of victims. Injuries secondary to release of HazMat 

can present as chemical burns, inhalational injury, and a variety of 

systemic injuries.97,98

Armed Conflict

Armed conflict continues to be the most preventable and most de-

structive of man-made disasters in terms of human physical and 

emotional suffering, economic loss, and environmental destruction. 

Specific healthcare issues during these conflicts that are relevant to the 

intensivist include trauma from blast injuries, projectiles, and crush-

related injuries; communicable diseases caused by the breakdown of 

public infrastructure and mass displacement of populations; and 

burns and radiation-related injury.

MEDICAL DISASTER SYNDROMES

Disaster situations present with many unique medical syndromes that 

require specific therapy. Treatment of these entities is often difficult 

because of a large volume of patients, lack of qualified medical person-

nel onsite, and inadequate supplies and equipment. It is important to 

emphasize that initial recognition of the medical syndromes and  

appropriate intervention are critical to minimizing morbidity and 

mortality. Appropriate triage, knowledge of field management of each 

syndrome, flexibility to adapt to each situation, ability to ignore natu-

ral differences among different specialties, and recognition of limits  

of medical care that can be provided in overwhelming situations are 

key to a good disaster medical response. In the following paragraphs, 

we discuss commonly encountered medical syndromes in a disaster 

situation.

Blast Injuries
Bombs contain an array of compounds such as nitroglycerin, trinitro-

toluene, and others that are encased in a metal or plastic case. Decom-

position of the solid or liquid compound into gas leads to massive 

dissipation of energy and pressure that creates a blast wave (shock 

wave). This destructive effect can be increased by the presence of nuts, 

nails, and bolts in the casing. Water transmits blast waves more effi-

ciently than air, with the greatest impact being on structures that are 

the deepest.99 There are four types of blast injuries:

 1. Primary blast injury is caused solely by the blast wave and almost 

always affects air-filled structures such as the lung, ear, and gastro-

intestinal tract. The presence of tympanic membrane rupture may 

indicate exposure to a high-pressure wave and is thought to corre-

late with more severe organ injury.

 2. Secondary blast injury is caused by the rapid acceleration of small 

fragments caused by the blast injury.

 3. Tertiary blast injury is a feature of high-energy explosions. They 

result from the collision of the flying victim against a hard surface.

 4. Miscellaneous blast-related injuries encompass all other injuries 

caused by explosions. They include flash burns, inhalation injuries, 

and blunt trauma.

The most common injuries associated with fatality in blast incidents 

include subarachnoid hemorrhage (66%), fracture of the skull (51%), 

lung contusion (47%), tympanic membrane rupture (45%), and liver 

laceration (34%). Unfortunately, the extent of the blast injury cannot be 

assessed during the course of rapid triage examinations. In the absence 

of overt trauma, a focused physical examination should include exami-

nation for ruptured tympanic membrane, hypopharyngeal contusions, 

hemoptysis, and auscultation for wheezing. The presence of a ruptured 

tympanic membrane is almost always an indicator that the patient has 

been exposed to a blast wave powerful enough to cause serious damage. 

The thorax is frequently involved in a blast injury, manifesting with 

wheezing, hemoptysis, pneumothorax, hemothorax, and air embolism. 

Patients may have myocardial contusion as well. The presentation of 

serious pulmonary injury may be delayed. Pulmonary barotrauma is 

the most common fatal primary blast injury. Patients with nonpene-

trating lung injury will likely have hypoxia requiring support ranging 

from oxygen therapy to mechanical ventilation. This may result from 

pulmonary contusion, systemic air embolism, and disseminated intra-

vascular coagulation. Acute gas embolism, a form of pulmonary baro-

trauma, is also associated with blast injuries. Air emboli most commonly 

occlude blood vessels in the brain or spinal cord, resulting in neurologic 

symptoms that must be differentiated from the direct effects of trauma. 

Patients thought to have gas embolism require decompression treat-

ment. Administering 100% oxygen by tight-fitting face mask and left 

lateral recumbent position may help. Definitive treatment is with the 

use of hyperbaric oxygen. Patients with blast injury of the lung are likely 

to present with abdominal injuries that are usually more delayed. These 

include delayed bowel perforation and liver lacerations. The former 

may warrant exploratory laparotomy.100–103

Blast victims receiving general anesthesia have an increased mortality 

rate; other forms of local and spinal anesthesia are preferred, and general 
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anesthesia should be deferred if possible for 24–48 hours. Intensivists 

should be aware of the increased need for resuscitation equipment, ven-

tilators, and movement in and out of the operating room during such 

situations.

All patients with significant burns, suspected air embolism, radiation 

or white phosphorus contamination, abdominal signs of contusion/ 

hematoma, or clinical evidence of pulmonary contusion or pneumotho-

rax should be admitted to the hospital. Patients with tympanic mem-

brane rupture and suspected pneumothorax should get some form of 

chest imaging, and a significant observation period may be warranted. 

Other investigations must be judiciously ordered, keeping in mind the 

limited availability of resources in a mass-casualty incident. Screening 

urinalysis for presence of hematuria, tests for CO poisoning (explosion 

in a closed space or associated with fire) and cyanide toxicity (because  

of combustion of plastics), and assessment of acid-base status may be 

indicated. Using abdominal computed tomography to rule out intestinal 

hematomas should be dictated by clinical signs and symptoms. Pregnant 

patients with blast injuries warrant special consideration, and appropri-

ate consultation is necessary to rule out blast injury to the fetus.101 Sup-

plemental oxygen, maintaining spontaneous respiration, and low PEEP 

(if mechanical ventilation is required) are guiding principles. Routine 

corticosteroids and antibiotics are not warranted.

Exposure to white phosphorus explosives (e.g., in hand grenades) 

deserves special mention. Using a Wood’s light in a darkened resuscita-

tion suite or operating room may help identify white phosphorus light 

particles in the wound. White phosphorus injury can cause lung injury 

through irritation, in addition to severe hypokalemia and hyperphos-

phatemia with cardiac arrhythmias and death. External burns should be 

lavaged with 1% copper sulfate solution. This forms a blue-black cupric 

phosphide coating and prevents combustion so that the particles can be 

safely removed.104

Crush Injury Syndrome
Crush injury syndrome refers to systemic manifestations of extensive 

muscle damage caused by entrapment of victims under collapsed 

buildings or debris. Reported incidence depends on the type of disas-

ter, ranging from 2% to 40%. Metabolic alterations from the release 

of muscle constituents into the circulation include myoglobinemia 

leading to acute renal failure, hyperkalemia, hyperphosphatemia, and 

disseminated intravascular coagulation. Muscle damage that occurs is 

caused by not only direct crush injury but also by vascular injury and 

insufficiency leading to altered compartment pressures and reperfu-

sion injury. Inelastic fascial sheaths encase skeletal muscles in the 

forearm and lower leg and are particularly vulnerable to dramatic 

increases in compartment pressures, resulting in compartment syn-

drome. An intracompartmental pressure greater than 40 mm Hg last-

ing longer than 8 hours defines this syndrome. Pressures as high as 

240 mm Hg can be seen with crush injuries. Compartment syndromes 

are seen with limb fractures, use of military antishock trousers, pneu-

matic splints, vascular injuries, and crush injuries. The affected limb 

may present with severe pain associated with passive stretch or exten-

sion, flaccid paralysis, and sensory loss. Capillary refill and peripheral 

pulses are usually present unless the compartmental pressure equals 

the diastolic pressure. Diagnosis requires a high degree of clinical 

suspicion and entails prompt bedside measurement of compartmen-

tal pressures. A simple and easy method that can be performed in the 

hospital or field hospital is using an 18-gauge needle attached to a 

mercury manometer. In an ICU, pressure transducers used to measure 

central venous pressures can be attached to the 18-gauge needle to 

obtain the same information.105

Resuscitation of patients with crush injury (any victim crushed or 

immobilized for more than 4 hours) should begin in the field. After 

adequate intravenous access is achieved, isotonic fluid replacement 

with normal saline (rate of 1–1.5 L/h) should begin even before extri-

cation of the crushed limb. If fluid therapy is delayed, the incidence of 

renal failure increases to 50%; delays of 12 hours are associated with a 

100% incidence. Occurrence of renal failure is associated with a mor-

tality rate of 20%–40%. Urinary alkalinization with sodium bicarbon-

ate and mannitol or acetazolamide administration is used to maintain 

urine pH above 7.5. Although this is widely used, there are no prospec-

tive randomized controlled trials to support it. Dialysis may be indi-

cated if aggressive fluid resuscitation fails, and this may create a huge 

demand for dialysis machines in disaster situations. Peritoneal dialysis 

if the abdomen is intact and continuous arteriovenous hemofiltration 

may be other useful options. However, the latter option is complicated 

by hemorrhage problems related to the use of heparin and immobili-

zation. Life-threatening infections are common and may be increased 

in the presence of a fasciotomy. In unsalvageable limbs, it may be ad-

visable to perform on-field amputations to avoid the systemic effects 

of crush injury syndrome. For this purpose, ketamine is the anesthetic 

and analgesic of choice because of its safety profile in the field.105

Particulate Health Problems
Many disasters result in the release of copious particulate matter, caus-

ing a wide spectrum of respiratory illnesses, including cough, wheez-

ing, smoke inhalation injury, reactive airways disease, and ARDS.  

Volcanic eruptions with associated pyroclastic flows and ash fall are 

some of the most devastating producers of particulate matter. Mortal-

ity arises from suffocation by ash in the upper airways, ARDS, and 

inhalation burns. The massive building collapse and fires associated 

with the 2001 World Trade Center terrorist attack caused significant 

pulmonary complaints among rescue personnel.106

Smoke inhalation injury resulting from exposure to noxious prod-

ucts of combustion in fires may account for as many as 75% of fire-

related deaths in the United States. The three primary mechanisms 

that lead to injury in smoke inhalation are thermal damage, asphyxia-

tion, and pulmonary irritation. Combustion uses oxygen in the air-

ways and causes a decrease in fraction of inspired oxygen, leading to 

hypoxemia. Increased CO levels decrease the oxygen-carrying capacity 

of the blood and cause myocardial depression. Combustion of plastics, 

polyurethane, wool, silk, nylon, rubber, and paper products can lead to 

the production of cyanide gas, resulting in anaerobic metabolism and 

decreased oxygen consumption. Rarely, we may also find methemoglo-

binemia, which reduces oxygen-carrying capacity.107 Mortality rate 

with smoke inhalation alone is about 10% but increases to about 77% 

in the presence of major burns or respiratory failure. Early deaths are 

mostly caused by airway compromise or metabolic poisoning. Labora-

tory work-up should include co-oximetry; CO, methemoglobin, and 

cyanide levels (if there is discordance in measured saturation and pulse 

oximetry readings); blood lactate levels (a level .10 mmol/L that is 

refractory to restoration of adequate ventilation, oxygenation, and 

perfusion is considered a surrogate marker of cyanide toxicity) on 

blood gases; and a calculated alveolar-arterial pressure gradient. Initial 

blood gas measurements and chest radiograph may be normal. Car-

boxyhemoglobin level obtained in the emergency department does not 

correlate with tissue hypoxia or long-term neurologic sequelae; ideally, 

a carboxyhemoglobin level at the scene would be most valuable.

Serial bronchoscopy is indicated in the first 18–24 hours to assess 

airway edema and sloughing. Early bronchoscopy can be of diagnostic 

and therapeutic value, particularly when lobar atelectasis is present. 

High-flow humidified oxygen is critical to reverse or prevent hypox-

emia. About 50% of patients with an inhalation injury require tracheal 

intubation, and this increases in patients who have burn injuries. The 

need for intubation is determined by the need to maintain airway  
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patency and pulmonary toilet and to provide positive-pressure ventila-

tion. Positive-pressure ventilation with PEEP increases short-term 

survival and is associated with decreased tracheobronchial cast forma-

tion. Cyanide toxicity (levels .0.1 mg/L) should be promptly treated 

using a cyanide antidote kit. Recommendations for the use of hyper-

baric oxygen in the setting of CO poisoning include CO levels greater 

than 25%–30%, neurologic compromise; metabolic acidosis; or elec-

trocardiographic evidence of myocardial ischemia, infarction, or dys-

rhythmias. Hyperbaric oxygen has been used in cyanide toxicity  

but has not been proven effective. The role of corticosteroids is contro-

versial, and they can be detrimental if given in the presence of cutane-

ous burns. Empirically administered antibiotics are also in dispute. 

Common pitfalls in the initial management of smoke inhalation are 

using initial PaO2 to predict adequacy of oxygenation, placing small-

diameter nasotracheal tubes, intubating without applying PEEP, and 

restricting fluids for concomitant inhalation and burn injury.107,108 

General measures that could be employed in a field setting include 

simple airway protection by clearing any particulate matter in the  

airway, supplemental oxygen, and nebulizer treatment if available.  

Patients with preexisting asthma and emphysema should be observed 

for exacerbations.

Acute Radiation Syndrome
Ionizing radiation can be either charged or uncharged particles (pho-

tons). Beta particles are capable of penetrating a few centimeters of 

tissue. Gamma rays and x-rays are capable of penetrating through tis-

sue and concrete. Gamma, x-ray, and beta radiations are considered 

low linear energy transfer radiation. Alpha particles have no penetrat-

ing power past the keratinized layer of skin, but they take on clinical 

significance if they are internalized by ingestion or inhalation. Neutron 

emission (e.g., from nuclear reactors, nuclear devices, and industrial 

moisture detectors) is a highly potent radiation that penetrates deep 

and creates denser ionization trails. Alpha and neutron emissions are 

considered high linear energy transfer radiation and have more bio-

logical effects than low linear energy transfer radiation by a factor of 

up to 20. When the process of ionization occurs in living tissue, it de-

natures cellular DNA. This leads to impaired mitosis and subsequent 

organ failure. Large doses of radiation are considered to cause more 

biological destruction than fractionated doses. Systemic radiation ill-

ness and lethality from it can result from as little as 450 rad. Precise 

measurements of the amount of radiation after a nuclear accident will 

be delayed. Hospital gamma cameras are an invaluable resource for 

helping determine the exposure in an individual. Higher systemic 

doses are suggested by shorter onset of prodromal symptoms such as 

nausea, vomiting, and diarrhea. Serial absolute lymphocyte counts will 

screen those patients who have psychogenic vomiting. Acute radiation 

syndrome has four distinct phases83,94,96:

 1. Prodromal phase, characterized by nausea, vomiting, and diarrhea. 

Other symptoms of eye burning, abdominal pain, and fever can 

also occur with higher doses. This phase may last from 0 to 2 days, 

depending on the dose received.

 2. Latent phase, in which the patient will have a period of relative 

well-being because of subsidence of the inflammation. However, 

ultimately the damaged cells will not be able to repair or regenerate. 

This may last for 2–3 weeks.

 3. Manifest phase, in which the cellular deficits of various organs af-

fected will become apparent. Mature cells of the skin slough off, 

revealing an atrophic dermis. Endothelial cells are not replaced, 

leading to vascular permeability. Mucosal linings slough, causing 

mucositis and diarrhea. Hematopoietic progenitor cells fail to pro-

duce cell lines, leading to anemia, thrombocytopenia, and neutrope-

nia. Fibrosis of organ beds develops. This may last for up to 3 weeks.

 4. Recovery phase/death, in which some stem cells may proliferate and 

lead to slow recovery, or there will be symptoms of progressive or-

gan failure leading to death.

For radiation syndrome to occur, radiation must be of the pene-

trating type in a sufficiently large dose (.0.7 Gy), must be external, 

and must occur within a short time. The disease complex has three 

syndromes: bone marrow, gastrointestinal, and cardiovascular/central 

nervous system. Serial absolute lymphocyte counts should be mea-

sured immediately on suspicion of exposure (every 3 hours), because 

lymphocytes are among the most radiosensitive cells and reach nadir 

within 2 days, platelets reach nadir in 15–30 days, and neutrophils at 

about 30 days. Patients are immunocompromised and susceptible to 

infections, including septic shock. Gastrointestinal syndrome leads to 

mucosal sloughing, decreased nutrient absorption, and translocation 

of bacteria and endotoxin. Veno-occlusive disease may also develop if 

the dose is large enough. Cardiovascular and central nervous system 

disease develops with doses greater than 5000 rad, and death can occur 

in as little as 3 days from myocarditis, capillary leak, pulmonary 

edema, and brain edema. Pneumonitis and subsequent fibrosis can 

lead to respiratory failure and the need for ventilator support. Treat-

ment of acute radiation syndrome (ARS) is supportive. If internal 

contamination is thought to have occurred, enhancement of excretion 

and specific antidote therapy are warranted. For inhalational contami-

nation, bronchoalveolar lavage may be necessary, and for ingestion, 

gastric lavage and purgative management are warranted. Plutonium 

and transuranic elements can be treated with chelating agents such as 

calcium or zinc diethylenetriamine pentaacetic acid. Radiocesium can 

be treated with Prussian blue, which helps enhance excretion in feces. 

Radioiodine exposure can be treated with potassium iodide. Uranium 

excretion can be enhanced by the alkalinization of urine and with 

potassium supplementation.

Psychological Trauma
The psychological component in a traumatic event is often over-

looked, with the major focus usually being on physical health issues. 

Studies evaluating the emotional impact from disasters indicate that a 

majority of victims, first responders, and mortuary volunteers will 

suffer some form of psychological trauma. Intensivists should be 

aware that behavioral changes may be the result not only of the cata-

strophic insult but also organic causes such as head injury, inability to 

take predisaster psychiatric medications, and toxin or chemical expo-

sure. Groups at risk, such as children, adolescents, and victims who 

have been exposed to traumatic stressors of bereavement, witnessing 

death, and situations evoking guilt, fear, or anger, should receive 

prompt psychiatric and posttraumatic counseling. Interventions, such 

as debriefing, eye movement desensitization and reprocessing, and 

critical incident stress management, may help minimize emotional 

suffering and morbidity.109

Other Syndromes
Burns, blunt trauma, intraabdominal injury, head injuries, penetrating 

trauma, and hypothermia are some of the other disaster syndromes 

encountered in the field. Specific discussion of these entities is beyond 

the scope of this chapter; please see other reviews.5

DISASTER PREPAREDNESS

For intensivists to be able to deal with a disaster, it is paramount that 

they be a part of the disaster-planning effort. Disaster planning in-

cludes development of action programs to minimize loss of life and 

damage during a disaster, provide the greatest good for the greatest 

number of people, train healthcare personnel and civilians, coordinate 
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response efforts, maintain adequate supplies of equipment and per-

sonnel, and rehabilitate the community after the disaster. Knowledge 

of potential disasters to which the community is prone should be an 

integral part of the planning process. Having an understanding of 

what the resources and capabilities are of the community, hospital, and 

its ICU on a continual basis and provision for modular expandability 

are vital for any successful emergency response. The mere existence of 

a disaster plan does not ensure that the hospital system is actually 

prepared.110 The following paragraphs elucidate some of the common 

issues and misconceptions related to disasters and common principles 

useful in designing a disaster plan. Subsequently, a pragmatic view is 

presented of the role of the ICU physician in a disaster situation.

Common Issues and Misconceptions  
in Disaster Planning
Typically, the hospital nearest to the disaster site will receive the bulk 

of the casualties. It is thus important to conduct a careful survey of a 

disaster plan’s jurisdiction to identify potential sites (i.e., industries, 

nuclear reactors, and highways) and likely types of hazardous events 

that could occur in the area. Hospitals in the nearby area receive few 

disaster victims, and an average have at least 20% of their beds vacant. 

Disaster plans would thus need to include transfer agreements between 

hospitals and nearby ICUs to meet bed shortages by activating the 

National Disaster Medical System Hospital Activation System.95,110,111

Very few casualties actually require hospital admission. A study of 29 

mass-casualty incidents found that less than 10% of casualties required 

overnight admission under usual criteria (even though more were ad-

mitted because they were involved in the disaster rather than because of 

severity of their condition). Large numbers of casualties with minor 

conditions will appear at the nearest hospitals, often on foot or in pri-

vate vehicles, police cars, buses, taxis, and other nonambulance forms of 

transport. Field triage stations are often bypassed, and this in turn 

causes enormous strain on the emergency department services.112

Most of the logistical problems faced in disaster situations are not 

caused by shortages of medical resources, but rather from failure to 

coordinate their distribution.110 Inexperienced volunteers may not be 

familiar with the triage system or principles of personal safety, and 

massive numbers of volunteers can present serious administrative 

challenges. This results in disorganization and inefficiency.97 Technical 

hazard sheets designed by the WHO for most disasters also suggest 

that medical personnel, blood donors, and blood products should not 

be sent empirically to a disaster site.113

Principles in Disaster Planning
Existing Preparedness Requirements
In developing disaster plans, hospitals must take into account the 

broad national and local requirements imposed by various govern-

mental agencies. Common agencies involved in this process include 

the Centers for Medicare & Medicaid Services (CMS) and The Joint 

Commission (TJC). The CMS’s conditions for emergency prepared-

ness and services establish minimum requirements for hospitals that 

participate in Medicare or Medicaid programs. Similarly, TJC stan-

dards apply to a full range of hospitals and are focused on four areas: 

(1) emergency preparedness management plan (Standard EC 4.1), (2) 

security management plan (Standard EC 2.1), (3) HazMat and waste 

management plan (Standard EC 3.1), and (4) emergency preparedness 

drills (Standard EC 4.2). Readers are referred to the TJC website for the 

most up-to-date standards.114

Hazard Vulnerability Analysis

This is the first step of any disaster plan, with the main aim of identify-

ing potential hazardous events and situations that can occur in or 

around the healthcare facility. This process of evaluating and predict-

ing hazard risk is not restricted to geographic events but extends to 

institution-specific variables such as utility failures, local threats of 

gang-related activity, and presence of a local high-risk industry such as 

a chemical or nuclear power plant. TJC requires a formal documented 

HVA that is integrated with the emergency management plan, setting 

priorities among potential emergencies and also defining the hospital’s 

role in the local community-wide emergency plan.114

Incident Command System

The Incident Command System (ICS) is designed to provide the basic 

architecture of an emergency management response. Major barriers to 

medical response arise from the lack of coordination among various 

public and healthcare agencies and from the lack of operational inte-

gration of various medical specialties. The ICS incorporates all these 

agencies and ensures a cooperative and effective response to a crisis. 

The concept of ICS resulted from the analysis of the devastating wild-

fires in Southern California in 1970 and has since been modified and 

successfully adapted to different disaster situations related to health-

care facilities.100–102 The ICS specifies a common terminology and a 

command structure with five functional sections:

 1. Command: Unified command staff responsible for overall manage-

ment of the incident.

 2. Operations: Performs the actual response work under the directives 

of the command center.

 3. Planning: Gathers relevant information and develops response 

strategies as the situation progresses.

 4. Logistics: Responsible for facility-wide supplies, equipment, per-

sonnel, and services. It also provides for basic services to personnel 

of the command center.

 5. Finance: Authorizes expenditures, maintains records, and provides 

documentation of the incident.

A designated person will have the authority to declare an emer-

gency. All personnel involved in the command system should be aware 

of the exact predetermined location of the command center. The plan 

should also provide protocols that will guide notification and the se-

quence of mobilization of these personnel in a disaster situation. The 

command system must also have independent telephone lines to en-

sure uninterrupted communication with the external world in a disas-

ter situation. Once initiated, the ICS has a built-in chain of command 

that is responsible for triage of patients and allocation of personnel 

and resources.115

Triage

Appropriate triage is a vital function during an emergency manage-

ment response. This is a dynamic process that is not necessarily 

confined to the disaster site or the emergency department, but rather 

is carried through several levels of the medical response pathway of 

a disaster response. Modern triage is based on the likelihood of sur-

vival in relation to the resources available at the time of the deci-

sion.116 Problems often encountered in the triage process include the 

following117:

 1. Lack of medical direction at the scene. Making triage decisions in a 

chaotic situation requires skill and experience and can often ini-

tially seem confusing and unmanageable. Lessons from the first 

Persian Gulf War showed that on-field triage was correct only 70% 

of the time. It is necessary to entrust experienced physicians with 

this job and to have simple and clear guidelines for the decision-

making process. In addition to emergency physicians and trauma 

surgeons, critical care physicians bring with them the expertise to 

deal with complex and time-bound situations and are thus well 

suited to head a triage team.
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 2. Lack of interorganizational planning. Dynamic management of the 

triage process requires interorganizational coordination and flow 

of information. Up-to-date assessment of medical resources and 

personnel should be communicated from the command center  

to the triage site, and similar communication should occur from 

the scene to the command center. This will allow for rational and 

appropriate triage based on the availability of resources.

 3. Transport of victims from the site by nonambulance vehicles to 

nearby hospitals.

 4. There is no universally accepted form of triage. A recommended 

system uses a color-coded system to sort out disaster victims.116

Major Utilities, Supplies, and Equipment

Disaster plans and drills should factor in the possibility of internal and 

external power outages and related disruptions (ventilator and moni-

toring device failures, communication failures including breakdown of 

cellular phones, and elevator failures) and water and gas supply short-

ages. The plan should have an up-to-date inventory of all supplies and 

capabilities of the facility. The numbers of ventilators in use and their 

absolute capacity, inventory of various ICU supplies, and vendor lists 

should be readily available if there is sudden demand for supplies. The 

disaster plan should allow for at least 2 days’ worth of supplies. Regular 

drills will help identify various bottlenecks and provide knowledge of 

the absolute capacity of devices, equipment, and services in a disaster 

situation. Plans to evacuate critically ill patients to nearby hospitals in 

the event of failure of backup systems should be addressed. Since the 

anthrax attacks and the resulting strain on antibiotic supplies in 2001, 

more attention has been paid to the national repository of lifesaving 

pharmaceuticals and medical supplies called the National Pharmaceu-

tical Stockpile Program. This response is a component of the CDC’s 

larger Bioterrorism Preparedness and Response Initiative and is com-

posed of a stockpile of pharmaceuticals, vaccines, medical supplies, 

and equipment to augment local and state resources in a disaster situ-

ation. After a federal decision to deploy, a “push package” will arrive by 

ground or air in 12 hours or less at any location in the United States. A 

CDC team accompanying the push package will then define shipments 

in the second phase.118

Security and Casualty Reception

Security is a major concern during natural or man-made disasters. 

Desire to seek immediate medical evaluation, panic, and curiosity are 

factors that place the healthcare facility and its personnel under enor-

mous strain. Internal and external traffic control, protection of per-

sonnel involved in the response effort, and strict enforcement of 

staging and triage areas are key security-related issues. Law enforce-

ment plays a more critical role during terrorist attacks or bioterror-

ism, and failure to maintain order will lead to rapid overwhelming of 

the facility’s resources and a disorganized medical response. Because 

most victims will arrive at the hospital by foot or by personal vehicles, 

provision must be made for a predetermined staging area with ade-

quate mass decontamination facilities and respiratory protective 

equipment.114,119

ISSUES UNIQUE TO THE INTENSIVE CARE UNIT

The responsibility of caring for the most serious salvageable casual-

ties in natural and man-made disasters will ultimately involve the 

critical care physician. As opposed to the overwhelming shortage of 

resources, lack of coordination among various agencies and special-

ties has been often cited as the main contributing factor to an inef-

fective emergency medical response. This response therefore requires 

the cooperation of not just physicians but also among prehospital 

medical personnel, nurses, and ancillary services such as radiology 

and laboratory services.53

Possible roles for the intensivist as part of a disaster management 

planning team include the following:

 1. Clear role definition and understanding of the overall organization 

of the emergency response plan

 2. Knowledge of the usual limit, surge capacity, and absolute limit of 

ICU resources

 3. Construction of appropriate staffing models

CRITICAL CARE IN UNCONVENTIONAL SITUATIONS

Mobile ICU Teams
There have been numerous examples in the medical literature describ-

ing extended critical care through mobile ICU teams. Using mobile 

ICU teams has not been restricted to disaster settings but has also been 

used throughout the world during peacetime. Various factors that have 

to be considered in forming ICU teams are discussed next.

Personnel

On the basis of the anticipated needs of the disaster, appropriate spe-

cialists and ancillary personnel are chosen. Given the complexity and 

inherent unpredictability of staffing for disaster management, a flexible 

and adaptable approach must be taken to staffing such events.120

Training

Adequate predeparture training is essential for a coordinated and effec-

tive response. In addition, interaction and onsite training ensure effec-

tive functioning of a foreign medical unit and allow for the smooth 

transition of care to local physicians when the foreign team departs.96

Casualty Assessment

Studies from the past and also the experience of the IDF in providing 

care to earthquake victims in Turkey showed that the effectiveness of 

mobile ICU teams was limited by time. It may take 3 days to mobilize 

such an effort, and crucial time is lost before delivery of care. Efforts 

must thus be made to epidemiologically assess the efficacy of such 

teams. They should include review of the overall effort and adequacy 

of the ICU teams, outcome of victims, operational costs, and analysis 

of the structure and process of the ICU in the field.120

CRITICAL CARE TRANSPORT

Common principles involved in the safe transport of patients include 

the following120:

 1. Rapid assessment of the severity of injuries, recognition of the need 

for transport, and anticipation of problems during transport

 2. Safe movement of patients in and out of vehicles, continuous 

monitoring of vital signs, and recognition and treatment of prob-

lems encountered during transport

 3. Documentation of the events during transport and provision of a 

detailed report to the admitting personnel

Types of Transport
Ground Transport
Ground ambulances have the advantage of rapid deployment, high 

mobility, and lower cost. However, patients and equipment are subject 

to significant deceleration and vibration forces. Equipment may vary 

depending on the size of the ambulance and usually includes blood 

pressure and electrocardiograph monitors, pulse oximeters, ventila-

tors, and in some cases, modern support devices such as intraaortic 

balloon pumps.
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Air Transport

It is beyond the scope of this chapter to provide a full detailed discus-

sion of fixed-wing or rotary aeromedical transport, but it may be 

necessary during certain disasters to extricate victims via air.120

CONCLUSION

Understanding the characteristics of different disasters, developing an 

interdisciplinary approach to hazard mitigation, and knowledge of 

related clinical syndromes are key to an effective medical disaster re-

sponse. To ensure an integrated and effective response to future disas-

ters, it is necessary for critical care physicians to understand the funda-

mental principles in disaster medicine and participate in the 

disaster-planning process.

 References for this chapter can be found at expertconsult.com.

• Disaster medicine is a unique specialty that has evolved over the past few 

years. It shares a common ideal with public health: “greatest good for the 

greatest number.” Critical care medicine forms an indispensable part of this 

science because intensive care physicians not only care for the sickest of 

the salvageable patients in any hospital but also bring with them their 

clinical expertise in triage, resuscitation, and help in providing care outside 

the domains of the unit through mobile ICU teams.

• Clear, common, and concise definitions are important in effective communi-

cation and evoking appropriate responses to disaster situations. The con-

cept of functional impact of a disaster on the healthcare system is para-

mount while classifying disasters.

• It is important to understand the common effects of different natural and 

man-made disasters to predict their impact on the healthcare system. Even 

though man-made disasters such as terrorist attacks have gained attention, 

the numbers of geophysical disasters such as earthquakes, floods, and hur-

ricanes have remained fairly constant and place the greatest burden on the 

healthcare system.

• Disaster situations produce many unique medical syndromes that require 

specific therapy. Knowledge and immediate recognition of different medical 

syndromes with appropriate interventions is critical to minimizing morbidity 

and mortality.

• Disaster planning includes developing action programs to minimize loss 

of life and damage during a disaster, training healthcare personnel and  

civilians, coordinating response efforts, maintaining adequate supplies of 

equipment and personnel, and rehabilitating the community after the disas-

ter. Knowledge of potential man-made and natural disasters to which the 

community is prone should be an integral part of the planning process. 

Common principles involved in the creation of an emergency response plan 

should be followed and applied from an ICU perspective.

• With their natural role of caring for critically ill patients, intensivists bring 

with them unique abilities that can be applied to a disaster situation: a 

multidisciplinary approach to patient care, management skills, procedural 

expertise, and flexible attitudes.

• Intensivists can also provide care outside the domains of the ICU through 

mobile ICU teams and transport of critically ill patients. Various factors 

have to be considered in forming such teams and in the safe transport of 

patients.

KEY POINTS

ANNOTATED REFERENCES

Auf Der Heide, E. Disaster response: principles of preparation and coordination. 

St. Louis: Mosby; 1989.

An excellent resource that includes basic principles and pitfalls in disaster 

planning and offers valuable assistance to those involved in disaster prepared-

ness, mitigation, and response.

Devereaux AV, Dichter JR, Christian MD, et al. Definitive care for the critically 

ill during a disaster: A framework for allocation of scarce resources in 

mass critical care: From a Task Force for Mass Critical Care summit meet-

ing, January 26–27, 2007, Chicago, IL. Chest. 2008;133:51S–66S.

A review of various topics, including triage, disaster-related injuries, and dif-

ferent disaster syndromes.

Geiling JA. Fundamental disaster management. Mount Prospect, IL: Society of 

Critical Care Medicine; 2009.

A clinical guide and strategic management tool to address the challenges 

faced by healthcare providers in times of natural and man-made disasters.

Karwa M, Bronzert P, Kvetan V. Bioterrorism and critical care. Crit Care Clin. 

2003;19:279–313.

A review of bioterrorism.

Rice DH, Kotti G, Beninati W. Clinical review: Critical care transport and aus-

tere critical care. Crit Care. 2008;12:207.

A focused, relevant review on issues germane to critical care transport and 

mobile ICUs.
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Telemedicine in Intensive Care

Alejandro J. Lopez-Magallon, Joan Sánchez-de-Toledo, and Ricardo A. Muñoz 

Worldwide, there is a need for novel strategies to alleviate the lack of 

specialized medical care, including critical care medicine. Societal 

changes in demographics, epidemiology, and culture, in addition to 

significant technologic advances, have positioned telemedicine as a 

useful tool to narrow the gap between available and needed medical 

care. Thus far, it has proved to be a disruptive technology, potentially 

altering traditional paradigms in the critical care environment, par-

ticularly in medical education, team organization, medical licensing, 

quality improvement, disaster response, and research. A recent report 

estimated that 13% of non–federal-funded hospital adult intensive 

care unit (ICU) beds were supported by some form of ICU telemedi-

cine program.1 Despite its relative novelty and rapidly changing tech-

nology and legislation, additional information has accumulated in the 

last few years suggesting potential features that can be leveraged to 

achieve an ideal model of tele-ICU care. Here we present our perspec-

tive for the current state-of-the-art and practical considerations on 

these matters (Fig. 169.1).

DEFINITION

Telemedicine can be described as the use of electronic information and 

telecommunications technologies to support and promote long-distance 

clinical health care, patient and professional health-related education, 

public health, and health administration. Technologies include videocon-

ferencing, the Internet, store-and-forward imaging, streaming media, and 

terrestrial and wireless communications.2

Potentially related benefits may include improved access and en-

hanced efficacy, quality, and efficiency in the delivery of healthcare 

services, in addition to equality in distributing scarce resources and the 

reduction of costs.

Although we can track the use of telecommunications with this 

purpose to the first half of the 20th century in Australia3 and de-

cades later with the National Aeronautics and Space Administration 

(NASA)4 and the space race,4 it was not until the past 2 decades 

when critical technologic developments allowed for an explosive 

increase in its use as an alternative for overcrowded traditional 

models of care.

Traditionally, telemedicine modalities can be classified into store-

and-forward, real-time, or remote monitoring. In store-and-forward, 

medical information is sent electronically to a remote physician for 

assessment offline, without direct simultaneous interaction between a 

remote medical team and a telemedicine physician. In the real-time 

mode, a direct video interaction exists between a telemedicine physi-

cian (or a physician extender) and a remote patient, physician, or 

medical team. Finally, remote monitoring implies the monitoring of a 

patient from a distance using different technologies depending on the 

physiologic system to be followed.5

TELEMEDICINE IN INTENSIVE CARE

The implementation of a new tele-ICU program should focus on each 

one of the following aspects:

 1. Telemedicine-related laws and regulations at state and national levels

 2. Technologic platform

 3. Staffing

 4. Model of care

Telemedicine-Related Laws and Regulations
There are basic elements that any telemedicine program should con-

sider to comply with national and state laws, in addition to technical 

regulations pertaining to the particularities of the telemedicine interac-

tion (Box 169.1). The American Telemedicine Association has published 

core guidelines for baseline technical requirements and telemedicine 

operations and guidelines for tele-ICU operations in particular.5 Poli-

cies that foster telemedicine use are being promoted in most states 

(state parity laws) and should be consulted to adjust the tele-ICU pro-

gram model accordingly, given that they will affect reimbursement and 

credentialing.6 In broad terms, signed patient consent must be obtained 

and patient confidentiality should be preserved at all times regardless  

of the model of care used in any tele-ICU program. A practitioner li-

censed in the state where the medical care is being delivered is manda-

tory during the teleconsultation, and by-proxy credentialing issues 

should be addressed between connecting hospitals. The Interstate 

Medical Licensure Compact is an agreement between 29 states, the Dis-

trict of Columbia, and the territory of Guam, offering an expedited way 

for licensure in those states participating in the compact.7 Moreover, 

documentation of the telemedicine consult should be in the patient’s 

medical record.

Finally, the unique setting of virtual telepresence results in distinct 

communication needs that are different from the regular onsite, tradi-

tional team interactions and “telemedicine etiquette” (Box 169.2). 

They should be kept in mind during telemedicine consultations to be 

efficient in the art of “the systematic finding and delivery of bad news 

to the remote team.”

Technologic Platform
Robust information technology (IT) department support is needed to 

ensure seamless and safe communication between the tele-ICU team 

and remote ICUs.

The cost-efficiency of a tele-ICU technologic platform reached a 

critical point a few years ago, when data transmission migrated from 

costly dedicated optical cable networks to wireless encrypted commu-

nication via the Internet.8

The technologic infrastructure should conform with the IT policies 

of the enterprise. Devices must have up-to-date security software, and 

systems must comply with all current and applicable state and federal 
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laws and regulations governing the use of medical devices and medical 

information: Food and Drug Administration (FDA), Health Insurance 

Portability and Privacy Act (HIPAA), Health Information Technology 

for Economic and Clinical Health (HITECH), and Waste Electrical and 

Electronic Equipment (WEEE).5 Depending on the scope of the par-

ticular tele-ICU program, minimal hardware could include a simple 

telemedicine cart on both ends, escalating to a fully autonomous ro-

botic telepresence with access to remote electronic medical records 

(EMRs), medical imaging, and monitoring systems supplemented with 

automated rapid response algorithms9,10 (Fig. 169.2).

Staffing
Given the significant disparity between available and needed qualified 

specialists to meet current safety standards, the Leapfrog group has 

endorsed telemedicine as an appropriate alternative to reach these 

goals.11 It would be wise then to redesign the workflow of the existent 

and future ICU staffing considering the telemedicine time. In those 

tele-ICU programs with staff dedicated mainly to telemedicine, a 

Fig. 169.1 Telemedicine suite. Wall screens, from left to right panels: Panoramic room cameras, ICU sum-

mary snapshot, room video cameras, and AI sniffing algorithm. Remote monitoring screens not shown. 

Telemedicine stations for access to remote EMR. AI, Artificial intelligence; EMR, electronic medical record; 

ICU, intensive care unit.

BOX 169.1 Telemedicine-Related Laws and 
Regulations

• National telemedicine laws

• State parity laws US

• Patient confidentiality/consent (Health Insurance Portability and Account-

ability Act)

• By-proxy credentialing

BOX 169.2 Telemedicine Etiquette

• Identify yourself and the remote team

• Ensure patient confidentiality

• Respect the remote team’s work

• Listen to the remote team first

• Connect in time

• Keep teleconsultations as brief as possible

• Comply with telemedicine laws and regulations

• Objectively evaluate the patient

• Provide advice based on the best available evidence

ICU ICU

ICUICU

Tele-ICU

Team

Rapid

re
sponse

Rapid

response

Rapid
response

Rapid
response

Fig. 169.2 Diagram of a state-of-the-art tele-ICU. An electronic data-

base with physiologic data and other medical information is updated in 

real time in the EMR. A tele-ICU team works on surveillance of patient 

information assisted by remote monitoring, EMR, and sniffer algo-

rithms. Once a dangerous trend is detected, the patient is reviewed 

with the remote team and a response is elicited. EMR, Electronic 

medical record; ICU, intensive care unit.

minimum amount of time of direct clinical practice must be ensured 

to maintain proficiency.

Reimbursement for telemedicine care remains a significant chal-

lenge. In a national survey, 55% of respondents reported not billing for 

telemedicine services.12 A number of tele-ICU ventures have jump-

started their programs with the assistance of grants. A common arrange-

ment is also a contractual arrangement between connecting hospitals.

Model of Care
Clinical models for tele-ICU can be classified in the following manner:

• Continuouscaremodel:Continuouscareismonitoringofthepa-

tient without interruption for a defined period (e.g., on an 8-, 12-, 

or 24-hour basis).

• Scheduledcaremodel:Scheduledcareoccurswithaperiodiccon-

sultation on a predetermined schedule (e.g., during patient rounds).

• Responsive (reactive) care model: In this model virtual visits are
prompted by an alert and are unscheduled (e.g., telephone call, 

page, monitor alarm).5

  

 



1364 PART XV Organization and Management

Tele-ICU in Adult Patients

Different models of care have been adapted for telemedicine in the 

critical care environment.13 These models can range from physician-

to-physician consultation with limited14 tele-ICU team involvement to 

fully autonomous telemedicine team intervention without the need of 

the presence of a physician in the remote place. Consequently, reports 

in the intensive care settings have shown conflicting findings related to 

any effect from a telemedicine system in patient outcomes.15

The reason for these discrepancies is not completely understood, 

and the quality of reported data has been suboptimal. In a systematic 

literature review and meta-analysis, Young and colleagues investigated 

more than 721 critical care and telemedicine articles and 2683 critical 

care or telemedicine abstracts, including 13 studies with more than 

41,000 patients in their final analysis. The tele-ICU coverage was as-

sociated with a significant reduction in ICU mortality and length of 

ICU stay but not with in-hospital mortality or length of hospital stay. 

There was a significant degree of heterogeneity in the studies included 

in their analysis and a striking degree of variation in how tele-ICU 

coverage was defined, the hospitals where it was evaluated, and the 

impact that tele-ICU coverage had on patient outcomes.16

Kahn has proposed a conceptual model to describe potential fac-

tors influencing program success (Fig. 169.3).17 In this model, the ef-

fectiveness of a tele-ICU program was influenced by characteristics of 

both target hospitals and ICUs, in addition to the telemedicine unit 

itself. When optimal, these characteristics may facilitate timely inter-

ventions and guideline adherence, leading to improved quality and 

efficiency of care. When suboptimal, telemedicine fails to change prac-

tice patterns and thus fails to improve quality.17 Using a novel ethno-

graphic approach to evaluate 10 telemedicine programs, this same 

team found that the effectiveness of a tele-ICU program was influ-

enced by the interaction of factors within the domains of leadership of 

both the tele-ICU program and the facility providing remote care, the 

perceived value of the program by front-line care providers, and the 

organizational characteristics of the telemedicine program.18

A growing body of evidence has accumulated over the years, sug-

gesting a decrease in mortality and better quality of life associated with 

implementing tele-ICU programs in the critical care process. Lilly and 

colleagues, in a multicenter report including 432 patients from 56 dif-

ferent ICUs, observed that those tele-ICU interventions with early in-

tensivist case involvement, adherence to best ICU practices, reduced 

response times to alarms, and that encouraged use of performance data 

were associated with lower mortality and length of stay (Fig. 169.4).19,20 

Likewise, in a program led by nurses screening best practices in ICU 

patients, Kahn and colleagues found improvements in the quality of 

care and a decrease in mechanical ventilation days and length of stay 

but no impact on mortality.21

Tele-ICU in Pediatric Patients

The disparity between available and needed expertise in critical care 

may be even more acute in children. The Institute of Medicine has 

reported that most children receive emergency care in general hospi-

tals. Although children make up 27% of all emergency department 

(ED) visits in the United States, only 6% of these EDs are properly 

equipped for pediatric emergencies. This likely affects the quality of 

care delivered to children presenting to EDs and, more acutely, in those 

located in underserved and rural communities.22

Telemedicine consultation for pediatric critical care shares simi-

larities with the adult setting, in addition to differences arising from 

the unique challenges offered by different and fragmented demo-

graphics, a wide range in patient size and physiology, and the coexis-

tence of congenital malformations, among others. Consequently, a 

verbatim translation of an adult tele-ICU model for these patients may 

be unworkable, and proper adjustments should be made in maintain-

ing a systematic approach in the teleconsultation format.

Reports related to the use of telemedicine in pediatric ICUs are 

relatively scarce, with some of them related with critical care consulta-

tion to rural and isolated populations. Heath and colleagues conducted 

63 teleconsultations in 10 rural EDs. Most of the communications  

occurred without significant technical issues, and in 40% of them 

telemedicine was used to supervise the critical care transport team.  

A survey reported high satisfaction among consulting and referring 

physicians, with most of the providers perceiving telemedicine as im-

proving patient care, being superior to telephone conversations, and 

allowing good provider-to-provider communication.23 Yager and col-

leagues reviewed 56 consecutive telemedicine consultations for pediat-

ric patients in the critical care setting. Communications occurred with 

the pediatric critical care fellow in 100%, nursing staff in 68%, and 

parents in 66% of their teleconsultations. Patient assessment, commu-

nication with the multidisciplinary care team, and communication 

with a patient’s family were the outcomes most often cited that would 

not have been possible via telephone. A change in medical manage-

ment was noted after 32% of encounters.24

The use of an appropriate pediatric tele-ICU can facilitate decision 

making in remote sites, allowing for a more selective referral of pa-

tients to tertiary centers. This is of particular interest in the neonate 

with cyanosis. In a study from a prospectively collected multicenter 

database in infants matched for gestational age, weight, and diagnosis, 

Webb and colleagues reported that telemedicine shortened the time to 

diagnosis and significantly decreased the need for transport of infants 

with mild or no heart disease. They also found that the length of hos-

pitalization and intensive care stay and the use of indomethacin and 

inotropic support were less in telemedicine patients compared with 

patients in centers without the availability of telemedicine.25

More recently, Berrens and colleagues reported that rapid-response 

and code-response teams at a satellite facility supported via telemedi-

cine by a pediatric intensivist were able to provide timely and reliable 

support, with no patients transferred from the satellite campus requir-

ing a rapid escalation of care.26

Telemedicine

unit

characteristics

Staffing

Hours

Monitoring

QI activities

Relationship to

target ICU

Conditions for

telemedicine use

Process

of care

Timely

treatment

Guideline

adherence

Outcomes

Mortality

Costs

Quality of

life

Target ICU

characteristics

Staffing

Rounding patterns

Practice environment

Protocols

Hospital

characteristics

Community size

Academic status

Ownership

Effective

telemedicine use

Fig. 169.3 Conceptual model for ICU telemedicine effectiveness. 

Under this model, the effectiveness of ICU telemedicine is deter-

mined by identifiable characteristics of the target hospital, the target 

ICU, and the telemedicine unit. ICU, Intensive care unit; QI, quality 

improvement. (From Kahn JM. ICU telemedicine: From theory to 

practice. Crit Care Med. 2015;42:2457–2458.)
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We have reported our own experience with telemedicine in pedi-

atric cardiac critical care in the international setting, eventually ex-

panding to four hospitals in two Latin American countries. We con-

ducted 1040 teleconsultations for 476 patients, 62% of them being in 

the most complex surgical patients. There was a difference in overall 

satisfaction, perception about telemedicine usefulness in education, 

and impact on medical practice among centers. We concluded that a 

“one-size-fits-all” approach may not be feasible in most international 

telemedicine settings, and prospective interventions should consider 

differences in staff composition, perception of needs, and patient 

population among centers.27 In one of the international hospitals 

participating in our telemedicine program, we conducted a retrospec-

tive review of clinical records and a telemedicine database of patients 

admitted there during the initial 10 months of our program and com-

pared with patients admitted during a preintervention period. We 

observed a shorter cardiac ICU and length of hospital stay in cardio-

vascular patients and a shorter preoperative and cardiac ICU length 

of stay in surgical patients.28 We found also that the implementation 

of telemedicine-assisted interventions in their pediatric extracorpo-

real membrane oxygenation (ECMO) program delivered valuable  

diagnostic and therapeutic advice, was associated with significant 

changes in selection criteria and model of care, and provided a  
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Fig. 169.4 A, Adjusted ICU-specific (left) and hospital-specific (right) survival estimated by Cox proportional 

hazards regression. Models adjusted for APACHE IV score, age, hospital, or ICU identifier (as a random effect); 

admission source; primary admission diagnosis; operative status; time from start of study enrollment; heart rate; 

admission and highest creatinine values; respiratory rate; admission hematocrit value; blood urea nitrogen; white 

blood cell count; Glasgow Coma Scale score; prothrombin time; anion gap; urine output (in the first 24 hours); 

base excess; and total bilirubin and albumin values. B, Adjusted ICU-specific (left) and hospital-specific (right) 

survival estimated by healthcare system. The center of the diamond represents the effect estimate, the bars 

represent 95% CIs, the symbol size is proportional to the number of observations for the corresponding health-

care system, and the overall effects are presented as diamonds in the bottom row. CI, Confidence interval; HR, 

hazard ratio; ICU, intensive care unit. (From Lilly CM, McLaughlin JM, Zhao H, et al; UMass Memorial Critical 

Care Operations Group. A multicenter study of ICU telemedicine reengineering of adult critical care. Chest. 

2014;145:500–507, Fig. 2.)
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significant increase in patient survival during the telemedicine period 

as compared with a historical cohort from the same institution (from 

29.4% to 54.4%).29

Tele-ICU in Disaster Response

Probably one of the most compelling arguments for implementing a 

tele-ICU program is the continuous training and readiness for disaster 

response. In such dire situations and despite apparent preparedness, 

mid-course corrections or the need for improvisation is a common 

occurrence, including failure in logistics and communications. Al-

though it is true that the very nature of natural or man-made disasters 

presents unique challenges in every new presentation, it is also true 

that many of these problems arise from the fact that once disaster re-

sponse plans are made, they often end stored and forgotten, and the 

teams eventually become untrained. Reynolds and colleagues. pub-

lished their experience with the use of a previously established tele-

ICU program for disaster relief during the winter 2009 blizzards in the 

Baltimore metropolitan area. Given they had been using a telemedi-

cine system for 5 years on a routine basis, they transitioned seamlessly 

to disaster response mode, conducting daily ICU rounds and coordi-

nated care with the onsite team, assisted by robotic telepresence30 

together with remote access to EMR and imaging studies.

TELE-ICU IN THE FUTURE

Tele-ICU is an ever-growing field. The current supply-demand esti-

mates in adult critical care project a need for tripling the capacity of 

ICU case days compared with 2006. This is not and will not be sus-

tainable in the foreseeable future.31 Hence, a different paradigm for 

ICU care needs to be developed. Telemedicine will undoubtedly be an 

integral part of this new approach, Tele-ICU programs will advance 

their integration with powerful artificial intelligence (AI) tools, allow-

ing for earlier intervention and avoidance of adverse events,10,11,32 

perhaps enabling critical patients to be treated closer to their homes, 

family, friends, and support network while empowering local teams, 

providing best-evidence guidelines and quality assurance, and accel-

erating the decision-making process to expedite definite treatment or 

else more compassionate, palliative, or end-of-life care. Integration 

through a continuum from home and the community to the critical 

care environment will incorporate early preventive strategies aimed at 

well-being preservation and risk avoidance, rather than the current 

reactive approach toward already established critical care disease, con-

necting presently disjointed practices in ambulatory medicine and 

critical care.

 Full references for this chapter can be found at expertconsult.com.

• Tele-ICU has become a reliable strategy to enhance care in critically ill patients.

• Fields potentially affected by telemedicine include medical team organiza-

tion, medical education and licensing, quality improvement, disaster re-

sponse, and research.

• Tele-ICU operations should be in compliance with international, national, 

state, and local laws and regulations.

• A systematic approach including quality improvement interventions may 

yield the best results in patient survival and length of stay.

• Units with low-intensity day staffing may benefit the most from tele-ICU.

• Pediatric critical patients present unique challenges, but experience is 

growing rapidly.

KEY POINTS

ANNOTATED REFERENCES

American Telemedicine Association TeleICU Practice Guidelines Work Group. 

2014. Guidelines for TeleICU Operation. Washington, DC: American Telemed-

icine Association. Available at https://www.americantelemed.org/resource_

categories/practice-guidelines/ [americantelemed.org].

This document was endorsed by the American Association of Critical-Care 

Nurses and the Society of Critical Care Medicine, laying the basic organiza-

tional principles for tele-ICU operations.

Berrens ZJ, Gosdin CH, Brady PW, et al. Efficacy and safety of pediatric criti-

cal care physician telemedicine involvement in rapid response team and 

code response in a satellite facility. Pediatr Crit Care Med. 

2019;20(2):172–177.

In this cross-sectional single-center study conducted in a tertiary pediatric 

center and its satellite facility to evaluate a telemedicine model to provide pe-

diatric intensivist involvement in rapid response and code teams at the satel-

lite facility, the authors found telemedicine critical care teams were involved 

in satellite campus rapid-response team activations 94.6% of the time with a 

median response time of 7 minutes, with a similar ratio of patients trans-

ferred to the pediatric ICU (PICU) when compared with the monthly rate at 

their main campus. They concluded that telemedicine was a reliable, timely, 

and effective alternative to facilitate critical care involvement in rapid- 

response and code teams at satellite facilities.

Kahn JM, Rak KJ, Kuza CC, et al. Determinants of intensive care unit telemed-

icine effectiveness. An ethnographic study. Am J Respir Crit Care Med. 

2019;199(8):970–979.

The authors used an innovative approach conducting a qualitative study 

with an ethnographic evaluation of six tele-ICU programs and 10 target 

ICUs, including numerous interviews and focus groups, comparing results 

between effective vs. less effective programs. They suggest that the effective-

ness of ICU telemedicine programs may be influenced by several potentially 

modifiable factors within the domains of leadership, perceived value, and or-

ganizational structure. It is a useful reference for new and established tele-

ICU programs.

Lilly CM, McLaughlin JM, Zhao H, et al. A multi-center study of ICU 

telemedicine reengineering of adult critical care. Chest. 2014;145(3):

500–507.

In this large, multicenter, nonrandomized, pre/post assessment of telemedi-

cine interventions in more than 100,000 adult ICU patients, the authors 

found that interventions that increased early intensivist case involvement, 

improved adherence to ICU best practices, reduced response times to alarms, 

encouraged the use of performance data, and were associated with lower hos-

pital mortality and length of stay.

Lopez-Magallon AJ, Saenz L, Lara-Gutierrez J, et al. Telemedicine in pediat-

ric critical care: A retrospective study in an international extracorporeal 

membrane oxygenation program. Telemed J E Health. 2018;24(7):

489–496.

In this retrospective, pre-post intervention study in an international pediatric 

ECMO program, we found that the implementation of telemedicine-assisted 

interventions was associated with significant changes in selection criteria and 

model of care and increased hospital survival. Valuable diagnostic and thera-

peutic advice was offered, with 19% and 17% of patients receiving a recom-

mendation for diagnostic cardiac catheterization or additional surgical inter-

vention, respectively.

Webb C, Waugh C, Grigsby J, et al. Impact of telemedicine on hospital 

transport, length of stay, and medical outcomes in infants with suspected 

heart disease: A multicenter study. J Am Soc Echocardiogr. 2013;28(9):

1090–1098.

This was a prospective telemedicine intervention study conducted in nine 

pediatric cardiology centers comparing infants born at hospitals with tele-

medicine access to remote cardiology consultation with those without tele-

medicine access as controls. Telemedicine access shortened the time to diag-

nosis and decreased the need for transport in infants with mild or no heart 

disease. Also, length of stay and need for indomethacin or inotropic support 

were less in the telemedicine group. An important reference in the pediatric 

world making the case for telemedicine—enabling expedited access to spe-

cialty care, empowerment of local teams, and allowing more patients and 

families to stay closer to home.
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Teaching Critical Care

Christopher K. Schott

INTRODUCTION

As a specialty, critical care medicine has many unique challenges when 
it comes to teaching trainees. The intensive care unit (ICU) is an envi-
ronment with high stakes and time-sensitive decision making for 
acutely ill patients with multiple competing demands for time balanced 
against learners across multiple levels of training (medical students, 
residents, fellows) and backgrounds (internal medicine, surgery, anes-
thesia, emergency medicine, neurology, nurse practitioners, physician 
assistants, pharmacists, etc.).1–3 Given these challenges, it is helpful to 
know that the skills necessary to be a high-quality, effective teacher are 
able to be learned with an understanding of the principles of adult 
learning in addition to developing a toolbox of methods to teach de-
pending on the topic or circumstances. The goal of this chapter is to 
provide a review of adult learning theory and curriculum development 
to aid in learners’ ability to acquire knowledge and skill for critical care.

THE ROLE OF THE EDUCATOR

Teaching success should be measured in terms of student performance, 
not the activities of the teacher. Delivering a carefully organized Pow-
erPoint presentation, supervising problem-based workshops, or pro-
viding bedside clinical tutorials does not mean one has taught. Unless 
the learner has acquired new cognitive or psychomotor skills, teaching 
has not occurred.4 An effective teacher takes responsibility for ensuring 
that students learn.

Stritter and Bowles described a model focused on the student.4 In 
this model, the teacher assumes responsibility for the learner’s success 
and creates an environment conducive to learning by managing the 
educational resources. The teacher as a “manager” creates specific edu-
cational objectives, motivates students, uses various educational strate-
gies, evaluates learning, and provides effective feedback to ensure the 
learner achieves all the educational objectives.4 Using this learner-cen-
tric approach, educators can start to think of themselves less as the “sage 
on the stage” presenting information and more as the “guide on the 
side” to help learners achieve success assimilating new information.5

ADULT LEARNING THEORIES

There are multiple theories that describe how individuals learn. In par-
ticular, there are several pillars that describe the principles of adult learn-
ing. ÔªøMalcolm Knowles’s andragogy demonstrates the principles that 
drive adult learners: (1) learning is more self-directed; (2) learning is 
based on the scaffolds of prior experiences; (3) adults are more motivated 
to learn things directly related to their roles; (4) adult learning is more 
problem than topic centered; (5) there is a greater emphasis on internal 
or intrinsic motivation than extrinsic drivers; and (6) adults need to  

understand why there is a need to learn the material.6,7 Kolb describes this 
model as “experiential learning,” further supporting the need for adult 
learners to base new knowledge on both prior experiences and the ability 
to “play” with the novel concepts to help cement into more permanent 
learning.8 This is essential to keep in mind when dealing with more ma-
ture learners composing a critical care team. Early learners, such as 
medical students or residents, may be driven more by external factors, 
such as a rotation evaluation or grade, compared with senior residents, 
fellows, or junior faculty who have more intrinsic motivation to recognize 
the need to learn material for their delivery of patient care.

This transitions into the importance of developing an appropriate 
learning environment. Learners retain more when they feel comfort-
able and safe as opposed to situations where there may be fear or 
anxiety.7,9 This is derived from the “brain-based learning” principle of 
“relaxed alertness,” whereby learners are inhibited from processing 
new information into long-term memory when the predominant 
emotion is a stress or fear response.10 Therefore an optimal learning 
environment should strive to balance presenting learners with level-
appropriate challenges in an environment where they feel safe to play, 
process, and retain the information they are being presented.

Together, these principles should guide educators on ways to opti-
mize their students’ or trainees’ ability to successfully gain new knowl-
edge and skills. The following sections describe different ways to de-
liver information and develop curricula based upon these learning 
theories.

CURRICULUM DEVELOPMENT

Educational objectives outline the skills and behaviors the learner will 
be able to demonstrate after the teacher has completed a lecture, daily 
bedside instruction, 1-month elective, or fellowship training. Objec-
tives should be developed for every instructional activity because they 
are a road map. They guide the teacher in developing an appropriate 
curriculum, set unambiguous expectations for the learner, and serve as 
a reference for evaluation and feedback.11,12 Developing educational 
objectives involves the following three steps.

First, using action verbs (e.g., defines, explains, demonstrates, iden-
tifies, summarizes, evaluates), the instructor describes a specific behav-
ior the learner must perform to show achievement of the objective. An 
objective such as “teaches concepts of airway management” is not ad-
equate because it defines what the teacher is doing and does not clearly 
describe what the learner should be demonstrating. Therefore it nei-
ther serves as a road map for the teacher or the student nor identifies 
a clear behavior the teacher can evaluate. Second, the teacher should 
describe the conditions under which the behaviors are to occur. For 
example “given a scenario using simulation, the student will evaluate 
the airway and demonstrate effective bag-mask ventilation.” Finally, 
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the criteria for acceptable performance should accompany the objec-
tive—that is, “bag-mask ventilation will be followed by successful la-
ryngotracheal intubation within 30 seconds.” When written for a les-
son plan or formal curriculum, the format of a learning objective 
should be “who” (learner) will “do what” (knowledge or skill being 
taught) by “when” (end of lecture, curriculum, or course) as measured 
by “how” (the method of evaluation).13

When teaching students a specific clinical skill—for example, how 
to manage a patient with hypotension—the teacher must establish that 
the learner has first mastered the lower cognitive domains, knowledge, 
and comprehension. This is called scaffolding and is based on a classical 
hierarchy of levels of comprehension described by Bloom.14,15 Learners 
will not be able to initiate an appropriate treatment for hypotension or 
evaluate effectiveness of treatment unless they can first list the causes 
of hypotension and describe the effect of preload on stroke volume. 
The teacher can ask some simple questions to better understand what 
level of cognitive domain the student is at, as well as asking subsequent 
questions to advance the learner to the higher level. Using an example 
from the treatment of heart failure, a teacher could start with a com-
prehension-level question such as “What is the mechanism of action of 
furosemide?” This can advance to a higher level, such as analysis, with 
the instruction “Identify the differences in development, presentation, 
echocardiography, and treatment for patients with systolic versus dia-
stolic heart failure.” At the highest-level evaluation, an instruction 
might then be “Evaluate the evidence to support the role of angioten-
sin-converting enzyme inhibitors in the symptomatology, rates of 
hospitalization, functional status, and mortality for patients with sys-
tolic heart failure.” Table 170.1 demonstrates Bloom’s taxonomy, built 
against a hierarchy of learner competency (using the Dreyfus model of 
skill acquisition and the RIME framework) with example verbs to use 
when constructing questions for each learner level.15-18

Educational objectives specifically related to critical care medicine 
training programs should be developed in accordance with the expec-
tations outlined in the Accreditation Council for Graduate Medical 
Education (ACGME) program. In addition to listing the specific cog-
nitive and motor skills that must be taught, the ACGME has developed 
general core competencies that focus on patient care and not just 
knowledge acquisition.19 The six competencies include medical knowl-
edge, patient care, interpersonal and communication skills, profession-
alism, practice-based learning, and systems-based practice. In recent 
years, the ACGME has evolved from simply assessing trainees subjec-
tively on these competencies to an evaluation system of milestones 
through clinical competency committees with better-defined anchors 
for expected progression based on each clinical specialty.20 Examples 
of educational objectives for each competency and details of each spe-
cialty’s milestones are available at www.acgme.org.

LEARNING EXPERIENCES

There are numerous instructional methodologies a teacher can use to 
achieve educational objectives. Because adult learners prefer active 
learning, a curriculum that requires them to process information, par-
ticipate in problem solving, and defend clinical judgment increases 
their enthusiasm for learning.21

Although frequently used, traditional lectures are not an efficient 
learning method.22 There are growing challenges to attending lectures 
with limited time and competing activities for medical trainees. More-
over, because didactic sessions are not interactive, the teacher does not 
have an opportunity to assess whether the learner understands the 
content and its applicability. In contrast, small group sessions that in-
corporate problem-based learning and interactive workshops are more 
effective because they engage the students, force them to defend their 
decisions, and explain how they evaluate outcomes.22

A more contemporary model of an efficient learning environment 
is that of the “flipped classroom.”23–26 A flipped classroom design is one 
where the students review the core content, such as renal replacement 
therapy, before attending the session and then use the time with the 
instructor to work through cases or problems and provide direct for-
mative feedback. This provides the ability to present material individu-
ally to learners at their own pace while focusing on learner-centered 
activities to reinforce the new knowledge or skills in a classroom, small 
group, simulation, or clinical setting.1 The growth of recording tech-
nology provides the opportunity for an instructor to prerecord core 
content lectures and allow their time in the classroom to be used more 
efficiently to answer students’ questions and work through the mate-
rial without needing to repeat static elements of the content. Addition-
ally these prerecorded lectures can serve as an online reference library 
for students to return to for review or when they might subsequently 
encounter a particular topic in clinical practice.27

However, none of these methods teaches students or residents how 
to apply these skills to real-life situations. It is possible that giving 
students an opportunity to manage complex problems and anticipate 
consequences of their interventions in an environment where their 
mistakes do not result in untoward outcomes, where feedback is im-
mediate, and where students can repeat their performance until they 
acquire these skills might improve retention of new knowledge and 
skills. Such instructional opportunities exist and have been available 
for years in the form of simulation.

Simulation is defined as any training device that duplicates artificially 
the conditions that are likely to be encountered in an operation and may 
include low tech, partial task trainers, simulated patients, computer-
based simulation, and whole-body realistic patient simulation. Work in 
cognitive psychology and education theory suggests that more effective 

RIME Dreyfus’s Skill Level

Bloom’s Taxonomy  

Learner Level

Example Verbs for  

Questioning Learners

Educator Expert Master Evaluation Debate, Discuss, Judge

Proficient Performer Expert Synthesis Compose, Hypothesize, Predict

Manager Competent Performer Proficient Analysis Compare, Contrast, Classify

Interpreter Advanced Beginner Competent Application List, Construct

Reporter Novice Novice Comprehension Describe, Explain

Knowledge Who, What, When, Where, Why, How

TABLE 170.1 HIERARCHY OF LEARNING COMPETENCIES Comparing the RIME 
Framework, Dreyfus Model, and Bloom’s Taxonomy With Example Verbs to Question Learners 
at Each Respective Level

  

 

http://www.acgme.org
http://www.acgme.org
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learning occurs when the educational experience provides interactive 
clues similar to situations in which the learning is applied.28,29

What initially began as computerized software with a separate torso 
apparatus has evolved into complex whole-body computerized mani-
kins. Current models, such as the Laerdal SimMan 3G simulator,  
provide trainees a high-fidelity manikin that can have spontaneous 
respirations, palpable pulses, pupils that react to light and can constrict 
(unequally if desired), sweat, seize, demonstrate cyanosis, and simulate 
various difficulties for airway management. Moreover, the trainees can 
practice skills such as bag-valve-mask ventilation, nasal or orotracheal 
intubations, cricothyroidotomy, chest tube placement, needle decom-
pression, closed chest compressions, cardiac pacing, and electrical  
defibrillation, among other procedures, with real-time feedback pro-
vided.30 These computerized human simulators require trainees to 
integrate cognitive and psychomotor learning along with multisensory 
contextual cues to aid in recall and application in clinical settings.31,32 
Several publications have demonstrated the success of using simula-
tion to emphasize team-based, multidisciplinary models with the  
ability to conduct in situ to maximize authenticity for the learners.33 
Examples of learning objectives for fourth-year medical students using 
the simulator are listed in Table 170.2. Note that all objectives are writ-
ten in terms of behaviors the student must perform, thus giving the 
teacher clear guidelines for evaluation.

Though no study has unequivocally demonstrated improvement in 
actual patient outcomes,33 and despite not showing these results in pub-
lished data to present, simulation addresses the fundamentals of adult 
learning discussed previously. Simulation provides hands-on experi-
ences without any direct risk to patient safety and can simultaneously 
address the cognitive, psychomotor, and affective domains of learning 
that are essential to a successful curriculum. Moreover, organizations 
such as the Institute of Medicine endorse simulation as a tool to teach 
novice practitioners problem-solving and crisis management skills.

TEACHING SKILLS AND STRATEGIES

The high-stakes and time-sensitive environment of the ICU may place 
the perception of constraints on clinician-educators, resulting in a 
perception that it is challenging to successfully teach trainees. How-
ever, there have been several widely taught and well-published skills 
that can easily be done at the bedside or in the ICU with minimal 
preparation or consumption of time. One such skill is the “one-minute 
preceptor.”34

The one-minute preceptor (OME), also referred to as the “five-step 
‘microskills’ model,” aims to guide the learner by reasoning through 
their understanding of a topic.3,9,35,36 It uses structured questioning 
and serves as a learner-centric approach, aiding the learner to arrive at 
a teaching point in an efficient manner while the learner is presenting 
a patient or clinical quandary, particularly when the learner expresses 
uncertainty in their decision making. It follows the structure of (1) 
having the learner make a commitment, (2) probe for supporting evi-
dence, (3) provide a general teaching point on the topic, (4) reinforce 
correct behaviors with positive feedback, and (5) correct errors with 
formative feedback.3,9,35 This can be done over the course of only a few 
minutes but with lasting impact for the learner.36 In the initial step 
(Step 1: Commit), the learner is unable to waffle in their decision mak-
ing and must take ownership of it. Regardless of whether that decision 
is “correct” or not, in terms of the clinical context, this provides a start-
ing point. The instructor can use this to explore how the learner ar-
rived at this decision through their prior experiences and knowledge 
(scaffolding) to understand more about the learner’s thought process 
(Step 2: Probe). If the learner’s decision was “incorrect” in that clinical 
context, their thought process provides the instructor the roadmap on 
how they arrived at that conclusion and thus a framework to help re-
direct. If the learner arrived at a “correct” conclusion, the instructor 
can use this step to help expand the learner’s understanding of the 
topic through additional questions, following Bloom’s taxonomy, to 
help progress the learner to a higher level of competency. This is fol-
lowed by a brief, general teaching point, made by the instructor, on the 
topic (Step 3: Statement). This serves as a demonstration of a teaching 
moment by the instructor on the topic while minimizing any misper-
ceived judgment of the learner’s sophistication. This transitions into 
providing reinforcement and positive feedback on what the learner did 
correctly (Step 4: Reinforce), helping solidify the appropriate decision 
making while building the learner’s self-esteem. The process concludes 
with providing formative feedback (Step 5: Correcting errors) to pro-
vide ongoing guidance for the learner’s growth. This must be done 
with appropriate tact so as to not judge, shame, or embarrass the 
learner while providing effective feedback to expand their understand-
ing of the topic.

PROVIDING EFFECTIVE FEEDBACK

 

Respiratory Distress
• Evaluate a simulated patient in respiratory distress (tachypneic and hy-

poxemic).

• Initiate appropriate oxygen therapy.

• Evaluate effectiveness of therapeutic intervention.

• Demonstrate effective bag-mask ventilation.

• Insert intravenous catheter for resuscitation.

• Evaluate patient for potentially difficult airway.

Cardiovascular
• Evaluate a patient with hypotension.

• Initiate therapy for a patient with hypotension (initiate intravenous fluids).

• Order appropriate diagnostic tests for evaluation of a patient with hypo-

tension.

• Evaluate effectiveness of therapeutic intervention.

• Evaluate a patient with sinus tachycardia, develop a differential diagno-

sis, and order appropriate diagnostic tests.

Arrhythmias
• Evaluate a patient with sinus tachycardia, develop a differential diagno-

sis, and order appropriate diagnostic tests.

• Demonstrate defibrillation of ventricular fibrillation and pulseless ventric-

ular tachycardia.

• Demonstrate airway management and cardiovascular resuscitation for 

simulated patients with ventricular fibrillation, ventricular tachycardia, 

pulseless electrical activity, and asystole.

TABLE 170.2 Learning Objectives for 
Fourth-Year Critical Care Medicine Course

The final step in being a manager of learning is to effectively use feed-

 

back to enhance learning. Too often feedback is used to fulfill an ad-

 

ministrative 

 

function; 

 

it 

 

is 

 

provided 

 

as 

 

a 

 

summative 

 

report 

 

once 

 

the

 

rotation is complete. This is referred to as “evaluative feedback.” Con-

 

versely, “formative feedback” is provided in real time with the goal of

 

positively 

 

changing 

 

a 

 

learner’s 

 

behavior 

 

or 

 

skills. 

 

Effective 

 

feedback

 

enhances 

 

affective 

 

learning, 

 

but 

 

when 

 

used 

 

inappropriately 

 

or 

 

done

 

poorly, can also inhibit learning.37

  

Students want feedback; they want to know how they are performing

 

and 

 

how 

 

their 

 

performance 

 

can 

 

be 

 

improved. 

 

Most 

 

students 

 

receive

 

inadequate feedback during their training. Explanations for lack of feed-

 

back include a teacher’s concerns that the feedback will result in unin-

 

tended consequences, will damage the student-teacher relationship, or
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will result in students evaluating the teacher as having performed poorly. 
None of these consequences will occur if the feedback is delivered cor-
rectly. Formative feedback is the only way to ensure the success of stu-
dents, telling them what they have done well and, if necessary, what they 
need to do to achieve an educational objective. Without effective forma-
tive feedback, the behaviors go uncorrected and the student develops a 
system of self-validation: “I did well because no one told me otherwise.”

Often, residents may have difficulty even recognizing that they 
are receiving feedback when it occurs in the same context of educa-
tional sessions.38 Therefore it is important to make it explicit to the 
learner that feedback is being given. This can be done through ask-
ing for an invitation (“Can I provide you feedback on how you did 
with that procedure?”) while maintaining a safe environment for 
the learner and overtly using the word “feedback” when it is being 
delivered.

For feedback to effectively change behavior without causing unin-
tended consequences, several rules should be followed. First, all feed-
back should be based on how the student performed regarding a  
specific goal and/or objective of the program.37 This is another reason 
teachers must develop clear educational objectives. They serve not only 
as the framework for the curriculum but also as a reference for feed-
back. If feedback is provided in the context of specific performance, 
there should be no untoward consequence.37 For example, if the goal is 
for the learner to demonstrate effective bag-mask ventilation with ap-
propriate chest excursion and adequate oxygen saturation, then the 
goal was either achieved or it was not. This is a statement based on an 
objective and is not a personal affront unless the feedback contains 
judgmental language. Second, feedback must include a description of 
how to succeed. In the example presented, if the patient was not ef-
fectively ventilated, the teacher should suggest repositioning the head, 
inserting an oral airway, and performing two-person bag-mask  
ventilation so there is a better seal with the mask. Third, the specific 
behavior the learner demonstrated should be addressed and not just 
interpreted.37 If students are late to rounds, do not assume they do not 
care or are lazy. Stating the expectation that rounds begin at 7 am and 
that the expectation is for the trainee to be prepared by then assigns no 
judgment. Fourth, for feedback to be effective, it should be an expected 
component of the learning tools.37 Therefore the key to providing 
feedback is for it to be timely and based on an objective behavior, not 
a subjective trait of the student. Students should be informed during 
orientation that they will receive daily feedback on their performance 
of the stated goals and objectives. In summary, feedback should be 
timely, specific, and behavioral-based with suggestions for improve-
ment. Without successfully implementing feedback, the model of 
teaching described by Irby is incomplete.21

CONCLUSION

A teacher who begins every educational session with clear objec-
tives, creates an environment where students want to learn, applies 
different educational strategies, evaluates learning, and provides 

KEY POINTS

• A teacher, serving as a manager, develops educational objectives, moti-

vates students, organizes the curriculum, evaluates performance, and pro-

vides feedback.

• Educational objectives are an essential component of any instructional ac-

tivity, setting clear expectations for the learner and serving as a reference 

for evaluation by the teacher.

• Adults prefer active learning; therefore a curriculum that requires them to 

analyze, solve, defend, and evaluate increases their interest in learning. 

Medical simulation is an innovative addition to a critical care curriculum.

• The one-minute preceptor technique provides a model of questions instruc-

tors may use to guide learners efficiently and effectively.

• Formative feedback should be provided during instructional activity to en-

sure the student’s success.

 References for this chapter can be found at expertconsult.com.

ANNOTATED REFERENCES

Brzezinski M, Kukreja J, Mitchell JD. Time-efficient, goal-directed, and evi-
dence-based teaching in the ICU. Curr Opin Anaesth. 2019;32(2):136-143.
Reference that reviews many skills and strategies that may be employed for 

teaching in the ICU.

Kern DE, Thomas PA, Hughes MT, eds. Curriculum Development for Medical 

Education, a Six-Step Approach, 2nd ed. Baltimore, MD: Johns Hopkins 
University Press; 2009.
Textbook providing instruction for, and examples of, how to build a medical 

education curriculum.

Neher JO, Gordon KC, Meyer B, et al. A five-step “microskills” model of clini-
cal teaching. J Am Board Fam Pract. 1992;5:419-424.
Great reference describing how to use the one-minute preceptor (aka five-step 

“microskills”) for efficient and effective teaching.

Petri CR, Anandaiah A, Schwartzstein RM, et al. Enhancing teaching and 
learning in the ICU. Clin Teach. 2019;17:1-7.
Another great reference that reviews many skills and strategies that may be 

employed for teaching in the ICU.

Santhosh L, Brown W, Ferreira J, et al. Practical tips for ICU bedside teaching. 
Chest. 2018;154(4):760-765.
Summary of example skills for teaching novel knowledge and skills in the 

ICU.

formative feedback will help his or her students to successfully 
achieve the educational objectives. These guidelines are applicable 
for developing a bedside teaching session, a 1-month rotation, or a 
multiyear curriculum.
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Difficult Airway Management for Intensivists

Thomas C. Mort and F. Luke Aldo

the ICU setting, it has maintained multiple and various diagnostic and 

therapeutic roles that may be lifesaving.

PREOXYGENATION AND PER-OXYGENATION

Indications
Care providers should make every effort to provide a source of oxygen 

to the patient before and during an airway intervention:

• 100%oxygenfor2–4minutesviaatight-fittingmaskviaaresusci-
tation bag before induction is standard. Extending this time frame 

may help the patient if the SpO2 is moving in an upward trajectory. 

If not improving or falling, then alternative plans need to be de-
ployed (e.g., secure the airway with an ETT or SGA).

• High-flow nasal cannula oxygen (HFNO) is potentially valuable
whenusedinconjunctionwithpreoxygenationwithatight-fitting
mask. It is inexpensive, is readily available, is easy to apply, and has 

fewnegativeeffects(15–30L/min).Theelevatedhypopharyngeal
oxygen may reduce the incidence of desaturation when intubation 

is delayed or multiple attempts are required to secure the airway.

• Ifthepatientisalreadyonnoninvasiveventilation(NIV:continu-
ous positive airway pressure [CPAP], bilevel positive airway pres-
sure [BiPAP]), this can be used as a preoxygenation method as 

long as the airway is patent and the patient’s effort is sustainable. 

AssuretheFiO2isincreasedto100%ontheNIVassembly.
• IfnasalNIVispresent,topicalizationoftheoropharynxmaybe

employed. Full-face NIV is compatible with topicalization by
carefully lifting the mask from the corner of the mouth and ap-
plyinglocalanesthesiaviaanatomizerorsyringe.

• Duringawakefiber-optic intubation,ongoingoxygendelivery
vianasalcannulaisrecommended.Ifasleepfiber-opticintuba-
tion is employed as a primary or rescue method, continuous 

ventilation and oxygenation support, in addition to positive-
pressurelateralizationofperiglottictissues,canbedeliveredvia
an endoscopy mask that allows passing of the bronchoscope 

throughthemaskviaabuilt-inportal.

SUPRAGLOTTIC AIRWAY PLACEMENT

BEFORE THE PROCEDURE

Indications
SGA use for managing the airway:

• Whenbag-maskventilationisineffectiveorimpossible:
• Noninvasive maneuvers such as nasal and oral airway place-

ment,jawthrust,chinlift,two-orthree-personeffortsareinef-
fective or fail to maintain Spo2 .90%

Thecriticallyillpatient,particularlythecriticallyilldifficultairwaypa-
tient, presents unique airway challenges in emergency situations outside 

theoperatingroom.Theriskoflife-threateningcomplications,includ-
inganoxicbraininjury,death,andlong-termdisability,areexaggerated
in thispatientgroupwhenundergoingurgent/emergent airwayman-
agement in the remote location. Physical examination of the patient is 

helpfultoidentifydifficultairwaycharacteristics,yetmanyremainsub-
tleordifficulttorecognizeintheurgentsetting.Routineassessmentin
the elective operating room setting is more comprehensive when com-
pared with the agitated, hypoxic, sedated, hemodynamically unstable 

intensive care unit (ICU) patient suffering deterioration leading to an 

airway intervention. Risk factors vary but include body mass index
(BMI) .30,ahistoryofdifficultairway,pastorcurrentpresenceofhead
and neck tumor ± radiation therapy to the head/neck region, history 
ofchronicobstructivepulmonarydisease(COPD),currentorpasttra-
cheostomy, cervical spine limitations, airway edema, mass effect, swell-
ing (angioedema), and airway soilage (bleeding, emesis).

Critical care provided to the ICU patient is often multidisciplinary; 

hence, there are a variety of approaches and schema to manage the 

airway. Optimally, a standardized approach for airway management
shouldbeagreeduponwithinyour institution that reflects thecon-
cernsforallspecialties.Differentspecialtiesmayprefertheirownalgo-
rithms or guidelines for airway management, yet it is important that a 

standardizedapproachforairwaymanagementbeagreed.Despitethe
presence of a multitude of guidelines and algorithms from regional, 

national,andinternationalsources,thevastmajorityreflectverysimi-
larphilosophiesandschematomanagetheknownorsuspecteddiffi-
cult airway patient. Adherence to the American Society of Anesthesi-
ologists (ASA) guidelines is common, but not universal. Collaboration 

will enhance patient care and should improve safety and outcome. 

Combining the ASA difficult airway algorithm/guidelines with the
Chimes’Vortexapproachmaybebeneficialtoall.TheVortexapproach
advancesone’sability tovisual theprogressionfrombag-valve-mask
(BVM)ventilation,placementofsupraglotticairway(SGA)orendo-
tracheal tube (ETT) via laryngoscopy, advising the team to use no 

more than three attempts (or fewer), which should prompt movement 

toastandardizedsurgicaltechnique.Theincorporationofthisschema
has resulted in a more comprehensive application of the algorithm and 

improved airway management decisions.

Itisimperativetomentionthattheuseoffiber-optictechniquesis
a mainstay for airway management in the ICU setting and beyond. 

Maintaining one’s fiber-optic intubation and bronchoscopy skills is
crucialforpatientsafety.Fiber-opticmethodsremainagoldstandard
for diagnostic airway dilemmas in the ICU setting; awake intubation 

and select asleep airway management scenarios (bronchoscopic tech-
niques will be addressed in other chapters). Use as a primary or rescue 

airway technique is universal in nearly all algorithms and guidelines. In 
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• Decision to use an SGA (e.g., laryngeal mask airway [LMA])
should be made rapidly to avoid desaturation or endangering 

the patient’s safety.

Primaryusewhenmaskventilationdifficultyisanticipated:
DecisiontouseanSGAmaybebasedonaknownhistoryofdiffi-

cultmaskventilation.Thiscouldbedoneasafirststepinmanaging
the patient. After optimal positioning preoxygenation with 100% 
oxygen via a tight-fitting bag-mask assembly combined with HFNO
(15–30L/min),placementoftheSGAoccursimmediatelyafterphar-
macologic induction. Alternatively, topical anesthesia preparation will 

allow placement of the SGA device; establish effective ventilation, then 

induce. Additionally, airway preparation with topical anesthesia would 

allow “awake” intubation by a variety of airway adjuncts, though bron-
choscopyandvideo-assistedlaryngoscopy(VAL)arepreferredbymost
clinicians.

SuspecteddifficultybasedonLangeron’scriteria(twoormorefac-
tors) 1 other factors

• Obesity
• Edentulous
• Beard
• Age.55 years

• Historyofsnoring,obstructivesleepapnea(OSA)
• Macroglossia
• Anatomicalterationofhead/neck,dressing,cervicalcollar
• Poorpositioning

Secondary use as a rescue airway device when ineffective or impos-
siblemaskventilationexistsorafterdifficultorfaileddirectorindirect
laryngoscopy:

• After induction of unconsciousness/apnea, bag-mask ventilation
not effective

• Upperairwaycollapse/obstruction(aboveSGAlevel)
• Upperairwaybleeding(e.g.,tonguemalignancy)toseparatebleed-

ing from lower airway

• Whenintubationprovesdifficultorfails,anSGAcanbeplacedto
support oxygenation and then removed for further attempts or 

used as a conduit for intubation

• Bridgetosupportventilation/oxygenationwhileothermethodsare
pursued, equipment is gathered, personnel are summoned:

• Ventilation/oxygenationbeforedirectlaryngoscopy/intubation
• Fiber-opticbronchoscopyviaSGA
• Retrograde wire intubation: passing wire up through SGA, re-

trieve wire, remove SGA, then advance ETT in one of three 

methods: (1) preferably, pass the wire through the bronchoscope 

portal, advance the preloaded bronchoscope over the wire to 

below the glottis, remove the wire and advance the broncho-
scopeintothetrachea;(2)advanceanairwayexchangecatheter
over the wire to just below the glottis, remove wire, then advance 

ETTintotracheawithlaryngoscopyassistance;or(3)leastdesir-
able, pass ETT over the wire with laryngoscopy assistance.

• Surgical airway (cricothyrotomy, tracheotomy) with SGA in
place, supporting ongoing oxygenation and ventilation

• Semielective use for ventilation/oxygenation support for proce-
dures where bag-mask ventilation is known or suspected to be
difficult/cumbersome/patientintoleranttoprocedurewithoutair-
way support (e.g., OSA patient for upper endoscopy with moderate 

sedation)

• Bronchoscopy in patients intolerant to sedation (OSA, obese,
debilitated, cardiopulmonary cripple)

• Percutaneoustracheostomy
• Upperendoscopy (speciallydesignedSGAwithportal topass

endoscope/transesophageal echocardiography [TEE] probe,
LMAGastro-Teleflex)

• TEE
• Briefprocedurerequiringunconsciousnessandairwaycontrol

Contraindications
• Absolute

• Airwayobstruction(supraglottic,glottic,orsubglottic)
• Patientunprepared(awake,notopicalanesthesia)
• Electiveusewithaspirationriskorfullstomach

• Emergency short-term use for rescue of difficult airway is
acceptable.

• Relative
• Anatomicalterationofsupraglotticarea,glottis,hypopharynx
• Tumor,abscess,foreignbody,swelling
• Emergencyshort-termuseforairwayrescueisacceptable
• Pregnancy,obesity,massive/multiple-injuredpatient

• Emergencyshort-termuseforairwayrescueisacceptable

Equipment
• Equipmentformaskventilation
• Inductionmedications,topicalanesthesiamedications,andequip-

ment for intubation

• DisposableorreusableSGAdevice
• Lubricatingjelly
• Syringe for cuff inflation/deflation (cuff pressure ,60 cm H2O 

pressure)

• TapetosecureSGA
• Bite block optional (second-generation SGAs have a built-in bite

block and gastric drainage port)

• SGAincludesmodelssimilartotheoriginalLMA(firstgeneration)
designandsecond-generationmodelsfromavarietyofmanufac-
turers

• Choiceofdeviceisoftenbasedoncost,comfortwithproduct
• Evidence-baseduseexistsforsome,butnotall,productofferings
• Sizesrangefromneonataltolargeadultandwillvarybymanufacturer
• SGAsizesavailableshouldmeettheneedsofpatientpopulationsin

your facility

• Access to manometer to measure cuff pressure (,60 cm H2O); 

someSGAmodelshaveabuilt-inmanometer
• SGAaccessinfacilitymaybebestoncodecart,difficultairwaycart,

rapid-response care cart, resuscitation areas in any and all areas
where airway management may take place, either elective, urgent, 

or emergent

• In the remote hospital location, SGA devices in a transportable
airway bag or tackle box carried by the airway team is an excellent 

alternative.

ANATOMY

Though there are a variety of SGAs that occupy the periglottic area and 

surround the glottic opening with a cuff, most models differ very little 

exceptinthemanufacturedmaterials,theirflexibilityorrigidity,ease
ofuse,weight,andeffectiveness.Most,butnotall(e.g.,I-gel:Intersur-
gical and air-Q SP: Cookgas), have an inflatable cuff that lies in the
hypopharynx and essentially seals the supraglottic region from the 

epiglottis down the cricopharyngeal sphincter. A sealed airway allows 

positive-pressureventilation tobedeliveredbut is limitedby theef-
fectivenessofthecuffseal/periglotticmucosalsurfaceinterface.Many
will allow effective airway pressurization to 10–25 cm H2O pressure 

beforeleaking,whereasothermodelsarespecificallydesignedtoallow
muchhigher sealing thresholds (25–35cm).These lattermodels are
particularly effective in generating ventilatory support for the obese 

and morbidly obese patient and when confronted by low pulmonary 
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compliance situations (congestive heart failure, acute respiratory dis-
tress syndrome, abdominal distention, pregnancy, ascites, and pulmo-
naryfibrosis).TherecentlypublishedDifficultAirwaySocietyguide-
lines recommend the second-generation SGA based on higher cuff
leak thresholds, improved intubating potential, and the presence of a 

bite block and gastric drainage capabilities. Many manufacturers now 

offer SGA models with a portal that allows passage of a suction cath-
eterornasogastrictube(NGT)toassistwithevacuationofairorgas-
tric contents from the esophagus and stomach (second-generation
SGA). Although handy, access to the aerodigestive tract is not guaran-
teed, nor is the emptying process. Thus the assumption that these SGA 

models are acceptable in nonfasting patients or those at risk for aspira-
tionisnotsupportedbypublishedliterature.Despitethis,anypatient
whohasafailedairwaymaybenefitfromSGAplacementevenifthe
risk of aspiration is elevated.

In general, placement of the SGA can be performed in the exagger-
ated “sniff” position to the other extreme, a neutral cervical spine. 

ManySGAmodelsareflexible(e.g.,classicLMA-Teleflex)orforeshort-
ened, semirigid, and curved to replicate the oro-hypopharyngeal 
curvature (e.g., ProSeal, Fastrach, Supreme LMA, or Aura-Once-
Ambu). The SGA generally can be placed effectively when faced with 

littletononeckflexibility.TheSGAislubricatedandthenpassedto-
ward the roof of the mouth across the hard to soft palate, encouraging 

smoothadvancementalongtheposteriorthroatsoastominimizeget-
ting hung up on the epiglottis. It typically comes to lie with its distal 

tip in the cricopharyngeal region. Unfortunately, the cuff end may 

buckle over on itself, come to lie over the glottic opening, or be dis-
placed in a contorted position that impedes effective ventilation and 

oxygenation. The SGA may indeed be placed incorrectly but still func-
tion in near-perfect form with effective ventilation; it is a peculiar
airwaydevice.Itcanbeforgiving,yetitstillrequiresskillandfinesseto
place it properly in most situations. Guidance by a skilled and frequent 

user is the best method to learn the details of its proper use. Ideally, it 

liesjustovertheglotticopeningandallowsaccesstothetrachea.How-
ever, the SGA is frequently malpositioned or the epiglottis is folded 

over to a lesser or greater degree, partially or completely blocking the 

pathway to the glottic opening, yet ventilation and oxygenation remain 

unabated.Thismaybeadequateforairflowtoandfrombutnotforthe
passageofanETTintotheglotticopening.Hence,mostgenericSGA
modelsdorequirefiber-optic–guidedplacementofanETTbecauseof
the uncertain position of the SGA and its adjacent airway structures.

AFTER THE PROCEDURE

Postprocedure Care
The SGA used in the semielective, urgent, or emergent setting is often 

ofshortduration(2–20minutes),becausethegoalistypicallytointu-
batethetrachea.HencetheSGAactsasarescueoxygenation/ventila-
tiondeviceand/oranintubationconduit.

Complications
Complications are not necessarily because of the SGA itself.

• Common
• Sorethroat
• Complications inversely related to the experience or skill of

operator

• Infrequent
• Inabilitytoproperlyinsert
• Inabilitytoventilatedespiteproperpositioning(laryngospasm,

patientbiting,kinkingofSGAtube),contributingtonegative-
pressure pulmonary edema

• Mucosal injury, pressure-induced damage, nerve/vascular in-
jury of airway structures

• Arytenoiddislocation,nervedamage,venousengorgement(all
rare)

• Serious,rarecomplications
• Obstructionoftheglotticopening
• Regurgitation/aspiration

OUTCOMES AND EVIDENCE

TheLMAdesignoffersarelativelyshortlearningcurvefortheairway
novice and affords fewer episodes of desaturation, less difficulty in
maintenance of a patent airway, larger tidal volume than mask ventila-
tion, and decreased arm and hand fatigue when compared with a 

conventional face mask. Its value in the ICU setting for assistance dur-
ing emergency airway management is undeniable, especially during 

difficultintubationorwhenventilationisnotpossiblewithastandard
bag-maskassembly.Blindorfiber-optic–assistedtrachealintubationis
an extremely attractive asset that the SGA device offers the clinician 

and provides an entirely novel rescue approach when conventional 

laryngoscopy and tracheal intubation prove troublesome or impossi-
ble. It is also useful in maintaining airway support in the ICU setting 

for patients who require repetitive general anesthetic or heavy seda-
tion-analgesiaforbriefprocedures,fiber-opticbronchoscopy,ordiag-
nosticvisualizationoftheairway.RecentworksuggeststhattheSGAis
better tolerated and produces fewer cardiovascular side effects than 

tracheal intubation. Insertion in the patient with an unstable cervical 

spine may be far easier than direct laryngoscopy because its insertion 

does not absolutely require neck manipulation.

Thedevicemaybedifficult toplace into thehypopharynx in the
presence of a small mouth, a large tongue or tonsils, hypertrophied 

lingual tissue,oraposteriorlydisplacedpharynx.However, theSGA
often proves easier to use than conventional methods of airway control 

such as direct laryngoscopy. The threat of gastric dilatation and regur-
gitation/aspirationmayleadsometoavoiditsuseinthecriticallyill,
butitsexcellenttrackrecordandverylowincidenceofregurgitation/
aspiration (1/1126 emergency insertions, Hartford Hospital, TCM)
support its role as a primary airway rescue device when conventional 

methods fail. The role of the SGA as a rescue device in the elective and 

emergency setting is unparalleled, but further studies into its use in the 

emergency setting are needed to solidify its standing as the premier 

rescueairwaydevice,regardlessofwhichmodelisused.Allrecognized
algorithms and airway management guidelines include the SGA as an 

integral component of management. Its multiple roles as a rescue de-
vice for difficult bag-mask ventilation and difficult intubation, as a
conduitforbronchoscopic-assistedintubation,andasanoxygenation/
ventilationbridgeduringfrontofneckaccess(FONA,surgicalairway)
support their recommendations.
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BOUGIE-ASSISTED INTUBATION

BEFORE THE PROCEDURE

Indications
• ExchangeofETT(Warning:mostbougiemodelsareapproximately

55–65cminlengthandareshorterthantherecommendedairway
exchange catheters. This may present a problem with maintaining 

control of the bougie during the exchange, owing to its length 

[component within the airway and the length outside the mouth 

availabletothreadnewETT].Moreover,thebougieistypically15F
incaliber(4.7mmdiameter).Usingthelargest-caliberairwayex-
change catheter possible provides the best safety profile for ETT
exchange.

• AssistwithpassingETTintotracheawhenlimitedbythe“lineofsight”
• Full view of laryngeal inlet (unable to pass ETT because of

hang-uponcricoidring)
• Full grade 1 view but a restricted pathway to the glottis (e.g.,

boggy or edematous tissues, redundant pharyngeal mucosa). 

Thus when passing the ETT, the grade I view becomes partially 

or completely obstructed.

• GradeIIorIIIviewof the larynxwith laryngoscopy(con-
ventional)

• Grade II: posterior third of glottis visible (Lehane-Cor-
mackclassification)ormoredetailedclassification(Cook-
Yentis)

• Grade III: no cords visible, only epiglottis visible; Cook-
Yentisclassification
• GradeIIIa:onlyepiglotticedgevisible
• GradeIIIb:down-foldedorfloppyepiglottisisvisible

• Grade IV:noviewofanyairwaystructure;bougieusenot
recommended (Figs.E1.1throughE1.6)

• Combined use with a videolaryngoscope (VAL) to assist with
ETT placement

• ChanneledVALdevices(PentaxAWS,AirTraq)
• Unchanneled VAL devices (GlideScope, McGrath, Storz 

C-Mac)
• Verydifficulttomanipulatethestandardbougie“around

the corner” of the models with blades of excessive angu-
lation (GlideScope, McGrath). These VAL models pro-
mote the likelihood of ETT delivery at an angle such that 

the tip impinges on the anterior tracheal wall or on the 

cricoid ring, thus limiting its advancement. Typically, 

ETT rotation will allow advancement, but bougie place-
mentviatheETTmayallowawell-lubricatedbougietip
to slip off the impingement and allow ETT passage. A 

bougie with a maneuverable tip (anterior ↔ posterior 

movement) would potentially improve ETT placement 

through the glottic opening.

• Excellentadjunctwithconventionallyshaped“VideoC-
Mac”andotherconventionalangledVALblades.

• UsefulifETTislocatedjustproximaltoglotticopening
and the bougie is passed through the existing ETT and 

then manipulated into the trachea.

• Use of the bougie to determine the location of the
ETT (esophagus vs. trachea).

• Hang-uptest(Cheneysign).
• Bougietipwillhanguponcarinaormainstembronchus,as

opposed to simply passing unimpeded into the esophagus. 

Typically,adepthof28–32cm(carina)ordeeper(32–36cm,
second bronchi) will allow confirmation of the bougie
within the airway vs. the esophagus.

• Useful in cardiac arrest or clinical situations in which it is
difficulttodiscernproperETTplacement(i.e.,cardiacarrest
with no detectable ETCO2 or access to such devices).

Contraindications
• Unfamiliarwithitsuse
• Recenttracheobronchialreconstruction

Equipment
• Atrachealtubeintroducer“bougie”isaninexpensive,disposable,

easily transportable airway device that requires minimal setup 

time, no battery or electrical power, and is noted on all the major 

airway management algorithm lists of desired airway devices that 

should be immediately available.

• A variety of manufacturers offer bougie models in 55- to 65-cm
lengths,usually14–15Finsize.

• Solidandhollowbougiemodelsareofferedbysomemanufacturers.
• Distinct black markings along the length of the bougie assist the

clinician with the depth of insertion.

Fig. E1.1 Line of sight with direct laryngoscopy.

Line of sight
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Fig. E1.2 Lehane-Cormack laryngeal view grading system with the Cook-Yentis modifications, grades I n IV.

I IIa IIb IIIa IIIb IV

Fig. E1.3 Cook-Yentis grade IIb laryngeal view with direct laryngoscopy 

achieves a very high success rate with bougie-assisted intubation.

Fig. E1.4 Cook-Yentis grade IIIa view with direct laryngoscopy achieves 

a respectable success rate with bougie-assisted intubation, especially 

when compared with blind passing of the endotracheal tube “around 

the corner.”

Fig. E1.5 A grade IV view, essentially no view at all of the laryngeal 

structures. The bougie is not indicated for a grade IV view, though in 

experts’ hands and after failure of other techniques, careful blind pas-

sage combined with detection of tip hang-up (carina, mainstem bron-

chus) may allow blinded intubation. This is a last-ditch effort maneuver 

and is not recommended as a routine approach. It is best handled with 

an SGA, flexible fiber-optic bronchoscopy (FFB), or video-assisted laryn-

goscopy (VAL).

Fig. E1.6 Two bougie models are shown (tracheal tube introducer). 

Note the characteristic 30-degree angle. The Coude tip allows manipula-

tion of the bougie underneath the epiglottis to increase its rate of pas-

sage through the laryngeal opening.

ANATOMY

Though the bougie is capable of assisting intubation in nearly all airway 

situations except when “no view” is possible, it is most commonly used 

as an adjunct with grade IIb, IIIa, and IIIb laryngeal views. Even when 

the laryngoscopy reveals a full view (grade I), the bougie may be useful 

whenthemouthopeningissmallornarrowand/orthehypopharyngeal
opening is narrow (OSA, obesity, swelling) and passing the ETT may 

actually obstruct the view of the glottic opening. In this case, the nar-
rower, more colorful tracheal tube introducer can be passed into the 

tracheawithlittlevisualobstructiontakingplace.Conversely,thefloppy
epiglottisisachallengethatmaybetechnicallydifficultwithmanydif-
ferent airway adjuncts. The bougie may either be used to elevate the 

floppyepiglottisorbemaneuveredaroundbyvirtueoftheCoudetip.

Thoughuseful,thesuccessrateisoftenlessthan50%,andotherairway
device alternatives may be needed (intubating laryngeal mask airway 

[ILMA],VAL,flexiblefiber-opticbronchoscope[FFB](Fig.E1.7).

PROCEDURE

• Thebougie is grasped in the intubator’s righthandat the20- to
25-cmmark.

• It ispassedalongsidethelaryngoscopewiththe30-degreeangled
tip (Coude) anteriorly.

• Thetipisadvancedanteriortothearytenoidsandintothelarynx
(grade IIa, IIb).
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• The tip is then advanced underneath the epiglottis and past the
vocal cords blindly (grade IIIa).

• Thetipliftsthefloppyepiglottisandisthenadvancedblindlypast
the vocal cords (grade IIIb).

• Advancementintothetracheatoadepthof22–26cminanaverage
adult

• Tipmay“bounce”or“click”pastthetrachealrings,suggesting
tracheal placement.

• Thisisahelpfulsignbutdoesnotguaranteeintratrachealplacement.
• Conversely,thelackof“clicks”doesnotguaranteetheposition

of the bougie, nor does it rule out location within the trachea.

• Ten to fifty percent of bougies passed into a grade III airway
may enter the esophagus

• GradeIIIa:5%–12%mayentertheesophagus
• GradeIIIb:30%–50%mayentertheesophagus

• Quicklydeploybackupstrategy(SGA,FFB,VAL)
• Some may consider the bougie a poor choice in grade

IIIb view

• Tipmaybegentlyadvancedfarther(28–36cm)tocontactca-
rina/mainstembronchusofsecondbronchi
• Tiphang-upprovidestactilefeedbackduringblindpassage
• Detectionofcarina/bronchusisreassuringtooperator
• Advancementpast35–40cmwithouthang-upstronglysug-

gests the bougie is in the esophagus

• Using hang-up or Cheney sign lowers the incidence and
dangers of passing the ETT into the esophagus, bougie 

should be retracted to 23-25 cm depth, held securely then
ETT may be advanced over the bougie

• EliminatesthedelayofverifyingtheETTlocationbyinsuf-
flation,capnography,auscultation

• Decisiontime:passingtheETT
• Iftimepermits,generouslylubricatetheETT
• Smaller-sized ETTs pass over the bougie more easily than

larger ones

• Maintaintonguedisplacementwithlaryngoscopy/handgrasp
• PasstheETT,butdonotforcetheadvancement(anassistant

shouldgrasptheproximalendofthebougietostabilizeit)
• Anticipateresistanceat16-to17-cmdepthbecauseof im-

pingementonarytenoid/vocalcord(twomethodstoremedy
this) (Fig.E1.8).

• PreemptivelyadvanceETTwhilerotatinginthecounter-
clockwise (CCW) direction to allow ETT bevel tip to
avoid impingement on the glottic structure.

• If resistance is encountered, stop and withdraw ETT 
1–2cmandthenrotateCCWandadvancetheETTinto
the airway.

• If ETT fails to pass, the patient may be ventilated and
oxygenatedwithbag-maskventilation(movethebougie
to the corner of the mouth).

• Changetoasmaller-diameterETT(toeaseadvancement
over the bougie) and assume the glottic opening may be 

swollen, impeding entry.

AFTER THE PROCEDURE

Postprocedure Care
• After advancement of ETT into the trachea, stabilize the ETT in

position, and remove the bougie. Be sure to hold the ETT in place 

as the bogie is removed.

• StandardmethodsofdeterminingtheETTpositionarerequired.

Complications
• Inabilitytopassthebougieunderneaththeepiglotticedge(grade

IIIa) or inability to lift the down-folded or floppy epiglottis
(grade IIIb).

• Dependingontheskillandexperienceoftheoperatorandthe
condition of the patient, time spent advancing the bougie 

should be limited so as not to endanger the patient’s condition 

(SpO2).

• If unsuccessful, quickly move to another accessory device to
secure the airway.

• Infrequentcomplications:
• Minortissueinjury,airwaytrauma
• Esophagealplacementofbougie
• Esophageal intubation(thehang-uptestshouldeliminate this

hazard)
• Serious,rarecomplications:

• Mucosal laceration, bronchial/carina perforation if extreme
force is applied to bougie advancement or the patient’s underly-
ingairwayanatomyiscompromised/diseased

OUTCOMES AND EVIDENCE

The simplicity of the trachea tube introducer makes it an attractive 

option for assisting with trachea intubation in the situation when a 

restricted laryngeal view is available with laryngoscopy. A variety of 

usesforthebougiemakeitadesirableadditiontothedifficultairway

Fig. E1.7 A grade IIIb view; floppy or overhanging epiglottis may be diffi-

cult to navigate around with a variety of airway adjuncts. The bougie may 

be used to elevate the epiglottis and navigate into the trachea, but the suc-

cess rate is substantially lower in the grade IIIb setting (30%–50%) com-

pared with a grade IIIa (only leading edge of epiglottis visible, 80%–90%).

Fig. E1.8 Endotracheal tube (ETT) being passed over tracheal tube  

introducer (TTI, bougie) and getting hung up on the epiglottis and aryte-

noid. Continued advancement should be discouraged. Simply withdraw 

1–2 cm, rotate ETT counterclockwise about 90 degrees, and readvance. 

VC, Vocal cord.

TTI

VC

Epiglottis
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cart or bag, made accessible at the bedside in the ICU and other remote 

locations in the hospital. The bougie is a suggested option in the  

management algorithms offered by anesthesiology societies in the 

United States, Canada, the United Kingdom, Germany, and many 

other countries.

SUGGESTED READING
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tizedpatients:Prospectivevalidationofamanagementalgorithm.Anesthe-

siology.2004;100(5):1146.
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OrelupCM,MortTC.Airwayrescuewiththebougieinthedifficultemergent
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ShahKH,KwongBM,HazanA,etal.Successofthegumelasticbougieasa

rescue airway in the emergency department. J Emerg Med.2011;40:1–6.
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INTUBATING MODEL OF THE SGA FOR 
EMERGENCY AIRWAY RESCUE (LMA MODEL 
[FASTRACH] INTUBATING LMA [ILMA] WILL  
SERVE AS AN EXAMPLE BUT OTHER BRANDS  
ARE AVAILABLE)

BEFORE THE PROCEDURE

Indications
• Emergencyrescueoftheairwaywhentrachealintubationisthegoal

• Failedconventionalintubationattempts
• Failedbougie-assistedintubation
• FailedVALintubation
• MaybeasubstituteforconventionalSGAdeviceafteritsfailure

tosecuresuccessfulventilation/oxygenation

Contraindications
• Inexperiencedoperator/airwayteam
• Major risk for regurgitation/aspiration (relative; loss or lack of

airway is worse)

• Oralcavityinaccessible/trismus
• SimilartootherSGAdevices

Equipment
• Equipmentformaskventilation
• Inductionmedications,topicalanesthesiamedications,andequip-

ment for intubation

• DisposableorreusablemodelsoftheILMA,ETT,andstabiliz-
ing rod

• Lubricatingjelly
• Syringeforcuffinflation/deflation
• TapetosecureSGA
• Biteblocknotneeded
• Manometertomeasurecuffpressure(,60cmH2O)

ANATOMY

TheILMAissimilartootherSGAdevicesthatoccupytheperiglottic
areaandsurroundtheglotticopeningwithacuff.PassingtheILMA
intotheoralcavityiseasierthanthecomparativestandardLMA,be-
cause it is designed with an intrinsic curve easing passage into the  

hypopharynx.Theinflatablecuff lies inthehypopharynxandessen-
tially seals the supraglottic region from the epiglottis down to the  

cricopharyngeal (upper) sphincter. The rigid construction of the 

ILMAislimitedbyitsdiameter,soadequatemouthopeningisapre-
requisite.ThesealedILMAallowspositive-pressureventilation tobe
delivered.Occasionally,theILMAwillaffordeffectiveventilationifthe
standardLMAmodelfails,andviceversa(ascouldotherbrands).

Ingeneral,placementoftheILMAcanbeperformedintheexag-
gerated “sniff” position or the other extreme, a neutral cervical spine. 

In the presence of cervical spine immobility, it is best to maintain sta-
bilizationyetremovethefrontcollartoimproveoralaccess.Aftercuff
deflation,theILMAislubricatedandthenpassedalongtheroofofthe
mouth across the hard to soft palate, encouraging smooth advance-
mentalongtheposteriorthroatsoastominimizegettinghungupon
theepiglottisorcausingitsdown-folding.ThedistaltipoftheILMA
typically comes to lie in the cricopharyngeal region. Unfortunately, the 

cuff end may buckle over on itself, come to lie over the glottic opening, 

or be displaced in a contorted position that impedes effective ventila-
tion and oxygenation (Figs.E1.9–E1.16).

PROCEDURE

• TheILMAisplacedintotheairwayinasimilarfashionasotherSGA
products.However,theshortenedlengthoftheILMAmodelandits
handle may be easier to place than the standard SGA model. Place-
ment is augmented by passing it along the hard to soft palate poste-
riorly into the hypopharynx, posterior to the epiglottis. It too comes 

Fig. E1.9 Deflate the cuff, and lubricate with a water-soluble lubricant 

on the posterior surface. The lubricated intubating laryngeal mask air-

way is passed over the hard to soft palate along the posterior pharyn-

geal wall to the point where gentle resistance is felt.
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Fig. E1.10 Swing the mask into place in a circular movement, maintain-

ing contact against the palate and posterior wall of the pharynx. Do not 

use the handle as a lever.

Fig. E1.11 Inflate the mask, without holding the tube or handle, with 

approximately 10–20 mL of airway to seal the airway. Apply a manual 

bag or anesthesia circuit and verify ventilation. If no ventilation (leak or 

resistance), assume misplacement of ILMA or down-folding of the 

epiglottis. Manipulate the ILMA in an up-and-down or in-and-out maneu-

ver to optimize position. Recheck ventilation, and adjust location of the 

ILMA to optimize ventilation. Do not attempt to pass the endotracheal 

tube until effective ventilation is ensured.

Fig. E1.12 Hold the ILMA handle while gently inserting the lubricated 

endotracheal tube (ETT) into the airway shaft. The provided ILMA-ETT is 

best suited for this, though a well-lubricated standard ETT may be used 

with fiber-optic guidance or may be used (with proper training and ex-

perience) blindly by inserting it “backward,” meaning the concave curve 

of the ETT faces the nose as it is advanced into the ILMA shaft.

Fig. E1.13 Advance the ETT, inflate the cuff, and confirm intubation. If 

unable to pass, ensure adequate lubrication. If resistance is felt, the 

ILMA may be malpositioned or may have entrapped the epiglottis and 

thus block ETT advancement. Try the in-and-out maneuver to reposition 

the ILMA and free up the epiglottis if applicable.

to lie with its tip atop the cricopharyngeal area posterior to the ary-
tenoids/glottis. The tip may fold over or under and impede air 
exchange or be sensed by an incomplete cuff seal (leak). This can  

be remedied by performing the “in-and-out” or “up-and-down”
maneuver(simplymoving the ILMAslightly inwardandoutward 
to free up the distal tip). Cuff inflation is followed by positive- 

pressure oxygen delivery. Successful placement allows the chest to 

rise and ETCO2 detection, with no audible air leak, to approximately 

15–25cmH2OpressureappliedtotheILMA.Alwaysconfirmven-
tilationbeforeattemptingETTadvancementviatheILMA.

• TwomaneuversarehandytoimprovesuccessinILMAplacement
and intubation:

• After ILMAplacement, theChandymaneuver#1 involvesusing
theILMAhandletooptimizethepositioningoftheILMAwithin
theairway,withthegoalofmaximizingtidalvolume,ETCO2, and 

thefeelof“bagging.”TheILMAisheldinthispositioninprepara-
tionforpassingalubricatedETT.TheincludedLMAbrandwire-
reinforced ETT is an excellent ETT for passing, but it is suboptimal 

forlong-termuseintheICUairway(ifdurationofintubationis
.24–48 hours, one should consider changing the ETT over an
airway exchange catheter to the standard ICU ETT model).

• LimitingSGAinsertionattemptstotwotothreeissuggestedby
severalsources.Onceeffectiveventilation/oxygenationisestab-
lished, passing an ETT may be the next objective. With the
ILMAinthebestventilatingposition(Chandy#1),theChandy
maneuver#2involvesusingtheILMAhandletoslightlyelevate
or “lift” the ILMA (handle toward forehead, ILMA distal tip
anteriorly) to improve the success rate of passing the ETT into 

thetrachea,basedontheILMAportalbeingtiltedtowardthe
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• Troubleshootingintheeventoffailuretointubate(typicallycaused
byadown-foldedepiglottis,ETTimpactionontheperiglottictis-
sues,toolargeortoosmallILMA,orpatientisresistingintubation
because of inadequate sedation/analgesia/muscle relaxation/anes-
thesia).

• Ifresistanceisfeltapproximately2cmbeyondtheblacktrans-
verselinemarkedontheILMAETT(or15–16cmmarkingon
a standard ETT), the down-folded epiglottis may be blocking
ETTadvancement,asmaythevestibularwall.Rotationof the
ETT may allow passage if impeded by the vestibular wall. A 

down-foldedepiglottismayneedtobeaddressedbyperforming
the“up-and-down” maneuver. This is a partial withdrawal of
theinflatedILMAtoamaximumof6cm,followedbyreinser-
tion.Thisoftenfreestheepiglottisfromitsdown-foldedposi-
tion. Otherwise, FFB assistance is needed, or a different size
ILMAmaybetried.

• If the ETT meets immediate resistance at 15–16 cm (black
mark)orata4- to5-cmdepthpast theblackmark, then the
ILMAistoolarge,anddownsizingmayhelp.

• If resistance is encountered at 3 cm past the black mark, the
ILMAmaybetoosmall.Ifanalternative-sizeILMAisnotavail-
able, external manipulation of the larynx either downward or 

caudallymayassistwithpassing theETT.Likewise,ETTrota-
tion may be helpful.

• TheILMAhasan“epiglottiselevatorbar”toassistinliftingthe
epiglottis up to afford improved ETT passage into the laryngeal 

inlet. When using bronchoscopic-guided ETT advancement,
using the ETT tip to elevate the bar is best because the broncho-
scope typically is not rigid enough to do so by itself.

• Another miscellaneous yet quite important clinical situation
that may prohibit intubation is excessive periglottic/glottic
edemawhenviewingwiththeFFB.Massiveairwayedemamay
precludeadvancementoftheFFB-ETTowingtotheinabilityto
clearly identify the glottic opening; caution must be exercised to 

notadvancetheFFBtipintounrecognizabletissueplanes.Ex-
cessiveforceontheFFBorETTmayleadtotissueinjuryand
thus threaten the current airway patency by inducing further 

bleeding, edema, or swelling. Attaching a bronchoscopic swivel 

adaptertotheILMAitselforviatheETTmayallowactiveap-
plication of positive pressure to the airway and promote lateral-
izationoftheedematousglottictissues.Thisisanalogoustothe
use of CPAP in OSA patients. The bronchoscopic adapter is too 

Fig. E1.14 Remove the ETT connector, and place the provided stabilizing 

rod onto the end of the ETT. Then ease the ILMA over the existing ETT 

and rod by gently swinging the handle caudally (keeping the ETT stable 

in position) until the ETT can be grasped at the level of the incisors.

Fig. E1.15 Remove the stabilizing rod, and gently unthread the inflation 

line and pilot balloon of the ETT. Replace the ETT connector, and con-

firm ventilation and position per standard intubation procedures. If the 

ILMA has been used on a very challenging airway or the patient is un-

stable, delay removal of the ILMA from the existing ETT until stabiliza-

tion takes place. Extubation of the airway is possible, so this maneuver 

should only be performed by those skilled in its execution.

Fig. E1.16 Cook Critical Care prepackaged retrograde wire intubation 

kit. Use of the ILMA should be learned before its deployment in an 

emergency airway crisis. Training on a mannequin or humans under 

elective conditions by a skilled practitioner is best.

glottic opening and away from the esophagus. This lift increases 

sealpressure and improves thealignmentof the ILMA to the
glottic opening and corrects any flexion the mask has under-
gone after its placement. Malposition or flexion of the mask
while in the ventilating position may alter the pathway of the 

ETTas itexits theILMA.Generous lubricationoftheETTto
ease passage through the ILMA lumen is absolutely essential.
Intubationofthetracheamaybeperformedblindlyorwithfi-
ber-optic assistance. The skill to successfully intubate the tra-
chea is attained by practice coupled with instruction by an ex-
perienced individual. Practicing the technique before an 

emergency situation arises is in the best interest of patient care.

  

 



1370.e10 PART I Common Problems

narrow to allow an ETT to pass through it. To remedy this, an 

Aintreecatheter(bougie-typecatheterwithalumenthatallows
aproper-sizedFFBtobeplacedwithinthecatheter)issizedto
fitthroughtheadapteranditsdiaphragm.TheAintree-FFBas-
sembly may be passed through the bronchoscopic adapter, 

downtheILMA,andusedtovisualizetheglotticopening.Once
advanced into the trachea, the Aintree remains within the tra-
cheaastheFFBiswithdrawn.TheILMAisthenremovedover
the Aintree, and the ETT is advanced over the Aintree catheter 

insimilarfashiontoabougie,tubeexchanger,orFFB.
• Blind intubation via the ILMA is useful and generally successful

(90%withinthreeattemptsintheHartfordHospitaldatabasefor
emergencyintubations).Recentguidelineshaveleanedtowardde-
ploying bronchoscopic guidance for intubation so as to avoid blind 

insertioninthedifficultairwaysituation.Moreover,recentsocietal
recommendations have moved away from the ILMA toward the
second-generationSGAmodels,despiteanimpressivetrackrecord
ofsuccesswiththeclassicSGAmodel(LMA)andtheILMAmodel
design.

AFTER THE PROCEDURE

Postprocedure Care
• After“blind”intubationofthetrachea,standardmethodstocon-

firmETTpositionarepursued(chestauscultation,ETCO2 detec-
tion, ETT misting, chest rise, etc.).

• After fiber-optic–assisted intubation, the same clinical confirma-
tionofETTpositionshouldbepursued,eventhoughvisualization
oftheETTwithinthetracheawithFFBisconsideredfailsafe.The
caveat here is that FFB confirmation, though failsafe under ideal
conditions, may be limited by secretions, edema, soilage, operator 

inexperience, faulty battery power, and other limitations seen in the 

ICU airway.

• WiththeETT-ILMAassemblyinplace,theILMAhastobecare-
fully removed from the patient while leaving the ETT within the 

trachea. Accidental tracheal extubation during ILMA removal
could be disastrous.

• Step-by-stepremovaloftheILMAisoutlinedlater.
• IfoneisunfamiliarwithILMAremoval,amoreexperiencedteam

should be summoned to assist with this task. Conversely, if the pa-
tient’sclinicalconditionneedstobestabilizedbeforeitsremoval,at
aminimum,theairshouldberemovedfromtheILMAcuff(leav-
ing the ETT cuff inflated) to reduce the pressure effect on the
pharyngeal mucosa.

Complications
• Common

• AsoutlinedunderSGA
• Inabilitytoestablishventilation/oxygenation
• Inabilitytointubatethetrachea
• Esophagealintubation
• ObstructedadvancementoftheETTthroughtheILMA

• Infrequent
• Dentaldamage,mucosalinjury

• Serious,rarecomplications
• Regurgitation/aspiration(veryrare)

OUTCOMES AND EVIDENCE

• TheuseoftheILMAhasrevolutionizedairwaymanagement,espe-
cially in the emergency setting. It is an accepted component in the 

ASA airway management algorithm, in addition to all other algo-
rithms offered by medical societies throughout the world. The 

presenceofVALhaspotentiallyalteredtheILMA’sroleasalogical
and rational first step toward airway rescue when conventional
methodsfailorareinappropriate.However,theclinicianmustbe
familiar with this device and have it readily available as a backup for 

VALdifficultiesorfailures.
• Intheelectivesetting,theILMAhasanexcellenttrackrecordfora

high level of successful ventilation coupled with blind and FFB-
assisted intubation. Its successful deployment in the acute care 

setting in the ICU, emergency department, or other remote loca-
tions outside of the operating room has been well received, though 

the success rate for both ventilation and intubation is tempered to 

amorerealisticsuccessrateofnearly8–9outof10patientencoun-
ters(HartfordHospitaldatabase,TCM).Thusabackupplanmust
beinplacetodealwithILMAfailureandestablisheffectiveventila-
tion/oxygenation,andultimatelytrachealintubation,eitherblindly
orwithFFBassistance.
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RETROGRADE WIRE INTUBATION

BEFORE THE PROCEDURE

Indications
• Secure the airway in the elective setting with the patient awake,

withadequatelocalanesthesiatopicalizationornerveblocks
• Trismus, severe temporomandibular joint (TMJ) disease, lim-

ited cervical range of motion

• Knowndifficultmaskventilation,intubation
• Securetheairwayemergentlyinthesettingthatmaskventilation/

oxygenation is effective

• Retrograde wire-guided intubation, in the best situation, may
require 2–5 minutes to complete; hence one must be able to
maintainsuccessfulventilation/oxygenation.

• Consideredaneffectiveairwayrescueinthenonemergentpathway
ontheASAdifficultairwayalgorithm(cannot intubate, can venti-
late) when oral or nasal intubation is impossible or failed for a va-
riety of conditions

• Anyreasonthepatientisa“difficultairway”
• Massiveoral,nasal,orpharyngealhemorrhage(mustbeableto

locate wire)

• Trismus(mustopenatleastonefingerbreadth)
• TMJabnormalitieslimitingmouthopening(mustopenatleast

onefingerbreadth)
• Structuraldeformitiesoforopharynx,congenitaloracquired
• Mass (cancer, tumor, polyp, or other if not directly in line of

wire advancement)

• Traumaticinjuriesmakingoral/nasaltrachealintubationdiffi-
cult or impossible

• Maxillofacialinjuries
• Cervicalspineinstability

• Securetheairwayelectivelywhendifficultairwayfactorsareknown
orsuspectedtoexistandintubationbyothermeansmaybediffi-
cult or impossible.

Contraindications
• Absolutecontraindications

• Transection of trachea with retraction of distal end into the
mediastinum

• Fractureorothersignificantinjuryofthelarynxorcricoidcar-
tilage

• Infection, cancer, mass at site of wire insertion (cricothyroid
membrane) or in pathway of wire advancement

• Unfamiliaritywiththeprocedure

• Relativecontraindications*

• Infantsandtoddlers(,3years)
• Bleedingdiathesis
• Patientswithmassiveneckedema,lackoflandmarks

Equipment
• Guidewire(suggested.60cm)matchedtoappropriateneedlesize

allowing advancement

• 20-,18-,16-,or14-gaugecuttingneedleonasyringe
• Cuffed6.0endotrachealtube
• HemostatorKellyclamp
• Alternative: manufactured retrograde wire intubation kit (Cook

Critical Care) (see Fig.E1.16)

• Optional:FFB

ANATOMY

The cricothyroid membrane is located between the superior thyroid car-
tilage and the inferior cricoid ring. The cricothyroid membrane is located 

just1.5–2cmbelowthevocalcords,socaremustbepracticedwhenad-
vancing a needle caudad, as the underside of the vocal cords could be 

impaled.Passing theETTover thewireorobturator/wiremaybemet
withresistanceatthe16-to17-cmdepth,astheETTtipmayimpingeon
the vocal cords or arytenoids. This is the inherent danger of passing the 

ETTblindlyoverthewireorobturator/wireassembly.Thelocationofthe
distal tip (having met resistance) may or may not be at the position below 

the vocal cords. This is the challenge of the retrograde wire method; 

knowing the location of the ETT tip is unknown when the decision is 

made to remove the wire. If the ETT tip is erroneously positioned above 

the glottis, then the access to the airway is denied with wire removal; 

hence,theadvantageofusingtheFFBasanintubationguide(Fig.E1.17).

PROCEDURE

• Retrogradetrachealintubation
• Needle insertiondirectedcephalad;operator shouldapproach

withdominanthandmorecaudad(e.g.,right-handedoperator
on right side of patient)

Fig. E1.17 Anatomic landmarks for access to the cricothyroid membrane.

Hyoid bone

Epiglottis

Laryngeal
prominence
(Adam’s apple)

Tracheal
cartilage

Thyroid
cartilage

Cricoid
cartilage

*Relativecontraindicationsmaybeoverlookedintheemergencysituation.

  

 

https://www.anesthesiologynews.com/download/SGA_ANGAM11.pdf
https://www.anesthesiologynews.com/download/SGA_ANGAM11.pdf
https://www.anesthesiologynews.com/download/SGA_ANGAM11.pdf


1370.e12 PART I Common Problems

• Puncturecricothyroidmembranewithneedledirectedcephalad
(Fig.E1.18).Aspirateairwithsyringetolocateaircolumn(1–2
mLofsalineinsyringe;allowbubblestopercolatetoverifythe
air column).

• Pass the guidewire through the needle aimed superiorly so
that the distal end of the wire may be retrieved from the 

mouth(orifdesired,nose)ofthepatient.Withdrawneedle
off wire.

• Pullmajorityofwireoutofthemouth(ornaris)
• Securedistalendofwirebyclampinghemostatatthelevel

of the cricothyroid membrane (Figs.E1.19andE1.20).

• ThreechoicestopassETTdownthewireintotheairway(nasalor
oral): (1)wireassisted, (2)wirewithobturator to reinforcewire,
(3)flexiblebronchoscope(loadedwithETT)passedoverwireinto
airway

• Wireassisted
• LoadlubricatedETToveroral(ornasal)endofwire,passing

wire into tube through the Murphy eye.

• Pullwirerelativelytautandstraight.
• AdvanceETToverwireintotracheatocricoidareaandthen,

gradually relaxing cricothyroid end of wire, advance ETT to 

appropriate intratracheal location.

• Releasecricothyroidendofwire,andwithdrawwireoutofETT.
• ConfirmETTposition(auscultation/capnography).

• Wirewithobturatortoreinforcewire(Fig.E1.21)

• Passobturatoroverwireintoairwayuntilresistanceisfelt.
• See manufacturer’s instructions for Cook retrograde intuba-

tion kit.

• LoadlubricatedETToveroral(ornasal)endofwire/obturator.
• AdvanceETTintotracheatocricoidarea.
• Remove wire from cricothyroid membrane end, and then ad-

vance obturator distally into trachea.

• AdvanceETTtoappropriateintratracheallocation.
• ConfirmETTposition(auscultation/capnography).

• FFB(loadedwithsmaller-sizedETT[6–7mm])(Fig.E1.22)

• AdvancewirethroughthesuctionportaloftheFFB.
• GraspwireendfromtopofFFB.
• AdvanceFFBdownwire,observingtheairwaystructuresasyou

advance (Fig.E1.23).

• Advancing the FFB to distal end of wire will occlude view 
and appear “pink” (backside of cricothyroid membrane).  

Correct position may be verified by darkening the room 
to transilluminate the cricothyroid membrane puncture site 

(Fig.E1.24).

Fig. E1.18 Puncture of cricothyroid membrane, with air aspiration re-

flected in bubbling in saline-filled syringe.

Fig. E1.19 Locating and retrieving the retrograde wire within the oral 

cavity.

Fig. E1.20 Advancing the wire from the neck to the oral cavity.

Fig. E1.21 Passing the Cook obturator over the retrograde wire to rein-

force the wire to allow ease of passing the ETT into the airway.
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• Infrequent
• Tissueinjurywhenpickingupwirewithhemostat
• Hematomafrominjurytothecricothyroidartery
• Subcutaneousemphysema
• Infectionatsiteofinsertion(rare)
• Falsetractfrompassingwire

• Seriousbutrarecomplications
• Possibleairwayobstruction,lossofairway,laryngospasm

OUTCOMES AND EVIDENCE

Retrogradeintubation,onceaprominentadjunctbeforetoday’smany
varied airway devices, retains an important position in managing the 

difficult airway, but it has been relegated to a much less prominent
role. It is important for clinicians to maintain the ability, knowledge, 

and equipment to perform this specialized method of securing the
airway. Even in the best of clinical situations and manned by an expe-
riencedteam,thismethodremainsarelativelytime-consumingtech-
niquethatlimitsittothenonemergencypathway,whereventilation/
oxygenationispossiblewitheitherbag-maskventilationorSGAorthe
patient is awake and breathing spontaneously.

SUGGESTED READING

AmericanSocietyofAnesthesiologistsTaskForceonManagementoftheDif-
ficultAirway.Practiceguidelinesformanagementofthedifficultairway:
An updated report by the American Society of Anesthesiologists Task 

ForceonManagementoftheDifficultAirway.Anesthesiology.2003;98:
1269–1277.

AudenaertSM,MontgomeryCL,StoneB,etal.Retrograde-assistedfiberoptic
trachealintubationinchildrenwithdifficultairways.Anesth Analg. 

1991;73:660–664.
BissingerU,BuggenbergerH,LenzG.Retrogradeguidedfiberopticintubation

in patients with laryngeal carcinoma. Anesth Analg.1995;81:408–410.
Chau-InW,TribuddharatS.Translaryngealintubationtechnique.Thai J Anes-

thesiol.1999;25:212–216.
CrosbyET,CooperRM,DouglasMJ,etal.Theunanticipateddifficultairway

with recommendations for management. Can J Anaesth.1998;45(8):757.

Fig. E1.22 A better choice than the obturator is the FFB passed over 

the wire via the suction port of the fiber-optic bronchoscope.

Fig. E1.23 Retrograde wire seen emerging from glottis.

Fig. E1.24 Flexible fiber-optic bronchoscope (FFB) passed over retro-

grade wire, with tip of FFB at wire insertion site at the cricothyroid 

membrane, with transillumination of light from the FFB.

• OncetheFFBisbelowthevocalcords,thecricothyroidendof
wiremaybereleasedasthefiberscopeisadvancedtothecarina
andwireandthenpulledoutofthefiberscope.

• Orthewiremaybepulledoutinferiorlythroughthecricothy-
roidpunctureandfiberscopeandadvancedintothetrachea.

• AdvancetheFFBtip intodistal trachea,andadvancetheETT
intopositionandconfirm.

AFTER THE PROCEDURE

Postprocedure Care
• After advancement of ETT into the trachea, stabilize the ETT in

position.

• StandardmethodsofdeterminingtheETTpositionarerequired.

Complications
• Inabilitytolocatewireinoralcavity/nose

• Uselight(e.g.,laryngoscope)toassistlocatingwire
• Pickupwirewithhemostat
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LevitanRM,KushS,HollanderJE.Devicefordifficultairwaymanagementin
academic emergency departments. Ann Emerg Med.1999;33:694–698.

RosenblattWH,AngoodPB,MarsnetsI,etal.Retrogradefiberopticintuba-
tion. Anesth Analg.1997;84:1142–1144.

WijesingheHS,GoughJE.Complicationsofaretrogradeintubationin
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NEEDLE CRICOTHYROTOMY WITH 
TRANSTRACHEAL JET VENTILATION

BEFORE THE PROCEDURE

Indications
Similar to cricothyrotomy.

• Impossibleorfailedoralornasalendotrachealintubationowingto
any of the following:

• Difficultorimpossibleintubation(cannotventilate,cannotin-
tubate[CVCI])

• Massiveoral,nasal,orpharyngealhemorrhage
• Massiveregurgitationoremesis
• Masseterspasm,clenchedteeth,TMJlimitations
• Structuraldeformitiesoforopharynx,congenitaloracquired
• Stenosis/narrowingofupperairway
• Mass(cancer,tumor,polyp,orother)withpartialobstruction

• Airwayobstruction(partialbutnotcomplete)abovecricothyroid
membrane

• Nontraumaticversustraumatic
• Oropharyngealedema
• Mass(cancer,tumor,polyp,orother)(Fig.E1.25)

• Traumatic
• Foreignbodyobstruction
• Stenosis

• Traumatic injuries making oral or nasal endotracheal intubation
difficultorpotentiallyhazardous
• Maxillofacialinjuries
• Cervicalspineinstability

Contraindications
• Absolutecontraindications

• Endotracheal intubation can be accomplished easily and
quickly, and no contraindications to endotracheal intubation 

are present.

• Transection of trachea with retraction of distal end into the
mediastinum

• Fracture or other significant injury of the larynx or cricoid 
cartilage

• Lackofegressofpressurizedairflow(exhalation,mustensure
good air in, bad air out) resulting in inability to relieve pres-
suredinsufflationfromtrachea

• Relativecontraindications*

• Infantsandtoddlers(,3years)
• Bleedingdiathesis
• Patientswithmassiveneckedemaorlackoflandmarks
• Acutelaryngealdisease

Equipment
• Sandershandheldhigh-pressureventilator
• 12-/14-gaugeJelcoIVcatheteronasyringe
• Optional:wire-reinforcedneedle-catheter(e.g.,CookCriticalCare)
• Alternatively:ENKoxygenmodulatorsystembyCookCriticalCare

(low-pressure choice). Requires 15 L/min oxygen supply. Oxygen
deliveryisderivedbyfingerocclusionoftheportalsontheplastic
assembly.Deliveredinsimilarratioashigh-pressuretranstracheal
jet ventilation (TTJV). Newer products are being developed that
allow more accurate pressure delivery and air egress in the hopes of 

improving oxygenation, reducing barotrauma, and improving pa-
tient safety.

• Newer technology has advanced TTJV to help lower the risk 
ofbarotraumaduring“jetting.”TheVentrain(VentinovaMedi-
cal)isasingle-useventilationdevicedesignedtoallowventila-
tionviasmall-gaugelumens.Itsventilationisnotbasedonthe
continuous high pressure as the standard TTJV assembly, but
oncontinuousandbidirectionalgasflow forboth inspiration
and expiration, thus allowing gas flow during inspiration but
actively removes gas from the trachea with expiration ventila-
tion assistance (EVA). This assists the clinician when dealing
with rescue catheter ventilation but also when the airway is 

obstructed.

ANATOMY

The thyroid cartilage consists of two approximately quadrilateral-
shaped laminae of hyaline cartilage that fuse anteriorly to form the 

laryngeal prominence. The anterior superior edge of the thyroid carti-
lage, the laryngeal prominence, is known as the Adam’s apple and is 

Fig. E1.25 Classic example of when not to incorporate transtracheal jet 

ventilation (TTJV). This intratracheal tumor mass occludes more than 

85% of the tracheal lumen. Providing high-pressure TTJV supports oxy-

gen transfer into the pulmonary tree, but overpressurization of the 

thorax will likely occur, because egress of the transmitted pressure may 

be blocked by the mass and its potential ball-valve effect. Likewise, a 

glottic or subglottic mass (above the site of needle insertion) may 

equally disallow egress or relief of the pressure buildup with high-

pressure TTJV, thus leading to barotrauma.

*Relativecontraindicationsmaybeoverlookedinthetrueemergency
situation, because it is more important to obtain an airway and avoid 

hypoxemia.
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usually easily seen in men. It is probably the most important landmark 

in the neck when performing a cricothyrotomy. The cricoid cartilage is 

shaped like a signet ring with the shield located posteriorly and forms 

the inferior border of the cricothyroid membrane. The thyroid carti-
lage forms the superior border of the cricothyroid membrane.

Thecricothyroidmembrane isadensefibroelasticmembrane lo-
cated between the thyroid cartilage superiorly and the cricoid cartilage 

inferiorly; the cricothyroid muscles bound it laterally. The cricothyroid 

membranecoversanareathatistrapezoidalinshape.Theaveragesize
ofthecricothyroidmembraneintheadultisapproximately22–30mm
wideand9–10mmhigh.Palpatinganotch,aslightindentationordip
in the skin inferior to the laryngeal prominence, can identify the crico-
thyroid membrane. The cricothyroid membrane is located approxi-
mately2–3cmbelowthelaryngealprominenceinanadult.

PROCEDURE

• Placethepatientinsupineposition(shoulderrolltoextendcervi-
cal spine forward if possible).

• Prepneckareaiftimepermits.
• Locatecricothyroidmembrane.
• Using a 12- or 14-gauge needle on a syringe, puncture the skin

midlineanddirectlyoverthecricothyroidmembrane(2–3mLsa-
line in 5- or 10-mL syringe will assist visualizing bubbles when
withdrawing syringe barrel to verify needle tip in “air space”).

• Directtheneedleata45-degreeanglecaudally,andcarefullyinsert
it through the upper half of the cricothyroid membrane, aspirating 

astheneedleisadvanced.Aspirationofairsignifiesentryintothe
tracheal lumen.

• Secure the needle (assign one person to maintain catheter posi-
tion),andattachLuer-Lokendofhigh-pressureventilator.

• Administerlow-pressureairflow(5–10psiinitially)burstsofposi-
tive-pressureventilation.

• Six to ten breaths per minute to maximize exhalation time (I/E
ratio .1:5).

• Adjustpressureupwardwith thegoalofvisible chestwall excur-
sionsandlife-sustainingsaturation.

• Continue efforts to maintain airway patency to ensure egress of
pressurizedair(exhalation)
• Jawthrust,chinlift,neckextension
• Oralairway,nasalairway,tongueretraction
• SGAdevice,laryngoscopy

• TTJVisashort-termoxygendeliverystrategyduringairwayman-
agementdifficulties.
• Alternativeairwaymanagementmethodsshouldbepursued.
• Continueeffortstosecuretheairwayfromaboveiffeasible.
• Pressurization of airway may allow previously failed rescue

methods to succeed (i.e., drive airway upward through the glot-
tis, thus revealing an otherwise collapsed, edematous, or unrec-
ognizableairway).

• NOTE:Placingthecatheterviathecricothyroidmembranebefore
airwayintervention(anticipatingdifficulty)isacceptable,because
placement during a crisis is often hindered by a lack of landmarks, 

suboptimal positioning, and inexperience. If placed but not used, it 

can be simply removed with little consequence.

AFTER THE PROCEDURE

Postprocedure Care
• TTJVisconsideredashort-term“fix”tosupplementoxygenation

in a lifesaving fashion; ventilation (CO2 exchange) may be limited.

• Continuedefforts to secure theairwaywithadvanced techniques
(FFB,VAL,SGA)shouldbepursued.

• Creationofasurgicalairway(tracheostomy)ispossiblewithactive
TTJVtakingplace.

• Removalofthecatheterisquickandusuallywithlittleconsequence.

Complications
• Common

• Kinkingofthecatheter(usewire-reinforcedcatheter)
• Blockage or obstruction of the catheter (redirect or withdraw

slightly)

• Infrequent
• Subcutaneousemphysemaofneck,thorax,face
• Minorbleeding
• Infection(rare)
• Incorrectorunsuccessfulcatheterplacement

• Seriousbutrarecomplications
• Damagetothelaryngealcartilage
• Serioushemorrhagebecauseofseveredbloodvessel
• Posterior wall perforation (concerning), but if followed by

TTJV,devastatingconsequencesmaytakeplace
• Pressurization of intratracheal airway leading to barotrauma,

pneumothorax or, worse, tension pneumothorax, pneumome-
diastinum, and pneumopericardium

OUTCOMES AND EVIDENCE

• PatientoutcomesafterTTJVarerelatedtotheircoexistingcondition
• Recognizedaslifesavingmaneuverinmanyairwaymanagement

algorithms

• Lack of training, lack of practice, low frequency make it high
risk

• SuccessfulcatheterplacementmaybefraughtwithincorrectI:E
ratio, excessive delivery of breaths (.12/min),lackofpressure
egress

• Owing to the emergency nature of the procedure, randomized
controlled studies in humans are not possible in the emergency 

setting.

• TheDARTprogramatJohnsHopkinsdoesnotpushTTJVbe-
cause it interferes with the performance of a surgical airway 

(FONA) if subcutaneous emphysema results from TTJV. The
ASAClosedClaimAnalysisandtheNAP4suggestedthatTTJV
is associated with significant complications and morbidity.
Moreover, such complications detract from the effective pursuit 

of a surgical alternative.

• Techniqueusedsuccessfullyinelectivesettingwithproperequip-
ment,trainedandknowledgeablepersonnelperformingTTJV.

SUGGESTED READING

BenumofJL.Managementofthedifficultadultairwaywithspecialemphasis
on awake tracheal intubation. Anesthesiology.1991;75:1087–1110.

BenumofJL,SchellerMS.Theimportanceoftrans-trachealjetventilationin
themanagementofthedifficultairway.Anesthesiology.1989;71:769–778.

CrosbyET,CooperRM,DouglasMJ,etal.Theunanticipateddifficultairway
with recommendations for management. Can J Anaesth.1998;45:757–776.

EzriT,SzmukP,WartersRD,etal.Difficultairwaymanagementpracticepat-
ternsamonganesthesiologistspracticingintheUnitedStates:Havewe
made any progress? J Clin Anesth.2003;15:418–422.

FikkersBG,vanVugtS,vanderHoevenJG,etal.Emergencycricothyrotomy:
Arandomisedcrossovertrialcomparingthewire-guidedandcatheter-
over-needletechniques.Anaesthesia.2004;59:1008–1011.
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American Society of Anesthesiologists Practice Guidelines for Management of 

theDifficultAirway.Anesthesiology2022;136:31–81.
RussellWC,MaguireAM,JonesGW.Cricothyroidotomyandtrans-tracheal

highfrequencyjetventilationforelectivelaryngealsurgery:anauditof90
cases. Anaesth Intensive Care.2000;28:62–67.

SpaiteDW,JosephM.Prehospitalcricothyrotomy:Aninvestigationofindica-
tions, technique, complications, and patient outcomes. Ann Emerg Med. 

1990;19:279–285.
SulaimanL,TigheSQ,NelsonRA.Surgicalversuswire-guidedcricothyroidot-

omy:Arandomizedcrossoverstudyofcuffedanduncuffedtrachealtube
insertion. Anaesthesia.2006;61:565–570.

WoodallN,CookTM.Anationalcensusofairwaymanagementtechniques
employedduringanaesthesiaintheUK:Resultsofthefirstphaseofthe
4thNationalAuditProjectattheRoyalCollegeofAnaesthetists.Br J An-

aesth.2011;106:266–271.

NEEDLE AND SURGICAL CRICOTHYROTOMY

BEFORE THE PROCEDURE

Indications
• Impossibleorfailedoralornasalendotrachealintubationbecause

of any of the following:

• Very difficult/impossible intubation (ventilation/oxygenation
possible)

• CVCI airway; can’t intubate, can’t oxygenate (CICO, UK 
version)

• Massiveoral,nasal,orpharyngealhemorrhage
• Massiveregurgitationoremesis
• Masseterspasm
• Clenchedteeth
• Structuraldeformitiesoforopharynx,congenitaloracquired
• Stenosisofupperairway
• Laryngospasm
• Mass(cancer,tumor,polyp,orother)

FONA

• Airwayobstruction(partialorcomplete)thatcannotbecleared
• Nontraumatic

• Oropharyngealedema
• Laryngospasm
• Mass (cancer, tumor, polyp, or other away from insertion

site)

• Traumatic
• Foreignbodyobstruction(abovelevelofinsertion)
• Supraglottic,glottic,orsubglotticstenosis/narrowing(above

insertion site)

• Traumatic injuries making oral or nasal endotracheal intuba-
tiondifficultorpotentiallyhazardous
• Maxillofacialinjuries
• Cervicalspineinstability

• Electiveversusurgentversusemergent

• Elective: critical airway situation noted before induction,
patient hemodynamically stable, oxygenation/ventilation
adequate

• Urgent:criticalairwaysituationnotedbeforeorduringin-
duction,patient’shemodynamicsand/oroxygenation/venti-
lation compromised

• Emergent:criticalairwaysituationduringinduction,patient
hemodynamically unstable and/or oxygenation/ventilation
deterioration

Contraindications
• Absolutecontraindications

• Endotrachealintubationcanbeaccomplishedeasilyandquickly,
and no contraindications to endotracheal intubation are present.

• Transection of trachea with retraction of distal end into the
mediastinum

• Fracture or other significant injury of the larynx or cricoid
cartilage

• Relativecontraindications*

• Infantsandtoddlers(,3years)
• Bleedingdiathesis
• Patientswithmassiveneckedema,lackoflandmarks
• Acute laryngeal disease (mass, tumor, infection over cricothy-

roid membrane)

Equipment
• Homemade

• Guidewire
• #20scalpelblade
• 14-,16-,or18-gaugecuttingneedleonasyringe(dependingon

wire gauge)

• Cuffed6.0ETTonadilator(withlumen)
• Optional:cuffed,nonfenestrated,#4and#5tracheostomytubes
• Scalpel,#11
• Trousseaudilator
• Trachealhook
• 434gauzesponges
• Optionalequipment:twosmallhemostats,surgicaldrapes,1%

lidocaine with syringe and needle

• Prepackaged (e.g., Melker Cricothyrotomy, Cook Critical Care)
(Fig.E1.26)

ANATOMY

The thyroid cartilage consists of two approximately quadrilateral-
shaped laminae of hyaline cartilage that fuse anteriorly to form the la-
ryngeal prominence. The anterior superior edge of the thyroid cartilage, 

the laryngeal prominence, is known as the Adam’s apple and is usually 

easily seen in men. It is probably the most important landmark in the 

neck when performing a cricothyrotomy. The cricoid cartilage is shaped 

like a signet ring with the shield located posteriorly and forms the infe-
rior border of the cricothyroid membrane. The thyroid cartilage forms 

the superior border of the cricothyroid membrane (Fig.E1.27).

Thecricothyroidmembrane isadensefibroelasticmembrane lo-
cated between the thyroid cartilage superiorly and the cricoid cartilage 

inferiorly; the cricothyroid muscles bound it laterally. The cricothyroid 

membranecoversanareathatistrapezoidalinshape.Theaveragesize

*Relativecontraindicationsmaybeoverlookedinthetrueemergency
situation, because it is more important to obtain an airway and avoid 

hypoxemia.
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membrane.

• Incisethemembrane—transverse,midline,andatleast1.5cmlong
to facilitate ETT placement.

• Place tracheal hook on lower edge of thyroid cartilage and lift 
upward and cephalad.

• Alternatively,placetrachealhookonupperedgeofcricoidringand
lift upward and caudad.

• Place ETT or tracheostomy tube—smaller diameter preferred 
(5.0–6.5mm)

• Inflatecuffandconfirmplacementusingauscultationand/orcap-
nography.

• Securethetube.
• Optional:FFBevaluation

PROCEDURE: STYLET-DILATOR METHOD

• Place the patient in a supine position, hyperextended neck with
shoulder roll if possible.

• Surgically prep the area using antiseptic solution (if applicable,
time permitting).

• Palpatethecricothyroidmembraneanteriorly,betweenthethyroid
cartilage and cricoid cartilage.

• Usinga14-gaugeneedleona syringe,puncture the skinmidline
and directly over the cricothyroid membrane.

• Directtheneedleata45-degreeanglecaudally,andcarefullyinsert
it through the upper half of the cricothyroid membrane, aspirating 

astheneedleisadvanced.Aspirationofairsignifiesentryintothe
tracheal lumen.

• Securetheneedle,andadvancetheflexibleendofthewirefirst.
• Onceasufficientamountofthewireisintroducedintothetrachea,

remove the needle.

• Usinga20-bladescalpel,makeadeephorizontalpuncture.
• Insert the dilator and endotracheal tube assembly onto the wire,

and gently advance through the cricothyroid membrane with a 

continuous downward twisting motion.

• Removethedilator,inflatetheendotrachealcuff,andconnectthe
breathing circuit.

• Secure ETT, auscultate breath sounds, and confirm the return 
of CO2.

• Optional:FFBevaluationofairway

PROCEDURE: SELDINGER TECHNIQUE—MELKER 
COOK CRITICAL CARE

• Supineposition,hyperextendedneckwithshoulderrollifpossible
• Surgically prep the area using antiseptic solution (if applicable,

time permitting).

• Palpatethecricothyroidmembraneanteriorly,betweenthethyroid
cartilage and cricoid cartilage.

• Immobilizelarynxasdescribedearlier.
• Puncturetheskinandthecricothyroidmembranewiththepunc-

ture cannula with connected syringe.

• Aspirationofairconfirmsentryintotracheawithneedledirected
caudad.

• Disconnectsyringefromneedle,passthewirecaudadintoairway,
and remove needle.

• Inciseskin0.5–1cmoneachsideofthewireguide.
• Insert the dilator together with deflated airway catheter over the

wire, through the skin, and into the trachea.

• Removedilator,inflatecuff,andconfirmcorrecttubeplacement.
• SecureETT,auscultatebreathsounds,andconfirmthereturnofCO2.

Fig. E1.26 Prepackaged surgical kit.

Fig. E1.27 Anatomic outline shows the sternal notch (lower “V”), the 

straight line (cricoid ring), and the two curved arrows that overlie the 

cricothyroid membrane, with the outline of the thyroid cartilage above 

the cricothyroid membrane.

ofthecricothyroidmembraneintheadultisapproximately22–30mm
wideand9–10mmhigh.Palpatinganotch,aslightindentationordip
in the skin inferior to the laryngeal prominence, can identify the crico-
thyroid membrane. The cricothyroid membrane is located approxi-
mately2–3cmbelowthelaryngealprominenceinanadult.

PROCEDURE: CONVENTIONAL APPROACH

• Place the patient in a supine position, hyperextended neck with
shoulder roll if possible.

• Surgically prep the area using antiseptic solution (if applicable,
time permitting).

• Palpatethecricothyroidmembraneanteriorly,betweenthethyroid
cartilage and cricoid cartilage.

• Immobilizethelarynx—intheright-handedoperator,thethumband
longfingersofthelefthandareusedtograspthethyroidcartilage.

• Incise the skin—vertical and midline, approximately 2–3 cm in
length from the depth of the thyroid cartilage, membrane, and 

cricoid cartilage.

• Prepare subcutaneous tissue—dissect down to the cricothyroid
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• Optional:FFBevaluationofairway

PROCEDURE: SURGICAL APPROACH—RAPID 
4-STEP, MODIFIED 3-STEP (BOUGIE-ASSISTED) 
TECHNIQUE

• Supineposition,hyperextendedneckwithshoulderrollifpossible
• Surgically prep the area using antiseptic solution (if applicable,

time permitting).

• Palpatethecricothyroidmembraneanteriorly,betweenthethyroid
cartilage and cricoid cartilage.

• Immobilizelarynxasdescribedearlier.
• Incise skin and cricothyroid membrane transversely with scalpel

blade.

• Insertatrachealhookthroughtheincision;securethecricoidcar-
tilage with the hook.

• Movetoamoreventralandcaudalposition(outwardanddown-
ward direction with hook).

• Insertsmaller-diameterETTintoopeningoftrachea.
• Three-steptechniquewithBougieassistance:

• Midlineincisionintotheskinfollowedbyhorizontaldivisionof
cricothyroid membrane

• Advancementofelasticbougiethroughtrachealspaceintoright
mainstem bronchus

• AdvancementofETToverbougie,removalofbougie
• SecureETT,auscultatebreathsounds,andconfirmthereturn

of CO2

AFTER THE PROCEDURE

Postprocedure Care
• Postprocedurecareshouldincludetheinsertionofanorogastricor

nasogastric tube in cases of full stomach.

• Revisionofthecricothyrotomymaybeneededassoonasthepa-
tient is stable.

• Most cases have previous laryngeal damage or postobstruction
pulmonary edema and will require ventilation in the ICU.

Complications
• Common

• Kinkingofthecatheter,wire
• Blockageorobstructionofthecatheter

• Infrequent(potentiallylife-threatening)
• Kinkingofthecatheter
• Aspiration
• Creationoffalsepassageintothetissue
• Subglotticstenosis
• Laryngealstenosis
• Hemorrhage/hematoma
• Esophageal/tracheallaceration
• Mediastinalemphysema
• Vocalcordinjury
• Minorbleeding
• Infection
• Incorrectorunsuccessfulcatheterplacement

• Seriousbutrarecomplications
• Damagetothelaryngealcartilage
• Serioushemorrhagebecauseseveredbloodvessel
• Falsepassage,lossofairway
• Pneumothorax,tensioncomponent

OUTCOMES AND EVIDENCE

• Patientoutcomesafterneedlecricothyrotomyarerelatedtocoex-
isting conditions.

• Lowestsurvivalratesareassociatedwithcricothyrotomyunder-
takenduringcardiacarrest(only6%),comparedwith76%for
any other reason.

• Mostcommoncausesofdeatharepatientcomorbidities,followed
by failure to achieve an airway, and last, by the procedure itself. 

Many airway-related deaths are caused by the lack of attempting
surgical access at all or attempting it too late in the airway crisis. 

Move to a surgical airway sooner rather than later.

• Owing to the emergency nature of the procedure, randomized
controlled studies in humans are not likely to be performed.

• Becausecricothyroidotomyisararelyperformedbutpotentially
lifesaving procedure of last resort in the patient with a failed 

airway, clinicians responsible for airway management must  

retain familiarity with the necessary equipment and relevant 

anatomy.

• Gaining needle access to the CTM followed by high-pressure
oxygen delivery is fraught with failure. It may derail efforts to 

access the airway via a surgical incision. Alterations of the 

FONA(e.g.,subcutaneousair)mayinterferewithgainingaccess
from the anterior neck region.

• Clinicians responsible for advanced airway management should
review the anatomy and practice with the equipment needed for 

cricothyroidotomy several times per year.

• Attheveryleast,cliniciansshouldknowwhotocallforassistance
with gaining surgical access to the airway.

• Immediateaccess toneededequipment is imperative tooptimize
patient safety.

• Delayinstartingsurgicalaccess,lackofequipment,andinexperi-
ence with the technique are the most common underlying reasons 

for poor outcome.

• Althoughanemergencysurgicalairwaymaybeglamorized tobe
done rapidly, given common anatomic and positioning restraints 

(cervical collar, cardiopulmonary resuscitation [CPR], ongoing
BVM,poorpositioning,obesethickneckdevoidoflandmarks),it
istheexceptionthatitcanbeperformedaccuratelyinlessthan45
seconds. Clinical experience suggests .1–3 minutes and well be-
yond this time frame in many instances.

• Thetwomainconcernswithsurgicalairwayaccessisthatitis
not tried at all or it is attempted too late.

• If placing an ETT via the surgical access route, beware 
of depth of the ETT. It can easily be placed past the carina 

leading to mainstem bronchus intubation. Approximate 

depthshouldbe10cm,andverificationbybronchoscopyis
recommended.
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ESOPHAGEAL-TRACHEAL COMBITUBE: 
ALTERNATIVELY, THE RUSCH EASY TUBE 
(SMALLER—LATEX-FREE COMBITUBE LOOK-ALIKE 
AND THE KING LT-LARYNGEAL TUBE-SINGLE 
LUMEN, ESOPHAGEAL PLACEMENT, ONE SYRINGE 
FOR DUAL CUFF INFLATION)

BEFORE THE PROCEDURE

Indications
• EmergencyairwaydeviceintheCVCIpathway

• Providesrapidcontrolofairwaywhenintubationisimpossible
and other techniques of securing the airway fail

• Airwaymanagementwhenthepatientsituationdisallowslaryngos-
copyorbag-maskventilationbecauseofpositioning,confinement
• Example:trappedinacaraftermotorvehiclecrashandinability

to perform laryngoscopy

Contraindications
• Absolute

• Pediatricsorpatientslessthan4feettall
• Pediatricsizesunavailable[36]

• Airwayobstruction(supraglotticandbelow)
• Intactgagreflex
• Recentupperesophagealsurgery(i.e.,IvorLewisesophagogas-

trectomy)

• Causticingestion
• Latexallergy

• Combitubeincludeslatexinitsconstruction
• Alternative product: EasyTube, Rusch Medical (latex free);

similar in design to Combitube

• Relative
• Elective/nonemergentsituations
Example:easyintubation,easybag-maskventilation
• Esophagealpathology(proximalthird,upperportion)

• Example:patientwithknownesophagealvarices;however,if
patient ishypoxicandnootherairway ispossible,benefits
clearly outweigh risks.Variceal location tends to be in the
lower half of the esophagus.

• Anatomicalterationofsupraglotticarea,glottis,hypopharynx
• Tumor,abscess,foreignbody,swelling
• Emergencyshort-termuseforairwayrescueisacceptable.

• Kinglaryngealtube
• Responsivepatientswithanintactgagreflex
• Patientswithknownesophagealdisease
• Patientswhohaveingestedcausticsubstances

Equipment
• The Esophageal-Tracheal Combitube (Kendall-Sheridan, Argyle,

NY)isavailableintwosizes:41F(largeadult)and37F.Itisadou-
ble-lumensoftplastictubethatisinsertedintothemouthwithor
without laryngoscopy and advanced blindly into either the trachea 

or esophagus (.90%passintotheesophagus).TheCombitubehas
twoinflatablecuffs:asmallerdistalcuffsimilartothatofaconven-
tional ETT and a larger proximal cuff designed to seal the pharynx. 

Once placed, the practitioner must ventilate the proper conduit to 

deliver oxygen into the trachea. Understanding the Combitube’s 

design is imperative to its successful use and fosters the ability to 

troubleshoot difficulties. The Combitube is joined by its recently
introducedcousins: theRuschEasyTubeandKing laryngeal tube
(LT).TheRuschEasyTubeisalatex-freealternativethatisoffered
inalargemodel(similartotheCombitube41F)andasmalleradult
version(35F).TheCombitubeenterstheesophagusinover95%of
cases;ventilationisthroughlumen#1(blueconnector).End-tidal
CO2 detection, pulse oximetry, and other confirmatory measures
must be confirmed for all placements. The occasional placement 
in the trachea requires ventilation of the lungs through lumen  

#2(Fig.E1.28).

• Another airway device that is gaining popularity for in-hospital
andprehospitaluseistheKingLT,whichisblindlyinsertedintothe
hypopharynx with the distal tip inserted past the cricopharyngeal 

opening of the esophagus (not in the trachea). The ventilation 

portal comes to rest posterior and inferior to the epiglottis in prox-
imitytotheopenglottis.Ithastwohigh-volume,low-pressurein-
flatableballoonssimilartotheCombitube(onethatoccludesthe
esophagus andone that inflates in theposteriororopharynx)yet
requires fewer steps, because it is reliant on only a single site of in-
flation. The distal cuff is designed to seal the esophagus. The
proximal cuff is intended to seal the oropharynx. Ventilation is
achievedviaa15-mmconnector(singleportalasopposedtothe
Combitube’s two) for attachment to a standard breathing circuit or 

Fig. E1.28 King laryngeal tube (LT) (upper) and Combitube (lower) are 

both dual-balloon airway devices. Combitube has a long track record of 

excellent performance but is being challenged by the smaller-sized King 

LT, with its single pilot valve/dual cuff design and single ventilation portal.
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resuscitation bag. The patient may breathe spontaneously via the 

KingLT.CO2 detection is adaptable to all three devices (Fig.E1.29).

ANATOMY

An understanding of basic airway, tracheal, and esophageal anatomy is 

required to interpret which lumen should be used to ventilate the pa-
tient. Also, if ventilation is unsuccessful, it is important to understand 

that the positioning of the Combitube may not be ideal, and it may 

have to be advanced or withdrawn slightly.

PROCEDURE: COMBITUBE

• The Combitube is an emergency airway management device for
patients requiring rapid control of the airway, particularly when 

poorlaryngoscopicvisualizationofthelarynxmakestrachealintu-
bation impossible.

• Insertappropriate-sizedCombitubeintopatient’smouth,withor
withoutlaryngoscopy(thesmaller-sizedCombitube[37F]maybe
used in all adults ,6 feet, 5 inches tall).

• Advance the Combitube blindly into either the trachea or
esophagus.

• Stop advancing once the proximal depth indicator (two black
rings) is at the level of the teeth.

• Inflatethesmallerdistalcuffandthelargerproximalcuffthatseals
the pharynx.

• Ventilatethroughtheproximal(blue,#1)lumenfirst,because95%
of Combitube placements result in an esophageal position and 

auscultate the lungs and stomach.

• Ifbreathsoundsarenotheardbutgastricsoundsare,theCombi-
tube has likely been placed in the trachea.

• Simplychangeventilation to thedistal (clear,#2) lumen,andre-
check for breath sounds.

• Ifbreathsoundsarestillnotdetectablebyauscultation,theCom-
bitube has likely been advanced too deeply into the esophagus, and 

the pharyngeal cuff is obstructing the glottis.

• Ifthisoccurs,deflatethepharyngealcuff,withdrawtheCombitube
a few centimeters, and recheck for breath sounds.

• Oncetheappropriatelumenhasbeenselectedandventilationap-
pearsadequate,confirmwithcapnography.

PROCEDURE: KING LARYNGEAL TUBE

The King LT is a supraglottic airway that uses two cuffs to create a
supraglottic ventilation seal similar to the Combitube (hypopharynx 

and esophageal level). The King LT has a single ventilation port 
(15-mmconnector)andasinglevalveandpilotballoonthatsimulta-
neouslyinflateboththepharyngealandtheesophagealballoons.
• AssumingtheoperatorisfamiliarwiththeKingLT,lubricationis

applied and preoxygenation is completed.

• Sniffingpositionifpossible,butnotrequired.
• HoldtheKingLTattheconnectorwithdominanthand.Withnon-

dominant hand, hold mouth open and apply chin lift.

• WiththeKingLTrotatedlaterally45–90degreessuchthattheblue
orientation line is touching the corner of the mouth, introduce tip 

into mouth and advance behind base of tongue.

• Astubetippassesundertongue,rotatetubebacktomidline(blue
orientation line faces chin).

• Withoutexertingexcessive force,advance tubeuntilbaseofcon-
nector is aligned with teeth or gums.

• Inflateviathesinglepilotvalveuntilsealed(40–80mL,depending
onKingLTsize).

• Gentlyventilatetoassessposition(free-flowingI/E,largeVt).

• Depthmarkingsgiveanindicationofthedistancefromthevocal
cords to the teeth.

• Confirm proper position by auscultation, chest movement, and
verificationofCO2.

• If ventilation ismetwithhigh resistance, slowlywithdrawdevice
until ventilation improves.

• Intubationmaybeaccomplishedwith theFFB-Aintree combina-
tion (Figs.E1.30 and E1.31).

Fig. E1.29 Combitube in the esophageal position with both balloons 

inflated. Proper positioning of the eight side ventilation portals allow 

oxygen delivery into the glottis. If resistance is met when bagging, it is 

typically caused by two factors: (1) Combitube is positioned too deep, 

so some or all of the ventilation portals are occluded by esophageal 

mucosa (solution: withdraw Combitube to a more proximal position); or 

(2) upper inflated cuff has forced the epiglottis downward and is partially 

or completely obstructing the glottic opening (solution: withdraw Com-

bitube to a more proximal position).

Fig. E1.30 Close-up view of King laryngeal tube and the ventilation 

holes that come to lie posterior to the glottic opening. The upper open-

ing will emit an FFB or FFB-Aintree combo to visualize/intubate the 

trachea. (With permission from Ambu, Inc., Glen Burnie, Maryland.)

Ventilation holes
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• TheRuschEasyTubeisanotheralternativetothesetwoproducts.It
isavailableintwosizes:41Fand28F,hasasinglelumenatthedistal
end,twoseparatecuffsforinflation(asdoestheCombitube),anda
latex-freeballoonandoffersaccesstotheupperairway(viaasuction
catheter,airwayexchangecatheter,orflexiblebronchoscopy).

AFTER THE PROCEDURE

Postprocedure Care
• Once patient is stabilized and adequately ventilated and oxygen-

ated,amoredefinitiveairwayshouldbesecured.
• Itisanacuteemergencyairwaydevice.
• The three products are not intended for extended use in the

emergency patient.

• Intubationofthetracheaisfavoredinmostpatients,soaplan
should be developed to change to an ETT.

• ChangingtoanETTmaybeperformedwiththeuseofconven-
tional and advanced airway devices.

• Ifexchangeisconsideredtobedangerousandrisky(desatura-
tion, massive edema, poor pulmonary compliance) or it proves 

to be impossible to identify the glottic opening, securing the 

airway surgically may be the best (or only) alternative.

• Whenthethreedevicesareintheesophagealposition,surgical
entrance into the trachea is not impeded by the airway device.

Complications
• Common

• Difficultymaintainingacuffsealtoprovideadequatepositive-
pressure ventilation

• Regurgitationandaspirationwouldideallybelimited,butcom-
plete protection is not guaranteed.

• Seriousbutrarecomplications
• Lacerationstotheesophagealwallorpyriformsinus

• Can result in subcutaneous emphysema, pneumomediasti-
num, pneumoperitoneum, and esophageal rupture

• Ischemiaoftongue/airwayedemaifleftinplaceforlongduration

OUTCOMES AND EVIDENCE

These devices, though relatively simple and timely to place, do require 

completefamiliarizationwiththeirplacement,cuffinflationfeatures,
andlimitations.TheKingLTispopularasanelectiveairwaysupport
device and as a useful rescue airway device in cases of an unexpectedly 

difficultairway.Anecdotally,cliniciansmayprefer theKingLTbased
onitssmallersizeandsimplicitywithoneinflationportal.Inessence,
these devices can be considered “secondary SGA devices” in the rescue 

schema.ThougheachcouldserveasarescuetechniqueforfailedDL±
Bougie orVAL, most guidelines recommend SGA such as a first- or
second-generation SGA (i-gel, LMA Proseal, LMA Supreme, Ambu
Aura,FastrachLMA).Hence,theCombitubeandotherswouldserve
as a reserve backup rescue for other SGAs (which have potential as an 

intubation conduit).
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Fig. E1.31 A, The Cook-brand Aintree catheter acts as a “jacket” 

around the flexible fiber-optic bronchoscope (FFB), which is then passed 

(in this case) via the laryngeal mask airway to assist in visualizing the 

glottic opening. The Aintree-FFB combo can be passed via the ventila-

tion portal of the King laryngeal tube (LT) to allow passage into the tra-

chea. After removal of the FFB from the Aintree (which remains in the 

trachea), the King LT is removed over the Aintree. A lubricated endotra-

cheal tube (ETT) is then passed over the Aintree, as it acts as a bougie. 

B, The Aintree catheter, a 56-cm-long, hollow catheter.

A

B
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EVALUATION OF A CUFF LEAK IN THE ICU

BEFORE THE PROCEDURE

Indications
• Audiblecuffleakinanintubatedpatientmayrepresentavarietyof

problems

• Tear/microperforationormacroperforationofETTcuff
• Remedy:exchangeETT

• Brokenpilotballoonline
• Remedy: occlude line perforation, inflate cuff, clamp line

withKelly/hemostat(temporary,lowrisk)
• Remedy:cutline,attachnewpilotballoon/valve/lineassem-

bly, reinflate balloon (less temporary, may perform well
long-term,lowrisk)

• ChangeETT(highrisk)(Fig.E1.32).

• Incompetentvalve/pilotballoonperforation/dysfunction
• Remedy:cutline,attachnewpilotballoon/valve/lineassem-

bly, reinflate balloon (less temporary, may perform well
long-term,lowrisk)

• Remedy: inflatecuff,clamplinewithKelly/hemostat(tem-
porary)

• Remedy:changeETT(highrisk)

• ETT cuff/tracheal wall incongruity (tracheomalacia, tracheal
softening, tracheitis, overstretched poorly compliant cuff)

• Remedy: advance ETT/cuff to alternative level in trachea
(temporary, low risk)

• Remedy:changeETT(highrisk)orchangetracheostomyto
larger size, length, or cuff shape/design (moderate or high
risk if trach .10daysold)

• Presence of foreign body within trachea leading to airway
leak(temperatureprobe,NGT,feedingtube)
• Presenceoftracheoesophagealfistula(TEF),broncho-

esophageal fistula (BEF), or bronchogastric fistula
(BGF).Oftenthisconditionisknowntothecarepro-
viders. Adjusting the depth of the ETT may be re-
quired.Ifanewdiagnosisofafistulaismade,thismay
be a surgical emergency because of the potential for 

mediastinal spillage.

• Dislocation of ETT (partial or complete extubation of the
trachea) is typified by three potential locations within the
airway:

• Cuffbetweenvocalcords(partialextubation)
• ETTtipatlevelofvocalcords(completeextubation)
• ETT tip/cuff in hypopharynx (complete extubation)

(Figs.E1.33throughE1.35)

• Partial/completeextubationoftheairway,masqueradingasan
ETTwithacuffleak,mustbeidentified
• Itisimperativetocheckthestatusofthepilotballoon.
• If the pilot balloon appears to be intact (holds insufflated

air),theETTtip/cufflocationislikelynotintratracheal.
• Ifthe“cuff”leakiserroneouslyidentifiedasamalfunction-

ing ETT cuff and the airway team passes an airway exchange 

catheter (AEC), the misplaced distal tip of the ETT may al-
low passage of the AEC to areas external to the trachea (e.g., 

esophagus, pyriform sinus)

Fig. E1.32 Commercially available pilot balloon repair kit. Blunt needle 

is inserted into the cut end of the pilot valve line.

Fig. E1.33 This patient had a continuous “cuff leak” while supported 

on mechanical ventilation. The endotracheal tube (ETT) depth was 25 

cm at the dentition, yet the ETT tip is just below the vocal cords when 

viewed with the FFB. The barely visible white vocal cords are “stretched” 

by the ETT and are located laterally in the picture. In the upper-right 

corner is the bluish edge of the lower portion of the ETT cuff. Distally at 

the ETT, one can see with the FFB that the posterior wall of the thyroid 

cartilage is visible (not seen in this picture).
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• Caveat:HowreliableistheleveloftheETTatthedentitionline
in determining where the tip is located (based on a database of 

245casesofpartialextubationattheauthors’institution)?
• ETTat,20cmatthedentitionline:55%wereabovetheglottis
• ETTat.20cm:73%atlevelofglottisoraboveglottis(hy-

popharynx)

• Conclusion: There appears to be little correlation of ETT
markings at the dentition line and the location of the ETT tip.

• Overall,51%ofETTtipswereabove thevocalcords,32%
wereatthelevelofthevocalcords,andin17%,thecuffwas
located between the vocal cords on examination.

• Caveat:Isthereanydifferenceintheincidenceofcomplications
whenusingFFBversusDLtodiagnoseandmanageadislocated
ETT?

• Managing this clinical situation with DL alone was fraught
with complications such as severe hypoxemia, esophageal in-
tubation, loss of the airway, bradycardia, and cardiac arrest.

• DiagnosticandtherapeuticmanagementwithFFBwasan
overall excellent choice, but it was not without its own 

problems. The ETT tip that was above the vocal cords was 

oftencentralizedandeasilyadvancedintothetrachea,but
approximately 15%–20% of these cases had the ETT tip
abutting the vocal cords, pharyngeal wall, or other tissues 

that made it very difficult to advance the FFB into the
trachea. Several of these ETTs had to be moved more 

proximal toallowFFBadvancement,but thiswasnotal-
ways successful.

• Alternative airway management schema beyond the FFB
mustbeavailabletorescuetheairwayintheeventdifficulty
is encountered.

Contraindications
• Absolute

• Difficult intubation and ETT can be salvaged by some other
means than replacing it (e.g., repair of pilot balloon or clearing 

of obstructive luminal secretions via the CAM Resqu-Cath)
(Figs.E1.36throughE1.38).

• Relative
• Unprepared

• Unlessthesituationistrulyemergent,ETTexchangeshould
not be attempted without properly preparing the patient and 

withouthavingimmediateaccesstodifficultairwaysupplies.
• ETTisnotdamaged

• Ifthereasonforexchangeisfor“cuffleak,”forexample,but
the leak is the result of supraglottic positioning, not a dam-
aged cuff, then adjustment of the ETT and not ETT ex-
changeisappropriate.However,anoverdistendedETTcuff
may suffer from altered compliance because of stretching. 

Thus a new ETT may be advantageous.

Equipment
• Conventionalintubationequipment
• Advancedairwayrescuedevices,includingFFBandVAL
• Miscellaneousequipment

• Kellyclamp/hemostat
• Replacementpilotballoonkit

PROCEDURE

• Placepatienton100%oxygen.
• Reviewpatienthistory,problemlist,medications, levelofventila-

tory support.

Fig. E1.34 The ICU physician was called to evaluate an intermittent 

“cuff leak,” difficulty passing the suction catheter, and waxing/waning 

oxygen saturation. The pilot balloon was intact and inflated. Flexible fi-

ber-optic bronchoscopic examination found the endotracheal tube (ETT) 

tip was impaled on the vocal cord, with a view of the subglottic area via 

the Murphy eye of the ETT. The FFB was passed into the trachea via the 

Murphy eye, and the ETT was gently advanced into the trachea.

Fig. E1.35 The intensive care unit team was called to investigate a 

continuous “cuff leak” in this patient. The pilot balloon was intact; the 

fiber-optic bronchoscopic (FFB) view of the vocal cords from the tip of 

the endotracheal tube (ETT) reveals that the ETT tip is well above the 

glottic opening. The FFB was advanced into the trachea, and the ETT 

was then returned to the tracheal position.

• Twomethodsarestronglyrecommendedtodiagnosticallyand
therapeuticallymanagethepossibleETTtip/cuffdislocation:
• Firstchoice:FFBtodiagnosethetiplocationandtherapeuti-

callyallowreintubationofthetracheaifpossible(85%likely
at authors’ institution)

• Second choice: laryngoscopy, preferably VAL versus direct
laryngoscopy(DL),soastoallowimprovedvisualizationof
the airway and possibly improve the margin of safety in this 

potentially life-threatening consequence of the intubated
ICU patient
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• ConsiderationshouldbegiventoreplacingtheETTwhenitscuff
hasundergoneoverinflationandmayhavealteredcompliance.

AFTER THE PROCEDURE

Postprocedure Care
• Reconfirmendotrachealplacementwithcapnography.
• Assess depth of ETT with breath-sound auscultation, bronchos-

copy, chest radiograph (delayed).

Complications
• Common

• InabilitytoadvancenewETTowingtotipembeddedintheup-
per airway tissues

• Hypoxemia
• Seriousbutrarecomplications

• Lossofdifficultairway
• Mostfearedandworstoutcome
• CanbereducedbyusingFFBversusDL
• UseVALoverDL
• Ensureairway teamhas adequate supportive staff and im-

mediate access to advanced airway equipment (including 

surgical staff)

OUTCOMES AND EVIDENCE

Partial extubation of the airway can be a life-threatening con-
sequence of tracheal intubation in the ICU patient. Misdiagnosis  

or lack of understanding of this situation may lead to patient  

Fig. E1.36 This patient immediately failed a continuous positive airway 

pressure (CPAP) trial. Investigation with fiber-optic bronchoscopy (FFB) 

found significant biofilm accumulation at several levels of the endotra-

cheal tube (ETT) lumen. A choice of exchanging to a new ETT was 

contemplated, but the patient was a known difficult airway. A catheter 

with an inflatable cuff (similar to a Fogarty catheter) that had a mesh 

covering for “traction” was passed and was able to remove 90% of 

biofilm blockage in less than 90 seconds on two passes.

Fig. E1.37 The same endotracheal tube (ETT) as in Fig. E1.36, after a 

single pass of the biofilm removal catheter.

Fig. E1.38 A, A large biofilm plug removed following a single pass of 

the biofilm removal system. B, Close-up of the mesh-covered catheter 

cuff used to remove the tracheal lumen obstruction of biofilm.

B

A

• Assemble conventional and rescue airway equipment, including
capnography.

• Initiate sedation/analgesia ifnotalreadypresent,withorwithout
muscle paralysis.

• Optimizepositioning,performFFBtodetermineleveloftheETTtip
ifappropriate,andthenadvancetheETTovertheFFBintothetrachea.
• Alternative rescue methods, personnel should be immediately

available

• Second choice: examination of the airway (laryngoscopy, video-
based preferable)

• Extra caution when advancing laryngoscope blade into oro-
pharynx,asthetipmaypuncturetheoverinflatedETTcuffin
the “back” of the throat.
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morbidity and mortality. Being prepared, as is the case for any ICU 

airway situation, is in the best interest of patient safety. Running
through the differential diagnosis of a “cuff leak” is imperative. The 

simplest task to complete is to inquire about the characteristics of 

the cuff leak (duration, amount of air placed in cuff, etc.) and to 

check its integrity. If the pilot balloon appears intact, it is reasonable 

to assume the ETT tip cuff is displaced at or above the vocal cords, 

andoneshouldconsiderFFBfordiagnosticandtherapeuticman-
agement.Again,VAL is invaluable as both a diagnostic and thera-
peutic option.
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EXTUBATION OF THE DIFFICULT AIRWAY

BEFORE THE PROCEDURE

Indications
• TooptimizethesafetyoftheICUpatientbeingreadiedforextuba-

tion,withspecialemphasisonthedifficultairwaypatient
• Knowndifficultairway

• Knowndifficultmaskventilation
• Knowndifficultlaryngoscopy
• Knowndifficultintubation

• Suspecteddifficultairway
• Obesity
• Cervicalspineprecautions,hardcollar,halovest,limitedrange

of motion

• Edema, swelling, airway trauma, systemic reaction (sepsis,
blood transfusion reaction, anaphylaxis)

• Massivevolumeresuscitation
• Evolvinghead/necktrauma,pathology,injury
• Anylimitationtothemouth/oralcavity/oropharynx
• Excessivesecretions,bleeding,bandages,alterationstoanatomy

• Difficult extubation isdefinedas theclinical situationwhenapa-
tient presents with known or presumed risk factors that may con-
tributetodifficultyreestablishingaccesstotheairway.
• Thesubsequentintoleranceoftheextubatedstateposesanin-

creased risk to patient safety.

• An extubation strategy should be developed that allows the
airway manager to (1) replace the ETT in a timely manner 

and(2)ventilateandoxygenatethepatientwhilethepatient
is being prepared for reintubation and during the reintuba-
tion itself.

• Thepractitionershouldassess thepatient’s riskon two levels:
the patient’s predicted ability to tolerate the extubated state and 

ability (or inability) to reestablish the airway if reintubation 

becomesnecessary.Weaningcriteriaandextubationparameters
will not be discussed because they vary by locale, practitioner, 

and the patient’s clinical situation.

Contraindications
• Absolutecontraindications

• When the clinical assessment of the patient is suggestive of a
highriskfordifficultyestablishinganairwayandairwayman-
agement personnel with an expertise of handling such a patient 

are not present or they are not properly equipped to handle 

such a patient.

• Patient fails routine accepted extubation parameters for your
facility.

• WhenthefullcomplementofICUpersonnelareunavailablefor
the extubation trial (e.g., nursing staff, respiratory therapy staff, 

airway team members).

• When a backup plan/strategy has not been developed or 
the equipment/personnel to execute such a strategy are not
available.

• Relativecontraindications*

• Establishingasurgicalairway(tracheostomy)wouldbeabetter
choice.

• Delaying the extubation trial would be in the patient’s best 
interest.

Equipment
• Conventionalairwaymanagementequipment
• Advancedairwayrescueequipment(difficultairwaycart/bag)

• FFB
• AdvancedVALequipment
• Airwayexchangecatheters

• Nursingstaff
• Respiratorytherapystaff
• Surgicalassistanceforasurgicalairway(ifindicated)
• Sedation/analgesia/musclerelaxantmedications
• Postextubationoxygendeliverysystem

• Nasalcannula
• Facemask
• CPAP,BiPAP

ANATOMY

• Patientassessmentmustbecompletedbeforethedecisionwhether
or not to extubate.

• Review of the patient’s stay in the ICU, medications, problem 
list, surgeries, procedures, previous airway interventions, and cur-
rent clinical condition would be standard to provide needed in-
formation to develop an understanding of the patient’s current 

predicament.

• Thisevaluationwouldbesupportedbyaclinicalassessmentofthe
patient’s airway to evaluate inability to tolerate extubation from 

such causes as:

• Airwayobstruction(partialorcomplete)
• Hypoventilationsyndromes
• Hypoxemicrespiratoryfailure
• Failureofpulmonarytoilet
• Inabilitytoprotectairway

*Based on personal preference, experience, and the patient’s clinical 

condition.
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• Evaluateforpotentialdifficultyreestablishingtheairway
• Difficultairway
• Limitedaccesstotheairway
• Inexperiencedpersonnelpertainingtoairwayskills
• Airwayinjury,edemaformation

• Riskfactorsfordifficultextubation
• Knowndifficultairway
• Suspecteddifficultairwaybasedonthefollowingfactors:

• Restrictedaccesstoairway
• Cervicalcollar,halovest,limitedrangeofmotion
• Headandnecktrauma,procedures,orsurgery
• ETTsize,durationofintubation
• Headandneckpositioning(e.g.,pronevs.supine)
• Traumaticintubation,self-extubation
• Patientbuckingorcoughing
• Drugorsystemicreactions

• Angioedema
• Anaphylaxis
• Sepsis-relatedsyndromes
• Excessivevolumeresuscitation

• ASAPracticeGuidelinesandothersocietieshavesuggestedthata
preformulated extubation strategy should include:

• A consideration of the relative merits of “awake” extubation
versus extubation before the return of consciousness (more ap-
plicable to the operating room setting)

• An evaluation for general clinical factors that may produce an
adverse impact on ventilation after the patient has been extubated

• The formulation of an airway management plan that can be
implemented if the patient is not able to maintain adequate 

ventilation after extubation

• Aconsiderationoftheshort-termuseofadevicethatcanserve
asaguidetofacilitateintubationand/ortofacilitateventilation/
oxygenation

PROCEDURE

• Suggestedthree-steppatientassessment
• Reviewhistory,currentconditions,medications,mentalstatus

as previously stated.

• Assessairway;externalevaluationsupplementedwith internal
evaluation

• Conventionallaryngoscopyhaslimitedclinicalutilityinthe
ICU patient.

• Inmostpatients,VALallowstheability to“seearoundthe
corner,” thus providing a view of the periglottic airway to 

determine if the airway is suitable for extubation; also pro-
videsvaluableinformationregardingtheeaseordifficultyof
viewing the airway anatomy in the event reintubation is 

needed after extubation.

• Developstrategyforextubation,delayextubation,orsecurevia
surgical means; extubation choices include

• Conventionalextubation(directlytooxygensource)
• Extubationoveranairwayexchangecathetertomaintain

airway access

• FFB-assistedairwayevaluation/extubation
• TransitiontoLMAuntilpatientis“safe”tolose“air-

way access” (Fig.E1.39)

• Itmaybeappropriatetorelocatetheextubationproce-
duretotheoperatingroom.Requestingthepresenceof
personnel capable of rapidly performing surgical access 

(DifficultAirwayResponseTeam[DART],surgicalair-
way team, etc.) may be appropriate in some instances.

• Clinicaldecisionplanforthedifficultextubation
• Avarietyofmethodsareavailable toassist thepractitionerto

maintain continuous access to the airway after extubation, each 

with its limitations and restrictions.

• Thoughnomethodguaranteescontrolandtheabilitytorese-
curetheairwayatalltimes,theLMAofferstheabilityforfiber-
optic–assistedvisualizationofthesupraglotticstructureswhile
serving as a ventilating and reintubating conduit, but is ham-
pered by a limited time frame.

• FFBisusefulforperiglotticassessmentafterextubationbutre-
quires advanced skills and minimal secretions. Moreover, it of-
fers only a brief moment for airway assessment and continuous 

access to the airway after extubation.

• Conversely, the AEC allows continuous control of the airway
after extubation but without visualization, is well tolerated in
the vast majority of patients, and serves as an adjunct for rein-
tubation and oxygen administration. Patient intolerance, acci-
dental dislodgment, and mucosal and tracheobronchial wall 

injury have been reported but are rare. Several brands of AECs 

are available in a variety of sizes. Cook Medical offers adult-
appropriatesizedAECsin11F(3.7mmdiameter,14F(4.7mm),
and19F(6.3mm).Thebesttoleratedinadultsisthe11F.How-
ever,reintubationoverthisAECmaybedifficultwiththelarger-
caliber,adult-sizedETT(7.0–9.0mminternaldiameter[ID]).
Thusitissuggestedtoreintubatewithasmaller6.0ETTtoease
advancement into the trachea.This isonlya short-termsolu-
tion for most adults because they would be best served with  

alarger-caliberETT.Thustacklingthisproblemisstraightfor-
ward. If reintubation is required, pass a lubricated Aintree  

catheter (19F) over the 11F or 14F indwellingAEC. This will
improve the ability to“railroad”a larger-caliberETT into the
trachea. Reintubation is best performed with laryngoscopic 
assistance to open the pathway to the glottic opening.

• Carinal irritationmaybe treatedwithproximalrepositioning,
instillationoftopicalagentstoanesthetizetheairway,plusex-
planationandreassurance.Dislodgmentmayoccurbecauseof
an uncooperative patient or a poorly secured catheter.

• Observation in a monitored environment with experienced
personnel should be given top priority, as should the immediate 

availabilityofdifficultairwayequipmentintheeventofextuba-
tion intolerance.

Fig. E1.39 Laryngoscopic view (GlideScope) of a patient with a known 

difficult airway who is ready for an extubation trial. The airway was as-

sessed to determine two factors: (1) the ease or difficulty of reintubat-

ing the trachea if extubation is poorly tolerated and (2) the status of the 

periglottic tissues (edema, swelling, and trauma) and whether they are 

compatible with tolerance of the extubated state. This airway view 

demonstrated residual edema and swelling, in addition to secretion 

buildup.
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• Suggestedextubationprocedureforthedifficultairwaypatient:
• Acquireadvancedairwayrescueequipment.
• Assemble personnel (respiratory therapist, nursing staff, and

surgical staff).

• Preparecircumferentialtapetosecuretheairwaycatheterafter
extubation.OtherETT-holdingdevicesmaybeadaptedtose-
cure an AEC.

• Discussionwithpatient/family/airwaycareteam.
• Positionpatientupright;suctioninternalandexternaltoETT.
• Ifobese,rampedpositionrecommended.
• Pass lubricated AEC to 23- to 26-cm depth (shorter adults 

,5ft.tallmayrequireadepthof20–22cm).
• Remove the ETT while maintaining the AEC in its original 

position.

• Wipeexcesslubrication/secretionsfromtheAECbeforetaping.
• SecuretheAECwithtape(circumferential)andmarkAEC“air-

way only.”

• Oxygen:nasal,mask,orhumidifiedoxygen.
• MaintainNPO(nothingbymouth),providepulmonarytoilet.
• Ensureavailabilityofsmaller-caliberETT(6.0)forreintubation

ifneeded.Aintreecathetertoplaceover11For14FAECtoin-
crease caliber of catheter to augment the advancement of the 

ETT into the trachea

• Maintain patient in monitored setting with skilled personnel
available (Fig.E1.40).

• Clinical judgment and the patient’s cardiopulmonary and other
systemic conditions, combined with the airway status, should guide 

the clinician in establishing a reasonable period for maintaining a 

state of “reversible extubation” with the indwelling AEC. Table E1.1 

shows a suggested time frame for maintaining the well-tolerated

AEC. If significant head/neck and/or laryngeal/periglottic edema
precludes extubation, several maneuvers may be implemented to 

assist in decreasing swelling and edema

• Raiseheadofbedasmuchastolerated.
• Maintaineventonegativein/outfluidbalance.
• Diureseifvolumeoverloaded(commoninICU).
• Pretreatment(12–24hoursbeforeextubation)withcorticoste-

roids if appropriate (controversial but may reduce postextuba-
tion stridor, breathing difficulties, reintubation, and laryngeal
edema overall).

• SAFETYNOTE:Administrationofoxygen(lowflow1–2L/min,
mediumflow3–6L/min,orhigh-pressure“jet”delivery)viathe
AEC cannot be recommended unless preparing for emergency 

reintubation(short-termonly).Withoutproperegressofinsuf-
flated oxygen, even low-flow oxygen may lead to barotrauma
and life-threatening consequences. Thus oxygen delivery
around, not through, the AEC lumen, is recommended. Many 

expertsfavornotapplying“jet”pressurizedoxygenviatheAEC
because of (1) the rarity that most clinicians use jet ventilation 

and(2)thehazardsofitsuseduringanemergency.

AFTER THE PROCEDURE

Postprocedure Care
• Optimizepatientpositioning,pulmonarytoilet,minimizesedation.
• Continuouscloseobservationbytrainedpersonnelandimmediate

access to an experienced airway management team

• Failuretotoleratetheextubatedstatemayvaryfrom2%to25%of
allpatientsoveravariabletimelinesuchas12–48hours.

• TheICUsettingisunpredictable.Patientsmayfailextubation 
because numerous alterations in the patient’s condition can 

take place unexpectedly (e.g., new-onset dysrhythmia, flash
pulmonary edema, acute neurologic changes, systemic reac-
tions, aspiration).

• MaintainAECinplacefor1–2hours,atleast.Somepatientswill
tireorsufferdeteriorationinthe2-to24-hourtimeframe.Ex-
tending the time the “reversible extubation” is maintained is rec-
ommended; however, it remains unpredictable for many patients.

Complications
• PatientintoleranceofAEC(10%)

• Assuredistaltipisnotirritatingthecarina/bronchus.
• Handholding,explanationmayimprovetolerance.
• LocalanestheticapplicationviaAEC

• Infrequent
• RemovingAECtooearlyandreintubationrequiredlater
• AECisremovedbypatientorfallsoutinadvertently
• InabilitytoreintubatetrachealviaAEC(recommendlaryngo-

scopic assistance, may require alternative strategy)

Difficult airway only, no respiratory issues or airway swelling 1–4 hours

Difficult airway, no direct respiratory issues, potential for air-

way swelling

2–6 hours

Difficult airway, cardiopulmonary issues, multiple extubation 

failures

2–24 hours

TABLE E1.1 Time Frame* for Maintaining 
the Well-Tolerated Airway Exchange Catheter

*Time frame will vary according to patient condition, airway assess-

ment, and tolerance of the presence of the airway exchange catheter.

Fig. E1.40 Patient on postoperative day 2 after an anterior-posterior 

four-level cervical fusion, laminectomy, and discectomy at two levels. 

She required an “awake” flexible fiber-optic bronchoscopy (FFB) intuba-

tion to allow induction of anesthesia. Being a known difficult airway to 

start with, her airway status only worsened with postoperative swelling 

and the addition of the halo vest that further restricted cervical move-

ment. She was extubated over an airway catheter but developed rapid 

deterioration because of stridor, requiring emergency passage of a new 

endotracheal tube (ETT) over the airway catheter, which was accom-

plished in less than 20 seconds. A smaller-bore ETT was used (6.0) 

based on the assumption that airway swelling was the cause of the 

stridor and a smaller ETT would most likely pass more easily into a 

swollen airway.
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• EsophagealintubationifAECisdisplaced
• Seriousbutrarecomplications

• Possibleairwayobstruction,lossofairway,laryngospasm,mu-
cosal damage

• Distal tip of AEC, if advanced too distally, may perforate the
tracheobronchial tree, tip misplacement into the aerodigestive 

tract

• BarotraumabecauseofoxygeninsufflationviatheAEC

OUTCOMES AND EVIDENCE

The difficult airway patient being readied for extubation warrants a
strategy that allows a predictable reintubation in a timely manner, and 

thus a “reversible extubation.” Though regional or national guidelines 

thatoutlinespecificmanagementschemafordealingwiththisclinical
situationarenotreadilyavailable, thisoutlineoffers“safetyfirst” for
the patient. Much emphasis is focused on placing the ETT into the 

trachea,yetthemoredifficultissueisreplacingtheETTinarecently
extubated airway, typically under adverse clinical conditions. Patient 

morbidity and even mortality (i.e., brain injury from anoxia) are real 

consequencesofextubationofthepatientwithadifficultairwayand
should be respected and approached cautiously.
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VIDEOLARYNGOSCOPE-ASSISTED INTUBATION

BEFORE THE PROCEDURE

Indications

Video-Assisted Laryngoscopy

• Routinetrachealintubation
• Emergencytrachealintubation
• Rescueofotherfailedintubationmethods
• Viewingairwaystructuresforeducational/trainingpurposes
• Exchangeoftracheostomytube
• Evaluation of airway structures for foreign body, trauma, edema,

cuff leak

• Extubationevaluationofairway
• Assistance with advancement of TEE probe, feeding tube, NGT,

esophageal dilator

• EvaluateETTpositioninsitu
• TypesofVALblades

• Conventionalangle(20–30degrees)versusacuteangle(60–70
degrees)

• Channeledversusnonchanneled
• Hybrid

• AdvantagesofVALversusconventionalDL(Figs.E1.41 and E1.42)

• Fullviewoflaryngealinletinmajorityofcases
• Typically transforms laryngeal view one to two grades lower

(better view)

• GradeIIIviewofthe larynxwithDL(gradeIII:nocords
visible, only epiglottis visible) improves to grade I or II 

withVAL

Fig. E1.41 Line of sight with direct laryngoscopy.

Line of sight
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• GradeIV(noviewofanyairwaystructure)oftenimproves
to grade II (enough to allow ETT advancement)

• Improved line of sight of naked eye with DL, as operator
must peer via the mouth opening around dentition, tongue, 

and the like; view is often restricted, even more so when the 

ETT is passed into the airway

Contraindications
• Unfamiliarwithitsuse
• Recenttracheobronchialreconstruction

• Inappropriate deployment because of trismus, oral cavity 
restrictions

Equipment
Five basic choices (not all-inclusive of models available, multiple
manufacturers) (Figs.E1.43throughE1.50)

• ChanneledVALdevices(grooveorchannelthatispreloadedwith
ETT to assist with its passing)

• PentaxAWS,AirTraq,KingVision
• Unchanneled VAL devices (must manipulate ETT freehand into

trachea)

• GlideScope,McGrath,StorzC-Mac,APA,VividTrac,StorzDCI
VideoLaryngoscope

• Acuteanglebladeassembly(e.g.,60–70degrees,GlideScope,Mc-
Grath,Storz)

• Normal angle blade assembly (e.g., 20–35 degrees, GlideScope,
McGrath,Storz)

• Hybridblade(offeringbothstyles)
• Alternatively,videoopticalstylet(ETTloadedonstylet,video-as-

sisted intubation)

• ClarusShikani/Levitan/PocketScopeStorzBrambrink,AincA,APA,
Insight,J-Wand,Safe-CamVideo,SensaScope,andVivaSigtSL

• A variety of manufacturers offer models from disposable models
(Airtraq-Prodol)toreusablemodelsthatrangefrom$1500(single
device)to$30,000(well-stockedcart).

• Reusablemodels typicallyofferadisposablebladecoverorvideo
baton sleeve to speed its reusability between patient encounters.

• Mostareeasilytransportableinanairwaycartorbagorattachedto
anIVpolewithwheels.

ANATOMY

Periglottic airway anatomy is typically visualized on a video-based
screen, which equates to a much larger view as compared with the re-
stricted view of the operator looking through the patient’s mouth. 

DependingontheVALdevice,thequalityisexcellentoverall.Eventhe
disposable model offers good color distinction, reasonable detail, and 

Fig. E1.42 Lines of sight for direct laryngoscopy (DL) versus videolar-

yngoscopy (VAL). There is approximately 30 degrees between the two 

methods that accounts for the ability to “see around the corner” when 

the laryngeal view is restricted with DL. Several manufacturers offer 

both conventional and acute angle blades. Conventional angle blades 

afford gaining experience with a “MacIntosh” blade combined with the 

advantage of video assisted visualization.

Fig. E1.43 The Airtraq, a portable yet disposable channeled videolaryn-

goscopy (VAL) device that offers excellent laryngeal viewing, given its 

relatively inexpensive cost and simple external design. (With permis-

sion from Prodol Meditec S.A.,Vizcaya, Spain.)

Fig. E1.44 The Pentax AWS, a portable, reusable channeled videolaryn-

goscope (VAL) with a disposable (clear) blade that has an adjustable 

video screen (black portion in photo) that adapts to various patient posi-

tions. An endotracheal tube (ETT) is preloaded into the channel of the 

blade to ease advancement into the larynx.
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Fig. E1.45 GlideScope AVL shown with video screen and two of sev-

eral sizes of disposable video baton blades designed for neonatal to 

large adult. The optional specially shaped stylet that conforms to the 

blade’s extreme 60 allows the operator improved access to advance the 

endotracheal tube to the laryngeal opening. (With permission from Ve-

rathon, Inc., Bothell, Washington.)

Fig. E1.46 The McGrath portable videolaryngoscope is easily trans-

ported and offers excellent video-quality images but on a smaller 

screen. To ease placement in patients with restricted oral access (e.g., 

halo vest, large chest/breasts, short neck), the device features a dispos-

able clear blade and an adjustable video arm that can be disarticulated 

to allow the blade to be placed into the mouth and then reattached to 

the handle.

Fig. E1.47 The Levitan FPS Scope is an optical stylet that assists the op-

erator with visualization of the airway structures via the eyepiece. Elevation 

of the mandible-tongue complex with a manual jaw thrust or combining the 

optical stylet with direct laryngoscopy allows the stylet–endotracheal tube 

to be passed underneath the epiglottis and into the trachea.

Fig. E1.48 Combining direct laryngoscopy with the optical stylet to 

achieve laryngeal visualization.

differentiation of various tissue pathologies. The more expensive mod-
els offer excellent quality, color, and detail, and some offer recording 

capabilities.Secretions,blood,andfoggingmayimpedevisualization.
Adequate mouth opening is required to allow placement of the blade 

assembly. Moreover, adequate space between the chest, neck, chin, and 

mouth opening must be present to allow manipulation of the blade 

into the correct position to view the airway. The McGrath scope offers 

a disarticulating blade handle that allows placement of the blade  

followed by attachment of the handle, thus easing its placement in the 

restricted airway.

PROCEDURE

• Becauseofthevarietyofdevices,theoperatormustbewellversed
in the individual device’s limitations, indications and contraindica-
tions, method of placement, angulation within the oral cavity, 

video characteristics, and more.

• Because of the bulkiness of the VAL’s blade, a minimum mouth
opening is required to allow device placement into the oral cavity. 

Further,forthenonchanneledmodels,adequatespacemustexistto
afford ETT manipulation.
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• AdditionalcaveatforusingVALforairwaymanagement(Fig.E1.51)

• Proper removal of the device to minimize patient injury and
avoid extubation

• Fundamentalsofairwaymanagementmustbepracticed,even
whenuseofhigh-techequipmentisincorporated.VALmaybe
able to overcome the lack of fundamentals.

• Proper positioning is an absolute must (e.g., ramping the
obese patient)

• Secretions,vomitus,bleedingimpedeviewing.
• Donotuseequipmentyouarenottrainedtouse.
• Donottryanewtechniqueordeviceinanemergency(do

what you do best).

• Removethefrontofahardcervicalcollar(maintainmidline
stabilization).

• Secure thehead to thebed frame for immobilizationwith
2-inch tape ± sandbags; this frees up valuable space that
would otherwise be occupied by a colleague trying to main-
tain a midline position, which could interfere with airway 

management efforts.

• Iftheairwayshouldbesecuredawake,thendoso(FFB,VAL,
SGA).

• AlwayshaveabackupplanforanyVALdifficultyorfailure.
• VALisonlyasgoodasthepersonholdingit.
• Donotpracticeinacavaliermannerjustbecauseyouhave

VALavailable.
• TheSGAhasbeendisplacedbyVAL;SGAisanexcellentVAL

rescue device.

• Neverapplyexcessiveforcetothedevice“tomakeitfit.”
• AvoidforcingtheadvancementoftheETTwithVAL(there

is no visualization of the ETT until it passes the distally
placed video chip).

• Applylubricationtothebladeasneeded,andtotheETT,to
ease passage (this is particularly apropos for the patient with 

dry mucous membranes, e.g., CPAP or BiPAP therapy, 

mouth breather).

• IfVAL is your first choice and fails, consider trying DL in
some cases.

Fig. E1.49 The view offered by a conventional laryngoscope; limited 

view of glottis structure owing to dependency of operator’s line of sight.

Fig. E1.50 Same patient as Fig. E1.49 but with videolaryngoscope-as-

sisted view, allowing operator full view of epiglottis, arytenoids, and 

glottic opening.

Fig. E1.51 Videolaryngoscope (VAL) view of a massively swollen air-

way. No features were discernible via direct laryngoscopy. VAL revealed 

massive edema but enough detail to allow placement of an endotra-

cheal tube.

• Preparation of the patient for intubation will vary by the pa-
tient’s condition, airway status, hemodynamic profile, equip-
ment choice(s), and airway team’s judgment and preference. 

Oneoptionforthepatientwithaknownorsuspecteddifficult
airway or hemodynamic compromise (hypotension, cardiac 

tamponade, tension pneumothorax, pulmonary embolism, low 

ejection fraction, cardiogenic or any shock state), may be topical 

preparation followed by gentle intubation (with or without 

lightsedation).Adequatetopicalizationornerveblocksthatwill
allow bronchoscopic-assisted intubation would allowVAL-as-
sisted intubation.This isnowaviableoption in thehigh-risk
patient because of airway or hemodynamic concerns.

• Useofanyofthesedevicesisafour-stepprocess:
• Placementintotheoralcavityandadvancementintotheorohy-

popharynx

• Optimizingtheglottisview
• AdvancingtheETTeitherviathechannel,freehandoverastylet

that approximates the curve of the device’s blade (nonchan-
neled), or advancing the ETT-optical stylet assembly to the
glottic level and then advancing the ETT into the trachea

• Smooth and gentle advancement into the mouth is required
when manipulating the device, because the operator’s attention 

is typically focused on the “view” and not the patient’s dentition 

or airway tissues.
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• AninfamousquoteregardingtheuseofVAL:VALwilloften
makeadifficultairwayaneasyone,butitcanmakeaneasy
airwayadifficultone.
• Ifyouareapplyingexcessiveforceoryouare“justtrying

too hard,” then you should change something, not try 

harder.

• ToreviewtheuseofanyindividualVALdevice,pleaserefertothe
product’s website and review it through educational offerings.

• Review of the technique (which varies with each device) and its
indications, contraindications, and limitations is imperative for 

operatorconfidenceandpatientsafety.
• Practiceonmannequinswithproperinstruction.Instructionbyex-

periencedpersonnelontheelective,healthy,normal-airwaypatient
isaprerequisitetouseinthedifficultairwayoremergencysetting.

• Decisiontime:passingtheETT
• Iftimepermits,generouslylubricatetheETT.
• Smaller-sized ETTs pass over the bougie more easily than do

larger ones.

• Maintaintonguedisplacementwithlaryngoscopy/handgrasp.
• Pass theETT,butdonot force theadvancement (anassistant

shouldgrasptheproximalendofthebougietostabilizeit).

AFTER THE PROCEDURE

Postprocedure Care
• AfteradvancementofETTintothetracheaandreverifyingitsposi-

tion,stabilizetheETTinposition,andremovethedevice.
• Though the video attributes allow observation that the ETT is

through theglottis, removing thedevicemay jeopardize itsposi-
tion.Oncethedeviceisremoved,oneisunabletoconfirmitsposi-
tion without again passing the device. Standard methods of deter-
mining the ETT position, such as capnography and chest 

auscultation, are recommended.

Complications
• Difficultyorfailureachievingadequatelaryngealview(2%–10%)

• Inadequatemouthopening,limitedmandibularhingemovement
• Secretions,blood,vomitus,fogging
• Powerfailure(battery,electrical,systemfailure)

• Difficultyorfailuretointubatetrachea(2%–10%)
• InabilitytomanipulateETTcorrectly
• Operatorinexperience
• Altered/traumatized/edematous/mass/distortedanatomy
• Unable to pass ETT tip past glottis/cricoid ring: use bougie

(through the ETT) for assistance

• Infrequent
• Tissueinjury,airwaytrauma(palatalortonsillarpillarwallper-

foration,pharyngealwalllaceration/perforation)
• EsophagealplacementofETT
• Dentaldamage

• Seriousbutrarecomplications
• Mucosalandtissuelaceration/perforationleadingtomediasti-

nitis/pharyngealabscess

OUTCOMES AND EVIDENCE

• The addition of the VAL technology is not new, but the era of
lower-cost,moreaccessiblemodelsisafoot.DLisnowbeingchal-
lenged as a first-line approach to airway management. Whether
VALreplacesDLastheprimarymethodofmanagementisdifficult
to say, primarily because of economic issues.

• The overall usefulness of video-based visualization of the“easy”
airway is questionable except for evaluation and educational  

purposes. However, its use for the restricted laryngeal view with
DL,forthedifficultairway(eitherknownorpresumed),andforits
roleasarescuedeviceforfailedDLiswithoutquestionawelcome
addition to our airway arsenal.

• VALservesavarietyofrolesinairwaymanagementintheICUset-
ting, well beyond simply tracheal intubation. Extubation evalua-
tion,ETTexchange,rescueofDLfailures,anditsuseasaprimary
management choice are but a few.

• The impactVALimpartsonICUairwaymanagement isnotcur-
rentlyreflectedinthemanagementalgorithmsofferedbyanesthe-
siology societies in the United States, Canada, the United Kingdom, 

Germany, and many other countries.

• Likewise,itspresumedimprovementinpatientcareisintuitive,but
itmustbeproventhroughresearchandbeevidence-basedtowar-
rant its ubiquitous inclusion in ICU airway management as a stan-
dard of care. The airway team must use it with caution, practice 

basicairwayfundamentals,anddeveloparescuestrategyforVAL
difficultyorfailure,becausetheywilloccurregularly,especiallyin
thehigh-riskICUpatientpopulation.
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ETT EXCHANGE

BEFORE THE PROCEDURE

Indications

Common Reasons in the ICU Setting
• DysfunctionalETT(cuff,pilotballoon,narrowedlumen,biofilm,

obstruction)

• Changelocation(nasal-to-oral,oral-to-nasal)
• Change sizeor typeofETT(7.0n 8.0,double-lumen to single-

lumen ETT)

• Similarclinicalcircumstanceswithtracheostomytubeexchange
• ETTexchangehasbeenmentionedunderotherheadingsasitper-

tains to airway management procedures

• Electiveversusurgentversusemergentconditions
• Mayaffectone’sabilitytoaccuratelyevaluatetheairwaysituation
• Primaryreasontohavetrainedpersonnelandanappropriately

stockeddifficultairwaycartintheICUsetting
• Time permitting, review current patient medical/surgical history,

airway procedures

• Currentventilatorsettings
• Currentsedatives,analgesics,vasoactiveagents

• ETT secretion status, ETT patency, reason for exchange
(clarify request) and substantiate that it is legitimate given 

therisksversusbenefits.
• ExaminecurrentETTdepth,size,patency,location.
• Evaluate sedative-analgesic needs, cardiopulmonary re-

sponse to procedure.

• Assemblenursing, respiratory therapy,physicianassistance
as needed.

• Assure immediateaccess todifficultairwaycart, codecart,
resuscitative drugs.

• An imperative action by the airway team is a preexchange
airway assessment. Performed externally and internally, this 

assessmentwillallowriskstratification,assessmentofairway
status, and planning of the exchange procedure. Preexchange 

laryngoscopy affords airway assessment as a segue to im-
proved airway care. Assessment, best performed with VAL,
mayuncoverpartial/totalETTextubationmasqueradingasa
“cuff leak” or offer a vital glimpse when there is overwhelming 

airwayedemaandsecretionsthatrenderahigh-riskwarning
for the exchange. In the case of elective ETT exchange (i.e., 

changeofsizeorlocation),analternativemaybetodelayor
abort the exchange or choose to perform a surgical airway. 

Urgent or emergent exchanges (i.e., cuff perforation, nar-
rowed lumen) may proceed but with a clear understanding of 

theairwaystatustooptimizeproceduralplanning.

Contraindications
• Inadequateequipment,personnelinhigh-riskpatients
• Delay or abort exchange or alternatively, perform a surgical 

airway

Equipment
Equipmentneedsincludeallcontentsofthedifficultairwaycart,ca-
pable suction apparatus. and airway exchange catheters (AEC, various 

diameters) (see Figs.E1.43throughE1.50).

ANATOMY

Periglottic airway anatomy has been reviewed in previous sections. 

The primary concerns for an ETT exchange are access to the oral cavity 

via the nose or mouth and the patency of the airway in regard to ade-
quate room to place the new ETT across the supraglottic, glottic, and 

subglotticregions.VALoffersaclearadvantageoverconventionalDL
orFFBmethods.

PROCEDURE

• Multiple choices exist for ETT exchange. Currently, the safest
method would be to maintain continuous access to the airway via 

an indwelling AEC or placement of both the existing and new ETT 

across the glottic opening. The latter is occasionally possible when, 

forexample,theexistingETTissmall(e.g.,6.0)inatallmalepa-
tient (relatively large glottic opening).

• OptionsforETTexchange(oraltooral)
• BlindedETTremoval followedbyDL,VALreplacement(may

be required with ETT obstruction or damage)

• DLplacement,ETTremoval,andfreehandreplacement
• FFBassisted(eitherpassingFFBthroughglottiswithorwithout

existing ETT present)

• AECassisted(withoutthebenefitoflaryngoscopytoopenthe
airway to provide a pathway for advancement)

• CombinedDL1 AEC

• VALplacementfollowedbyremovalandETTreplacement
• CombinedVAL1 AEC

• CombinedVAL1FFB±AEC
• ETTexchangeoptions(nasaltooral,oraltonasal)

• Similartopreviousexchangeoptions
• Safest method for a location change would offer continuous

airway access, thus, for example,VAL assessment followed by
passing an AEC via the nasally placed ETT, backing out existing 

ETTabovetheglottisviatheAEC,optimizeVALview,andthen
freehand ETT advancement. Once the ETT is in position, the 

AEC may be removed. Conversely, an ETT may be delivered via 

FFBorDLifvisualizationisadequate.
• Maintaining continuous access affords “backtracking” if ad-

vancement of the new ETT is disrupted. Either the existing ETT 

or a new ETT may be readvanced into the airway over the in-
dwelling AEC.

• Fundamentalsofairwaymanagementmustbepracticed,even
whenuseofhigh-techequipmentisincorporated.
• Proper positioning is an absolute (e.g., ramping the obese

patient).

• Secretions,vomitus,bleedingimpedeviewing.Applysuction
tooptimizeview.

• Assemble equipment and staff and discuss primary and
backup plans.

• 100%oxygen,suctionETTifapplicable
• Provide appropriate sedatives and analgesics and consider

thepro/consofneuromuscularblockingagents.
• Beforetheexchange,assigntaskstoteammemberstoassure

each is aware and comfortable with his or her role in the 

exchange.
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• ApplyliberallubricationtothebladeandETTtoeasepas-
sage.

• Double-gloveforprocedure.Ifglovesbecomeslipperyfrom
lubrication, assistant can remove outer glove(s).

• “Mindthegap”betweentheETTandtheairwayexchangecatheter.
Anattempttominimizethegapis imperative.TheETTwillpass
withless“wobble”andreducehang-uponairwaytissues.Insome
instances, a smallerAEC is the only option (double-lumen tube,
existing small-caliber ETT, luminal narrowing or kink). The re-
placementETT(e.g.,8-mmETT)mustbeadvancedoverasmaller
AEC with an increased risk of ETT hang-up, multiple attempts,
delay in oxygenation, and other airway and hemodynamic compli-
cations. The smaller AEC may “bow” laterally in the airway when 

force is applied to the advancing ETT. The ETT may veer laterally 

and impinge on airway tissues, particularly the epiglottis, aryte-
noid, and vocal cords. Resistance may ensue. This major point
promotes two important concepts: minimize the gap and deploy
VALtooptimizeviewingcapabilities.

• Ifclinicalconditionsdictatethatasmaller-diameterAECbeused,
theCookbrandAintreecatheter(19F)canbeusedasa“jacket”for
the11Fand14FCookAEC.ItsplacementontheAECwillreduce
wobble, narrow the gap, and increase the “rigidity” of the AEC.

• Beware of the depth markings on theAEC and coordinate them
with those markings on the ETT. It is imperative that personnel be 

assignedtostabilize theAECduringremovalandreplacementof
theETTs.Awarenessof theAECdepth is important tominimize
distal or proximal migration; both could have devastating conse-
quences.

• Theexchangemethodwiththehighestfirst-passsuccessrate,few-
est attempts, lowest incidence of desaturation, and overall success is 

combiningVALandAEC,particularlyintheknownorsuspected
difficultairwaypatient.

• Further, data from the Hartford Hospital Exchange database
stronglysuggests that incorporatingthe larger-diameterAECwill
markedly improvefirst-pass success and reducedesaturationand
otherairway-relatedcomplications.Thusthereisanincreasingin-
cidenceof complicationswhenusing the small-caliberAEC(14F
andespeciallythe11F).Ifconditionsdictatethatthesmaller-cali-
berAECmustbeused,thenaugmentingthediameterofthe11For
14FAECwiththe19FAintreecatheterisrecommended.

AFTER THE PROCEDURE

Postprocedure Care
• AfteradvancementofETTintothetracheaandreverifyingitsposi-

tion,stabilizetheETTinposition,andremovetheAEC.
• StandardmethodsofdeterminingtheETTposition,suchascap-

nographyandchestauscultation,arerecommended.FFBmayalso
be helpful.

Complications
• PassinganAECintoanETTwithoutknowledgeofitsrelativeloca-

tion (e.g., intratracheal versus supraglottic position in unrecog-
nized extubation masquerading as a “cuff leak”) could lead to
esophageal intubation, interruption of oxygen delivery, or loss of 

the airway. Hence, a preexchange laryngoscopy, preferably VAL
based, is recommended.

• Airway-related.
• Desaturation,esophagealintubation,regurgitation,aspiration
• Mainstem bronchus intubation, mucosa injury, tracheobron-

chial wall injury, pneumothorax

• Lossofairway,needforaccessorydevices
• Lip,dental,tongue,pharyngealinjury
• Tracheobronchialand/orETTobstruction fromdistal soilage/

secretions

• Hemodynamic-related
• Tachycardia,bradycardia
• Hypertension,hypotension
• Dysrhythmia,cardiacarrest

OUTCOMES AND EVIDENCE

• DespitetheseriousclinicalimplicationsofETTexchange,thereisa
relative paucity of evidence-based literature regarding best practice
for ETT exchange. Maintaining continuous access to the airway is, 

however, a consistent recommendation. Many serious and potentially 

life-threateningcomplicationscanaccompanyexchangeprocedures.
Recent evidence suggests patients with a known/suspected difficult
airwayorpoorvisualizationofferedbyDLduring thepreexchange
airwayassessmentmaybenefitgreatlybyincorporatingVAL1 AEC.

• The value of a preexchange airway assessment (VAL) is demon-
strated in its ability to diagnose otherwise unrecognized partial/
complete tracheal extubation masquerading as a cuff leak.

• Exchangingadouble-lumentube(DLT)toasingle-lumentube(or
viceversa)typicallyismoredifficultbecauseof(1)thelargerdiam-
eter,angledDLTpossiblybeingdifficulttoplaceingeneraland(2)
AEC-assistedexchangeoftenentailingtheuseofasmaller-caliber
AEC because the DLT’s smaller luminal diameter will not accept
the larger AEC.

• The overall usefulness of video-based visualization of the“easy”
airway is questionable except for evaluation and educational pur-
poses.However,itsusefortherestrictedlaryngealviewwithDL,for
thedifficultairway(eitherknownorpresumed),andforitsroleas
arescuedeviceforfailedDLis,withoutquestion,awelcomeaddi-
tion to our airway arsenal.

• VALservesavarietyofrolesinairwaymanagementintheICUset-
ting, well beyond simply tracheal intubation. Extubation evalua-
tion,ETTexchange,rescueofDLfailures,plusitsuseasaprimary
management choice are but a few.
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Bedside Ultrasonography

Yanick Beaulieu and John Gorcsan III

suboptimal imaging conditions commonly encountered when per-

forming studies of the critically ill. The constrained physical environ-

ment of the ICU also can compromise the quality of the images ob-

tained. For an ultrasound study to be deemed adequate, a good 

acoustic “window” is required to allow accurate analysis. Ultrasonog-

raphy uses the physical principle that sound is reflected from tissue 

interfaces, allowing a two-dimensional (2D) image of the anatomic 

structure studied to be constructed.3 Anything hindering the reflection 

of this acoustic signal—air, bone, calcium, foreign body, or other inter-

posed structure—interferes with ultrasound transmission and dimin-

ishes the overall quality of the examination. In the ICU, many patients 

are mechanically ventilated. In these patients, adequate imaging can be 

limited by complications such as pneumothorax, pneumomediasti-

num, or subcutaneous emphysema.2 Other important factors limiting 

quality data acquisition in critically ill patients are related to surgical 

wounds and dressings, tapes, tubing, obesity, and chronic obstructive 

pulmonary disease. In addition, lack of patient cooperation and the 

impossibility of moving some patients into the optimal position for 

the desired examination contribute to a high prevalence of technically 

inadequate studies.2

Although ultrasonography permits evaluation of the structure and 

function of the heart and other important organs and structures, ac-

quisition of data and interpretation of results are fraught with poten-

tial traps.4 Performing an ultrasound examination requires a thorough 

knowledge of anatomy and instrumentation, including attention to 

gain control, grayscale settings, Doppler velocity settings, and trans-

ducer placement.

Preparation of the Patient

Before starting an ultrasound examination at the bedside in the ICU, 

certain important criteria should be met. The criteria vary, depending 

on the type of examination being performed (transthoracic echocar-

diography [TTE]; TEE; vascular, abdominal, or thoracic ultrasound) 

and on certain patient-related factors (e.g., presence or absence of 

mechanical ventilation, nasogastric tube, or surgical dressings).

An awake patient should be informed about the importance of the 

ultrasound investigation and should be provided with an explanation 

of how the clinician will perform the examination.3 These steps are 

especially important when the examination uses the transesophageal 

route.

Positioning
Proper positioning of the patient is important for obtaining an ade-

quate image. For performance of TTE and TEE in patients who are not 

mechanically ventilated, optimal imaging usually is obtained by having 

the patient in the left lateral decubitus position. Taking the extra  

5 minutes to position the patient on his or her left side for TTE often 

Advances in ultrasound technology continue to enhance its diagnostic 

applications in daily medical practice. Constantly evolving, this tool 

has become invaluable for properly trained cardiologists, anesthesiolo-

gists, intensivists, surgeons, obstetricians, and emergency department 

physicians. Ultrasound can enable rapid, accurate, and noninvasive 

diagnosis of a broad range of medical conditions. Patients in the inten-

sive care unit (ICU) present daily diagnostic and therapeutic chal-

lenges to the medical team. The availability of ultrasound instrumen-

tation in critical care units has facilitated greatly the rapid evaluation 

and treatment of patients with a wide spectrum of conditions. Al-

though transthoracic and transesophageal echocardiography (TEE) 

have been generally available for years for evaluating ICU patients, 

advances in ultrasound imaging, including harmonic imaging, digital 

acquisition, and contrast for endocardial enhancement, have improved 

the diagnostic yield. Modern techniques are simple and safe to use. 

Ultrasound devices continue to become even more portable than in 

the past, and hand-carried devices now are readily available for every-

day clinical use (point-of-care ultrasound [POCUS]). The spectrum of 

POCUS is quite broad, and many of its key imaging applications are 

discussed elsewhere. In this chapter we place emphasis on echocar-

diography and cardiovascular diagnostics. The use of bedside ultra-

sound to facilitate central line placement and to aid in the care of pa-

tients with pleural effusions and intraabdominal fluid collections also 

is addressed.

USE OF BEDSIDE ULTRASONOGRAPHY IN THE 
INTENSIVE CARE UNIT

General Indications
Ultrasonography has become an invaluable tool for managing criti-

cally ill patients. Its safety and portability allow for use at the bedside 

to provide rapid, detailed information regarding the cardiopulmonary 

system1 and to assess the function and anatomy of certain internal 

organs. It also can be used by the clinician to interrogate the pleural 

and intraabdominal spaces and to perform some invasive procedures 

safely. General indications for the performance of echocardiography in 

the ICU are listed in Box E2.1. Box E2.2 lists major indications for 

performance of primary TEE in the ICU. Other indications for the use 

of bedside ultrasonography by the intensivist in critically ill patients 

are listed in Box E2.3.

Technical Aspects
Acoustic Window in a Critically Ill Patient
The practical value of bedside ultrasonography in the management of 

critically ill patients is now widely accepted, despite the inherent limi-

tations of the technique.2 These limitations arise primarily from the 
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Sedation
To optimize the ultrasound examination, the patient must be coopera-

tive and nonagitated. Noninvasive procedures such as TTE and abdomi-

nal ultrasound usually are well tolerated, and additional sedation rarely 

is needed to perform them. When performing TEE, however, certain 

precautions need to be taken. Patients should fast (or have their tube 

feeds stopped) for at least 4 hours before the procedure. Topical anesthe-

sia of the oropharynx also is helpful before insertion of the TEE probe, 

especially in patients who are not endotracheally intubated.3 Even if 

adequate topical anesthesia is provided, insertion of the TEE probe still 

can cause significant discomfort and anxiety, so providing adequate se-

dation and analgesia is important. Frequently used sedative or analgesic 

agents include intravenous (IV) midazolam, fentanyl, and propofol. 

Dosing should be titrated according to clinical parameters, including 

arterial blood pressure, minute ventilation, and arterial oxygen satura-

tion.3 Sedative-induced hypotension is a frequent problem in patients 

with depressed ventricular function or decreased systemic vascular resis-

tance, and occasionally patients may require transient support with IV 

volume infusion or vasopressor agent. If the patient is extremely unco-

operative and biting, increased sedation, transient paralysis, and me-

chanical ventilation may be required to perform TEE safely.

Monitoring During the Procedure

Most ICU patients are monitored continuously for key respiratory, 

cardiac, or hemodynamic parameters. At a minimum, it is essential 

that patients undergoing an ultrasound examination in the ICU be 

monitored with noninvasive recording of blood pressure, pulse oxim-

etry, and electrocardiogram. Even TTE or abdominal ultrasound ex-

aminations can be associated with inadvertent pulling of tubes or 

drains, and anxiety can be encountered during the procedure. Because 

of its more invasive nature, insertion of the TEE probe may induce 

discomfort and complications such as increased agitation and respira-

tory distress. These effects can be associated with substantial changes 

in blood pressure and ventilatory status. Administration of sedatives 

and sometimes paralytic agents can further alter hemodynamic and 

respiratory status.3,5

Safety

Performance of ultrasound examinations in the ICU provides data that 

previously required transport to the radiology suite. This is an impor-

tant advantage for the critically ill patient, because transport out of and 

back to the ICU is known to be associated with an increased risk of 

complications.6 Performance of bedside TTE ultrasound and of other 

noninvasive ultrasound examinations is safe and not associated with 

significant risks to the patient. Performance of the semiinvasive bedside 

TEE also is associated with a low incidence of serious complications 

(,0.5% in the general population and the elderly).5 The reported mor-

tality rate associated with TEE is 0.01%–0.03%.7 Most patients undergo-

ing TEE examinations in the ICU are receiving mechanical ventilation 

and have continuous monitoring of arterial blood pressure, electrocar-

diogram, and oxygen saturation.8 Transient hypotension, typically at-

tributable to administration of sedative medications, usually can be 

treated with vasopressors or IV fluids or both. The risk of injury to the 

pharynx or esophagus is greater in anesthetized and endotracheally in-

tubated critically ill patients than in awake patients, because anesthetized 

patients cannot assist with probe insertion by swallowing and do not 

resist when insertion proves difficult.8 Increased difficulty in directing 

the TEE probe also can be encountered in the presence of a nasogastric 

tube. Coagulopathy and thrombocytopenia, common problems in criti-

cally ill patients, can increase the risk of hemorrhage resulting from 

mucosal injury during blind insertion of the TEE probe. Daniel and col-

leagues9 reported significant complications related to TEE in 18 (0.18%) 

BOX E2.1 General Indications for 
Performance of an Echocardiographic 
Examination in the Intensive Care Unit

Hemodynamic instability

Ventricular failure

Hypovolemia

Pulmonary embolism

Acute valvular dysfunction

Cardiac tamponade

Complications after cardiothoracic surgery

Infective endocarditis

Aortic dissection and rupture

Unexplained hypoxemia

Source of embolus

BOX E2.2 Major Indications for 
Performance of Primary Transesophageal 
Echocardiography Study in the Intensive 
Care Unit

Diagnosis of conditions in which the superior image quality is vital (e.g., aortic 

dissection, assessment of endocarditis and its complications, intracardiac 

thrombus)

Imaging of structures that may be inadequately seen by TTE (e.g., thoracic 

aorta, left atrial appendage, prosthetic valves)

Echocardiographic examinations of patients with conditions that prevent image 

clarity with TTE (e.g., severe obesity, emphysema, mechanical ventilation with 

high level of PEEP, presence of tubes, surgical incisions, dressings)

Acute perioperative hemodynamic derangements

PEEP, Positive end-expiratory pressure; TTE, transthoracic echocar-

diography.

BOX E2.3 Other Indications for Use of 
Bedside Ultrasonography by the Intensivist

Central line placement

Assessment of pleural effusions and intraabdominal fluid collections

Urinary bladder scan

FAST

Intraaortic balloon counterpulsation

Ventricular assist devices

FAST, Focused assessment of the trauma patient.

results in much improved image quality and minimizes aspiration risk. 

Adequate positioning of the patient depends on the structures being 

assessed (e.g., pleural space, peritoneal cavity, vascular structures, or 

bladder). Care must be taken when positioning a critically ill patient in 

bed, because these patients often have multiple vascular catheters, an 

endotracheal tube, drains, and other tubes or devices connected to 

them. When the ultrasound examination is performed to localize and 

mark pleural or abdominal fluid collections for subsequent drainage, 

it is crucial that the patient be placed in the same position used during 

the actual drainage of the collection. Risks of perforating surrounding 

organs (e.g., heart, spleen, liver, lungs, or bowel) and inducing signifi-

cant morbidity are increased if the drainage is performed in a position 

different from the one used during marking.
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of 10,218 examinations. In 11 studies reporting on 943 patients under-

going TEE, the rate of complications was 1.7%.5 Serious complications 

occurred in only two patients (0.2%). Colreavy and colleagues8 studied 

the safety and utility of TEE performed by ICU physicians in 255 criti-

cally ill patients and reported that TEE was associated with a complica-

tion rate of only 1.6%. It is reasonable to conclude that bedside TEE is 

associated with few complications, given the high severity of illness.5 

Close monitoring of hemodynamic and oxygenation parameters is es-

sential. Box E2.4 lists specific contraindications to the insertion of a TEE 

probe.

BEDSIDE ECHOCARDIOGRAPHY IN A  
CRITICALLY ILL PATIENT

Echocardiography can provide diagnostic information noninvasively 

regarding cardiac structure and mechanical function. The supplemen-

tary information provided by this technique can help determine the 

cause of hypotension refractory to inotropic support or vasopressor 

infusions.3 It also can help in the diagnosis of a wide spectrum of other 

cardiovascular abnormalities (e.g., endocarditis) and guide therapeutic 

management. An adequate understanding of the proper use of echo-

cardiography is a prerequisite for the intensivist. General indications 

for performance of an echocardiographic examination in the ICU are 

listed in Box E2.1.

Transthoracic Versus Transesophageal 
Echocardiography in a Critically Ill Patient
Accurate and prompt diagnosis is crucial in the ICU. The easiest and least 

invasive way to image cardiac structures is TTE.3 This noninvasive imaging 

modality is of great value in the critical care setting because of its portabil-

ity, widespread availability, and rapid diagnostic capability. In the ICU, 

TTE may sometimes fail to provide adequate image quality because of 

factors that potentially can hinder the quality of the ultrasound signal, as 

described previously. The failure rate (partial or complete) of TTE in the 

ICU has been reported to be 30%–40%.10,11 Nonetheless, improvements 

have been made in transthoracic imaging (e.g., harmonics and contrast 

and digital technologies), resulting in a progressively lower failure rate of 

TTE in the ICU (currently 10%–5% in our institution).

TEE is particularly useful for evaluation of suspected aortic dissec-

tion, prosthetic heart valves (especially in the mitral position), detecting 

cardiac emboli, valvular vegetations, possible intracardiac shunts, wall 

motion abnormalities, and unexplained hypotension. TEE allows better 

visualization of the heart than TTE, especially of the posterior struc-

tures, owing to the proximity of the probe and favorable acoustic trans-

mission.1 Despite its limitations, TTE may provide complementary in-

formation. For example several areas of the heart and great vessels are 

difficult to visualize by TEE. The view of the left ventricular apex often 

is foreshortened with TEE, and an apical left ventricular clot can be 

missed. TTE usually is superior for visualization of the apex. Because of 

interposition of the left mainstem bronchus, the superior portion of the 

ascending aorta is another important area that may not be well visual-

ized with TEE. The transducer position and angulation of TEE are 

constrained by the relative positions of the esophagus and heart. The 

relatively fixed relationship between the position of the probe and the 

heart often makes it impossible to align the Doppler beam parallel to 

the flow of interest (e.g., to evaluate the jet of blood resulting from 

aortic stenosis). In addition, the 2D imaging planes of TEE often make 

standard anatomic measurements more difficult to obtain.

As a result of the significantly improved technical quality of TTE, 

most ICU patients can be studied satisfactorily with this modality 

alone. Immediate TEE is still preferable, however, in certain specific 

clinical situations in which TTE is likely to fail or prove suboptimal.11 

The major indications for primary TEE in the ICU12,13 are listed in 

Box E2.2. Even when TEE is necessary, data from the TTE examination 

are often essential for the final clinical interpretation.

Hemodynamic Evaluation

Ventricular Function

Left ventricular systolic function. Evaluation of left ventricular 

performance by echocardiography is often paramount in the ICU. Ac-

curate and timely assessment of systolic function should be an integral 

part of the medical management of hemodynamically unstable criti-

cally ill patients. Global assessment of left ventricular contractility in-

cludes the determination of ejection fraction (EF), circumferential 

fiber shortening, and cardiac output.

The simplest quantitative approach is to measure the mid–left ven-

tricular short-axis dimension at end diastole and end systole to deter-

mine the percentage of fractional shortening. Fractional shortening is 

related directly to EF; normal fractional shortening is 30%–42%.1

Fractional shortening

End-diastolic dimensi
�

oon End-sytolic dimension

End-diastolic dime

�

nnsion

In the setting of regional wall motion abnormalities, fractional 

shortening may underestimate or overestimate global ventricular 

function and must be interpreted in light of what is seen in all of the 

2D imaging planes of the ventricle.14

Global systolic ventricular function also can be assessed quantita-

tively by fractional area change (normal value is 36%–64%)15 and by 

EF (normal value is 55%–75%) (Fig. E2.1):

Fractional area change

End-diastolic area E
�

� nnd-sytolic area

End-diastolic area

Ejection fraction

End-diastolic volume End
�

� --systolic volume

End-diastolic volume

These measurements require good image quality, because endocar-

dial border contours must be traced (see Fig. E2.1). Machine-integrated 

BOX E2.4 Contraindications to Insertion of 
Transesophageal Echocardiography Probe

Absolute Contraindications

Esophageal pathologies

Stricture

Mass or tumor

Diverticulum

Mallory-Weiss tear

Dysphagia or odynophagia not previously evaluated

Cervical spine instability

Relative Contraindications

Esophageal varices

Recent esophageal or gastric surgery

Oropharyngeal carcinoma

Upper gastrointestinal bleeding

Severe cervical arthritis

Atlantoaxial disease
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software uses the data to determine volumes, areas, and the resultant EF 

(see Fig. E2.1). In patients with regional wall motion abnormalities, 

more precise measures of stroke volume can be made by approximating 

ventricular volumes as a stack of elliptical disks on biplane imaging 

(modified Simpson method).1,15

In the critical care setting, defining the endocardial border may be 

suboptimal because of poor image quality.10,16,17 In these cases, global 

ventricular function often is assessed qualitatively by visual inspection 

alone. This method has been found to be reliable when used by expe-

rienced clinicians.18 By simple visualization of the kinetics and size of 

the cardiac cavities in real time, an experienced intensivist with a suf-

ficient echocardiographic background can establish a functional diag-

nosis immediately.

Analysis of regional wall motion includes a numeric scoring system 

to describe the movement of the different regions of the left and right 

ventricles (1 5 normokinesia; 2 5 hypokinesia; 3 5 akinesia; 4 5 dys-

kinesia; 5 5 aneurysmal change).15 Visualized from the short-axis view 

of the left ventricle, a complete overview of myocardial areas perfused by 

the three major coronary arteries can be obtained (Fig. E2.2). If the TTE 

examination is technically difficult and the endocardium is poorly  

visualized, harmonic imaging and possibly contrast, if needed, can  

dramatically improve endocardial border visualization and subsequent 

evaluation of global systolic function (as discussed further later in this 

chapter). For the remaining few technically challenging cases with sub-

optimal TTE, performance of TEE allows for more precise evaluation of 

ventricular function in most critically ill patients because of the higher 

image quality that can be obtained with this echographic modality.

Left Ventricular failure in the intensive care unit. In a critically ill 

patient with unexplained hemodynamic instability, determination  

of cardiac function is an integral part of the medical management. 

Echocardiography is valuable in this setting because the clinical exami-

nation and invasive hemodynamic monitoring often fail to provide an 

adequate assessment of ventricular function. In a study by Fontes and 

colleagues19 that compared pulmonary artery (Swan-Ganz) catheteriza-

tion with TEE, the overall predictive probability for conventional clini-

cal and hemodynamic assessment of normal ventricular function was 

98%, whereas for abnormal ventricular function (EF ,40%), it was 0%. 

Several other studies have reported similar results.20–22 Assessment of 

Fig. E2.1 Fractional area change and ejection fraction calculation. Endocardial contour of the left ven-

tricular cavity is traced at end diastole (A) and at end systole (B) in the transthoracic apical four-chamber view. 

Machine-integrated software computes the data and gives corresponding end-diastolic and end-systolic ar-

eas. Fractional area change can be calculated with these data (C). Normal values are 36%–64%.15 Corre-

sponding end-diastolic (D) and end-systolic (E) volumes are computed using the modified Simpson method. 

The data are used to calculate the ejection fraction (F). Normal values are 55%–75%. LA, Left atrium; LV, left 

ventricle; RA, right atrium; RV, right ventricle.

E

Fractional area change = End-diastolic area – end-systolic area

= 29.4 cm2 – 16.4 cm2

= 44%

29.4 cm2

End-diastolic area

A

C

Ejection fraction = End-diastolic volume – end-systolic volume

= 101 mL – 39 mL

= 61%
101 mL

End-diastolic volume

F

D

B

LV LV

RV RV

RA
RALA LA

End-diastole
AREA = 29.4 cm2

End-systole
AREA = 16.4 cm2

End-diastolic volume
= 101 mL

End-diastolic volume
= 101 mL

  

 



1370.e40 PART I Common Problems

biventricular function is one of the most important indications for 

echocardiography in the ICU. In a study by Bruch and colleagues,23 115 

critically ill patients were studied by TEE. The most common indication 

for TEE was hemodynamic instability (67% of patients). Of these he-

modynamically unstable patients, 20 (26%) were found to have signifi-

cant left ventricular dysfunction (EF ,30%). In a study by McLean24, 

the most common reason to request a TEE in the ICU was to assess left 

ventricular functioning. In most patients, left ventricular function was 

assessed adequately by TTE before TEE. In a study by Vignon and col-

leagues,17 TTE allowed adequate evaluation of global left ventricular 

function in 77% of mechanically ventilated ICU patients. Although 

TEE was needed for most other indications, TTE was shown to be an 

excellent diagnostic tool for assessment of left ventricular function in 

the ICU (Fig. E2.3), even in the presence of positive end-expiratory 

pressure.

Several important points should be emphasized: (1) significant left 

ventricular dysfunction occurs commonly in critically ill patients; (2) 

ventricular function should be assessed in all patients with unex-

plained hemodynamic instability because this information is particu-

larly important for guiding resuscitation and informing decisions re-

garding subsequent medical or surgical management; (3) it is now 

possible to obtain adequate information about ventricular function in 

most ICU patients using TTE, but TEE improves accuracy in patients 

with suboptimal imaging by TTE.

Sepsis-related cardiomyopathy. Classically, septic shock has been 

considered an initially “hyperdynamic” state characterized by normal 

or high cardiac output. Yet echocardiographic studies indicate that 

ventricular performance often is markedly impaired in patients with 

sepsis.25–27 Parker and colleagues28 were among the first to describe left 

ventricular hypokinesis in septic shock. They reported that survivors 

manifested severely depressed left ventricular EF, but that adequate left 

ventricular stroke output was maintained as a result of acute left ven-

tricular dilation.29 Jardin and colleagues25 studied 90 patients with 

septic shock and performed daily bedside assessments of left ventricu-

lar volume and left ventricular EF using TTE. They observed that left 

ventricular EF was significantly depressed in all patients, resulting in 

severe reductions in left ventricular stroke volume. Of these patients, 

34 (38%) eventually were weaned from hemodynamic support and 

showed gradual improvement in left ventricular EF and ultimately re-

covered. The remaining 56 patients (62%) eventually died of early 

circulatory failure or late multiple organ failure. In this subset, the 

degree of left ventricular dysfunction was actually less than in survi-

vors but failed to improve over time. The severity of left ventricular 

dysfunction does not predict outcome. A paradoxical relationship be-

tween the degree of left ventricular dysfunction and the likelihood of 

recovery also has been described by others.25,28,30,31 Among patients 

who survive, left ventricular dilation and systolic dysfunction usually 

are reversible.

Left ventricular EF might not be a reliable index of left ventricular 

systolic function in patients with early septic shock because this is a 

state characterized by low systemic vascular resistance that unloads the 

left ventricle.25 Normal or supranormal EF in early sepsis might lead 

clinicians to make the wrong inference about cardiac reserve because 

Fig. E2.2 Transthoracic short-axis echocardiographic view of the left 

ventricle (LV) and right ventricle (RV) at the midpapillary muscle level. In 

this tomographic view of the heart, areas of myocardium and papillary 

muscles (AL, anterolateral; PM, posteromedial) supplied by all three 

major coronary arteries are represented. ANT, Anterior; AS, anterosep-

tal; INF, inferior; IS, inferoseptal; LAT, lateral.
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Fig. E2.3 Dilated cardiomyopathy. Transthoracic examination of a severely dilated left ventricle (LV) in the 

parasternal long-axis (A) and apical four-chamber (B) views. The 65-year-old patient presented with flash 

pulmonary edema and later was found to have severe diffuse coronary artery disease. LA, Left atrium; RA, 

right atrium; RV, right ventricle.
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left ventricular EF might decrease when afterload is increased by the 

administration of vasopressor agents.

Left ventricular diastolic function. In the ICU, diastolic dysfunc-

tion should be suspected when ventricular filling pressure (pulmonary 

capillary wedge pressure) is elevated and EF is normal or supranormal.1 

The diastolic properties of the ventricle often are assessed by evaluating 

Doppler echocardiographic mitral inflow and pulmonary venous flow 

patterns. Mitral inflow, as measured by pulsed-wave Doppler directed 

at the tips of the mitral leaflets, is characterized by an early filling phase 

(E wave) followed by atrial systole, resulting in additional filling (A 

wave) (Fig. E2.4). The transmitral Doppler pattern always should be 

interpreted in conjunction with pulsed-wave Doppler of the pulmo-

nary venous flow, which is characterized by a systolic phase (S), a dia-

stolic phase (D), and an atrial phase (AR) from reversal of flow into the 

pulmonary veins during atrial contraction (Fig. E2.5). These filling pat-

terns are related to the intrinsic diastolic properties of the myocardium 

and are influenced by many different factors, particularly left atrial 

pressure, heart rate, ischemia, ventricular hypertrophy, and valvular 

pathologies. Only modest correlation has been found between Doppler 

indices of diastolic function and parameters measured using more in-

vasive means.32,33 Integrated interpretation of mitral and pulmonary 

venous flow patterns may be useful for diagnosing abnormal myocar-

dial relaxation (e.g., owing to hypertensive heart disease, hypertrophic 

cardiomyopathy, or coronary ischemia) or restrictive pathology (e.g., 

owing to cardiomyopathy, constrictive pericarditis, coronary artery 

disease, cardiac transplantation, or dilated cardiomyopathy). Neverthe-

less, these findings must be interpreted with caution when caring for 

critically ill patients, given the many different factors that can acutely 

influence flow patterns in this population of patients.

Right ventricular function and ventricular interaction. Abnormal 

right ventricular function often plays an important and sometimes 

underestimated role in the pathogenesis of critical illness.34–36 Based on 

an echocardiographic definition,37 massive pulmonary embolism and 

acute respiratory distress syndrome are the two main causes of acute 

cor pulmonale in adults.38 In the critical care setting, right ventricular 

function also can be altered by any other perturbations that increase 

right ventricular afterload, such as positive end-expiratory pressure or 

increased pulmonary vascular resistance (from vascular, cardiac, meta-

bolic, or pulmonary causes). Depressed right ventricular systolic func-

tion is also often associated with right ventricular infarction, most 

commonly in the setting of inferior myocardial infarction. Acute sickle 

cell crisis, air or fat embolism, myocardial contusion, and sepsis are 

other causes of acute right ventricular dysfunction.

Adequate assessment of right ventricular function is important 

when caring for hemodynamically unstable, critically ill patients, spe-

cifically patients with massive pulmonary embolism and acute respira-

tory distress syndrome, because the diagnosis of concomitant right 

ventricular dysfunction may alter therapy (e.g., fluid loading, use of 

vasopressors, use of thrombolytics) and provide information about 

prognosis.38,39 Echocardiographic examination of the right ventricle 

requires primarily an assessment of the size and kinetics of the cavity 

and septum.37,40 Normally the right ventricle appears somewhat flat-

tened. As it dilates, the apical region of the right ventricle becomes 

more rounded (Fig. E2.6). In the short-axis view, the right ventricle, 

which usually has a crescentic shape, becomes ovoid because of septal 

displacement and bulging of the right ventricular free wall (see Fig. 

E2.6).1 Right ventricular size and function generally are evaluated by 

visual comparison with the left ventricle. Right ventricular diastolic 

dimensions can be obtained by measuring right ventricular end-dia-

stolic area in the long axis, from an apical four-chamber view, using 

either TTE or TEE.

Because pericardial constraint necessarily results in left ventricular 

restriction when the right ventricle acutely dilates (i.e., there is ven-

tricular interaction), one of the best ways to quantify right ventricular 

dilation is to measure the ratio between the right ventricular and left 

ventricular end-diastolic areas, an approach that compensates for indi-

vidual variations in cardiac size.37,40 Moderate right ventricular dila-

tion corresponds to a diastolic ventricular ratio greater than 0.6; severe 

right ventricular dilation corresponds to a ratio greater than or equal 

to 1.0.37,40 Right ventricular diastolic enlargement usually is associated 

with right atrial dilation, inferior vena caval dilation, and tricuspid 

regurgitation. When pressure in the right atrium exceeds pressure in 

the left atrium, the foramen ovale may open. Pressure and volume 

overload of the right ventricle can distort left ventricular geometry and 

produce abnormal motion of the interventricular septum. With condi-

tions of high strain imposed on the right ventricle (volume or pressure 

overload or both), the interventricular septum flattens, and the left 

ventricle assumes a “D” shape (see Fig. E2.6).4,37 This “paradoxical” 

septal motion also is seen at the interatrial level.

Because the two ventricles are enclosed within the relatively stiff 

pericardium, the sum of the diastolic ventricular dimensions must re-

main constant.41 Acute right ventricular or left ventricular dilation can 

occur only if it is associated with an acute and proportional reduction 

in left ventricular or right ventricular diastolic dimension (i.e., ven-

tricular interaction). With acute right ventricular dilation, septal dis-

placement impairs left ventricular relaxation; the opposite occurs with 

acute left ventricular dilation. In these situations, the pressure-volume 

Fig. E2.4 Normal mitral inflow profile as measured by transthoracic 

pulsed-wave Doppler at the tips of the mitral leaflets. It is characterized 

by an early filling phase (E wave) followed by atrial systole (A wave), 

which results in additional filling. These filling parameters are related to 

intrinsic diastolic myocardial properties and can be influenced by many 

different factors (see text).
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Fig. E2.5 Normal pulmonary venous flow profile as measured by trans-

thoracic pulsed-wave Doppler with the sample volume placed in the 

right superior pulmonary vein. It is characterized by a predominant sys-

tolic wave (S), a diastolic wave (D), and an atrial wave (AR) (from rever-

sal of flow into the pulmonary veins occurring during atrial contraction). 

The pulmonary venous flow profile always should be interpreted in 

conjunction with the transmitral Doppler pattern to have a more com-

plete assessment of diastolic function.
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Fig. E2.6 Severe right ventricular failure and dilation. A, Normal transthoracic parasternal short-axis view 

of the left ventricle (LV) and right ventricle (RV) at the midpapillary muscle level. B, Normal transthoracic api-

cal four-chamber view of the LV and RV. These pictures of a normal heart depict the relationship between the 

LV and RV, with the LV being normally larger than the RV and the interventricular septum bulging slightly to-

ward the RV. C, Transthoracic parasternal short-axis view of the LV and RV in a patient with severe right 

ventricular failure and dilation. The right ventricular cavity is seen to be much larger than the left ventricular 

cavity. Because of the high volume and pressure in the RV, the interventricular septum is bulging toward the 

left. This gives the LV a characteristic “D” appearance. D, Transthoracic apical four-chamber view of the same 

patient shows the inverse relationship between the left ventricular and right ventricular sizes. The right  

ventricular dilation can occur only if associated with a proportional reduction in LV diastolic dimension (“ven-

tricular interaction”). This reduction in left ventricular diastolic dimension significantly impairs left ventricular 

relaxation and changes the pressure-volume relationship of the left heart chambers. LA, Left atrium; RA, 

right atrium.
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relationships of the left and right heart chambers are altered, and infor-

mation obtained from a pulmonary artery catheter could be misleading 

(e.g., high filling pressures are recorded despite normal or even low 

circulating volume).

Pulmonary Embolism

Hemodynamic instability that arises from acute cor pulmonale is often 

a consequence of massive pulmonary embolism and occurs relatively 

commonly in the critically ill. Until fairly recently, contrast pulmonary 

angiography generally was regarded as the gold standard for the diag-

nosis of pulmonary embolism. Angiography is an invasive procedure, 

however, and carries the risk of major complications in patients with 

circulatory failure.42 Contrast-enhanced helical computed tomography 

(CT) is an accurate and noninvasive test that has essentially replaced 

angiography for the diagnosis of pulmonary embolism. Even CT re-

quires transportation of patients to a location outside of the ICU, 

however, and transport alone is associated with significant risks. Echo-

cardiography is well suited for diagnosing pulmonary embolism be-

cause it can be initiated and completed within minutes at the bedside. 

Detection by TTE of acute right ventricular dilation and dysfunction 

(acute cor pulmonale) has good positive predictive value for massive 

pulmonary embolism and its consequences.43,44 The finding of right 
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ventricular dilation and dysfunction is not specific for pulmonary 

embolism, however, because these findings may be observed with a 

variety of other conditions associated with increased right ventricular 

strain. In a study by McConnell and colleagues,45 patients with acute 

pulmonary embolism were found by TTE to have a distinct regional 

pattern of right ventricular dysfunction characterized by akinesia of 

the mid–free wall but normal motion at the apex. These findings con-

trasted with findings obtained in patients with primary pulmonary 

hypertension who had abnormal wall motion in all regions. Regional 

right ventricular dysfunction had a sensitivity of 77% and a specificity 

of 94% for the diagnosis of acute pulmonary embolism; positive pre-

dictive value was 71%, and negative predictive value was 96%. There-

fore the presence of regional right ventricular dysfunction that spares 

the apex should raise the level of clinical suspicion for the diagnosis of 

acute pulmonary embolism.

Central pulmonary emboli are present in approximately half of all 

patients with findings suggestive of pulmonary embolism and acute cor 

pulmonale on TTE.5 Emboli lodged in the proximal pulmonary arteries 

usually cannot be visualized directly.5 Because other clinical conditions 

can produce acute cor pulmonale in the ICU, better visualization of the 

pulmonary arteries is needed to achieve high accuracy for the diagnosis 

of pulmonary embolism. This goal can be achieved by using TEE. TEE 

has good sensitivity for detecting emboli lodged in the main and right 

pulmonary arteries, but has limited capability to detect more distal or 

left pulmonary emboli.5,46,47 If an embolus is visualized, the diagnosis is 

made. If the study is negative when the index of suspicion for pulmonary 

embolism is high, however, TEE must be followed up by a more defini-

tive test such as angiography or helical CT. Also, when there is high 

clinical suspicion for pulmonary embolism but no thrombi are visual-

ized using TEE, the potential for nonthrombotic causes of pulmonary 

embolism (e.g., air or fat emboli) must be kept in mind.

The demonstration of acute cor pulmonale with echocardiography 

has important prognostic and therapeutic implications.48,49 The pres-

ence of cor pulmonale with massive pulmonary embolism is associated 

with increased mortality incidence, whereas the absence of right ven-

tricular dysfunction is associated with a better prognosis.39 There is no 

consensus on the precise indications for administration of thrombo-

lytics in massive pulmonary embolism complicated by acute cor pul-

monale.50,51 A safe and reasonable strategy for managing critically ill 

patients with suspected massive pulmonary embolism is as follows:

 1. Initially perform bedside TTE, looking for the presence of regional 

right ventricular dysfunction, as described earlier. If the TTE ex-

amination is suboptimal, TEE should be performed.

 2. If echocardiography is inconclusive or negative and the clinical 

suspicion of a pulmonary embolism remains high, a definitive con-

firmatory radiologic test (preferably helical CT with contrast) 

should be performed.

Assessment of Cardiac Output

Measurement of cardiac output remains a cornerstone in the hemody-

namic assessment of critically ill patients. Thermodilution is consid-

ered the gold-standard approach for determining cardiac output in 

most ICUs. Measurement of cardiac output using thermodilution re-

quires placement of a pulmonary artery catheter (or at least central 

venous and arterial catheters)—an invasive and potentially inaccurate 

method. Unreliable values are particularly common in the presence of 

tricuspid regurgitation related to high pulmonary artery pressure. 

Several methods for determining cardiac output have been described 

using 2D imaging and Doppler echocardiography. With this technique, 

stroke volume and cardiac output can be determined directly by com-

bining Doppler-derived measurements of instantaneous blood flow 

velocity through a conduit with the cross sectional area of the conduit. 

Blood flow can be calculated through various cardiac structures, in-

cluding the pulmonary valve,52 mitral valve,53,54 and aortic valve.55–58 In 

the absence of intracardiac shunts, blood flow through these structures 

should be the same (continuity equation).59 Of these methods, the one 

using the left ventricular outflow tract and aortic valve as the conduit 

is probably the most reliable and most commonly used. There is excel-

lent agreement with thermodilution in most situations.55–58 The left 

ventricular stroke volume is obtained by measuring the cross sectional 

area of the left ventricular outflow tract (area [cm2] 5 (left ventricular 

outflow tract diameter [cm2]) 3 (p/4), assuming that just below the 

aortic annulus, the left ventricular outflow tract is circular) multiplied 

by the transaortic flow velocity time integral derived from a spectral 

Doppler tracing. The stroke volume obtained is multiplied by the heart 

rate to give the cardiac output: cardiac output 5 cross sectional area 3 

velocity time integral 3 heart rate (Fig. E2.7). With TTE, the left ven-

tricular outflow tract diameter usually is obtained from the parasternal 

long-axis view, just below the insertion of the aortic valve leaflets. The 

Doppler interrogation is performed through the aortic valve from the 

apical view (see Fig. E2.7). With TEE, the left ventricular outflow tract 

diameter usually is obtained from the five-chamber view of the left 

ventricle. The transgastric view usually is used to obtain an apical 

long-axis view of the aortic valve through which Doppler interroga-

tion is performed.60 With either TTE or TEE, obtaining an accurate left 

ventricular outflow tract diameter and Doppler signal is essential to 

have an accurate cardiac output calculation. Because the measure of 

the left ventricular outflow tract diameter has a second-order relation-

ship with the cross sectional area (see previous formula), it is crucial 

that this measure be determined precisely. For the Doppler signal to  

be reliable, the Doppler sample must be parallel to the transaortic  

flow with an angle of incidence not exceeding 20 degrees so as to avoid 

underestimation of transaortic velocity. Using TTE in critically ill  

patients, McLean and coworkers61 showed an excellent correlation 

(r 5 0.94) between cardiac output determined by the left ventricular 

outflow tract Doppler method and the thermodilution method. Other 

studies have shown similar results.55 In a study by Feinberg and 

colleagues,58 cardiac output determined by TEE Doppler imaging was 

obtainable in 88% of 33 critically ill patients, and there was good cor-

relation (r 5 0.91) with the thermodilution method. Descorps-Declere 

and colleagues60 also showed transgastric pulsed Doppler measure-

ment across the left ventricular outflow tract with TEE to be a clinically 

acceptable method for cardiac output measurement in critically ill 

patients (r 5 0.975 compared with the thermodilution method).

Another promising ultrasound-based technology for estimating 

cardiac output noninvasively in adults uses a small transesophageal 

Doppler probe to measure blood flow velocity waveforms in the de-

scending aorta combined with a nomogram (based on height, weight, 

and age) that estimates aortic cross sectional area. This minimally in-

vasive esophageal probe can be inserted easily in sedated patients and 

left in place safely for several days to provide continuous monitoring 

of cardiac function.62,63 Several technical problems can limit the accu-

racy of cardiac output measurements by esophageal Doppler monitor-

ing,62 however, and although initial results are promising,64–66 more 

studies are needed to make a decision regarding the accuracy of this 

technique in critically ill patients.

Assessment of Filling Pressures and Volume Status

Adequate determination of preload and volume status is important for 

the proper management of critically ill patients. Invasive pressure mea-

surements to assess left ventricular filling are commonly used at the 

bedside to make inferences regarding left ventricular preload. These 

pressure measurements correlate only weakly with left ventricular  

volume, however.67 Data from invasive monitoring using pulmonary 
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artery catheterization may be misleading because ventricular compli-

ance is altered secondary to numerous factors.68,69 Differences in dia-

stolic compliance among patients may account for the weak correlation 

between pressure and volume and may limit the ability to use pressure 

measurements alone to derive information concerning left ventricular 

preload, a volume-based variable.14 Parameters that can be measured 

using 2D echocardiographic imaging are left ventricular end-diastolic 

volume and left ventricular end-diastolic area. Using Doppler interro-

gation, additional information—mainly transmitral diastolic filling 

pattern and pulmonary venous flow—can be evaluated.

Two-dimensional imaging. Echocardiography has been validated 

for left ventricular volume measurements.15 Subjective assessment of 

left ventricular volume by estimating the size of the left ventricular 

cavity in the short-axis and long-axis views is often adequate to guide 

fluid volume therapy at the extreme ends of cardiac filling and func-

tion. More precise quantitative values are desirable, however, and can 

be obtained by using endocardial border tracing (as described earlier). 

The normal left ventricular end-diastolic volume as determined  

by echocardiography is 80–130 mL,15 and the normal left ventricular 

end-diastolic volume index is 55–65 mL/m2.15 Left ventricular end-

diastolic area measured in the left parasternal short-axis view at the 

level of the midpapillary muscle is commonly used to estimate volume 

status (Fig. E2.8). The normal values for left ventricular end-diastolic 

area in the short-axis view are 9.5–22 cm2.15

Two-dimensional TTE evaluation of ventricular dimensions has 

been found to be useful in assessing preload and optimizing ther-

apy.25,70 Nevertheless, suboptimal image quality may preclude ade-

quate visualization of the endocardial border by TTE. This potential 

limitation of TTE has been partially circumvented in recent years with 

the advent of harmonic imaging and contrast echocardiography (see 

later). In cases in which endocardial border visualization remains sub-

optimal, TEE is the modality of choice. With TEE, left ventricular 

volume can be estimated rapidly by subjective assessment of the left 

ventricular size. Quantitatively, it is estimated most often by determin-

ing the left ventricular cross sectional area at the end of diastole, most 

commonly using the transgastric short-axis view at the level of the 

midpapillary muscle. This section is used because of the reproducibil-

ity of the view and because changes in left ventricular volume affect the 

Fig. E2.7 Calculation of the stroke volume and cardiac output from the left ventricular outflow tract 

(LVOT). A, LVOT diameter obtained from the transthoracic parasternal long-axis view, just below the insertion 

of the aortic valve leaflets. In this example, the LVOT diameter is 2.17 cm. B, Doppler interrogation (with 

pulsed-wave Doppler) is performed from the apical view with the sample volume being placed in the LVOT, 

just below the aortic valve. C, Spectral Doppler tracing from the LVOT from which the transaortic flow veloc-

ity time integral (VTI) is derived. In this example, the VTI is 17.3 cm. D, The left ventricular stroke volume (SV) 

is obtained by measuring the cross sectional area (CSA) of the LVOT (area [cm2] 5 LVOT diameter [cm2] 3 

p/4) and multiplying by the transaortic VTI derived from the spectral Doppler tracing. The stroke volume ob-

tained is multiplied by the heart rate to give the cardiac output (CO). LA, Left atrium; LV, left ventricle; RV, 

right ventricle.
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short axis of the ventricle to a greater degree than the long axis.14 The 

end-diastolic area must be measured consistently from the same refer-

ence section. End-diastolic area measured with TEE correlates well 

with left ventricular volume determined by radionuclide studies.70

Systolic obliteration of left ventricular cross sectional area accom-

panies decreased end-diastolic area and is considered to be a sign of 

severe hypovolemia (Fig. E2.9). Although a small end-diastolic area 

generally indicates hypovolemia, a large end-diastolic area does not 

indicate adequate preload in patients with left ventricular dysfunction. 

Also, when systemic vascular resistance is low, as in early sepsis, left 

ventricular emptying improves because of reduced afterload. In these 

situations, it may be difficult to differentiate hypovolemia from low 

systemic vascular resistance by echocardiography alone, because both 

conditions are associated with decreased end-diastolic area. Knowl-

edge of left ventricular end-diastolic volume or absolute preload does 

not allow for accurate prediction of the hemodynamic response to al-

terations in preload.71 Tousignant and colleagues72 investigated the 

relationship between left ventricular stroke volume and left ventricular 

end-diastolic area in a cohort of ICU patients and found only a modest 

correlation (r 5 0.60) between single-point estimates of left ventricu-

lar end-diastolic area and responses to fluid loading. Based on the as-

sumption that changes in end-diastolic area occur because of changes 

in left ventricular volume, the determination of this area and its sub-

sequent degree of variation after a fluid challenge could help better 

assess preload responsiveness. Studies have shown that changes in end-

diastolic area measured by TEE using endocardial border tracing are 

closely related to changes in cardiac output and are superior to mea-

surements of pulmonary artery occlusion pressure for predicting the 

ventricular preload associated with maximal cardiac output.73

Circulating volume status also can be assessed by 2D echocardiog-

raphy by indirectly estimating right atrial pressure; this is often done 

by assessing the diameter and change in caliber with inspiration of the 

inferior vena cava (Fig. E2.10). This method has been shown to dis-

criminate reliably between right atrial pressures either less than or 

greater than 10 mm Hg.74 A dilated vena cava (diameter .20 mm) 

without a normal inspiratory decrease in caliber (.50% with gentle 

sniffing) usually indicates elevated right atrial pressure. In mechani-

cally ventilated patients, this measure is less specific because of a high 

prevalence of inferior vena cava dilation.75,76 A small vena caval dimen-

sion reliably excludes the presence of elevated right atrial pressure in 

these patients.75,76

Doppler flow patterns. Analysis of the Doppler signal at the level 

of the mitral valve and pulmonary vein offers additional information 

about preload.77,78 These Doppler profiles can be obtained by either 

Fig. E2.8 Calculation of left ventricular end-diastolic area in the 

transthoracic short-axis view at the level of the midpapillary mus-

cle by endocardial contour tracing. Values of normal left ventricular 

end-diastolic area in the short axis range from 9.5 to 22 cm2.15 The level 

of the midpapillary muscle is used because of the reproducibility of the 

view and because changes in left ventricular volume affect the short 

axis of the ventricle to a greater degree than the long axis. LV, Left 

ventricle; RV, right ventricle.
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Fig. E2.9 Systolic obliteration of the left ventricle (LV) in a patient with severe left ventricular hypertro-

phy and dehydration. This transthoracic parasternal short-axis view shows the LV at end diastole (A) and at 

end systole (B). Nearly complete obliteration of the left ventricular cavity is seen at end systole. Systolic 

obliteration of the cross sectional area accompanies decreased end-diastolic area and is considered to be a 

sign of severe hypovolemia. In this case, the patient presented with hypotension and was found to be se-

verely dehydrated because of a viral gastroenteritis. RV, Right ventricle.
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TTE or TEE. Transmitral parameters that have been studied include 

the relation of early to late transmitral diastolic filling (E/A ratio), 

isovolumetric relaxation time, and the rate of deceleration of early 

diastolic inflow (deceleration time).1

A decrease in preload causes a significant reduction in the E wave 

(early filling flow wave) velocity at the mitral level in conjunction with 

a decrease of the S wave (systolic flow wave) in the pulmonary vein. In 

clinical practice, the E/A ratio is easy to assess; the normal value of this 

ratio is approximately 1.1,3 In conjunction with normal left ventricular 

contractility, a low E/A ratio is usually characteristic of inadequate 

preload.79

Pulmonary venous flow also can be used to assess left atrial pressure. 

A normal pulmonary venous flow pattern showing a predominance of 

flow during systole (S phase) compared with early diastole (D phase) 

usually indicates that left atrial pressure is less than 8 mm Hg, whereas 

the opposite predominance of flow (in the absence of significant mitral 

regurgitation) usually indicates elevation of left atrial pressure.1

Transmitral and pulmonary vein Doppler patterns strongly depend on 

intrinsic and external factors and are not affected purely by the loading 

conditions of the left ventricle. It is crucial that interpretation of Doppler 

parameters be done in conjunction with a global analysis of cardiac  

function and other available hemodynamic or anatomic variables.

Hypovolemia in the Intensive Care Unit

Precise and rapid assessment of volume status is crucial when caring 

for hemodynamically unstable ICU patients. Hypovolemia is one of 

the most common causes of hypotension in the ICU. As was discussed 

in detail earlier, bedside echocardiography offers a quick and reliable 

way of estimating volume status by evaluating cardiac dynamics and 

left ventricular dimensions and area. The finding of end-systolic cavity 

obliteration offers a reliable sign of hypovolemia. Other changes in the 

volume status are usually associated with subtle changes in left ven-

tricular cavity size, so only this extreme is reliable to make the diagno-

sis of hypovolemia by echocardiography. In general, TTE has good 

sensitivity for diagnosing the presence of a small hyperdynamic left 

ventricle, the most typical finding in hypovolemic patients with under-

lying normal cardiac function; TEE is particularly useful in the im-

mediate postoperative setting (Video E2.1).

When dynamic left ventricular obstruction is present, cardiac out-

put is often low, and even in the presence of marked hypovolemia, 

pulmonary artery occlusion pressure is typically high. Paradoxical 

worsening of hypotension after intravascular volume loading may be 

the first clue to dynamic left ventricular obstruction in critically ill pa-

tients. It is important that this entity be recognized early and that the 

pathophysiologic process be well understood, because inadequate man-

agement of this condition can lead rapidly to worsening of hemody-

namic status and death. Dynamic obstruction of the left ventricle can 

present in different forms. One of these forms is dynamic left ventricu-

lar outflow tract obstruction. Although dynamic left ventricular out-

flow tract obstruction is often seen in association with asymmetric 

septal hypertrophy, it also can occur in other situations.80,81 Dynamic 

left ventricular outflow tract obstruction is thought to be caused by  

the Venturi effect. This effect results when excessive acceleration of 

blood through a conduit produces a decrease in its lateral distending 

pressure. In the left ventricular outflow tract, such a decrease in pres-

sure leads to a suction phenomenon that draws the anterior mitral 

leaflet and chordae inward toward the interventricular septum.82 This 

systolic anterior motion of the mitral valve leads to contact between  

the mitral leaflet and the septum that creates an obstructive subaortic 

pressure gradient and distortion of the mitral valve leaflet coaptation 

(Fig. E2.11).82 By 2D echocardiography, the left ventricle appears to be 

small and hyperdynamic, and there is motion of the anterior leaflet (or 

chordae, or both) toward the septum in systole (see Fig. E2.11). With 

color Doppler, a “mosaic” pattern of flow is seen in the left ventricular 

outflow tract, owing to the high velocity and turbulence. Variable  

degrees of asymmetric mitral regurgitation also may be present (see 

Fig. E2.11). Continuous-wave Doppler shows the presence of a signifi-

cant gradient in the left ventricular outflow tract. Dynamic left ven-

tricular obstruction also can be present without systolic anterior mo-

tion. In the presence of reduced afterload, dehydration, or significant 

catecholaminergic stimulation, patients with a small hypertrophied left 

ventricle (typically seen in elderly patients with chronic hypertension) 

can develop midventricular obstruction because of hyperdynamic sys-

tolic obliteration of the left ventricular cavity (see Fig. E2.9).83 These 

physiologic factors may predict the development or worsening of left 

ventricular dynamic obstruction. Interplay of these factors with preex-

isting ventricular hypertrophy predisposes the patient to develop car-

diogenic shock from this combined loss of preload and presence  

of dynamic left ventricular obstruction. Dynamic left ventricular ob-

struction has also been described in patients with acute myocardial  

infarction, mostly in association with apical infarction.81,84,85

In a study by Chenzbraun and colleagues,85 four ICU patients with 

hemodynamic instability were found to have a small hyperdynamic ven-

tricle on TEE. Of these four patients, three had pulmonary artery occlu-

sion pressure greater than 20 mm Hg. A study by Poelaert and colleagues20 

that evaluated the diagnostic value of TEE compared with pulmonary 

artery catheterization showed that pulmonary artery catheterization failed 

to diagnose the presence of hypovolemia in 44% of patients when TEE 

showed systolic obliteration of the left ventricular cavity, supporting a  

Fig. E2.10 Indirect assessment of circulating volume status on two-di-

mensional echocardiography by assessing the diameter and change in 

caliber with inspiration of the inferior vena cava (IVC). This method has 

been shown to discriminate reliably between right atrial pressures of 

less than or greater than 10 mm Hg. A dilated vena cava (.20 mm) 

without the normal inspiratory decrease in caliber (.50% on gentle 

sniffing) usually indicates elevated right atrial pressure. A small vena 

cava reliably excludes elevated right atrial pressure in these patients. In 

this case, the IVC was dilated at 2.5 cm with minimal respiratory varia-

tion in a patient spontaneously breathing. The right atrial pressure was 

estimated to be approximately 10–15 mm Hg. Images were obtained in 

the subcostal view. HV, Hepatic veins; RA, right atrium.
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diagnosis of hypovolemia. TTE and TEE have been shown to play key roles 

in making the diagnosis of hypovolemia and left ventricular dynamic  

obstruction, leading to a dramatic impact on therapy.19,21,22,82–85

Assessment of Pulmonary Artery Pressure

Pulmonary hypertension occurs commonly in critically ill patients and 

is a manifestation of various pulmonary, cardiac, and systemic pro-

cesses. Pulmonary hypertension is said to be present when systolic 

pulmonary pressure exceeds 35 mm Hg, diastolic pulmonary pressure 

is greater than 15 mm Hg, and mean pulmonary pressure is greater 

than 25 mm Hg.59 Many helpful echocardiographic methods have 

been validated for noninvasive estimation of pulmonary artery pres-

sure.59,86 Systolic and diastolic pulmonary artery pressures are deter-

mined from the tricuspid and pulmonary regurgitation velocities 

(some degree of regurgitation is essential to be able to obtain a Dop-

pler signal and subsequently estimate pulmonary artery pressure). 

Tricuspid regurgitation is present in more than 75% of healthy adults59 

and in approximately 90% of critically ill patients.87 Peak tricuspid 

regurgitation velocity, usually obtained by continuous-wave Doppler 

from the right ventricular inflow or the apical four-chamber view posi-

tion, reflects the pressure difference during systole between the right 

ventricle and the right atrium (Fig. E2.12).88–90 Peak systolic pulmo-

nary artery pressure is determined from the peak tricuspid regurgita-

tion Doppler velocity using the modified Bernoulli equation91: DP 5 4 3 

(peak tricuspid regurgitation velocity).2 To this peak systolic pressure 

gradient between right ventricle and right atrium is added the  

estimated right atrial pressure (see previous section) to obtain the peak 

right ventricular systolic pressure. In the absence of pulmonic stenosis 

or right ventricular outflow obstruction, peak right ventricular systolic 

pressure equals systolic pulmonary artery pressure (see Fig. E2.12). 

Echocardiography also can determine diastolic pulmonary artery pres-

sure by applying the modified Bernoulli equation using the regurgitant 

Doppler velocity of the pulmonary valve to obtain the gradient be-

tween the pulmonary artery and the right ventricle at end diastole. To 

this is added the estimated right atrial pressure (equivalent to right 

ventricular end-diastolic pressure in the absence of tricuspid stenosis) 

to obtain end-diastolic pulmonary artery pressure: end-diastolic pul-

monary artery pressure 5 4 3 (peak pulmonary regurgitation veloc-

ity)2 1 estimated right atrial pressure. Approximately 70% of critically 

ill patients have an adequate Doppler signal of pulmonic insufficiency 

for this calculation.92 Tricuspid and pulmonary regurgitation are pres-

ent simultaneously in more than 85% of subjects.93

Assessment of Valvular Function and Integrity

Attention has been drawn to the limitations of the physical examina-

tion for the detection of cardiovascular abnormalities.94,95 This problem 

is enhanced in acutely ill patients in the ICU, and many cardiovascular 

abnormalities may be concurrent with noncardiac illness without be-

ing clinically suspected.96 Significant valvular abnormalities are a good 

example of such cardiovascular pathologies that can be present in a 

critically ill patient without being clinically recognized.96 Even with 

invasive monitoring, significant valvular pathologies may be missed. 

The most common indications for bedside echocardiography for 

evaluation of valvular apparatus in the ICU patient population are for 

suspected endocarditis,8,24 acute aortic or mitral valve regurgita-

tion,97,98 and prosthetic valve dysfunction.16 Echocardiography is 

uniquely suited to the evaluation of valvular heart disease because of 

its ability to help determine the etiology and severity of valvular le-

sions. In the ICU, TTE can provide valuable information concerning 

valvular integrity and function,16 but it may be suboptimal and not 

sensitive enough to detect endocarditis, a dysfunctional mitral valve, or 

prosthetic valve dysfunction; TEE is often warranted. TEE is especially 

important for the fine detail of mitral valve pathology, such as a torn 

chordae tendineae and flail scallop (Video E2.2).

Valvular Regurgitation and Prosthetic Valve Dysfunction

In a patient with unexplained hemodynamic instability and a grossly 

normal TTE examination, performance of subsequent TEE is  

Fig. E2.11 Systolic anterior motion (SAM) of the mitral valve in a patient with asymmetric left ven-

tricular hypertrophy and dehydration. Two-dimensional transthoracic apical long-axis view shows move-

ment of the anterior leaflet of the mitral valve (arrow) toward the interventricular septum during systole (A). 

This creates a subaortic dynamic obstruction. The resulting high velocity and turbulence in the left ventricular 

outflow tract (LVOT) gives a “mosaic” pattern of flow on color Doppler (B). A variable degree of asymmetric 

mitral regurgitation (MR) also may be present secondary to the systolic anterior motion, as shown in this 

example. LA, Left atrium; LV, left ventricle; RV, right ventricle.

LV

SAM

LA

RV

AORTA

MR JET
Turbulent

flow in LVOT

A B

  

 

mm:9780323759298_0020


1370.e48 PART I Common Problems

the aorta, valves, and myocardium is important in the posttrauma 

context.104,105 Valvular injuries may occur as a consequence of blunt or 

penetrating injury. Most frequently the aortic valve is injured; less 

commonly the mitral and tricuspid valves are injured.106 Valvular dys-

function is usually the result of a torn leaflet or rupture of a papillary 

muscle or chordae.106 In trauma patients, TEE is the bedside imaging 

modality of choice to detect these pathologies.104,105 In a study by 

Chirillo and colleagues assessing the usefulness of TTE and TEE in the 

Fig. E2.12 Calculation of systolic pulmonary artery pressure (PAP). A, Color Doppler transthoracic apical 

four-chamber view showing a significant tricuspid regurgitation (TR) jet from right ventricle (RV) to right atrium 

(RA). The peak TR velocity is measured by placing the continuous-wave Doppler in the center of the TR jet 

(arrow). B, Spectral continuous-wave Doppler profile of the TR jet. Peak TR velocity (3.41 m/s) and peak sys-

tolic PAP gradient (46.5 mm Hg) can be obtained with this modality. C, Peak systolic PAP also can be deter-

mined from the peak TR Doppler velocity using the modified Bernoulli equation: DP 5 4 3 (peak TR velocity)2. 

To this peak systolic pressure gradient between right ventricle and right atrium is added the estimated right 

atrial pressure (determined to be 10 in this example) to obtain the peak right ventricular systolic pressure. In 

the absence of pulmonic stenosis or right ventricular outflow obstruction, peak right ventricular systolic pres-

sure is equal to systolic PAP. LA, Left atrium; LV, left ventricle.
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Fig. E2.13 Severe mitral regurgitation (MR). Transesophageal five-

chamber view shows severe MR with a large regurgitant jet (arrow) 

going far posteriorly in the left atrium (LA). In this case, systolic flow 

reversal in the pulmonary veins (another echocardiographic sign of se-

vere MR) also was present (not shown on this picture). Because of its 

close anatomic proximity, transesophageal echocardiography is an ex-

cellent tool for the precise evaluation of the degree of MR. LV, Left 

ventricle; RA, right atrium; RV, right ventricle.
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important to rule out the presence of significant undetected valvular 

pathology. Common valvular pathologies that can be missed are mitral 

regurgitation and prosthetic valve dysfunction. In some situations, 

TTE may provide better imaging than TEE for evaluation of anterior 

structures such as the aortic valve (native or prosthetic) and for Dop-

pler measurements. TEE is clearly superior to TTE for evaluation of 

mitral valve pathologies (native and prosthetic). In a study of ICU 

patients by Alam,16 TTE compared with TEE was shown either to miss 

or to underestimate the severity of regurgitation of St. Jude and bio-

prosthetic valves in the mitral but not in the aortic position.

With acute severe mitral regurgitation, the diagnosis may be clini-

cally difficult because the murmur is often of short duration and low 

intensity (because of rapid pressure equalization between the left ven-

tricle and the relatively noncompliant left atrium). By TTE, the size of 

the regurgitant jet in acute mitral regurgitation may appear small and 

lead to underestimation of severity.99 Because of its close anatomic 

proximity, TEE provides a more precise evaluation of the degree of 

mitral regurgitation (Fig. E2.13) and provides crucial diagnostic infor-

mation regarding the cause for mitral regurgitation. The diagnosis of 

acute mitral regurgitation represents a medical emergency that may 

necessitate urgent surgery, so the threshold to perform a TEE when 

this entity is suspected should be low.8,10,97 Also, several investigators 

have confirmed the superior accuracy, sensitivity, and reliability of 

TEE over TTE for dysfunction of mitral prostheses, in which ultra-

sonic shadowing of the left atrium often occurs with the standard 

transthoracic studies.100–103 TEE may be especially useful to detect ob-

struction of prosthetic valves from thrombus (Video E2.3).

Traumatic Valvular Injuries

Traumatic valvular injuries associated with myocardial injury may 

present as acute regurgitation. Bedside exclusion of major damage to 
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recognition and management of cardiovascular injuries after blunt 

chest trauma, TTE provided suboptimal imaging in 62% of patients, 

and the poor quality of images obtained was the main cause for the low 

sensitivity of TTE compared with TEE.105a

Evaluation of the Pericardial Space
Echocardiography is an essential instrument for the diagnosis of peri-

cardial disease. In the ICU, the most common clinical indication for 

assessment of the pericardial space is suspected tamponade. The peri-

cardium is a potential space that can become filled with fluid, blood, 

pus, or, uncommonly, air. Presence of fluid in this compartment is 

detected as an echo-free space. Pericardial fluid usually is detected eas-

ily with TTE. The parasternal long-axis and short-axis views together 

with the apical views usually reveal the effusion (Fig. E2.14). In many 

critically ill patients with suboptimal TTE image quality, the subcostal 

view is often the only adequate window available to detect the presence 

of a pericardial effusion. In these ICU patients with poor acoustic 

windows and in the postcardiac surgical setting, TEE may be needed to 

assess the pericardial space adequately.

In addition to assisting in the diagnosis of pericardial effusion and 

tamponade, 2D echocardiography can assist in its drainage, as pericar-

diocentesis can be performed safely under 2D echocardiographic guid-

ance.107,108 By determining the depth of the effusion and its distance 

from the site of puncture, it is possible to optimize needle placement. 

Echocardiography also can be used for immediate monitoring of the 

results of the pericardiocentesis.

Cardiac Tamponade in the Intensive Care Unit

The most common causes of cardiac tamponade in the ICU are listed 

in Box E2.5. Echocardiographic 2D signs of tamponade are a direct 

consequence of increased pericardial pressure, leading to diastolic col-

lapse of one or more cardiac chambers (usually on the right side first) 

(Fig. E2.15). Usually, collapse of the right ventricular free wall is seen 

in early diastole, and right atrial wall collapse is seen in late diastole.14 

This latter sign is sensitive but not specific for tamponade. It is, how-

ever, specific for a hemodynamically significant effusion if the right 

atrial collapse lasts longer than one-third of the R-R interval.14,109 In 

the presence of a massive effusion, the heart may have a “swinging” 

motion in the pericardial cavity. This finding is not always present in 

cardiac tamponade, because the amount of fluid in the pericardial 

space may be small but still cause tamponade physiology, depending 

on the acuity with which the effusion accumulates and the compliance 

of the pericardium. In post-sternotomy patients, tamponade may be 

missed by TTE (even in cases in which imaging quality seems ade-

quate) because hematomas causing selective cardiac chamber com-

pression are often in the form of loculated clots located in the far field 

of the ultrasound beam in the posterior heart region (even when the 

anterior pericardium is left open).110 The right atrium and right ven-

tricle may be spared in such cases secondary to postoperative adhe-

sions or tethering of the right ventricle to the chest wall anteriorly.110

Another (indirect) sign of a hemodynamically significant pericardial 

effusion on 2D imaging is plethora of the inferior vena cava with blunted 

respiratory changes.1 The latter sign is less valuable in mechanically 

ventilated patients, because they often have a stiff, dilated inferior vena 

cava even in the absence of a pericardial effusion (Video E2.4).

Doppler findings of cardiac tamponade are based on characteristic 

changes in intrathoracic and intracardiac hemodynamics that occur 

with respiration. Because of ventricular interaction, mitral inflow ve-

locity (E wave) decreases after inspiration and increases after expira-

tion. Reciprocal changes occur with respect to tricuspid inflow veloc-

ity. With tamponade, the exaggerated inspiratory-expiratory variation 

of the inflow velocity (E wave) over one respiratory cycle should be 

greater than 40% on the left and greater than 80% on the right.111 In 

critically ill patients, however, mechanical ventilation, bronchospasm, 

significant pleural effusion, and respiratory distress can alter intratho-

racic and intracardiac hemodynamics and make these Doppler find-

ings less reliable. A significant pleural effusion sometimes causes sig-

nificant respiratory Doppler variations of the inflow velocities that 

disappear when the effusion is drained.112 The presence of arrhythmia 

also makes the Doppler findings difficult to interpret. In some circum-

stances, echocardiographic signs of tamponade may be subtle or  

absent, so one must keep in mind that the diagnosis of tamponade 

remains a clinical one and that the echocardiographic signs must be 

analyzed in conjunction with the clinical findings.

Complications After Cardiac Surgery
Bedside echocardiography has proved to be of particular value in the 

critical care management of patients with hemodynamic instability 

after cardiothoracic operations.7,8,83,113–115 TTE is often severely limited 

in this group of patients.5,8 TEE is the modality of choice in this setting 

Fig. E2.14 Large pericardial effusion. Transthoracic parasternal short-

axis view shows a large, predominantly echo-free space around the left 

ventricle (LV). This space represents fluid in the pericardium. In this 

case, the large circumferential pericardial effusion was bloody at peri-

cardiocentesis. Particulate matter (e.g., fibrin and clots) can be visual-

ized as denser echoes around the heart and floating in the effusion.
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BOX E2.5 Most Common Causes of Cardiac 
Tamponade in the Intensive Care Unit

Myocardial or coronary perforation secondary to catheter-based intervention 

(i.e., after intravenous pacemaker lead insertion, central line placement, or 

percutaneous coronary interventions)

Compressive hematoma after cardiac surgery

Proximal ascending aortic dissection

Blunt or penetrating chest trauma

Complication of myocardial infarction (e.g., ventricular rupture)

Uremic or infectious pericarditis

Pericardial involvement by metastatic disease or other systemic processes
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because it provides detailed information that can help determine the 

cause of refractory hypotension. The most frequent echocardiographic 

diagnoses encountered in these patients are left ventricular or right 

ventricular failure, tamponade, hypovolemia, and valvular dysfunc-

tion. Schmidlin and colleagues116 studied 136 patients after cardiac 

surgery and showed that a new diagnosis was established or an impor-

tant pathology was excluded in 45% of patients undergoing TEE. A 

therapeutic impact was detected in 73% of cases. The main indications 

for TEE in this study were control of left ventricular function (34%), 

unexplained hemodynamic deterioration (29%), suspicion of pericar-

dial tamponade (14%), cardiac ischemia (9%), and “other” (14%). 

Reichert and colleagues.113 performed TEE in hypotensive patients af-

ter cardiac surgery. Left ventricular failure was found in 27% of pa-

tients, hypovolemia in 23%, right ventricular failure in 18%, biven-

tricular failure in 13%, and tamponade in 10%. Comparison with 

hemodynamic parameters showed agreement on diagnosis (hypovole-

mia versus tamponade versus cardiac failure) in only 50% of the cases. 

Echocardiography identified two cases of tamponade and six of hypo-

volemia that were not suspected based on standard hemodynamic 

data. In five patients with hemodynamic findings suggesting tampon-

ade, unnecessary reoperation was prevented because TEE ruled out 

this diagnosis. Costachescu and colleagues22 also showed the superior-

ity of TEE compared with conventional monitoring with pulmonary 

artery catheterization in diagnosing and excluding significant causes of 

hemodynamic instability in postoperative cardiac surgical patients.

Infective Endocarditis
In the ICU, occurrence of infective endocarditis is not uncommon, and 

rightfully is considered quite often in the differential diagnosis of fe-

brile patients. Suspicion of infective endocarditis was the second most 

common indication for performance of an echocardiogram among 

centers reporting their experience, as summarized in a review article by 

Heidenreich.5 Nearly all critically ill patients are at risk for iatrogenic 

infection, bacteremia, and subsequent endocarditis because of the 

presence of multiple indwelling catheters, severe underlying diseases, 

malnutrition, and prolonged mechanical ventilation. Classic clinical 

findings suggesting endocarditis106 are unusual among this patient 

population. Echocardiography is the test of choice for the noninvasive 

diagnosis of endocarditis. Fowler and colleagues117 studied patients 

with Staphylococcus aureus bacteremia referred for TEE and showed 

that endocarditis ultimately was diagnosed in 25%. Only 7% of these 

patients had physical findings suggesting endocarditis. Absence of 

clinical stigmata is especially likely if the infection presents acutely. 

Because the consequences of untreated endocarditis are devastating 

and often ultimately fatal, it is important that the infection and its 

complications be recognized promptly and treated appropriately.59

The echocardiographic features typical for infective endocarditis 

are59,118 (1) an oscillating intracardiac mass on a valve or supporting 

structure or in the path of a regurgitant jet or an iatrogenic device,  

(2) abscesses, (3) new partial dehiscence of a prosthetic valve, or  

(4) new valvular regurgitation. Sensitivity for the echographic diagno-

sis of endocarditis is 58%–62% for TTE and 88%–98% for TEE.119,120 

TEE is particularly useful for detecting small vegetations121 and detect-

ing vegetations on prosthetic valves. TEE also has been shown to be 

superior to TTE for diagnosing complications of endocarditis such as 

aortic root abscess, fistulas, and ruptured chordae tendineae of  

the mitral valve.16 Among ICU patients, sensitivity of TTE for the 

diagnosis of endocarditis is often poor because the quality of the  

transthoracic study is commonly suboptimal. The sensitivity of  

TEE for suspected infective endocarditis usually is excellent in the ICU 

(Fig. E2.16). In a study by Font and colleagues,97 a search for vegeta-

tions was the indication for 51 (46%) of 112 TEE studies performed 

for critically ill patients. TEE increased the detection rate by 27%  

compared with TTE. Suspicion of endocarditis represented 29% of the  

indications for TEE in a study of ICU patients by Chenzbraun and 

colleagues85; 9 (27%) of 31 patients with suspected infective endocar-

ditis had a positive study for endocarditis. All positive studies were in 

patients who had an increased likelihood for infective endocarditis 

before the examination, as indicated by the presence of fever, positive 

blood cultures, new-onset murmur, prosthetic valve, or new-onset 

heart failure (alone or in combination). None of the patients with na-

tive valves and no clinical features of endocarditis produced a TEE 

study diagnostic of infective endocarditis, and in none of them was the 

diagnosis of infective endocarditis made subsequently. The findings 

from this study indicate that TEE is not useful as a screening procedure 

in septic patients without high clinical likelihood for endocarditis. The 

clinical probability of endocarditis should guide the use of TEE. Clinical 

factors considered “high risk” include intracardiac prosthetic material, 

positive blood cultures (in particular, S. aureus), evidence of peripheral 

emboli, and history of previous endocarditis8,16 (Video E2.5).

As concluded by Colreavy and colleagues,8 performance of TEE in 

the ICU for suspicion of infective endocarditis should be (1) cases 

associated with a clinical likelihood of endocarditis and a negative 

TTE examination, (2) suspected prosthetic valve endocarditis,  

Fig. E2.15 Cardiac tamponade. Transesophageal four-chamber view (A) shows the presence of a large ef-

fusion that severely compresses the right atrium (RA) and right ventricle (RV), which appear slitlike. The left 

ventricle (LV) also is small because of indirect compression and underfilling. Transgastric short-axis view (B) 

of the same patient shows the large pericardial effusion and severely compressed ventricular chambers. This 

postcardiotomy patient was in profound shock and was brought back to the operating room emergently for 

reexploration and drainage of the effusion. LA, Left atrium.
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(3) assessment of complications in known cases of endocarditis, and 

(4) cases of S. aureus bacteremia when the source is unknown or 

blood cultures remain positive despite antibiotic therapy. When as-

sessing a patient for infective endocarditis by echocardiography, one 

must keep in mind the noninfectious causes of vegetations that may 

result from tumors, myxomatous degeneration, marantic endocardi-

tis, Lambl excrescences, valve thrombus, and suture material in  

patients with repaired native or prosthetic valves.

Assessment of the Aorta
In the ICU, use of bedside echocardiography for assessment of sus-

pected aortic pathologies provides many advantages over CT or aor-

tography: there is no need for IV contrast administration, there may be 

less time delay, there is no need for transportation of a critically ill 

patient, and cardiac morphology and function can be evaluated at the 

same time.3 For many years, aortography has been the gold standard 

for the investigation of suspected injuries of the aorta.3 The advent of 

noninvasive modalities such as CT, magnetic resonance imaging 

(MRI), and TEE with their excellent sensitivity and specificity to  

diagnose aortic pathologies has decreased the need for aortograms.

Suspected aortic pathologies can be encountered in different ICU 

settings. The aorta may have to be imaged to rule out dissection,  

rupture, aneurysm, aortic debris, or aortic abscess. TTE is a good ini-

tial imaging modality for evaluation of the proximal aorta (ascending 

aorta and arch),59 but the descending thoracic aorta cannot be 

adequately assessed and visualized with this modality. Because of the 

close anatomic relationship between the thoracic aorta and the esoph-

agus, TEE allows optimal visualization of the entire thoracic aorta  

(Fig. E2.17). As described earlier, a blind spot exists in the distal por-

tion of the ascending aorta and the proximal portion of the transverse 

aorta where its imaging can be suboptimal.122,123

Aortic Dissection and Rupture

Patients presenting with suspected aortic dissection need emergency 

diagnosis and treatment. Different noninvasive tests have been  

advocated for evaluation of suspected aortic dissection, including 

Fig. E2.16 Infective endocarditis of the aortic valve. A 55-year-old patient was admitted to the ICU 

with fever, chills, hypotension, and respiratory distress for which he had to be intubated. He had 4/4 

positive blood cultures for Staphylococcus aureus. Transthoracic echocardiography was performed 

initially, but the quality was suboptimal, and no definite conclusion could be reached. Subsequent 

transesophageal echocardiography revealed a large vegetation on the left aortic coronary cusp, as 

seen in the midesophageal view at 120 degrees (A). Color Doppler examination (B) revealed the 

presence of associated severe aortic regurgitation (AR). The patient was treated with antibiotics and 

emergent aortic valvular surgery. LA, Left atrium; LV, left ventricle.
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Dissecting thoracic aortic aneurysm.

 

A 65-year-old patient presented to the emergency depart-

 

ment with severe ripping chest pain radiating to the back. The initial electrocardiogram was unremarkable,

 

and the chest x-ray showed a widened mediastinum. The patient underwent transesophageal echocardiogra-

 

phy, which revealed the presence of a large dissecting aneurysm of the descending thoracic aorta. The short-

 

axis view

 

(A)

 

revealed the presence of a large aneurysm with a true and a false lumen. The false lumen was

 

filled with thrombus

 

(arrow).

 

On the longitudinal view with color Doppler

 

(B), blood flow in the true lumen is

 

visualized. The patient was taken emergently to the operating room.
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TEE, CT, and MRI.5,124 Nienaber and colleagues124 compared all three 

modalities and found that they had similar sensitivities (98%). MRI 

had higher specificity than TEE (98% vs. 77%). A limitation of the 

study was that single-plane TEE was used. With multiplane TEE, 

specificity is improved to greater than 90% (see Fig. E2.17).122 TTE 

was compared with CT and aortography in a multicenter European 

cooperative study,125 it was shown that TEE was superior compared 

with both alternative modalities for the diagnosis of aortic dissection 

(sensitivity 99%). Other studies have confirmed the high accuracy  

of TEE.125–128 A negative TEE examination for the diagnosis of aortic 

dissection, even in a high-risk population, has high negative predic-

tive value.129 Most centers use contrast CT scanning as the first choice 

for suspected aortic dissection, but TEE is an option in patients  

who cannot receive contrast, such as those who have advanced renal 

disease or are too unstable to be transported to the CT scanner 

(Video E2.6).

Another common indication to perform emergency aortic im-

aging in the ICU is to assess patients with blunt or penetrating 

chest trauma.3 These patients are at high risk of life-threatening 

aortic injuries such as traumatic dissection and rupture, and 

prompt diagnosis and treatment are critical. Exclusion of major 

trauma to the ascending and descending aorta at the bedside is 

important in this context.105 The value of TEE on admission for 

trauma patients with enlarged mediastinum and hemodynamic 

instability, with or without a combination of several other symp-

toms (e.g., pleural effusion, decreasing hematocrit, thoracic verte-

bral fracture), has been stressed by many authors.130–133 Patients 

usually have a contained hematoma around the aortic dissection.131 

Transection of the thoracic aorta usually is seen at the level of the 

ligamentum arteriosum.

Additional helpful features of TEE in evaluating aortic pathologies 

are the ability to detect or assess extension of dissection into the proxi-

mal coronary arteries; the presence of pericardial or mediastinal hema-

toma or effusion; the presence, severity, and mechanism of associated 

aortic valve regurgitation; the point of entry and exit between the true 

and false lumens; the presence of thrombus in the false lumen; and 

ventricular function.16 When TEE findings are equivocal or negative in 

cases of suspected thoracic aortic disease, other imaging modalities 

such as aortography, CT, or MRI should still be performed.

Assessment for Intracardiac and Intrapulmonary Shunts
In critically ill patients, clinical suspicion for an intracardiac or intra-

pulmonary shunt most often is raised in the context of unexplained 

embolic stroke or refractory hypoxemia. In such cases, the presence of 

a right-to-left shunt must be excluded. Common origins of right-to-

left shunt are atrial septal defect or patent foramen ovale at the cardiac 

level5 and arteriovenous fistula at the pulmonary level.5 To be able to 

detect the presence of such a shunt at the bedside, a contrast study 

often is needed, because the shunt is usually not well visualized with 

2D echocardiography alone. Color-flow imaging increases the detec-

tion rate of intracardiac shunt to some extent, but usually only when 

the shunt is large. Accordingly, a contrast study should be performed 

routinely as part of a TEE or TTE examination when evaluating a pa-

tient with unexplained embolic stroke or refractory hypoxemia in the 

ICU. For this purpose, agitated saline contrast is usually used. Ap-

proximately 0.5 mL of air is mixed with 10 mL of normal saline and is 

vigorously agitated back and forth between two syringes connected to 

the patient by a three-way stopcock. After an adequate echocardio-

graphic view of the right and left atrial cavities has been obtained, the 

agitated saline is forcefully injected IV. After injection, the contrast is 

seen in the vena cava, right atrium, right ventricle, and pulmonary 

artery. In the absence of a shunt, only a minimal amount of contrast 

should be seen in the left-sided cavities, because most of the micro-

bubbles from the agitated saline are unable to pass through the pulmo-

nary capillaries. If an intracardiac shunt is present, such as an atrial 

septal defect or patent foramen ovale, left-sided contrast is observed 

immediately after right-sided opacification, and the contrast is seen 

going through the interatrial septum (Fig. E2.18). Performance of a 

Valsalva maneuver by the patient during contrast injection increases 

the sensitivity of the bubble study to detect right-to-left shunting.  

In mechanically ventilated patients, a maneuver equivalent to a  

Valsalva may be performed by inducing sudden release of sustained 

airway pressure previously achieved by inflating the lungs manually. 

This maneuver reverses the atrial transseptal gradient and may help 

Fig. E2.18 Positive bubble study shows the presence of a right-to-left shunt via a patent foramen ovale 

(PFO). Transesophageal echocardiography was performed in a patient hospitalized in the ICU for pneumonia. 

He presented with refractory hypoxemia that was out of proportion to the underlying minor pulmonary pro-

cess. Transesophageal echocardiography was obtained (multiplane transducer at 98 degrees) and showed the 

presence of a PFO with a significant right-to-left shunt caused by elevated right atrial pressure. Soon after 

contrast injection (A), the bubbles are seen arriving in the right atrium (RA) from the superior vena cava (SVC). 

A few seconds later (B), a complete opacification of the right atrium is reached, and the bubble contrast is 

clearly seen shunting through the PFO from the right atrium to left atrium (LA).
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uncover a patent foramen ovale that would not have been seen other-

wise. Right-to-left shunting also can be caused by the presence of 

pulmonary arteriovenous fistulas. These often are associated with end-

stage liver disease (hepatopulmonary syndrome). With this type of 

shunt, contrast is seen to appear in the left atrium from the pulmonary 

veins instead of through the atrial septum; this finding is best detected 

by TEE, which usually permits visualization of all four pulmonary 

veins. The characteristic of intrapulmonary versus intracardiac shunt 

is that there is a longer delay (three to five cardiac cycles) for contrast 

to migrate from the right- to the left-sided cavities in the presence of 

an intrapulmonary shunt.5

Other types of intracardiac shunts also can be encountered in the 

ICU. After myocardial infarction, patients can develop cardiogenic 

shock resulting from acute development of a ventricular septal defect 

and resultant left-to-right shunt. Physical examination and invasive 

hemodynamic monitoring (pulmonary artery catheterization) some-

times can miss this diagnosis. Echocardiography reveals a disrupted 

ventricular septum with a high-velocity left-to-right shunt. This  

kind of shunt usually is well visualized without use of contrast. The 

diagnosis can be established by 2D and Doppler TTE in approximately 

90% of cases.134 Penetrating cardiac trauma is often associated with 

intracardiac and extracardiac shunts, and TEE is becoming the pre-

ferred tool for perioperative early identification of occult shunts.14 

Identification of these shunts is paramount in these critically ill pa-

tients, because missing them may lead to cardiac tamponade and rapid 

death. TEE has been shown to be superior to angiography and TTE to 

visualize these lesions.135–137

Unexplained Hypoxemia

Patent foramen ovale is present in 25%–30% of healthy individu-

als.59,106 Usually it allows only minimal and intermittent right-to-left 

shunting. When the right atrial pressure is disproportionately in-

creased and exceeds left atrial pressure, the patent foramen ovale can 

widen and significantly raise the importance of the right-to-left shunt, 

with resultant significant hypoxemia. In a critically ill patient, this in-

crease in right-sided pressure can occur from pulmonary hypertension 

secondary to acute respiratory distress syndrome or pulmonary embo-

lism, right ventricular failure (from infarction or pulmonary hyperten-

sion), or severe tricuspid regurgitation, which is often seen in the ICU 

for a variety of reasons. In critically ill patients, TEE is in general more 

useful than TTE for evaluation of patent foramen ovale, atrial septal 

defect (see Fig. E2.18), and pulmonary arteriovenous fistula138 because 

of the close proximity of the lesion to the ultrasound transducer.

Patients with patent foramen ovale and persistent refractory hy-

poxemia despite ventilator and hemodynamic manipulation some-

times need to have catheter-based septal defect closure devices in-

serted. TEE is crucial to assist in the performance of this procedure.139

Source of Embolus
In the setting of acute unexplained stroke, echocardiography often is 

required to determine whether a potential embolic source of cardiac 

origin is present. TEE is the modality of choice for this purpose. Pos-

sible cardiac sources of emboli to the arterial circulation include left 

atrial or appendicular thrombus, left ventricular thrombus, thoracic 

atheromatosis, and right-sided clots (from right atrium, right ventri-

cle, vena cava) combined with a right-to-left intracardiac shunt (lead-

ing to a paradoxical embolus). Cardiac tumors and vegetations are 

other potential sources of emboli from cardiac origin that must be 

considered.

When cardioversion is considered for a critically ill patient with 

atrial fibrillation or flutter, performance of TEE is helpful in evaluating 

the left atrium and appendage for the presence of thrombus  

(Fig. E2.19). If no intracardiac clots are documented, cardioversion 

can be performed with minimal embolic risks.

USE OF CONTRAST AND HARMONIC TECHNOLOGY 
TO ENHANCE TRANSTHORACIC EXAMINATIONS 
WITH POOR IMAGE QUALITY IN A CRITICALLY ILL 
PATIENT

Using standard echocardiographic methods, endocardial delineation is 

suboptimal in approximately 30% of cases.140 However, two develop-

ments in ultrasound have improved the quality of endocardial border 

definition: harmonic imaging and IV contrast echocardiography.141 

Dramatic improvements in image quality have been achieved with the 

development of harmonic imaging. This technology exploits the for-

mation of ultrasound signals that return to the transducer at a multi-

ple of the transmitted (fundamental) frequency, referred to as the 

harmonic frequency.1 Signals are received by the ultrasound transducer 

at twice the transmitted frequency. This “second harmonic imaging” 

results in images with better contrast between the myocardium and 

cardiac chambers and improved endocardial definition compared with 

fundamental imaging.142–144 Most current ultrasound equipment in-

cludes harmonic imaging as a standard feature.

In critically ill patients with poor acoustic windows, endocardial 

visualization still may be inadequate despite the use of second har-

monic imaging.140 In these patients, contrast agents capable of produc-

ing left ventricular cavity opacification with an IV injection can be 

helpful in delineating endocardial borders. Several contrast agents are 

currently available that contain albumin microspheres filled with per-

fluorocarbon gas, allowing for the passage of contrast through the 

lungs with appearance of contrast in the left ventricle.1 The chamber is 

opacified by the contrast agent within 1 minute of administration and 

Fig. E2.19 Large clot in the left atrial wall and left atrial appendage 

(LAA). A 72-year-old patient hospitalized in the ICU for urosepsis devel-

oped rapid atrial fibrillation. She was initially anticoagulated and rate-

controlled. Despite resolution of the septic picture, she remained in 

atrial fibrillation 4 days after its onset. The patient underwent trans-

esophageal echocardiography before undergoing a planned electrical 

cardioversion. The midesophageal view with multiplane transducer at 

70 degrees revealed the presence of a large clot (3.35 3 1.45 cm) in the 

posterolateral wall of the left atrium (LA) extending into the LAA. With 

these findings, the patient’s anticoagulation regimen was intensified, 

and the cardioversion was not performed. LV, Left ventricle.
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allows improved endocardial border detection. The presence of con-

trast also enhances Doppler signals.145 Studies have examined the 

impact of these newer modalities of harmonic imaging and contrast  

in the ICU. Reilly and colleagues146 assessed the benefits of contrast 

echocardiography for the evaluation of left ventricular function in  

70 unselected ICU patients; 22 patients (31%) were receiving me-

chanical ventilation. Left ventricular EF could not be obtained at all in 

23% of patients with standard imaging, but when harmonic imaging 

was employed, left ventricular EF was unobtainable in only 13% of 

patients. When contrast imaging was employed, left ventricular EF was 

measurable in all the patients. EF was confidently determined in 56%, 

62%, and 91% of patients with standard imaging, harmonic imaging, 

and contrast imaging. In this study, contrast imaging was safe and 

dramatically improved the capacity to evaluate left ventricular EF and 

regional wall motion reliably compared with fundamental and har-

monic imaging. Yong and colleagues141 extended these observations by 

comparing the results of harmonic and contrast imaging with an inde-

pendent standard (i.e., TEE) in 32 consecutive critically ill patients 

who were considered technically very difficult. Estimation of EF was 

possible in 31%, 50%, and 97% with fundamental imaging, harmonic 

imaging, and contrast imaging. Quantification of EF by contrast  

enhancement correlated best with TEE (r 5 0.91).

In critically ill patients with suboptimal TTE image quality, con-

trast echocardiography combined with harmonic imaging provides a 

noninvasive and safe alternative to TEE for determination of regional 

and global left ventricular function (Fig. E2.20).140 It is a rapid and 

simple technique that can be performed at the bedside in the ICU, with 

positive impact on interpretation of left ventricular function. Before 

using TEE, this technique should be considered in critically ill patients 

when simple TTE is inadequate for the evaluation of left ventricular 

function.140

COMPARISON BETWEEN BEDSIDE 
ECHOCARDIOGRAPHY AND PULMONARY ARTERY 
CATHETER IN THE INTENSIVE CARE UNIT

Since its introduction into clinical practice in 1970, pulmonary artery 

catheterization has been a standard hemodynamic monitoring tech-

nique for critically ill patients in the ICU.147–149 Pulmonary artery 

catheterization provides clinicians with indices of cardiovascular func-

tion to assist in therapeutic decision making. Pulmonary artery cath-

eterization can be a useful diagnostic tool, aiding in the management 

of critically ill patients. Nevertheless, misinterpretation of the data it 

provides can lead to excessive morbidity and mortality.63,147,150,151 Con-

ventional monitoring using a pulmonary artery catheter has been 

shown to be limited in the evaluation of global ventricular func-

tion,19,21 and echocardiographic studies have established that pulmo-

nary artery occlusion pressure often does not allow accurate assess-

ment of left ventricular preload.26,152,153 The frequent changes in 

ventricular compliance and loading conditions occurring in critically 

ill patients can affect systolic and diastolic function. In such cases, 

conventional monitoring does not enable early detection of acute 

changes in function, and it does not allow the clinician to discern sys-

tolic from diastolic changes.19

In critically ill patients, echocardiography, particularly TEE, has  

the ability to clarify diagnosis and define pathophysiologic process 

more precisely than pulmonary artery catheterization. In a prospective 

study of limited scope, Benjamin and colleagues21 found that TEE-

derived data disagreed with the pulmonary artery catheterization 

evaluation of intracardiac volume in 55% of cases and with the pulmo-

nary artery catheterization assessment of myocardial function in 39% 

of cases. These authors also reported that the post–pulmonary artery 

catheterization therapeutic recommendations were different from the 

Fig. E2.20 Use of contrast agent to improve endocardial border delineation in a critically ill patient with sub-

optimal transthoracic image quality. A suboptimal transthoracic apical two-chamber view (A) of the left ven-

tricle (LV) obtained from a ventilated ICU patient with hemodynamic instability. The poor endocardial resolu-

tion makes regional and global ventricular function hard to assess. Same transthoracic two-chamber apical 

view (B) in the same patient after contrast injection. A dramatic improvement in endocardial border definition 

is noted. Contrast echocardiography combined with harmonic imaging provides a noninvasive, safe alterna-

tive to transesophageal echocardiography for determination of regional and global left ventricular function.
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post-TEE therapeutic recommendations in 58% of patients. In a retro-

spective analysis of 108 critically ill patients who underwent a TEE, 

Poelaert and colleagues20 found that of 64% of patients with pulmo-

nary artery catheterization, 44% underwent therapy changes after TEE 

(41% in the cardiac and 54% in the septic subgroup). Also, these inves-

tigators found that in 41% of patients without pulmonary artery 

catheterization, TEE led to a change in therapy. They concluded that 

TEE produced a change in therapy in at least a third of ICU patients, 

independent of the presence of pulmonary artery catheterization.20

Another significant advantage of echocardiography in the ICU is 

the speed with which it can be performed relative to pulmonary artery 

catheterization. In the study by Benjamin and colleagues,21 TEE was 

performed in 12 ± 7 minutes versus 30 minutes or more for pulmo-

nary artery catheterization insertion. In a study by Kaul,154 the average 

time required to place a pulmonary artery catheter and record the data 

was 63 ± 45 minutes versus 19 ± 7 minutes to complete bedside TEE. 

Reported complications of pulmonary artery catheterization include 

pneumothorax, hemothorax, bacteremia, sepsis, cardiac arrhythmias, 

pulmonary artery rupture, cardiac perforation, and valvular damage.21 

Compared with pulmonary artery catheterization, bedside echocar-

diography has a better safety profile, as discussed previously in this 

chapter.

A major advantage of pulmonary artery catheterization versus 

TEE, however, is that the catheter can more easily serve as a continuous 

monitoring technique to assess the response to a therapeutic interven-

tion.21 Of course, this potential advantage may provide little benefit in 

patients in whom the information is misinterpreted or inadequate. In 

some ICUs, echocardiography has completely replaced pulmonary 

artery catheterization for assessment of circulatory status of mechani-

cally ventilated patients.38

Despite having multiple limitations, pulmonary artery catheteriza-

tion still has a role in the ICU and remains a useful diagnostic tool 

when used by physicians who have extensive experience with it.20,155 A 

combination of invasive pressure monitoring and TEE probably offers 

the most complete bedside evaluation of morphology and intracardiac 

hemodynamics and provides a more precise pressure-volume evalua-

tion of left ventricular and right ventricular function and filling.20,22

IMPACT OF BEDSIDE ECHOCARDIOGRAPHY  
ON DIAGNOSIS AND MANAGEMENT IN A 
CRITICALLY ILL PATIENT

Echocardiography often provides unexpected diagnoses in critically ill 

patients. Compared with TTE and invasive hemodynamic monitoring, 

TEE frequently provides different or additional information. This in-

formation often is important for adequate and optimal adjustment of 

therapy. Several studies have examined the impact of bedside echocar-

diography, particularly TEE, on the management of critically ill pa-

tients. Published studies have reported changes in management after 

TEE in 30%–60% of patients,17,20,156,157 leading to surgical interven-

tions in 7%–30%.17,98,157,158 Impact varies depending on the type of 

ICU population being studied. Several studies have reported the clini-

cal impact of urgent TEE in hemodynamically unstable patients.157,159,160 

In a prospective study of surgical ICU patients by Bruch and col-

leagues,23 echocardiography altered management in 50 (43%) of 115 

patients. Alterations in medical management induced by TEE included 

administration of fluids and initiation or discontinuation of inotropic 

agents, anticoagulants, or antibiotics. These findings are similar to 

those reported in patients in medical or coronary care ICUs.10,158 In a 

retrospective study done by Colreavy and colleagues8 of a mixed medi-

cal and surgical ICU population, TEE findings led to a significant 

change in management in 32% of all studies performed. In a prospec-

tive study by Heidenreich and colleagues161 of 61 critically ill patients 

with unexplained hypotension, new diagnoses not made with TTE 

were made in 17 patients (28%), leading to surgical intervention in 12 

(20%). Prospective randomized trials to study the ultimate impact of 

bedside echocardiography on mortality and morbidity in the ICU are 

needed. Such studies would be difficult to do, however, given the grow-

ing use and importance of this technology in the critical care setting.

OTHER APPLICATIONS OF BEDSIDE 
ULTRASONOGRAPHY IN THE INTENSIVE  
CARE UNIT

Central Line Placement
Central venous catheterization is performed frequently in critically ill 

patients. Placement of a central venous catheter is not without risk and 

can be associated with adverse events that are hazardous to patients 

and expensive to treat.162–164 Complications can be seen in 15%–20% 

of cases.165–167 As described in a review by McGee and Gould,168 com-

plications related to central venous line placement are most often 

mechanical (arterial puncture, local hematoma, hemothorax, pneu-

mothorax), infectious (catheter colonization and related bloodstream 

infection), and thrombotic. Complications are influenced by patient 

factors (obesity, coagulopathy, previous failed catheterization), site of 

attempted access, and operator experience.169 As previously reported, 

only approximately 38%–65% of patients are cannulated on the first 

attempt using a blind method.170,171

The use of ultrasound guidance during central venous catheteriza-

tion has been well shown to reduce the risk of complications, mostly 

so for the internal jugular route. Ultrasound guidance also speeds 

catheter placement, decreases the number of attempts before success-

ful placement, and improves the overall rate of successful placement. 

Ultrasound can be used to help localize and define the anatomy of the 

vein, with subsequent placement of the central venous catheter by the 

standard use of anatomic landmarks at the site identified by ultra-

sound, using the knowledge that a vein is patent and of adequate size. 

Ultrasound also can be used to provide real-time 2D ultrasound guid-

ance to locate the vein and subsequently introduce the needle through 

the skin and into the vessel. Multiple studies have reported the supe-

riority of ultrasound-assisted cannulation of the internal jugular vein 

in ICU patients, compared with the external landmark–guided tech-

nique.170–172 Trials looking at ultrasound guidance after failure by the 

landmark method reported success rates ranging from 33% to 

100%.169,173–175 A meta-analysis175 of the literature comparing guid-

ance using anatomic landmarks only versus guidance using ultra-

sound for the placement of central venous catheters indicated that 

ultrasound guidance significantly decreases placement failure by 64%, 

decreases related complications by 78%, and decreases the need  

for multiple placement attempts by 40%. Data showing superiority  

of the ultrasound guidance technique are consistent and strong for 

the internal jugular vein approach, but less so for subclavian venous 

catheterization.175–177

Some patients can be identified in whom cannulation may be more 

difficult or in whom consequences of a complication could be more 

serious.169 In these patients (Box E2.6), central venous cannulation 

may be laborious and risky, and ultrasound guidance should be con-

sidered. Hatfield and Bodenham169 showed the benefit of portable ul-

trasound when central venous access was difficult. As suggested by this 

study and others,178 ultrasound guidance is particularly beneficial 

when used in difficult cases or when a competent operator fails after a 

few attempts using surface landmarks.
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Ultrasound guidance is useful for operators with varying levels of 

experience.169,175 The technique is easy to learn and can be self-taught 

with some practical assistance from radiologists or other experienced 

sonographers.169,179,180 Familiarity with the anatomy and equipment is 

easy to obtain safely at the bedside.

Most large vessels that are catheterized usually can be imaged by 

ultrasound. Different types of ultrasound modalities can be used to 

help guide central vessel cannulation, including 2D ultrasound, Dop-

pler transducer, Doppler with the probe in the needle, and fingertip 

pulse Doppler. With 2D imaging, fluid such as blood in vessels is black 

because there is nearly complete transmission of ultrasound.169 Color 

Doppler mode helps delineate the flow patterns in vessels. Doppler-

only equipment that provides no images has shown equivocal results 

in studies of vascular access.176,181

With 2D imaging, arteries are characteristically small, pulsatile, and 

difficult to compress with the probe.169 Veins are usually larger, are 

nonpulsatile (except in the presence of severe tricuspid regurgitation), 

easily compressible, and distend when the patient is placed with the 

head down or when a Valsalva maneuver is performed.169

Vessels can be examined in the transverse and longitudinal views. The 

transverse view permits identification of the vein and arteries based on 

the sonographic characteristics mentioned earlier and clarifies their posi-

tions relative to one another (Fig. E2.21). The transverse and longitudinal 

views enable the sonographer to monitor in real time the passage of the 

needle through the skin and the anterior vessel wall. Ultrasound guidance 

also ensures detailed and accurate control of the needle (Fig. E2.22).169

During vessel examination, the sonographer specifically should as-

sess the presence and patency of the vein (Fig. E2.23), the distensibility 

and compressibility of the vein, the position of the vein relative to the 

surrounding arteries (Fig. E2.24), and the presence of a thrombus in 

the vein (Fig. E2.25).169 Ultrasound identification of certain anatomic 

characteristics such as small vessel size (,5 mm), intraluminal throm-

bus, and anterior location of the artery relative to the vein helps the 

physician identify unfavorable vessel anatomy and choose another 

catheterization site. A study by Levin and colleagues182 indicated that 

2D ultrasound guidance for the insertion of radial artery catheters was 

easy to use and increased the rate of success of insertion at first at-

tempt. It was determined to be a useful adjunct to arterial catheter 

insertion. More studies are needed in the use of ultrasound for can-

nulation of peripheral arterial conduits.

Assessment of Pleural Effusions and Intraabdominal 
Fluid Collections
In critically ill patients, atelectasis and pleural effusions are frequent 

and often are present at the same time. Patients in the ICU are most 

often supine, and chest x-rays performed in this position offer limited 

sensitivity for the diagnosis of pleural effusion.183 In many instances, 

neither atelectasis nor infiltration can be differentiated from pleural 

effusion. An alternative diagnostic method is needed to provide better 

results. Decubitus chest radiographs may show if fluid is free flowing, 

but this approach cannot localize or characterize the effusion precisely. 

CT of the chest shows the amount and distribution of fluid and is su-

perior to plain lateral decubitus films. CT also can differentiate fluid 

from atelectasis and reveal information about the lung parenchyma. 

Chest CT requires transport to the radiology suite, however, which can 

be hazardous in unstable critically ill patients. Ultrasound examina-

tion of the pleural space has proved to be valuable for diagnosis of  

effusion.184–188 The value of ultrasound for localizing fluid before cath-

eter drainage or simple thoracentesis is well recognized. Ultrasound is 

especially valuable for localizing loculated or small effusions before a 

drainage procedure. In mechanically ventilated patients, blind thora-

centesis can be hazardous, especially if the effusion is small or if the 

patient is on a high level of positive end-expiratory pressure.189 Lich-

tenstein and colleagues189 evaluated the feasibility and safety of ultra-

sound-aided thoracentesis in 40 mechanically ventilated patients. No 

complications occurred in the 45 ultrasound-aided thoracenteses, all 

performed by ICU physicians.

Basic skill required to detect a pleural effusion may be acquired in 

minutes and improves with experience.190 In most instances, the pleu-

ral tap does not have to be done under real-time ultrasound guidance. 

A critically ill patient first must be positioned adequately on the back 

or on the side. Scanning of the pleural space is performed with the 

ultrasound probe. The probe must be oriented upward and downward, 

laterally and medially, and anteriorly and posteriorly so as to obtain a 

complete anatomic assessment of the area. The pleural fluid is usually 

hypoechogenic and appears black. The surrounding solid structures 

(soft tissue, diaphragm) and organs (lung, liver, heart, spleen) are visu-

alized as structures with different degrees of echogenicity around the 

BOX E2.6 Criteria for Difficult Central 
Venous Access

Limited access sites for attempts (e.g., local infection, other catheters present)

Difficult-to-identify surface landmarks (e.g., local swelling or deformity,  

severe obesity)

Previous complications (e.g., pneumothorax, arterial puncture)

Previous catheterization difficulties (e.g., multiple sites attempted, failure to 

gain access, .3 punctures at one site)

Uncorrected coagulopathy (APTT .1.53; INR .1.8; platelets ,50,000/mL)

Patient unable to tolerate supine position

Known underlying vascular anomalies

APTT, Activated partial thromboplastin time; INR, international normal-

ized ratio.

Fig. E2.21 Transverse view of normal anatomy of the right internal 

jugular (RIJ) vein and right common carotid artery (RCCA). Ultrasound 

examination helps determine the anatomic relationship, size, and pa-

tency of the vessels. Knowledge of these important vessel characteris-

tics helps determine if the anatomy is suitable for central vein catheter-

ization at a low risk. If the vessel anatomy is normal and the operator is 

experienced, subsequent venous catheterization can be done by the 

surface landmark technique or under real-time ultrasound guidance. If 

high-risk characteristics are identified (see Box E2.6), however, real-time 

ultrasound guidance (or selection of a different access site) would be 

preferred. (Courtesy Dr. Kurian Puthenpurayil.)
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Fig. E2.22 Transverse view of left carotid artery and left internal jugular (IJ) vein. The distance from the 

skin to the anterior wall of the vein is measured before insertion of a central venous catheter (A). Knowledge 

of this distance prevents the operator from going too deep with the needle when searching for the vein; this 

helps decrease the incidence of pneumothorax. After insertion, the catheter position in the jugular vein is 

confirmed (B).
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Fig. E2.23 Transverse view of the left carotid and internal jugular (IJ) vein in a spontaneously breath-

ing patient sitting in bed at a 30-degree angle. The patient was febrile and dehydrated. A near-total collapse 

of the vein (which is of small caliber) can be appreciated on inspiration (B) compared with expiration (A).
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Fig. E2.24 Transverse view of left internal carotid artery and left 

internal jugular (IJ) vein. Notice the relative position of the jugular vein 

directly overlying the carotid artery. This type of anatomy is common on 

the left side and, when present, significantly increases the risk of pro-

cedure failure or arterial puncture.
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effusion (Fig. E2.26). The presence of an aerated lung causes “airy ar-

tifacts.” Ribs usually yield artifactual anechoic images. When the effu-

sion has been well assessed, one must determine the feasibility of safely 

doing a thoracentesis. One must check for the absence of interposition 

of lung, heart, liver, or spleen during the respiratory cycle189 to avoid 

puncturing these organs, which potentially can cause catastrophic 

complications. When an optimal and safe position for thoracentesis 

has been determined, the skin should be marked and disinfected, and 

the patient should remain in the exact same position as was used dur-

ing the ultrasound examination. Optimally, the puncture should be 

done within seconds to minutes of the marking.

The same diagnostic and therapeutic procedures described earlier 

can be applied for intraabdominal fluid collections in a critically ill 

patient. Evaluation for intraabdominal fluid collection or abscess is 

restricted to areas that are not impeded by gas-filled structures191 and 

include the regions around the liver and gallbladder, spleen, kidneys 

and lateral retroperitoneal areas, and pelvis around the uterus and 

bladder.191 Fluid that does not change shape with probe pressure or 

patient positioning most likely represents a loculated collection.191 

Echogenic material and diffuse echoes on ultrasound within a fluid 

collection suggest the presence of particulate matter (e.g., fibrin or 

clots) and may represent an exudate or blood collection. As with pleu-

ral effusions, intraabdominal fluid collections can be percutaneously 
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Fig. E2.25 Transverse (A) and longitudinal (B) views of the right carotid artery and right internal jugular (IJ) 

vein. Complete thrombosis of the right IJ vein can be appreciated. Notice the small caliber of the thrombosed 

vein and the increased echogenicity of the thrombotic material within it. The vessel could not be compressed 

by probe pressure.
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Fig. E2.26 Transverse view of a right pleural effusion. Collapsed at-

electatic lung is well visualized “floating” in the effusion. (Courtesy Dr. 

Kurian Puthenpurayil.)
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sampled or drained safely at the bedside under real-time ultrasound 

guidance (Fig. E2.27).

Urinary Bladder Scan
Bladder scanning devices are portable units that can provide a  

measurement of urine volume in the bladder (Fig. E2.28) and avoid 

bladder overdistention and reduce the need for unnecessary catheter-

ization.191,192 Studies have shown that frequent catheterization is a 

major risk factor for urinary tract infections that can be costly to 

medical centers.193–195 Use of a portable bladder scanning device to 

reduce the incidence of nosocomial urinary tract infections was de-

scribed by Moore and Edwards.196 Bedside ultrasound assessment of 

volume in the urinary bladder also can be helpful to evaluate oliguria 

or anuria to rule out obstruction of the urinary catheter.

Fig. E2.27 Transverse view of a left lower quadrant abdominal col-

lection. Echogenic, particulate material can be seen floating in the col-

lection. Loops of bowel also are well visualized. A 6F catheter was in-

serted under ultrasound guidance to drain the collection, which was 

found to be chylous. Fluid collection with echogenic material and diffuse 

echoes on ultrasound are suggestive of particulate matter (e.g., fibrin or 

clots) and may represent an exudate or blood collection. (Courtesy Dr. 

Kurian Puthenpurayil.)

Fluid
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Bowel
loops

6 Fr catheter

Focused Assessment of the Trauma Patient
Since the early 1990s, bedside ultrasound has been used in the United 

States as an additional diagnostic modality for use in determining the 

presence of intraabdominal injury after blunt trauma.197 It is per-

formed in the trauma bay during the secondary survey (as described 

in Advanced Trauma Life Support) or as part of the primary survey in 

hemodynamically unstable patients.191,198–202 The focused assessment 

for sonographic examination of trauma (FAST) should be performed 

for a specific purpose, usually identification of hemoperitoneum, he-

mothorax, or tamponade.191 FAST seeks to determine the presence of 

fluid in four areas: (1) the subxiphoid region in the pericardial sac,  
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(2) the right upper quadrant in the Morison pouch, (3) the left upper 

quadrant in the splenorenal recess, and (4) the pelvis in the pouch of 

Douglas or rectovesical space (Fig. E2.29).19 Because the FAST exami-

nation is noninvasive and quickly performed at the bedside, it is ideal 

for detecting intraabdominal injury in the resuscitation area. It has 

now been incorporated into the trauma resuscitation algorithm of 

most level I trauma centers in the United States.191,203

Use of the FAST examination has been shown to diminish the need 

for more invasive diagnostic measures such as diagnostic peritoneal 

lavage and subsequent exploratory laparotomy.204,205 The FAST exami-

nation has been shown to be most accurate when performed for evalu-

ation of hemodynamically unstable patients.203,206–208 Studies have 

suggested that its use as a screening tool for blunt abdominal injury in 

hemodynamically stable trauma patients may result in underdiagnosis 

of intraabdominal injuries.202,203,209

Intraaortic Balloon Counterpulsation
Bedside TEE may be helpful in different aspects of intraaortic balloon 

counterpulsation management. Before insertion, TEE can rule out the 

presence of significant aortic regurgitation, which would represent a 

contraindication to intraaortic balloon counterpulsation use. After 

insertion, TEE can confirm the position of the intraaortic catheter in 

the descending thoracic aorta, ensure correct functioning of the bal-

loon (visualization of inflation and deflation), and rule out the pres-

ence of important complications of aortic catheter insertion (e.g., 

aortic dissection). TEE also may be used for monitoring of the ven-

tricular function while separating the patient from the intraaortic 

balloon counterpulsation device.

Ventricular Assist Devices
Different complications are likely to occur after ventricular assist de-

vice implantation, such as bleeding and hemodynamic instability. 

Maintenance of ventricular assist device flow is a key indicator of the 

overall status of the system. In the postoperative period, low ventricu-

lar assist device flow is usually the result of hypovolemia and right 

ventricular dysfunction. TEE can be helpful for the diagnosis and 

monitoring of both of these conditions. Right ventricular failure has 

been shown to occur in approximately 20%–25% of patients being 

supported with an isolated left ventricular assist device.210 With pros-

thetic circulatory support devices, there can be dramatic changes in 

ventricular volumes and hemodynamic conditions and substantial  

direct and indirect changes to the contralateral ventricle because  

of ventricular interactions. TEE can help the clinician monitor and 

understand these ventricular interactions.211 It also can help assess 

adequacy of flow and the patency of the inflow and outflow cannulas 

to eliminate the presence of a thrombus and collapse or displacement 

of the cannulas. It also can motivate an urgent return to the operating 

room if a cardiac tamponade is diagnosed. If hypoxemia supervenes  

in the ICU, the presence of a patent foramen ovale has to be ruled  

out. For patients placed on extracorporeal membranous oxygenation 

Fig. E2.28 Urinary bladder. Suprapubic transverse view of a full urinary bladder (A). This “square” appear-

ance of the bladder with a concave superior wall is typical of a moderately full bladder. When overdistended 

(i.e., in the presence of a low urinary tract obstruction), the bladder is large and adopts a round, globular shape 

(not shown). Suprapubic transverse view of an empty bladder (B). When empty, the bladder can become 

small and commonly may be difficult to identify. (Courtesy Dr. Kurian Puthenpurayil.)

A B

Bladder trans Post void trans

Fig. E2.29 Focused assessment for sonographic examination of 

trauma (FAST). The FAST examination seeks to determine the pres-

ence of fluid in four areas: (1) the subxiphoid region in the pericardial 

sac, (2) the right upper quadrant in the Morison pouch, (3) the left upper 

quadrant in the splenorenal recess, and (4) the pelvis in the pouch of 

Douglas or rectovesical space.
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support, bedside TEE also can be used to monitor ventricular function 

during weaning of the circulatory assistance.

Performance of Bedside Ultrasonography  
by the Intensivist
In acute situations in the ICU, it may be difficult to have a cardiologist 

or sonographer available on immediate call on a 24-hour basis to per-

form a bedside ultrasound examination. The value of immediate bed-

side echocardiography for aiding in the diagnosis and management of 

acute hemodynamic disturbances has been well shown in the literature 

in the ICU and the emergency department.212,213

Ultrasound technologies are not exclusive to the radiologist or 

cardiologist. Appropriately trained emergency department physicians, 

surgeons, anesthesiologists, and ICU specialists have been using ultra-

sound devices with great success. Anesthesiologists were instrumental 

in many of the pioneering studies of TEE in the operating room and 

ICU.4,22,214,215 Successful performance of bedside echocardiography by 

noncardiologist intensivists also has been well shown in the litera-

ture.8,21,216 A study by Benjamin and colleagues21 showed that a limited 

TEE examination performed and interpreted by intensivists (after 

training under the supervision of two cardiologists) is feasible and 

provides rapid, accurate diagnostic information that can have a dra-

matic impact on the treatment of critically ill patients.21 The safety and 

utility of performance of bedside ultrasound by the intensivist for 

various other purposes in the ICU (central venous cannulation, thora-

centesis, paracentesis) also have been well shown.170–172,189

With the increasing popularity of ultrasound devices—particularly 

lightweight, portable, handheld devices—there is controversy regarding 

the advisability and use of noncomprehensive “goal-directed” examina-

tions performed by clinicians without cardiology or radiology train-

ing.104 Studies with these portable devices that provide basic 2D and 

Doppler flow imaging showed they can provide important anatomic 

information216–220 but that even in highly skilled hands, they may pro-

vide suboptimal imaging or diagnostic capabilities in the ICU.218 Inap-

propriate interpretation or application of data gained by a poorly skilled 

user may result in adverse medical, ethical, and social consequences.104 

To avoid misusing the technology, adequate training is essential.

The era of a technology-extended physical examination219 seems to 

have arrived, and there seems to be a role for a user-specific, focused 

ultrasound examination.104,221 An examination said to be “targeted,” 

“focused,” and “limited” may often equate with “incomplete,” “inade-

quate,” or “inaccurate.” Training must be individualized and tailored to 

specific needs, and appropriate user-specific application depends  

directly on the training and expertise of the user.104 Provided that 

adequate expert backup is available, the training of intensivists in  

performing focused or more comprehensive bedside ultrasound ex-

aminations is not only feasible but also can be done safely and rapidly 

and yield information pertinent to the management of critically ill 

patients. General guidelines in training for TTE and TEE have been 

developed by the American Society of Echocardiography in association 

with the American Heart Association and the American College of 

Cardiology.222 Since 1996 the American Society of Anesthesiologists 

and Society of Cardiovascular Anesthesiologists also have developed 

practice guidelines for perioperative TEE.223 The importance of ade-

quate training and subsequent maintenance of competence cannot be 

overemphasized; inappropriate use or misapplication potentially could 

temper the acceptance and limit the value of performance of bedside 

ultrasonography by the intensivist.

Training of intensivists and emergency department physicians  

in the performance of emergency bedside ultrasonography should  

facilitate acquisition of answers to clinical questions that may strongly 

affect medical and surgical management decisions. As has been  

mentioned by different authors,190,224 training in echocardiography 

and general ultrasonography should be incorporated into the critical 

care fellowship, with special emphasis on TEE as part of the training 

program.

KEY POINTS

• As a result of improvements in transthoracic imaging, most ICU patients 

now can be adequately studied with TTE.

• TEE is particularly useful in the ICU for the assessment of unexplained hy-

potension, suspected aortic dissection, valvular vegetations, source of car-

diac or aortic emboli, prosthetic heart valves (especially mitral), and detec-

tion of intracardiac shunts.

• The use of ultrasound guidance during central venous catheterization has 

been well shown to reduce the risk of complications, improve rapidity of 

catheter placement, and improve overall success of the procedure.

• Successful performance of bedside ultrasonography by intensivists in a 

limited examination has been shown to be feasible and potentially to pro-

vide rapid diagnostic information that can have a dramatic impact on the 

treatment of critically ill patients.

• Adequate training and maintenance of competence is crucial for the inten-

sivist to perform bedside ultrasonography safely and efficiently, because 

inappropriate interpretation or application of data gained by a poorly skilled 

user may result in adverse consequences.

ANNOTATED REFERENCES

Benjamin E, Griffin K, Leibowitz AB, et al. Goal-directed transesophageal 

echocardiography performed by intensivists to assess left ventricular func-

tion: comparison with pulmonary artery catheterization. J Cardiothorac 

Vasc Anesth. 1998;12:10–15.

This prospective blinded study shows that intensivists can be trained to per-

form limited-scope, goal-directed TEE rapidly and safely that can yield perti-

nent data for the management of a critically ill patient.

Colreavy FB, Donovan K, Lee KY, et al. Transesophageal echocardiography in 

critically ill patients. Crit Care Med. 2002;30:989–996.

This retrospective study shows the safety and utility of TEE in the ICU when 

performed by appropriately trained intensive care physicians.

Goldhaber SZ. Echocardiography in the management of pulmonary embo-

lism. Ann Intern Med. 2002;136:691–700.

This article reviews the different utilities and limitations of echocardiography 

in the management of pulmonary embolism.

Lichtenstein D, Hulot JS, Rabiller A, et al. Feasibility and safety of ultrasound-

aided thoracentesis in mechanically ventilated patients. Intensive Care 

Med. 1999;25:955–958.

This prospective study done in critically ill patients illustrates that ultrasound 

localization makes thoracentesis a safe and easy procedure in patients on me-

chanical ventilation when a few basic rules are followed.

Yong Y, Wu D, Fernandes V, et al. Diagnostic accuracy and cost-effectiveness of 

contrast echocardiography on evaluation of cardiac function in technically 

very difficult patients in the intensive care unit. Am J Cardiol. 

2002;89:711–718.

This article compares use of harmonic imaging alone or in combination with 

contrast material with TEE in critically ill patients who were considered tech-

nically very difficult. It illustrates the significant impact of the use of contrast 

imaging in the ICU.
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Central Venous Catheterization

Judith L. Pepe and Jennifer L. Silvis

• Cathetersizeandlengthappropriateforthesite,sideandindica-

tion(e.g.,16cmforrightinternaljugularandrightsubclavian,20
cm for left internal jugular or subclavian, single lumen, multilu-

men,8.5Fintroducer)
• Insertionkit,including10-mLsyringes,needles,guidewire,suture

material,andlocalanesthetic
• Sterilesalineflushsolution
• Sterilefenestratedbarrierdrapeforhead-to-toepatientcoverage
• Foursteriletowels
• 2%Chlorhexidinegluconatesterileprepstick
• Sterilegownandglovesfortheoperatorandassistant(s)
• Captocoverhairandmaskwithafaceshieldorprotectiveglasses

fortheoperatorandassistant(s)
• Sterilecentrallinedressingkit
• Shoulderroll(forsubclavianveincatheterization)

Anatomy
Thepertinentanatomyvariesdependingonthechosensiteofcentral
venous catheterization and is important to thoroughly understand,
evenwhenusingultrasoundguidance.Allrelevantlandmarksshould
beincludedinthesterilefield.Forinternaljugularvenouscatheteriza-

tion,identificationofthetriangleformedbythetwoheadsoftheipsi-
lateralsternocleidomastoid(SCM)muscleisimperative.Itisalsoim-

portanttonotethelocationoftheangleofthemandible,theclavicle,
andthesternalnotch(situatedbetweenthemedialendsoftheright
andleftclavicles).Thecarotidarterypulseshouldbelocatedandpro-

tectedduringplacementoftheneedletipintotheinternaljugularvein.
Forsubclavianveincatheterization,themiddleportionoftheclavicle,
insertionpointof theclavicularheadof the ipsilateralSCMmuscle,
and sternal notch should be identified. Femoral vein catheterization
requiresidentificationofthejunctionofthemiddleanddistalthirdof
animaginarylinedrawnfromthepubictubercletotheanteriorsupe-

rioriliacspinetodefinethecourseoftheinguinalligament.Theipsi-
lateralfemoralarterialpulseshouldbelocatedaswell.

Ultrasound
Ultrasound shouldbeused to facilitate internal jugular and femoral
venousaccessiftheequipmentandexpertiseareavailable.Useofana-

tomiclandmarksgenerallyisthepreferredapproachforaccessingthe
subclavianvein.Ultrasoundguidanceallowsforahigherrateoffirst-
pass success, reduced procedural time, and decreased complications.
Ultrasoundofthechosensite,whichcanbesupplementedwiththeuse
of color Doppler, identifies surrounding structures, landmarks, and
theirspatialrelationshipswiththetargetedvessel.ColorDopplerim-

agingcanaidwithdistinguishingvenousfromarterialstructures.Real-
time,dynamicultrasoundguidanceassiststhepractitionerinobtain-

ingprecisevenipunctureandispreferredoverusingultrasoundmerely

BEFORE THE PROCEDURE

Indications
• Inabilitytoachievetheclinicalgoalbyperipheralintravenouscath-

eterization
• Relativelyfastflowrateisrequired
• Rapid,massiveintravascularvolumeresuscitation
 3.5-inch, 8.5F introducer catheter offers the fastest flow rate.

However, a 2-inch, 16-gauge peripheral catheter has a faster
flowratethanthelonger16-gauge,centrallyinsertedtriple-lu-

mencatheter.
• Peripheralvenousaccesscannotbefound

• Cardiopulmonaryresuscitationandshockstates
• Peripheralcathetersareoftendifficulttoplaceinshockstates
• Drugadministrationisoftenmoreeffectivebycentralinfusion

• Administrationofagentsirritatingtoperipheralveins
• Concentratedpotassiumandsodiumchloridesolutions
• Totalparenteralnutritionsolutions
• Chemotherapyagents
• Vasopressorsandinotropes

• Centralvenouspressuremonitoring
• Pulmonaryarterypressuremonitoring
• Transvenouspacemakerinsertion
• Hemodialysis
• Plasmapheresis
• Venousaccessforfrequentbloodsamplingorformeasurementsof

centralvenousoxygensaturation(ScvO2)
• Inferiorvenacavafilterplacement
• Extracorporeallifesupportcannulation

Contraindications
• Noabsolutecontraindicationsifexperiencedorsupervisedopera-

torunlessskininfectionlocatedatplannedinsertionsite(s)
• Relativecontraindications

• Severecoagulopathy(includingthrombocytopenia):Considera
femoral vein central catheter or peripherally inserted central
catheter(PICC)

• Localskininfection
• Ipsilateralarteriovenousfistula
• Ipsilateralvenousthrombosis
• Inferiorvenacavafilter:Avoidpassingtheguidewirebeyond20

cmduringcentrallineinsertionfromthejugularsiteinorderto
prevententanglement

Equipment
• Ultrasoundwithsmalllineararrayprobe(5–15MHz)
• Sterilesheath,gel,andneedleguideforultrasound
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forstaticmarkingoftheinsertionsite.Completeimagingoftheguide
wiretractisaccomplishedbyfollowingthewirefromthepointofskin
insertiontovenipunctureandvisualizingthewirewithinthelumenof
theveininbothshort(crosssectionalview)axesandlong(longitudi-
nalview).The short-axisview(Fig.E3.1) isobtainedbyplacing the
ultrasound probe perpendicular to the course of the targeted vessel.
Thelong-axisview(Fig.E3.2)isthenobtainedbyrotatingtheultra-

soundprobe90degrees.

Procedure

Internal Jugular Vein (Middle Approach)
• SeeVideoE3.1.
• Obtain informed consent from the patient or surrogate decision

maker.
• Gatherallnecessaryequipment.
• Placethepatientinthesupineposition.

• Positionthebedatacomfortableheight,with15–30degreesTren-

delenburg.
• Rotatethepatient’sheadawayfromthesideofinsertion.
• Perform a“time out” to verify patient, procedure, laterality, and

consent.
• Performnonsterileultrasoundtoconfirmthepatencyanddepthof

theinternaljugularveinandthelocationofsurroundingstructures.
• Opentheequipmentusingsteriletechnique.
• Washhandsanddonacap,faceshieldmask,sterilegown,andpair

ofgloves.
• Usea2%chlorhexidine“prepstick”topreparetheareaboundedby

theearlobe,mandible,chin,neck,andsternalnotchpastthemid-

line;2cminferiortotheclavicle;and2cmposteriortothesternal
headoftheSCMmuscle.
• Preparingawideareaispreferredtofacilitateconversiontothe

ipsilateralsubclavianapproachiftheinternaljugularapproach
provesunsuccessful.

• “Squareoff”(frame)thesterileareawithfoursteriletowels.
• Placethehead-to-toefenestratedsteriledrape.
• Placetheultrasoundprobeinasterilesheathwithgel,andposition

thecorrectneedleguideontheprobe.
• Findtheseanatomiclandmarks:apexofthetriangleformedbytwo

headsoftheSCMmuscle,sternalnotch,clavicle,andcarotidpulse.
• Maintain awareness of anatomy while using ultrasound to guide

needleinsertion.
• Locate the internal jugularveinwiththeultrasoundprobe in the

short axis, andconfirm that thevessel collapses easilywithcom-

pressionandisnonpulsatile.
• Injectlocalanestheticintotheskinandsurroundingregionatthe

proposedinsertionsite.
• Ensurethatallmaterialsneededforcatheterplacementarewithin

easyreachonthesterilefield.
• Flushallcatheterlumens,andthenplacecapsonallportsex-

ceptthedistalport.
• Placetheaccessneedlewithattachedsyringeontotheneedleguide

oftheultrasoundprobe.
• Advancetheneedleintotheinternaljugularveinunderdirectvi-

sionusingultrasoundwhileapplyinggentleaspirationpressureon
thesyringe.

• Confirmthepresenceoftheneedlewithintheveinlumenbyultra-

soundimagingandbyaspirationoffree-flowing,nonpulsatile,ve-

nous-coloredblood.Notethatmildpulsationsmaybetransmitted
fromthearteryincloseproximity.

• Removetheneedlefromtheneedleguideontheultrasoundprobe.
• If ultrasound is unavailable, insert the needle at the apex of the

SCM triangle (middle approach) and advance the needle toward
the ipsilateral nipple at a 30- to 45-degree angle while applying
gentleaspirationpressureonthesyringe.

• Placethecurvedendoftheguidewirethroughthesyringeand/or
needle into the vein. Never lose control of the distal end of the
guidewire.

• Usingultrasound,confirmthecourseoftheguidewireintheinter-
naljugularveininboththelongandshortaxes.

• Removethesyringeandneedleovertheguidewire.
• Usingascalpel,makeasmallnickintheskinatthewireinsertionsite.
• Placeadilatoroverthewire,andadvancethedilatorintothesoft

tissuestoestablishatract.
• Removethedilator,leavingtheguidewireinplace.
• Placeacatheter (single lumenormultilumen)over thewire into

thevein:
• 16cmfortherightinternaljugular
• 20cmfortheleftinternaljugular

Fig. E3.1 Short-axis view demonstrating guide wire inside vein.

Fig. E3.2 Long-axis view confirming guide wire in vein.
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• Removetheguidewireandplaceacaponthedistalport.
• Aspiratebloodviaallcatheterlumens,andthenflusheachlumen

withsterilesaline.
• Securethecathetertotheskinwithsuturematerial.
• Placeasteriledressing.
• Cleanupandsafelydiscardallsharpobjectsintoa“sharps”container.
• Orderachestx-raytocheckcatheterposition.

• Skilledoperatorsmayuseultrasoundtoconfirmnormalpost-
procedurelungsliding,assessforpneumothorax,andconfirm
cathetertiplocation.

Subclavian Vein (Infraclavicular Approach)

• SeeVideoE3.2.
• Obtain informed consent from the patient or surrogate decision

maker.
• Gatherallnecessaryequipment.
• Perform a“time out” to verify patient, procedure, laterality, and

consent.
• Placethepatientinthesupinepositionwiththeipsilateralarmad-

ducted.
• Place a shoulder roll under the patient, positioned vertically be-

tweenthescapulae.
• Positionthebedatacomfortableheight,with15–30degreesTren-

delenburg.
• Rotatethepatient’sheadawayfromthesideofinsertion.Perform

atime-outtoverifycorrectpatient,procedure,andconsent.
• Opentheequipmentusingsteriletechnique.
• Washhandsanddonacap,faceshieldmask,sterilegown,andpair

ofgloves.
• Usea2%chlorhexidineprepsticktopreparetheareaboundedby

theearlobe,mandible,chin,neck,andsternalnotchpastthemid-

line;2cminferiortotheclavicle;and2cmposteriortothesternal
headoftheSCMmuscle.
• Preparingawideareaispreferredtofacilitateconversiontothe

ipsilateralinternaljugularapproachifthesubclavianapproach
isunsuccessful.

• “Squareoff”(frame)thesterileareawithfoursteriletowels.
• Placethehead-to-toefenestratedsteriledrape.
• Findtheseanatomic landmarks:midportionof ipsilateralclavicle

andsternalnotch.
• Injectlocalanestheticintotheskinandsurroundingregionatthe

proposedinsertionsite.
• Ensureallmaterialsneededforcatheterplacementareineasyreach

withinthesterilefield.
• Flushallcatheterlumensandplacecapsonallportsexceptthe

distalport.
• Inserttheneedle(bevelededgeincaudaddirection)withattached

syringeintotheskin2cminferiortothemidportionoftheclavicle,
directingtheneedleslightlycephaladtowardtheclavicleinthedi-
rectionofthesternalnotch.

• “Walk”downtheclaviclewiththeneedleuntilitadvancesjustdeep
totheinferiorsurfaceoftheclavicle.

• Whileapplyinggentleaspirationpressureonthesyringe,continue
to advance the needle in the direction of the sternal notch until
aspiration of free-flowing, nonpulsatile, venous-colored blood
occurs,signalingentryintothesubclavianvein.

• Introducethecurvedendofaguidewirethroughthesyringeand/
orneedleintothevein.Neverlosecontrolofthedistalendofthe
guidewire.

• Removethesyringeandneedleovertheguidewire.
• Usingascalpel,makeasmallnickintheskinatthewireinsertion

site.

• Placethedilatorovertheguidewire,andadvancethedilatorinto
thesofttissuestoestablishatract.

• Removethedilator,leavingthewireinplace.
• Placeacatheter (single lumenormultilumen)over thewire into

thevein.
• 16cmfortherightsubclavian
• 20cmfortheleftsubclavian

• Removethewireandplaceacaponthedistalport.
• Aspiratebloodviaallcatheterlumens,andthenflusheachlumen

withsterilesaline.
• Securethecathetertotheskinwithsuturematerial.
• Placeasteriledressing.
• Cleanupandsafelydiscardallsharpobjectsintothe“sharps”re-

ceptacle.
• Orderachestx-raytocheckthecatheterposition.

• Skilledoperatorsmayuseultrasound toconfirmnormal lung
slidingandtoassessforpneumothoraxandcathetertiplocation

Femoral Vein

• Obtain informed consent from the patient or surrogate decision
maker.

• Gatherallnecessaryequipment.
• Perform a“time out” to verify patient, procedure, laterality, and

consent.
• Placethepatientinthesupinepositionwiththeipsilateralthighin

slightabduction.
• Reverse Trendelenburg position may assist vein visualization and

accessinhypovolemicshock.
• Performnonsterileultrasoundtoconfirmpatencyanddepthofthe

femoralveinandthelocationofsurroundingstructures.
• Opentheequipmentusingsteriletechnique.
• Washhandsanddonacap,faceshieldmask,sterilegown,andpair

ofgloves.
• Usea2%chlorhexidine“prepstick”toprepareanareaboundedby

the lateral midthigh, medial midthigh, and pubis in the midline,
extending2cmsuperiortoanimaginarylineconnectingthepubis
andanteriorsuperioriliacspine.

• “Squareoff”(frame)thesterileareawithfoursteriletowels.
• Placethehead-to-toefenestratedsteriledrape.
• Placetheultrasoundprobeintoasterilesheathwithinternalcon-

ductinggelandpositionthecorrectneedleguideontheprobe.
• Findtheseanatomic landmarks:pubic tubercle,anteriorsuperior

iliacspine,andfemoralarterypulse.
• Injectlocalanestheticintotheskinandsurroundingregionatthe

proposedinsertionsite.
• Ensurethatallmaterialsneededforcatheterplacementareineasy

reachwithinthesterilefield.
• Flushallcatheterlumensandplacecapsonallportsexceptthe

distalport.
• Whileapplyinggentleaspirationpressureonthesyringeunderultra-

soundguidance,inserttheneedleata90-degreeangleintotheskin
medialtothefemoralarterypulseinashort-axisultrasoundview.
• Thefemoralveinwillbe locatedcaudaltothe junctionofthe

middleandmedialthirdsofanimaginarylinedrawnfromthe
pubictubercletotheanteriorsuperioriliacspine.

• Continuetoapplygentleaspirationpressuretothesyringeduring
needleadvancementunderultrasoundguidanceuntiltheneedleis
presentwithintheveinonultrasoundandareturnoffree-flowing,
nonpulsatile,venous-coloredbloodispresent.

• Placethecurvedendoftheguidewirethroughthesyringeand/or
needleandintothevein.Neverlosecontrolofthedistalendofthe
guidewire.
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• Using ultrasound, confirm the presence of the guide wire in the
femoralveininboththeshortandlongaxes.

• Removethesyringeandneedleovertheguidewire.
• Usingascalpel,makeasmallnickintheskinatthewireinsertion

site.
• Placethedilatorovertheguidewire,andadvancethedilatorinto

thesofttissuestoestablishatract.
• Removethedilator,leavingtheguidewireinplace.
• Place the catheter (single lumen or multilumen) over the guide

wireintothevein.
• Removethewireandplaceacaponthedistalport.
• Aspiratebloodviaalllumens,andthenflusheachlumenwithster-

ilesaline.
• Securethecathetertotheskinwithsuturematerial.
• Placeasteriledressing.
• Cleanupandsafelydiscardallsharpobjectsintothe“sharps”re-

ceptacle.

AFTER THE PROCEDURE

Postprocedure Care
• Obtainachestx-ray.

• Toconfirmthelocationoftheinternaljugularandsubclavian
venouscathetertipattheatriocavaljunction

• To rule out the presence of a hemothorax, pneumothorax, or
apicalcap

• Inspectthecatheterinsertionsitedailytodetectthedevelopment
ofinfection.

• Monitorforarrhythmias,ascathetermigrationmayoccur.
• Maintainproperlocaldressingcaretominimizecomplications.
• Accessallportsinasterilemanneratalltimes.

Complications
• Common

• Cardiacarrhythmias
• Arterialpuncture
• Hematoma
• Cathetermalposition
• Venousthrombosis
• Catheter-relatedbloodstreaminfection

• Infrequent
• Pneumothorax
• Hemothorax
• Chylothorax(thoracicductinjury)

More common with left internal jugular or subclavian vein
catheterization

• Localnerveinjury
• Entanglementwithvenacavafilter
• Trachealperforation
• Endotrachealtubecuffrupture

• Serious,rarecomplications
• Airembolus
• Cardiactamponade

Outcomes and Evidence
• Femoral vein catheters have a higher incidence of infectious and

thromboticcomplicationscomparedwithsubclavianveincatheters.

• Lowestinfectionratesareassociatedwithsubclavianveincatheters.
• Infectionofcentralvenouscathetersisdiminishedbypayingcare-

fulattentiontosterileinsertiontechnique.
• Antibiotic-treated, noncuffed central venous catheters are associ-

atedwithalowerrateofdevice-relatedbloodstreaminfectionthan
nontreatedcathetersbutahigherratewhencomparedwithPICCs.

• Use of ultrasound to guide insertion is beneficial in reducing
mechanical complications and in improving rates of successful
cannulation, especially when accessing the internal jugular and
femoralveinorwhentheoperatorsare inexperienced in theme-

chanicsoftheprocedure.
• For many purposes, PICCs may be more cost-effective and have

lowercomplicationratesthancentrallyinsertedvenouscatheters.
• Deep venous thrombosis causedbyPICCs may relate to catheter

diameter.
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Arterial Cannulation and Invasive Blood 
Pressure Measurement

Phillip D. Levin and Yaacov Gozal

It is usually larger than the radial artery. The ulnar artery runs medially 

along the length of the forearm. As opposed to the radial artery, for 

most of its course the ulnar artery lies deep to the muscles of the fore-

arm, becoming superficial only toward the wrist. The ulnar artery lies 

close to the ulnar nerve in its distal course.

When compared with the ulnar artery, the radial artery is superfi-

cial for a longer part of its course, is easily palpated above the radius, 

and is less closely associated with neural structures. It is, however, a 

smaller artery. The radial artery is cannulated within a few centime-

ters of the anterior wrist creases, where it lies conveniently over the 

radius.

Advantages

Advantages of radial artery cannulation include huge experience and 

safety, peripheral position, double blood supply to the dependent ter-

ritory (by the ulnar artery), and easy compression in the event of 

bleeding.

Disadvantages

Disadvantages include technical difficulties because of the small size of 

the vessel or vasoconstriction (the radial artery pulse may not be pal-

pable when blood pressure is less than 80 mm Hg) and inaccurate 

blood pressure measurements (when compared with the central circu-

lation).

The modified Allen test has been proposed as a screening tool 

before radial artery cannulation to ensure the presence of adequate 

distal collateral circulation. The Allen test has, however, been found 

to have high interobserver variability and to lack sensitivity and 

specificity.2 It is not widely used. Radial artery catheterization for 

coronary angiography has been compared in patients with normal 

and abnormal Allen tests with no significant adverse events occur-

ring in patients with an abnormal Allen test.3 It might be prudent, 

however, to avoid insertion of an arterial catheter into the radial  

or ulnar artery when the other artery is known to be absent or  

occluded.

Positioning for Cannulation

The forearm should be supine and the wrist slightly extended and  

supported (Video E4.1).

The Axillary and Brachial Arteries
The axillary artery is a continuation of the subclavian artery, beginning 

at the outer border of the first rib. The artery is surrounded by the 

cords of the brachial plexus. Its position relative to the other structures 

Peripheral artery cannulation is one of the most commonly per-

formed invasive procedures in the intensive care unit (ICU),1 and the 

resulting arterial line is an integral part of intensive care patient man-

agement. Arterial line usage varies according to unit type, patient age, 

and severity of illness, ranging from approximately 22% of medical 

ICU patients to over 50% of surgical ICU patients. There are three 

main indications for arterial line insertion: (1) to allow continuous 

beat-to-beat monitoring of blood pressure; (2) to provide pain-free, 

convenient, and repeated access to arterial blood for the assessment of 

pulmonary and cardiovascular function (including measures of pulse 

pressure variation and semi-invasive cardiac output measurements 

using transpulmonary thermodilution); and (3) to provide a source 

of blood for blood tests as required without the need for repeated 

venipuncture, including continuous measures of blood chemistry 

(such as continuous glucose measurement). A review of the relevant 

anatomy, equipment, and techniques for arterial line placement is 

provided in this chapter along with some of the more common  

complications.

SITES OF INSERTION

An arterial line can be inserted into almost any palpable peripheral 

artery. The most common sites in clinical practice are the radial 

artery (employed in up to 78% of ICU patients), the femoral artery 

(employed in up to 45%), and the dorsalis pedis artery. Axillary  

and ulnar artery cannulations are performed somewhat more 

rarely; brachial and temporal artery cannulation is not recom-

mended. Cannulation of the carotid arteries is absolutely contrain-

dicated for obvious reasons. Each arterial site has advantages and 

disadvantages.

The Radial and Ulnar Arteries
The radial artery originates in the antecubital fossa at the level of the 

neck of the radius as a terminal branch of the brachial artery. The 

artery runs down the length of the forearm laterally. For the distal 

part of its course, it is covered only by fascia and skin and lies above 

the radius, where it is easily palpated. At the level of the wrist the ar-

tery winds laterally around the radius and enters the posterior aspect 

of the hand. It terminates by dividing into the superficial and deep 

palmar arches, which are anastomosed with the ulnar artery. The ra-

dial artery lies near the superficial branch of the radial nerve in its 

distal course.

The ulnar artery is the other terminal branch of the brachial artery, 

also originating in the antecubital fossa at the level of the radial neck. 
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of the axilla varies according to the position of the arm. The artery 

ends at the inferior border of the teres major muscle, where it becomes 

the brachial artery. The brachial artery runs down the upper arm to the 

elbow. Initially, it is medial to the humerus, but distally it spirals ante-

riorly to end as the radial and ulnar arteries approximately 1 cm distal 

to the elbow. The brachial artery lies near the ulnar and median nerves 

in its proximal course and near the median nerve in its distal course.

Advantages

The axillary artery is a large artery, and pressure measurements reflect 

the central circulation.

Disadvantages

The arm position required for axillary artery cannulation may be con-

traindicated or difficult for some patients. Care should be taken if a 

long catheter is used, because its tip might be proximal to the origin of 

the brachiocephalic artery/left common carotid artery. In this case 

embolic material from the line (i.e., air bubbles or thrombus) could be 

introduced into the brain. The risk of line infection may also be higher 

relative to other sites.

Positioning for Cannulation

For axillary artery cannulation, the arm should be bent at the elbow 

and raised above the head (abducted and flexed to 90 degrees). The 

pulse can then be palpated in the axilla.

The brachial artery is punctured where it is palpable medially on 

the anterior aspect of the elbow. Generally, cannulation of the brachial 

artery is not recommended, because it is associated with specific and 

potentially severe complications (see later). Despite this, large case se-

ries with low complications rates have been published.4

The Femoral Artery
The femoral artery originates as a continuation of the external iliac 

artery at the level of the inguinal ligament. At the level of the inguinal 

ligament, it lies midway between the anterior superior iliac spine and 

the symphysis pubis. Distal to the inguinal ligament, the artery lies 

medial to the femoral nerve and lateral to the femoral vein and is 

superficial, being covered only by fascia, fat, and skin. The femoral 

artery runs down the thigh and terminates as the popliteal artery in 

the knee.

Advantages

The femoral artery is a large artery that is easier to locate and puncture 

than the radial artery. Blood pressure measurements reflect central 

blood pressure, and the femoral artery is palpable at a lower blood 

pressure than the radial artery. The femoral arterial line has a lower 

rate of catheter malfunction and greater longevity (compared with the 

radial artery).

Disadvantages

In obese subjects, adipose tissue and skin folds may create difficulties 

in the approach to the groin. The skin over the puncture site also can 

be compromised by chronic inflammatory changes or fungal infec-

tions, and the artery itself may be very deep and difficult to locate. 

The insertion site also may be difficult to keep clean and well dressed. 

The risk of hemorrhage into the retroperitoneal space (which may 

initially be undetectable clinically) is unique to this site. Hemorrhage 

(either retroperitoneal or percutaneous) is also a risk when removing 

femoral artery catheters, particularly in patients with deranged clot-

ting. The femoral artery is a common site for vascular surgery in the 

leg, and this represents a strong relative contraindication to arterial 

cannulation.

Position for Cannulation

In a supine patient, assistance may be required in retracting abdominal 

and thigh adipose tissue to allow access to the groin.

Dorsalis Pedis
The dorsalis pedis artery begins anterior to the ankle as a branch of the 

anterior tibial artery. The artery runs distally in the foot between the 

tendons of the extensor digitorum longus and extensor hallucis longus. 

It terminates as it turns in to the foot toward the sole between the first 

two metatarsal bones. During its course over the foot the artery is 

covered only by fascia and skin and is easily palpable.

Advantages

The dorsalis pedis is an easily accessible, compressible small artery.

Disadvantages

This artery is the most distant from the central circulation. Vasocon-

striction can affect the quality of the arterial signal. In addition, the 

distance from the central circulation may result in an artificially ele-

vated systolic pressure reading that is caused by interaction of the arte-

rial pressure wave on smaller and smaller arteries.

Position for Cannulation

The foot is placed in a neutral position with slight extension of the 

ankle.

Additional Considerations
From this discussion of relative anatomy, the features of the arteries 

commonly used for monitoring become clear: all are superficial, cov-

ered only by fascia and skin, easily palpable, and easily compressible. 

The specific artery chosen for insertion of an arterial line should be 

influenced by the experience of the operator, ease of palpation, contra-

indications, and limitations in positioning.

After adequate positioning, the chosen arterial line insertion site 

should be cleaned and sterilized with a solution containing .0.5% 

chlorhexidine in 70% alcohol. For femoral or axillary artery insertion, 

maximum sterile barrier precautions should be used—cap, mask, ster-

ile gown, sterile gloves, and full body sterile drapes. For insertion of 

peripheral artery cannulas, the operator should, at a minimum, don a 

cap, mask, and sterile gloves and use a small sterile fenestrated drape at 

the insertion site.5 Local anesthesia (approximately 1 mL of 1%–2% 

lidocaine without epinephrine) should be infiltrated around the inser-

tion site using a small-gauge (24- to 26-gauge) needle. Epinephrine 

should be avoided as an additive to the local anesthetic in order to 

prevent arterial spasm.

EQUIPMENT

Before actually inserting the arterial cannula, the monitoring equip-

ment, cables, arterial line setup, and adhesive tape/sutures should all be 

prepared and checked. Beyond the arterial cannula, the arterial line 

setup consists of noncompliant tubing; three-way taps (stopcocks), a 

pressure-transducing device, a flush system, and the monitor. The arte-

rial cannula is connected to a short length of tubing and then to at least 

one three-way tap. This tap is used for blood sampling and may also be 

used for zeroing the setup. The three-way tap is, in turn, connected to 

the pressure-transducing device, which is connected to the monitor. 

The pressure transducer is also connected to the flush system. The 

flush system consists of a bag of intravenous fluid under pressure from 

which all air has been removed. The fluid bag is compressed to a pres-

sure greater than the arterial pressure using a pressure bag or cuff. The 

flush system maintains a continuous but slow (3 mL/h) flow of fluid 
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through the system and into the artery to maintain cannula patency. 

The arterial line system may include additional three-way taps, con-

nections to other pressure monitoring sites (e.g., central venous pres-

sure), and damping devices as required.

Sets for Arterial Cannulation and Insertion Technique
A multiplicity of arterial cannulation sets exists, falling into three main 

groups: sets based on a cannula-sheathed needle (equivalent to the 

normal intravenous catheter) with or without an additional wire, sets 

based on the Seldinger technique, and sets used for direct arterial cut-

down techniques.

The simplest technique for arterial line insertion employs a 20-gauge 

catheter-over-needle arrangement. A simple 20-gauge intravenous can-

nula can be used, although catheters specifically made for arterial punc-

ture are available. Such a catheter is suitable for the smaller arteries 

(radial or dorsalis pedis). After appropriate positioning, the patient’s 

pulse is palpated with the nondominant hand and the cannula inserted 

at an angle of 45–60 degrees to the skin and into the artery using the 

dominant hand. The cannula and needle may be advanced until blood 

flashback is seen in the needle, and then the cannula is threaded into the 

artery (in a manner similar to intravenous insertion). Alternatively a 

through-and-through technique can be employed. In this technique, 

the needle and cannula are inserted directly through both the front and 

back walls of the artery without seeking blood flashback. The needle is 

withdrawn partially or fully from the cannula. The cannula is then 

slowly drawn back until the blood flashback is seen and subsequently 

threaded into the artery. In the event that blood flashback is not seen, 

the needle should not be reinserted into the cannula because it may 

perforate the side or cut off a distal segment.

Occasionally, difficulty may be found in inserting the cannula de-

spite good backflow of blood through it. In this circumstance, the arte-

rial line wire may be of use. The wire fits through the cannula (after the 

needle has been removed) and may be manipulated into the artery. 

The wire need only be inserted a few centimeters beyond the catheter 

tip (into the artery), and the cannula can then be threaded. As a pre-

condition to wire insertion, good backflow of blood must be noted 

through the cannula, and under no circumstances should the wire be 

inserted with force, because this can lead to perforation or dissection 

of the artery.

Some cannula-over-needle sets include a wire that is preconnected 

to the needle/cannula apparatus. These sets are available for both 

smaller and larger arteries and represent a combination of the guide 

wire and Seldinger techniques. The artery is punctured by one of the 

techniques described earlier using the needle and cannula assembly. 

Blood flashback is seen in the tube housing the wire. Once blood is 

seen to return, the wire is advanced through the needle while it is still 

(at least partially) within the cannula and into the artery. The cannula 

is then advanced over the wire into the artery.

For larger or deeper arteries (femoral and axillary), sets based on 

the Seldinger technique are available. Using this technique, the artery 

is punctured with a needle, the wire is inserted through the needle, the 

needle is removed, and the catheter is inserted over the wire. This dif-

fers from the wire technique described earlier, because the wire is in-

serted through the needle, and then the needle is removed before the 

cannula is inserted.

Arterial cannulation can be very challenging, especially in patients 

with severe peripheral vascular disease or low blood pressure. Under 

these circumstances, additional equipment may be required to help 

locate the artery. Both Doppler and ultrasound probes may be useful.

The Doppler probe provides an auditory signal corresponding  

to blood flow. The characteristic arterial pulse form is easily distin-

guished from venous blood flow. The point of maximal Doppler  

response lies directly above the artery and may help in directing the 

needle to localize the artery.

By using ultrasound with a high-frequency probe the artery may be 

visualized. On short axis it is seen as a pulsating echogenic (white) ring 

on cross section. The arterial catheter needle can also be seen on ultra-

sound (as a straight echogenic line) and can thus be directed into the 

artery. Needle insertion can be performed either out of plane using the 

short-axis image or in-plane using the long-axis view. Two recent meta-

analyses demonstrated that use of ultrasound increases the chances of 

first-time success and decreases the time required for insertion.6,7

Cutdown techniques are rarely required in adults. This issue for 

pediatric patients is addressed in Chapter 228.

Once inserted, the arterial cannula should be well fixed to the pa-

tient to prevent accidental removal and connected to the flush/pres-

sure transduction system. Consideration can be given to using a sterile 

semipermeable dressing to cover the insertion site with the addition of 

adhesive tape. Once the presence of an adequate waveform on the 

monitor has been confirmed, the next step is to zero the system.

Zeroing
The importance of accurate zeroing cannot be overstated—zeroing 

problems reflect one of the most common sources of error in pressure-

transduction systems. Zeroing has two main functions: the first is to 

equilibrate the monitor, and the second is to correct for the contribu-

tion of the fluid column in the pressure-transduction system between 

the patient and the pressure transducer.

The pressure transducers in use today are rugged, inexpensive, and 

accurate. They convert pressure applied from the artery via the fluid-

filled tubing to the transducer into electrical energy. The electrical 

signal generated by the transducer is then amplified in the monitor to 

produce a waveform on the screen and a numeric measure of blood 

pressure. The conversion of mechanical pressure into an electrical 

signal requires an “excitation voltage” to be provided by the monitor to 

the transducer. The standard responsiveness of the transducer is  

5 mV/V excitation voltage/mm Hg, and atypical excitation voltage is 

6 V. Therefore the pressure transducer produces 30 mV/mm Hg pres-

sure applied from the artery. Typically, this signal is amplified 1000 

times by the monitor, so that for each 100 mm Hg of blood pressure, 

the monitor output is 3 V. Before their first use, and periodically dur-

ing their use, the interaction of the excitation current, the transducer 

response, and the monitor amplification requires resetting—in the 

first instance to standardize the system and thereafter to compensate 

for any drift. This calibration is achieved by zeroing or standardizing 

the measurement to atmospheric pressure, which thereafter is the zero 

reference point for further measurement. With current semiconductor 

equipment, calibration to a mercury manometer is not required.

The arterial line is zeroed by exposing the pressure transducer to 

atmospheric pressure, for example, by turning one of the three-way 

taps such that it is closed to the patient and the transducer is open to 

room air. The zero procedure is activated on the monitor and the 

system left untouched for a few seconds until a flat line appears on the 

arterial monitor tracing and the monitor reads zero. The three-way tap 

is then closed to air and opened to the patient, and blood pressure can 

be measured. The zero point (the three-way tap used for zeroing) can 

be near to the patient or near to the transducer. It is important to con-

sider that the pressure measured by the monitor will represent the 

patient’s arterial pressure plus any contribution made by the column 

of fluid in the pressure tubing between the patient and the zero point.

To illustrate this point, consider the change in pressure reading if 

the pressure transducer is lowered by 100 cm to the floor. In addition 

to the patient’s blood pressure acting on the pressure transducer, a 

column of water 100 cm long is present and contributes to the pressure 

  

 



1370.e74 PART I Common Problems

reading. The blood pressure reading is in millimeters of mercury, so it 

will increase by 100/1.36, or by 73 mm Hg. If the pressure transducer 

is raised relative to the patient, then the pressure recorded by the 

monitor will decrease in a similar manner. Appropriate zeroing of the 

pressure transducer can compensate for these differences. Continuing 

the example provided earlier, while the transducer is 100 cm lower 

than the patient, the three-way tap near the patient’s radial artery is 

closed to the artery and opened to room air. The monitor is rezeroed. 

Now the zero incorporates the contribution made by the 100-cm col-

umn of water in the tubing, and when the arterial pressure is measured 

again, it will once more be accurate. Although this example is extreme, 

smaller changes in relative position are common; the transducer is at-

tached to the patient at the level of the shoulder while supine. The 

patient is subsequently repositioned from supine to sitting. The shoul-

der is raised by 20 cm relative to the femoral artery, and the pressure 

recorded on the monitor decreases by 20/1.36 5 15 mm Hg. This 

change might not cause a change of therapy if arterial pressure is being 

measured. However, if intracranial pressure (ICP) is being measured, 

for example, a 15 mm Hg inaccuracy in the measurement could be 

critical. By convention, for arterial pressure measurement, the zero 

point is set at the height of the right atrium (i.e., the midaxillary line 

in the supine patient).

Damping
Another potential source of error in the measurement of blood pres-

sure using the arterial line results from the interaction between the 

arterial pressure wave and the physical properties of the arterial line 

setup. This interaction can lead to underdamping (resonance or over-

shoot) and a spuriously high blood pressure reading or overdamping 

with a spuriously low blood pressure.

The arterial pulse waveform can be described as a summation of 

component sine waves with frequencies that are mainly in the range of 

3–5 Hz. The arterial line set tubing has a natural frequency that is usu-

ally greater than 20 Hz. If the natural frequency of the arterial line set 

is decreased, it can approach the component frequencies of the arterial 

pulse waveform, and resonance may occur or increase, resulting in 

underdamping. Resonance/underdamping modulates the pressures 

measured. The main effect will be an increase in the recorded systolic 

blood pressure. A decrease in the recorded diastolic blood pressure 

may also occur, whereas, typically, mean blood pressure will not be 

affected. Perhaps the most common cause of underdamping is the use 

of an excessive length of pressure tubing between the arterial insertion 

site and the pressure transducer. Underdamping also may be a problem 

when measuring central arterial pressures and in the presence of severe 

vasoconstriction.

Overdamping decreases the transfer of energy from the artery to 

the pressure transducer. It results from the absorbance of energy by the 

fluid contents of the arterial set tubing and the tubing wall itself and 

from the friction between them. Damping is quantified by the damp-

ing coefficient (zeta), a measure of the time required for the system to 

come to rest after activation. Increased damping decreases the re-

corded systolic pressure and, to a lesser extent, increases the recorded 

diastolic pressure; mean pressure is affected the least. Damping is in-

creased by the use of compliant, kinked, or partially occluded tubing 

and by loose connections and leaks (Box E4.1).

To obtain an accurate measure of the blood pressure from the arte-

rial line, the system must be properly balanced. One method to assess 

balance uses the “fast flush test.” This test is performed by activating 

the flush device for a few seconds and then releasing it. On activation 

of the flush device, the pressure measured rises to a plateau. After re-

lease, the pressure waveform drops abruptly and small, sharp waves 

may be seen (Fig. E4.1). In a balanced system, there should be only one 

Causes of Underdamping

Central pressure measurement

Long pressure tubing

Marked vasoconstriction

Causes of Overdamping

Air in tubing

Blood clots

Compliant tubing (not stiff-walled pressure tubing)

Kinked arterial catheter

Leaks in system (hole in tubing)

Loose connections

BOX E4.1 Causes of Underdamping 
(Overshoot) and Overdamping

ECG

ECG

erialrtA

line

Arterial

line

Activation of

flush device

Release of

flush device

ECG

A

B

ECG

erialrtA

line

Arterial

line

Fig. E4.1 The fast flush test, electrocardiogram (ECG), and arterial 

line tracings. A, The underdamping or overshoot with multiple sharp 

waves after the release of the flush device (speckled arrow). B, A bal-

anced system, with only one sharp wave after flush release. The white 

arrowheads indicate the beginning of the system flush, whereas the 

black arrowheads represent its termination.

such sharp wave. Fig. E4.1A shows a system that is underdamped; there 

are multiple sharp waves after release of the flush. The reason for the 

underdamping in this case was the use of an excessive length of pres-

sure tubing. Fig. E4.1B shows the effect of removing the excess length 

of pressure tubing. Only one sharp wave follows the flush, indicating 

that the system is now well balanced. An alternative correction that 

could have been applied (if the tubing length was required) might have 

been to increase the damping coefficient with the aid of a dampening 

device. Using this device is similar in effect to introducing a small air 

bubble into the arterial line tubing; however, its use does not incur the 

risk of air embolus.

Figures for the natural frequency and damping coefficient of an 

arterial line setup can be approximated from a tracing of the fast flush 

test. The natural frequency of the arterial line setup can be calculated 

from the cycle length of the sharp waves, whereas the damping coeffi-

cient can be calculated from the rate at which the waves decline in 

amplitude. Fig. E4.2 shows an enlargement of the flush release in the 

underdamped arterial line tracing in Fig. E4.1A and illustrates the 

calculation. Based on this tracing, the natural frequency was calculated 

at 22.7 Hz, and the damping coefficient was 0.34. Removal of the  
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excess tubing (producing the tracing in Fig. E4.1B) resulted in a natu-

ral frequency of 50 Hz, whereas the damping coefficient was un-

changed.

Flush Solutions
To maintain patency and prevent thrombosis of the arterial catheter, it 

must be continually flushed. Numerous additives have been proposed 

to achieve this aim, including heparin (the most commonly used),  

sodium citrate, papaverine, and normal saline. The infusion of heparin 

through the arterial catheter has been shown to be more effective than 

normal saline in maintaining patency and/or arterial pressure mea-

surements. However, a recent Cochrane review revealed clinical and 

statistical heterogeneity in the seven studies and 606 patients included 

and prevented the definitive demonstration of an advantage to heparin 

over normal saline.8 When used, the concentration of heparin in the 

arterial line flush is usually less than 10 units/mL, with 1 unit/mL being 

common. Concentrations as low as 0.25 unit/mL, infused at 3 mL/h, 

are efficacious.

Sodium citrate (1.4% solution) has been suggested as a flush solu-

tion that avoids the potential complications associated with the use of 

heparin and has been found to be equally effective. Papaverine is an 

additional alternative. Dextrose-containing solutions are not recom-

mended for flushing the arterial line.5

The use of flush solutions, although beneficial, is associated with 

potential complications, mainly in their effect on blood test samples 

obtained through the arterial line, as described later. However, infu-

sion of the wrong flush solution—including potassium-containing 

solutions, x-ray contrast, antibiotics, and others—can also lead to 

complications.9 Using the wrong solution has been reported in 30% 

of ICUs.10

COMPLICATIONS

The cumulative experience with arterial lines in patients in ICUs is 

huge; therefore there is a considerable body of literature concerning 

complications. Overall, major complications are rare—15/17,840 

(0.084%) in one study.11 Complications are associated with the intro-

duction and maintenance of a cannula in the artery and with its use. 

Common complications have been collected into series, whereas indi-

vidual case reports describe a wide spectrum of rarer occurrences. The 

more common complications are described.

Vascular and Local Complications
Vascular and local complications vary from the clinically mild (small 

hematoma formation, insignificant bleeding) to catastrophic (per-

manent ischemic limb damage). A summary of 78 studies concerning 

the incidence rates for vascular and local complications of radial, 

femoral, and axillary arterial lines has been published and is sum-

marized in Table E4.1.12 Temporary arterial occlusion is common for 

all sites; the smaller radial artery is at greater risk than the larger 

femoral and axillary arteries. Arterial occlusion occurs in part as a 

result of mechanical obstruction of the artery by the cannula and in 

part by the formation and propagation of thrombus. Despite its high 

incidence, arterial occlusion is not detrimental in the majority of 

cases.12 The arteries recannulize rapidly (within a week),13 and per-

manent ischemic sequelae of arterial cannulation are, fortunately, 

rare.12 Attempts have been made to correlate a wide variety of factors 

with increased risk of arterial obstruction, and some of these are 

summarized in Box E4.2. The use of Teflon catheters has been associ-

ated with a decreased risk of arterial thrombosis, whereas outcome is 

independent of the age of the patient.
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Fig. E4.2 Calculation of natural frequency and damping coefficient. (Adapted from Gardner RM. Direct 

blood pressure measurement—dynamic response requirements. Anesthesiology. 1981;54:227–236.)
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Erroneous Blood Test Results
In 2008 the United Kingdom National Patient Safety Agency reported 

on two deaths related to erroneous results from blood tests obtained 

from the arterial catheter. In one of these, the arterial flush solution 

was changed from 0.9% sodium chloride solution to 5% glucose. Arte-

rial blood glucose evaluations increased, and in parallel the insulin 

dose increased. After the patient lost consciousness, blood was sent to 

the laboratory, and a glucose concentration of 0.1 mmol/L was de-

tected. The patient never regained consciousness.9 A second similar 

case report was published in 2013.16

As reflected in these cases, the most common cause of an unreliable 

blood test result is either dilution or contamination of the sampled 

blood with flush fluid. In addition to glucose measurements, removal 

of inadequate “dead space” from the arterial line setup before obtain-

ing blood for hemoglobin estimation may lead to a diluted sample and 

a falsely low hemoglobin level, and if heparin from the flush solution 

is introduced into a test of the activated partial thromboplastin time 

(aPTT), this test will be markedly prolonged. Heparin in higher con-

centrations may also artifactually decrease the pH and arterial partial 

pressure of carbon dioxide (PaCO2)? measurements. If sodium citrate 

is used in the flush solution and inadvertently introduced into blood 

samples, spurious hypocalcemia and a low pH might be reported along 

with increased glucose.17

The solution to the problem of flush contamination lies in the 

withdrawal of an adequate dead space of flush solution and diluted 

blood before obtaining the blood for testing. The interaction between 

heparin in the flush solution and the measurement of aPTT is particu-

larly problematic and has been repeatedly studied in an attempt to 

determine the minimum dead-space volume required to obtain a reli-

able test result.18 Five to six times the tubing volume from the artery to 

the sampling three-way tap (i.e., the dead-space volume) should be 

withdrawn before the blood for this test to obtain a reliable result.

Whether this dead-space volume should be discarded or returned 

to the patient depends mainly on maintenance of sterility and speed of 

sampling. Sterility can be maintained using a closed system, such that 

the dead-space blood is maintained in an internal reservoir. Specially 

designed systems exist with internal reservoirs; however, a simpler 

double-tap arrangement has also been described. In this system, an 

extra three-way tap is added distal (i.e., farther away from the patient) 

to the sampling port. A syringe is attached to the extra three-way tap. 

The dead-space blood is drawn into this syringe, and the blood sample 

is taken from the more proximal (i.e., closer to the patient) tap. After 

blood sampling, the dead-space blood can be returned.

Blood cultures obtained from the arterial line represent another 

test in which results might be compromised. The sensitivity of cultures 

Site Temporary Occlusion Hematoma Bleeding Permanent Ischemic Damage Pseudoaneurysm

RADIAL
% 19.7 14.4 0.53 0.09 0.09

N 4217 2903 375 4217 15,623

FEMORAL
% 1.45 6.1 1.58 0.18 0.3

N 688 461 316 1664 2100

AXILLARY
% 1.18 2.28 1.41 0.2 0.1

N 930 744 711 989 1000

TABLE E4.1 Vascular Complications of Arterial Lines per Site

Use of smaller arteries (radial and dorsalis pedis vs. femoral or axillary12)

Large catheter size

Multiple insertion attempts

Presence of hematoma

Female sex

Preexisting peripheral vascular disease

Prolonged shock

Use of vasoconstrictor drugs

BOX E4.2 Factors Associated With 
Increased Risk of Arterial Obstruction

Catheterization of the brachial artery is generally not recom-

mended because of potentially severe complications. These include 

forearm ischemia (secondary to mechanical obstruction of the artery 

by the catheter and/or thrombus), compartment syndrome (described 

in case reports14), and damage to the median nerve (from either isch-

emia, direct mechanical trauma, or pressure secondary to a hema-

toma). Anticoagulation has been associated with a number of these 

complications14 and represents a relative contraindication.

Despite the widespread recommendation not to cannulate the bra-

chial artery, its use has been reported in 3% of ICU patients and up to 

20% of operating room patients.4 Wider experience has been described 

in other specialties (e.g., angiography, single puncture for blood gases, 

and long-term access to the arterial circulation) and provides an indica-

tion of potential complication rates. In a study of 10,500 patients under-

going cardiac angiography via the brachial artery, surgical intervention 

was required for 0.57%, most commonly because of hand ischemia. The 

incidence of median nerve damage after cardiac catheterization via the 

brachial artery is 0.2%–1.4%, whereas vascular angiography performed 

through the brachial artery in 1326 patients was associated with a bra-

chial artery thrombosis rate of 0.28% for men and 1.24% for women.15 

Long-term cannulation of the brachial artery has been described in a 

study of 225 transbrachial intrahepatic cannulas (in situ for up to 14 

months) and was associated with diminished radial pulses in 88 (39%) 

patients and ischemic symptoms of the forearm in 16 patients (8%). 

Brachial artery thrombosis had an incidence of 1.7%.

In clinical practice, the territory supplied by an artery that has been 

cannulated should be closely monitored. Pain, weakness, changes in 

sensation, pallor, or decreased temperature all suggest compromised 

arterial blood flow and should prompt the immediate removal of the 

arterial cannula. Usually removing the catheter will be sufficient to 

restore adequate blood flow.

  

 



1370.e77CHAPTER E4 Arterial Cannulation and Invasive Blood Pressure Measurement

drawn in this way is similar to or slightly higher than that of blood 

cultures obtained by venipuncture; specificity, however, is lower.19,20 

The lower specificity presumably reflects introduction of organisms 

into the culture bottles from the three-way tap or the catheter itself.

Anemia
The ease with which blood specimens can be obtained from the arterial 

line and the requirement for frequent testing in critically ill patients 

may lead to the removal of considerable volumes of blood. The effect of 

an arterial line in increasing blood test use was first reported in 1986.  

In this study, patients with an arterial line in the ICU had blood drawn 

3.4 times per day, leading to blood loss of 41.5 mL per day and a total 

of 762 mL. This was in contrast to non-ICU patients without an arterial 

line who had blood drawn 1.1 times per day, 12.4 mL/day, and a total of 

175 mL for their whole admission. Despite efforts to reduce iatrogenic 

blood loss, similar findings were published in 2015.21 Among 1894 car-

diac surgery patients, the median phlebotomy volume remained high at 

332 mL (vs. 118 mL for ward patients).21 Phlebotomy contributes to the 

development of anemia among ICU patients and has been implicated 

as a cause for blood transfusions. Relatively simple steps can reduce the 

blood loss associated with tests. Such steps include return of dead-space 

blood (as described earlier), use of pediatric-sized sample tubes, com-

munication with the various laboratories to define the minimal blood 

volume required for various tests,22 and point-of-care testing. Despite 

their simplicity, these steps are infrequently employed.23

Heparin-Induced Thrombocytopenia
The use of heparin can be associated with a syndrome of thrombocy-

topenia and thrombotic events usually appearing after approximately 

5 days of heparin therapy.24 Heparin-induced thrombocytopenia 

(HIT) is thought to be mediated by immunoglobulin G (IgG) antibod-

ies that develop in response to immunization against the heparin/

platelet factor 4 (PF4) complex; these are called HIT antibodies.24 The 

attachment of these antibodies to the heparin/PF4 complex on the 

platelet surface activates the platelets and induces thrombosis. Both 

venous and arterial thrombi can occur. The presence of HIT antibodies 

does not, however, inevitably lead to thrombotic episodes. For exam-

ple, up to 50% of cardiac surgery patients develop HIT antibodies, but 

thrombotic events are relatively rare (2%–3%).25 The diagnosis of the 

HIT syndrome is therefore based on the presence of the antibodies, 

thrombocytopenia, and thrombotic events.24

The overall incidence of this syndrome is reported to be approxi-

mately 5%. It is more common in women than in men24 and in surgi-

cal as compared with medical26 or obstetric patients27 and is also more 

common after the use of unfractionated heparin than low-molecular-

weight heparin.24 A single dose of heparin is sufficient to induce HIT,28 

and the presence of as little heparin as that found bound to heparin-

coated central venous catheters may be sufficient to sustain the im-

mune response. The development of HIT antibodies has been linked 

with the administration of heparin in intravascular device flushes and 

also with low doses of heparin used in arterial flush solutions.

Treatment for HIT syndrome includes the cessation of administra-

tion of all sources of heparin, including those in the line flush solu-

tions. The use of other anticoagulants for thrombotic episodes is rec-

ommended. Removing heparin from flush solutions also may be 

indicated in the presence of HIT antibodies and thrombocytopenia 

before any thrombotic events.24

After the decline in HIT antibody levels, the short-term use of 

heparin for certain indications (e.g., cardiac surgery) is considered ac-

ceptable.24 It is prudent, however, to avoid heparin in the arterial line 

for patients with a history of HIT until further evidence of the risk of 

repeated episodes of HIT becomes available.

Infection
A patient may develop a bloodstream infection from the arterial line 

by one of three main routes. Infections have been introduced via in-

fected equipment, such as reusable transducer domes or infected flush 

solutions; however, with the advent of disposable equipment and im-

proved flush systems, the significance of this route of infection has 

declined. Two potential routes of infection remain: from the skin 

puncture site along the catheter and through the three-way taps.5,29 

The predominant organisms associated with arterial line infection are 

gram-positive cocci (Staphylococcus aureus and Staphylococcus epider-

midis), although gram-negative rods may also be found.13

Defining a precise rate of infection for the arterial line is not straight-

forward, because a multiplicity of definitions of catheter-related blood-

stream infections is used in different studies, and variables have not been 

standardized among studies. Clinical, research, and surveillance criteria 

exist for defining catheter-related infection. Clinical criteria include 

presence of signs of infection (e.g., fever, increased white blood cell 

count) associated with an arterial line in place longer than 96 hours with 

signs of local infection and no other source of sepsis. Whereas these 

criteria might be useful in clinical practice, they are too broad for re-

search purposes. Surveillance criteria, such as those defined by the Cen-

ters for Disease Control and Prevention (CDC), include any significant 

bloodstream infection in the presence of a vascular catheter and no 

other source of sepsis.5 This definition overestimates the incidence of 

catheter-induced bloodstream infection because it includes bloodstream 

infection from occult sources other than intravascular lines.5 Research 

criteria can include the use of arterial line tip cultures (often quantitative 

or semiquantitative), usually correlated to venous blood culture results. 

Combinations of these definitions have been employed.13

With regard to arterial line variables, virtually every aspect of 

line insertion and maintenance (for either central venous or arterial 

catheters) has been examined for an effect on infection rate. Factors 

that have been evaluated include type of skin preparation solution 

used,30 insertion site, dressing type and care,5,29,31 arterial catheter 

length, site of insertion, catheter material, type of flush solution, 

and frequency of set changes (Box E4.3). Consistency is not found 

in the results of all these studies, and not all these factors have  

been standardized from study to study, possibly confounding direct 

comparisons.

Despite this variability, a meta-analysis reported that the rate of 

bloodstream infections related to arterial lines was 1.7 infections/1000 

Increased Risk

Cutdown technique versus percutaneous insertion

Duration of cannulation .96 hours

Axillary artery site

Frequent arterial line set changes

Decreased Risk

Teflon catheters (vs. polyvinyl chloride)

Heparin (in central venous pressure and pulmonary artery catheters)

Use of chlorhexidine-containing skin preparation solutions

Factors not associated with a change in infectious risk

Femoral versus radial artery insertion site

Dorsalis pedis versus radial artery insertion site13

Duration of catheterization .96 hours

Systemic antibiotic prophylaxis before insertion

BOX E4.3 Factors Potentially Associated 
With a Change in the Infectious Risk of the 
Arterial Line5
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catheter-days and that 1.5/100 arterial catheters was found to cause a 

bloodstream infection.32 These rates compared with 2.7 infec-

tions/1000 catheter-days and 3.6 infections/100 catheters for unmedi-

cated central venous catheters (CVCs), 0.2 and 0.2 for antiseptic-

coated CVCs, and 2.5 and 4.3 for antibiotic-coated CVCs.32 The 

implication is that the infection rate associated with arterial catheter-

ization is higher than generally assumed and may be higher than for 

the newer types of CVCs.

The CDC summarized these diverse findings into these recommen-

dations: use the radial, brachial, or dorsalis pedis sites rather than 

femoral or axillary arteries; use a minimum of cap, mask, sterile gloves, 

and a small sterile fenestrated drape for peripheral artery insertion and 

full sterile barrier precautions for axillary and femoral sites; use .0.5% 

chlorhexidine in 70% alcohol for skin preparation; do not change arte-

rial catheters routinely; change the pressure monitoring sets and trans-

ducers every 96 hours; and do not use dextrose in the flush solution.5 

Despite these recommendations, and particularly the requirement for 

sterile precautions, less than half of physicians replying to a web-based 

survey adhered to them, indicating a need for education surrounding 

arterial catheter insertion.33

In clinical practice, it is unlikely that an arterial cannula present for 

less than 96 hours is the cause of an infection. If the arterial line has 

been present for more than 96 hours and no other source of sepsis is 

identified, strong consideration should be given to removing or replac-

ing the arterial catheter. The presence of redness or pus at the arterial 

cannula introduction site should further increase the index of suspi-

cion of an arterial line–related infection.

Finally, in view of these potential complications, the benefit of arte-

rial cannulas in the ICU has begun to be questioned. Needless to say, 

there are no randomized controlled studies showing mortality benefit 

or harm from arterial cannulation. A recent retrospective study in a 

well-defined but limited population of hemodynamically stable pa-

tients with respiratory failure showed no difference in 28-day mortal-

ity.34 This study has led to calls to reassess the necessity for arterial 

cannulation in the ICU population in a similar manner to the assess-

ments performed on pulmonary artery catheters.

• The common sites of arterial line insertion are the radial, femoral, and dorsa-

lis pedis arteries. These arteries are superficial; covered only by skin, fascia, 

and fat; and are easily compressible.

• The arterial line can be inserted using a simple catheter-over-needle arrange-

ment (with or without a guide wire) or a set based on the Seldinger technique.

• Guide wires should only be used when backflow of blood is present to avoid 

arterial damage.

• Doppler or ultrasound can be helpful for difficult line insertion.

• Errors in pressure measurement can arise from incorrect zeroing, overshoot, 

or damping.

• When zeroing, the height difference between the arterial puncture site and 

the transducer must be taken into account.

• Overshoot and damping affect the systolic blood pressure more than the dia-

stolic or mean pressure.

• The fast flush test can be used to assess underdamping or overdamping.

• Low-concentration heparin is the most common arterial line flush solution. 

Sodium citrate, papaverine, and saline have been used.

• Arterial obstruction is very common after catheter insertion, although rarely 

detrimental.

• Obstruction may be mechanical from the catheter or result from thrombosis.

• Small arteries, female gender, and shock are risk factors for thrombosis.

• Pain, weakness, changes in sensation, pallor, or decreased temperature 

should prompt immediate catheter removal.

• The majority of blood tests obtained from the arterial line will be accurate.

• The type of flush solution used may interfere with certain tests.

• Particular care should be taken when interpreting the aPTT and blood culture 

results in samples drawn from the arterial line.

• Five to six times the dead-space volume might be required for accurate tests, 

which may be reinfused with appropriate precautions.

• Anemia can result from the volumes of blood drawn from the arterial line. 

Simple steps can reduce this blood loss.

• HIT is a syndrome defined by thrombocytopenia and thrombotic events in the 

presence of PF4 complex antibodies.

• Even very small doses of heparin can induce or maintain HIT. All sources of 

heparin should be removed if HIT is suspected, including from arterial line flush.

• The rate of bloodstream infections related to the arterial line has been esti-

mated to be 1.7 per 1000 catheter-days, whereas 1.5 in 100 arterial catheters 

cause infection.

• Insertion technique, duration of cannulation, site, insertion site, and fre-

quency of set changes have all been related to an increased infection risk.

• Comparisons of studies relating to infectious risk are difficult because of dif-

fering definitions of infection and study methodology.

• The CDC recommends the following: Use a .0.5% chlorhexidine in 70% 

alcohol solution for skin cleaning, do not change arterial catheters routinely, 

change the pressure monitoring sets and transducers every 96 hours, and do 

not use dextrose-containing flush solution.

KEY POINTS

ANNOTATED REFERENCES

Martin C, Saux P, Papazian L, et al. Long-term arterial cannulation in ICU pa-

tients using the radial artery or dorsalis pedis artery. Chest. 2001;119:901–906.

This is a prospective observational study examining the complications of dor-

salis pedis artery (DPA) (131 patients) versus radial artery (RA) cannulation 

(134 patients) in consecutive groups of patients. The study showed that arte-

rial occlusion was very common (present to some degree in 63% of the DPA 

patients and 76% of the RA patients) but clinically asymptomatic.

O’Grady NP, Alexander M, Burns LA, et al. Guidelines for the prevention of in-

travascular catheter-related infections. Clin Infect Dis. 2011;52:e162–e193.

An overview is presented of catheter-related infections, both venous and arte-

rial, including epidemiology, pathogenesis, strategies for prevention, and spe-

cific recommendations from the CDC.

Vincent JL, Baron JF, Reinhart K, et al. Anemia and blood transfusion in criti-

cally ill patients. JAMA. 2002;288:1499–1507.

An investigation of anemia and blood transfusion in ICU patients,  

including an examination of phlebotomy for blood tests, is explored. A total 

of 41.1 ± 39.7 mL (mean ± SD) blood was withdrawn per day from ICU pa-

tients on 4.6 ± 3.2 occasions. There was a correlation between severity of ill-

ness and quantity of blood drawn.

Warkentin TE. Heparin-induced thrombocytopenia in critically ill patients. 

Semin Thromb Hemost. 2015;41:49–60.

This is a recent broad review of the pathophysiology, epidemiology, clinical 

features, and treatment of HIT.
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Bedside Pulmonary Artery Catheterization

Jean-Louis Vincent

E5

• Connectthedistal lumentothepressure-monitoringsystem,and
flushalllumenswithsterilesalinesolution.

• Zero-referencethepressuretransducertothemid-chestposition.
• Slidetheprotectivesleeveontothecathetertomaintainsterilityfor

furthermanipulations.
• Placethesterilefield.
• Givelocalanesthesia.
• Insert the introducer into a central vein, preferably the internal

jugularorsubclavian,usingtheSeldingertechnique.
• Passthecatheterthroughthehemostaticvalveoftheintroducer.
• Inflatetheballoononcethecathetertiphaspassedabout15cm.
• Advance the catheter for another 15 cm. It should pass into the

rightventricle(RV)andgiveanRVpressurewaveform(Fig.E5.1).
• AdvancethecatheterfarthertopassintothePAandfinallytoob-

tainaPAOPwaveform.
• OnceaPAOPwaveformhasbeenobtained,deflatetheballoonto

returntothePAwaveform.
• Oncethecatheterisinplace,checkthepositionwithachestradio-

graph.Inthevastmajorityofcases,thetipisintherightlung.The
tipshouldbewithin2cmofthecardiacshadow.

• Allpressuresshouldbemeasuredatendexpiration,whenalveolar
pressureshouldbeclosesttoatmosphericpressure.

Procedural Precautions
• AlwayshavethePAtracedisplayedonthemonitor.
• Neverwithdrawthecatheterwithoutfirstdeflatingtheballoon.
• Donotinsertlargelengthsofcatheterwithoutobservingapressure

change,becausethismaneuvermayleadtoloopingandknottingof
thecatheter.

• TheremaybedifficultiesinreachingtheRVorPAasaresultofRA
or RV dilatation, tricuspid regurgitation, or abnormalities of the
centralveins.Anoptionmaybe toadvance thecatheterwith the
balloonpartiallydeflatedduringinspiration,repositioningthepa-
tientinahead-uporrightlateralposition,orflushingthecatheter
withicedsalinetomakeitmorerigid.

• IfthePAOPtraceisobtainedwhentheballoonisinflatedwithless
than1mLofair,or if thereisaprogressiveelevationofpressure
whentheballoonisinflated(“overwedging”),thecathetertipistoo
advanced and should be withdrawn by a few centimeters to de-
creasetheriskofPArupture/infarction.

AFTER THE PROCEDURE

Postprocedure Care
• ThePACcanbekeptinsituforseveraldaysbutshouldberemoved

assoonasitisnolongerrequiredforpatientcare.
• Balloonrupturecanbeidentifiedbyfailuretowedgeandfailureof

thesyringeplungertospontaneouslydeflatetheballoon.

BEFORE THE PROCEDURE

Indications
• Need for continuous monitoring of pulmonary artery (PA) and

rightatrial(RA)pressures,cardiacoutput,andmixedvenousoxy-
gensaturation(SvO2),providingthat:
• Thedatacollectedwillhelpinthemanagementofthepatient
• Thesamemeasurementscannotbereliablyobtainedbya less

invasivemethod

Contraindications
• Absolutecontraindications:

• Tricuspidorpulmonaryvalveendocarditis
• Relativecontraindications:

• Tricuspidorpulmonaryvalvemechanicalprosthesis
• Rightheartmass(thrombusand/ortumor)
• Completeleftbundlebranchblock(riskofcompleteheartblock)

Equipment
• Sterilegowns,gloves,andmask
• 8Fto9Fgaugeintroducer
• Sterilesalinesolutionforflushing
• Volume-limitedsyringeforpulmonaryarterycatheter(PAC)balloon
• Pressuremonitortransductionsystemandconnectortubing

ANATOMY

TheinflatedballoonofthePACfacilitatesthecatheterprogressionthrough
abranchof thePA.Thedistal lumenof thePACmeasures thepressure
downstream.Itisassumedthatthereisacontinuouscolumnofbloodbe-
tween thedistal lumenand the leftventricle (LV), and therefore thePA
balloon-occludedpressure(PAOP)isequaltoleftventricularend-diastolic
pressure(LVEDP).PAOPreflectsthepressurewherethenonflowingblood
(intheobstructedvessel) joinsthebloodflowingfromthenonoccluded
branchesofthepulmonaryartery.PAOPisactuallyintermediatebetween
pulmonarycapillarypressureandleftatrial(LA)pressure.Therearecondi-
tions,however, inwhich this theoretical continuous columnofblood is
interrupted,andinthesecircumstancesPAOPnolongerreflectsLVEDP.

PROCEDURE

SeeVideoE5.1.
• Checkthepatient’selectrocardiogram(ECG),coagulationprofile,

andserumelectrolytepanel.Oneshouldconsidercorrectingmajor
clotting disorders. If the patient already has a temporary pace-
maker, it may be better to place the catheter under radiographic
guidancetoavoiddislodgingthepacemaker.

• Inflatethecatheterballoonasatestbeforecatheterinsertion.
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Interpretation of Measured Pressures
SeealsoTableE5.1.
• ThePAwaveformhas a systolic anddiastolicpressurewithadi-

croticnotchcorrespondingtoclosureofthepulmonaryvalve.
• The PAOP, like the central venous pressure (CVP), has a venous

waveformwitha,c,andvwavescorrespondingtoLAcontraction,
closureofthemitralvalve,andpassiveLAfilling,respectively.

• Theawavecoincideswiththepointofmaximalfillingof theLV
andisthereforethevaluethatshouldbeusedformeasurementof
LVEDP. A large-amplitude a wave with an increase in measured
PAOPsuggestsLVischemiaanddecreasedventricularcompliance.

• AlargevwaveonthePAOPtracerepresentsmitralregurgitationor
anacutevolumeloadtotheLA,asoccurswithseptalrupture.The
PAOPlevelshouldbemeasuredwithoutconsiderationforthisvwave.

• TheRApressurewaveformcanlooklikeanRVwaveformifthere
issignificanttricuspidregurgitation.

• Incardiactamponade,RApressureandPAOParehighandsimilar,
astheyequilibratewithpericardialpressures.

• A“dip-and-plateau”waveformmaybeseenintheRVpressuretrac-
inginconstrictivepericarditis,restrictivecardiomyopathy,RVin-
farction,andmassivepulmonaryembolism.Thispatterniscaused
byimpairedventricularfillingduringdiastole.

Measurement of Cardiac Output With the PAC
• Cardiacoutputismeasuredusingthermodilution.
• Measurementisbasedontheindicator dilution principle:whenan

indicatorsubstanceisaddedtoastreamofflowingblood,theflow
rateisinverselyproportionaltothemeanconcentrationofthein-
dicator at a downstream site. In the case of thermodilution, the
indicatorusedistemperature,usingathermalfilamenttogenerate
heat(warmthermodilution).

• Theoldtechniqueincludedbolusinjectionsof5%dextrosesolu-
tionorsalineinjectedthroughtheproximalportofthePAC.The

thermistorproximaltotheballoonthenrecordedthetemperature
changeinthePA,andatemperature-timecurvewasdisplayed.

• Today,cathetersprovideasemicontinuousmethodinwhichather-
malfilamentismountedonthePAC14–25cmfromthetip.The
filamentintermittentlygeneratespulsesofheat,andthetempera-
turechangeisrecordedbythethermistorinthePA.Thesepulsesof
heatarepseudorandomtominimizetheinfluenceofothersources
of temperature change such as infusions or respiratory fluctua-
tions. The cardiac output is updated every 30–60 seconds and is
time-averagedovertheprevious3–6minutes.

Complications
ComplicationsthatareuniquetothePACandnotjusttheresultofin-
sertionofacentralvenouscathetercanbedividedintothosecausedby
placementandthelonger-termcomplicationscausedbyitspresence:
• Placement

• Common
• Arrhythmias,mostcommonlyprematureatrialorventricu-

larcontractionsthatareself-limitingandcanoccuronin-
sertionorwithdrawalofthecatheter.

• Rare
• Knottingofthecatheter;aknotgenerallycanberemovedby

placingaguidewirethroughthePACtoundothelooporby
pullingthelooptightagainsttheintroducersheathandre-
movingthewholeunit.

• Tricuspidpulmonaryregurgitationorchordaetendineaerupture
canoccurifthecatheteriswithdrawnwiththeballooninflated.

• Presenceofthecatheter
• Common

• Arrhythmias,mostcommonlyprematureatrialorventricu-
larcontractionsthatareself-limitingandcanoccuronin-
sertionorwithdrawalofthecatheter.

• Catheter-relatedinfections.

CVP/RAP PAP PAOP Interpretation

Low/normal Low/normal Low/normal Normal

Low/normal High High Left heart failure (good right heart function)

Normal/high High Low Pulmonary hypertension (e.g., COPD, ARDS, pulmonary embolism)

High High High Hypervolemia (high CO)

Global heart failure (low CO)

Tamponade (low CO)

TABLE E5.1 Interpretation of the Measured Pressure Variables

Right atrium Right ventricle Pulmonary
artery

Pulmonary artery
occluded

Fig. E5.1 Pressure Traces as the Pulmonary Artery Catheter is Advanced.

ARDS,

 

Acute respiratory distress syndrome;

 

CO,

 

cardiac output;

 

COPD,

 

chronic obstructive pulmonary disease;

 

CVP, central venous pressure;

PAOP, pulmonary artery occlusion pressure;

 

PAP, pulmonary artery pressure.
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• Rare
• Pulmonary infarctioncausedbycatheter-related thrombo-

embolism,obstructionofthepulmonarybloodflowbythe
cathetertip,orprolongedinflationoftheballoon.Itisusu-
allywithoutconsequences.

• Endocarditis.
• PAruptureoccursinlessthan0.1%ofcasesbutisassociated

withamortalityofgreaterthan30%.Warningsignsinclude
hemoptysis,withshadowingon thechest radiograph.Diag-
nosis is confirmed by pulmonary angiography. Treatment
consists of embolization or thoracotomy. Factors increasing
the risk of rupture include pulmonary hypertension, ad-
vanced age, hypothermia, coagulation disorders, and distal
positioningofthecatheter.

ANNOTATED REFERENCES

DeBackerD,VincentJL.Thepulmonaryarterycatheter:isitstillalive?Curr 

Opin Crit Care.2018;24:204–208.
Provides an update on the question.

RajaramSS,DesaiNK,KalraA,etal.Pulmonaryarterycathetersforadult
patientsinintensivecare.Cochrane Database Syst Rev.2;CD003408.
A good review of the available data.

SotomiY,SatoN,KajimotoK,etal.Impactofpulmonaryarterycatheteron
outcomeinpatientswithacuteheartfailuresyndromeswithhypotension
orreceivinginotropes:fromtheATTENDRegistry.Int J Cardiol.
2014;172:165–172.
A study supporting the use of the PAC.

SwanH,GanzW,ForresterJ,etal.Catheterisationoftheheartinmanwith
useofaflow-directedballoontippedcatheter.N Engl J Med.
1970;283:447–451.
The original description of the PAC.

VincentJL.Thepulmonaryarterycatheter.J Clin Monit Comput.2012;26:
341–345.
A review on use of the PAC.

VincentJL,PinskyMR,SprungCL,etal.Thepulmonaryarterycatheter:in
mediovirtus.Crit Care Med.2008;36:3093–3096.
A discussion on the appropriate use of the PAC.

KEY POINTS

• Benefits of bedside PAC remain controversial, and insertion of a PAC can-

not, per se, improve patient survival.

• PACs should not be inserted routinely but only in patients in whom the data 

collected will help in the patient’s management and the same measure-

ments cannot be obtained by a less invasive method.

• To be beneficial, data from the PAC must be collected, interpreted, and ap-

plied correctly.
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Cardioversion and Defibrillation

Raúl J. Gazmuri

anterior electrode placed over the precordium and the posterior elec-

trode at the left infrascapular location. For internal cardioversion or 

defibrillation, specially designed paddles are applied directly to the 

epicardial surface of the ventricles.

PROCEDURE

See Videos E6.1 and E6.2.

For external elective cardioversion, many of the following steps 

may have to be shortened or circumvented in hemodynamically 

unstable patients (especially if unconscious), requiring rapid ter-

mination of life-threatening arrhythmia (e.g., ventricular fibrilla-

tion or pulse ventricular tachycardia as part of cardiopulmonary 

resuscitation).

• Admitthepatienttoanappropriatelyequippedhospitalareawith
the capability for monitoring cardiac rhythm, oxygenation, and 

vital signs, along with airway management and cardiopulmonary 

resuscitation.

• Fastthepatientovernightorforatleast6–8hours.
• Establishvascularaccess.
• Obtainanelectrocardiogram.
• For sedation,considerusinga short-actinganestheticagent (e.g.,

midazolam, propofol, or etomidate) under the care of an anesthe-

siologist or similarly privileged anesthesia provider and adequate 

supportivepersonnel.Analternativetoanesthesiaismoderatese-

dation, in which the patient maintains consciousness but in a som-

nolent state. This has the advantage that it can be given by trained 

physicians without an anesthesiologist present.

• Attachmonitorleadstothepatient,andensureproperdisplayof
the patient’s rhythm.

• Place electrodes properly separated (as described under “Anat-
omy”).Applycouplinggelifusingpaddles;avoidsmearingthegel
over the chest wall to prevent current traversing superficially 

through the chest. In patients with permanent pacemakers or im-

plantable cardioverter-defibrillators, place electrodes away from the 

device generator to avoid device malfunction. Consider reevaluat-

ing pacing thresholds in patients with permanent pacemakers and 

interrogation of implantable cardioverter-defibrillator function af-

ter cardioversion.

• Engagethesynchronizationmode,andidentifymarkersontheR
wavesindicatingadequateR-waverecognition.Ifnecessary,adjust
thegainofthemonitoruntilmarkersappearoneachRwave.

• Selecttheenergyleveltodeliverthenecessarycurrentbasedonthe
patient’swaveform,age,andarrhythmia.Organizedrhythmswith
a simple reentry circuit (e.g., atrial flutter and monomorphic ven-

tricular tachycardia) usually require less current than more com-

plex rhythms (e.g., atrial and ventricular fibrillation).

• Pressthechargebuttonontheunitorpaddles.

BEFORE THE PROCEDURE

Indications
• Emergencyre-establishmentofanorganizedelectricalrhythm

• Hemodynamicallyunstablepolymorphicventriculartachycardia
• Ventricularfibrillation
• Pulselessventriculartachycardia
• Narrow or wide QRS complex tachycardia (ventricular rate

.150) associated with hemodynamic instability, chest pain, or 

pulmonary edema

• Electivereestablishmentofsinusrhythm
• Atrialfibrillation
• Atrialflutter
• Hemodynamically stable ventricular tachycardia unresponsive

to medical treatment

• Others

Contraindications
• Specific advance directives (e.g., do not attempt resuscitation for

cases of ventricular fibrillation)

• Digitalistoxicity–associatedtachycardia
• Sinustachycardiacausedbyvariousclinicalconditions
• Rhythms not responsive to electric shock (e.g., multifocal atrial

tachycardia)

• Atrialfibrillationoratrialflutterwithoutproperanticoagulationor
exclusion of atrial thrombi

Equipment
• Automatedexternaldefibrillatorormanualdefibrillator
• Properage-adjustedpadsorpaddles

ANATOMY

The heart is located behind the sternum. Its base is at the level of the 

third intercostal space immediately to the right of the sternum, and its 

apexisatthelevelofthefifthintercostalspaceinferiorandusuallyjust
medial to the nipple. External cardioversion or defibrillation is at-

tempted by delivering one or more electric shocks through the chest 

cavity for the purpose of passing an electric current of sufficient en-

ergy through the heart muscle to fully depolarize the atria (e.g., atrial 

fibrillation or atrial flutter) or the ventricles (e.g., ventricular fibrilla-

tion or ventricular tachycardia). Cardioversion should enable the natu-

ral or artificial cardiac pacemaker to resume control of the cardiac 

rhythm. Electrodes (paddles or pads) can be positioned on the anterior 

chest wall, with one electrode below the right clavicle lateral to the 

sternum and the other electrode below the breast tissue along the 

midaxillary line. Electrodes (e.g., pads or paddles that are more diffi-

cult) can also be positioned in an anteroposterior position, with the 
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• Ifusingpaddles,applyapproximately12kgpressuretoeachpaddle.
• Pressthedischargebuttonontheunitorpaddlessimultaneously.
• Checkthemonitor.Ifthearrhythmiapersists,increasetheenergy

level according to the protocol for the specific rhythm.

• Reset the synchronization. Most units default to the unsynchro-

nized mode, allowing immediate defibrillation if ventricular fibril-

lation ensues.

• Repeattheshockuntiltheconversionofthearrhythmiaorcomple-

tion of the protocol.

• Deliverunsynchronizedshocksonlyforventricularfibrillationor
pulseless ventricular tachycardia.

AFTER THE PROCEDURE

Postprocedure Care
• Obtainanelectrocardiogram.
• Assesshemodynamicandrespiratorystatus.
• Observethepatientuntiltherecoveryfromanesthesiaorsedation

is complete.

• Considerhospitaldischargeiftheprocedurewaselective.

Complications
• Cardioversionanddefibrillationarerelativelysafeprocedureswith

infrequent complications that may include:

• Inductionofventricularfibrillationiftheelectricshockisim-

properly synchronized

• Transientconductionabnormalities
• Myocardialdysfunction(afterhigh-energyandrepetitivedeliv-

ery of electric shocks)

• Releaseofcardiacenzymes
• Pulmonaryedema
• Embolizationofthrombiformedwithinthecardiacchambers

(e.g., atrial fibrillation and flutter)

• Respiratorydepressionassociatedwithanesthesiaorsedation

ANNOTATED REFERENCES

DosdallDJ,FastVG.IdekerRE.Mechanismsofdefibrillation.Annu Rev Bio 

Med Eng.2010;12:233–258.
LinkMS,AtkinsDL,PassmanRS,etal.Part6:Electricaltherapies:automated

external defibrillators, defibrillation, cardioversion, and pacing: 2010 

AmericanHeartAssociationguidelinesforcardiopulmonaryresuscitation
and emergency cardiovascular care. Circulation.2010;122:S706–S719.

NolanJP,SoarJ.Defibrillationinclinicalpractice.Curr Opin Crit Care. 

2009;15:209–215.
NusairM,FlakerGC,ChockalingamA.Electriccardioversionofatrialfibrilla-

tion. MO Med.2010;107:59–64.

KEY POINTS

• Sinus rhythm will be restored in a high percentage of patients.

• Underlying conditions may predispose certain patients to a recurrence of 

arrhythmias.

• Early defibrillation of ventricular fibrillation is associated with improved 

survival.
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Transvenous and Transcutaneous  
Cardiac Pacing

Raúl J. Gazmuri

PROCEDURE

Transvenous Temporary Pacing
See Video E7.1.

• Admitthepatienttoanappropriatelyequippedhospitalareawith
the capability for monitoring cardiac rhythm, oxygenation, and
vital signs, alongwithairwaymanagementandcardiopulmonary
resuscitation.

• Obtaina12-leadelectrocardiogram(ECG).
• Attachmonitorleadstothepatient,andensureproperdisplayof

thepatient’srhythm.
• Perform the procedure under fluoroscopy, if available and time

permits;otherwise,usetheECGandrhythmtoguideplacement.
• Establish vascular access under local anesthesia and full sterility,

advancingaproper-sizeintroducersheath.
• Selectapacingcathetercontingentonapproach.Cathetersforuse

underfluoroscopyaresemirigid(usuallymadeofwovenpolyester)
to facilitate maneuvering into position. Catheters designed for
blindplacementhaveaballoonatthetiptobefloatedintoposition.
Transvenouspacingcanalsobeaccomplishedusingmultipurpose
pulmonaryarterycathetersbuiltwithuptofiveelectrodesforright
atrialandrightventricularpacing.

• Blindplacementusingaballoon-tippedcathetercanbeguidedby
theECG.AV1leadofaconventionalECGisconnectedtothedistal
pole(cathode)ofthepacingcatheterandusedtomonitoraunipo-
lar intracavitary electrogram. The catheter is floated, seeking the
display of a right ventricular intracavitary electrogram point at
whichtheballooncanbedeflated,andthecatheteradvancedafew
centimeterstopositionitstipintherightventricularapex.Endo-
cardial contact is confirmed by the development of an “injury”
current characterized by prominent ST-segment elevation. The
pacingelectrodeisconnectedtothepulsegeneratorandusedinthe
unipolarorbipolarconfiguration.

• Another, more practical, approach (which is preferred in emer-
gencysituations)istoadvancethepacingelectrodeintotheright
ventricle and turn the pulse generator on in the asynchronous
modeataratethatexceedsthenativerate.Thepacingcurrentisset
between the default and maximum output, and the pacing elec-
trodeismaneuvereduntilcaptureoccurs.

• Adefibrillatorshouldbeavailableduringinsertionandafterward
becauselife-threateningventriculartachyarrhythmiasmaydevelop,
especiallyifthepacingleadmoveswithintheventricularcavity.

• Leaveasterilesleevearoundthecatheter(availablewithmostin-
troducerkits)tofacilitatesubsequentrepositioningifrequired.

• Obtainananteroposteriorandlateralchestx-raytoverifyproper
placementandexcludecomplications.

BEFORE THE PROCEDURE

Indications
• Treatmentofsymptomaticbradycardia

• Sinusbradycardia
• Second-degreeorthird-degreeatrioventricularblock

• Prophylaxis
• Bradycardia-induced ventricular tachyarrhythmias (e.g., tors-

adesdepointes)
• Increased risk of advanced atrioventricular block (e.g., acute

myocardialinfarction,infectiveendocarditis,surgeryinpatients
withunderlyingconductiondefects)

• Overdrivepacingforterminationoftachyarrhythmias
• Supraventriculartachycardia
• Ventriculartachycardia

• Improvinghemodynamicfunction
• Sequentialatrioventricularpacing

Contraindications
• Specific advance directives (e.g., do not attempt resuscitation for

casesofpulselesselectricalactivity)
• Asymptomaticbradycardia
• Severehypothermia(riskofventricularfibrillation)

Equipment
• Pacingcatheterwithpulsegenerator
• Transcutaneouselectrodeswithpacingunit (integratedwithcur-

rentcardioverter-defibrillators)

ANATOMY

Theheartislocatedbehindthesternum.Itsbaseisatthelevelofthe
thirdintercostalspaceimmediatelytotherightofthesternum,andits
apex is at the level of the fifth intercostal space inferior, usually just
medialtothenipple.Transcutaneouspacingcanbeperformedbyde-
livering electric impulses through the chest cavity to “capture” and
drivetheelectricalactivityoftheheart.Electrodescanbeplacedonthe
anteriorchestwall,withoneelectrodebelowtherightclaviclelateral
tothesternumandtheotherelectrodebelowthebreast tissuealong
themidaxillaryline.Electrodescanalsobeplacedinananteroposte-
riorconfiguration,withtheanteriorelectrodeplacedovertheprecor-
diumand theposterior electrodeat the right infrascapular location.
Fortransvenouspacing,thepacingcathetercanbeadvancedthrough
thebrachial(antecubital),femoral,internaljugular(preferablyright),
subclavian(preferablyleft),ortherightsubclavianviasupraclavicular
access(experiencedpractitioner).
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• Setpacingoptionsasfollows:
• Determinethepacingthreshold,andsetthepacingoutput.For

thispurpose,setthepacemakerratetoexceedthespontaneous
heartrateby10–20beats/minandtheoutputtoalevelexpected
tocapture100%ofthebeats(i.e.,6mA).Captureisverifiedon
theECGbyidentifyingthepresenceofaspike(pulse)followed
byawideQRScomplex.Theoutputisreducedgraduallyuntil
beatsarenolongercapturedandthenincreasedagaintoiden-
tifytheminimallevelatwhich100%ofthebeatsarepaced;this
isthethresholdoutput.Thisthresholdlevelshouldbelessthan
1mAforventricularpacingandlessthan2mAforatrialpacing
intheunipolarandbipolarconfigurations;otherwise,thelead
mustberepositioned.Theoutputissetataboutthreetimesthe
thresholdlevelforreliablecapture.

• Setsensitivity(range:0.5–20mV),allowingthenativeRwaveto
inhibitthepacemakerimpulsewhenthegeneratorissetinsyn-
chronousmode.Theoutputisfirstsettoitsminimallevel(e.g.,
0.1mA)andthepacingratetoavaluebelowthespontaneous
heart rate. Starting from the maximal sensitivity (the lowest
value;i.e.,0.5mV),graduallydecreasethesensitivity(increas-
ingitsvalue)untiltheunitstopssensingtheRwave.Forreliable
inhibition,thesensitivityissetataboutthreetimesthesensitiv-
ity threshold (e.g., if the threshold is 3 mV, the level is set at 
1mV).

• Thepacingrateforbradyarrhythmiasissetaccordingtophysi-
ologicneeds,usuallybetween60and75beats/min.Higherrates
(800beats/min)areavailableforoverridingthepacingofven-
tricularorsupraventriculartachyarrhythmias.

• Sequentialatrioventricularpacingrequirestheplacementofan
additionalleadortheuseofamultipurposepulmonaryartery
catheteralongwithadual-chamberpulsegenerator.Theindi-
vidualchamberspecificationsfordual-chambergeneratorsare
similar, with the option of setting the AV pacing interval be-
tween20and300msec.

Transcutaneous Temporary Pacing
See VideoE7.2.

• Transcutaneous pacing is noninvasive and can be used in emer-
gency settings with ease and minimal delay while preparing for
moredefinitive therapy.Alternatively, it canbeusedprophylacti-
cally.

• Pacing is limited to the ventricles (with minimal capability for
atrialpacing),captureisnotalwaysattained,andtolerabilitymay
bepoor.

• Placeelectrodesontheanteriorchestwallorinananteroposterior
configuration, as described under “Anatomy.” Place the negative
electrode(i.e.,cathode)anteriorly,closetotheheart(typicallyover
thepalpablecardiacimpulseorcenteredonaV3lead)tominimize
thecapturethreshold.Placethepositiveelectrode(i.e.,anode)over
theupperrightregionofthechestortheposteriorchestwallbe-
tweenthebonyspineandthe inferiorborderofeitherthe leftor
rightscapula.

• Determine the pacing threshold as for transvenous pacing (de-
scribedearlier),bearinginmindthatthepacingthresholdismuch

higher(20–140mA),particularlyinpatientswithemphysemaand
pericardial effusion and in patients undergoing positive pressure
ventilation.Thepacingoutputisset5–10mAabovethethreshold.
Pulse generators are designed to deliver high current levels (200
mA)withalongerpulseduration(20–40msec)tofacilitatecapture
andminimizepatientdiscomfort.

• Ensurethatcaptureoccursbydemonstratingcoincidentpulsegen-
eration;donotrelyontheECGcapturingartifactsfromtheskeletal
muscleactivity.

AFTER THE PROCEDURE

Postprocedure Care
• ObtainanECG.
• Assesshemodynamicstatus.
• Monitornativeandpacedrhythms.
• Establishetiology,andinstitutedefinitivetreatment.

Complications
• Pacemakermalfunction,definedasthefailuretosense,capture,or

both
• Ventriculardysrhythmiasatthetimeofinsertion
• Myocardialperforationwithriskofcardiactamponade
• Diaphragmaticstimulation
• Complicationsrelatedtothevascularaccess(e.g.,phlebitis,pneu-

mothorax, arterial puncture, brachial plexus injury, pulmonary
embolism,andsepsis)

ANNOTATED REFERENCES

GibsonT.Apracticalguidetoexternalcardiacpacing.Nurs Stand.2008;
22:45–48.

JafriSM,KruseJA.Temporarytransvenouscardiacpacing.Crit Care Clin. 

1992;8:713–725.
MaddaliMM.Cardiacpacinginleftbundlebranch/bifascicularblockpatients.

Ann Cardiac Anaesth.2010;13:7–15.
NeumarRW,OttoCW,LinkMS,etal.Part8:Adultadvancedcardiovascular

lifesupport:2010AmericanHeartAssociationguidelinesforcardiopul-
monaryresuscitationandemergencycardiovascularcare.Circulation. 

2010;122:S729–S767.
SherbinoJ,VerbeekPR,MacDonaldRD,etal.Prehospitaltranscutaneous 

cardiacpacingforsymptomaticbradycardiaorbradyasystoliccardiac 
arrest:asystematicreview.Resuscitation.2006;70:193–200.

KEY POINTS

• Effective in pacing at the desired heart rate

• Transvenous pacing is more effective than transcutaneous pacing (lower 

capture rate)

• Lack of effectiveness for treatment of cardiac arrest caused by asystole or 

pulseless electrical activity

• Temporary measures pending the resolution of the rhythm abnormality or 

permanent definitive pacemaker placement
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Ventricular Assist Device Implantation

Robert L. Kormos

• ChronicRVfailurewithascites,lowpulmonaryarterypres-

sure, severe hepatic or renal dysfunction, and tricuspid
insufficiency

• Severeacuterespiratorydistresssyndrome
• Giantcellmyocarditis
• Largeanterolateralmyocardial infarctionwith involvement

oftheanteriorrightventricle
• RVinfarction

• Destinationtherapy
• Indicatedforpatientswhomeetthepreviouscriteriaforbridgeto

transplantation(BTT)LVADcandidacybutwhoarenoteligible
for transplantation based upon age, obesity, renal dysfunction
thatwillnottolerateimmunosuppressiveagents,orothercomor-
biditiessuggestingthattheriskoftransplantationisunacceptable

• Patientswithadvancedheartfailure(HF)symptoms(NewYork
HeartAssociation[NYHA]classIIIBorIV)whomeetatleast
oneofthesecriteria:
• Continuedfailuredespiteoptimalmedicalmanagementfor

atleast45of60days
• NYHAclassIIIorIVstatusforatleast14daysanddepen-

dentonIABPfor7daysand/orinotropesfor14days
• Treatedwithangiotensin-convertingenzyme(ACE)inhibi-

tors or beta-blockers for at least 30 days and found to be
intolerantofthesemedications

• Maximaloxygenconsumption(VO2max)#14mL/kg/min
or #50% predictedVO2 max with exercise testing (unless
testingiscontraindicatedbecauseofclassIVstatus)

Contraindications
• Postcardiotomyfailure

• Sepsis
• “Stoneheart,”orlackofanyinnatecardiacfunction
• Age.70years
• Conditioninwhichrecoveryisnotanticipatedandthepatient

isnotacandidateforcardiactransplantation
• BTT

• Patientisnotacandidateforcardiactransplantation
• Sepsis
• End-organdamageisnotlikelytorecover
• Severeimpairmentofneurologicfunction
• Severechronicobstructivepulmonarydisease
• Procoagulationabnormalities,withpreviousvenousorarterial

thrombosisdespiteanticoagulationtherapy
• Pregnancy
• Inabilityorrefusaltoreceivebloodtransfusions
• Technicalobstaclesthatposeaninordinatelyhighsurgicalrisk

BEFORE THE PROCEDURE

Indications
• Postcardiotomyfailure(leftventricularassistdevice[LVAD])

• Elevated left atrial pressure (LAP) and cardiogenic shock de-

spiteinotropicsupportandintraaorticballoonpump(IABP)
• LAP.25mmHg
• Cardiacindex(CI),2L/min/m2

• Severeleftventricular(LV)dysfunctiononechocardiogram
• Intractableventriculararrhythmias
• Ongoingmyocardialischemiadespiterevascularization

• Postcardiotomyfailure(bilateralventricularassistdevice[BiVAD])
• Evidenceofanelevatedcentralvenouspressure(CVP;.9mm

Hg)despitepulmonaryafterloadreduction
• Evidenceofsevererightventricular(RV)dysfunctiononecho-

cardiogram
• InabilitytoprovideadequatebloodflowtofilltheLVAD(ifan

LVADisinplace)
• Bridgetocardiactransplantation

• Failure of optimal medical therapy that increases the risk of
compromisedlifeorend-organfunctionwhileawaitingcardiac
transplantation
• CI,2L/min/m2

• Mixedvenousoxygensaturation,50%onoptimalmedical
therapy

• Ventriculararrhythmias
• Severesymptomsatrest
• Needformultipleinotropicagents
• Lackofresponsetodiureticmedications,witharisingcreatinine
• Pulmonaryarteryhypertension
• Coolandconstrictedextremitiesreflectiveofpoorperfusion
• Low blood pressure, resting tachycardia, rales, and/or dis-

tendedneckveins
• Laboratoryevidenceofprerenalazotemia,hepaticdysfunc-

tion,orcoagulopathy
• Requirementforsupplementaloxygen

• Bridgetobridge:inconditionsofcardiogenicshockwhenindica-

tionsforcardiactransplantationarenotyetmetbutarepotentially
attainable

• LVADversusBiVAD
• BiVADsshouldbeconsideredfor:

• Intractableventriculartachycardiaorfibrillation
• Cardiogenicshockrequiringresuscitationwithextracorpo-

realmembraneoxygenation(ECMO)
• Cardiogenicshockwithmultiorganfailure
• Pulmonaryedemadespitemaximalmedicaltherapy
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• Destinationtherapy
• Same as for transplantation, other than the requirement for

cardiactransplantationcandidacy
• Lackofsocialorfamilysupportthatallowsforhomedischarge
• InabilitytocomprehendplansforpostoperativeLVADtraining
• Expectedneedforprolongedbiventricularsupport
• Severesymptomaticperipheralvasculardisease
• Intolerance to anticoagulant or antiplatelet therapies or any

other perioperative or postoperative therapy the patient will
requirebaseduponhisorherhealthstatus

• Psychiatric disease, irreversible cognitive dysfunction, or psy-

chosocialissueslikelytoimpaircompliancewithprotocolsand
LVADmanagement

Equipment
• Postcardiotomy

• IABP
• ABIOMEDAB/BVS5000(LVADandBiVAD)
• TandemHeart
• ThoratecCentriMag(LVADandBiVAD)
• ThoratecPVAD(LVADandBiVAD)

• BTT
• ThoratecPVAD(LVADandBiVAD)
• HeartmateII
• HeartwareHVAD
• DuraHeart
• Levacor
• CardioWestTotalArtificialHeart

• Destinationtherapy
• HeartmateII
• HeartwareHVAD

PROCEDURE
• Intraoperativepreparationandevaluation

• Lines:arterial,venous,Swan-Ganz(continuouscardiacoutput
typeforcontinuous-flowLVADs)

• Preoperativeechocardiogramassessment
• LVthrombus
• Interatrialseptaldefectorpatentforamenovale(PFO)
• Aorticinsufficiency
• Tricuspidinsufficiency
• RVfunction

• Hemodynamiccontrol
• ManagementandpreservationofperfusionpressureforRV

andcoronaryarteriesusingalpha-agonists
• Preoperativethromboelastogramtoassesscoagulopathyand

theneedfortransfusionproducts
• Cautiousvolumemanagement

• Cannulationforcardiopulmonarybypass
• Distalascendingaorticsiteforinflow
• Standard two-stagevenouscannula fordrainage (for stan-

dardLVAD)
• BiatrialcannulationforBiVADoriftricuspidrepairorPFO

closureisrequired
• ApicalLVcannulationachievedforLVAD

• Apical cannulation performed according to protocol dic-

tatedbyeachindividualVADbrand
• PreperitonealpocketrequiredforsomeLVADs;otherwise,a

subcostaltunneliscreatedasneeded
• Aorticoutflowgraftsewnend-to-sideforoutflow
• RVADcannulationviatherightatrialappendage
• RVADreturntothepulmonaryarteryviaarterialcannula

• Closureofpericardiumpreferred
• Adequate chest tube drainage from mediastinum and pleural

spaces

AFTER THE PROCEDURE

Postprocedure Care
• Hemodynamicandvolumecontrol

• BloodpressuremaintenanceiscriticalforRVfunction.
• AdequateinotropicsupportisneededfortheRV.
• Appropriatebloodproductreplacementshouldbegiven,guided

bythromboelastogram.
• Adequate blood pump flow is determined by adequate CI (at

least2.4L/min/m2).
• Inmostcases,decompressionoftheLVshouldnotbesogreat

astocauseright-to-left interventricularseptalshift.Mitralre-

gurgitationshouldbereducedandtheaorticvalveopenocca-

sionally.
• CVPshouldbemaintainedbetween8and12mmHg.

• Intensivecareunitmanagement
• Maintainpositive-pressureventilationuntilmental statusand

pulmonaryfunctionallowforextubation.
• Removechesttubesassoonaspossible.
• Begin anticoagulation for the ventricular assist device (VAD)

withheparinafter24hours(ifbleedingislessthan50mL/hr),
andconverttowarfarinwhenthepatientistakingoralfluids.

• Broad-spectrumantibioticsshouldbecontinuedfor4–5days.
• Activephysiotherapyshouldbecarriedout,withanemphasis

onpulmonarytoiletandincentivespirometry.

Complications
• Common

• Bleeding:mediastinal,wounds,drivelinesites,gastrointestinal
• RVdysfunction
• Infection: driveline-associated (especially at exit site), pulmo-

nary,urinarytract
• Infrequent

• Neurologicevents
• Arrhythmias
• Hemolysis
• Psychiatric

• Serious,rarecomplications
• Devicemalfunction

OUTCOMES AND EVIDENCE

Successfulclinicalevaluationof theThoratecPVADled toU.S.Food
andDrugAdministration(FDA)approvalforBTTindicationin1992.
Twenty-fourpatients(62%)requiredsupportwithanLVADalone,and
15(38%)requiredBiVADsupport.Survivalfromsupporttosuccessful
outcomeswas70%forBTTand67%forpostcardiotomyrecovery.

TheHeartMateII(ThoratecCorporation,Pleasanton,California)
isacontinuous-flowrotarypumpwithanaxialdesign,whichisrepre-

sentativeofthesecondgenerationofLVADtechnologyinclinicaluse
in the United States. Successful clinical evaluation of the Thoratec
pVAD led to FDA approval for BTT indication in 1992. Of the 133
patientsreceivingsupportwiththeHeartMateIIdevice,theprincipal
efficacyoutcomeswereobserved in100patients(75%).Themedian
duration of support was 126 days (range, 1–600). The survival rate
duringsupportwas75%at6monthsand68%at12months.There
wassignificantimprovementindistancewalkedbetweenbaselineand
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6months,withover50%ofpatientsexperiencinganimprovementin
the6-minutewalkdistancetoover200meters.

In1998,theNationalHeart,Lung,andBloodInstitutefundedthe
RandomizedEvaluationofMechanicalAssistancefortheTreatmentof
CongestiveHeartFailure(REMATCH)trial.REMATCHwasapivotal
trialdesignedtoassessmorbidity,mortality,andfunctionaloutcomes
inahomogeneouscohortofpatientswithadvancedHFineligiblefor
cardiac transplantation. Survival rates at 1 year (52% vs. 25%, P 5
0.002)and2years(23%vs.8%,P50.09)weresuperior(significantly)
intheVADpatientscomparedwiththesurvivalratesinthosepatients
randomizedtomedicaltherapy.

AftertheoriginalREMATCHpublication,Parkandcolleaguesana-

lyzed the outcomes of the trial, based upon the era of enrollment.
Despitemorehigh-riskcharacteristics,patients enrolled in the latter
halfofthestudyhadsignificantlyhigher1-and2-yearsurvivalrates
than thoseenrolledduringearlyexperiencewith theVAD.Asimilar
improvementinsurvivaloutcomeswasseeninthepostapprovalregis-

try,witha56%1-yearsurvivalrate.ImprovedoutcomewithVADuse
andexperienceisaconsistentobservation,whichwasalsoevidentin
the continued access protocol cohort versus primary cohort in the
HeartMate II BTT trial. Demonstration of improved survival out-
comesinpatientswithpreimplantriskprofilessimilartoorworsethan
thoseenrolledintheinitialrandomizedtrialsuggeststhatrefinement
ofpreoperativeandpostoperativemanagementandgreaterexperience
with mechanical circulatory support are important factors in deter-
miningsurvivalandfunctionalimprovementsafterVADimplantation.

The HeartMate II DT Pivotal Trial evaluated 200 patients with
NYHAclassIIIb–IVsymptoms,ejectionfraction(EF),25%,andVO2
max#14mL/kg/minortreatmentwithintravenousinotropicagents
foratleast14daysoranIABPfor7days.Thepatientswererandom-

izedtoreceiveaHeartMateII(n5134)oraHeartMateXVE(n566).
TherewasagreaterthanfourfoldincreaseinthepercentageofHeart-
MateIIpatientswhosuccessfullyreachedtheprimaryendpoint(46%

vs.11%,P,0.001).PatientsrandomizedtotheHeartMateIIhad1-
and2-year survival ratesof68%and58%,comparedwith55%and
24%inpatientswhoreceivedtheHeartMateXVE.
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Pericardiocentesis
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not justified in the majority of cases for the following reasons: 

(1) low diagnostic power; (2) the underlying pathology is often 

already known or identifiable by different noninvasive tests;  

(3) viral pericarditis is usually self-limiting, and it only requires 

an antiinflammatory treatment; and (4) high procedural risk.

Contraindications
• Urgentpericardiocentesisordrainageofpericardialeffusionisin-

dicated for each patient with an established diagnosis of cardiac 

tamponade and hemodynamic shock.

• Aortic dissection and postinfarction rupture of the free wall are
contraindications to pericardiocentesis and indications for urgent 

surgical drainage. When surgical management is not immediately 

available or the patient is too unstable, pericardiocentesis and con-

trolled pericardial drainage of very small amounts of the hemo-

pericardium can be attempted to temporarily stabilize the patient 

in order to maintain blood pressure at ,90 mm Hg.

• Relativecontraindicationsincludeuncorrectedcoagulopathy,anti-
coagulant therapy, and thrombocytopenia (PLTc ,50,000/mm3) 

and small, posterior, and loculated effusions.

• Thealterationsofcoagulationcanbecorrectedusing:
• Freshfrozenplasmaorplatelets(maybetimeconsuming)
• RecombinanthumanfactorVIIa,whichmaybeeffectivein

a shorter time.

• For patients on warfarin: vitamin K1 prothrombin com-

plexconcentrate(PCC50U/kg)
• Incaseofpatients receivingnoveloralanticoagulants (NOACs)

(non–vitaminKantagonistoralanticoagulants),itisnecessaryto
usedifferentstrategiesdependingonthetypeofNOAC.Aspecific
reversal agent for dabigatran (idarucizumab) has shown a nearly 

complete reversal of the anticoagulant effects within minutes.

• Asimilarreversalagent,Andexanetalfa,arecombinantmodi-
fied human factor Xa decoy protein that reverses the inhibition 

of factor Xa, has been recently introduce for patients treated 

withapixaban,rivaroxabanoredoxaban.Ifthereversalagentis
not available the interventional strategy is similar to patients on 

warfarin with  administration of  PCC 50 U/kg or activated
PCC50U/kg.TheefficacyofPCCoraPCChasnotbeenfirmly
established to neutralize the anticoagulant effect of these drugs. 

The administration of PCC or aPCC can be considered if  

immediate hemostatic support is required.

Equipment
• Echocardiography
• Multianglebracket,tobeassembledontheprobe
• Needle-guidekitwithsterilesheathandsterileecho-gel(UltraPro

IIneedleguide[CIVCOUSA,Kalona,IA])

PREPROCEDURE

Indications
• Pericardialtamponade

• Pericardiocentesisisthefirsttreatmentoptioninpatientswith
overt tamponade because only the removal of fluid allows nor-

mal ventricular filling and restores adequate cardiac output.

• Ifthepatientishemodynamicallystable,theprocedureshould
be performed within 12–24 hours from diagnosis, after obtain-

ing laboratory results including the blood counts. A scoring
index has been proposed in patients with a suspicion of tam-

ponade for deciding whether to perform urgent pericardiocen-

tesis or drainage later in the subsequent hours. It consists of
three components obtained during the initial presentation: eti-

ology, clinical presentation, and echocardiographic findings.

• Pericardialeffusionwithouthemodynamiccompromise
• Chronicasymptomaticlargepericardialeffusion(.20 mm eval-

uated as the largest telediastolic echo-free space in two-dimen-

sionalmode). In thiscase therearenotmandatory indications.
We think that a close clinical and echocardiographic monitoring, 

with the need to resort to pericardiocentesis in the case of symp-

toms or progression of the effusion, is very important.

• Suspectedbacterialortuberculouspericarditis
• Electivepericardiocentesisiswarrantedinpatientswithsus-

picion of purulent pericarditis.

• Purulent pericarditis should be managed aggressively, as
death is inevitable if untreated, whereas with comprehensive 

therapy, 85% of cases have been reported to survive the epi-

sode and have a good long-term outcome.

• Treatment consists of systemic antibiotic therapy and com-

pleteevacuationof theeffusion.Surgicaldrainageusually is
required, because percutaneous drainage alone is not able to 

completely evacuate the effusion, which is often rich in fibrin 

andcanbeloculatedandassociatedwithdenseadhesions.An
alternative and less invasive method, which can be used to 

completely evacuate purulent effusions, thus controlling sep-

sis and avoiding the evolution to constrictive pericarditis, 

consists of pericardial drainage associated with intrapericar-

dial infusion of streptokinase. Fibrinolytic therapy can en-

hance the removal of material that would otherwise be too 

viscous or particulate to be removed by tube drainage. This 

treatment should be considered before undertaking surgery.

• Suspectedneoplasticeffusion
• Pericardiocentesis fordiagnosticpurpose inmildormoderate

effusions (,20 mm) should be confined to selected cases.

• Pericardiocentesiswithadiagnosticpurpose(exceptincasesof
suspected neoplastic, tuberculous, or purulent pericarditis) is 
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• 14-to16-gaugeTeflon-sheathedneedle(techniqueA)
• 18-gauge,9-cmneedleonasyringeforapicalapproach(techniqueB)
• 18-gauge,15-cmneedle,includedinthePeriVacset(BostonScien-

tificUSA,Marlborough,MA)forsubxiphoidapproach
• J-tippedguidewire
• 6F–8Fdilator
• Drainagecatheter:pigtailangiocatheter6F–8Forpericardiocente-

sisset(PeriVac)
• Disposableflushingsystemtomaintainthepatencyofthesystem

ANATOMY

The pericardium is a fibroserous sac that contains the heart and the 

origin of the main vessels. The pericardium is composed of two layers: 

the visceral pericardium, a monolayer membrane of mesothelial cells 

that is adherent to the epicardial surface of the heart, and the fibrous 

parietal layer that surrounds most of the heart. The pericardial space 

normallycontains25–50mLoffluidinadults.Iftheamountoffluid
increases, the pericardium is not immediately distensible, even though 

stress relaxation may occur within minutes from the beginning of the 

increase inpericardialpressure. If thefluidaccumulates slowly,over
weeks or months, the pericardium can increase in size to a maximum 

capacity of 1–2 L. The heart, and therefore the pericardium, is located 

at the center of the mediastinum, partially covered by the lungs; by the 

sternum and by the costal cartilages of the third, fourth, and fifth ribs; 

andbyintercostalmuscles.Abouttwo-thirdsoftheheartislocatedon
the left side of the chest. The heart rests on the diaphragm. The peri-

cardium is innervated by the vagus nerve, by the left recurrent laryn-

geal nerve, and by the esophageal plexus, and it also has rich sympa-

thetic innervation from the stellate and first dorsal ganglia and the 

cardiac, aortic, and diaphragmatic plexuses. When performing peri-

cardiocentesis, close attention should be paid to avoid damaging the 

internal thoracic artery, which runs behind the sternal end of the costal 

cartilages, and the vascular bundle at the inferior margin of each rib 

(Fig.E9.1).

PROCEDURE

Echo-Guided Technique (A)
• Performa two-dimensional andDoppler study toassess the size,

distribution, and hemodynamic effect of the effusion.

• Placethepatientinasemirecliningposition,atanangleofabout
30 degrees, and slightly rotated leftward to enhance fluid collection 

in the inferoanterior part of the chest.

• Ensure that a central venous catheter is in place. The catheter is
essential for monitoring right atrial pressure and permitting the 

rapid infusion of fluids and drugs as indicated.

• Continuousarterialpressuremonitoringisindicatedtodetectthe
presence of pulsus paradoxus and to rapidly detect and correct sud-

den hemodynamic instability.

• Medicalmanagement:
• Intheunstablepatientwithhypotensionandtachycardia,dur-

ing preparation for pericardiocentesis, measures aimed at stabi-

lizingthepatientshouldbeinstituted.Intravenousfluidadmin-

istration is the best treatment option before and during 

drainage.Instablepatientswithoutlowsystolicbloodpressure
(.100 mm Hg), this treatment is not useful, and it could be 

dangerous in terms of reducing the cardiac output.

• Intravenousadministrationofdiureticsiscontraindicatedand
could be fatal in patients on the edge of their compensatory 

mechanism in tamponade.

• Both dopamine and dobutamine improved hemodynamics in
cardiac tamponade; dobutamine has greater beta activity, and 

therefore it may be considered preferable. However, the useful-

ness of inotropes is generally limited because endogenous ad-

renergic stimulation is already enhanced under tamponade 

conditions, and ejection fraction is preserved, but stroke volume 

is critically depressed.

• Packedredcellunitsshouldbereadilyavailablebeforestarting
nonemergency procedures.

• Respiratorymanagement
• PulseoximetryandsupplementalO2 should be warranted.

• Influence of respiratory parameters: spontaneous versus me-

chanicalventilationandPaCO2 levels significantly influence the 

evolution of pericardial tamponade. Pericardial pressure de-

creases3–6mmHgwhenPaCO2 decreases to 24 mm Hg; con-

versely,pericardialpressuresincrease2–4mmHgwhenPaCO2 

reaches57mmHg.Increasedintrathoracicpressuresduringthe
inspiratory phase of mechanical ventilation can decrease car-

diac output up to 25% in patients with tamponade. To avoid 

further hemodynamic compromise, patients with suspected 

cardiac tamponade should not receive positive-pressure ventila-

tion unless absolutely necessary.

• Afterappropriatedisinfectionoftheoperativefield,localanesthe-

sia of the skin is obtained by injecting with 2% lidocaine subcuta-

neously.

• The trajectory of the needle is defined by the angle between the
probeandthechestwall.Ultrasounddoesnotcrossaerialspaces.
Therefore, if cardiac structures are identified, there is no lung tissue 

interposed between the probe and the pericardium.

• Theproperlandmarkforneedleinsertioncorrespondstothearea
where the pericardial space is closest to the probe and the fluid ac-

cumulation is maximal; this site is para-apical more often than 

subxiphoid. The subcostal route is less frequently used because it 

requiresa longerpath toreachthefluid. Itpassesanterior to the
liver capsule and is directed toward the right chamber of the heart.

• Theoptimalneedletrajectoryshouldbetransfixedintheoperator’s
mindandthena14-to16-gaugeTeflon-sheathedneedlewithan
attached saline-filled syringe is advanced in the direction of the 

fluid-filled space.

• Para-apicalapproach:Insert theneedleat3–5cmfromthepara-

sternal border (to avoid the internal thoracic artery) and close to 

 Fig. E9.1

 

Projection of cardiac area on the anterior thoracic wall.

 

the superior edge of the rib (to avoid the intercostal artery).
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• Subxiphoid approach: Direct the needle posteriorly until the tip
passes posterior to the bony cage. Press the hub of the needle to-

ward the diaphragm and advance the needle with a 15-degree 

posteriortilt,eitherdirectlytowardthepatient’sheadortowardthe
right or left shoulder.

• When fluid is aspirated, the needle should be advanced approxi-
mately 2 mm farther. The sheath should be advanced over the 

needle and the steel core withdrawn.

• Ifbloodyfluidhasbeenaspiratedorifthepositionofthesheathis
questionable, the position of the catheter can be confirmed by in-

jecting 5 mL of agitated saline through the sheath. The bubbles in 

the solution provide a contrast effect that can be observed by two-

dimensional echocardiography. Thus if contrast agent appears in 

the pericardial space, the procedure can be continued.

• Aguidewireshouldbeadvancedthroughthesheath,andthenthe
sheath should be removed over the guidewire.

• Asmallincisionshouldbemadeattheentrysite,followedbyin-

troductionofadilator(6F–8F)overtheguidewire.Predilatationof
the chest wall passage facilitates subsequent insertion of the intro-

ducersheath-dilator(6F–8F).
• The guidewire and the dilator should be removed and only the

sheathleftinthepericardialsac.Apigtailangiocathetershouldbe
inserted through the introducer sheath and the fluid aspirated.

Real-Time Echo-Monitored Procedure (B)
(Thisisthetechniquepreferredbytheauthors.)SeeVideoE9.1.

• Adifferentapproachusesaneedlecarriermountedonthetrans-

ducer to advance the needle to the pericardial space under continu-

ous visualization.

• Patient preparation and supportive management are the same as
those described earlier.

• Mount the bracket on the probe to support the needle-guide kit
and to allow a real-time echo-monitored procedure. The bracket 

supports the needle with different angles, and the operator can 

choose between a closer angle for the subcostal approach and a 

wider angle for the apical approach (Fig.E9.2).

• Covertheprobewiththesterilesheathandmounttheneedle-guide
kit on the sheathed probe (Fig.E9.3).

• Oncetheoptimalpositionisfoundandthepericardiocentesispro-

cedure is started, the echocardiography probe should not be more 

mobilized to avoid tearing the tissue. The execution of the tech-

nique with two operators can be useful to minimize this risk; one 

can firmly hold the probe, and the other can advance the needle. 

Theneedle(SDN18-gauge,9-cmCookforapicalapproach,orthe
needleincludedinthePeriVacsetforsubxiphoidapproach)iscon-

nected to a syringe for constant gentle aspiration and is slowly in-

troduced through the tissues until there is echographic visualiza-

tion of the tip (Fig.E9.4A–C).
• Whentheneedletipisobservedontheechoscreeninthepericar-

dial space and fluid is freely aspirated, the syringe is disconnected 

andaJ-tippedguideisinserted(seeFig.E9.4D).
• ThetechniqueissummarizedinFig.E9.5.

• Removetheneedleandmakeasmallincisionatthesiteofinsertion.
• Thedrainagecatheter(apigtailangiocatheter6F–8Forpericardio-

centesisset[PeriVac])issubsequentlyintroducedalongtheguide-

wire, according to the Seldinger technique, after introducing a 
6F–8Fdilatorovertheguidewire.

• Completely aspirate the pericardial effusion by syringe suction if
the pericardial sac contains ,1 L.

AFTER THE PROCEDURE

Postprocedure Care
• After the procedure, perform a chest radiography to exclude the

presence of pneumothorax or pneumopericardium.

• Repeataspirationbysyringeevery4–6hours.Inordertooptimize
catheter patency, it could be useful to use a disposable continuous 

flushing system between aspirations.

• Removethecatheteroncethedrainagehasdecreasedtolessthan
25–30 mL in 24 hours.

• Itisimportanttoemptythepericardialsacascompletelyaspossible
to reduce the risk of recurrence, leaving the catheter in place up to 72 

hours (or more) if the fluid has a rate of accumulation greater than 

30 mL in 24 hours. The removal of the liquid must take place gradu-

ally (max 1 liter during the first phase), and the removal must be 

completed in the following hours. This is to avoid a potentially seri-

ous complication: pericardial decompression. Pericardial decom-

pression is a rare, potentially life-threatening syndrome characterized 

by wide clinical scenarios (from pulmonary edema to cardiogenic 

shock) that can develop after a successful pericardial drainage.

• Theomissionofextendedcatheterdrainageisanimportantinde-

pendent predictor of recurrence.

• Reaccumulation of pericardial fluid is common in patients with
malignant pericardial effusions (40%–70% recurrence rate without 

Fig. E9.2 Echocardiographic probe with bracket, needle guide, and sy-

ringe.

Fig. E9.3 After the bracket is mounted, the probe is protected by sterile 

wrap.
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Fig. E9.4 Two-dimensional echocardiographic image (apical four-chamber view) during needle intro-

duction through tissues. A, Detection of pericardial effusion. B, Visualization of needle tip. C, Needle is 

advanced through tissues. D, Needle enters pericardial space and guidewire is introduced. LV, Left ventricle; 

RV, right ventricle. (From Maggiolini S, Bozzano A, Russo P, et al. Echocardiography-guided pericardiocentesis 

with probe-mounted needle: Report of 53 cases. J Am Soc Echocardiogr. 2001;14:821–824.)
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monitoring Needle
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RV LV

Fig. E9.5 Representation of pericardiocentesis using the apical approach. The pericardial needle is con-

tinuously monitored by apical four-chamber echocardiographic view while entering the pericardial space. 

When the pericardial effusion is reached, a guidewire is introduced in the pericardial space.
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specific treatment). In these patients, several measures have been
suggested to prevent recurrence of tamponade. These approaches 

include (1) complete evacuation of the fluid, (2) prolonged pericar-

dial drainage, and (3) systemic antineoplastic treatment as baseline 

therapy.Othersuggestedmeasuresareintrapericardialinstillation
of sclerosing and cytotoxic agents tailored to the type of tumor, 

radiation therapy in patients with radiosensitive tumors (i.e., lym-

phomas and leukemias), and pericardiotomy.

• Performacompleteechocardiographicstudyinallpatientsbefore
removing the catheter and before discharge from the intensive care 

unit(ICU)orcoronarycareunit.

Complications
• Common

• Punctureofcardiacchambers(1.5%)
• Pneumothorax(1%)
• Pleuropericardialfistulas(0.8%)
• Arrhythmias(usuallyvasovagalbradycardia)

• Infrequent
• Lacerationofcoronaryarteriesorintercostalvessels
• Bacteremia
• Pneumopericardium

• Serious,rarecomplications
• Death(0.1%–0.5%)
• Chamberlacerationrequiringsurgery
• Pericardialdecompression
Inaseriesof161pericardiocentesesperformedundercontinuous

echocardiographic visualization (technique B), two major complica-

tions occurred (1.2%), no deaths, no perforations or ruptures of car-

diac chambers were reported, and the incidence of minor complica-

tions was 4.3%.

Inthecaseofthemostfrequentcomplication,somesuggestions
can be given: Puncture of the cardiac chambers with the needle can  

be solved in most cases with the needle retraction and the insertion 

ofthecatheterintothepericardium.Iftheperforationiscarriedout
by the catheter, it must be left in place and a new pericardiocentesis 

must be carried out by placing another catheter in the pericardium 

before removing the previous one; then the perforating catheter can 

be withdrawn. If the controlled drainage resolves the tamponade,
also with eventual autotransfusion of pericardial blood, surgery can 

be avoided.

OUTCOMES AND EVIDENCE

• Randomizedstudiescomparingdifferent techniquesdonotpres-

ently exist.

• Pericardiocentesis-relatedmortalityandseriouscomplicationsare
low when the procedure is performed by trained professionals fol-

lowing consolidated techniques.
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• Percutaneouspericardiocentesishasbeenperformedformanyyears
using the blind subxiphoid approach. This technique is associated 

with a high incidence of morbidity and mortality, and using electro-

cardiographic needle monitoring does not lead to significantly better 

outcomes.Accordingly,blindapproachesarenolongerjustified.
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superior iliac spine, avoiding prior surgical incisions. Ultrasound guid-

ance is recommended to identify the site of the largest volume of asci-

tes and reduce the chance of injury to the intestines.

PROCEDURE

See Video E10.1.

• The patient should be supine. Bedside ultrasonography can be a
valuableaidforlocalizingthelargestcollectionofascitesandavoid-

inginjurytothebowelandshouldbeemployedroutinely.Thepa-

tientshouldvoidorhaveaurinarybladderdrainagetube inserted
beforetheprocedure.Theareaiscleansed,draped,andanesthetized.

• Whenasmallvolumeofasciticfluidisneededfordiagnosticstud-

ies, an 18- or 20-gauge, 2- to 3-inch needle attached to a 20- to 

50-mL syringe is inserted into the abdomen lateral to the rectus
muscleinthelowerquadrant,midwaybetweentheumbilicusand
the anterior superior iliac spine, avoiding prior surgical incisions. 

Theskinisretractedcaudadwhileinsertingtheneedle.Whenfluid
is aspirated, the needle is stabilized, and the fluid sample is ob-

tainedbysyringe.Afterremovaloftheneedle,theskinisreleased,
causingtheentranceandexitneedlesitestoforma“Z-track”that
reducesthechanceofasciticfluidleakage.

• For large-volume paracentesis, a 14- to 16-gauge cannula-over-
needleisemployed.Oncethefluidisaspiratedintothesyringe,the
needle is removed, leaving the plastic catheter in place, which is
attachedtoplastictubingandavacuumcanister.Usually,4–6Lof
ascites can be safely removed, although larger volumes have also
beenobtained.

• If it is necessary to place a catheter into the peritoneal cavity, a
guidewireshouldbeinsertedintotheperitonealcavitythroughthe
needle; an 8.5F 40-cm polyurethane pigtail catheter should be
guidedintotheperitonealcavityoverthewireandsuturedinplace.

• Theaspiratedfluidshouldbesubmittedforacellcount,absolute
polymorphonuclearneutrophilcount,albumin,totalproteincon-

centration, Gram stain, and cultures. Optional studies, based on
clinical suspicion, may include glucose concentration, amylase con-

centration,lactatedehydrogenaseconcentration,bilirubinconcen-

tration, and cytology.

AFTER THE PROCEDURE

Postprocedure Care
• The patient should be closely monitored for complications (see

later),especiallybleedingandperitonitis.
• Ifapigtailcatheterisleftinplace,itshouldbeattachedtoacollec-

tionbagandmonitoredforbleedingorthedrainageofsuccus.

PARACENTESIS: BEFORE THE PROCEDURE

Indications
• Paracentesisistheinsertionofaneedleorcatheterintotheperito-

nealcavityforthepurposeofaspiratingperitonealfluid.Itismost
often indicated for diagnostic or therapeutic evacuation of ascites.

• Diagnosticindications
• New-onsetascites:fluidevaluationtohelpdetermineetiology,

differentiate transudate versus exudate, detect the presence of 

cancerous cells, or address other considerations

• Differentiatebetweensuspectedspontaneousorsecondarybac-

terial peritonitis

• Therapeuticindications
• Respiratorycompromisesecondarytoascites
• Abdominal pain or pressure secondary to ascites (including

abdominalcompartmentsyndrome)

Contraindications
• Absolutecontraindication

• Acuteabdomenthatrequiressurgery
• Relativecontraindications

• Inadequatevolumeofascitesonimaging(e.g.,ultrasound)
• Uncorrectedhypovolemia
• Severe uncorrected thrombocytopenia (platelet count ,20,000/

mL)orcoagulopathy(internationalnormalizedratio[INR].2.0)

• Pregnancy
• Distendedurinarybladder
• Abdominalwallcellulitis
• Distendedbowel
• Intraabdominaladhesions

Equipment
• Ultrasoundmachine
• Localanesthetic
• Chlorhexidineprep
• Steriletowels,gloves
• 18-or20-gauge,2-to3-inchneedle
• 20-to50-mLsyringe
• 14-to16-gaugecannula-over-needle
• 8.5F40-cmpolyurethanepigtailcatheterwithguidewire
• 2-0polypropylenesuture

ANATOMY

Thesiteforparacentesisisintheabdomen,lateraltotherectusmuscle
inthelowerquadrantmidwaybetweentheumbilicusandtheanterior
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Complications
• Common

• Hypotension
• Hypotensionafterparacentesis incirrhoticpatientscanbe

associated with a worsening of arteriolar vasodilation.1 In
thefirstfewhoursafterlarge-volumeparacentesis,thereisa
reduction in the plasma levels of renin and aldosterone, an 

increase in the atrial natriuretic peptide concentration, a 

reduction in the cardiac filling pressures, and an increase in 

the cardiac index.

• However,after12–24hours,thesechangesreverse,reflecting
effectivehypovolemia.Infusionofintravenouscolloids,spe-

cificallyalbumin,hasbeenshowntoattenuatethehemody-

namicconsequencesofparacentesisandtheassociatedneu-

rohumoral alterations.2 However, no large, randomized
studyhasshownthatroutineexpansionofplasmavolume
withacolloidsolutionconfersasurvivaladvantage.

• Infrequent
• Bleeding

• Theincidenceofsignificanthemorrhagefromthisprocedureis
about1%,despitethefactthatover70%ofpatientshaveclot-
tingparameterabnormalities.3Thereforeitisusuallyunneces-
sarytonormalizetheprothrombintimebeforeproceeding.4

• Seriouscomplications(e.g.,bowelperforation)arerare(0.1%)3

• Peritonitis
• Bowelinjury
• Injurytothebladder
• Injurytotheepigastricvessels

OUTCOMES AND EVIDENCE

• Determiningtheetiologyofascitesisbasedonthepatient’shistory,
physical examination, liver function tests, ultrasonography, and 

ascitic fluid analysis. Abdominal paracentesis and ascitic fluid
analysisshouldbeanearlystepintheworkupofpatientswithnew-
onsetascites.Paracentesisisalsoimportanttodiagnoseinfectionof
theasciticfluid(i.e.,peritonitis).

• Developmentofascitesisacommoncomplicationofcirrhosis,be-

ingmorefrequentthaneitherencephalopathyandvaricealhemor-
rhage in thesepatients.Themediansurvivalofcirrhoticpatients
withascitesis2years.5Othercausesofascitesbesidescirrhosisin-

clude malignancy, heart failure, tuberculosis, renal failure, and
pancreatic disease.

• Themainstaysoftreatmentofascitessecondarytocirrhosisinvolve
dietary sodium restriction (2 g/day) and oral diuretics (e.g., spi-
ronolactone and furosemide).

• Theunderlyingetiologyofliverdiseaseshouldbecorrectedwhen
possible,andethanolconsumptionshouldbe stronglydiscour-
aged.Abstinencefromethanolcannormalizeportalvenouspres-

suresinsomepatientswithearlyethanol-inducedliverdisease.6

• Patients with early cirrhosis and diuretic-responsive ascites
should not be managed by serial paracentesis; rather, medical
managementshouldbeemployed.Inthemajorityofpatients,
ascitescanbecontrolledwithmedicalmanagement.

• In 5%–10% of patients, ascites becomes resistant to medical
treatment.Thestandardofcareforthemanagementofrefrac-

toryascites istherapeuticparacentesis.Thiscanbeperformed
asoftenasevery2weekstocontrolsymptomaticascites.

• Otheroptionsformanagingrefractoryascitesincludetransjugular
intrahepaticportosystemicshunt(TIPS)andlivertransplantation.
Inarandomizedtrialof60patientscomparingTIPSwithrepeated
therapeuticparacentesis, theprobabilityof survivalwithout liver

transplantationat2yearswas58%intheTIPSpatientsascom-

paredwith32%intheparacentesispatients.7Asmallerstudyof25
patientsrandomizedtoTIPSorparacentesisdemonstratedtheop-

posite:mortalitywashigherintheTIPSgroup.8

• Surgicalportosystemicandperitoneovenousshuntshavefallen
out of favor because of the high incidence of morbidity and
mortality and the development of hepatic encephalopathy.

• Forpatientswith tenseascites, large-volumeparacentesis rap-

idly relieves intraabdominalpressure.Asingle4- to6-Lpara-

centesiscanbeperformedsafelyandoftendoesnotrequirean
infusion of colloids.9 However, paracentesis does nothing to
correct theetiologyof theascites, andasciteswill recur if so-

diumrestrictionanddiureticsarenotinstitutedorfail.Referral
forlivertransplantevaluationshouldbeconsideredforeligible
patientswithcirrhosisandrefractoryascites.

• Infection of ascitic fluid often occurs in cirrhotic patients.
Whenthereisnosurgicallycorrectableetiology(e.g.,perforated
viscus), the term spontaneous bacterial peritonitis isused.This
diagnosisismadewhenthereisapositiveasciticfluidcultureor
an ascitic fluid polymorphonuclear (PMN) cell count greater
than 250 cells/mm3inthecorrectclinicalscenariowithoutany
evidenceforanintraabdominal,surgicallycorrectableetiology.
The infection is usually monomicrobial. Polymicrobial infec-

tionsuggestssecondaryperitonitis.Considerationofthediag-

nosismandatesparacentesisandevaluationoftheasciticfluid;
aclinicaldiagnosiswithoutparacentesisisinadequate.

DIAGNOSTIC PERITONEAL LAVAGE:  
BEFORE THE PROCEDURE

Indications
• With the widespread use of focused abdominal sonography for

trauma (FAST), the indications for diagnostic peritoneal lavage
(DPL)aredecreasing

• Patientswhohavesustainedblunttraumaandhavenoovertsigns
ofacuteabdominalinjuryorbleedingbutrequireanevaluationto
ruleoutintraabdominalhemorrhageorhollowviscusinjury

• Patients who are not candidates for computed tomography (CT)
(e.g., because of hemodynamic instability) or when FAST is un-

availableoryieldsequivocalresults

Contraindications
• The only absolute contraindication to performing a DPL is the

clinical condition of the patient mandating immediate laparotomy.

• Relativecontraindicationsincludepreviousabdominalsurgery,cir-
rhosis,obesity,andcoagulopathy.

• In patients with pelvic fractures or pregnancy, a supraumbilical
incisionshouldbeperformed.

Equipment
• Localanesthetic
• Chlorhexidineprep
• Steriletowels,gloves
• 10-mLsyringe
• 8F–9F25-cmlavagecatheter
• 2-0polypropylenesuture

ANATOMY

DPLshouldbeperformedinthemidlineoftheabdomenimmediately
belowtheumbilicus,orabovetheumbilicusinpatientswithapelvic
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fracture,suspectedpelvichematoma,orpregnancy.Priorsurgicalinci-
sionsshouldbeavoidedifpossible.

PROCEDURE

• Thepatientshouldbeinthesupineposition.Gastricandbladder
decompression tubes should be inserted to minimize the risk of
injury to theseorgans.Theperiumbilical skinshouldbeprepped
and draped sterilely. Local anesthesia is injected into the site.

• DPL can be performed with an open, semiopen, or closed 
technique.
• Theopentechniqueemploysamidlineinfraumbilicalabdomi-

nalincision2–5cminlength;theincisionshouldbesupraum-

bilicalifthepatienthasapelvicfractureorispregnant.Asmall
incision is made in the midline abdominal fascia and perito-

neum. An 8F–9F 25-cm lavage catheter with side holes is in-

sertedunderdirectvisualizationtowardthepelvis.
• The closed method uses a Seldinger technique. A 16-gauge,

3-inchneedleisinsertedthroughaskinpunctureandintothe
peritonealcavity.Aguidewireispassedthroughtheneedleinto
the peritoneal cavity. The lavage catheter is inserted over the
wire.

• The semiopen technique involves incising the skin and fascia
andthenusingaguidewiretechniqueforinsertingthecatheter
into the peritoneal cavity.

• Oncethecatheterisplaced,aspirationshouldbeattemptedwitha
syringe.

• If10mLofbloodisaspirated,theDPLisconsideredpositive,and
appropriatesurgicalinterventionshouldbeundertaken.

• Otherwise,1Lofcrystalloidsolutionisinfused(10mL/kginpedi-
atricpatients)andthenretrievedbygravityandsenttothelabora-

tory for analysis.

• Ingeneral,theDPLisconsideredpositiveinblunt-traumapatientsif:
• Redbloodcell(RBC)countisgreaterthan100,000/mm3

• Whitebloodcell(WBC)countisgreaterthan500/mm3

• Amylaseconcentrationisgreaterthan100IU/L
• Otherpositivefindingsincludethepresenceofbileorfoodparti-

clesorthedrainageoflavagefluidfromthebladderdrainagecath-

eter,gastrictube,orthoracostomytube.
• The sensitivity and specificity of the test are dependent on the

threshold criteria for determining a positive test result.

• If the lavageisnegativebutthere isahighindexofsuspicionfor
intraabdominalpathology,theDPLcathetercanbeleftinplacefor
repeat lavage to rule out delayed hemoperitoneum or intestinal 

perforation.

AFTER THE PROCEDURE

Complications
• Infrequent

• Bowelorvascularinjuryoccursinlessthan1%10

• Bladderinjury
• Bleeding(causeforafalse-positiveDPLresult)
• Woundinfection

OUTCOMES AND EVIDENCE

• Evaluationof theabdomen is a critical component in theassess-

mentofinjuredpatients.Failuretoidentifyintraabdominalinjury
resultsinpreventablemorbidityandmortalityintraumapatients.
Thephysicalexaminationforabdominalinjuryisoftenhampered

byalterationsofthesensoriumbysubstances(e.g.,ethanolandil-
licit drugs), injury to the central nervous system, or pain from other 

injuries.Moreover,asignificantamountofbloodcanbepresentin
the peritoneal cavity without obvious abdominal distention or
peritoneal signs.

• DPL,CT,andultrasonographyhaveemergedasthemaindiagnos-

tic modalities to evaluate trauma patients and currently have 

complementaryroles.DPLwasintroducedbyRootandcolleagues
in1965fortheevaluationofabdominaltrauma.11

• In the era before CT and ultrasonography, DPL was the first
well-establishedmethodtoidentifyhemoperitoneumintrauma
patients.

• DPL is primarily useful in diagnosing hemoperitoneum from
blunt,solid-organinjury,butitcanalsobehelpfulforthediag-

nosisofhollowviscusinjury.
• Forhemodynamically stablepatientswithanequivocalabdominal

examination,associatedneurologic injury,orpainful injuries,ab-

dominalCTisrecommendedasthediagnosticmodalityofchoice
andhasallbuteliminatedtheneedforDPLinthesepatients.
• CT is also the preferred diagnostic method for determining

whether nonoperative management of a solid-organ injury is
appropriate.

• Furthermore,instablepatientswithapositiveDPL,afollow-up
abdominal CT should be considered. Thus CT and DPL play
complementary roles in evaluating stable patients after blunt
abdominaltrauma.

• Forhemodynamically unstablepatients,FASTandDPLarethepre-

ferred tests, with FAST rapidly gaining acceptance over DPL in
many trauma centers as the preferred initial diagnostic modality.

• FAST and DPL are used to rule out hemoperitoneum as the
causeofhemodynamicinstability.

• In contrast to DPL, FAST can be used to identify pericardial
tamponade.

• Thesetestscanbeperformedexpeditiously,andongoingefforts
at resuscitationandevaluationcanoccursimultaneouslywith
the performance of the test.

• BecauseresuscitationisdifficultduringCT,CTiscontraindicated
whenpatientsarehypotensiveorhemodynamicallyunstable.

• DPL is also useful in certain clinical scenarios. Consider, for
example, a head-injured patient needing an emergency crani-

otomy: DPL can be performed in the operating room at the
sametimeasthecraniotomywithoutinterferingwiththeneu-

rosurgical procedure.

• Controversyexistsregardingthebestwaytomanageblunttrauma
patientswithisolatedevidenceoffreeintraabdominalfluidbyCT
butwithoutevidenceofsolid-organinjury.
• Inareviewoftheliterature,isolatedfreefluidwasobservedin

2.8%ofover16,000blunttraumapatientsstudiedwithCT.12 Of 

these,only27%underwentatherapeuticlaparotomy,sosome
experts recommend serial abdominal examinations, whereas
othersrecommendsurgicalexplorationtoruleouthollowvis-

cous injury.

• DPLcanbeusefulintheevaluationofpatientswithsuspected
perforatedviscus.Veryearlyafterbowelperforation,theWBC
count in the lavage fluid may be low; however, within a few
hoursafter injury, thedegreeof inflammationisusuallysuf-
ficienttoincreasetheWBCcountinthelavagefluidtogreater
than 500 cells/mm3. The presence of bile, amylase, bacteria,
or food particles in the lavage fluid also confirms intestinal
perforation.

• TheuseofDPL in theevaluationofhemodynamically stablepa-

tientswithpenetratingabdominalwoundsremainscontroversial.
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• Asignificantnumberofmissedinjuriesremainundetectedby
thismethod.Forexample,Kelemenandcolleagues13 reported a 

21%false-negativerateforstablepatientswithabdominalgun-

shotwounds.UsingalowRBCthreshold(1000/mm3)hasbeen
describedinanattempttoovercomethisshortfall.14

• False-positiveDPL leading tounnecessary laparotomymayoccur
inasmanyas30%of cases.10,15Thisproblemcanbe reducedby
using CT as a complementary test in stable patients. The false-
negative rate (i.e., failure to diagnose hemoperitoneum) is low.
However,DPLisunabletodetectretroperitonealinjuries(CTisthe
preferred test to detect retroperitoneal injuries for the stable pa-

tient)andisinsensitivefordetectingearlyhollowviscousanddia-

phragmatic injuries.

• OneofthemajorproblemswithDPListhatthetestistoosensitive.
Onlyabout30mLofthebloodintheperitonealcavityisnecessary
toproduceapositiveDPL.Inthiseraofselectivemanagementof
solid-organinjuries,asignificantnumberofnontherapeuticlapa-

rotomies would be performed on the basis of these DPL results
unlessthediagnosticevaluationincludesothermodalitiesaswell.

• Proponents of the open technique argue that it is safer, whereas
proponents of the closed and semiopen methods argue that these 

approachesaremoreexpeditiousandcanbesafelyperformedby
appropriately trained individuals.

• Alargemeta-analysisthataggregatedtheresultsfrom1126patient
trialsshowedthattheincidenceofmajorcomplicationsisnotdif-
ferentforthediverseDPLtechniques.16

• Failuretoproperlyplacethecatheterandtechnicaldifficultieswere
morelikelytooccurwiththeclosedmethod,whereastheprocedure
timewasshorterwiththeopenmethod(17.8vs.26.8minutes,re-

spectively).

• Sensitivity,specificity,andaccuracywerenotdifferentbetweenthe
various methods of catheter insertion.
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Thoracentesis

J. Terrill Huggins, Amit Chopra, and Peter Doelken

visceral pleura. The intercostal artery, vein, and nerve travel below the 

ribs. It is important to understand that the neurovascular bundle is not 

protected by the phalange of the rib within the first 8–10 cm from the 

origin of the vessels and nerves from the spine. Performing a thoracen-

tesis near the spine increases the risk of intercostal artery laceration 

and hemothorax.

PROCEDURE

See Video E11.1.

• Obtaininformedconsent.
• Place patient in a sitting position if hemodynamically stable, or

move the patient to the edge of the bed, with the head of the bed 

elevated to a 30- to 45-degree angle.

• Performthoracicultrasonography,andmarkthepuncturesite.
• The upper margin of the rib immediately below the access area

should be defined by palpation (may be impossible with obesity).

• Theareashouldbedisinfectedwithaniodophor-orchlorhexidine-
containing antiseptic.

• Use1%lidocainewithoutepinephrineforlocalanesthesia.
• Performtheprocedureundersterileconditionsatthispoint.
• Injectlidocainesubcutaneouslyintotheperiosteumoftheriband

the parietal pleura, ensuring that the upper margin of the rib is 

identified and anesthetized.

• Theuppermarginoftheribshouldbeidentifiedwitha21-gauge
needle before placing a thoracentesis catheter for a therapeutic 

procedure.

• Accessingthepleuralspaceovertheuppermarginoftherib(this
should be identified) places the needle at a greater distance from 

the intercostal vessels and nerves.

• Alwaysmaintaintheneedleangleperpendiculartothepatient.
• Once thepleuralfluid is aspirated, retract theneedleoutside the

pleural space.

• Placea30-to60-mLsyringeontotheneedle,andadvanceintothe
pleural space to collect the specimen.

• Iftherapeuticthoracentesisisdesired,withdrawtheneedleafterthe
pleuralfluidisclearlyaspirated.

• Iffluidcannotbeobtainedwithasmall-gaugeneedle,noattempts
at placing a thoracentesis catheter should be made.

• Insert thecatheter-over-needle systemundercontinuousapplica-

tionofsuctionuntilthepleuralfluidisaspirated.
• Once the pleural fluid is obtained, advance the catheter system

another 1 cm to place the catheter with its maximum diameter in 

the pleural space.

• Without advancing the needle, strip the catheter into the pleural
space, and remove the needle.

• Topreventairentryintothepleuralspace,turnthethoracentesis
stopcock off as related to the patient.

BEFORE THE PROCEDURE

Indications
• Pleuraleffusionisnotexplainedbytheclinicalpresentation
• Massivepleuraleffusionwithimpendingrespiratoryfailure
• Suspectedpleuralspaceinfection
• Suspectedcomplicationofpneumonia(empyema)
• Suspectedhemothorax

Contraindications
• Absolute

• Lackofexpertise
• Severe uncorrectable coagulopathy (platelet count ,25,000

cells/mL;internationalnormalizedratio[INR].2.0)
• Azotemia(creatinine.6mg/dL)
• Uncooperativepatient

• Relative
• Operator-dependentandoftechnicalnature
• Lackofimageguidancetodeterminethesafetyofthepuncturesite

Equipment
• Diagnosticthoracentesis

• Iodophor-andchlorhexidine-containingantiseptic
• 10-and30-mLsterilesyringes
• 21-gaugeneedle
• 21-gaugespinalneedlemaybeneededforobesepatients
• 1%lidocaineforuseaslocalanesthetic

• Therapeuticthoracentesis
• Commerciallyavailablecatheter-over-needlesystem

ANATOMY

The pleura is a serous membrane that covers the lung parenchyma, 

mediastinum, diaphragm, and rib cage. The pleura is divided into the 

visceral and parietal pleura. The visceral pleura covers the lung paren-

chyma and the interlobar fissures. The parietal pleura lines the inside 

ofthechestwallandthediaphragm.Aspleuralfluidforms,separation
of the visceral and parietal pleura occurs, creating a space for a needle 

to be placed safely. Free-flowing pleural fluid will collect through
gravitational effects in dependent areas. Thus if a patient is sitting 

upright,pleuralfluidwillcollectalongthediaphragmandthecosto-

phrenic and cardiophrenic angles. In contrast, in a supine patient, 

pleuralfluidwillcollectalongtheposterioraspectsofthelung.
The parietal pleura receives its blood supply from the systemic 

capillaries of the intercostal arteries supplying the costal pleura, 

whereas the mediastinal pleura is supplied by the pericardiacophrenic 

artery. The diaphragmatic pleura is supplied by the superior phrenic 

and musculophrenic arteries. The bronchial arteries likely supply the 
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• Finally,connectthedrainagetubingandcollectionbagtothetho-

racentesis catheter.

• To prevent the development of excessively negative pleural pres-

suresinventilatedpatients,draininglargeamountsofpleuralfluid
is not recommended unless pleural manometry is performed.

AFTER THE PROCEDURE

Postprocedure Care
• Apostprocedurechestradiographshouldbeperformedonallven-

tilated patients.

• Monitorforsignsoftensionpneumothoraxandhemothorax
• Hypotension
• Worseninglungcomplianceinventilatedpatients
• Tube thoracostomy is required for all patients who develop a

pneumothorax on mechanical ventilation

Complications
• Common

• Acoughcausedbylungreinflation
• Anteriorchestpaininthesettingofanunexpandablelung
• Painatthepuncturesite
• Seromaorhematomaatthepuncturesite
• Pneumothorax(upto30%fornon–image-guidedprocedures)

• Infrequent
• Pneumothoraxwithimageguidancereportedbetween0%and3%
• Inadvertentpunctureofsubdiaphragmaticstructures(e.g.,liver

and spleen)

• Hemothorax

• Serious,rarecomplications
• Pneumothorax
• Tensionpneumothorax
• Intercostalarterylaceration
• Hemothorax
• Reexpansionpulmonaryedema
• Hypotension

OUTCOMES AND EVIDENCE

• Feasibility and safety of ultrasound-guided thoracentesis in me-

chanically ventilated patients are strongly supported by the literature.

• Clinicallydirected thoracentesis shouldnotbeperformed inme-

chanically ventilated patients.

• Bedsideultrasonographyisthepreferredmodalityforthediagnosis
of pleural effusion in the critically ill patient.
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Chest Tube Placement, Care, and Removal

Gregory A. Watson and Brian G. Harbrecht

• Wallvacuumsourcewithconnectiontubing
• Prepackagedchesttray

• At a minimum, should contain a scalpel and a clamp (large
Kellyclamporhemostat)

• Skinantiseptic
• Steriledrapes
• Sterilegownandgloves,mask,andcap
• Localanesthetic
• Intravenousnarcoticand/orsedative
• Suturematerial(commonly0silk)
• Gauze
• Tape

ANATOMY

Entryintothepleuralspaceshouldgenerallybegainedviaalocationbased
oneaseofaccess,safety,andavoidanceofcomplications.TheAmerican
CollegeofSurgeonsCommitteeonTraumarecommendsdraininsertion
between the anterior and posterior axillary lines at a level with or just
abovethefifthintercostalspace(nipplelevel).Inthislocation,thechest
wallisthinnest,andtheoperatorcanavoidthepectoralismajormuscle
andbreastparenchyma(anteriorly),thelatissimusdorsimuscle(posteri-
orly),theaxillaryvessels/brachialplexus(superiorly),andthediaphragm/
intraabdominalcontents(inferiorly).Withintheintercostalspace,cours-
ingalongtheinferiorsurfaceofeachribistheneurovascularbundle.In-

sertionofthetubeoverthesuperioraspectoftheribisrecommendedso
thatinjurytothesestructurescanbeavoided(Fig.E12.3).Fromsuperficial
todeep,onewillfirstencounterskin, followedbyavariableamountof
subcutaneoustissue,thesuperiorsurfaceoftherib,theintercostalspace
withitsmusculature,andfinallytheparietalpleura.Thepulmonarypa-

renchyma and mediastinal structures are just beyond to the parietal
pleura,soitisimportanttoavoidoverzealousinsertionofthechesttube.
Tubes placed into an interlobar fissure (e.g., right-sided minor fissure)
mayslideineasilybutnotdraineffectively.Insomeinstances(e.g.,alocu-

lated collection), specialized placement may be required, and the assis-
tanceofasurgeonorinsertionunderimageguidanceisencouraged.

PROCEDURE

SeeVideoE12.1.
• Confirmthecorrectpatientandlaterality.Ifdrainageisnonemer-

gent,performa“time-out” toverify the indication(s)and review
therelevantimagingandcoagulationstudies.
• Aproceduralchecklistmaybehelpfulandhasbeenshownto

reduceerrorsanddecreasecomplications.
• Obtain necessary equipment (see earlier) and fill the water seal

compartmentofthecollectionsystemwiththeindicatedamount
ofwater.

BEFORE THE PROCEDURE

Indications
• Mostcommonlyundertakentotreatoneofthefollowingconditions:

• Pneumothorax
• Pleuralfluidcollection

• Hemothorax
• Simpleeffusion
• Empyema

• Canbebothadiagnosticandatherapeuticmaneuver

Contraindications
• Inanemergentsituation(i.e.,tensionpneumothorax),thereareno

contraindications
• Inanonurgentsituation,cautionshouldbeexercisedinthepres-

enceof:
• Knownorsuspectedadhesions

• Priorchestsurgeryortrauma
• Historyofpleuralspaceinfection
• Intrinsicparenchymaldisease

• Complex,loculatedairorfluidcollection(s)
• Typicallynotedonimagingstudies

• Insituationswhereinsertionisnotemergentandisanticipatedto
be difficult, consideration is recommended for placement by a
skilled operator (surgeon) or under image guidance (computed
tomography[CT],ultrasound)

Equipment
• Chesttubeofappropriatesizeandconfiguration(Fig.E12.1)

• Ingeneral,largertubesarerequiredtodrainblood,pus,orvis-

cousfluid,andsmallertubes(i.e.,pigtailcatheter)maysuffice
forasimpleeffusionorpneumothorax.
• Non-pigtailsizesrangefrom20Fto40Fforadultsandfrom

6Fto26Fforpediatricpatients.
• Straight tubes are most commonly placed in the emergency

departmentorintensivecareunit.
• Right-angledtubesareavailablebuttypicallyareplacedby

surgeonsintheoperatingroom.
• Commerciallyavailablecollectionsystem(Fig.E12.2)

• Includesthefollowingcomponents:
• Plasticconnectorofatleast0.25-inchdiametertoconnectthe

chesttubetotheaccessorytubing.(AY-connectormaybeused
inthecaseofmultiplechesttubes,butcautionisadvisedbecause
thesearepronetoocclusionandsubsequentdrainagefailure.)

• Accessorytubing(generally0.5inchindiameterand6feet
long).

• Drainage system(composedofa trap,water seal, andma-

nometercompartments).
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Fig. E12.1 Standard chest tube (top) with trocar (middle) and angled 

chest tube (bottom) without trocar.

Fig. E12.2 Modern chest drainage system. A, Accessory tubing to 

wall suction. B, Accessory tubing to chest tube/patient. C, Suction con-

trol. D, Float indicating suction is operative. E, Water seal chamber. F, 

Collection chamber. G, Air leak meter.

Rib

Neurovascular
bundle

Pleural space

Lung

Fig. E12.3 Use of Kelly clamp to enter pleural space.

• Positionasfollows:
• Supineorslightelevationoftheheadofthebed
• Ipsilateralarmbehindtheheadorabducted
• Bedatcomfortableheightfortheoperator
• Ensureadequatelighting

• Practiceaseptictechniqueandobserveuniversalprecautions.
• Preptheareabroadlywithskinantiseptic.
• Drapewidelysuchthatanatomiclandmarks(e.g., thenipple)are

visible.
• Plantheskinincisiontooverlietheribjustinferiortothechosen

intercostal space. (For example, if entering the fifth interspace,
placetheincisionalongthesuperioraspectofthesixthrib.)

• Considerpremedicationwithanarcoticoranxiolytic.
• Injectlocalanesthetic(applygentlesyringeaspirationatalltimes).

• Firstanesthetizetheskin.
• Thenangletheneedleslightlycephaladtoanesthetizetheperi-

osteumoftheribandthedeepertissues.
• Severalpassesmayberequiredtocoveranarea1–2cmindiameter.
• Ifairorfluidisaspirated,retracttheneedlewhileaspiratingit

untilitceasesandtheninjectadditionallocalanesthetictoanes-

thetizetheparietalpleura.
• Make an incision large enough to accommodate the operator’s

indexfingerandchesttubeatthesametime.
• Bluntly dissect (with index finger and/or Kelly clamp) along an

obliquepathangledsuperiorlytothechosenintercostalspace,with
caretakentoremainonthesuperiorborderoftherib(seeFig.E12.3).

• Ifthepatientisonaventilator,holdrespirationstemporarily.
• Gentlyenterthepleuralspacewiththetipoftheclamp.

• Avoidexcessiveadvancementoftheclamptominimizeinjury
todeeperstructures.

• Typicallywillfeelapopandgetreturnofairand/orfluid.
• Opentheclampslightlytosufficientlyenlargetheopeningintothe

pleuralspace.
• Insertindexfingertoconfirmentryintothepleuralspace.

• Shouldbeabletopalpateparietalpleuraand,attimes,thelung.
• Notethepresenceofanyadhesions(seeninupto15%ofcases).

• Werecommenddiscardingthechesttubetrocarandgraspingthe
tipofthetubewiththeKellyclamptofacilitatesaferinsertion.

• Insertindexfingeralongsidethechesttubeandguidethetubeinto
thepleuralspaceawayfromthelungparenchyma.
• Thoughitisrecommendedtodirectthetubeanteroapicallyfora

pneumothorax and posterobasally for fluid, the exact location
withinthepleuralspaceisprobablynotimportantinmostcases.

• Ensurethatthelastdrainageholeiswellwithinthepleuralspace.
• Connectthetubeimmediatelytothecollectingsystem.
• Ifsuctionisdesired,adjustthewallvacuumsourcetoprovideslow,

consistentbubblinginitsregulationchamberand,whenairisbe-

ingremoved,fromthepleuralspace.
• Typically, the collection system is set initially to pull with

220cmH2Osuctionpressure.
• Secure the tube to the skin at the exit site with sutures (avoid a

purse-stringstitch).
• Coverthewoundwithdrygauzeandtape.
• Obtainachestx-raytodocumentproperplacement,evaluateex-

pansionofthelung,andassessforresidualpleuralfluidorair.

AFTER THE PROCEDURE

Postprocedure Care
• Dailyassessment

• System must remain upright and should be kept below chest
level.
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• Theaccessorytubingshouldbeinastraightorcoiledposition
andnotkinked.

• Becertainthewaterlevelinthesystemismaintained.
• If suction isbeingused,verify thepropersettingandconfirm

thatitisfunctional(thefloatshouldbevisibleinthewindow).
• Notetheamountofdrainage,presenceofbubbling,andrespi-

ratoryvariation.
• Without suction applied, very large respiratory variations

oftenindicateundrainedairthatseparatesthelungfromthe
chestwall.

• Troubleshooting
• Observationofsynchronouswatersealandmotionwithrespi-

rationsuggeststhetubeisstillfunctioninginthepleuralspace
andthatallconnectionsaretight.

• If the tube is not functioning and occlusion of the drainage
holesissuspected:
• Disconnectandflushwithnormalsaline
• Considerfibrinolytics(particularlyifaparapneumoniceffu-

sionispresent)
• Ifanairleakwithinthesystemissuspected:

• Sequentiallyclamptheaccessorytubingwithdistalsuctionap-

plied.Theleakwillceasewhenaclampisplacedproximaltothe
site,andtheproblemcanthenbeaddressed.

• Iftheaccessorytubingortheconnectionsarenottheproblem,
checktheinsertionsite.Iftheskinincisionistoolarge,theleak
maybeaudibleandcanreadilybeaddressedwithanadditional
stitch.Also,becertainthe lastdrainageholehasnotmigrated
outofthepleuralspace.

• Ifneitheroftheseidentifiestheproblem,amajorairwayinjury
orbronchopleuralfistulamaybetoblame.

• Removal
• Should be performed once the indication for tube thoracos-

tomyhasresolved
• Willvarysomewhataccordingtothepatientpopulationand

theindicationforinsertion
• For a simplepneumothorax,hemothorax,orpleural effusion,

werecommend:
• Placementof thetubeon220cmH2Osuctioninitially to

facilitatelungreexpansionand/orevacuationoffluid
• Suctionmaynotberequiredinsomepatients(i.e.,thosewith-

outunderlyinglungdiseaseorwhodonotrequiremechanical
ventilation)
• Continuesuctionuntilthelungisre-expandedandthereis

noairleak.Thenconverttowaterseal.
• Obtainaradiographonwatersealtoconfirmlungexpansion.
• Removewhendrainageisnegligible(,150–200mLperday).

• For empyema, the infectious process must be resolved, there
shouldbenoresidualempyemacavityonimagingstudies,and
drainagemustbescantbeforeremoval
• Itiscommonforempyematubestoremaininplaceforweeks

• In lung resection patients, management is more complex be-

cause the routine use of suction may potentiate air leaks.We
recommend consultation with the patient’s surgeon regarding
managementofthetube(s)

• Thetimingofchesttuberemovalrelativetotherespiratorycy-

cle(i.e.,endinspirationorendexpiration)doesnotappearto
beimportant,eveninventilator-dependentpatients

• Althoughroutinechestradiographyafterremovalisnotauni-
versalpractice,werecommendobtainingonewithin4hoursof
removaltoconfirmlungexpansion.
• Someleaksmaybeveryslowandrequiremanyminutesto

bedetectedbychestfilms.

• Routineclampingofchesttubesshouldgenerallybeavoided.

Complications
• Reportedtobeaslowas2%andashighas30%
• Improperinsertiontechnique,operatorinexperience,andforceful

useofsharptrocarsareavoidableerrorsthataccountformanyof
thecomplications

• Common
• Malpositioning

• Generally low; however, a recent study of critically ill pa-

tientswhounderwentCTaftertubethoracostomyreported
anincidenceof30%

• Clinicallymoreimportantthatthetuberesideinthepleural
spaceratherthanaspecificlocationrelativetothechestwall
orlungparenchyma

• Infectious
• Insertionsite(wound)infection
• Pleural space infection (empyema) rates vary from 1%

to11%
• Unresolvedpneumothorax
• Persistentpleuralfluidcollection

• Infrequent
• Injurytothelung

• May manifest as hemothorax, persistent air leak, residual
pneumothorax,orsubcutaneousemphysema

• Injurytotheintercostalvessels
• Maymanifestashemothoraxandoccasionallyrequiressur-

gerytoachievehemostasis
• Chylothorax
• Longthoracicnerveinjury(wingingofthescapula)
• Intercostalneuralgia
• Hornersyndrome
• Phrenicnervepalsy

• Seriousrarecomplications
• Reexpansionpulmonaryedema

• Manifestsasdyspnea(intheabsenceoflungcollapse)after
drainageofalargepneumothoraxorhemothorax

• Ipsilateraledemaseenonchestradiograph
• Treatmentissupportive
• Somerecommendslowremovaloflargeeffusions(,1Lin

thefirst30minutes)tominimizetherisk
• Esophagealrupture
• Perforationoftheheartorgreatvessels
• Lacerationofthesubclavianvessels
• Injury to the diaphragm and/or upper abdominal structures

(liver,spleen,stomach,colon)
• Punctureofsiliconebreastimplants(intrathoracicsilicosis)

KEY POINTS

• Few aspects of chest tube management have been subjected to rigorous 

study or are standardized.

• Patient outcomes after tube thoracostomy are related to their underlying 

condition(s).

• Deaths caused by the procedure itself are infrequent.

• No clear consensus exists regarding the role of prophylactic antibiotics for 

tube thoracostomy, but they may be of some benefit.

• Recent meta-analysis of studies performed in trauma patients revealed 

a reduction in the risk of posttraumatic empyema and pneumonia.

• If one elects to administer antibiotics, coverage against Staphylococcus 

should be included.
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Fiber-Optic Bronchoscopy

Massimo Antonelli, Giuseppe Bello, and Francesca Di Muzio

• Toplaceairwaystents
• Toperformairwayballoondilatationforthetreatmentoftra-

cheobronchialstenosis
• To remove abnormal endoluminal tissue from the trachea or

bronchithroughtheuseofforcepsorlasertechniques

Contraindications
• Absolutecontraindications

• Absence of consent from the patient unless a medical emer-
gencywarrantstheprocedure

• Lackoftrainedpersonneltoperformordirectlysupervisethe
procedure

• Lack of adequate personnel and facilities to manage possible
life-threateningemergencies

• Inabilitytoadequatelyoxygenatethepatient
• Inability to achieve adequate platelet count and coagulation

statusifbiopsyisanticipated
• Unstablehemodynamicstatus
• Activeuncontrolledbronchospasm

• Relativecontraindications
• Lackofpatientcooperation
• Unstableanginaorrecentmyocardialinfarction(within6weeks)
• Acutehypercapnia
• Acutebraininjury(riskforincreasedintracranialpressure)
• Severepulmonaryhypertensionanduremia(increasedriskfor

serioushemorrhageafterbiopsy)

Equipment
• Fiber-opticbronchoscope,comprisingcomponentsthatareincor-

poratedintoafunctionalunit(seeFigs.E13.1andE13.2)
• Controlhandlewiththefollowing:

• Bodythatfitsintothehand
• Eyepiece, to which video or photographic devices may be at-

tached;justunderthelens,adiopteradjustmentringforimage
focusing

• On some bronchoscopes, the top of the endoscopic view is
markedbyanindentorblacktriangletoassistinorientation.

• Tipbendinglever;locatedonthebackofthehandleandused
toactivatetheupanddownmovementofthelast2–3cmofthe
insertioncord

• Suctioncontrolvalve
• Suctionconnector
• Accessporttotheworkingchannel
• Insertioncord:itistheflexiblebronchoscopicelementconnected

tothecontrolhandlethatisintroducedintotheairway;withinit
aretheviewingbundle,onetothreelightbundles,theworking
channel,andtwowiresthatcontrolthedistaltipofthescope.

SPECIALTY AND CATEGORY WITHIN SPECIALTY

• Intensivecaremedicine:
• Diseasesoftherespiratorysystem
• Airwaymanagement

CPT CODES

• Bronchoscopy

ICD-9 CODES

33.2Diagnosticproceduresonlungandbronchus
33.22Fiber-opticbronchoscopy
33.24Closed[endoscopic]biopsyofbronchus
33.27Closedendoscopicbiopsyoflung

PREPROCEDURE

Indications
• Diagnosticuses

• Toassessthepatencyandanatomyoftheupperairway
• To evaluate problems associated with endotracheal tubes and

airwaystents, suchas trachealdamage,devicemalposition,or
airwayobstruction

• To investigate lung abnormalities of unclear etiology on the
chestx-ray

• To investigate unexplained hemoptysis, cough, and localized
wheezeorstridor

• Toobtainlowerrespiratorytractspecimensbybronchoalveolar
lavage (BAL) or protected specimen brushing (PSB) for cyto-

logicormicrobiologicanalyses
• Toinvestigatetheetiologyofpositivesputumcytologyresults
• Todeterminethelocationandextentofrespiratorytractinjury

aftertoxicinhalationoraspirationofgastriccontents
• To evaluate the airways for suspected tracheobronchial injury

afterthoracictrauma
• Toevaluateasuspectedtracheoesophagealfistula
• To perform endobronchial or transbronchial lung biopsies

(TBLBs) and transbronchial needle aspirations (TBNAs) for
histologic,cytologic,ormicrobiologicanalyses

• Therapeuticuses
• Toremoveretainedsecretionsormucusplugsnotmobilizedby

physiotherapy
• Toretrieveforeignbodies(VideosE13.1andE13.2)
• Toperformdifficulttrachealintubations
• Toaidinperformingpercutaneoustracheostomy(VideoE13.3)
• Toperformselectiveintubationofthemainstembronchus
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• Universal cord arises from the side of the control handle and
transmitsthe light fromthe lightsourcetothebronchoscope,
illuminatingthefieldofview.Thelightsourceisthefree-standing
apparatusintowhichtheuniversalcordattaches.Insometypes
of bronchoscopes (portable scopes), the universal cord is not
needed,asthelightsourceisbuiltintothecontrolhandleofthe
instrumentandpowerisprovidedbyabatterysystem.Modern
digitalflexibleendoscopicsystemsuseacharge-coupleddevice

chiplocatedattheendofthescopetorelaydigitizedinforma-

tion to a monitor via a processor. The venting connector is a
componentofthebronchoscopeusuallylocatedontheuniver-

salcord.Theethyleneoxidesterilizationventingcapandleak-

agetesterareattachedtothisconnector.Theethyleneoxidecap
mustbeinstalledwhentheendoscopeissubjectedtogassteril-
ization and during transportation by air. It must be removed
beforeimmersionorwhentheinstrumentisinuse.

• Ancillarytechnicalmaterials
• Venousaccessequipment
• Oxygenandrelateddeliveryequipment
• Wallorportablevacuumsystemsandrelatedsuctionsupplies
• Laserequipment,ifapplicable
• Biteblock,tobeusedintransoralproceduresinawakepatients
• Sterilegauze,forclearingthetipofthebronchoscopeduringthe

procedure
• Water-solublelubricant
• Antifogging systems, including warm water (max 60°C), weak

soapsolutions,andcommerciallyavailableantifoggingsolutions;
whenfoggingoccursduringtheprocedure,bringingthetipofthe
scopeintocontactwiththemucosalsurface;mayclarifytheimage.

• Microbiology and cytology brushes, flexible forceps, retrieval
valves,transbronchialaspirationneedles,fixatives

• Specimen-collection traps, syringes for medication delivery,
physiologic(0.9%)salinesolutionforBAL

• Laryngoscope
• Endotrachealtubesinvarioussizes
• Oral intubating airway that maintains an open passage into

theoropharynxandprotectstheendoscopefrombeingbitten;
itisusefuliftheoralrouteischoseninpatientsundergeneral
anesthesia

• Endoscopymaskstoassistfiber-opticintubationinpatientsbe-

ingventilatedbyafacemaskprovidedwitharubberdiaphragm
thatpermitsthepassageofeitherthebronchoscopeorthetra-

chealtubeintotheairwaysandpreventsairleakage
• Endotrachealtubeintroducersofvarioussizes
• Cricothyroidotomykit
• Laryngealmaskairwayorotherextraglotticdevicesofvarious

sizes for ventilator support in emergency situations; laryngeal
maskairwaymayalsobeusedtoaidthepassageofthebroncho-

scopeintothetrachea
• An adapter to facilitate insertion of the bronchoscope while

preventinglossoftherespiratorygasesandmaintainingventila-

tionandpositiveend-expiratorypressurethroughoutthepro-

cedureduringeitherinvasiveornoninvasiveventilation(NIV)
• Self-inflatingoranesthesiabagattachedtoafacemaskbyaT-

adapter;usedforbag-maskventilationinnonintubated,sedated
patientsundergoingbronchoscopy

• Resuscitationequipment
• Medications

• Lidocaine (1%–2%) for topical anesthesia; the minimum
amountof lidocainenecessaryshouldbeusedwheninstalling
through the endoscope; the total dose of lidocaine should be
limitedto8.2mg/kg inadults;particularcare isneededwhen
administeringlidocainetopatientswithliverorcardiacfailure

• Sedativeagents(e.g.,benzodiazepineandpropofol)
• Synthetic narcotics (e.g., fentanyl or remifentanil) to provide

sedationandanalgesiaandtosuppressthecoughreflex
• Benzodiazepineand/ornarcoticantagonists
• Epinephrine(usually1:10,000dilution)forbleedingcontrol
• Nasaldecongestants
• Emergencyandresuscitationdrugs

CB
SCV

WCAP

RC

IC

Fig. E13.2 Fiber-optic bronchoscopy in a patient under mechanical 

ventilation. The operator uses a recent model, battery-driven broncho-

scope incorporating a video camera, light source, and recording unit. 

The camera body of this bronchoscope can be rotated to the right and 

the left side by 90 degrees to either side, and the liquid crystal display 

panel can be tilted from 0 to 120 degrees. CB, Camera body; IC, inser-

tion cord; RC, respiratory circuit; SCV, suction control valve; WCAP, 

working channel access port.

RC
IC

B

WCAP

SCV

E
CA

SC

UC

BL

Fig. E13.1 Fiber-optic bronchoscopy in a patient under mechanical 

ventilation. Note how the operator uses her right hand to hold the 

handle of the instrument, with her thumb over the bending lever and her 

index finger over the suction control valve. B, Body; BL, bending lever; 

CA, camera attachment; CH, control handle; E, eyepiece; IC, insertion 

cord; RC, respiratory circuit; SC, suction connector; SCV, suction control 

valve; UC, universal cord; WCAP, working channel access port.
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• Monitoringdevices
• Pulseoximeter
• Continuouselectrocardiogram
• Continuous intraarterial blood pressure or intermittent cuff

bloodpressuremeasurementatleastevery5minutes
• Intracranial pressure, essential in patients with serious brain

injury
• End-tidalcarbondioxide,usefulinpatientswithbraininjuries
• Respiratoryfunctionmonitoringofpatientsundermechanical

ventilationforfollowingventilationparameters,suchasexhaled
tidalvolumeandpeakinspiratorypressure

• Chestx-ray1houraftertransbronchialbiopsytoexcludepneu-

mothorax
• Cleaningandsterilizationequipment

• Dedicatedroomforcleaningandmanualorautomatedsteril-
ization; automated washer disinfectors are recommended to
minimizestaffcontactwithdisinfectantandtheirfumes

• Softnonabrasivecleaningclothtogentlywipetheexternalsur-
facesandcomponentsoftheendoscopeimmediatelyafteruse

• Water or neutral detergent solution to irrigate all accessible
channelsoftheendoscopeattheendoftheprocedure

• Leaktestingsystem
• Cleaningbrushesandneutraldetergentsolutionforathorough

cleaningoftheinternalandexternalsurfacesoftheendoscope:
cleaningbrushesarepassedthroughtheworkingchannelaccess
port,thesuctionportopening,andthesuctionconnector.They
arealsousedcarefullytocleanthedistalendoftheinstrument.

• Proteaseenzymaticagentforcleaningandtheremovalofblood
andproteinresidues

• High-level disinfection or sterilization agents (e.g., peracetic
acid,glutaraldehyde,orethyleneoxide)

• Sterilewaterforrinsingtheendoscope
• 70%ethylor isopropylalcoholtoflushtheexternalsurfaces

and innerchannelsof theendoscope.This isusedwhenthe
qualityoftherinsewaterisindoubtortoassistinthedrying
process.

• Cupboardtohangtheendoscope

ANATOMY

• SeeVideoE13.4
• Thetracheapassesfromthelarynxtothelevelofthefourthor

fifth thoracic vertebra, where it bifurcates into the two main
bronchi (i.e., the left and the right) at the anatomic point
knownasthemaincarina.Thetracheahasaninnerdiameterof
about21–27mmandalengthofabout10–16cm.About15–20
incompleteC-shapedcartilaginousringsreinforcetheanterior
andlateralsidesofthetracheaandmainbronchi.Theposterior
wall,ormembranoustrachea, is freeofcartilageandcontains
bundlesofmusclefibers that insert intotheposteriorendsof
thecartilageplates.Theanterior(ventral)andposterior(dor-
sal)directionscanbeidentifiedbynotingtherelativeflattening
andflexibilityoftheposteriorwallofthelumen.

• Bronchi
• The right main bronchus is wider, shorter, and closer to the

midlinethantheleftmainbronchus.Thecartilageandmucous
membraneofthemainbronchiaresimilartothoseofthetra-

chea.At the levelwherethemainbronchienter the lungs, the
membranousregiondisappears,andthecartilageplatesareno
longerC-shapedbutaresmaller,moreirregular,andarranged
tosurroundthecircumferenceof theairway.At this level, the
muscularcoatnolongerinsertsintothecartilage,butformsa

separatelayerofinterlacingbundles.Consequently,theairway
lumencanbeoccludedby thecontractionorflaccidityof the
muscle.

• Therightmainbronchussubdivides into three lobarbronchi,
whereastheleftmainbronchusdividesintotwo.Thelingulaof
theleft lung,nominallyapartoftheleftupperlobe, isanalo-

gous to the right middle lobe. The lobar bronchi divide into
segmental bronchi, each of which supplies a bronchopulmo-

narysegment.Thebronchopulmonarysegmentsarethetopo-

graphicunitsofthelung,andtheyareusedtoidentifyregions
ofthelungeitherradiologicallyorsurgically.Thereare10bron-

chopulmonary segments per lung, but because of anatomic
development,someofthesegmentsintheleftlungfuse,giving
rise to8 segments.For countingordersor generationsof air-
ways,themainbronchiareusuallycountedasthefirstgenera-

tion,thelobarbronchiasthesecondgeneration,andsoonpe-

ripherally.Generally,inadultsubjects,abronchoscopewithan
outerdiameterof5mmcannotbeadvanced farther than the
fourth-orfifth-orderbronchi.

• Bronchioles
• As the branching continues through the bronchial tree, the

amountofhyalinecartilageinthewallsdecreasesuntilitisab-

sentinthebronchioles,whichliedistaltothebronchi,beyond
the last plate of cartilage. When any airway is pursued to its
limit, the terminalbronchiole is reached.Eachterminalbron-

chiolethengivesrisetoseveralrespiratorybronchioles,which
leadtothealveolarductsandsacs.Thealveolusisthebasicana-

tomicunitofgasexchangeinthelung.
• Nomenclatureofperipheralbronchi

• Thenomenclaturecommonlyused for thebronchialanatomy
is that of Jackson and Huber. Subdivisions of the bronchial
tree correspond to the anatomic segments and are named
accordingly.

• Therightmainbronchusgivesrisetothreelobarbronchi:up-

per,middle,andlower.Theportionoftherightmainbronchus
betweentheupperlobebronchusandtheoriginofthemiddle
andinferiorlobebronchiisknownasthelowerpartoftheright
mainbronchus,orbronchusintermedius.Therightupperlobe
bronchusissubdividedintothreesegmentalbronchi:theapical,
posterior, and anterior. The right middle lobe bronchus
branches into two segmental bronchi: the lateral and medial.
Therightlowerlobebronchusgivesrisetofivesegmentalbron-

chi:thesuperiorsegmentalbronchus,posteriorlydirectedand
situatedjustbelowtheorificeofthemiddlelobebronchus,and
more distally, four basal segmental bronchi: the medial, ante-

rior,lateral,andposterior;occasionally,themedialbasalbron-

chusispartiallyseparatedfromtheotherbasalsegmentsbyan
extrafissure.

• Theleftmainbronchussubdividesintotwolobarbronchi:the
upperandlower.Theleftupperlobebronchussubdividesinto
asuperiordivisionbronchusandalingulardivisionbronchus.
The superior division has two segmental bronchi: the apical-
posteriorandanterior.Thelingulardivisionhastwosegmental
bronchi:thesuperiorandinferior.Theanatomyoftheleftlower
lobe bronchus is similar to that of the right lower lobe bron-

chus, except that there are usually only three basal segmental
bronchi on the left: the anteromedial, lateral, and posterior.
Comparedwiththerightside,thesuperiorsegmentoftheleft
lower lobe bronchus arises more proximally than the orifices
servingthebasalpyramid.

• Withtheadventoffiber-opticbronchoscopy,Dr.ShigetoIkeda
introduced additional nomenclature for the fourth, fifth, and
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sixthdivisions.Accordingtothisnomenclature,thesegmental
bronchiarenumberedfrom1to10oneachsideandareidenti-
fiedwiththecapitalletter“B”forbronchusandprefixedbythe
capitalletter“R”forrightor“L”forleft.Thisway,LB6identifies
thesuperiorsegmentalbronchusoftheleftlowerlobe.Subseg-

mental,or fourth-orderbronchi, aredesignatedby the lower-
case letter“a” for posterior and“b” for anterior; the letter“c”
may be used for additional bronchi. Fifth-order bronchi are
identifiedbytheRomannumerals“i”(posterior)and“ii”(ante-

rior).Finally,“a”and“b”areusedforsixth-orderbronchi.
• Variationsofthebronchialanatomyarenotinfrequent.
• Keybronchoscopicanatomicfeatures

• Rightlung.Theorificeofthebronchustotherightupperlobe
is inthe3o’clockposition,anditsdistancefromthecarinais
quitevariable.Thearrangementofthethreesegmentalbronchi
oftherightupperlobebronchusisnearlysymmetric.Justbe-

yondthelowersectionoftherightmainbronchus,orbronchus
intermedius,thetypicalanatomicconfigurationconsistsofthe
orificeofthemiddlelobebronchus,anteriorlydirected,inthe
12–2o’clockposition;theorificeofthebronchustothesupe-

riorsegmentofthelowerlobe,atthesamelevelbutinthe6–7
o’clock position; and, directly in front, the basal segmental
bronchioftherightlowerlobe.

• Leftlung.Afterenteringtheleftmainbronchus,theorificesof
theupperandlowerlobebronchigenerallylieinthetopleftand
bottom right, respectively, of the bronchoscopic image field.
Withintheorificeoftheleftupperlobebronchus,thelingular
divisionbronchus lies (clockwise) to the rightof the superior
division bronchus. Inside the entrance of the left lower lobe
bronchus, theorificeofthesuperiorsegmentalbronchus is in
the6–7o’clockposition,justasintherightlung.

PROCEDURE

• Definetheindicationforfiber-opticbronchoscopy.
• Choose the size of the bronchoscope as indicated by the intended

procedure, the patient size, and the size of the endotracheal tube; a
large bronchoscopewithawideworking channelprovides excellent
suctionperformanceandpermitsthepassageoflargebronchoscopic
tools.Inadultpatientswithtrachealintubation,anouterdiameterof
the bronchoscope at least 1.5 mm narrower than the lumen of the
endotrachealtubecanpreventexcessiveincreasesinairflowresistance,
gastrapping,andairwaypressurethatdecreasedeliveredtidalvolume.

• Assurethebronchoscopeisinproperworkingorder.
• Checkanycamerasand/orvideoequipmentthatmaybeused.
• Assessthepatient’smedical,physiologic,andpsychologicstatus.
• Reassurethepatient,ifconscious.
• Prescribeappropriatepremedication,ifneeded.
• Establishintravenousaccess.
• Connect thebronchoscope to the light sourcewhen it ispresent,

turnonthelight,adjustthefocus(e.g.,bylookingatwrittenmate-

rialuntilaclearviewisobtained),andobtainthewhitebalance.
• Connectthesuctioncathetertothesuctionconnector.
• Placethedistalendoftheinsertioncordofthebronchoscopeinto

warmwater.
• Applyorcheckthemonitoring.
• Placethepatientinasupine,semirecumbent,orevensittingposi-

tion,dependingonthetypeofprocedure.
• Start topical anesthesia, general anesthesia, or intravenous seda-

tion,basedontheneedsofthepatient.
• Standbehindortotheleftorrightsideofthepatient.Ifyoustand

totheside,youcanapproachthepatienteitherfrombehindorthe

front;inthelattersituation,oncethebronchoscopehaspassedinto
thepharynx, thesuperiorpartof theendoscopicviewwillcorre-

spondtotheinferiorregionofthepatient.Theendoluminalland-

marksdescribedearlierguidetheoperator’sorientation.
• Lubricatethebronchoscope.
• Handlingthebronchoscope.Right-handeduserswillfinditeasier

toholdthehandleoftheinstrumentwiththeirrighthand,withthe
index finger over the suction valve and the thumb actuating the
bendinglever,andtousetheirlefthandtoholdtheinsertioncord.
The black cursor in the viewfinder, when present, describes the
planeofmovementofthetipoftheendoscope.

• Thebronchoscopicprocedurerequiresonlythreemovements:(1)
flexionofthetipofthebronchoscopealongtheplaneofthecursor;
(2)rotationoftheentireendoscopetotheleftorright;and(3)the
advancementorwithdrawaloftheinstrument.Thegoalistokeep
thepointofinterest(e.g.,vocalcords,bronchialorifice,etc.)inthe
center of the field. When the bending lever is depressed, the tip
rises,whereaswhentheleveriselevated,thetipisdirectedinthe
oppositedirection.Theinsertioncordshouldbekeptasstraightas
possibletoeitherpreventaccidentaldamagetothebronchoscope
orimprovethecontroloverthetipoftheinstrument.Tolookright,
thetipofthebronchoscopemaybeturnedupwardwhilethecon-

trol handle is twisted clockwise. Alternatively, the insertion cord
may be rotated anticlockwise with the tip turned downward. To
look left, the insertion cord is rotated clockwise or anticlockwise
withthetipdeflecteddownwardorupward,respectively.Theop-

eratorwilldecidewhichmaneuverstoperformdependingonthe
easeofobtainingthedesiredmovements.

• Theinsertioncordshouldbeabletorotatethroughout its length
whenthehandleisrotatedaxiallytoavoiddistortionoftheimage
orientation. This orientation distortion resulting from the axial
rotationusuallyoccurswhenthedistalendofthebronchoscopeis
blockedbytheairtightrubbersealattheentranceoftheendotra-

chealtubeorevenbytheinsidewallsoftheendotrachealtube.In
these circumstances, the tip of the bronchoscope fails to rotate
synchronouslywiththeproximalendoftheinstrument.

• When a camera attachment is used with the bronchoscope, the
camerapositionrelativetothebronchoscopeneedstobecalibrated
byrotatingthebronchoscopecamerasystemuntilacertainmove-

mentinsidethepatient’sairwaycorrespondswiththepropermo-

tiononthemonitor.
• Thebronchoscopemaybeinsertedintotheairwaythroughthenose

or the mouth in spontaneously breathing patients or through the
endotrachealtubeinintubatedpatients.DuringNIV,thebroncho-

scopeispassedthroughtheNIVinterface(VideosE13.5andE13.6).
• TheapplicationofNIVduringbronchoscopymaybeusefuleither

inat-riskhypoxemicpatientswhoareinitiallybreathingspontane-

ouslyandwhostartNIVtoassistbronchoscopyorinpatientswho
arealreadyreceivingNIVandscheduledtoundergobronchoscopy
duringNIV.WhenNIVisadministeredthroughafacemask,aT-
adapterwithasealingconnectorisattachedtothemaskforinser-
tionofthebronchoscopethroughthenoseorthemouth.

• Fiber-opticintubation.Theendoscopemaybepassedtransnasally
or transorally through thevocalcords into the trachea.Then the
endotrachealtubeisslippedovertheinstrument.

• Sampling techniques. Samples from the lower airways are com-

monlyobtainedbyBAL,PSB,TBLB,andTBNA.WhenBALorPSB
isperformed,thesamplingareaisselectedbasedonthelocationof
the new or progressive infiltrate on a chest x-ray or the segment
visualized during bronchoscopy as having purulent secretions.
Data are lacking for the optimal sampling site in patients with
diffuselunginfiltrates.
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• BAL.Thetipofthebronchoscopeiswedgedasfaraspossibleinto
adistalairway(generallyafourth-orfifth-orderbronchus),and
asterilesalinesolutionisinstilledthroughthebronchoscopeand
then aspirated into a sterile trap. Minimal injecting pressure is
advisablesoastoavoidinadvertentalveolarrupture.Aliquotsof
20–60mLareinjectedandaspiratedbackaftereachinstillation.
ThetotalamountoffluidusedtoperformBALrangesfrom140
to 240 mL. In the supine patient, BAL fluid recovery is best
fromtherightmiddlelobeorlingula.Atleast5mLofretrieved
fluid are needed for adequate microbiologic analysis. The first
aliquot of aspirated fluid is likely to contain a large amount of
material from the proximal airway and must be analyzed sepa-

rately from the rest. The recovery of more than 5% squamous
epithelialcells intheBALspecimenindicatesproximaltracheo-

bronchial contamination. Because lidocaine has bacteriostatic
properties,theuseofthislocalanestheticcouldalterthemicro-

biologicresults.
• PSB.Thistechniqueisperformedusingaretractablebrushwithin

a double-sheathed catheter having a distal dissolvable plug that
initiallyoccludestheoutercatheter.First, thetipofthebroncho-

scopeispositionedclosetothesamplingarea.Next,thecatheteris
inserted through the working channel and advanced 1–3 cm be-

yondthedistalendofthebronchoscopetoavoidthecollectionof
pooledsecretionsaroundthedistaltipoftheinstrument.Theinner
catheter containing thebrush is advanced toeject thedistalplug
intoalargeairway,andthebrushisadvancedunderdirectvision
into the desired subsegment. Once the sample is obtained, the
brushisretractedintothecatheter,whichis thenwithdrawnand
removedfromthebronchoscope.Thebrushisthenadvancedbe-

yondthecatheter,cutwithsterilescissors,andplacedinto1mLof
transportmediumtoavoiddrying.

• TBLB.Histologicsamplesofthebronchialmucosa,bronchialwall,
lungparenchyma,andalveolimaybeobtainedusingTBLB.Indif-
fuselungdisease,thebiopsyspecimenshouldbetakenfromape-

ripheralairway,preferablythelowerlobe.Inthisway,thedangerof
significantbleedingmaybereduced,owingtothesmallercaliberof
the distal bronchial vessels. The number of biopsies needed for
TBLB is not standardized. However, seven to eight biopsy speci-
menshavebeenproposed for localized lung lesions,whereasfive
TBLBsamplesfromonelungseemtoensureahighdiagnosticyield
formostdiffuselungdiseases.

• TBNA.TBNAmaybeusedtoobtaintissuesamplesfromparatra-

cheal,hilar,andperibronchialareas.Forvisibletumors,theyields
ofTBNAandforcepsbiopsyaresimilar.Aprotectedtransbronchial
needleispassedthroughtheworkingchannelofthebronchoscope
andpositionedwiththeneedleperpendiculartotheendobronchial
wall.Thetrachealwall,carina,mainstembronchus,ormajorspur
ispiercedwithaquickthrust.Suctionisthenappliedtotheproxi-
malendoftheneedlesheathwitha20-mLsyringecontaining2mL
of saline solution. The needle and sheath are removed from the
bronchoscope,andthespecimenisejectedintoasuitablecontainer
for cytologic analysis. If a dry syringe is used, the specimen is
smearedonaglassslidebeforetheexamination.Ateachbiopsysite,
two or three punctures are commonly made, employing a new
needleforeachlocation.

• Recommendations for bronchoscopy during mechanical ventila-

tionthroughtheendotrachealtubeincludethefollowing:
• Insert a connector between the endotracheal tube and the

ventilator tubing through which to slide the bronchoscope.
Volume-controlled ventilation is usually preferred. Set the
fraction of inspired oxygen (FiO2) at 100%, and remove or
reduce positive end-expiratory pressure, except in very

severe respiratory failure. Increase respiratory frequency and
decrease tidal volume; increase percent inspiratory time. Set
thepeakpressurealarmtoalevelthatallowsadequateventila-

tion.After the procedure, return all ventilator parameters to
theirinitialvalues.Overthefirst30minutesafterthetermina-

tionofbronchoscopy,graduallyreducetheappliedFiO2tothe
prebronchoscopyrequirements,providedthatthepatientcan
maintain an arterial oxygen saturation of hemoglobin mea-

suredbyapulseoximeter(SpO2)at.92%.
• Other procedural considerations. Enteral feeding or oral food

intakeshouldbesuspendedforatleast4hoursbeforethepro-

cedure. Asthmatic subjects should be premedicated with a
bronchodilatorbeforetheprocedure.Plateletcountandcoagu-

lation times should be checked before performing bronchos-

copyinpatientsinwhomabiopsyisanticipated.

AFTER THE PROCEDURE

Postprocedure Care
• Monitoring

• Levelofconsciousness
• Medicationsadministered
• Subjectiveresponses(e.g.,pain,discomfort,anddyspnea)
• Bloodpressure,heartrate,rhythm,andchangesincardiacstatus
• SpO2andsupplementaloxygenuse

• Close surveillance to promptly detect and treat any new findings
presentingoverthefirsthoursaftertheendoftheprocedure(see
“Complications”)

• Nothingbymouthfor2hours

Complications
• Common:

• Hypoxemiacommonlyoccursduringbronchoscopy;theinser-
tionofabronchoscopeintotheairwaysreducesthecrosssec-

tionalareaavailableforairflow,thusincreasingtheairwayresis-

tance and the work of breathing. Continuous suctioning
throughtheinstrumentevacuatesgasfromtheairwayandde-

creases the residual functional capacity, often leading to the
development of hypoxemia. Hypoxemia may be more severe
after BAL, owing to ventilation-perfusion abnormalities in-

duced by the instillation of a saline solution; the decrease in
arterial oxygen partial pressure resulting from bronchoscopy
maylastafewminutestoseveralhoursaftertheremovalofthe
bronchoscope

• Mildhypercapnia
• Increasedairwayresistance
• Modest alterations in systolic blood pressure, consisting of

eitheradecrease(generallyrelatedtosedation)oran increase
fromthebaseline

• Slightincreaseinheartrate
• Infrequent:

• Periproceduraladversedrugreactions
• Bronchospasm or laryngospasm, particularly in patients with

preexistingreactiveairwaydisease
• Majorcardiacrhythmabnormalities;theriskofarrhythmiasis

thegreatestduringthepassageofthebronchoscopethroughthe
vocalcordsinnonintubatedpatients,especiallyifhypoxemiais
present

• Bradycardiaorothervagallymediatedphenomena
• Epistaxis,intransnasalprocedures
• Pneumothorax; it is very uncommon after bronchoscopy, but

hasanincreasedincidenceinpatientsundergoingTBLB
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• Significantbleeding,definedasmorethan50mLofbloodloss;
the likelihood of hemorrhage from bronchoscopy increases
whenbiopsyorbrushingproceduresareperformed;patientsat
ahigherriskofbleedingincludethosewithuremia,immuno-

suppression,pulmonaryhypertension,liverdisease,coagulation
disorders,orthrombocytopenia

• Feverandchills;feverrarelyoccursafterbronchoscopy(1.2%),
butoccursmorecommonly(10%–30%ofcases)afterBAL;fe-

ver is thought to be generally caused by the release of proin-

flammatorycytokinesfromalveolarmacrophagesanddoesnot
itselfindicateadevelopinginfectionrelatedtotheprocedure

• Nausea,vomiting
• Cross-contaminationofbronchoscopes

• Serious,rarecomplications:
• Death

OUTCOMES AND EVIDENCE

• Outcome after bronchoscopy depends on the patient’s coexisting
condition; flexible bronchoscopy is associated with a 0.3% inci-
denceofmajorcomplicationsandamortalityrateof0.02%;major
complications requiring resuscitative measures are significantly
more likely with rigid bronchoscopy as compared with flexible
bronchoscopy.

• Themostfrequentlife-threateningcomplicationsleadingtodeath
afterbronchoscopyincludeairwayproblems,cardiovascularevents,
andbleeding.
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Bronchoalveolar Lavage and Protected 
Specimen Bronchial Brushing

Lillian L. Emlet

• Rightandleftmainbronchiareidentified,andthelocationofthe
desiredBALspecimenisobtainedatthesitewherepurulentmate-

rialispresentorwhereinfiltrateisvisibleonthechestx-ray.5

• Ifunsureastowhichlobeneedstobesampled,theposteriorpor-
tionoftherightlowerlobeshouldbesampledfirst.Autopsystudies
indicatethatpneumoniasinintensivecareunit(ICU)patientsof-
teninvolvethislobe.6–9

• To obtain the BAL, the bronchoscope is advanced to the farthest
segmentoftheaffectedbronchusuntilitcannotbeadvancedany
farther.

PROCEDURE: BRONCHOALVEOLAR LAVAGE

SeeVideoE14.1.
• Obtain informedconsent, including for topical anesthesiaof air-

waysand/orconscioussedation.
• Prepareforconscioussedation,andusetelemetrydevicestomoni-

tor continuous pulse oximetry, intermittent blood pressure cuff
measurement,andsupplementaloxygen(vianasalcannulaornon-

rebreathermaskorventilator).
• Forpatientsatriskofbronchospasm,premedicatewithbronchodi-

lators,andtreatairwayswith2%lidocaineviaanatomizer.
• ReviewthechestradiographtoidentifytheideallocationforBAL.

The right middle lobe or lingula is preferred in supine patients,
withtherightlowerlobealsoservingasapossibledirectpathfor
aspiration.

• Preparethebronchoscope,collectiontrap,tubing,andsterilesaline.
• Anesthetizevocalcordsinnonintubatedpatientsandthecarinain

intubatedpatientswith2%lidocaine(5mg/kgmaximum).
• Avoid suctioning before obtaining the BAL specimen to avoid

specimencontamination.
• Advancethebronchoscopeuntilwedgedinthedesiredsubsegmen-

talbronchus.
• Flush 20 mL sterile saline through the wedged bronchoscope,

watching for the flow of saline into distal airways and for the
blanchingoftissues.

• Obtainthesampleimmediatelyafterthewash,ensuringthereturn
ofthelavagespecimenintothecollectiontrap.

• Slightrepositioningofbronchoscopetipcanallowforbetterfluid
return.

• Intermittentpulsingofsuctioningcanreducedistalairwaycollapse.
• Repeat 20-mL sterile saline washes as necessary to obtain an

adequate sample (usually a total of 30–50 mL, which is usually
40%–70%recoveryoftotalinstilledvolume).

• Larger-volumealiquotsforlavagecanbeused(asmuchas50mL
perlavage,withtotalvolumeof120mLin3–6aliquots).5,10

BEFORE THE PROCEDURE

Indications
• Diagnosisofpneumonia

• Viral,bacterial,fungal,pneumonias
• Quantitativeculturesforventilator-associatedpneumonias
• Infiltratesinanimmunocompromisedhost

• Evaluationofdiffuse lung infiltratesandevaluationof interstitial
lungdisease

• Suspectedpulmonaryhemorrhage
• Suspectedmalignancies
• Both bronchoalveolar lavage (BAL) and protected specimen

bronchialbrushing(PSB)usequantitativeculture techniques to
differentiate between airway colonization and true pulmonary
infections.1–4

Contraindications
• Acuterespiratorydistresssyndromewithhypoxemia

• May cause derecruitment in noncompliant severe air space
disease

• Cardiacarrhythmias,hypoxemia,bronchospasm
• Bronchopleuralfistula

• Maynotbeabletoreturnadequatespecimenforanalysis

Equipment
• Flexiblefiberopticbronchoscope
• Sterilesaline
• Vacuumsuctionsource
• Suctiontubing
• Syringes:10mL,20mL,or60mLslip-tip
• Sterilecollectiontrap
• Lidocaine,1%–2%fortopicalanesthesia,ifneeded
• Medicationsforproceduralconscioussedation,ifneeded
• Burmanairwayororalairway
• Supplementaloxygen
• Endotrachealbronchoscopeattachment

ANATOMY

• Ifperformedonnativeairways,thefirststructurestobeidentified
aretheepiglottisandthevocalcords.
• Topical anesthesia using 1%–2% lidocaine is administered

throughabronchoscopetothevocalcords.
• Thenextlandmarktobelocatedisthetracheaandtheidentifica-

tionofthecarina.
• Additionaladministrationof1%–2%lidocainetothecarina.
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• Serious,rarecomplications
• Derecruitment and hypoxemia resulting in intubation and

positive-pressure ventilation or increase in ventilator require-

ments45–48

• Pneumothorax

• Estimatedalveolar surface areadistal to thewedgedbroncho-

scopeis100timesgreaterthantheperipheralairway.
• FluidreturnoftheBALcanaffectthevalidityofresults,andsmall

returns may contain only diluted material from the bronchus
ratherthanthealveoli,resultinginfalsenegatives.11

• In patients with highly collapsible airways, including patients
with chronic obstructive pulmonary disease (COPD), the
amount of negative pressure applied via the bronchoscope to
aspirate the sample can limit the amount of sample returned
andmaygiverisetoafalse-negativeresult.

• SensitivityofBALis71%andspecificityis80%(95%confidence
interval[CI],66%-86%)inthediagnosisofpneumonia.12–23,33

PROCEDURE: PROTECTED SPECIMEN  
BRONCHIAL BRUSHING

• Same procedure as BLA, except for the use of an endobronchial
catheterwedgedinthetracheobronchialtree.

• Thebrushisrubbedagainstareasofsuspectedinfectionandthen
removedfromtheprocedureportofthebronchoscope.

• Thebrushisthenasepticallycutintoameasuredvolumeofsterile
diluent(usually1mLofpreservative-freesterilesaline).10,24

• Double-lumen catheter brush systems with single-sheathed or tele-

scopingpluggedcathetertipswithdistaloccludingplugsareused.24–26

• Quantitativecutoffis103colony-formingunitspermilliliter(CFU/mL).
• Sensitivityofprotectedspecimenbronchialbrushingforpneumo-

niais61%(95%confidenceinterval[CI],44%–77%)andspecific-

ityis76%(95%CI,92%–97%).13,27–33

AFTER THE PROCEDURE

Postprocedure Care
• Patientsarecontinuouslymonitoreduntilfullrecoveryfromcon-

scioussedation.
• Ventilatedpatientsareplacedon100%fractionofinspiredoxygen

(FiO2) during the procedure and weaned back to previous FiO2
levels, as tolerated. Derecruitment is possible and may require
recruitmentmaneuvers.

• Specimenhandling
• ForPSB,thebrushshouldbeasepticallycutinto1mLofpre-

servative-freesterilesaline.10,24

• For BAL, the specimen container should be sent for analysis
within 30 minutes, although refrigeration can prolong trans-

portandanalysis.34,35

• The specimen should be obtained before new antibiotics are ad-

ministered.
• Evenafewdosesofantibioticscanresultinnegativemicrobio-

logiccultures.36

• Quantitativeculturetechniquesofdistalpulmonarysecretions
withminimalornoupperairwaycontamination.1,2

• BAL and PSB culture sensitivities are lowered if antibiotic
therapyhasalreadybeeninitiated.37–39

• These techniques do not retrospectively identify resolving pneu-

moniaorassesstheadequacyoftherapy.9,40–43

Complications
Common•

Cough•
Transient• infiltratesthattypicallyresolvein24hours
Transient• decreaseinpartialpressureofoxygen(PaO2)

• Infrequent
• Transientfever,chills,myalgias44
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Percutaneous Dilatational Tracheostomy

Cherisse Berry and Daniel R. Margulies

• Syringesandneedles
• Sterilegownsandgloves
• ShileyPercutaneousDualCannulaCuffedTracheostomyTube
• Kellyclamp
• Sterilesalinesolution

• Medicationsrequiredatthebedsideinclude:
• 1%xylocainewithepinephrine1:100,000.
• Midazolam,1mg/mLinjectableorotherappropriatesedative.
• Morphine,10mginjectableoranotherappropriatenarcotic.
• Vecuronium,injectable,orotherappropriateparalyzingagent.
• Sterilenormalsalineflushsolution.
• OthermedicationsatthediscretionofthePDToperator.
• The choice of a PDT introducer set may vary by institution;

oursincludesthesetlistedonlybecausewehavesignificantex-

periencewithit.However,itiscriticalthatonlyonetypeofPDT
introducersetbeinuseinaninstitutionatanygiventime.To
ensuremaximumsafety,everyaspectofthisproceduremustbe
standardized,especiallytheequipmentused.

ANATOMY

Thethyroidnotchandcartilagearepalpated,followedbythecrico-

thyroidmembraneandcartilageandthetrachealrings.Itisessential
that the trachealpuncturebemade inferior to thecricoidcartilage
landmark.Ifthesecondandthirdtrachealringscannotbedistinctly
identified, the procedure is aborted, and an open tracheostomy is
performed.

ULTRASOUND

Althoughnotrequired,theuseofreal-timeultrasoundguidancecan
help to identify pretracheal vessels and high-risk vascular anatomy
overlyingthePDTsite.Identificationofthesevesselsbeforeproceed-

ingwithPDTcanhelpreducebleedingrisk,theriskofairembolism,
andtheriskofsurgicalinterventionforhemostasis.

PROCEDURE

SeeVideoE15.1.
• AsingletaperedPDTdilatorandkitwithsimultaneousintraopera-

tivebronchoscopyisused.
• Twoteamsareusedsimultaneously.Oneteammanagestheendo-

trachealtube,andtheothermanagestheplacementofthetrache-

ostomytube.
• The patient’s physiologic parameters, including arterial oxygen

saturation,aremonitoredcontinuouslythroughouttheprocedure
bytheintensivecareunit(ICU)nursesandarespiratorytherapist.

• Intravenoussedationandparalyticagentsareadministeredasre-

quired,andthepatientisfullyventilatedviaanendotrachealtube.

BEFORE THE PROCEDURE

Indications
• Requirementofatemporaryorlong-termartificialairwayforpro-

longedmechanicalventilation
• Managementofsecretions
• Nonemergencyairwayobstruction

Contraindications
• Inabilitytoclearlypalpateandidentifytracheallandmarks
• Enlargedthyroidorotherneckmass
• Activeinfectionatthesite
• Emergencyneedforairway
• Highventilatoryrequirements(FiO2$70%,positiveend-expiratory

pressure[PEEP]greaterthan15cmH2O)
• Bleeding
• Increasedintracranialpressure
• Clinically significant coagulopathy or supratherapeutic interna-

tional normalized ratio (INR) or partial thromboplastin time
(PTT)

• Documentedtracheomalacia
• Cervicalirradiation
• Morbidobesity
• Maxillofacialornecktrauma
• Lackofcervicalspineclearance
• Inabilitytoextendtheneckbecauseofacervicalspinefracture
• Inaddition,wedonotperformtheprocedureinpatientsyounger

than16yearsofagebecauseofthescarcityofexperiencereported
inpediatricpatients

Equipment
• Equipment required at the bedside to perform the percutaneous

dilatationaltracheostomy(PDT)procedureshouldinclude
• PDTintroducerset(CiagliaBlueRhinoPercutaneousTracheos-

tomy Introducer Set #C-PTIS-100-HC, Cook Critical Care,
Bloomington,Indiana)

• Bronchoscope with video monitor display and bronchoscopy
endotrachealtubeadapter

• Continuouselectrocardiographic(ECG)monitor
• Bloodpressuremonitoringdevice
• Pulseoximeter
• Free-flowingintravenouscatheter
• Mechanicalventilator
• Suction
• Resuscitation(“crash”)cart
• Opentracheostomyinstrumenttray(unopened)

• Suppliesrequiredatthebedsideinclude:
• ChloraPreporothersolutionforskinpreparation
• 434-inchbandages
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positioning is critical to prevent displacement of the J-tip guide
wireandpossibletraumatotheposteriortrachealwallduringsub-

sequentdilatations.
• ThelubricatedBlueRhinotrachealdilatoristhenpassedoverthe

cannulaandguidewireandintothetracheatodilatethetractfully.
Thisrequiresforcefulpressuretoaccomplishsmoothly.

• The tracheal dilator is then withdrawn, but the guiding catheter
andguidewireremaininplace.

• The tracheostomy tube and introducer dilator are threaded over
theguidecannulaandguidewireasoneunitandinsertedintothe
tracheaunderdirectbronchoscopicvisualization.

• The introducer dilator, guiding catheter, and guide wire are then
withdrawn,leavingthetracheostomytubeinplace.

• Theinnercannulaistheninserted,andthecuffisinflated.
• The PDT operator continues to hold the tracheostomy in place

withonehandandneverremovesituntilthetracheostomytubeis
suturedinallfourcornerstoensurethetubeisnotinadvertently
displaced.

• Thebronchoscope is then inserted intothe tracheostomytubeto
confirmplacementwithinthetrachea.

• Theventilatortubingis thenconnectedtothetracheostomy.The
appropriatetidalvolumeandoxygensaturationareconfirmed.

• Thetracheostomytubeissuturedtotheneckwith4-0gaugenylon
suturesplacedineachcorner.

• Oncethetracheostomytubeissuturedinallfourcornersandalso
securedaroundtheneckwithumbilicaltape,theendotrachealtube
is removed. Make sure that the umbilical tape is not placed too
tightly,asskinbreakdowncanresult.Atleastonefingershouldbe
abletofitbetweentheumbilicaltapeandtheskin.

AFTER THE PROCEDURE

Postprocedure Care
• Asimple434-inchgauzedressingispartiallyslitandplacedbe-

tweenthetracheostomywingsandtheskin.
• Achestradiographisnotindicatedunlesstheprocedurewascom-

plicated.
• Closeobservationbythenursingstaffisrequiredtodetectbleeding

externallyatthetracheostomysiteorinternallyintotheairway.The
bleedingmustbe immediatelyreportedto thePDToperatorand
theICUphysicianandmustbecarefullyevaluatedandcontrolled.

• Bleedingintotheairwaycanleadtotheformationofanobstruct-
ingclotatthecarina,withfatalconsequences(TableE15.1).

OUTCOMES AND EVIDENCE

• PDTisasafeprocedure,withmorbidityandmortalityratesequiv-

alenttoorlowerthanthoseofanopentracheostomy.
• NumerousearlystudiesreportedthemorbidityofPDTtobebe-

tween3%and19%,comparedwithacomplicationrateof26%–
63%foropentracheostomy.

• Recentstudieshavefoundtheoverallmortalityforatracheostomy
tobe37%,withnostatisticallysignificantdifference inmortality
forPDTcomparedwithanopentracheostomy.

• Theincidenceofwoundinfectionhasbeenreportedtobe6.6%.
• One study compared PDT with surgical tracheostomy (ST) and

foundthatPDTwasassociatedwithasignificantlyreducedriskof
wound infection(oddsratio[OR],0.28;95%confidence interval
[CI],0.16–0.49;P,0.0005).

• One report found the overall incidence of bleeding to be 5.7%,
withnosignificantdifferenceinincidencewhencomparingPDT
withST.

• Thepatientispositionedwiththeneckslightlyextendedandapil-
lowundertheshoulders.

• Understerileconditions,thePDTdilatorsandtracheostomytube
mustbeprepared.

• TheBlueRhinotrachealdilatoriswateractivated,soitisdippedin
sterilesalineorwatertoenhanceitslubricantcoating.

• TheShileyPercutaneousDualCannulaCuffedTracheostomyTube
is designed specifically to be used with the Cook Percutaneous
TracheostomyIntroducerSet.Dependingonthesizeofthepatient,
it ispreparedby inflating theballoontoensure the integrityand
thencollapsingtheballoonbywithdrawingallair.

• The tracheostomy tube, with the cuff, completely deflated, is in-

sertedovertheintroducerdilatorasoneunit,placed2cmfromthe
tipofthedilator,andthenlubricatedwithsterilegel.TheShiley’s
tapered distal tip and inverted cuff shoulder are specifically de-

signed for easier insertion. It is important that the tracheostomy
tubebeplacedexactly2cmfromthetip.Ifitisplacedmorethan2
cmfromthetip,itwilllikelynotenterthetrachea.Ifitisadvanced
toofarandplacedlessthan2cmfromthetip,thetracheamaybe
damageduponinsertion.

• TheneckispreparedwithChloroPrep.
• Thedermisandsubcutaneoustissuesareinfiltratedwith1%lido-

cainewithepinephrine.
• The upper airway endoscopist will then introduce the broncho-

scopeintotheendotrachealtube.
• Theendotrachealtubeisuntaped,thecuffdeflated,andthetubeis

then withdrawn until the tip lies just below the vocal cords. The
utmost care is taken toavoidwithdrawing the endotracheal tube
toofar,whichcouldresultinextubationofthepatient.Werecom-

mendthat thebronchoscoperemainnear the tipof theendotra-

chealtubebutentirelywithinittopreventinadvertentpunctureor
spearingofthebronchoscopebythepunctureneedle.

• ThePDToperatorverifiesthepatient’sneckanatomy,startingwith
palpationofthethyroidnotchandcartilageandthenmovingdown
tothecricothyroidmembraneandcartilageandthetrachealrings.

• Theanatomy is reconfirmedwithdigitalpalpationof thecricoid
cartilagebecauseit isessentialthatthetrachealpunctureismade
inferior to this landmark. If the second and third tracheal rings
cannot be distinctly identified, the procedure is aborted, and an
opentracheostomyisperformed.

• A 2-cm horizontal or vertical skin incision centered between the
secondandthirdtrachealringsismade,andthemidlinesubcutane-

ous tissuesaredissectedbluntlywithahemostatuntil thepretra-

chealfasciaisexposed.Beforetracheostomy,thetracheaisapproxi-
mately2–2.5cmdeepfromtheskinatthesuggestedinsertionsite.

• The PDT operator reconfirms the tracheal anatomy by direct
palpationthroughtheincision.Thetracheaisthenpuncturedbe-

tweenthesecondandthirdtrachealringswitha14-gaugecannula-
over-needlefromthePDTkit.

• Trachealpenetrationisconfirmedbyvisualizationwiththebron-

choscope,inadditiontoaspirationofairfromtheneedle.
• Theneedle is removed,anda J-tipguidewire is then introduced

intothetracheathroughthecannulaandvisualizedwiththebron-

choscope.Thepuncturingcannulaisthenwithdrawn.
• Asmall14Fdilatoristhenintroducedovertheguidewiretowiden

thetrachealopening.Thedilatoristhenwithdrawn.
• An8Fguidingcatheterisintroducedovertheguidewiretotheskin

levelmarkontheguidewire.Theguidingcatheterandguidewire
areintroducedasaunit intothetracheauntilthesafetyridgeon
theguidingcatheterisattheleveloftheskin.Thepositioningof
theguidingcatheterisconfirmedbyaligningtheproximalendof
thecatheterwiththeproximalgraymarkontheguidewire.This
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Immediate Early Late

Bleeding (minor venous oozing)

Puncture or laceration of the posterior tracheal wall

Tracheal ring fracture

Brief episodes of hypoxia or desaturations

Serious hemorrhage from a severed blood vessel

Loss of airway

Paratracheal cannulation

Conversion to open tracheostomy

Death

Pneumothorax

Subcutaneous emphysema

Pneumomediastinum from an esophageal injury

Unplanned decannulation

Tracheostomy tube occlusion from secretions/mucus plugs

Cuff leak

Stomal infection

Stomal infection

Tracheo-inncominate fistula

Tracheo-esophageal fistula

Tracheal stenosis

Unplanned decannulation

Voice changes

Tracheomalacia

Pneumonia

Dysphagia

TABLE E15.1 Complications of Percutaneous Dilatational Tracheostomy
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Esophageal Balloon Tamponade

Jin H. Ra and Marie L. Crandall

• Onceplacementisconfirmed,inflategastricballoonfully(500–700mL).
• Pull the tube back slowly until meeting with resistance. Traction

canthenbeappliedinanumberofways:withanoverheadframe-
pulley system—such as the one used for skeletal traction—or by
securelytapingthetubetothenose.Morecreatively,thepatientcan
befittedwithafootballhelmetoracatcher’smask,whichisthen
usedtostabilizethetube.Theframe-pulleysystemhastheadvan-
tagethatthedegreeoftractioncanbeaccuratelymeasured.A1-kg
weightisenough(a1-Lbagofacrystalloidsolutioncanbeconve-
nientlyused).

• Connect the suction ports to suction; if the tube has gastric and
esophagealsuctionports,connect themtosuctionseparatelyand
monitortheoutput.Ifbloodcontinuestocomeoutoftheesopha-
gealport, inflatetheesophagealballoonto25–35mmHg(thisis
bestdonebyattachingathree-waystopcocktotheinflationport,
with one of the limbs connected to a transducer for continuous
pressuremonitoring).

AFTER PROCEDURE

Postprocedure Care
• Ifinflated,monitorthepressureoftheesophagealballoonatleast

onceaday,butpreferablycontinuously.
• Monitortheangleofthetubewithrespecttothenoseandadjust

accordinglytopreventpressurenecrosis.
• Thetubeshouldberemovedasearlyaspossible.It isnotknown

howlongatubecansafelyremaininplace,butitcanbeleftinplace
24–48 hours, and the gastric balloon should be deflated every
12hourstocheckforrebleeding.

• Toremovethetube,thestepsarereversed.First,deflatetheesopha-
gealballoon(ifusingatubethathasone),keepingthegastricbal-
loonontraction.Ifbleedingdoesnotresume,onecanproceedto
discontinuethetractionwhilekeepingthegastricballoonfullyin-
flatedforanadditional24–48hours.Ifthereisnorebleeding,then
thegastricballoonisdeflated,andthetubeisremoved.

• Ifbleedingcontinues,reinflatetheappropriateballoon.

Complications
Severe, life-threatening complications arise in 20%–60% of cases.
Complicationratesincreasewithprolongeduse.
• Common:

• Esophagealandfundalmucosalulcerations
• Pressurenecrosisofthealaenasae
• Nasopharyngealbleeding

• Seriousbutinfrequent:
• Aspirationpneumonia

BEFORE PROCEDURE

Indications
• Short-termhemostasisandstabilizationofpatientsuntildefinitive

therapycanbearranged
• Failuretoachievehemostasisafterendoscopictreatmentofbleed-

ingesophagealvarices
• Asa temporizingmeasurewhenendoscopic treatment isnot im-

mediatelyavailableoremergencytranscutaneousintrahepaticpor-
tosystemicshuntisbeingarranged

Contraindications
• Knownorsuspectedesophagealtear
• Recentesophagealsurgery
• Knownesophagealstricture
• Usewithcautionwiththosepatientswithahiatalhernia

Equipment
• Minnesota tube (a modified Sengstaken-Blakemore tube with

esophagealsuctionportaboveesophagealballoon)
• Sengstaken-Blackmoretube(has250ccgastricballoonandesoph-

agealballoonandasinglegastricsuctionport)
• Linton-Nachlastube(hasasinglegastric600ccballoon)

PROCEDURE

• SeeVideoE16.1
• Admitpatienttoanintensivecareunit
• Ifnotalreadydone,proceedwithendotrachealintubationforair-

wayprotection
• Ensureallequipmentisavailableandready

• Tubeofchoice
• Large-volumesyringe
• Atractionpulleysystem
• Adequatesuction

• Test the integrity of the gastric and esophageal balloon(s) of the
tubebyinflatingfully.Deflatetheballoon(s),makingsurealltheair
isout.

• Inserttubetransnasallyandadvanceit intotheesophagusits full
length.Ifthetransnasalroutecannotbeused,transoralinsertionis
also acceptable.Avoid transnasal placement in coagulopathic pa-
tientsifpossible.

• Put30to50mLofairthroughthegastricport,clampit,andcheck
forcorrectplacement.Thepartiallyinflatedgastricballoonmustbe
clearlyseenbelowthediaphragmonachestx-ray.Donotoverin-
flatethegastricballoonduringthisstep,asaccidentalfullballoon
inflationintheesophaguswouldlikelyleadtoesophagealrupture.
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• Serious,rarecomplications:
• Esophagealperforation
• Airwayobstruction
• Tubemigrationwithlaryngealobstructionortrachealrupture
• Impactionoftheballoonrequiringsurgeryforremoval

OUTCOMES AND EVIDENCE

• Primaryhemostasiscanbeachievedinabout30%–90%ofcases.
• Thevariabilityinsuccessratesisduetopatientselection,concomi-

tantuseofothertherapies,andexperienceofstaffusingthetubes.
• Theevidenceisweakbecausemoststudiesareatleast2decadesold,

employeddifferenttypesoftubes(e.g.,Sengstaken-Blakemore,Lin-
ton,orMinnesota),andwerenotrandomized.Thissituationisun-
likelytochange,asballoontamponadeisseldomneedednowadays.

• TherewasarecentmulticenterrandomizedcontroltrialbyEscor-
selletal. in2017comparingesophagealballoontamponadewith
esophageal stenting to control acute refractory variceal bleeding.
Therewereatotalof28randomizedpatients.Controlofbleeding
occurred in 66% of stented patients versus 20% of balloon tam-
ponadegroup.Thestudyconcludedthatthestentgroupdemon-
strated better efficacy than balloon tamponade against refractory
esophagealvaricealbleeding.
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Nasoenteric Feeding Tube Insertion

Ibrahim I. Jabbour, Albert T. Hsu, and Marie L. Crandall

ANATOMY

• Successfulplacementof thenasogastric tube requires that itpass
throughthenasalcavity,pharynx,andesophagus, into thestom-

ach. The nasal cavity consists of the nares, septum, lateral nasal
wall,androof.Thepharynxconsistsofaspacethatextendsfrom
thenaresdowntotheinferiorborderofthecricoidcartilage.Atthis
level,itdividesintotheesophagusandlarynx.Theesophaguscon-

tinuesuntilitterminatesinasmooth-musclesphincterthatsepa-

rates the lower esophagus from the stomach. Typically the lower
esophagealsphincterlies38–40cmfromtheincisorsinadults.The
pylorusliesapproximately60–65cmfromtheincisors.

PROCEDURE
• SeeVideoE17.1
• Positionpatient:

• Ifawake,placeinsittingposition.
• Ifintubatedorunabletocomplywithinstructions,placesupine

andelevateheadofbedto45degrees.
• Coattubewithlubricant.
• Considerapplyinglidocainejellytobackofnares.
• Inserttubeintonares.
• As tube enters the hypopharynx, ask patient to tilt head forward

andswallow.
• Onceinsertedto35cm,tapetubeinplaceandconfirmintraesoph-

agealposition:
• Obtainchestx-ray(CXR)or

• Attachend-tidalCO2detector toendof the tube. If indicator
turnsyellow(positiveforCO2),removetubeandreposition.If
indicatorremainspurple(negativeforCO2),proceed.

• Advance feeding tube to 55 cm and tape in place if intending to
initiategastricfeeding.

• Ifintendingtoinitiategastricfeeding:
• Checkpositionofthetube.
• Usestethoscopetoauscultateleftupperquadrant.
• Insufflateairintotubeusingsyringe.
• If passage of air into stomach is heard (this distinct gurgling

soundiscalledborborygmi),tapetubeinplaceandconfirmits
positionwithCXR.Ifunabletohearpassageofair,reposition
tube.

• Ifintendingtoinitiatepostpyloricfeeding:
• Placepatientintorightlateraldecubitusposition.
• Administerpro-motilityagent.
• Advancetubeto80–100cm.
• Checkdistalpositionoftubewithx-ray.

BEFORE PROCEDURE

Indications
• Inabilitytomaintainvolitionalintake(inthesettingofafunctional

gastrointestinaltract)and:
• Criticalillnessexpectedtorequireanintensivecareunit(ICU)stay

ofmorethan2days
• Poornutritionalstatus
• Weightlossandnutrientdepletion
• Multiplecomorbidconditions
• Failuretoeatformorethan7days

Contraindications
• Inabilitytotolerateenteralnutrition:
• Mechanicalbowelobstruction
• Peritonitis
• Hemodynamic compromise (e.g., starting or escalating dose of

vasopressor[s]inapreviouslystablepatient)
• Shortgut(relativecontraindication)
• Severecranialorfacialfracture(s)ordeformity
• Esophagealobstructionorrecentsurgery
• Esophagealorgastricvarices
• Coagulopathy(relativecontraindication)

Equipment
• Tube:

• Nasogastricsumptube(14F–18F)
• Nasoenteric feeding tubewith stylet and/ormetalweighted

tip
• Lubricant
• Gloves
• Gownwithlongsleeves
• Eyeprotection
• Emesisbasin
• Syringe:

• 60-mLToomeysyringeifinsertingsumptube
• 10-mLLuer-Loksyringeifinsertingnasoentericfeedingtube

• Stethoscope
• Adhesivedevice:

• Tape
• Bridle

• Optional:
• Lidocainejelly
• Pro-motilityagent(e.g.,metoclopramide,erythromycin)
• End-tidalCO2detector
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• Otheradjunctsforassistancewithpositioningoftube:
• Electromagneticstylet(e.g.,CortrakEnteralAccessSystem)
• Endoscopy
• Bedsidefluoroscopy
• Bedsideultrasound
• pHvalueofgastricaspirate(e.g.,FlocareNGT)

AFTER PROCEDURE

Postprocedure Care
• ObtainCXRand/orupperabdominalx-raytoconfirmpositionof

tube.
• Removestyletifpresent.
• Attachtubesecurelytonoseusingtape.
• Considerplacingbridletohelppreventdisplacement.

Complications
• Common:

• Unplannedremovaloffeedingtube
• Infrequent:

• Traumafrominsertionoftube
• Bleedingfromnasalturbinates
• Retropharyngealhematoma

• Seriousandrare:
• Inadvertentplacementintocranium,trachea/bronchus
• Perforationofbronchus(pneumothorax),esophagus,stomach

SUGGESTED READING

BouvetL,ZieleskiewiczL,LoubradouE,AlainA,MorelJ,ArgaudL,etal.Reliability
ofgastricsuctioningcomparedwithultrasoundassessmentofresidualgastric
volume:aprospectivemulticentercohortstudy.2020;Anaesthesia,75,323–330.

BurnsSM,CarpenterR,TruwitJD.Reportonthedevelopmentofaprocedure
topreventplacementoffeedingtubesintothelungsusingend-tidalCO2
measurement.Critical Care Medicine.2001;29,936–939.

HsuCW,SunSF,LinSL,KangSP,ChuKA,LinCH,etal.Duodenalversus
gastricfeedinginmedicalintensivecareunitpatients:aprospective,ran-

domized,clinicalstudy.Critical Care Medicine.2009;37,1866–1872.
MardersteinEL,SimmonsRL,OchoaJB.Patientsafety:Effectofinstitutional

protocolsontheincidenceofpneumothoraxafterfeedingtubeplacement
inthecriticallyill.AmericanCollegeofSurgeonspaperssession.Journal of 

the American College of Surgeons.2004;199,39–47.
MartindateRG,McClaveSA,VanekVW,McCarthyM,RobertsP,TaylorB,et

al.Guidelinesfortheprovisionandassessmentofnutritionsupportther-
apyintheadultcriticallyillpatient:SocietyofCriticalCareMedicineand
AmericanSocietyforParenteralandEnteralNutrition:Executivesum-

mary.Critical Care Medicine.2009;37,1757–1761.
PeterJV,MoranJL,Phillips-HughesJ.Ameta-analysisoftreatmentoutcomes

ofearlyenteralversusearlyparenteralnutritioninhospitalizedpatients.
Critical Care Medicine.2005;33,213–220.

SederCW,StockdaleW,HaleL,JanczykRJ.(Nasalbridlingdecreasesfeedingtube
dislodgmentandmayincreasecaloricintakeinthesurgicalintensivecareunit:
arandomizedcontrolledtrial.Critical Care Medicine.2010;38,797–801.

TaylorSJ.,AllanK,ClementeR,MarshA,ToherD.Feedingtubesecurement
incriticalillness:implicationsforsafety.British Journal of Nursing (Mark 

Allen Publishing).2018;27,1036–1041.
ZalogaGP.Bedsidemethodforplacingsmallbowelfeedingtubesincritically

illpatients.Chest.1991;100:1643–1646.
ZatelliM,VezzaliN.4-pointultrasonographytoconfirmthecorrectposition

ofthenasogastrictubein114criticallyillpatients.Journal of Ultrasound.
2016;20,53–58

KEY POINTS

• Early nutrition support therapy, especially using the enteral route, may im-

prove patient outcomes by reducing complications, length of ICU stay, and 

improving caloric intake.

• Placement of nasoenteric feeding tubes results in complications in approxi-

mately 2%–5% of cases. Experienced practitioners who verify placement of 

the tube before initiating feeding can reduce the incidence of adverse se-

quelae resulting from malpositioned feeding tubes.

• The decision to initiate gastric versus postpyloric feeding remains contro-

versial. Evidence of aspiration or intolerance to gastric feeding should 

prompt physicians to consider placing a postpyloric feeding tube.

• In patients at risk of tube displacement, securing the tube via bridle signifi-

cantly decreases tube removal rates
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Lumbar Puncture

Sarice L. Bassin and Thomas P. Bleck

located by drawing an imaginary line between the posterior iliac crests. 

This is usually the most rostral space employed because the adult spi-

nal cord ends at L2. Walk the fingers down the spinous processes to 

identify the L4-5 and L5-S1 interspaces, and mark them on the skin. 

Note that during lumbar spine disease, the question of a spinal mass or 

an overlying skin infection prevents the lumbar approach; a lateral 

cervical approach can be performed by a physician trained in this 

technique. In cases of a difficult lumbar puncture in obese patients, a 

bedside ultrasound can be helpful.

PROCEDURE

• SeeVideo E18.1.

• Placethepatientinthelateraldecubituspositionwithkneesflexed
totheabdomenandheadflexedwiththechintowardthechest.

• Positionthepatient’sbackascloseaspossibletotheedgeofthebed
nearesttheexaminer.

• Before preparing the skin, locate the L4-5 and L5-S1 interspaces
and mark them.

• The skin should thenbepreparedwithchlorhexidineorpovi-
done-iodine. The preparation should proceed outward in a spi-

ral and cover several interspaces in case multiple attempts are 

necessary.

• Drapethepatient’sbackwithasterilesheetwithanopeningtothe
prepared area so that it covers the posterior iliac crest.

• Anesthetize the skin with 1% lidocaine using a 25-gauge needle,
which may be exchanged for a longer 22-gauge needle to reach
deeper tissues.

• Usinga20-or22-gaugespinalneedle,advanceitwiththestyletin
place to avoid the introduction of epidermal cells into the sub-

arachnoid space.

• Directthebeveloftheneedleupwardtoseparatethefibersofthe
ligamentumflavum.Theangleof theneedle15degreescephalad
and slightly downward toward the bed.

• When the dura is punctured, and a slight“pop” is felt, the stylet
should be withdrawn.

• IfafreeflowofCSFdoesnotoccur,theneedlecanberotatedor
may have to be advanced (after replacing the stylet).

• OncethefreeflowofCSFisobtained,attachamanometertothe
spinalneedle,usuallybywayofastopcock.CSFshouldrisesteadily
in the manometer until the opening pressure is reached and respi-

ratoryfluctuationcanbevisualizedinthefluidcolumn.
• Thepatient’slegsshouldbecarefullyextendedandrelaxedforan

accurate pressure reading.

• CollectfourtubesofCSF(3mLoffluidineach)andsendthemfor
appropriate studies.

BEFORE PROCEDURE

Indications
• Suspicionofacentralnervoussystem(CNS)infection
• Suspicionofasubarachnoidhemorrhage
• Theneedtoobtaincerebrospinalfluidtodiagnoseotherinflamma-

toryordegenerativeCNSdiseases
• Reduction of cerebrospinal fluid (CSF) pressure in pseudotumor

cerebri

Contraindications
• Absolute

• Intracranial or spinous (especially intramedullary) mass (e.g.,
tumor, abscess). If there is a concern, an imaging study should be 

performedbeforetheprocedure.Arapiddecreaseinintracranial
pressurefromthewithdrawalofCSFcouldprecipitateherniation
or worsening of spinal cord function if a mass lesion is present.

• Overlyingskininfection
• Lumbarspinedisease

• Relative
• Coagulopathy and/or thrombocytopenia, because an epidural

hematomacandevelopatthepuncturesite.Freshfrozenplasma
and platelets should be infused to correct hematologic abnor-

malities before the procedure. If a coagulopathy is discovered 

after the procedure, therapy should still be administered, be-

cause bleeding can occur for many hours.

• Ifalumbarpunctureisbeingperformedtoevaluateapatientwith
an aneurysmal subarachnoid hemorrhage, withdraw the smallest 

possibleamountofCSFtoobtainthenecessarylaboratorytests.
ReducingtheCSFpressurecouldprecipitaterebleeding.

• Uncooperativepatient

Equipment
• Lumbarpuncturetrayorindividualcomponents(seelater)
• Chlorhexidineorpovidone-iodinepreppingsolution
• Steriledrapewithacentralopening
• 1%Lidocaineandasyringewith25-and22-gaugeneedlesforlocal

anesthesia

• 20-or22-gaugespinalneedle
• Manometer
• TubesforCSFcollection

ANATOMY

The site of the intended puncture is either the L4-5 or the L5-S1 inter-

space.Thesecanbedeterminedasfollows.TheL3-4interspacecanbe
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• Incasesofpseudotumorcerebri inwhicha lumbarpuncturehas
been chosen as a therapeutic modality to reduce the raised intra-

cranial pressure, after quantifying the opening pressure, the re-

movalof20mLofCSF,withtheclosingpressuredocumented,is
generally recommended.

• Replacethestylettominimizethepossibilityofpullinganerveroot
through the dura as the needle is removed.

• Withdrawtheneedleandapplypressuretothepuncturesite.
• Ifthesubarachnoidspacecannotbeenteredwiththistechniqueor

the patient cannot lie in the lateral decubitus position, a lumbar 

puncture can be performed with the patient sitting on the side of 

the bed leaning forward over a bedside table. However, once free 

CSFflowoccurs,thepatientshouldbereturnedtotherecumbent
position for accurate pressure measurements.

• Ifapatient isunable tobendone leg(e.g., afteranangiographic
procedure), a lumbar puncture can be attempted in the lateral posi-

tion with the bottom leg held straight, and the top leg bent into the 

abdomen and supported with a pillow.

AFTER PROCEDURE

Postprocedure Care
• Allow the patient to lie flat for 1–3 hours after the procedure to

minimize the risk of post–lumbar puncture headache.Argument
persists regarding the value of prone versus supine positioning on 

theincidenceofaheadacheandabouttheuseofvaryingsizesand
types of needles.

Complications
• Common

• Headache
• Bleedingfromthepuncturesite

• Infrequent
• CSFleak
• Infection
• Subarachnoidcyst

• Serious,rarecomplications
• Epiduralhematomaformation
• Cerebralherniation
• Aneurysmalrebleeding
• Nerverootinjury

OUTCOMES AND EVIDENCE

• Toensureanoptimaldiagnosticoutcomewhenperformingalum-

bar puncture, it is wise to check with the laboratory before the 

procedure to learn if any unusual tests are being performed, be-

cause an additional tube or larger volumes or special handling of 

CSF may be required. Regarding optimal patient outcomes, if a
diagnostic lumbar puncture is delayed for imaging in a suspected 

case of bacterial meningitis, blood cultures should be obtained, and 

empiricantibioticsshouldbeadministered,asCSFculturescanbe
obtained up to 4 hours after starting treatment.

SUGGESTED READING

Bleck,T.P.Theclinicaluseofneurologicdiagnostictests.InW.J.Weiner&C.
G.Goetz(Eds.),Neurology for the non-neurologist(4thed.,pp.27–37).
Philadelphia:Harper&Row.1999.

DeSimoneR,RanieriA,BonavitaV.Advancementinidiopathicintracranial
hypertensionpathogenesis:focusonsinusvenousstenosis.Neurological 

Sciences..2010;31(Suppl.1),S33–S39.
NathanBR.Cerebrospinalfluidandintracranialpressure.InC.G.Goetz

(Ed.), Textbook of clinical neurology(2nded.,pp.511–529).Philadelphia:
WBSaunders.2003.

RoosKL.(2003).Lumbarpuncture.Seminars in Neurology, 23,105–114.
NomuraJT,LeechSJ,ShenbagamurthiS,SierzenskiPR,O’ConnorRE, 

BollingerM,etal.Arandomizedcontrolledtrialofultrasound-assisted
lumbar puncture. Journal of Ultrasound in Medicine.2007;26,1341–1348.

PetersonMA,AbeleJ.Bedsideultrasoundfordifficultlumbarpuncture.Jour-

nal of Emergency Medicine.2005;28,197–200.
SpennatoP,RuggieroC,ParlatoRS,BuonocoreMC,Varone,A,CianciulliE, 

etal.Pseudotumorcerebri.Child’s Nervous System.2011;27,215–235.
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Jugular Venous and Brain Tissue  
Oxygen Tension Monitoring

Jovany Cruz Navarro, Sandeep Markan, and Claudia S. Robertson

• Sterile transduction gel, acoustically transparent sterile trans-

ducersheath,andsterilerubberbandsorclipstosecuresheath
aroundtransducer

• 5.5Ffiberopticintravascularcatheter(Opticathcatheter)
• Thecathetercontainsthefiberopticsforlighttransmission;

a distal lumen for pressure reading, sampling, or infusion;
andathermistorfortemperaturemeasurement

• Opticalmodule(tolinktobedsidemonitor)
• Introducerkit

ANATOMY

Thecerebralvenoussinusesdrainoutoftheskullthroughthejugular
foraminaandintotheinternaljugularveins.Immediatelydistaltothe
jugularforamen,theveindilates,formingthejugularvenousbulb.The
cerebralandcerebellarveinsandtheveinsof thebrainstemallopen
into major sinuses (e.g., superior sagittal; inferior sagittal; straight,
right,andlefttransverse;andoccipitalsinuses);theseterminateinthe
right and left sigmoid sinuses, which curve downward into a deep
grooveon themastoidpartof the temporalbone.Finally, they turn
forwardintheposterioraspectofthejugularforamentobecomethe
jugularbulboftheinternaljugularvein.

Thetracheaisinthemidlinedescendingtothesternalnotch.The
twoheadsofthesternocleidomastoidmuscleandtheclavicleforma
triangleattheanteriorneck.Theinternaljugularveinmaybeaccessed
through this triangle, approximately 2–3 cm above the clavicle. Per-
formingavenouspuncturehigherinthetrianglereducestheriskof
pneumothoraxandallowsforbetterarterialcompressioninthecaseof
aninadvertentpunctureofthecarotidartery.

PROCEDURE

SeeVideoE19.1.
• Continuouselectrocardiography(ECG),bloodpressuremeasure-

ment,andpulseoximetry
• PlacethepatientintheTrendelenburgpositiontoincreasejugular

fillingandreducethepossibilityofanairembolism.(Note:Tren-

delenburgpositioningshouldbeminimizedasmuchaspossibleto
avoidundesiredelevationsofICP.)

• Rotate the patient’s head slightly to the contralateral side of the
chosensiteifthereisnoevidenceofcervicalspineinjury.

• Performanultrasoundsurveytoassessthelocationandpatencyof
thejugularveinandtodeterminewhetheronesidehasdominant
flow (i.e., larger jugular vein). Catheter placement is easier, and
continuousoxygensaturationmeasurementswillusuallybebetter
onthesidewiththegreaterbloodflow.

ULTRASOUND-GUIDED INTERNAL JUGULAR VEIN 
OXYGEN SATURATION (SjvO2) CATHETER 
PLACEMENT: BEFORE THE PROCEDURE

Indications
• Severetraumaticbraininjury
• Subarachnoidhemorrhage
• Duringneurosurgicalandcardiovascularproceduresinwhichce-

rebralbloodflowmaybereduced
• Detectionofarteriovenousfistulas
• To titrate hyperventilation in patientswith increased intracranial

pressure(ICP)

Contraindications
• Absolute

• Infectionoftheplacementsite
• Suspected pathologic conditions affecting the internal jugular

veinorsuperiorvenacava
• Severecoagulopathy

• Relative
• Cervicalspineinjury
• Tracheostomy
• Recurrentsepsis
• Hypercoagulablestate
• Hypersensitivitytoheparinifaheparin-coatedcatheterisused
• Distortedanatomiclandmarks

Equipment
• Sterilegowns
• Sterilegloves
• Mask
• Betadineorchlorhexidinesolution
• Commercially packaged catheterization kits are available, which

mayinclude:
• Drapes
• Disinfectantsponges
• Gauzepads
• Sutureswithneedles
• Guidewire
• Scalpel
• Veindilator
• Penetrationdevice,guide,andanestheticsyringe,inadditionto

a1%or2%lidocaineanestheticsolution
• Ultrasound machines with high-resolution vascular transducers

arepreferredforthisprocedure
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• Use thescalpel tomakea small incision in theskin towiden the
opening.

• Thread the guide wire through the distal opening of the dilator
untilitexitsthroughtheproximalendofthedilator.

• Confirmthat ithasreachedtheproximalendofthedilator,hold
thewireinplace,andadvancethedilatorthroughtheskinandinto
thevessel.

• Oncetheproperplacementisachieved,removetheguidewireand
thegreendilator.

• Holdtheproximalendoftheguidewireatalltimeswhenadvanc-

ingthedilatororcatheter.Thisavoidscomplicationsfromtheun-

intendedadvancementoftheguidewire.
• Bleedingfrequentlyoccursafterthedilatoriswithdrawn;minimize

itbyapplyingpressureuntilthebleedingsubsides.

Opticath Intravascular Catheter Insertion
• Inspectthesterilepackagefirst;ifvisiblydamaged,DONOTUSE!
• Haveanassistantremovetheouterwrapping,andleavethecathe-

tercoveredbytheinnercovering.
• Pass theopticalconnectortotheassistant,whowillconnect it to

theopticalmoduleandproceedwiththepreinsertioncalibration.
PLEASENOTEthatonlyafterverifyingwithyourassistantthatthe
preinsertioncalibrationwassuccessfulshouldoneproceedtothe
nextstep.Failuretodosowillresultininaccuratereadings.

• Aftera successfulpreinsertioncalibration, theoximetrysystemis
nowreadyforuse.Prepareforthecatheterinsertion.

• Pullofftheremaininginnercathetercovering,andpulltheredre-

tainertabtoreleasethecatheter.
• Graspthecatheterneartheentranceoftheblackreferenceassem-

bly,andgentlypullitstraightout.Careshouldbetakeninremov-

ingthecatheter,asthefiberopticsmaybedamagedifthecatheter
iswithdrawnimproperly.

• Flush thecatheterwith sterile solution,using thedistal lumen to
removetheremainingair.

• The catheter tip should be illuminated with a red-light emission
beforeinsertion.

• Thecatheter should thenbeadvanceduntil resistance is felt; this
distance is usually about 13–15 cm and indicates positioning
withinthejugularbulb.

• The catheter is then pulled back 0.5–1 cm to minimize cephalic
vascularimpactwithheadmovement.

• Connectthedistallumentoapressuremonitoringline.
• Whenthecatheterisinpositionandbloodisflowing,thesystem

willimmediatelyprovideoxygensaturation(SO2)readings.
• Atthistime,asktheassistanttoperformalightintensitycalibration.
• Verifythepositionofthecathetertip,andsecurethecathetertothe

patient.Theopticalmoduleshouldbesecuredtoornearthepa-

tienttoavoidstrainortensiononthecatheter.
• Applythedressingasperhospitalprotocol.

Postprocedure Care
• Alateralcervicalspinex-rayshouldbeusedtoconfirmadequate

cathetertipplacement,whichshouldbeabovetheC1–C2levelto
minimizecontaminationwithbloodcomingfromthefacialvein.

• TheOpticathintravascularcatheterisremovedbyaphysician.Itis
usuallyremovedwhenICPhasbeennormalfor24hourswithout
specifictreatment.

• Whenremovingthecatheter,thepatientmustbeintheTrendelen-

burgpositiontoavoidinadvertentairembolism.
• Removethesuturessecuringthecathetertotheskin.
• CarefullywithdrawtheOpticathintravascularcatheter.
• Applypressuretothesiteforafewminutestopreventbleeding.

• Thecommoncarotidarteryandtheinternaljugularveinshouldbe
easilyidentified.Thecommoncarotidarteryisseenasapulsating,
noncompressible, rounded structure. The internal jugular vein is
larger,easilycompressible,andnonpulsatile.Ensurethattheinter-
naljugularveinispatentbygentlycompressingtheveinwiththe
transducer(Note:slightpressureissufficienttocollapsethelumen
of the internal jugularvein).Orientingthetransducer inacross-
sectionalplaneduringtheultrasoundexaminationfacilitatesinter-
pretationoftheresultingimages.Usually,ultrasoundprobeshavea
markerononesidethatcorrespondstothesamesideoftheimage
onthescreen.Thishelpstheoperatoridentifythecorrectorienta-

tionoftheimage.
• Afteridentificationofanacceptablesiteforcannulation,recruitan

assistant.
• Followuniversalprecautionswhenplacingajugularvenousline.
• Preparetheskinusingachlorhexidine-basedantiseptic,andcover

theareawithasterilefenestrateddrape.Iodinecanbeusedinpa-

tientswithhypersensitivitytochlorhexidine.
• To prepare the ultrasound probe, have the assistant dispense

enough acoustic gel onto a sterile transducer sheath to cover the
transducersurfaceinsidethesheath.

• Theassistantcarefullyfeedstheprobeintothesheathandthrough
thegelwhileextending thesterile sheathaway fromtheoperator
over the length of the probe wire. Eliminate any wrinkles in the
sheathandanyairbubblesbetweenthetransducerandthesheath.
Placetherubberbandstosecurethecoversheathinplace.Tocom-

pletetheacousticcoupling,applyasmallamountofsterileultra-

soundgeltothecoveredultrasoundprobeorthepatient’sskin.
• Identifyaconvenientsterileareaonwhichtheprobecanbeplaced

whennotinuse.
• Positionthetransducerperpendiculartotheskinsothattheinter-

naljugularveiniscenteredintheresultingultrasoundimageand
betweenthetwoheadsofthesternocleidomastoidmuscle.Theul-
trasoundprobeshouldbeheldinthenondominanthand.

• Gently palpate the skin to confirm that the puncture will occur
betweenthemuscleheadsandnotthroughoneoftheheads.

• Usingan18-gaugeneedle,puncturetheskinjustbelowthetrans-

ducer,beingcarefulnottodamagethesterilesheath.
• Slowlyadvancetheneedleata30-to45-degreeangleinanupward

direction(cephalad)whilewatchingtheultrasoundscreen.Asthe
needleisadvanced,negativepressureismaintainedinthesyringe
untiltheveinispuncturedandbloodreturnisobtained.Thenee-

dlewillappearasahyperechogenicshadow.
• Ifyoudonotaspiratebloodastheneedleisadvanced,slowlywith-

draw the needle while gently maintaining negative pressure. The
venous puncture may become evident upon needle withdrawal.
Occasionally, pressure from the ultrasound probe may compress
thevein,makingitdifficulttoenterthevessel.

• Assoonasthebloodisfreelyaspirated,placetheprobeintheprede-

terminedsterilearea,stabilizetheneedle,anddisconnectthesyringe.
• Confirmthatthebloodflowisnonpulsatile.Ifpossible,transduce

blood pressure with the transducer line that is usually provided
withthecatheterkit.

Introducer Insertion
• Using the Seldinger technique, introduce a flexible guide wire

through the needle and into the internal jugular vein. Direct the
guidewireinanupwarddirectiontowardthejugularbulb.

• While holding the guide wire in place, remove the needle. The
guidewirecanbevisualizedinbothcross-sectionalandlongitudi-
nalviewswithinthelumenoftheinternaljugularveinintheultra-

soundscreen.
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• Applyasteriledressing.
• Assessforbleedingorsignsofinfection.
• DisposeoftheOpticathintravascularcatheterperhospitalprotocol.
• Cleantheopticalmoduleandcableforstorage.

Complications
• Carotidarterypuncture
• Skinhematoma
• Pneumothorax
• Hemothorax
• Jugularveinthrombosis
• Nerveinjury
• Cathetermisplacement
• Infection

OUTCOMES AND EVIDENCE

• Normal jugular bulb oxygen saturation values are between 55%
and75%.

• ,55%indicatesrelativecerebralhypoperfusion.
• .75%suggestsluxuriantperfusion.
• Pleaserefertothestandardcriticalcareguidelinesformanagement.

BRAIN TISSUE OXYGEN PROBE PLACEMENT: 
BEFORE THE PROCEDURE

Indications
• Severetraumaticbraininjury
• Aneurysmalsubarachnoidhemorrhage
• Malignantstroke
• Vasogenicedema
• To assess brain tissue oxygenation, detect brain hypoxia, and for

continuousmonitoringofbraintissuechemistry(e.g.,metabolites
anddrugs)

Contraindications
• Absolute

• Infectionand/orlackofskincoveringthesiteofplannedinsertion
• Coagulopathy

• Relative
• Incompatibility with available magnetic resonance imaging

(MRI)system,ifanMRIofthebrainwillbeneeded

Equipment
• Sterilegownpack.
• Sterilegloves.
• Sterilelinenpack.
• Sterile434gauzebandages.
• Mask.
• Shaveprepkit.
• Betadinebottle.
• 16-gauge(orange)angiocathetertotunneltheprobe.
• Cranialaccesstray.
• OnerefrigeratedcombinedLICOXprobebox.
• “Smartcard”(enclosedinthesterileLICOXprobecontainer).
• Note:Do not discard the probe packaging before the probe smart

cardhasbeenremovedfromthepackaging.Useonlythesmartcard
supplied with the probe (the serial number on the probe should
matchthenumberonthesmartcard).Useofthewrongsmartcard
cancausemeasurementerrors.Iftheserialnumbersdonotmatch,
useanotherLICOXprobebox,andreturnthefirstonetothevendor.

• #11blade.
• Nylon3-0suture.
• Surgeon’sheadlight.
• Standardsurgicalsuction.
• LICOXmonitorwithacompletesetofcables.
• Moduleboxandlinkboxandcable(toattachLICOXmonitorto

bedsidemonitor).

ANATOMY

Ideally,theprobeshouldbeplacedintotheregionatriskforbrainhy-

poxia,avoidingareasofcerebralcontusionofhemorrhage.However,if
acomputedtomography(CT)scanrevealsnoareasatriskforhypoxia,
theprobeshouldbeplacedontheright frontal lobe.Theprobemay
beplaced2–4cmoffthemidlinejustanteriortothecoronalsutureand
at least 1 cm from any other probe when possible. Preparation must
includeshavingthepatient’sheadtoadiscdiameterofapproximately
2–4cmoffthemidline,justanteriortothecoronalsuture.

PROCEDURE

• Because these patients are critically ill, vital signs (e.g., invasive
bloodpressure,centralvenouspressure,ECG,pulseoximetry,and
coretemperature)mustbecontinuouslymonitored.

• Thepatientmustbeunderadequatesedationthroughoutthepro-

cedure and have intravenous access and mechanical ventilatory
support.

• Washhands.Allstaffinvolvedintheprocedureshouldwearasur-
gicalmaskandglovesthroughouttheentireprocedure.

• Afterreviewingthepatient’sCTheadscan,thephysicianwilldeter-
minetheanatomicareaforcatheterplacement.

• As noted earlier, the probe is placed in the area at risk for brain
hypoxia,butiftheCTscandoesnotshowareasatriskforhypoxia
(i.e.,diffuseaxonalinjury),placetheprobeatleast1cmfromthe
ICPprobe.

• The catheter insertion area will be prepped with Betadine. Strict
sterilefieldandsteriletechniquemustbemaintainedthroughout
theprocedure.

• Placesteriledrape.
• Placethepatientinasemi-Fowlerposition,raisingtheheadofthe

bedtothelevelofthephysician’spreference.
• Ifaventriculostomywaspreviouslyplaced,thesameincisionmay

be used for probe placement. If no incision exists, make a 3-cm
linearincision,carryingitdowntothebone.

• Infiltratetheincisionwithlocalanestheticandepinephrinetohelp
controlthebleedingfromthescalpincision.

• A self-retaining retractor is then inserted to provide good bone
exposure.

• Thebluntendoftheforcepscanbeusedtoremovetheperiosteum.
• Drilltheburrholeintheskullatthedesiredcatheterinsertionsite,

usingahanddrill.
• Removethedrill,andrinsetheholewithasterileisotonicsolution.
• Incise the dura carefully with a stylet or a #11 blade, securing

hemostasisasnecessary.
• Insertthesharpendofthe16-gaugeangiocatheterneedlefromthe

insideoutthroughthescalp,5cmdistantfromtheburrhole.
• Removeonlytheneedle,leavingtheangiocatheter.
• RemovetheLICOXcatheterfromitssterilepackage.
• Removetheprobefromthehumidityprotectionchamber.
• InserttheLICOXprobe’sdistaltipintotheangiocatheter,andtun-

nelitbelowthescalptowardtheburrhole.
• Pulltheangiocathetercompletelyoutofthescalp.
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• Usingforceps,insertthedistalendoftheprobeintothebrainpa-

renchyma. Ensure that the catheter body is not damaged during
insertion.

• Ifnecessary,adjustthepositionoftheprobetoallowthedistaltip
ofthecathetertobepositionedcorrectlywithrespecttotheinser-
tionsite.

• Useasinglesuturetosecuretheprobetothescalpneartheinser-
tion;thismustbedonecarefullytoavoiddamagingordislodging
thecatheter.

• Carefullyremovetheretractor.
• MakesurethePbtO2proberemainsinplace.
• Attheburrholesite,closethescalpincisionusingstandardclosure

techniques;thismustbedonewithextremecautiontoavoiddam-

agingtheprobe.
• Applyanextratransparentandsoft-clothadhesivedressingorany

appropriatedrysterileocclusivedressing.
• Dateandinitialthedressing.
• Change the LICOX dressing every 48 hours or whenever saturated,

usingsteriletechniquethatincludesmaskandsterilegloves.Cleanse
theinsertionsitewithBetadineswabsfromthecentrallinedressingkit.

AFTER THE PROCEDURE

Postprocedure Care
• SecuringoftheLICOXcables

• Thecablesshouldbetapedtoanarmboardandthenpinnedto
the patient’s gown, allowing enough slack to accommodate
movementofthepatientforturningandtransferring.

• Plugintheconnectingcabletotheproximalendoftheprobe.
• ConnectbothendsoftheYcabletotheLICOXmonitor.Insert

thesmartcardinthecardslot.
• PowerontheLICOXmonitor.
• Waitafewsecondsforastablereading;itmaytakeupto2hours

forreliablereadings.
• ConnecttheLICOXmonitortothebedsidemonitor,usingthe

linkboxandcable.
• ACTscanoftheheadshouldbeobtainedaftertheprocedureis

completed to confirm the location of the probe and rule out
possibleintracranialhemorrhage.

• DiscontinuationoftheLICOXCMPsystem
• ItisrecommendedthattheLICOXprobenotbeleftintissuefor

morethan5days.
• The probe should be removed by a qualified provider, and is

usually removed after ICP has been normal for 24–48 hours
withoutintervention.

• Removethesuturessecuringtheprobetothescalp.
• CarefullypulloutthePbtO2probe.
• Suturetheinsertionsiteinthescalpwithasinglestitch.
• Assessforbleeding,cerebrospinalfluid(CSF)leak,andsignsof

infection.
• Cleantheskinandapplyasteriledressing.
• DisposeofthePbtO2probeperhospitalprotocol.
• Clean thecablesandattach to themonitor for storage.Blood

anddebrismaybe removed fromthecableswitha toweland
aqueous soap solution that also may contain formaldehyde.
Disinfectantscontainingahighpercentageofalcoholorphenol
willdamagethecables.

Complications
• Common

• Generally,therearenocommoncomplications.

• Infrequent
• Infectionandcontusionin,2%

• Serious,rarecomplications
• Thrombosisandhemorrhage

OUTCOMES AND EVIDENCE

• NormalbraintissuePO2valuesarebetween25and50mmHg.
• ,20mmHgsuggestsimpendingcerebralhypoxia.
• ,10mmHgsuggestscriticalhypoxia.

• Pleaserefertothestandardcriticalcareguidelinesforthemanage-

mentofcerebralhypoxia.
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 2. Using a catheter (fluid-coupled) or fiberoptic transducer (fluid-

uncoupled) placed into the brain parenchyma (i.e., intraparen-

chymal catheter) is a valid and comparable alternative method 

to intra-ventricular catheter.

• 1and2arerecommended(seeFig.e20.1).

 3. Using a screw or bolt placed through the skull into the sub-

arachnoid space.

 4. Using a sensor positioned in the epidural/subdural space be-

neath the skull.

• 3and4,althoughfeasible,arenotusuallyrecommended.
• AlumbardraincanalsobeusedtomeasureICPandcontrolthe

CSFoutflowifzeroedatthelevelofthethirdventricle(notrecom-

mended as standard practice).

PROCEDURE

• Ventriculostomy
• Placethepatientinasupinepositionwiththeheadofthebed

elevated to approximately 20 degrees.

• Shaveareas(frontalorposterior)bilaterally.
• Preparewithachlorhexidine-alcoholsolutionandcoverwitha

sterile drape.

• Inject lidocainesolution(1%)intotheskinandsubcutaneous
tissue.

• Makea1-cmincisionwiththescalpelandextenddowntothe
bone. Hold the twist drill perpendicular to the skull to make a 

burr hole, avoiding the brain parenchyma.

• Oncetheburrhole is irrigated, insertaspinalneedlethrough
thedura toverify that the incision is large enough toaccom-

modate the catheter.

• Advancetheventricularcatheterthroughtheburrholeperpen-

dicular to thebrainparenchyma, toward the innercanthusof
the ipsilateral eye. Insert the catheter to a depth of approxi-
mately6cmtoenterthefrontalhornofthelateralventricle.If
thecerebrospinalfluid(CSF)isencounteredbeforeadepthof6
cm, withdraw the stylet and advance the catheter the remaining 

distance. If CSF flow is not obtained at 6 cm, additional at-
tempts should be made with the catheter tip directed more 

medially(i.e.,towardthebridgeofthenoseortheinnercanthus
ofthecontralateraleye).

• Tunnel the external end of the catheter under the scalp to exit
throughaseparateincisionapproximately5–6cmfromtheentry
point.Connectthedistalendofthecathetertoapressuretrans-
ducerand/ordrainagesystem.Closetheincisionwoundwithsu-

tures,andsecurethecathetertothescalpwithnylonsuture.Apply
asterilenonocclusivedressingtominimizetheriskofinfection.

BEFORE PROCEDURE

Indications
• Common

• Traumaticbraininjury(TBI)
• Subarachnoidhemorrhage
• Intracranialhemorrhage(ICH)
• Hydrocephalus

• Uncommon
• Meningitis/encephalitis/brainabscess
• Acuteliverfailure
• Pseudotumorcerebri
• Postoperative

Contraindications
• Absolute

• Anticoagulation
• Bleedingdiathesis

• Relative
• Scalpinfection
• Lackofspecializedhealthcarepersonnel

Equipment
• Flexiblecatheterorfiberoptictransducer
• Surgicalscalpel
• Spinalneedle
• Neurosurgicaldrill/saw
• Surgicalscissors
• Retractors
• 14-gaugecatheter

ANATOMY

• Forbrainmonitoring,theentrypointis locatedinthesuperiorly
directed midpupillary line, 3 cm lateral to the sagittal suture and  

2cmanteriortothecoronalsutureontheright(frontalapproach).
This is themostcommonlychosensitebecause it sitsanterior to
the motor strip, is lateral to both the superior sagittal sinus and the 

large bridging veins, and is on the nondominant hemisphere in 

mostpatients.Ifusingaposteriorapproach,theentrypointis6cm
fromtheinionand3cmlateraltothemidline.Forlumbarmoni-
toring,theL3-4spaceispreferred.

• TherearefourmainwaystomonitorICP
1. Usinganexternalflexiblecatheterinsertedintothelateralcere-

bral ventricles (i.e., ventriculostomy) is generally considered as 

the gold standard method.
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• Zerothepressuretransducer(fluid-coupled)atthelevelofthe
external auditory meatus.

• Intraparenchymal
• Theplacementandtunnelingofthedevicearesimilartothatof

a ventriculostomy, but the depth of insertion depends on the
compartment being monitored (e.g., subdural space, paren-

chyma, or ventricular system).

• Subarachnoidscreworbolt
• The device is inserted using the same location and technique

describedearlierforburrholeplacement.Oncetheburrholeis
drilled, the dura and arachnoid are opened, and the threaded 

boltisplacedintotheskullabuttingthedura.Continuousfluid
coupling between the subarachnoid space and an external pres-

sure transducer are recorded through rigid tubing attached to 

thetopofthebolt.
• Epidural/subduralsensor

• This is inserted via the burr hole into the space between the
skull and the epidural lining.

• Lumbardrain
• Ensure that the patient has a functioning ventriculostomy in

placeandopencisternsonheadCTscan
• Placethepatientinlateraldecubitus.
• Usethesamepreparationasforbrainmonitoring.
• Insert a 14-gauge needle with 10–15 degrees of angulation in

the cephalic direction, and once the lumber cistern is entered, 

rotate the needle 90 degrees, remove the obturator from the
needle, and measure an opening pressure.

• Insertthecatheterwithaguidewireuntilthe15-cmmarkonthe
catheter is reached. Remove the needle while maintaining 
thecatheterinthesameposition.Removetheguidewirefrom
thelumbardraincatheterandconnectthedraintotheCSFcol-
lecting system.

AFTER PROCEDURE

Postprocedure Care
• Iffluid-coupledsystemsareused,thepressuretransducermustbe

adjustedtotheheadpositiontoavoiderrorsinmeasurement.

• Checkforairbubbles,bloodclots,orothermaterialoccludingthe
tubing.

• InspectthedraininsertionsitetoensurenoleakageofCSFaround
the exit site.

• SampletheCSFdailytodetectinfectionearly.
• Normal ICPvaluesarebetween0and10mmHg(under resting

conditions).

• Intracranial hypertensionisdefinedasasustainedelevationofICP
above20–25mmHgformorethan5minutes.

Complications
• Common

• Malpositioning
• Erroneous values (subarachnoid catheters in case of swollen

parenchyma and dural flap; epidural catheters when ICP ex-

ceeds 30 mm Hg)

• Erroneouszeroing(intraparenchymalifmonitoringmorethan
5–7 days)

• Infrequent
• Overdrainage(lumbardrain)
• Radiculopathy(lumbardrain)

• Serious,rarecomplications
• Infections(ventriculitis,seenwithintra-ventricularprobes,ex-

tremely rare with intra-parenchymal probes)

• Hemorrhage:0.5%to10%(morefrequentwithintra-ventricular
probes)

• Brainherniation(lumbardrain)

OUTCOMES AND EVIDENCE

• MonitoringICPisrecommendedincriticallyillpatientswithcoma
(definedbyaGCS,9)afteracutebraininjury(e.g.,trauma,intra-

cranial hemorrhage, encephalitis) with abnormal noncontrast head 

CT scan (defined by the presence of intracerebral lesions and/or
signsofbrainedema,suchassulciorcisternaleffacement)whoare
atriskforintracranialhypertension

• MonitoringICPisusefulincriticallyillpatientstomanageintra-

cranialhypertension,toguideICP-targetedtherapies,tocalculate
andmonitorcerebralperfusionpressure,andtodrainCSF.

Fig. E20.1 Intraparenchymal probe and external ventricular drainage catheter to measure intracranial pressure.
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• Intraventricularand intraparenchymalprobesareequallyeffective
in measuring ICP.Ventriculostomy must be continuously zeroed.
Fiber-optic monitors are zeroed before insertion and are not af-
fectedbythepatientpositionorbedheight.Thedriftofmeasure-

ments over time can be a problem, and intraparenchymal probes do 

notallowCSFdrainage.ICPcanalsobemeasuredviasubarachnoid,
epidural/subdural,orlumbardrains.Comparedwithintraventricu-

lar or intraparenchymal catheters, subarachnoid and subdural/ 

epiduralprobesdonotguaranteeareliablemeasureofICP.
• Theriskofhemorrhagiccomplicationsfromtheplacementofan

ICPmonitorrangesfromapproximately0.5%–10%.Theriskofa
hemorrhage increases dramatically when coagulation abnormali-

tiesarepresent.Theplacementofintraparenchymalprobesiseas-

ier than with intraventricular catheters, particularly in conditions 

ofbrainedemaandventriculareffacement.
• TherateofinfectionassociatedwithICPmonitorscorrelateswith

durationofplacement,presenceofaCSF leak, frequencyofCSF
sampling,presenceofintraventricularhemorrhage,andconcurrent
systemicinfection.Theutilityofprophylacticantibioticsanddaily
surveillance of CSF cultures is highly controversial. The rate of
catheter-related infection is clearly higher with intraventricular
than with intraparenchymal catheters.

• NoninvasivetoolsforICPmonitoring(transcranialDoppler,optic
nerve sheath diameter, infrared pupillometry) may be used as a
complementtoinvasiveICPorinpatientsinwhichinvasiveICPis
contraindicated

SUGGESTED READING
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Indirect Calorimetry

Pierre Singer and Guy Fishman

• Insertpatientdata.
• Connectthemixingchamber inlet totheexpiratoryoutletof the

respirator.
• Place the inspiratory sampling line in the inspiratory tubeof the

respirator.
Orconnecttheconnectorafterthehumidifier.

• Pressstart.
• Measurefor5–30minutes,accordingtothedeviceandthepercent-

ageofvariability(5minutes ifvariability5%,30minutes ifvari-
ability10%).

• Getareport.

AFTER THE PROCEDURE

• Adjustmetabolicnutritionalcareaccordingtothemetabolicmea-

surementstoavoidundernutritionandovernutrition.

COMPLICATIONS

• Common
• Inaccurate measurements caused by equipment malfunction

andmethodologicalproblems
• Infrequent

• Infectioncrossover

BEFORE THE PROCEDURE

Indications
• Aneedforestimatingenergyexpenditure(EE)incriticallyillpa-

tientsinwhomtheEEishighlyvariableanddifficulttopredictby
simpleequations,suchas:
• Patientswithliverdisease
• Obesepatients
• Traumapatients
• Patientswithcomorbidities
• Patientsundersedation

Contraindications

Absolute Contraindications

• Situationspreventingacompletecollectionofexpiredgases
• Leaksofgasfromtheventilatorcircuit
• Leaksaroundendotrachealtubesorthroughchesttubes
• Instabilityofdeliveredoxygenconcentration
• Oxygenconcentrationabove65%

Relative Contraindications

• Hemodynamicallyunstablepatient
• Largebiasflow
• Extremecircuitflowrates

Equipment
• Indirectcalorimeter

PROCEDURE

SeeVideosE21.1andE21.2
• Selectthepatient.
• Connecttheinspiratorysamplinglinetubetothewatertrapcon-

tainer.
• Switchonthemonitor.
• Warmupaccordingtotherecommendations.
• Choosethecorrectrespiratorymode.
• Performgascalibrationifrequired.

ANNOTATED REFERENCES

LevS,CohenJ,SingerP.CalorimetricmeasurementsintheICU.Factsand
controversies.Theheatison.Crit Care Clin.2010;26:1e–9e.
A comprehensive review of calorimetric measurements in critically ill patients.

LohNHW,GriffithsRD.Thecurseofoverfeedingandtheblightofunder-
feeding.In:VincentJL,ed.Yearbook of Intensive Care and Emergency Medi-

cine.Berlin:Springer-Verlag;2009:pp.675–683.
This paper summarizes the various deleterious effects of overfeeding.

MacDonaldA,HildebrandtL.Comparisonofformulaicequationstodeter-
mineenergyexpenditureinthecriticallyillpatient.Nutrition.
2003;19:233–239.
This paper summarizes the various equations available for predicting resting 

energy expenditure (REE) in critically ill patients and shows their limitations.
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E22

Extracorporeal Membrane  
Oxygenation Cannulation

Penny Lynn Sappington

• Aorticregurgitation
• Aorticdissection
• Severeperipheralvasculardisease

• Relativecontraindications
• Age
• Bleedingdiathesis
• Gastrointestinalbleed
• Greaterthan14daysofmechanicalventilation
• Encephalopathy
• Morbidobesity

Equipment
Permanentequipment:
• Centrifugalpump
• MarquetCardiohelp

• Integratedpumpandoxygenator
• Provides real-time arterial and venous pressures, hemoglobin

andSVO2

• ThoratecCentrimag
• Magnetically levitated pump Impella—contract free for less

hemolysis
• Nohandcrank,musthavebackupconsole
• ROTOFLOW
• Inexpensivepump

• ECMOcart(includinginstrumenttray)
• Oxygenatorbracket(QuadroxD)
• Pumpexternaldrive
• Heater/coolerwithappropriatewaterlinesandconnectors(BioCal

orSarns)orheatingblanket
• Oxygen/medicalairblenderwithappropriate-length(20fteach)gas

linesandconnectorsforalloperatingroomsandintensivecareareas
• Cardiotomyreservoirholder
• Manifold for pressure readings on the BioPump 540 transducer,

MedtronicDLPpressuredisplay
• Tubingclampsandscissors
• Handcrank
• Bedplatewithtwolongpoles
• 3/80Keckrollerclampforanadditionaloutfloworinflowcannula
• Full100%oxygenEcylinderswithatubingadapter
• Setofeach:fourtypesofgasconnectors

• Possibleaccessoryequipment
• Hemoconcentratorbracket
Disposablesupplies:

• ECMOCarMeda-bonded(CB)Medtroniccustomtubingpackora
Maquetcustomtubingpack–QuadroxBiolineorLevitronixpump
head

SPECIALTY AND CATEGORY WITHIN SPECIALTY

Criticalcaremedicine
• Mechanicalsupportforrefractoryrespiratoryandcardiacfailure

BEFORE PROCEDURE

Indications
• Venovenousextracorporealmembraneoxygenation(ECMO)

• Acutesevererespiratoryfailurewithhighmortalityrisk,revers-
ibleandnonresponsivetooptimalconventionaltherapy.ECMO
is considered when there is approximately at 50% mortality
(PaO2/FiO2,150onFiO2,90%andMurray score2–3)and
indicatedat80%(PaO2/FiO2,100onFiO2100%andMurray
score3–4despiteoptimalcarefor$6hours)usingARDSNET
criteriawithlowtidalvolume#6cc/kgandhighpositiveend-
expiratory pressure (PEEP) $10 cm H2O; maintaining PLAT
.30cmH2O.
• Trialofdiuresis
• Trialofsedation/paralytics
• Trialofpronepositioning

• SeeTableE22.1forrespiratoryetiologies.
• VenoarterialECMO:indicationforECMOinadultcardiacfailure

iscardiogenicshock:Inadequatetissueperfusionmanifestsashy-
potensionandlowcardiacoutput
• Shockpersistsdespitethefollowingtherapies:

• Volumeadministration
• Inotropesandvasoconstrictors
• Mechanicalsupportwithintraaorticballooncounterpulsa-

tionorImpellaifappropriate

See Table E22.2 for cardiac etiologies.Contraindications
• Absolutecontraindications

• Significantlife-limitingdisease
• Significant baseline lung disease, including home O2 depen-

denceorheartdisease
• Notatransplantcandidate
• Multipleorganfailure
• Significant immunosuppression, bone marrow with absolute

neutrophilcount(ANC),500
• Cancersurvival,2years
• Cirrhosis
• AIDSoruntreatedHIVdisease
• Recentstroke/intracranialhemorrhage
• Suspicionofanoxicbraininjury
• Specifictovenoarterial(VA)ECMO:
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• Cardiotomyreservoir
• Walrusextensionconnectorswithhigh-flowstopcocks
• Terumo extensions high flow (one positive and one negative for

kidney)
• PressureveilandisolatortubingsorDLPpressuredisplayset
• 3/160tomaleconnectors
• Extra3/80CBstraightconnectorswithaLuer-Lok
• 3/80non-Carmedabondedconnector
• 3/80perfusionadapter
• PlasmaLyte-ApH7.4—2000mL(primethecircuit)
• Sterile water for irrigation for BioCal or Sarns water heater (ap-

proximately3–4L)
• Syringes:3mL,10mL,and60mL
• Bloodfilter
• ExtrasuppliesforECMOsite

• BioMedicusMedtronicNextGencannulae
• Multistagecannulaforvenousinsertion:21F,23F,25F,27F
• Arterial:25F(forvenousinsertionasanoutflowcannula),15F,17F,

19F,and21F
• CBMedtronicDLPmalleablevenouscannulae:32F,36F,and40F

• CBEOPAcannulae:20F,22F,24F
• CB/non-CBrightanglevenous:40F
• CBEdwardsRMI36FRA
• CBtwo-stage36/46
• Avaloncannulaeduallumencannula:23F,27F,and31F
• Crescentdual-lumencannulae:24F,26F,28F,30F,32F
• Insertionkitsforcannulae(LivaNovaVasculardilatorkit)
• ExtraoxygenatorQuadroxD
• Freseniushemoconcentration(withTerumotubingassembly)
• SCUFcustomtubingpack
• IVtubingforhemofiltration
• ExtraCBVAD/liverpack
• ExtralengthCB6-ft.3/8033/320tubing(sterile)and{1/4}33/320

steriletubing
• CB3/80connectorswithLuer-Lok
• 8F pediatric arterial CB cannula with {1/4}0 3 {3/8}0 connector

and{1/4}0tubingCB(fordistalfemoralarteryperfusion)
• Walruslarge-borestopcockandextensionassemblies
• Terumohigh-flowextensionstopcocks
• Isolator(pressureveils),{3/16}0maleconnectors,andstopcocks
• 3-mL,10-mL,and60-mLsyringes
• 18-gaugeneedlesandsterilesafetybladesorsterilescissors
• PlasmaLyte-A(pH7.4)
• Bloodfilter(40microns)
• Heparin(1:1000units/mL)
• 210-cmguidewire
• 100-cmguidewire
• 145-and260-cmAmplatzSuperStiffPTFE-coatedguidewires
• Smallbiohazardbags
• Panduittiesandgun
• Appropriate charts, ECMO pre-bypass checklist, ECMO shift

schedule,andashiftchecklist

ANATOMY

Forfemoralcannulation,locatethefemoraltriangleofthepatient.The
femoraltriangleisthenamegiventoanareaoftheanterioraspectof
thethighformedasdifferentmusclesandligamentscrosseachother
producing an inverted triangular shape. Contained within this area,
placed medially to laterally, are the femoral vein, artery, and nerve
(remember“van”).Theboardersofthetrianglearecomposedofthe
medialborderofthesartoriusthatformsthelateralborderofthetri-
angle;theinguinalligamentformsthesuperiorborder,andthemedial
borderisformedbythemedialborderoftheadductorlongus.Within
thetriangle,thefemoralarteryliesatthemidinguinalpoint,whichis
themidwaypointbetweenthepubicsymphysisandtheanterioriliac
spine. This midway point is an important landmark in locating the
femoralartery.Itisalsoanimportantlandmarkwithinthelegbecause
medial to the femoralartery is the femoralvein.Thus, ineffect,you
canlocatethefemoralveinbypalpatingthefemoralpulseandmoving
yourneedlemedially.

Theinternaljugularveinlieswithinthetrianglethatismadeupby
thelateralheadofthesternocleidomastoidmuscle,themedialheadof
thesternocleidomastoidmuscle,andtheclavicleinferiorly.Locatethe
apexofthetriangleandmoveinferiorlytothecentertolocatethein-
ternal jugular vein. The apex of this triangle is a good landmark in
locating the internal jugular vein. The carotid artery lies lateral and
inferiortotheinternaljugularvein.

Althoughanatomy is important toknow, it recommendedtouse
ultrasound real-time imaging for vasculature access for peripheral
ECMOcannulationtominimizecomplicationsintheseextremecriti-
callyillpatients.

Cardiogenic Shock Other Indications

Acute cardiotomy Severe septic shock

Myocarditis Severe hypothermia – rewarming

Peripartum cardiomyopathy Pre–lung transplant – end-stage lung 

disease with PH and RV failure

Pulmonary embolism Post–lung transplant – Severe primary 

graft dysfunction with RV failure*

Decompensated chronic heart failure Cardiac arrest – ECPR

Heart Transplantation

Severe primary graft dysfunction

Severe rejection – cellular and/or  

humoral

TABLE E22.2 Cardiac Etiologies for 
Venoarterial ECMO

ECPR; PH, pulmonary hypertension; RV, right ventricle.

*Blood supply to the transplanted lungs depends on pulsatility in pul-

monary artery pressure. No bronchial arterial supply can increase the 

risk of bronchial dehiscence.

Acute Respiratory Injury Trauma

Pneumonectomy Pulmonary contusion

Lobectomy Pre–lung transplantation

ARDS Chronic respiratory failure

Pneumonia Post–lung transplantation

Viral illness – H1N1 Severe primary graft dysfunction

Aspiration Severe rejection – cellular and/or humoral

Sepsis Chronic respiratory disease

Inhalation injury Asthma

COPD

TABLE E22.1 Respiratory Etiologies for 
Venovenous ECMO

ARDS, Acute respiratory distress syndrome; COPD, chronic obstruc-

tive pulmonary disease.
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IntheanatomyforcentralECMOcannulation,theascendingaorta
locatedwithinthemediastinumiscannulatedwiththearterialcannula,
andtherightatriumiscannulatedwiththevenouscannulainvenoarte-
rial ECMO. In central venovenous ECMO, cannulas are placed in the
rightatrium(venouscannula)andpulmonaryartery(arterialcannula).

PROCEDURE

Venovenous Percutaneous
See Video E22.1. Cannulation is usually performed at the patient’s
bedside with the assistance of nursing staff, respiratory therapy, and
perfusion. Percutaneous venous cannulation for ECMO is achieved
withtheuseofamodifiedSeldingertechnique.Therightneckandthe
appropriategroinregionarepreparedanddrapedinasterilefashion,
andanesthesiaisachievedwithalocalanesthetic.Unlesscontraindi-
catedbyimmediatepostoperativestatus,allpatientsreceiveabolusof
3000–5000unitsofHeparin(or50-100units/kg)forthecannulation
procedure(percutaneousoropen).Anticoagulationisgivenimmedi-
ately after vasculature access with the guide wires. Use ultrasound
guidancetoaccesstheveins(e.g.,femoralorjugular).Useanangleof
approximately 30 degrees with the skin to access the vein; then the
guidewireispassedthroughtheneedle.Asforanypercutaneoustech-
nique,theguidewireshouldpassunimpeded.Occasionally,theonset
ofcardiacectopyprovidesevidenceregardingthelocationofthewire’s
tip.WecommonlytemporarilyreplacethewirewithanAngiocathor
smalldilatortoverifythattheaccessachievedisvenousandnotarte-
rial. The wire is then replaced, and, using it as a guide, sequentially
largerdilatorsarepassed.Manualcompressionoftheinsertionsiteis
usedtopreventexcessivebleedingas thedilatorsaresequentiallyre-
moved and reinserted. It is very important to ensure that the wire
movesfreelyduringbothdilatationandcannulainsertion.Freemove-
mentoftheguidewireindicatesthatthedilatororcannulaeisfollow-
ingthepathofthewireandnotkinkingandtakinganalternativepath,
such as through the vessel wall. Kinking can be prevented by gentle
tractiononthewireappliedbyanassistantasthedilatororcannulais
passed. Creation of a skin incision slightly smaller than the cannula
beinginsertedfacilitatespassageofthecannulaewhilestillproviding
goodhemostasis.Occasionally,difficultyisencounteredwiththepas-
sageofthecannulaundertheinguinalligamentorthroughthedilated
openinginthevesselwall.Redilatationwithasmallerdilatorcanfa-
cilitatepassage.Thepreferreddrainagesiteisthefemoralvein,andthe
cannulaeisadvancedtojustbelowthecaval-atrialjunction.Theflows
areusuallythemaximumcapablewithconsiderationtonegativeinlet
pressures,RPMsinvenovenousECMOorpositiveresistanceinveno-
arterialECMO.Inflowtothepatientisusuallytherightinternaljugu-
larvein,usingaCBarterialBioMedicuscannulae(usually17F,19F,or
21FNextGenBioMedicus).

Ifasecondarysiteisneeded,thefemoralandinternaljugularmay
beusedand“Y’d”toeitherthevenousorarterialcannulaedepending
onthedesiredECMOconfiguration(e.g.,VAV,VVAorVVV).

The dual-lumen cannulae (Avalon and Crescent) can be inserted
intotheinternaljugularvein.Thiscannulaeallowsdrainagefromthe
cannulae holes sitting in the inferior vena cava (IVC) and superior
venacava(SVC)andreturnbloodtotherightatrium(RA).Abafflein
thecannulaeseparatesinflowfromoutflow.

Aftercannulation,itisimportanttoassessthecannulaepositions
byobtainingaradiographofthechestandabdomen.

Venoarterial Percutaneous
Thepreferred site is the femoralartery.Surgical (andpercutaneous)
insertionofarterialcannulaeinthefemoralarterycanbecomplicated

bymalperfusionofthedistalextremity.Thiscomplicationmaybead-
dressedinseveralfashions,butshouldbedealtwithexpeditiouslyto
avoid severe injury.Weprefer either the insertionof a sheath in the
superficialfemoralartery(antegrade)orposteriorfemoralartery(ret-
rograde)oftheaffectedlimb.Thiscanbeachievedintheopenwound
justdistaltothereinfusioncannulainsertionsiteor, inthecaseofa
percutaneouscannula,viaanincisionataseparatesite.Thetubingis
connectedtoaCB{3/8}3{3/8}-inchconnectorwithaLuer-Lokbe-
tween the arterial cannulae and the ECMO arterial pump tubing. If
decreased heparinization and low flow in this system are concerns,
heparin0.5–2U/kg/hrmaybe infusedbyapressurepump into this
systemforanticoagulation.

Venovenous/Venoarterial Surgical Cutdown
Using the samecannulas,when there isdifficultywithpercutaneous
cannulationorthebodyhabitusisnotconducible,surgicalcutdownto
gainaccesstothefemoralvesselscanbedoneeitheratthebedsideor,
if time allows, in the operating room. The cannulation can be per-
formed either using open cutdown, open cutdown with Seldinger
technique to access vessels, or open cutdown with end-to-side graft
(Dacron)tothearteryforvenoarterial(VA)cannulation.

Central Cannulation
CentralECMOcannulationisgenerallyusedasthefirst-choicemodal-
ity for cardiorespiratory supportpostcardiotomyshockorasanup-
gradefromperipheralcannulationwhentherearenotadequateflows
toprovidegoodend-organperfusionorovercomeproblemsinherent
toperipheralECMO:leftventricular(LV)distentionanddifferential
hypoxia of the heart and/or the brain. The main advantages of this
typeofECMOaregoodvenousdrainageandreliablearterialreturnto
theproximalaortainantegradefashion.IftheLVisnotfullydecom-
pressed,avent,viatherightsuperiorpulmonaryvein,leftatrium(LA),
orLVapexcanbeplaced.Thesizeofthecannulaeisdefinedbybody
surfaceareaand thecalculatedECMOflownecessary toachieve the
metabolicrequirementsofthepatient.ECMOmaybeperformedwith
centralcannulationwithaCBMedtronic35-cmDLP32F,36F,or40F
malleablevenous;CBMedtronicDLP2stage34/46;orDII40FRAfor
rightor left atrial cannulation. Inflow to thepatientmaybeaccom-
plishedwithCarmedaEOPA22For24Forotherappropriatelycoated
cannulaforapulmonaryartery(PA)oraorta.Themediansternotomy
istheleastfavored,asthissiteisassociatedwithmorebleedingcom-
plications.Thecannulaemaybetunneledinferiortothesternumand
thechestthenclosedforhemostasis.

AFTER THE PROCEDURE

Postprocedure Care
• DailypatientandcircuitmanagementonECMO,including:

• Patient
• Fluid
• Electrolytes
• Nutrition
• Respiratorysupport
• Neurologic
• Infectioncontrol
• Sedationandpaincontrol
• Hematology/transfusions
• Cardiovascularsupport
• Physicaltherapy
• Psychosocial

• Circuit
• Aseptictechnique
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• Pump/gasflowpressuremonitoring
• Bloodproductinfusiontechniques
• Circuitinfusions
• Managementofanticoagulation
• Circuitchecks
• Hemofiltrationsetup
• BedsidecareoftheECMOpatient
WeaningfromvenovenousECMOisdonebyturningoffthegases

afterplacingthepatientonARDSNETventilatorsettings(6cc/kgwith
PLAT .30 cm H2O on 50% and 10 PEEP), ensure Respiratory Rate
(RR) is increased to ensure an acceptable minute ventilation, and
closelymonitorarterialsaturations.Checkanarterialbloodgas(ABG)
1houraftergasesareofftoensureacceptableCO2clearance.Thepa-
tientisdecannulatedafterbeingmaintainedoffofgasesfor24hours.

WeaningtrialfromthevenoarterialECMOsystemisverydifferent
from venovenous weaning because the circuit is taking blood flow
fromthecardiopulmonarysystem.Thepatientshouldbeonminimal
inotropicsupportbeforeinitiationoftheweaningtrial.Theventilator
issetattheoptimalsetting.Additionalheparinisgiventoachievean
activated clotting time (ACT) of 300 seconds. ECMO flows may be
reducedby1L/minatintervals,andobservationofthepatient’shemo-
dynamicsandarterialsaturationiscritical.Echocardiogramimagingis
alsousefulindeterminingwhenthepatientmaybereadytobedecan-
nulated.Ifcardiacfunctionisacceptableonminimalsupport,usually
decannulationoccursintheoperatingroomthenextmorning.

Complications
• Medical

• Intracranialandanotherhemorrhage
• Pneumothorax/pneumopericardium
• Cardiacarrest
• Hypotension/hypovolemia
• Severecoagulopathy/thrombocytopenia
• Seizures
• Hemothorax/hemopericardium
• Uncontrolledbleeding
• Thrombosis

• Mechanical
• Circuitdisruption
• System or component alarm/failure (e.g., pump, bladder, ve-

nousreturnmonitoroxygenator,orheater)
• Airembolus
• Inadvertentdecannulation
• Clots

OUTCOMES AND EVIDENCE

• PatientoutcomesafterECMOcannulationareverymuchdepen-
dentonthecoexistingconditionatthetimeofcannulationandthe
clinicalstateofthepatientonECMOsupport.

• Comorbiditiespre-cannulation
• Cardiopulmonaryresuscitation(CPR)
• Organdysfunction

• Liverandrenalfailure
• Lengthofcannulationtime
• Lactatelevel
• TypeofECMOsupport

• Venovenousvs.venoarterial
• Outcomestrial

• CESARTrial
• Of patients assigned to consideration for treatment by

ECMO,63%(57/90)survivedto6monthswithoutdisability

vs.47%(41/87)ofthoseassignedtoconventionalmanage-
ment (relative risk: 0.69; 95% confidence interval [CI]:
0.05–0.97;P50.03).

• ECMOinInfluenzaH1N1Epidemic
• ThemediandurationofECMOsupportwas10days(range:

7–15).Atthetimeofreporting,48ofthe68patients(71%;
95% CI: 60%–82%) had survived to intensive care unit
(ICU)discharge,ofwhom32hadsurvivedtohospitaldis-
charge and 16 remained as hospital inpatients. Fourteen
patients(21%;95%CI:11%–30%)haddiedand6remained
intheICU,2ofwhomwerestillreceivingECMO.

• Survival outcomes after the use of ECMO in patients with
acuterespiratoryfailureduringtheH1N1influenzapandemic
have validated the role of ECMO as an important manage-
mentstrategyinadultswithsevererespiratoryfailure.

• EOLIATrial(ECMOtoRescueLungInjuryinSevereARDS)
• Primary aim

• VVECMO1conventionalmechanicalventilation(MV)is
betterthanMValone

• Entrycriteria
• Severehypoxemia(PaO2,60or80mmHgfor3or6hours,

respectively) or hypercapnia (PaCO2 .60 mm Hg or pH
,7.35foratleast6hours)

• Crossover from control arm to ECMO allowed for pro-
longedperiodsofarterialoxygendesaturationto,80%

• Thestudywasterminated forfutilityafter67months
• During this period, 249 patients had been enrolled in

64units
• Fewerthanonepatient/unit/year

• There was an 11% reduction in absolute 60-day mortality in
favorofECMO(35%vs.46%)
• Failedtoreachstatisticalsignificance(P50.07)

• ThepatientsonECMOhadasignificantlyhigherincidenceof
bleedingeventsrequiringtransfusion(46%vs.28%)andsevere
thrombocytopenia(27%vs.16%)

• EmergencyECMOimprovesoutcomeby“buyingtime”inex-
tremelyhypoxemicpatients
• Thirty-five patients (28%) of the control group required

emergencycrossovertoECMO
• MedianSaO277%andninecardiacarrestevents
• Fifteensurvived
• ECMO improves outcome by reducing the invasiveness of

MV
• DuringECMO

• Tidalvolumewasreducedby43%
• Respiratoryratewasreducedby23%
• PEEPremainedessentiallyunchanged

• Thisrepresentsanestimated66%reductioninthemechani-
calpowerappliedtothelungs(from28J/minto10J/min)

• This reductionwasassociatedwithahigher survival rate
(81/124patients)intheECMOgroup(vs.68/125controls)

• LimitationsoftheEOLIA:
• Underpoweredtoanswerthetrialquestion
• Trialwasstoppedearlyat249/331(75%ofrecruitment)
• Implausiblepowercalculation

• Initialpowercalculationwasbasedona60%mortalityin
thecontrolgroup,whichbecameclearthatitwasinflated
comparedwiththeactualmortalityrate inthecontrols
of46%

• Highcrossoverrateofcontrols
• The 28% crossover rate resulted a reduction of separation

betweenthetwoarmsanddilutedtheECMOtreatmenteffect
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• The cross over complicates the interpretation of the two
armsinanintention-to-treatanalysis

• IntroducesapotentialbiasagainsttheECMOgroupinthe
secondaryriskoftreatmentfailureanalysisbecauseECMO
wasinitiatedmuchlaterandinsickerpatientsthantherest
ofthecontrols

• Lackofblindingofcliniciansandpatients/families
• Slowrecruitmentof249patientsover6yearsleadingtopoten-

tialtrialfatigueand/orchangeofpractice
• There is a lackofquality randomizedcontrolled trials (RCTs)of

ECMO outcomes in the adult population, especially venoarterial
ECMO.
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